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HHPEAUCJIOBHUE PEJAKTOPA

B mocnemuue roabl B CBS3M ¢ HHTEHCUBHBIM Pa3BUTHEM TUIIOTE3HI TUTFOMOBOM TEKTOHUKHU B MUPE H
Poccun mosiBUIICS TIOBBINICHHBIA WHTEpEC HCCIENOBaTeNe K HM3YYCHUIO TETPOJIOTUM H TCOXUMHH
BHYTPUKOHTHHEHTAIBHOTO MarmMaTu3Ma TIOBBIICHHOW IENOYHOCTH. K HHM OTHOCSTCS TOPOJIBI
IICJIOYHBIX KOMILJICKCOB, KHMOCDPIUTHI, MIENOYHbIe Oa3anbThl. lllenodynple MOpoOABI - YHUKAIbHBIC
obpazosanus 3emian. C HUMU CBsI3aHbl KpynHeiue mectopokaeaus Nb, Ta, Zr, Y, TR, Cu, B apyrux
PYAHBIX DJIEMEHTOB, a TaK)Xe¢ M YHHKAJIbHBIC MECTOPOXKICHHS CaMoIBeTOB: uapouta, Cr-auoncuia,
muaHuta. B nmammpoutax ABcTpanuu J00BIBAtOTCS anMasbl. CIOXHOCTH IPOIIECCOB 00pa3oBaHHS
IICJIOYHBIX TIOPOJ] BBI3BIBATIM MHOTOJICTHUE HAYYHBIC CIIOPHI, KOTOPHIE HE YTUXAKT M JI0 CHUX IOP.
Pa3BuTHE HOBBIX METOJIOB HCCIICJIOBAHUN TIOCTOSHHO pACIIUPSIOT W YIOyONSIOT 3HaHHA 00
0COOCHHOCTSIX HX BENICCTBEHHOTO COCTaBa, a J@HHbIE W30TOIMHO-TEOXUMHUYECKUX HCCIICAOBAHUN
MOJTBEPKIAIOT MAHTUHHYIO TPUPOAY HUCTOYHHKOB BEIESCTBA IIEIOYHBIX koMmIuiekcoB. [lo
0COOCHHOCTSIM MHUHEPAIBHBIX IaparcHe3WCOB M TPOUCXOXKICHUS MAHTUHHBIX IOPOJ] MOXHO
pacidpoBHIBATh TIIYOMHHYIO T€OAMHAMUKY 3EMITH.

IMpobnemMaM METPOSOTHHM TIAYOMHHOTO Marmatu3Mma (IIENOYHBIX IOPOJ,, KUMOEPIUTOB, W WX
MaHTHHHBIX KCEHONHWTOB) M CBS3M MX MCTOYHHUKOB C TUTFOMOBBIMH IpoIleccaMH ObLIM MOCBsIIeHsl 11
MEXIYHApOIHBIX CEMHHAPOB, Mpoleaiire B ropogax Cudbupu, Ypana u Jlansaero Bocroka ¢ 2001 o
2011 roxpl. MaTepuaibl ouepeHOro 12 ceMuHapa HaredaTaHbl B IIpeiaracMoM COOpHHUKE. .

B cOopHuke paccMOTpeHBI (PyHAaMEHTANbHBIC TPOOJIEMBI TIIyOMHHOTO MarmMaTh3Ma U BOIIPOCHI
JUHAMUKA (OPMHUPOBAHUS 3€MHOTO sjipa. Pacunrana BpeMeHHast BEPOSTHOCTh (POPMHPOBAHUS 36MHOTO
aapa 10 HM30TONHBIM gaHHeiM Hf-W nu U-Pb cucremam, yduTHIBamoOmas UINTEIBHOCTH €TO0
muddepennuanuu. BrickazaHo TpeAnonokeHne, YTo TBEpAOe AApO 3eMIM HE KPUCTAJUIM30BajoOCh U3
JKUAKOTO, a TMPEICTaBIsIeT COOOW MPOTOIUIAHETHBINA 3apOJbIib, HA KOTOPOM Hadanach TI'eTepPOrCHHAs
aKKpeIusl.

Oco0oe BHUMAaHWE YMIEICHO W3YYCHUIO PACIUIABHBIX BKIIOUCHW B MarMaTHYeCKHX IMIETOYHBIX
noponax. Ha ocHoBe MeToma TepMoOapOreOXUMUU U3YyYeH COCTaB, 3BOJIOIMS M YCIOBHS 00pa30BaHUS
MarM HHOJIMTOB M KapOboHaTWTOB MecTopokiaeHus bemas 3uma (Boct. Casn). Tam ke 0oOHapy»KeHBI
r1o0ynu kapOoHaTa B CHIMKATHOM cTekie. [Ipu n3ydeHnn pacruiaBHBIX BKJIFOUCHHH BO BKPAIrUIEHHHKAX
KIIMHOIIMPOKCEHA B (heprycuTax M KapOOHATHUTaX J[yHKEIBJBIKCKOTO KAJIMEBOTO IMIEIOYHOTO KOMILIEKCa
MOJYYEHBI TEMIEPATYphl UX KPHUCTAI-IU3AIMA U HAIWYHE JICTYYUX KOMIOHEHTOB B Marme. JlokazaHa
TeHETHYECKas CBA3b KapOOHATUTOBOTO paciijiaBa ¢ YJIbTPaKaIHeBbIMUA 0a3UTOBBIMA MarMaMu.

[To kMMOEpAUTOBON TEeMaTUKE - MHUKPO3OHJIOBBIC HCCIICOBAHUS COCTaBa MHHEPAIIOB U PEIKHX
JJIEMEHTOB W3 KOHIICHTPATOB KHUMOEpPIHTOB XapamaiCKoro TOJsS U HEKOTOphIX moieid Bocrt.
[Ipuanabapbsi MO3BONIMIM PEKOHCTPYMPOBATh CTpocHHE JuTochepbl dToro pakioHa CuOUpcKoi
wiatr@opmel. M3ydeHbl MHHEPAJIOTHYECKHUE OCOOCHHOCTH KUMOCPIHMTOB TIIYOMHHBIX TOPU30HTOB TP.
WuTepHanmonanbHas. [loka3aHo, 4TO WHAMKATOpaMHU BBICOKOAIMAa3HBIX KHMOEPIHTOB MOTYT OBITh
9KJIOTUTOBBIC TPaHAThl (MATMHOBBIC MTHUPOIIBI) U JIBA THIIA WIBLMCHUTOB U XPOMIIITHHEIHIOB.

[To riryOWHHBIM MENOYHBIM ITOPOJIaM - IOKA3aHO, YTO B YIBTPAOCHOBHBIX-IIEIIOYHBIX KOMILUIEKCAX B
paHHUX MOPOJaX MarMaTHYECKOW CTaJVH KPUCTAILIM3AIMS 3JICMEHTOB IUIATUHOBON TPYIIIBI B BHJC
CaMOPOJIHBIX COCIMHEHUH CBsI3aHa ¢ PYTHTUBHOCTBIO Kuciopoaa. Ha ocHoBe 00ibInoii BEIOOPKH (OKOJIO
1000anann30B ) MUPOKCEHOB MOKa3aHa IBOJIOIHS UX COCTaBa B pacCIOCHHOM JIOBO3ePCKOM MacCHBE OT
JIMOTICUIA JIO STUPHHA. [laHa BelecTBEHHAs XapaKTEPUCTHUKA KOMIUICKC BYJKAaHUYCCKUX U HHTPY3UBHBIX
IICJIOYHBIX TOpPOJA, OOHAPYKEHHOTO B PE3YyJIbTaTe KOPPEIAIMOHHO-ChEMOUHBIX paboOT B paiioHe
Mypmanckoro Osoka. IIpemroxkeHa HOBas cxemMa Marmarm3Ma peaKOMETalbHOTO bypnammHckoro
MaccuBa CeB. Ilpubaiikanne, KOoTOpas IMOATBEpPXKICHA NETPOXMMHYCCKUMH MeTtojgamMu. Ha ocHoBe
MeTporpapUUecKux MaHHBIX MOKa3aHO OOJBIIOE pa3HOOOpa3ue MICTOYHBIX BYJIKaHHTOB [lpumstckoro
nporuba (['oMeneBckasi CTpyKTypHas mnepembiuka) bemopyccun. YcTaHOBICHA B3aUMOCBSI3b MEXKIY
conepkanreM U 1 Th 1 IIe7I09HOCTBIO BYJIKAHUTOB.

Kuura npencraBnseT WHTEpEC Ul METPOJIOrOB, TEOXMMUKOB U CICIMAIUCTOB MO TIYOMHHOMY
MICIOYHOMY ¥ KUMOEPIUTOBOMY MarMaTu3My, CTYJICHTOB U MpeNo/jaBaTelieii By30B.

JoxTop reon.-MuH. Hayk H.B. Bnaapikun
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Chemical trends in pyroxenes of Lovozero rare metal
deposit

.. N.Kogarko.,’C. T.Williams, and A. R.Woolley

! Vernadsky Institute, Kosygin Street 19, MoscowdI%7Russia
2 Department of Mineralogy, Natural History Museurnp@well Road, London SW7 5BD, UK

The Lovozero alkaline massif is the largest of wweld's layered peralkaline
intrusions (~650 k). We describe the evolution of clinopyroxene frima liquidus
to the late residual stage throughout the wholé@ozdrsection (2.5 km thick) of the
Lovozero Complex. Microprobe data (~990 analysésh® clinopyroxenes define a
relatively continuous trend from diopside contagnitb-20% hedenbergite and 10-
12% aegirine components, to pure aegirine. The nsaipstitutions during the
evolution of the Lovozero pyroxenes are (N&'Fd) for (Ca,Mg,Fe?). The
composition of the pyroxene changes systematiegllyards through the intrusion
with an increase in Na, Feand Tiand decrease in Ca and Mg. The compositional
evolution of the Lovozero pyroxene reflects primérgctionation processes in the
alkaline magma that differentiated in situ from th@tom to the top of the magma
chamber as a result of magmatic convection, couplgd the sedimentation of
minerals with different settling velocities. Themgerature interval of pyroxene
crystallization is very wide and probably extendsnf 970 to 450C. The redox
conditions of pyroxene crystallization in the Loeoa intrusion were relatively low

INTRODUCTION

The entire evolution of pyroxene-bearing magmatysteams, from the
liquidus to the late residual stage, including slidsis reactions, is often recorded
in the compositions of the clinopyroxenes. This Hesen particularly well
demonstrated for the alkaline rocks in which sigaifit differences in pyroxene
evolution are controlled by such factors as magmaposition, alkalinity and
oxygen fugacity (Larsen, 1976; Jones, 1984).

The Lovozero alkaline complex, the largest of tlegldis layered peralkaline
intrusions, covers 650 Knand is situated in the central part of the Kolaiffsula,
north-western Russia (Bussen and Sakharov, 1978aiko et al., 1995). It is
emplaced in Archaean granite gneisses and com@ikgmlith-like massif with a
broad feeding channel located in the southwestarhqgb the intrusion (Kogarket
al., 1995; Arzamastseet al., 1998). The complex was formed in four distinct
intrusive phases. The oldest rocks (Phase 1) ankilijpy even-grained
feldspathoidal syenites that are located in thestonost part of the intrusion and
also found as xenoliths throughout the massif. #hesks are mostly miaskitic,
I.e. with a coefficient of agpaicity <1 (coefficieof agpaicity is equal to the mole
ratio ((NaO+K,0)/Al,03). The main rock-forming minerals are K-Na feldspar
nepheline, nosean, aegirine-diopside and magnesexkite with typical
accessory minerals including ilmenite, magnetitanite, apatite and mosandrite.
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The second phase (Phase 2), also known as therd@iffated Complex,
consists of layered units ranging in thickness fiifiew centimetres to hundreds
of metres, which from bottom to top comprise urtii@yaite and lujavrite rock
types. These three rock types of each unit grade each other through
intermediate varieties with sharp contacts onlyuogog between the urtite and
underlying lujavrite. The total thickness of theffBientiated Complex is 2400 m.
The rocks of Phase 2 are more alkaline than thb&hase 1 with a coefficient of
agpaicity >1, and they contain abundant peralkahmeerals. Here, the rock-
forming minerals are nepheline, microcline, sodaliegirine and arfvedsonite
with the main accessory phases eudialyte, lampibighy lomonosovite-
murmanite, apatite, loparite, villiaumite, titanisodalite and lorenzenite (table 1).

Phase 3, also known as the Eudialyte Complex,darplate-like body up to
450 m thick cutting the upper part of the Diffetatéd Complex. The plane of
contact between rocks of Phases 2 and 3 dips tewihedcentre of the complex
with the angle increasing from the margins towdha#scentre. The rocks of Phase
3 are more coarsely layered than those of Phaaad?include leuco-, meso- and
melanocratic eudialyte lujavrites. Veins of porptgrlujavrite, which are late
derivates of Phase 3, cut the rocks of Phases R afte principal rock-forming
minerals of Phase 3 are nepheline, microcline,rexegieudialyte, lamprophyllite
and arfvedsonite. Eudialyte in this complex is @bk which is the principal
difference from that in the lujavrite of Phase hene it is interstitial. The common
accessory minerals are lomonosovite-murmanite,ri@pdovozerite, pyrochlore,
lamprophyllite and sodalite. In some parts of theusion it is possible to see the
reaction between alkaline magma of Phase 3 withcthumtry rocks of the roof,
resulting in the formation of titanite, apatite aramphibole-rich rocks
(Gerasimovsket al., 1966).

The rocks of Phase 4 comprise rare dykes of akkalammprophyres
(monchiquite, fourchite, tinguaite, etc.) that alltthe earlier alkaline rocks as well
as the surrounding granite gneisses.

The first data on the pyroxenes of Lovozero wees@nted by Vlasoet al.
(1966) and Gerasimovsket al. (1966). These, and more recent work by
Korobeynikov and Laaioki (1994), established tlet pyroxenes are enriched in
the aegirine component. However, the compositi@valution of the pyroxenes
through the layered sequence of the intrusion babeen investigated in detail.

The specimens studied in this paper were collegtedtly from seven drill
holes (numbers 469, 904, 521, 178, 144, 207 andl ©9@% sampled a complete
stratigraphic section through the Lovozero maski#2:100 m, with the exception
of the middle zone of the Differentiated Complear fwhich specimens were
obtained from surface outcrop. A total of 988 mpbe analyses of pyroxene
were obtained from 125 samples. Thus, we were tablevestigate, for the first
time, the evolution of the pyroxenes through thenglete, accessible layered
series of Lovozero.
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PETROGRAPHY

Comprehensive petrographic descriptions of Lovoz®&ks are given by
Vlasov et al. (1966), Gerasimovsket al. (1966), and Bussen and Sakharov
(1972), so only brief petrographic notes with engihan the pyroxenes will be
given here.

Table 1.
Mineral formulae for the ‘exotic’ mineral phases ofLovozero.
Mineral name Formula
Eudialyte NaysCas(F€ ", Mn*" )3Zr3(Si,Nb)(ShsO73)(0,0H,H0)3(Cl,OH),
Lamprophyllite Nao(Sr,Ba}Ti3(SiOy)4(OH,F),
Lomonosovite NapTiz SbOg-NasPOy
Loparite-(Ce) (Ce,Na,Ca)(Ti,Nb)@
Lorenzenite NaTi,Si0q
Lovozerite Na,Ca(Ti,Zr)Si(O,0H)s
Mosandrite* (Ca,Na,Ce)(Ti,Zr),2Si;O31HeF4
Murmanite Nao(Ti,Nb),Si,Og-NnH,O
Villiaumite NaF

* from Clark (1993); all others from Mandarino (299

The pyroxene in rocks of Phase 1 is cumulus anchdoguhedral, elongate
prisms and sometimes aggregates, but most comnibfitlyms masses of tiny
prisms in interstitial patches between feldspar aeg@heline, as well as large
interstitial grains. It is zoned from light gredmisown cores to deep-green rims;
pleochroism is usually weak. The paler-colouredopgne is replaced by later
aegirine and amphibole along cleavages and in drgimal parts of grains.

In the urtite and foyaite of the Differentiated Qaex the pyroxene, which
Is both a cumulus and intercumulus mineral, commémims both large and small
prismatic crystals, the former always poikilitigaknclosing nepheline. In many
examples, aggregates of skeletal and fibrous py@xecur in the spaces between
nepheline and K feldspar. In lujavrite, the pyroxes generally a cumulus phase
and forms acicular and stout prismatic grains, fson&s orientated to give a
trachytic texture. The pyroxene is intimately ass@d and intergrown with
arfvedsonite and accessory minerals. In the Diffeaéed Complex, pyroxene
crystals are strongly zoned, with pale yellow toarless cores, and rims an
intense green colour. In backscattered electrorg@siathe cores often have a
relatively higher mean atomic number than the r{fng. 1) because of much
higher Ca/Na ratios in cores as compared with tms.rin some examples this
zonation is reversed and patchy zoning occurs, lwlsausually characteristic of
very late reactions with residual melts or a flpithse.
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100 um

Fig. L BSE image illustrating the zoning in pyroxenes ithe Differentiated Complex
(sample Lovo 9).

The Eudialyte Complex contains the highest coneéintr of pyroxene, and it
increases in abundance in the upper part of thelemin the Eudialyte Complex
the pyroxene is cumulus and usually present ifdhm of ‘streams’ of prismatic
and acicular crystals. This is especially the caséhe porphyritic lujavrites in
which pyroxene forms phenocrysts, which are aligtmgkther with masses of
acicular, orientated crystals (fig. 2).

AN R t X (A
Fig. 2 BSE image showing two generations of pyroxene porphyritic lujavrites from the

Eudialyte Complex. In the centre are two clinopyroxne phenocrysts aligned with smaller,
acicular, second-generation clinopyroxene.

Aegirine also occurs as tiny (1-2 mm) inclusionsniepheline in all the
intrusive phases at Lovozero. We observed a coioelaetween the Fe content of
nepheline and the presence or absence of incluetgdrees. Nepheline containing
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up to 2.3% FeO does not have aegirine inclusiavisgreas in nepheline-
containing aegirine, the Fe concentration drof 166 or less. We believe that Fe-
rich nepheline is a surviving solid solution andtthegirine inclusions in nepheline
represent exsolution from the nepheline.

3+
Fe

Mg Fe? +Mn

Fig. 3.Lovozero pyroxenes plotted in the (Mg), (F&), (F€* + Mn) ternary diagram. For
comparison, pyroxene trends from selected alkalineccurrences are illustrated:

1 - Auvergne, France (Varet, 1969), 2 - Lovozere Khibina (Bussen and Sakharov, 1972), 4 -
Uganda (Tyler and King, 1967), 5 - Morotu, SakhaMagi, 1953), 6 - South Qoroq, South
Greenland (Stephenson, 1972), 7 - llimaussaq (bads76).

In all the Lovozero rocks, the nepheline and K4elar crystallized prior to
clinopyroxene and amphibole, owing to the agpataer of crystallization, which
is typical for peralkaline nepheline syenites.

COMPOSITIONALE VOLUTION OF THE PYROXENES

Analyses were undertaken using a Cameca SX50 emythl-dispersive
electron microprobe and a Hitachi S2500 scanniegtein microscope with an
Oxford Instruments AN10000 energy-dispersive systdanthe Natural History
Museum, London. Representative analyses of Lovopgroxenes are given in
table 2 and illustrated in figs 3, 4 and 5, withi& given as F€s, and cations
calculated to 6 oxygens (table 2). .The generabplyroxene formula is XYZ206
and, in alkaline environments, the tetrahedral &ieis occupied by Si, Al and
Fe**. The X site is occupied mostly by Na and Ca, ani Ylled by the largest
number of elements including ¥eMg, Mn, Ti, Zr and Al.

The analyses plotted in Figs 4 and 5 below arailasst totalling 110
analyses that have been selected from the full-gktteof all 988 pyroxene
analyses. One microprobe analysis from each hewglst selected for the sub-set
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with the main criterion for selection being thatiwihe highest MgO content. This
approach was undertaken in order to depict, aselgloas possible, the most
primitive (and therefore closest to cumulus) conmpws It is likely that sub-
solidus reactions had occurred for some samplekstheat this has modified the
original composition. However, it was not possibbeestablish whether, if any,
subsolidus modifications occurred solely from teatuor morphological features.
Thus, whilst the analyses selected are from ‘coegjions within individual
pyroxene grains, we are not able to verify thatheat the analyses selected
represents the primary cumulus composition for theight. Nevertheless, we
believe that this approach, when considered in deraf the complete
stratigraphical section of 2.4 km, represents th& lvailable attempt to interpret
Negative values are the distances of the Diffeapedi Complex rocks from the
contact; positive values are the depth of the BydiaComplex rocks from the
contact. Open symbol = pyroxene from Differentia@amplex; filled symbol =
pyroxene from Eudialyte Complex.

Mg Fe +Mn

Fig. 6. Examples of the variability in compositional trerds within pyroxenes at different
heights within the Differentiated Complex,

with the following symbols: open circle = -1500 apen triangle = -1100 m; filled diamond = -
250 m.

the Lovozero intrusion from the chemical analyséshe pyroxenes. (See also
discussion below on cryptic variation.)

The present work, and that of earlier studies (&emavsky et al, 1966;
Korobeynikov and Laaioki, 1994) have demonstraked Lovozero pyroxenes are
members of the diopside-hedenbergite-aegirine serieor estimating the
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compositional evolution of the Lovozero pyroxenes ave used the parameter
(Na-Mg), based on atomic proportions, as a fraetiiom index, plotted against
elements expressed in formula units, as proposed&tbphenson (1972). The
pyroxene trends illustrated in Figs 3 and 4, amratterized by strong Na and’Fe
enrichments towards the aegirine apex, with hedgriee (Ca,Fe) remaining
approximately constant or decreasing slightly, but

diopside (Ca,Mg) continuously decreasing. Thisdrencoupled with an increase
in Ti except in some samples of very aegirine-rmyroxenes, in which Ti
decreases (Fig. 4). There is little variation inafld Mn.

From these diagrams (Figs 3, 4) it is apparent tfh@ major substitution
during the evolution of the Lovozero clinopyroxenés (Na,F&Ti) for
(Ca,Mg,Fé). This statement is also supported by strong ipesitorrelations of
Na-Fé*, Mg-Ca, F&+2Ti-Na and negative correlations of Ca-Na with
stoichiometric line slopes (not shown here). Thattec of points however,
suggests that the substitution is probably morepdexa Ti is probably present not
only as NaTiSIAIQ, but also partly as the neptunite componentFe&iSLO;,
(Ferguson, 1977). The decrease of Ti in some ofhigkly evolved pyroxenes
(figs 4, 5) is probably connected with the complefesence of Fé& that is
necessary for the formation of the neptunite conrsptnAdditionally, Ti may have
been removed by incorporation into late-stage acoegsTi-minerals such as the
lomonosovite-murmanite group or late lamprophyllitér is an important
component of the Lovozero clinopyroxenes.

Table 3.
Representative analyses (wt.%) of zoned pyroxeneystals from the upper part of the
ifferentiated Complex (sample no. Lovo 9, Fig. 1).

S o, A0 FeaO; M) MgO Cal Na,00 N Cr0; Zr(; Total

core 1.4 215 098 235 058 3.59 T.71 026 nd badl 091 1000
rim 523 4.39 106 24.5 0.73 1.82 240 124 n.d. 0.01 001 1001
CoTe 518 1.63 089 243 052 3.22 TR 073 nd b.dl  0DET 1001
rim 524 i 1L.os 254 058 165 251 123 n.d. 0.03 n.04 095

cations to O oxygens

Si li Al Fe'* Mn Mg Ca Ma M1 Cr Zr Sum
core 195 D06 0.04 067 002 020 031 DeE D00 D00 0.02 396
rim Les 012 003 069 002 010 010 ne0 D00 D00 0.00 R
core 1.9 003 0.04 069 002 018 029 072 D00 D00 0.02 397
rim 199 010 0.0% 072 002 009 010 neo D00 000 0.00 398

All Fe as FeO; b.d.l. = below detection limit n.d. = not deteregh

According to our data, and that from the literatgfgonfang and Moreau,
2000), the concentration of ZgQran reach 2% in pyroxenes but drops with
increasing pyroxene alkalinity. Jones and Peck&®81) proposed that Zr is
present as the component NafE®81Qg)osZr0sS5K0g. It is most probable that the
component NaZrSIiAlQ exists in the Lovozero pyroxenes, as was propdsed
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Larsen (1976) for llimaussaq pyroxenes. At Lovozéne pyroxene most enriched
in Zr (up to 1.35% Zrg) occurs in the Differentiated Complex. Some pyres
from strongly evolved porphyritic eudialyte lujae$ contain up to 1.1% ZnO,
where Zn probably substitutes for’Fi the structure.
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Fig. 4. Compositional variation in pyroxenes (representatie analyses) in relation to
the Na-Mg fractionation index (Na-Mg), expressed asation proportions to 6 oxygens.
Open circle = pyroxene from Differentiated Complexfilled square = pyroxene from
Eudialyte Complex.

The compositional zoning in the Lovozero clinopyengs is very complex
and generally the aegirine component increasdseirtitystal rims (Table 3), or in
interstitial grains. It is interesting to note thia¢ Zr content drops sharply in the
pyroxene rims (table 3). This could result fromexmase in Zr solubility in the
pyroxenes with the rise of alkalinity (Njonfang aMdreau, 2000), or as a result of
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Fig. 5.Compositional variation in pyroxenes (as a.p.f.u.plotted vs. height in the Lovozero
intrusion. Zero (0) represents the contact betweethe Eudialyte and the Differentiated
complexes.

interstitial eudialyte crystallization, eudialyteeibg a major sink for Zr in the
Lovozero rocks.
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CRYPTIC LAYERING

The most striking feature of pyroxene evolutionLat/ozero is the regular
change in cumulus pyroxene composition throughbat domplete stratigraphic
section of the pluton. Variations in pyroxene cosipon record subtle changes in
alkaline magma composition very effectively. Suchapproach is traditional and
was applied successfully for the estimation of asid ultrabasic magmatic
evolution in layered intrusions (Eales and Cawthd906; Wilsonet al, 1996).
The detailed investigation of clinopyroxene cherm@aolution in the stratigraphic
section of a peralkaline intrusion is described tfor first time in this paper. In
order to minimize the influence of overprinting pesses and to assess the
evolution of pyroxene in the Lovozero massif we lgsed only cores of well
shaped (i.e. not interstitial) clinopyroxene graitieese being most likely to be
cumulus in origin.

In fig. 5, element concentrations expressed asapmnformula unit (a.p.f.u.)
are plotted against structural depth within theusion, with zero being taken as
the upper contact of the Differentiated Complex.| Aepths in Phase 2
(Differentiated Complex) are expressed as negatiakies, and in Phase 3
(Eudialyte Complex) as positive values. The cryptariation observed in the
pyroxene appears to be very substantial. With asing stratigraphic height, the
concentrations of Na, Fé2ind Tii ncrease, whereas Mg, Ca (and Mn) decrease.
There is generally a continuous change in the caempo of the cumulus
pyroxene throughout the Differentiated Complex, ehhindicates both an absence
of magma replenishment and that the magma chamasmeat chemically zoned
before the crystallization commenced. An analogples for the most primitive
pyroxenes (with the highest Ca and Mg contentsplays similar trends of
pyroxene evolution. Correlation of Na, Ca, Mg, Mn and Fé&® (a.p.f.u.) for
primitive pyroxenes and depths are significanthat 95% level. The calculations
were performed according to the method of Afifi akeken (1979). The deviations
of the compositions of primitive pyroxenes are Ijkdo be related to the
overprinting and floatation of small crystals ofrpyene from deeper parts of the
Lovozero magma chamber. For instance, primary mmexoecomes slightly more
primitive from ~2200 m to ~1200 m probably as autlesf mixing with pyroxene
crystals moving upwards. More evolved pyroxene HD0O m is probably the
result of reaction with more residual melt. In ttese of the Eudialyte Complex,
fluctuations of pyroxene composition may also beseal by reaction relationships
of alkaline magma with the rocks of the roof of th&usion, which are mainly
alkaline basalts. These processes are developedimassely in the central and
eastern parts of the massif, but on the whole #ineysubordinate. The absence of a
compositional gap between the pyroxenes of Phas@sd23 indicates the very
close relationship between these intrusions, amat the Lovozero pluton
effectively acted as a quasiclosed chemical sysfBne closed nature of the
Lovozero magma fractionation is in accordance withisotopic data (Kramm and
Kogarko, 1994), and the character of the pyroxagptic layering suggests that
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fractional crystallization in situ of a single blatof peralkaline magma was the
main process governing the formation of the laydérmeabzero pluton.

Elsewhere, Kogarko and Khapaev (1987) and Kogatkal. (2002) have
proposed possible mechanisms for rhythmic layeringthe Differentiated
Complex. As outlined above, the Differentiated Ctawpags composed of layered
units that (from base to top of each unit) compustte, foyaite and lujavrite.
Pyroxene is concentrated in the lujavrite layersinty occurring only as an
interstitial phase in the urtites and foyaites. éal mechanisms have been
proposed to explain this distribution (summarized Kogarko et al., 2002).
Kogarko and Khapaev (1987) considered that puléesmvection combined with
the varying hydraulic properties of different miaksr could lead to layering,
whereas for magmatic systems containing mineralgh vdifferent settling
velocities and different critical concentrationpafkset al. (1993) proposed that
sequences of layers could result from steady cdiove@nd steady cooling.
Crystals may remain in suspension only until thilisg velocity is small as
compared with the velocity of convective currenfd. Lovozero, the primary
cumulus pyroxene crystals, although of high densitigmained longer in
suspension, as compared with nepheline and feldppalbably because of their
small size (some crystals are only a few micrones®s) and acicular form, and
hence low settling velocity, and therefore onlytledt towards the end of each
cycle at the lujavrite stage. Thus, the pyroxenmmusition evolved steadily in
step with evolution of the liquid.

The average bulk composition of the Eudialyte Camp$ close to lujavrite.
There is no rhythmic layering in these rocks altfftodayering is present as
alternating leucocratic and melanocratic lujavritdhie modal proportion of
pyroxene increases towards the top of the EudiaGenplex, probably also
resulting from the lower settling velocity of pyenxe as compared with nepheline
and feldspar. As can be seen from fig. 5, the pmes from the Eudialyte
Complex continued to evolve in a similar mannee.(iagainst height in the
intrusion) to the Differentiated Complex. Cryptianation of clinopyroxene is
evident throughout the stratigraphic section of dx®ro and consistent with its
formation by upward directed fractional crystaltina in a quasi-closed system.
However, it should be pointed out that reaction alkaline magma with
surrounding rocks complicated this process andifpermost part of the intrusion
has been removed during erosion and glaciation.

The range of compositional variation in pyroxeranirdifferent levels of the
Differentiated Complex can be large, and the pasteaf these trends are highly
variable. Examples of this variability are illuged in three examples from
different stratigraphical horizons (fig. 6).

The migration of interstitial melt through the psrof the partly consolidated
rocks, as a result of compaction and convectiohiwithe settled crystals, is an
important process in layered intrusions (Naslundl &hcBirney, 1996). The
compositions of interstitial melts capable of migra throughout many hundreds
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of metres (Wilsonet al., 1996) were not uniform and depend on many factors
including chemistry of the crystalline mass in whibe interstitial melts circulate,
rate of percolation, extent of attainment of eduilim between crystals and melt.
After the formation of a continuous crystalline wetk, and when percolation
ceases, the composition of a stagnant porous mefhainly governed by the
diffusion rates of components and by the compasstiaf minerals in close contact
with the pyroxene growing within a confined spadevertheless, where sufficient
data are available from individual layers of thdf@®entiated Complex (fig. 6),
one may conclude that the evolution of the intBastimelt, of which the
composition varies considerably, was controlledrbgtional crystallization, and it
evolved in the same direction as for the intrusera whole. The resulting trend is
dominated by the growth in alkalinity and decress&lg content. However, the
combined evolution of the full suite of Lovozerorpyenes is similar to that of
other alkaline complexes (figs 3, 4), and records éntire evolution of the
undersaturated peralkaline magma systems fromdbgllis to the final stages of
crystallization.

PHYSICALA ND CHEMICAL CONDITIONS OF CRYSTALLIZATION

From the experimental data on phase equilibria @¥ozero foyaitic and
lujavritic compositions, it has been proposed (K&ga1977) that the peralkaline
magma of this complex crystallized over a wide terafure interval, the liquidus
to solidus interval being >30CG. Similar conclusions were drawn from melt
equilibrium experiments on lllimaussaq rocks (Seod Edgar, 1970). According
to Mitchell and Platt (1978) the crystallizatiortarval of the Coldwell alkaline
complex ranges from 800-900 to 500-360 Liquidus temperatures of the
peralkaline syenites of the Mlanje massif, Malawgre estimated at 800-9UD by
Platt and Woolley (1986). The Lovozero massif isisidered, from geological
data, to be a subvolcanic body (Bussen and Sakha8x2) and the maximum
total pressure should not exceed 1.5 kbar (Kogd®@/). The agpaitic magma of
the Lovozero massif is considered to be surprigimgly (PH-o = 100-300 bar),
which corresponds to ~0.7 wt.% H20 (Kogarko etX77). It is inferred from the
P-T melting curve of the average composition of dzero that in the initial stage
of crystallization the water-vapour pressure wdatirely low, resulting in the
earlier, or at least simultaneous, crystallizavbheucocratic minerals (nepheline +
K-feldspar) and pyroxene. At higher water presswai&saline pyroxene becomes
the liquidus phase much earlier (100-1Gtigher than nepheline + K-feldspar).
From these experiments the temperature intervapysbxene separation was
estimated at 970-70C0. The temperatures established for the Lovozerksrérom
the melting experiments have been confirmed by rarestigation of micro-
inclusions in the minerals (Kogarko, 1977), themay inclusions being the result
of crystallization of trapped melts homogenizedeatperatures in the range 1010-
730°C. High temperatures (1010-9&0) of micro-inclusion homogenization in the
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earliest mineral phase (nepheline) also corresponaPH:o -T diagram (Kogarko,
1987) to low water-vapour pressures of 100-200 bae. accumulation of volatile
components in residual melts, but not in the flpidhse because of high alkalinity
(Kogarko, 1977), probably increased the intervapyfoxene crystallization from
970 to 450C (Kogarko, 1987).

The redox conditions of the Lovozero agpaitic magrase been estimated
experimentally (Kogarko, 1987). The melanocraticnenal suite, including
pyroxene and aenigmatite, was stable only undeditons close to the QFM
buffer system. At higher oxygen fugacities (nicketkel oxide) aenigmatite
becomes unstable and produces ilmenite and aediKiogarko, 1987), while at
lower fO, aegirine is substituted by Di- and Hd-rich pyrogenAccurate
thermodynamic calculations of the reaction arepussible at present because the
free-energy data for solid solutions of aenigmatiegirine and mangano-ilmenite
are not available. According to semi-quantitatieécalations, the stability field of
the mineral association aegirine-aenigmatite-ilieem peralkaline environments
occurs in the magmatic temperature range 1000&08nd in &0, regime higher
than the nickel-nickel-oxide buffer (Carmichael amdcholls, 1967). This
discrepancy with our experimental data may be ex@th by the considerable
errors (uncertainties) arising from the estimabéhe free energy of ilmenite and
aenigmatite as pure solid-solution end-memberscesinn Lovozero the
composition of these mineral phases are much nmrplex.

In all the Lovozero rocks, aegirine is very closabgociated with arfvedsonite
that commonly contains more then twice as muchoteras ferric iron
(Gerasimovskyet al., 1966). According to the experimental data of EXi962),
the stability field of arfvedsonite with a si mr &i/(Na+Fe+Si ) arti o ot that of the
Lovozero amphibole occurs, even under lofger, between the iron-whistite and
QFM buffer systems. Ernst (1962) also found that skability temperatures of
arfvedsonite increased substantially with a deer@asxygen fugacity. The very
large field of alkaline amphibole crystallizatianlLovozero rocks suggests that the
oxygen fugacity in these rocks was very close ©@FM buffer system (~10 to
-10%° bar in the temperature range 900-85)0

It is widely accepted that in magmatic systemsféngc-ferrous equilibrium
is controlled by oxygen fugacity, temperature areltrmomposition. In the light of
acid-base interaction theory (Korzhinsky, 1959¢r@asing melt alkalinity results
in a decrease in the activity of the less basicpmments and production of more
oxidized forms of elements, such as ferric Fe at ékpense of ferrous. In the
following reaction the increase of melt alkalinigsults in decreasingreo,s/Yreo
ratio and is accompanied by an increase in tH&fe&" ratio under constario,.

4FC()mclt f ()2 = 4FC()I.5 melt
K = M*FeO l.5‘}{[?3()|__;""Il"\"r[i!'::()})Fc()vfii)z

(whereX andY are the activity coefficients, arMd andN are mole fractions). We
assume that the alkalinity enrichment during thegpessive differentiation of the
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Lovozero magma provided the major chemical contoolthe evolution of the
pyroxenes. As was shown by Gerasimov&htyal (1966) and Kogarkeet al.
(2002), the pyroxene and associated Fe-Mn-Ti-bgaratcessory minerals
mutually change chemically through all phases of thovozero intrusion,
including the stratigraphic section of the Diffetiated Complex. In Phase 1 and
the lowermost zone (2300-1600 m) the pyroxene sd@sted with a miaskitic
mineral assemblage of euhedral magnetite, withlegddvin ilmenite, amphibole,
mosandrite, Fe sulphides and titanite. In the ugpae of Phase 2 (1600-~600 m),
magnetite disappears and an assemblage of Mnitemepyroxene and
aenigmatite is usual. In the uppermost sectiomefifferentiated Complex, Mn-
ilmenite is generally substituted by lorenzenitee Teaction Mn-ilmenite + liquid
= lorenzenite was also found in interstitial enmim@ents in the lowermost part of
Phase 2, suggesting an extremely rapid increaasi&atinity in the trapped melt. In
the Eudialyte Complex (Phase 3) the most evolvetbxgnes (dramatically
enriched in aegirine component) are associated avithore alkaline suite of Fe-
Mn-Ti minerals than in Phases 1 and 2, and incladgrophyllite, murmanite and
lorenzenite, which all became cumulus phases irsé’Ba(Kogarkeet al, 2002).
Aenigmatite is not present in the Eudialyte Complpgrhaps because of the
following reaction that occurs in more alkaline awblved environments:

2NaFeTiSigO,0 + 12SiQ + 4Ng0+20, = 10NaFeSOg + Na Ti,S1,04,
aenigmatite metl aegrin lorenzenite

Thus, the pyroxene crystallization in the Lovozetousion was characterized
by reducing conditions (approximating to the QFMfér).

Summarizing the published data one may conclude alkaline rocks can
form under extremely variable redox conditions. ke basalts from Trindade
Island (Brazil), including late peralkaline diffeteates (Ryabchikov and Kogarko,
1994), show relatively high oxygen fugacities. Exrtely high oxygen fugacities
(1 to 2 log units above QFM buffer) were found Fagh-Mg effusives and dyke
rocks (meimechites and alkali picrites) from thes&lan Maimecha- Kotuy
province of alkaline and peralkaline rocks and cadtites (Ryabchikowet al.,
2002; Sobolewet al.,1991). Even higher oxygen fugacities were estith&be the
Gronnedal-lka carbonatite-syenite complex, Soutlee@land (Halameet al,
2005).

Low oxygen fugacities, possibly reaching the fieldFe-Ni alloy stability,
were reported for the peralkaline Illimaussaq massBouth Greenland (Markl et
al., 2001; Marks and Markl, 2001). It has also bseggested thd0D, increased
during the evolution of the llimaussag magmaticteys during the late stages
exceeding the QFM buffer (Marldt al., 2001; Marks and Markl, 2001). As has
been deduced from the Fe-Ti oxides + titanite -+nagyroxene mineral
assemblage, the apatitebearing intrusion of thebikhai alkaline complex is
characterized by oxygen fugacities close to the QbiMfer (Ryabchikov and
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Kogarko, 2006), and in this respect, this magmafgstem is similar to the
neighbouring Lovozero complex.
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At the oxygen fugacity characteristic of meimeclatel olivine-bearing rocks
of the Maimecha-otui province, sulfides are un&iaal the magmatic stage, and
metallic alloys are the main mode of PGE occurrentbese magmas.

The estimated PGE contents in olivine aggregatemeimechite are close to
the average PGE composition of dunite in the Galssif. The nano-sized inclusions
of metallic alloy are the most probable mode of R§gEurrence in meimechite.

The formation of sufficiently large metallic PGEams may be a result of
mixing of partly fractionated melt with a new paorti of primitive magma, as was
suggested during interpretation of chromite lodes.

INTRODUCTION

The behavior of PGE in magmatic processes subiatgrdepends on redox
characteristics of endogenic sytems. This is causedhe effect of oxy gen
fugacity on solubility of metallic phases in siieanagmas and by dependence of
sulfide stability on this parameter. In this coni@at we attempted to esti mate
oxygen fugacity for igneous rocks pertaining to #tiealine ultramafic complexes
bearing PGE mineralization. The coexisting minenalsneime-chite and intrusive
rocks of the Guli massif have been analyzed fa fhirpose. The data obtained
serve as the basis for development of the modslsritdéng behavior of PGE in the
magmatic process.

GEOLOGY OF THE GULI MASSIF

The Guli massif occupies the territory between Kwui and Maimecha
rivers at the boundary between the Siberian Platfand the Khatanga Trough.
The massif is oval in plan view (35x45 km) and ques an area of 1500-1600
km?, including the rocks over lapped by Quaternaryireedts [11]. According to
the geophysical data, the massif has almost vertigatacts and is probably
pipelike in shape [11]. The alkaline volcanics andimechite flows are country
rocks. Like other alkaline ultramafic massifs o€ tprovince, the Guli massif is
multiphase (Table 1).
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Dunite is the most abundant rock, occupying ab@46 ®f the massif's area;
~30% comprises alkaline rocks. The remaining viasetincluding melilitolite,
jjolite, alkali syenite and carbonatite, occupyyh0% of the massif's area.

OXYGEN POTENTIAL OF MEIMECHITE MAGMA AND ROCKS
OF THE GULI COMPLEX

The occurrence of the olivine + Cr-spinel assenmbliagneimechite and other
ultramafic rocks allows us to estimatg for the corresponding mineral equilibria.
The methods proposed by Ballhaus et al. (1990), dV&vyndzya, and Johnson
(1990), and Ryabchikov, Ukhanov, and Ishii (198&h be used for this purpose.
The equations given in these publications are, hewealibrated for the olivine +
spinel + orthopyroxene (Ol + Sp + Opx) assembl8geause the studied rocks are
devoid of orthopyroxene, thefestimates require corrections making allowance
for lower silica activity as compared with olivire ortho-pyroxene assemblage.
Therefore we used the previously proposed methdd3$53, which takes into
account Ca concentration in olivine coexisting wdlmopyroxene (Cpx) and
spinel (Sp). We calculated deviations of lggfor the given mineral assemblage
from the corresponding value for the quartz-fagatitagnetite buffer N\QFM).
This value is calculated from the equation

AQFM = 2lgay + 3lgag, — 3lgay,, (1)
which ensues from equilibrium constant of the rneactor QFM buffer

Table 1.
Intrusive phases of the Guli Complex
Intrusive phase Subphase Rock
4 Dolomite carbonatite
7 3 Fine-grained calcite carbonatite
2 Coarse-grained calcite carbonatite
1 Phoscorite and ore phoscorite
6 Granite
Microshonkinite
> 1 Peralkaline syenite and quartz syenite
4 ljolite and ijolite pegmatite
3 Jacupirangite and melteigite
3 2 N_ephelinite and (_)Ii\_/ine nephelin-ite, nephelineripg; and
mica pyroxene picrite
1 Melteigite, malignite, and shonk-inite
2 Melilite rocks
2 Ore_ pyroxenite (kosvite), olivine clinopyroxenitad
1 peridotite
1 Dunite
2Fe0,+3Si0=3FeSi0+0, (2)
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where a M t is R, activity in spinel of this assemblage, B fayalite activity in
olivine, and @ is silica activity buffered by equilibrium
CaMgSpOs=CaMgSiQ+SiO, (3)

from equilibrium constant of which follows that

aoz=Ks " ailaviont 4)
where ks is the equilibrium constant of reaction (3); & the diopside activity in
clinopyroxene, and\g. is the monticellite activity in olivine. Kwas calculated
using thermodynamic data set and equations publislye[18]; activity values
were calculated using compositions of the mineralseach assemblage and
parameters of Margules equation taken from [1731,3

The above method yields oxygen fugacity 0.6-1.2 dogs higher than the
QFM buffer for the olivine + clinopyroxene + spineiatrix, where high-Mg
olivine megacrysts of meimechite are incorporaiidte high content of magnetite
end member in spinel from mei-mechite is directlence for the highepj values
than are commonly established for magmatic systdmsaddition, spinel is
enriched in titanium, even as concerns the ead@-dir generation of this mineral.
The compositions of the minerals used for estimatiboxygen fugacity are listed
in Table 2. Still higher estimates of oxygen pa@n{l.5-2.5 log units above
QFM) were obtained for higher-temperature Cr-spinebrporated into marginal
parts of olivine mega-crysts. Similar results h#e=n deduced from vanadium
partition coefficients for olivine megacrysts in imechite: +1 to +2 log units [31]
and +2.5 log units [37] above QFM. The high degrEexidation of meimechite
magma is 6 confirmed by appreciable ferric ion eanhtat low NaO in
clinopyroxene of these rocks: Fe3+/EFe is clos@.50in Cpx from meimechite
(Table 2). According to experimental data, clinapygnes of such composition
can exist atd, values much higher than QFM buffer [30].

Such high F&/F&" ratios are characteristic of spinel and clinopsme from
most alkaline-ultramafic rocks of the Guli masswith which meimechite 6 lava
flows and dikes are closely related, as well asilcfate and oxide inclusions in
PGM nuggets found in the placers accompanying thleadd Bor-Uryakh massifs
(Table 2).

The relationship between oxygen fugacity of spmaimalized to the QFM
buffer versus Mg # of coexisting olivine is showm fig. 1 for meimechite,
olivinite, and clinopyroxenite of the Guli massiidafor platinum group mineral
(PGM) inclusions in nuggets from the placers asgediwith the Guli massif [29].
Oxygen fugacities too high for magmatic systemsaettattention: for assemblage
of spinel with magnesian olivine (> 90 mol % Fogyhare 2-3 log units higher
than QFM buffer. When passing to lower-Mg assenmdsag including
clinopyroxene, relative ob, decreases, but nevertheless remains high in most
samples. The mineral assemblages with high-Mgraivnake up a single field for
meimechite, intrusive olivinite, and mineral indluss in nuggets. This suggests

25



I. D. Ryabchikov and L. N. Kogarko

that these mineral assemblages are derived frosetime melt or the melts close in
composition. The chemistry of Cr-spinels in alletarassemblages is similar and
characterized by high contents of Ti and magnei@ponents, separating them
from spinels of mantle peridotites and ophiolitmrplexes.

At such high §, sulfides are unstable [(Jugo et al., 2005), ansl éxerts a
major effect on the behavior of PGE during mantlgma formation and crystal
fractionation in crustal magma chambers.

BEHAVIOR OF PGE IN MAGMATIC PROCESS

At low oxygen fugacity in zones of magma generan tigpical of the
subcontinental lithosphere, sulfides intensely aoting PGE occur. Inasmuch as
heavy sulfide liquid is retained in the mantle itestthe silicate melts with low
PGE content are generated. If oxygen potentialgh,sulfides are oxidized, and
PGE pass into silicate melt, ensuring a high paéability of primary alkaline
magma to form PGE ore.
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Fig. 1.Logarithms of, normalized to the QFM buffer estimaed for the olivine +
clinopyroxene + spinel and olivine + spinel phasesaemblages depending on Mg # of
olivine.

(1) Meimechite; (2) rocks of the Guli massif; (3)neral assemblages of silicate—oxide inclusions in
PGE nuggets (Malitch et al., 2002).

The oxidation of sulfide also affects PGE specratand behavior in the
course of crystal fractionation of meimechite-likmgma. If PGE-bearing silicate
6 and oxide solid solutions are stable under magnuainditions, the equilibria
with metallic phases or PGE incorporation intocsiles and oxides become
crucial. Indeed, most rocks of the Guli massif dot montain early high-
temperature sulfides, and sulfide minerals appebrat the late stages. The
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Table 2.
Compositions of the minerals used for estimation dt;

Oxide |1 2 3 4 5 6 7 8 9

Sio2 0.145 | 40.976f 0.844 38.760 48.330 0.0p8 41.p78 48/8D.219
TiO2 5.352 | 0.041| 7.250, 0.07% 2.760 4909 0.010 3.404 38bB2.
A1203 | 7.204 | 0.043| 4.970 0.072 2490 10.261 0.003 4.6223241.
Cr203 | 44.170| 0.254| 31.42 0.064 0.793 30.§67 0.010 0.p08.026
7
5

o)t

A

B
Fe203 | 13.612 n.a. 19.32% n.a. 2.91 21.996 n.p. 2.125 7889.
FeO 15.340| 8.241| 23.501 13.780 3.23 22.010 7.660 0.88B.655
MgO 14.673| 50.321] 9.46Q0 44920 14.6p0 9.969 51.559 914.72.181
CaO 0.015| 0.436| 0.697, 0.594 22540 0.000 0.337 23/4800050
)

Na20 0.000 | 0.000 0.044 0.016 0.413 0.000 0.014 0.876 oi'pl.
K20 n.a. n.a. n.a. 0.01¢ 0.00p n.a. n.a. n.g. H. oi'p.
NiO 0.296 | 0.354| 0.258 0.322 0.04i7 0.492 0.381 0.052 200.2
MnO 0.252 | 0.140 0.346] 0.221 0.084 0345 0.124 0.028 880.4
Zn0O n.a. n.a. n.a. n.a. n.a. n.al n.a. n.a. 0.103
V203 0.000 | 0.019 » » » 0.00( 0.01p 0.000 0.571

Total 101.060 100.825 98.115| 98.836 98.219 100.54801.392 99.959| 98.965
Mg# 0.630 | 0.916 0.418 0.853 0.890 0.447  0.923 0.969 910.0
Oxide 10 11 12 13 14 15 16 17
Sio2 38.709| 51.715 0.064 39.782 53.115 0.000 40.450 9621
TiO2 0.030 | 0.630 2.971 0.006 0.65 1.870 0.000 0.940
Al203 0.020 | 0.887 1.821] 0.006 1.35 12.160 0.010 0.860
Cr203 | 0.019 | 0.023 2.188  0.003 0.01 41.450 0.000 0.090
Fe203 2.364 | 59.676 1.72 12.954 1.820
FeO 19.461| 3.710( 26.199 10.959 1.428 21.614 8.960 3.322
MgO 40.485| 14.024 4.347 47.791 16.5p5 8.3p0 47.700 804.2
CaO 0.249 | 23.758| 0.078 0.510 25.331 0.0p0 0.430 22{900
Na20 n.a. 0.667 n.a. n.a. 0.14 0.0Q0 0.0p0 1.090

K20 » 0.000 » » 0.000 0.00( 0.00p 0.000
NiO 0.284 0.192 0.143 0.00 0.300 0.390 0.000
MnO 0.379 0.163 0.419 0.321 0.04 0.560 0.2P0 0.080
Zn0O n.a. n.a. 0.144 n.a. n.a. n.a. n.a. n.p.
V203 » » 0.250 » » » » »

Total 99.636| 97.941] 98.350 99.481 100.389.258| 98.160 97.572
Mg# 0.788 | 0.871| 0.228 0.88¢ 0.95 0.408 0.905 0.885

Notes: (1) Spinel in olivine megacryst from meimechite ngpde 200); (2) olivine megacryst from
meimechite (sample 200); (3) spinel in associatwith olivine of the second generation and
clinopyroxene from meimechite (sample 85-37); (Wyime of the second generation in association with
clinopyroxene and spinel from meimechite (sample&8g (5) clinopyroxene in association with olivine
of the second generation and spinel (sample 85(8y¥pinel in a large olivine grain from duniteufsple
150); (7) olivine with spinel inclusion from duni{eample 150); (8) clinopyroxene from dunite (sanpl
150); (9) titanomagnetite from kosvite (sample 14@)0) olivine from kosvite (sample 145); (11)
clinopyroxene from kosvite (sample 145); (12) tgaragnetite from melilitolite (sample GH-42); (13)
olivine from melilitolite (sample GH-42); (14) clopyroxene from melilitolite (sample GH-42); (15)
spinel incorporated into the PGE nugget (Malitclalet2004); olivine incorporated into the PGE neigg
(Malitch et al., 2004); (17) clinopyroxene incorpted into the PGE nugget (Malitch et al., 2004)e Th
Fe3+ content in spinel and clinopyroxene has bedculated in the assumption of ideal stoichiometry;
Mg # = Mg/(Mg + Fe2+); n.a., not analyzed.

27



I. D. Ryabchikov and L. N. Kogarko

highest sulfur concentrations in rocks of the Quhssif are noted only in the
highly evolved carbonatites containing Fe, Ni, &wsulfides.

The temperature at which meimechite melt is satdratith metallic PGE
solid solution is estimated based on the PGE ctsienaphyric meimechite [31]
and the PGE solubility in the eutectic diopsideréimte melt depending on oxygen
fugacity and temperature [6]. The calculation wasfgrmed using the formulas
derived from mass balance

CMeecYFe Y (1-F™Y)/K (5)

where F*®is the fraction of metallic alloy in the systerssaming that the total of
metallic and silicate melts is equal to 1; K™c" is the partition coefficient of a
given element between metallic alloy and silicatdtpe™' is the concentration in
the metallic alloy; and'c concentration in the silicate melt. Partition fficents
were accepted equal to inverse value of pure PQtbiity in the diopside-
anorthite eutectics taken from the experimentah dé. The calculations were
conducted by reducing temperature until the suwaght Pd, Os, Ir, Ru, and Pt
fractions is equal to unity at™®= 0. At o, 1.5 log units higher than QFM buffer,
the calculated temperature turned out 1070°C. Tatue is undoubtedly
underestimated. First of all, Fe occurs in the thetphase along with PGE, and
thus, the PGE total in the alloy equilibrated wsthcate melt must be < 1. In the
presence of Fe, PGE activity coefficients are 24],[and partition coefficients
will be higher than in the system with pure PGEisTill raise the temperature of
equilibrium between traces of metallic phase arhidase melt. In addition, the
experimental data on PGE solubility are availabigy dor the diopside-anorthite
eutectics, which substantially differs from meimgemelt. Experimental data on
the solubility of some metals depend on silica mioéetion. In particular, Pd
solubility decreases from basaltic to ultrabasidtsng’]. The alkali content in
meimechite and picrite melts of the Maimecha-Kgitovince can also suppress
PGE solubility. If PGE are strongly incompatiblements with respect to high-Mg
magmas, the rise of their concentration in mek aub-liquidus temperature will
also facilitate reaching saturation with the m&tapjhase. The aforementioned
arguments show that 1070°C is the lower temperaliong of the onset of
separation of metallic alloy from meimechite magahdhe estimated high oxygen
fugacity. Actually this temperature can be showiéamuch higher; i.e., an initial
saturation of meimechite magma with metallic PGByals quite probable. In
absence of necessary experimental data for thesnolise to meimechite in
composition, a quantitative approach to this pnobie hardly feasible.

The estimated oxygen fugacities for high-Mg minesdsemblages of
meimechite, the Guli dunite and olivinite, and @me&l inclusions in PGM
nuggets from placers related to the Guli massif dose to one another. The
composition of spinels from these mineral assenddagre also similar for
titanium and magnetite end member contents, whiethegh and quite atypical of
spinels from mantle peridotite. This implies tha¢ formation of the Guli dunite
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and separation of PGE metallic phases proceedédpatticipation of the magma

close to meimechite in composition. Besides thigjay be stated that this magma
was saturated with PGE solid solution still at daely stage, when olivine and Cr-
spinel crystallized jointly.

Table 3.
Contents of PGE and some other elements in meimetdi
Component |2FG50 [2FG50 |G3345 |2FG38 | G3265 | 2FG40| 2FG4l1| G49
(Ph) (Aph)
2//:)90 @aft. 22.7 19.42 29.89 27.87 23.38 27.93 27.94  24.25
Nr 10—4% 1760 1456 2398 2226 1797 2068 2133 1947
Ni10—4% 1128 843 1585 1427 1174 1454 1430 1225
Nd 10—4% 62.86 80.11 37.86 44,12 54.41 45 .47 46.87 55.32
Ir 10—7% 1.37 1.06 1.57 2.02 1.58 1.72 1.86 1.51
Ru 10—7% 2.28 2.03 3.24 2.9 2.29 2.86 2.59 2.46
Rh 10—7% 0.46 0.36 0.44 0.52 0.47 0.44 0.43 0.46
Pt 10—7% 7.76 9.05 5.91 7.9 11.14 7.03 7.12 6.94
Pd 10—7% 3.9 3.19 4.46 4.33 7.26 3.55 3.86 3.25
Au 10—7% 2.61 2.73 2.56 3.09 2.9 2.37 3.31 2.62
0s10—7%
Re 10—7%
Source 1 1 1 1 1 1 1 1
Component | GU5/3 | M-3-L | 599PL| 2FG-22 G-3/100 RM1 RM2 RM3
2/’('390 @acr 563 | 313 | 245| 3642 1583 1926 1854 18.18
Nr 10—4% 1900 940 2510 2640 2283
Ni10—4% 1500 430 1780 1950 1974
Nd 10—4% 79.73 39.37 51.31 27.58 73.86 51.8 232 37.5
Ir 10—7% 2.2 3 3.8
Ru 10—7%
Rh 10—7%
Pt 10—7%
Pd 10—7%
Au 10—7% <1 <1 <1
0Os10—7% 1.625 16.39 0.8489 11.7 0.778
Re 10—7% 0.394 0.146 0.092 0.029 0.102
Source 2 2 2 3 3 4 4 4

Notes: 1. Mungall et al. (2006); 2, Horan et al. (1998)Carlson et al. (2006); 4, authors' data;
2FG50, etc. are sample numbers.

We have collected a set of published data on cemtd@PGE and some other
elements in meimechites differing in compositioralfle 3). This dataset also
includes three of our meimechite samples kindlyhyerea for Ir and other elements
by Dr. B. Spettel from the Max Planck Institute @nhemistry, Mainz, Germany.

As has been noted previously [24,25], the conceatra of all elements,
which practically do not enter crystal lattice offivime and are contained in
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meimechite and associated rocks (alkali picritet&hgite), lie close to the line of
olivine control in variation diagrams; i.e., th@oncentrations continuously drop
with increasing olivine components in rocks. PGHE &@n behave otherwise: their

concentrations (except for Pt) increase with emnieht in olivine.
Table 4.

Results of processing of PGE and Nd covariation vhtlinear regression method (data from
Table 3 are used)

@Yea- 1 2 3 4 5
Ir 3.1801 —0.0281 2.114 3.947 2.953
Ru 4.1352 —0.0297 3.435 5.163 4,199
Rh 0.5411 —0.0016 0.373 0.680 0.538
Pt 4.4039 0.0661 —1.960 8.008 4.485
Pd 4.9187 —0.0123 0.123 7.543 5.216
Au 2.9226 —0.0027 2.021 4.166 2.658
Os 19.4807 —0.2535 —0.552 32.458 12.636

Note: (1) Contents of elements in olivine aggregaterdsréept of PGE = f(Nd) regression line with
ordinate axis at Nd = 0, see Fig. 4; the regredsiens calculated with the least square methayislope

of regression line estimated with the least squae¢hod; (3, 4) 95% confidence interval limits oéth
values shown in column 1 estimated with Bootsteghhique (Wilcox, 2010); (5) the values placed in
column (1) estimated with Theil--Sen method (Wil@&#XL0).

Such behavior by PGE implies that they arejincalafex into the crystal
lattice of olivine and co-crystallizing Cr-spinekhen partition coefficients for
these phases are > 1 or nanoparticles of metaBE Rlloys are captured by
growing olivine and Cr-spinel. The growth of Cr temts parallel to enrichment in
MgO, i.e., in olivine, is obviously related to esyprment of tiny chromite crystals
constantly observable as solid inclusions in okvmegacrysts (Fig. 3).

By analogy with Cr, it seems probable that PGE @scur in olivine and
chromite as the finest particles of metallic alldyhe tendency to form PGE
nanoparticles in silicate systems is known from enialogical studies [2] and
experiments [5,12,13,16]. The metallic nanopartickee captured by growing
silicate and oxide minerals making up epitactieigtowths. This phenomenon
was observed in experiments with PGE and Cr-spjhé4]26,36]. It is also
suggested that formation of the finest grains ofathe alloy near the surface of
the crystallizing Cr-spinel is caused by a locairdase in oxygen fugacity related
to removal of F& from the boundary zone of melt into the spinelgghfi4]. The
occurrence of PGE as the finest solid grains irkffocming minerals of the
Bushveld rather than in the form of isomorphic adomes is proved by the same
proportions of Os, Ir, and Ru in coexisting chramitplagioclase, and
orthopyroxene [5].

The PGE content in olivine phenocrysts containihgomite inclusions and
presumed nanoparticles of metallic phase were atgiiby linear extrapolation of
the relationship between PGE content in meimecaitd concentration of the
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elements incompatible with crystal lattices of mi&vand chromite to the region of
zero concentration of incompatible elements. Imdao, it is suggested that the
level of zero incompatible element concentratiorrregsponds to an olivine
aggregate devoid of a mineral matrix crystallizenhf the interstitial melt.

This approach is illustrated by linear extrapolatod Ir content in meimechite
to the zeroth Nd concentration in this rock (Fi@. Bhe PGE contents estimated
with this method are given in Table 4. Regresswase calculated with the least
square method (LSM) in combination with the BOOT3&FRalgorithm (multiple
taking of random samples from the available da}agétis allowed us to more
reliably estimate the uncertainty limits of estisgbbtained [38]. In addition, the
regression parameters were estimated with aid efl-Ben method, which is less
sensitive to strong surges among the data used T8&] intercepts of regression
functions with ordinate (PGE content in the oliviaggregate free of matrix)
estimated with LSM and Theil-Sen method are rathese to each other (Table 4).

The PGE concentrations calculated for olivine aggtes in meimechite are
compared with those determined in meimechite amitelwf the Guli massif (Fig.
5). As is seen, the estimated concentrations ase b those of the average dunite
composition of the Guli massif [27].

A difference between the PGE contents in the aph+yeimechite (sample
2FG50), or the supposed magma composition [31], thedabove estimates for
olivine aggregate can be explained in alternatiagsi it may be suggested that the
estimates for olivine aggregate corresponds toigbenorphic incorporation of
PGE in crystal lattice of olivine. If is assumeathPGE partition coefficients for
olivine are correctly described by the publishegpezimental results [8,9], then
with allowance for the measured partition coefintge(K,/K; > 100), a difference
in Ir/Pd ratio by two orders in magnitude betweealtnand olivine should be
expected. At the same time, the actual differesdasignificant (0.56 for olivine
aggregate and 0.33 for aphyric meimechite). Thisstjans the validity of the
suggestion of the incorporation of isomorphic PGi6 blivine.

As an alternative, it can be assumed that the attonproportions of PGE in
olivine aggregate (Table 4) correspond to the camipo of metallic particles
captured by olivine or chromite inclusions theraimereas in the meimechite melt
(aphyric portion of sample 2FG50) PGE is parthsdigsed and partly occurs as the
same nanoparticles, which determine PGE concemtrati olivine aggregate. If
this is the case, the relationships between IrRohdontent can be described by the
following equations:

CHInN=F, CV(InN+(1-F)-C-(In)'R (6)
C*(Pd)=F, CN(Pd)+(1-F)-C-(Ir)'R (7)

where € is the total content of the given PGE in olivinggeegate; € is the
content of the given PGE in micronuggets (weigbpprtions of concentrations
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presented in Table 4);"Gs the concentration of the given platinoid disgdl in
homogeneous melt;, ks the weight fraction of micronuggets capturedioy melt;
and R is the ratio of Pd and Ir solubilities in tjél.
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Fig. 2.Contrasting behavior of Cr, Ir, and Th in meimechte series.
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Fig.3 Crustalline inciusion of Cr-spinel in olivie megacyst serpentinized along fractures.

The solution of the above equation system yield§llCE 2 x 10-3 ppb and
C”™Pd) = 1.5ppb. These values are approximatehetbrders of magnitude lower
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than the measured Ir solubility in the diopsideréimte eutectics. The low PGE
solubility in high-Mg melt is also supported by tthata on komatiites [1].

Because of the assumptions accepted, our estiraggesot very definite. A
relatively low Ir solubility in high-Mg melts dered from mantle peridotites in
comparison with experimental data is consistenhwaitmost constant content of
this element in mantle peridotites depleted tootegidegrees from fertile primitive
Iherzolite to depleted harzburgite [3,15].

Ir, ppb
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Fig. 4.Linear extrapolation of Ir content in meimechite to the zeroth Nd concentration.

The dashed lines denote the boundaries of 95%dmnde interval of linear regression; the data
from Table 2 are used.

The residual refractory PGE have been identifiethendepleted harzburgite in the
form of the finest segregations of metallic alloy&8], indicating that a
considerable fraction of PGE is retained in thestdine restite even after
advanced partial melting and removal of melt frosnighotite. This is possible only
if the solubility of the given PGE in melt is conmphle with or lower than its
content in the initial primitive Iherzolite. The Rdntents drop from lherzolite to
harzburgite, and this is broadly consistent wishhigher solubility in silicate melts
compared with Ir.

Thus, the performed consideration shows that méitecmagma was
saturated with metallic PGE alloys, still at therlgastage of simultaneous
crystallization of olivine and chromite. This imgdi that the PGE content in
aphyric meimechite 2FG50 (Table 3) correspondsh& upper limit of metallic
phase solubility.
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Similarity of model PGE concentrations in olivinggaegate and dunite of the
Guli massif is an additional argument in favor bé tsuggestion that the olivine
rocks of the Guli massif were formed with participa of magma akin to
meimechite.

PGE NUGGETS: FORMATION MODELS

The occurrence of PGE nanoparticles of metallicsphdoes not solve the
problem of ore deposit formation, because theseopeticles are dispersed
through the rock. The mechanism of large nuggeh#&bion may be related to the
dependence of metallic alloy solubility on temperat

As is seen from Fig. 6, the convexity of the cuofdemperature-dependent
iridium solubility in the diopside-anorthite eutest [6] faces the side of higher

Rock/primitive mantle
10

¥ O % <o 0O D

0. 1 1 1 1 1 1 1 1
Os Ir Pt Ru Rh Pd Au

Fig. 5.Concentrations of siderophile elements in the rocksf the Maimecha-Kotui province
normalized to the primitive mantle, after Becker etal. (2006).

(1) Meimechite (Mungall et al., 2006); (2) aphynwimechite simulating meimechite melt (Mungall et
al., 2006); (3) average contents of siderophilenelgts in dunite of the Guli massif (Lazarenkov, ital

and Lopatin, 1993); (4) clinopyroxene-bearing alite from the Guli massif (Kogarko et al., 1994) (
Os content in meimechite (Carlson et al., 2006;adpet al., 1995); (6) PGE contents in aggregate of
olivine crystals with chromite inclusions in meirh@e, see Table 3.

temperature. Owing to this, mixing of two meltsusated with Ir at different
temperatures yields a melt heated to an intermed@&nperature and with an
intermediate Ir content (point A in Fig. 6), whida higher than saturation
concentration at this temperature (point B). Thtige replenishment of the
magmatic chamber filled with a cooled and parthctronated melt by a portion of
more primitive and hotter magma must intensify tirewth of PGE metallic
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particles with the formation of larger grains, whiwill be involved in gravity
settling and aggregation at the bottom of magmanblea. A similar mechanism
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Fig. 6.Solubility of metallic Ir in silicate melt versustemperature. Convexity of the curve faces the
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Fig. 7. Covariation of Ir and Cr contents in meimechite. Tte data shown in Table 3 are used.

was proposed to explain the formation of chromititéts in layered intrusions

[20]. Such an effect of

magma mixing on accumufatd ore minerals explains

parallelism in Cr and PGE behavior (Fig. 7) andvaled PGE content in chromite

lodes.

Alternative mechanisms of chromite and metalli@ylgrowth initiated by
magma mixing are possible. For example, magma seend through the mantle
or ultramafic cumulates either along fracture zaweby infiltration through
intergranular spaces of rocks. Intense mixing eséhflows can take place, when
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an impermeable screen is encountered on their Wagler such conditions, a hot
and more primitive melt from the fracture zone ixed with a flow of colder
magma, which has reacted with host rocks. The mixgives rise to growth of
chromite and PGM grains [33]. It also cannot beesdubut that the ascent of
interstitial magma from bottom cumulates and itsvaxtive mixing with the bulk
body of melt in magma chamber may lead to predipiteof ore minerals.

Having begun still at the early stage of solidifica, when magnesian olivine
crystallized together with chromite, this processntmued further. This is
indicated by inclusions of clinopyroxene in nuggétsm placers related to the
Guli Complex. A certain decrease in oxygen fugacfiig. 1) facilitates
crystallization of PGM at the late stage.

CONCLUSIONS

(1) Cr-spinels and clinopyroxenes from meimechitérusive rocks of the
Maimecha-Kotui province, and silicate-oxide inctrss in PGE nuggets related to
the Guli and Bor-Uryakh massifs are close in contmrs and characterized, in
particular, by a high degree of iron oxidation anfligh Ti content. This implies
that the Guli massif, other intrusions of the Matm&-Kotui province, and related
PGE mineralization were formed with participatiof magma similar to
meimechite in composition.

(2) The oxygen fugacity estimated for meimechite at@l olivine-bearing
rocks of the Maimecha-Kotui province is sufficigntligh to ensure oxidation of
sulfide phases. Thus, metallic alloys were the nmotde of PGE occurrence in
these magmas.

(3) The PGE contents estimated for olivine aggree gd meimechite are
similar to the average PGE content in the dunite¢hef Guli massif. The most
probable mode of PGE occurrence in meimechite isoisized inclusions of
metallic alloy captured by growing olivine and Qrirgel.

(4) Metallic PGE grains of larger size can be fadrnas products of mixing of
partly fractionated melt with a new portion of piitve mantle, as has been
proposed for the formation of chromite lodes.
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The estimation of the time of Earth’s core formatmn the basis of isotopic
systems with short-lived and long_lived parent ied gives significantly different
results. Isotopic data for tH&H—%4W system with d%?Hf half-life of pproximately
9 Myr can be interpreted in such a way that thes soas formed 34 Myr after the
rigin of the solar system assuming complete coreti@aequilibrium. Similar
stimates on the basis of the U—Pb isotopic systeggest a significantly longer mean
time of core formation of approximately 120 Myr.tife Earth’s core were formed
instantaneously, both isotopic systems would havews identical values
corresponding to the true age. The discrepancydmiwhe U-Pb and Hf-W systems
can be resolved assuming prolonged differentiatibprototerrestrial material into
silicate and metallic phases, which occurred notuieneously and uniformly in
different parts of the mantle. This resulted in feopic heterogeneity of the mantle,
and its subsequent isotopic homogenization occigi@aslly. Under such conditions,
the mean isotopic compositions of W and Pb in tlaathe do not correspond to the
mean time of the separation of silicate and metaliases. This is related to the fact
that the exponential function of radioactive dersagtrongly nonlinear at high values
of the argument, and its mean value does not quresto the mean value of the
function. There are compelling reasons to beliekat tthe early mantle was
heterogeneous with respect to W isotopic compasittmd was subsequently
homogenized by convective mixing. This follows frahe fact that the lifetime of
isotopic heterogeneities in the mantle is closel® Gyr for various long-lived
isotopic systems. There is also no equilibrium leevthe mantle and the core with
respect to the contents of siderophile elementsa@® of this, the mean isotopic
ratios of W and Pb cannot be used for the direntprdation of the time of metal—
silicate differentiation in the Earth. Such estiimatrequires more sophisticated
models accounting for the duration of the diffei@nin process using several
isotope pairs. Given the prolonged core formatwich has probably continued up
to now, the question about its age becomes ambsywmd only the most probable
growth rate of the core can be estimated. The coesbuse of the U-Pb and H-W
systems constrains the time of formation of 90%hefcore mass between 0.12 and
2.7 billion years. These model estimates could hbheen realistic under the
condition of complete disequilibrium between thecate and metallic phases, which
is as improbable as the suggestion of completeliequm between them on the
whole Earth scale.
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INTRODUCTION

The hypothesis of a giant impact resulting in theltimg of a significant
portion of the Earth and ejection of the proto-Maoaterial has been accepted by
many investigators of the early history of the EBdft—3]. In a certain sense, this
hypothesis stems from the ideas of G.H. Darwin\¢jp proposed as early as the
XIX century [4] that the Moon was formed by the atjen of part of molten
terrestrial material from the rapidly rotating EarAn important point in the giant
impact hypothesis is the existence of an impacolars-sized or larger body,
colliding with the Protoearth [5, 6]. The suggestiof a collision between the
Protoearth and a planetary body from outside thehEaorbit gives rise to a
number of geochemical problems [7]; in particulafails to explain the identical
oxygen isotopic compositions of the Earth and Maoterms ofA'’O [8], which
require that the impactor was formed at solar dista of ~1 AU. If the Earth—
Moon system was formed in the sequence gas—dusl clplanetesimals- large
embryos- planet +satellite, the final stages of its growéd to include a series of
collisions of more or less large bodies [9-11] m@ded near the Earth’'s orbit.
Compelling evidence for the early bombardment ef Harth is provided by the
lunar surface. The giant impact hypothesis assuthat large bodies grew
simultaneously on the orbit, and their subseque&atlescence was a series of
separate impact events [12], the last of which thascollision of the Earth with a
Marssized body.

An intriguing suggestion concerning this modelhattan embryo could be
formed in one of the Lagrange points (L4 or L5)tlné Earth’s orbit, grow there,
and then collide with the Earth [13]. In such ae;abe giant impact could be a
natural termination of the accretion of materiatwcing initially on the orbit of
the future Earth, which could have solved, in patar, the oxygen problem.
However, modeling [13] showed that a body growihgaints L4 and L5 is highly
unstable. Its lifetime in these gravitational miains from 4 to 100 yr; i.e., the
probability that a large Mars_sized body could grinere is very low, which is
unfavorable for the giant impact hypothesis. On olleer hand, this idea may
appear seminal for the explanation of the mechamikthe origin and growth of
planetesimals.

Another possible accretion scenario is the diresembling of particles and
solid embryos from the protoplanetary cloud to gks gravitational center or
formation of a system of two or more bodies. Laplfid] was among the first to
attempt to describe this process, but some impofeatures of his theory were
subsequently discarded (in particular, the probdémngular momentum remained
unresolved). Therefore, the whole theory was cameul implausible, although its
main features appear in some form in almost allhmmore sophisticated modern
models. Accounting for the hydrodynamic repulsidmparticles arising from their
heating and partial evaporation in a contractingt aloud allowed Galimov et al.
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[7, 15, 16] to solve the problem of formation ofystem of two bodies, a planet
and a smaller satellite, without catastrophic event

Thus, there are currently two groups of hypothdeeshe formation of the
Earth—Moon system: those involving a giant impaetl ahose admitting only
major impacts [17] of bodies no larger than 0.01lthed Earth mass. Opinions
favoring the giant impact hypothesis are more naorein the literature, although
this does not mean that the model is more plaudthd@vever, many studies of the
geochemical aspects of the accretion of the EartderfMsystem and the
chronology of the early differentiation of the Hafe.g., 18-20] rely on the giant
impact hypothesis as the only possible model, who€leourse, is not favorable for
searching a comprehensive solution to the problem.

It should be taken into account that the impacteggtion of large planetary
embryos and related silicate—metal differentiatronst be accompanied by the
instantaneous release of a tremendous energyeth@al of which into the space
could not be similarly instantaneous. For instanibe total energy of Earth
accretion is estimated as 2210% J, and that of core separation is %.40°* J
[21]. When recalculated to one gram of terrestmalerial, the specific energy is
3.7 x 10" J/g for the Earth accretion and X30° J/g for the core formation. If the
heat were not radiated during accretion, the peotestrial material would have
been heated to tens of thousand degrees, andiaooneduld not have occurred.
Heat removal and the cooling of protoplanetary mmaterequire time scales
increasing with the increasing size of the plabeause gravitational energy is
proportional to the squared radius of the formingdyb

This is indirectly indicated by Sr isotopic data &ngrites, eucrites, and lunar
rocks. They are consistent with the suggestion {&&f large bodies accreted over
longer times than smaller bodies. In particulae, khoon shows very low Rb/Sr =
0.006 and elevated initid’Sr°Sr = 0.69906 compared with CAl (0.69890).
Halliday and Porcelli [22] supposed that this cooéddue to the late (11-14 Myr)
isolation of its material from the solar nebulalwRRb/Sr~ 0.3. If, instead of the
separation of lunar material from the nebula of nehvdic composition, the
separation in the Earth—-Moon system, which has raeroof magnitude lower
Rb/Sr, is considered, the moment of Moon isolatudhbe significantly later [16].

Heat release due to core formation is also coreider According to rough
estimates ignoring heat loss, which correspondsdtantaneous core formation,
this factor could increase the temperature of aitestrial materials (already
evidently not cool) by ~2 . 103 K, which would résm their complete melting.
However, the presence of primordial noble gasethenEarth’s mantle [23, 24]
indicates that the state of complete melting waseached on Earth. This, in turn,
implies protracted core formation sufficiently lofgy the removal of the released
gravitational heat by mantle convection withoutctsnplete melting.

Thus, both accretion and core separation occuneer some extended time
period, which can be estimated most reliably ussagope systems, although, as
will be shown below, this approach also providem@del-dependent result; i.e.,
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the estimated duration of processes depends oradbepted model of planet
formation. It is quite possible that the separatdrthe metal phase began very
early, long before the completion of accretion;, il@th the processes occurred
simultaneously [16, 20].

A key point in the giant impact hypothesis is thetantaneous liberation of
tremendous energy resulting in the melting of tHel planet or its significant
portion and formation of a magma ocean, which,um had to cause rapid
primary differentiation in the terres trial matéri@hat is, the giant impact should
have caused geologically instantaneous formatiorthef Earth’s core. Then,
isotopic systems involving siderophile elementg.(eU-Pb and Hf-W) should
indicate identical ages for the core formation.wAl be shown below, this is not
the case.

On the other hand, the hypothesis of the formatioihe Earth—Moon system
from a single gas—dust cloud [16] postulates gragtavth of the two bodies over
some extended period of time, i.e., an evolutiotheut catastrophic events, which
should be reflected in isotopic systems.

In this paper, we examine Hf-W and U—Pb isotopiadar terrestrial rocks
and some meteorite types, which can be used foegstimation of the duration of
the early differentiation of terrestrial materiahto silicate and metallic
constituents, and attempt to obtain a consisterierpretation of these
geochronometers. Some important parameters for sualeling are still poorly
known, including the degree of isotopic equilibriumetween the metallic and
silicate phases during planetary core segregafibis problem is controversial,
and the opinions of researchers range from comgetaibrium [20, 25] to the
possibility of complete or almost complete absewoicequilibrium [26]. The truth
IS most likely somewhere between these extremes tlan estimates obtained by
modeling should be considered in each case asrgribnstraints.

BASIC CONCEPTS OF THE U-Pb
AND Hf-W ISOTOPIC SYSTEMS

The possibilities of isotopic investigations in tdePb and Hf-W systems are
based on the following radioactive decay chains:
U ... > "Pb;
Ty U) = 4.47 Gyr:
U ... Pb;
T,.o( 7 U) = 0.70 Cyr;
mHI'- . nzTﬂ g IHW;

T,»("HE) = 8.9 Myr.
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All intermediate members in the U decay seriesshiter lived than 238U
and 235U; hence, they can be ignored in most chseisg the calculation of Pb
isotope effects. Therefore, time-dependent vanatim Pb isotopic composition
are described by the wellknown equations of radivadclecay:

238
"Pb) Pb (U}
|‘ 04 | =1 |‘ +1~ 204 bJ
o Pb PI.-( {0 & IJ
# I fxpt_?‘.g_ug'r} -1 |
and (2)

TPy 207 oy 259y
L }:'U'Ph/l =\ :'HPI}/I ) - ( Z'HFb}l

x [ exp(Aast) — 1],
where the decay constants &g = 1.55125x 10—10 yr* andi,zs = 9.8485x10*°
yr', and the respective half-lives are comparable wlth age of the Earth.
Although there remain slightly less than half oitia **®U and only 1% of the
initial amount of>®, these nuclides occur in terrestrial rocks andemls, and
the present-da§?U/**Pb and>*U/***Pb ratios are measurable quantities.

The half-life of '**Ta is only 115 days, and it can be assumed 't}
directly decays td®AW for calculations in the Hf—W system. It is onlgrinent to
note that'®*Ta can also be produced under the influence of iwosays owing to
neutron capture by the stable isotdfi&a [27], which distorts the results of HI—-W
chronometry. In particular, the excess BfW compared with the terrestrial
composition [28] established initially in lunar kscappeared to be related'téra
induced by cosmic radiation rather tHaff decay [29]. Because of the short half-
life of ®Hf, expressions for the variations in W isotopienpmsition are different
from Eq. (2) for the U-Pb system. It can formaléywritten

I‘i"

“l_f 'w‘l |"*Ht|
153 W I"l"w [3}

ik

% [ exp(A ) — 1],

where the'®Hf decay constant i&g, = 7.79 . 10° yr* [30]. However, the
remaining fraction of®Hf is 3 x 10™°° of the initial abundance; i.e"¥Hf is a
completely extinct nuclide, and with increasingdifilom the origin of the solar
system, the®Hf/*®*3W value in Eq. (3) rapidly approaches zero and Xxpénds
to infinity. In order to avoid ambiguity related toe product of zero and infinity,
the present-day®Hf/*®*W value should be eliminated from Eq. (3). For this
purpose, the numerator and denominator of the setmm in the right-hand side
of Eq. (3) are multiplied b}°Hf and the following substitution is made:

¢ 162 oy o182 .
|k|l“Hj| = i‘.H”H” expl{ —As:0).
e “¥gr,
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Then, Eg. (3) can be rewritten as
.E:V'r'”' F ISEW -iﬁl'.lH[
{hw/l _l nﬂw,e”'l_{ ]Hj\VJllthfl-J (4)
# [ —expl—Aiel)].

This transformation resulted in that the origintbé time axis t((= 0) was
shifted from the present day to the origin of tblassystem, and, simultaneously,
all the isotopic ratios became nonzero. The inifigfHf/**®Hf), ratio of the solar
system in Eq. (4) can be determined by the isotapalysis of W in the earliest
objects, carbonaceous chondrites, using the mathad extinct nuclide isochron.
Its essence is illustrated by Fig. 1. For the presay, Eq. (4) can be presented
with high accuracy as

(

‘.
Pt

I‘i!v" \ le
+

15 “J | '-"3-‘“;/
because the exponent in Eqg. (4) is zero. Then,ofpects with equal initial
(182W/180W) and {®Hf/**™Hf), but different Hf/W values, a linear dependence
(isochron) will be observed in th&3W/**3W*H{/*®*\W) coordinates. However, in
contrast to familiar long-lived isotopic systemer fnstance®’Rb-"'Sr, the slope
of the isochron does not correspond to age butledum initial 682Hf/18°Hf)0 value

in Eg. (5). The intersection of the isochron witiety axis gives the initial
(**ANV/*8W), value. The oldest solids formed in the solar syséee composed of
elements with the highest condensation temperattinese are Ca- and Al-rich
inclusions (CAl) in primitive meteorites [31]. Theige was reliably established by
the U-Pb method [32] as 4567.2 £0.6 Ma and subseiguefined [33] to 4567.11
+0.16 Ma. The latter most accurate value will bepted further as the starting
point of the solar system evolutiongf Bind the beginning of Earth accretion.

It is worth noting that the isotopic analysis ofi8Va very difficult analytical
problem. Because of this!®{Hf/**°*Hf)0 estimates reported by various authors
range from (2.75 + 0.243 10 [34] to (1.00 = 0.08% 10 [35]. There were also
discrepancies in the estimation of the W isotommposition of carbonaceous
chondrites compared with the terrestrial compasitibhe early publications of A.
Halliday et al. (before 2004) provided evidencedaregligible difference between
the isotopic composition of W in the bulk silicdarth (BSE) and carbonaceous
chondrites (CHUR) [19, 36, etc.]. However, moreusate analytical results [35,
37] showed that the mean present-d&§\(/***W) ratio of chondrites is lower that
that of terrestrial W by 1.90 + 0.18y units. The parametes,(CHUR) is
calculated as

H
H'” Hf) (5)
WS HE

183

eo(CHUR) = [“ - . I],
W i W enuk

It should be pointed out that many authors haverted data relative to
terrestrial W, and the respectis®/(BSE) values are 1.90 higher thaV(CHUR).
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To obtain a more general and clear presentationoafel results, onlyW(CHUR)
values are used in this paper.

H;_'wr-lll.'].‘!.\wr
1.8515 1+ 4500
100

1.8514 30
1.8513 1

1.8512

T

1.8511 10

1.8510

1.8509

1.8508

1.8507

1.8506

J.ESD:—" | | | | | | | |
0 1 2 3 4 5 6 7 8

180 H I}" 1 ?'.;.H':\Ir
Fig. 1.Diagram illustrating the concept of an extinct nudide isochron.

The isotopic composition of W changes at differdfiiV values owing to the decay of short-livEaHf.
Numbers near the lines are the time from solaresysormation in million years. All lines older tha00
Myr are indistinguishable on the scale of the diagrand their slope corresponds*f8Hf/*Hf),.

In the processes considered below, both Hf/W anBbWatios are not
constant and change in various geochemical progesse, they are time-
dependent. Hence, radiogenic additions are detedras integrals of the functions
of variations in these ratios and radioactive decay

182 183y 4 7 182 -
W =( 1I|J"'JI + H'}-;cxp{—lf}ﬂ’r. (6)

W VW W
An equation for Pb isotopes can be written in tirae fashion. For simple
and Hf/W time trends, for instance, single_stagedr variations with time, the

integration in the right_hand side of Eq. (6) resul relatively simple expressions.
Numerical integration is more convenient for mooenplex and multistage cases.

Hf, W, U, AND Pb AND METAL-SILICATE EQUILIBRIUM: A TA
OF LABORATORY EXPERIMENTS

The elements containing parental nuclides in theWHfand U—Pb isotopic
systems show pronounced lithophile properties, &hdnd Hf preferentially
partition into liquid phases during partial meltingf silicates or melt
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crystallization. In magmatic processes involvindyailicate phases, W and Pb are
also lithophile, but Pb is moderately siderophite silicate—metal equilibria at
elevated pressures (2 GPa) and temperatures (1650<); D™ usiisiS ~ 13 in
the modern oxidized mantle but was higher (~30)eunchore reducing early
conditions [38]. The addition of sulfur to the st i.e., the appearance of a
sulfide phase, makes Pb chalcophile witf Bysis ~ 40 It should be noted that
such a behavior of Pb is not fully consistent viithted data on the distribution of
Pb in the metal and troilite of iron meteoritesr Fstance, according to the data of
[39, 40], the content of Pb in the metal of the Mrabilla and Cape York
meteorites is an order of magnitude higher thatraiite from these meteorites,
whereas the reverse relations were observed inddabyablo, where troilite is
enriched in Pb by a factor of 29-44.

According to experimental data, W shows even mooaqunced siderophile
properties under reducing conditions [41, 42], letomes lithophile (i.e. B evsils

< 1) at high fo, [43]. A change info, by an order of magnitude results in a
D sl change by also approximately one order of magaitlebr instance, a
decrease in oxygen fugacity fromy = 0 to Ay = —2 is accompanied by an
increase in B eysiis from ~1 to ~2x 10 [42]. The partition coefficients of highly
charged cations, including W, are also stronglyethelent on the degree of silicate
phase polymerization in the experiment: for insearacdecrease in NBO/T by one
results in an increase in"Beysiis by an order of magnitude [42, 44]; this effect is
not observed, for instance, for Co and Ni. Accaumtior the maximum possible
number of thermodynamie—T—Xparameters allows one to estimate the partition
coefficient of W in metal-silicate equilibrium witéin error of approximately two
orders of magnitude at thes 2evel [44], and extrapolation to lower mantle
conditions yields Breysiis values of approximately #010° and higher.

Thus, the available experimental partition coeéiits characterize only
qualitatively the behavior of W and Pb during tleparation of metal and silicate
phases in nature. In addition to experimental diffies, there is uncertainty on the

redox conditions in the lower mantle near the cdooeindary: the existindo,
estimates vary by several orders of magnitude [@®&dl, it cannot be ruled out that
redox conditions in the lower mantle are both sgfigtiheterogeneous in the
vertical and horizontal directions and time_ vara4l6].

Hf/W AND U/Pb IN THE EARTH’S MANTLE:
GEOCHEMICAL DATA

More reliable estimates of Hf and W abundancestleid ratios in the mantle
were obtained from the analysis of geochemical.data

The abundances of Hf and W in carbonaceous chesdaite 151 and 166
ppb, respectively [37], which yields Hf/W = 1.10o0Madays, these are the most
reliable data obtained by the isotope dilution tegte.
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Based on a comparison of the contents of W and elément of similar
volatility) in various terrestrial rocks and choités [47], the depletion factor of W
in the mantle relative to primitive chondrites stimated as approximately 0.06
with an uncertainty interval from 0.03 to 0.10. lebrresponds to a Hf/W ratio of
18 with a confidence interval from 11 to 37. Suansiderable variations are
related in part to the fractionation of the elemsemnt silicate rocks. In the same
study, Newsom et al. showed that the W/Th ratithefsilicate portion of the Earth
is 0.19 with a relatively narrower uncertainty vt from 0.14 to 0.26. Assuming
Hf/Th = 3.6 in pyrolite [48], Hf/W value is estinet as 19 with an uncertainty
interval at least from 14 to 26.

Galimov [7] accepted an estimate of 0.045 for\elepletion factor in the
Earth’s mantle compared with chondrites, whichassistent with the distribution
of a number of other siderophile elements. Thigdgiélf/W = 24, which is in line
with the above estimates.

The ?*%U/***Pb ratio of the Earth’s mantle is determined fréma Pb isotopic
composition of mantle rocks. This value is modepatelent to some extent. The
two_stage model of terrestrial Pb evolution [43lgs an estimate qf ~ 9.74 for
the second stage (after 3.7 Ga), but does not iexpllay the mantle U/Pb ratio
increased fromu = 7.19. As will be shown below, prolonged accretamd/or
prolonged core formation provide a reasonable soiub this problem.

IS THERE EQUILIBRIUM BETWEEN
THE CORE AND MANTLE?

The observed W depletion in the Earth’s mantletinadato chondrites is much
lower than that expected for the equilibrium fraotition between silicate and
metal phases, and similar discrepancies were ditmined for other siderophile
elements. In particular, the abundances of platiguoup elements (PGE) in the
mantle are significantly lower than the chondri@lues but still higher than at
equilibrium partitioning with the metallic core; rhermore, they show
approximately chondritic ratios, which is inconerdt with differences between the
partition coefficients of these elements [44]. Sackituation is characteristic of
both the Earth and Mars [50]. This paradox was arpd by assuming that a
small amount (~0.7%) of meteorite material (lateear) with chondritic contents
of siderophile elements was added after the comoplef core formation [51, 52].

If this explanation is correct, it follows immetkéy that (1) in general, there is no
equilibrium between the mantle and core with respesiderophile elements, and
this disequilibrium has persisted over the whokltdry of the Earth; and (2) there
was no complete chemical and, consequently, isotqguilibrium between silicate
and metal during core segregation. Newsom et &|. ibted that ancient crustal
rocks show somewhat higher W/Th values compareti witung rocks; these
results might indicate gradual mantle depletioMipalthough the observed effect
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is within the uncertainties of estimates. Direcidemce from mantle nodules is
insufficient [53] to check this inference. The obv&sl disequilibrium does not rule

Mantle Mantle

Core Core

Fig. 2. Cartoon showing two extreme (idealized) styles dfie primary separation of silicate
and metallic materials differing in the degree of quilibrium between the forming
reservoirs.

(a)The mantle material is always in equilibriumtwihe core during the whole process of metal
segregation. In this case, the time of primaryedéhtiation is related to the Pb and W isotopic
compositions as described by Egs. (2) and (4)S@paration occurs in small volumes (domains)
through a single event without instantaneous dgmailion between individual domains and

between the mantle and the core. In this case,(Bpand (4) have to be applied to each domain.

out the possibility of mass exchange between tlie aod mantle, including the
prolonged growth of the core. It should be kepinind that there was no element
and isotope equilibrium between metal and silicatast a tendency toward
equilibrium partitioning of siderophile elementstween the core and mantle is
observed.

Figure 2 shows two idealized scenarios for the arnyndifferentiation of
terrestrial material in terms of chemical equilim between the core and mantle
with respect to U, Pb, Hf, and W contents. In tlaiant shown in Fig. 2a,
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complete equilibrium is maintained between the amd mantle at any moment
during differentiation; correspondingly, the mantéealways homogeneous (for
simplicity, we ignored compositional variationsateld to temperature and pressure
variations with depth). In contrast, the secondiardr (Fig. 2b) postulates the
complete absence of equilibrium between particodantle zones and between the
mantle and core on the whole.

The persistent chemical and isotopic homogeneity thed mantle and
maintaining of chemical equilibrium between the tl@mand core (Fig. 2a) result
in a very simple solution for the model age of toee—mantle system both in the
Hf-W and U—-Pb systems. In such a case, the evolatidhe Pb and W isotopic
composi_ tions of the mantle is described by Egs.a0d (4), respectively. The
model ages obtained for the two isotopic systemstmbviously be identical,
which is not the case, as will be shown below. Téievidently related to the fact
that the idealized scheme shown in Fig. 2a is abt\for the core—mantle system
because of its scale.

Another differentiation scenario is schematicalpwn in Fig. 2b. It is based
on the assumption that the differentiation of thempry material occurred
nonuniformly in time and space, and different magtbmains had lost their metal
at different times. Equilibrium conditions were miained within the domains; in
particular, the distribution of W and Pb betweelcaie and metal phases was
governed by partition coefficients. In contrasteiical and isotopic equilibrium
was not reached between different domains untictmapletion of differentiation.
The isotopic composition of W in the mantle wagtdtomogenized by convective
mixing. The same process tends to obliterate hgésr@ties in Pb isotopic
composition, but its complete homogenization is atihined because of the
continuing radioactive decay of U and Th in themlually heterogeneous mantle
[54]. For this differentiation style, Egs. (2) aid) should be applied to each
domain separately and the results should then baged.

If W and Pb were highly siderophile elements, samito PGE, whose
geochemistry has been comprehensively studied owiel biave used the degree of
deviation from the equilibrium distribution of PGk the core—mantle system for
the modeling of W and Pb behavior during core gggiren. Unfortunately, this is
hardly possible, because the partition coefficieotsPGE differ by orders of
magnitude from those of W and Pb.

HF-W ISOTOPIC SYSTEM AND METAL-SILICATE EQUILIBRIUM

The primary W isotope ratios for the bulk Earth amsl core can be
determined only from the investigation of meteaitelowever, the use of these
data requires accounting for differences in théohysof metals from small bodies
and large planets. The parent bodies of magmatn imeteorites were
differentiated very early, ~1.5 Myr after CAI [S6hder the influence of heat from
the decay of short_lived®Al and the release of gravitational energy during
accretion [56, 57]. The isotopic heterogeneity ofrf\these meteorites is related to
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spallation, and, if these effects are accounted ddrmagmatic iron meteorites
appear to be isotopically homogeneous. SubsequéndywV isotope ratios of iron
meteorites remained unchanged, because they areffitdf (Fig. 3a). Their mean
w(CHUR) value is —1.6 [55] and exactly corresporaghe initial Wisotope ratio

in carbonaceous chondrites [58]. ThigCHUR) values of nonmagmatic IAB iron
meteorites (I1ICD and IIE groups) are high and &hle, which indicates their later
formation or partial reequilibration with silicateaterial.

As a much larger body, the Earth was formed ovenger time period than
asteroids, and the W isotopic composition of iteectan hardly correspond to the
W of iron meteorites. Nonetheless, it can be aetkfhat the Hf/W ratio of the
Earth’s core is close to zero and similar to thatan meteorites.

The modern W of terrestrial rocks shows a unifosatopic composition
more radiogenic than that of W from carbonaceowndhtes,w(CHUR) = +1.90
+ 0.10 [35, 37]. The W isotopic compositions of tleon is essentially identical
to that of the Earthy(CHUR) = +1.99 + 0.10 [29].

The initial abundance of short_lived?Hf in the solar system is reliably
constrained by the method of extinct nuclide isoobr(see above) for CAl as
(*®*Hf/**Hf)0 = (1.07 + 0.10) . 17 [58]. Currently, there is no reason to suppose
that this ratio was significantly variable in traas nebula.

In accordance with Eg. (3), the W isotopic rati@ampes with different rates
in different phases depending on their Hf/\W ralibe present _day W isotope ratio
in phaseSdepends on fractionation time T in the followingmar:

ey RNy 150 182,
| 183 | = | | +( |\,1Hq {.‘-gl]HI
Wp):; WD} W cuur HFI-.

:
><|]—cxpl—}'-,T]|+[ er] ‘NH'I exp(—AT).
-

5 ]

(7)

~182

The right_hand side of Eq. (7) is the sum of thenpry W isotope ratio in the
solar system, radiogenic addition accumulated imifterentiated chondritic
material by the time moment T, and radiogenic potidn owing to the decay of
182Hf in the silicate phase (S).

This equation can be simplified to

wl _i”‘W‘ gf Hi Htl
\US-WJ IH-IWJ \ IRJWI ,:’_-]”_R Hf I:H}

% [ —fugwexp(-AT)],

180

where fiow = t H{| z’| H —1and
WJC.F”.R
180 5
Hh) [E| % 2.509.
(1| W} i, W)’
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Fig. 3. Time variations in **Hf/**3W due to the radioactive decay of®Hf.

(a) Evolution trends of W isotopic composition inoodrites and primary derivatives, silicate and
metallic phases, extracted at different times (TiGjn a chondritic reservoir. (b) Present_day W
isotopic ratios (expressed &) in the same components as a function of the afrdifferentiation.
Dotted lines show uncertainties related to theresfdnitial 182Hf abundance [58]. The W isotope
ratio of the Earth’s mantle is higher than thatlbndrites by + 1.90 + 0.1(, which corresponds to

a mean differentiation time of 34 Myr after CAl dinated by the arrow). Here and in Figs. 7 and 8,
age is shown on the lower axis, and time from thgiriming of solar system formation is shown on

the upper axis.

The above data are used in the diagram of Fig.oBahk construction of

trajectories of W

isotopic composition

in

the uMeliéntiated material
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(carbonaceous chondrites) and primary derivativasndéd at different times.
Similar to iron meteorites, the metallic phase sajgal from the chondritic
material is enriched in W and almost free of Hf /iMf= 0), whereas the Hf/W
ratio of the residual silicate fraction increasigmisicantly. Accordingly, it can be
seen in Fig. 3a that tHEAW/*®\W ratio of the metallic phase does not change
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Fig. 4.Calculated time of core formation (rapid scenario)s a function of Hf/W in the
silicate mantle.

The bold line shows the range of recent estimatethe Hf/W ratio of the primitive mantle [47, 4&nd

the thin lines indicate the uncertainty due f8Hf/'**Hf), [58]. The most conservative estimate obtained
from this diagram is that, had the core formati@erb an instantaneous event, it could have occurred
between 27 and 41 Myr after CAl.

with time, and its minor variations can be relatedifferent times of separation
from the primary material. In contrast, the isotapd&io of the silicate fraction
increases with time, and the earlier the diffedidn, the greater the effect. Some
eucrites that were differentiated during the f3s& Myr of the existence of the
solar system [37, 59] show W isotopic compositiongh &y, > 30. Later
differentiation resulted in smaller radiogenic etfein the silicate phase. Dashed
curves in Fig. 3a correspond to objects or themmonents that were formed at
different times: 0, 10, 20, and 34 Myr after CAigure 3b shows the present_day
W isotopic compositions of the same phases asgn3a depending on the time of
silicate—metal separation. The W isotopic signatofe the Earth’s mantle,
w(CHUR) = +1.90 £0.10, corresponds to the time of ihstantaneous
differentiation 34 £ 7 Myr after CAl depending dmetHf/W ratio of the produced
silicate phase. The instantaneous differentiatiomplies also a completely
equilibrium process, i.e., equilibrium of the whatantle with the released metal
until its escape into the core. Figure 4 presentedainty limits for the estimated
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time of the primary differentiation of terrestrimaterials due to the uncertainty in
the Hf/W ratio of the mantle and the initidf3Hf/*®Hf), ratio of the solar system
[58]. It can be seen that, in the case of rapideddhtiation in the primordial
mantle, this event could occur during the first £27-Myr of the existence of the
solar system. However, even allowing for all theown uncertainties, this
conclusion is in conflict with U-Pb data.

For the following discussion, it is very importahat the curves shown in Fig.
3a correspond to the instantaneous formation afyesgect; i.e., they characterize
events rather than processes over time. Caseloinged core formation (long-
term differentiation) require special analysis, efhis presented below.

LEAD PARADOX AND CORE FORMATION

The mean time of core formation can be estimated a®lution to the
long_standing geochemical problem known as the &hdox [e.g., 62-64]. The
essence of this paradox is illustrated by #Eb/*Pb-2PbF°*Pb diagram (Fig.
5), in which the isotopic compositions of mantledarrustal rocks lie
overwhelmingly to the right of the isochron corresging to the age of the solar
system. This line is traditionally referred to as geochron, although this term is
misleading, and the name heliochron would be mppeapriate. Unradiogenic Pb
from ancient feldspars and crustal sulfides plah®left of this line (Fig. 12), but
it does not significantly affect the balance of giecate Earth, because the mean
composition of the continental crust also plotsFig. 5 to the right of the
geochron. Thus, an excess of radiogefff®b is observed in all accessible
terrestrial reservoirs,

The estimation of the time of silicate—metal diffietiation in the Earth requires the
knowledge of the mean Pb isotopic composition ef balk silicate Earth (BSE).
This can be obtained using the Pb isotopic comiposibf rocks derived from
mantle sources whose U/Pb ratios were least affelsjethe differentiation of
silicate material (ocean island basalts, OIB) arstal contamination (island_arc
basalts, IAB, and continental basalts). On the rothand, the selection of
individual samples is invalid for this purpose, &#ase this will inevitably results in
biased estimates of the mean mantle compositiomaps, the best estimate [60]
can be obtained from the mean Pb isotopic compositi mid_ocean ridge basalts
(MORB), although some of these rocks could alsalé&@ved from differentiated
sources, both depleted and enriched. As can befem®nFig. 5, the Pb isotope
ratios of MORB show a narrow unimodal distributiamd despite a few outliers in
the set, the mean MORB value is representativdi@fwhole mantle. Model age
calculations on the basis of the mean Pb isotommposition of MORB
(°PbF%Pb = 18.34 and”’PbF*Pb = 15.49) showed that a single_stage Pb loss
from the silicate mantle could occur 0.12 Gyr aftelar system formation. Similar
to the HI-W system, this mean value would be agtde age estimate for the
differentiation of the prototerrestrial materiatarsilicate and metal components, if
it were a short_term event. In the case of proldreged nonuniform developmen
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Fig. 5. Lead isotope ratios in mid_ocean ridge basalts (MOB). The
sources of data are given in [60].

Histograms of isotopic ratios are also shown onatkes. The solid line is an isochron drawn throtigh
composition of primordial Pb [39] and having a €awrresponding to the age of formation of theiestr|
solid bodies in the solar system [32], refractongliisions (CAI) in the Efremovka and Allende
chondrites. The dashed line passes through the memmpositions of carbonaceous chondrites and
MORB. The difference between the slopes of thaseslicorresponds to 0.12 billion years. CC is the
mean Pb isotopic composition of the continentakicfG1]. Also shown are best_fit solutions from the
modeling of the isotopic composition of the marate(1l) singlestage linear core growth, (2) two_stag
linear growth, and (3) single_stage exponentiadigrdasing (Exp) growth (table).
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Fig. 6.Radioactive heat production (in terawatts) in the nantle during the whole
history of the Earth.

The present_day contents of U (20.3 ppb), Th (pplp), and K (240 ppm) in the mantle are after [48].
The total curve indicates that the production afiogenic heat at 4.567 Ga was six time the present
value.
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Fig. 7. Single_stage linear core growth at different Hf/Wvalues in the mantle (14, 19, and

26).

In both diagrams, intervals of single_stage commjn shown near the curves providg CHUR)
= +1.90 in the modern mantle and a mean Pb isotapigposition corresponding best to that of MORB
(see single_stage model in Fig. 5 and the tableg. arrows indicate on each curve the upper boundary
(sw= +2.09) of the intervals of the measured mean amitipn of lunar rocks witly, = +1.99 + 0.10
[29]. These points correspond to the time of thesfimde beginning of separation of lunar and teriadst
materials from a common primary gas—dust cloud.

t in time and space, the mean Pb isotopic compositf the mantle cannot
correspond to the mean time of its differentiatialthough the general solution of
the Pb paradox will remain unaffected. In orderdsolve the Pb paradox, one
must assume the occurrence of some events (prefedter the formation of the
Earth that have resulted in a several_fold increaasbe U/Pb ratio of the mantle,
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Fig. 8.Exponentially decreasing core growth at differenHf/W values in the mantle
(14, 19, and 26).

The characteristic time of core growth (TC) is shavear the curves. Under these conditions, the mode
mantle showsy = +1.90 and a mean Pb isotopic composition coomrding best to that of MORB (see
the exponential model in Fig. 5 and the table). Vakiesy = +2.09 (cf. Fig. 7) is reached along the
curves outside the diagram.
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Fig. 9. Two_stage linear core growth at different Hf/W vales in the
mantle (14, 19, and 26).

Numbers near the model curves indicate the timenwhapid differentiation (first stage) is changed
to slow differentiation (second stage) and thetingdamass fraction of the core formed by the enthef
first growth stage. Under such conditions, the modeantle shows,(CHUR) = +1.90 and a mean Pb
isotopic composition corresponding best to thaM@RB (see the two_stage model in Fig. 5 and the
table).
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Fig. 10.Increase in the mantle U/Pb ratio owing to core fianation for various estimates of
Hf/W in the mantle (14, 19, and 26).

Three models of core growth are shown: (1) singémes linear, (2) two_stage linear, and (Exp)
exponentially decreasing.
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Fig. 11.Increase in the relative mass of the core (MC) whttime for various estimates of
Hf/W in the mantle (14, 19, and 26).

Three growth models are shown: single stage lir@yr two_stage linear (2), and exponentially
decreasing (Exp). Symbols are the same as in Big. 1
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Fig. 12.Comparison of calculated model evolution paths fothe Pb isotopic composition of
the mantle and isotopic data for MORB and old crusal Pb (Old Pb) [79-81].

Only one model curve (2) is shown for two_stageaging because the nine trends (Fig. 10) coincide on
the scale of the diagram. For the models of (1glsirstage and (Exp) exponentially decreasing growth
onlyfinal compositions are shown.

and the timing of these processes is significaytlynger than the age of the
solar system. The time of core formation can banaséd more rigorously using
models accounting for its possible duration.:Theespnt_day Pb isotopic
composition of silicate phase S formed by the sdpmar of metal from its
precursor material at time moment T can be expdesstne following way

Similar to other long_lived systems, the zero amtime axis corresponds to
the present day and, £ 4.567 Ga. Th@0 andu values are the modefffU/?*Pb
ratios in the prototerrestrial material and theicate phase of the mantle,
respectively.

If metal segregation occurred at different timeglifierent mantle domains
(Fig. 2b), Eqg. (9) must be applied to each domaimgd the result should be
integrated. We will consider below the results wéts modeling with application to
the evolution of the U-Pb and Hf-W systems of tlantie from which Pb and W
were gradually removed into the growing core; tleisulted in an increase in the
U/Pb and Hf/W ratios in the produced silicate mamtiaterial. Several variants of
core growth (linear, exponentially decreasing, d@na_stage linear) will be
considered.
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ISOTOPIC COMPOSITION OF Pb AND W IN THE MANTLE AT
PROLONGED CORE GROWTH

If the process of metal-silicate separation in #ely Earth was long
compared with the half-life of®Hf and out of equilibrium, as schematically
shown in Fig. 2b, the curves in Fig. 3 do not wfide true “mean” time of core
formation. In such a case, different mantle domd#ad lost their metal phase at
different time moments acquired different W isotgignatures. Subsequently, the
isotopically heterogeneous mantle has graduallydgsmized with respect to W
isotopic composition, but the rate of homogenizatieas finite. This resulted in
the distortion of core age estimates.

This can be illustrated by the following thoughfperment. Let us assume
that the primary terrestrial material separatethéocore and mantle in two stages:
half att = 0 and half after 200 Myr. This scenario is, ofise, unrealistic but very
instructive. Then, the W isotopic composition ¢# first half of the mantle will be
most radiogenic, and the second half will inheritwith &, (CHUR) = 0, because
its 8?Hf will completely decay before the differentiatioavent. After the
homogenization of the two mantle parts, the maahwill be half the maximum
value, and the time of differentiation calculated the basis of this value will
correspond to the half life of*Hf, i.e., 9 Myr. However, according to the
conditions of our thought experiment, the mean toheore formation is 100 Myr.
This discrepancy clearly demonstrates that fornztutations on the basis of
short_lived isotopic systems may yield spurious ageémates, if the underlying
processes are not short but develop over time ¢geilimnger than the lifetime of
the radioactive nuclide. More plausible results banobtained by the combined
use of short_lived and longlived isotopic systeaisrtg into account the duration
of the processes of interest.

Given the physical conditions of silicate—metal agation, the nonuniform
differentiation of the primary material is very pable. The uniform sinking of
small metal segregations through a silicate matnxthe scale of the Earth’s
mantle is impossible, and the sinking of sulfided ametal oxides requires
preliminary formation of large bodies, which carieéntly descend as diapers
[65]. Such a process implies that metal segregatidhe mantle was nonuniform
in time and space, which inevitably resulted in themation of a silicate mantle
with heterogeneous distribution of Hf/W and W igmtocompositions.

The rate of subsequent W homogenization in the leacduld not be
infinitely high both under the conditions of itstemsive melting in the model of a
giant impact [66, 67] and at local melting at tixpense of the energy of density
differentiation [68]. It should be noted that theaik differentiation of the Earth’s
mantle relative to chondrites [69] and, especidhy, presence of primordial He in
it [23] are at odds with the magma ocean concept, the hypothesis of total or
extensive mantle melting. Its partial melting andhation of “magma seas” could
not significantly accelerate the isotopic homogatan of the mantle, if a
significant portion of its material remained in@id state. Any isotopic anomalies
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could be obliterated only by the subsequent glafmlvective mixing of the
mantle.

In the solid mantle, isotopic anomalies are oldited very slowly. The
investigation of long_lived isotopic systems (Rb—-Sm-Nd, Lu—Hf, and U-Th-—
Pb) in the mantle [54] showed that the mean lifetiof isotopic anomalies is
approximately 1.8 Gyr. It might be several timesrsér at the early stages of Earth
evolution owing to the higher heat production ie tmantle due to the decay of
radioactive nuclides (Fig. 6) and other energy eesir primarily the liberation of
potential energy during density differentiation J68lowever, even under such
conditions, the longevity of isotopic heterogersitin the mantle was much higher
than the lifetime of short_livelfHf.

Because of this, the curves in Fig. 3 do not retilee time of core formation,
because they correspond to the instantaneous fiepacd silicate and metallic
phases.

NUMERICAL MODELS FOR THE EVOLUTION OF THE Hf-W AND
U-Pb SYSTEMS

Consider three possible scenarios of a long_teomea@se in the relative mass
of the core (MC) as a function of time (t).

M(‘ =10 at t= T”
) simplest variant of single-stage linear growth; Ty is the be-

M= (t— Tyg)/Te at Tp<t<Ty+Te gt . = o : ;

=14 o)/ 1 ¢ ¥ = (10) ginning of accretion, and T is the time of core growth.
.‘1-'1(:: | at [ET.:.+T4_'
Me= 1 ux'p".- - T-ﬁ, (1n single-stage exponentially decreasing growth; T is the
ot A (T constant of growth time.
M= 10 at t<T, : .

e J two-stage linear growth; k; and k; are constants, and T is
Mc= kgt at Ty<t<T¢ (12)  the beginning of the second stage, which has continued up
Mc = kot at t2{ T¢) to the present day.

It is assumed in all cases that, during the cooavtir, the U/Pb and Hf/W
ratios increase in a stepwise manner in each neiffgrentiated portion of mantle
material from primitivep0 and (Hf/W) to values characteristic of the silicate
mantle. This results in simple linear dependendddfdv and U/Pb on M. The
solution is obtained by numerically fitting TC ig& (10)—(12)k; andk; in Eq.
(12), and a finitew value in each of the variants minimizing the défece between
the modern integral W isotopic composition apgd= +1.90 under the constraint
that the Pb isotopic composition must lie on tHeb*Pb—2°PbF**Pb correlation
line for MORB (Fig. 5) near its mean composition.

The initial “®U/”°*Pb ratio, which is equal to the mean value for w®le
Earth, is not exactly known. The present_day U/PGlacarbonaceous chondrites
corresponds tu = 0.13 [70]. However, the high volatility of Pbsrdted in its
depletion relative to carbonaceous chondrites & rigion of Earth formation
already at the gas—dust cloud stage, because $iséb[@oregion of chondrite origin
Is three times farther from the Sun than the EaBilpposing that the primary
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composition of terrestrial material was more simtla enstatite chondrites, which
are identical to the Earth and Moon in oxygen ipaaomposition and the bulk
ferric—ferrous ratio [71]po is estimated as ~0.3. Allegreet al. [72] estimdiatk
Earth composition on the basis of a comparisorotdtite and nonvolatile element
ratios in the Earth’s mantle and various meteogteups. According to their
estimatesyy ~ 0.8. The testing of models has shown that vanatia the initialu
value between 0 and 1.5 have a minor influencehenesstimated time of core
formation. Therefore, we acceptggl= 0.8 for all calculations, and thevalue of
the silicate phase was adjusted to minimize theemdihce between the final Pb
iIsotopic composition and the

viodeling of the evolution of the HF—W and U—Pb systems in the mantle during core growth at different HfYW ratios

Model

of core Hf/W rzfir at":g T& };Iljx?r i Ew 206 ppy /204 py | 207 ppy /204y IIIT;
growth - v - ?
| (Fig. 7) 14 128 100 116 8.5 |.B8 17.91 15.46 57
19 178 1060 160 8.7 1.88 18.06 15.47 79
26 247 100 220 9.0 1.89 18.26 15.49 109
Exp 14 115 63 265 8.9 |.B8 18.18 15.48 96
(Fig. 8) 19 163 63 374 9.3 1.91 18.43 15.50 132
26 245 63 518 9.8 1.97 18.75 15.52 177
2 (Fig. 9) 14 100 79 2430 10.0 1.90 i8.34 15.49 120
19 149 B5 1700 9.7 1.90 18.34 15.49 120
26 234 95 220 9.3 1.90 18.34 15.49 120
Target - - - - — 1.90 18.34 15.49 120
value
Note: T isthe parameter of core growth in Egs. (7)—(9). T g s the time of the formation of 90% of the core mass, and Ty, is the model

age relative to primordial Pb. Models of core growth: 1. single-stage linear growth: Exp. single-stage exponentially decreasing
prowth: and 2, two-stage linear growth.

mean MORB characteristics. The valueugi, corresponds to the mean partition
coefficient of Pb between silicate and metallic $8% during core formation;
however, sincai, exerts a minor influence on the results of moddtwdations,

D" metsil can be only very approximately estimated from oodeling.

We will consider three very simple models correspog to different styles
of core growth: single_stage linear growth, expdiaéiy decreasing growth, and
two_stage linear growth.

The model of exponentially decreasing core growdl heen considered in
many studies [18, 25, 28] and appears the mostomeas: at first glance.
However, the two_stage model finds good suppottienchange in the mechanism
of core formation [46]. It is suggested that thestfirapid stage of core growth
involved the sinking of the initial metal phasenfmd during Earth accretion, and
the second stage of slower growth was relateddaaisproportionation of ferrous
iron in the lower part of the mantle to Fe0 (metai)yl F&" (silicate) [46, 73, 74]
accompanied by Fedissolution in the core material. This process Idooe
responsible for the depletion of the mantle in Bempared with lunar rocks and,

importantly, resulted in an increasefgpin the silicate Earth from the IW to QFM
buffer.
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All the model calculations were implemented in acidsoft Excel
spreadsheet, which is available from the authornupsguest. The results of
modeling are summarized in the table and Figs.dd6ai0.

RESULTS OF MODELING
Single_Stage Linear Core Growth

Figure 7 shows modeling results for the single estagear growth in the Hf—
W system at different Hf/W ratios, and Fig. 5 présehe Pb isotopic composition
of the mantle consistent with them. Note that ibves a stronger deviation
compared with other modeling results from the mEEDRB composition, which
was used as a target parameter. This is relatethetdimited possibilities of
adjusting model parameters; i.e., the model ofalineore growth is the least
flexible and gives poor agreement with the imposedditions. If the mantle has
an Hf/W ratio of 19, the full time of core formatias approximately 0.18 Gyr and
ranges from 0.13 to 0.25 Gyr depending on pos$i#ifé/ variations. This result
demonstrates that direct calculations in both theMH(Fig. 3) and U-Pb systems
(Fig. 5) do not yield such estimates. The bedofitthe two isotopic systems was
obtained at the maximum value Hf/W = 26 (table)waich the obtained mean
value of U-Pb model age is closest to a mean MO&&evof 0.12 Gyr.

EXPONENTIALLY DECREASING CORE GROWTH

Figure 8 shows the modeling of the evolution of ittfeW isotopic system at
exponentially decreasing core growth. Among thesd¢hstyles of core growth
considered here, this is most sensitive to the H#6. As can be seen from the
table, all the variants showed poor agreement thightarget values; however, the
results for both isotopic systems appear to be fedinsistent at Hf/W = 17 (not
shown in the table and Fig. 8).

It should be noted that the TC value in the mod&xponential growth is the
time constant rather than the duration of core gfioBy the time t =, a fraction
of (1 — &%) (~63%) of the final core mass is formed. As carsben in Figs. 10 and
11, the exponentially decreasing style of core gmnoresults in the most gradual
increase in core mass and, correspondingly, théo WaHo of the mantle. On
average, 90% of the core is formed within 0.37 (afole).

TWO - STAGE LINEAR CORE GROWTH

The model of two-stage linear core growth is shanwfig. 9. The modeling
of two-stage growth involves a great number of degrof freedom, and almost
perfect agreement was therefore obtained in battopsc systems (table) at any
Hf/W values used in the calculations. At fist glanthe very high T0.9 values
(table) obtained for this style of core growth agpearadoxical, however, the
reason is that the second-stage growth is very @togv 11) and takes hundreds of
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million years to increase the core mass by oneemerdherefore, the o value
increased dramatically if the core did not reacko98f its final mass during the
first rapid stage.

Apart from formal presentation and calculation, tfwe-stage piecewise
linear and exponential styles of core growth anailar to each other. The former
includes a sharp change in the rate of core growtiereas the latter implies a
more gradual change. As was noted above, the dkarat core growth could
really include two different stages [46, 73, 74je trelatively rapid first stage
involving the segregation of primary metal, and f#sezond stage related to the
disproportionation of ferrous iron and subsequessadution of iron oxide in the
core. If the transition between the stages wasuglachnd both processes could
occur concurrently for a certain time, the realgass could be more consistent
with the exponential style of core growth or som@eéncomplex style intermediate
between those described above.

DISCUSSION

A general solution to the Pb paradox is the assimghat part of Pb has
been lost from the silicate portion of the Eartteafts formation into reservoirs,
whose materials are not transported to the surfaw@® cannot be accessed.
According to models, such hidden reservoirs ar@ssgd to exist within either the
mantle [64] or the core [74-78]. We considered a&bevidence that Pb shows
moderately chalcophile and siderophile properts&;[hence, the suggestion of its
partial scavenging to the core together with theathe phase seems reasonable.

Unfortunately, data on Bneysii cannot be directly applied for the quantitative
estimation of the degree of Pb removal into theviynrg core, because the available

experimental Bmeysi values are not yet sufficiently accurate for direct
calculations. Nonetheless, the experimental comfiion of the siderophile
properties of Pb is especially significant for purposes and allows us to search in
principle for a solution to the Pb paradox in tthisection.

Figure 12 compares one of the obtained model cwdse evolution of Pb
iIsotopic composition of the mantle with the reswulfghe isotopic analysis of old
Pb [79-81]. In general, the model curve adequatpproximates the experimental
data, although it lies somewhat below most of tbmts. This is evidently related
to the fact that the ancient rocks and ores oawyiin the continental crust are not
direct mantle derivatives, contrary to the suggestf early studies [79] based on
limited isotopic evidence available then for océasalts. It can be seen in Fig. 12
that the cloud of MORB compositions lies below gaents of young crustal rocks,
and the model line was constrained to the mean MO&tBposition.

The results given in the table show that the daffeérstyles of core growth
result in different o values but in general rather similar estimate®lofand W
iIsotopic compositions, as well as final U/Pb valuHse resulting curves cannot be
shown by different lines in Fig. 12, because th&yge into a single line; i.e., they
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are more consistent with each other than the dlailanalytical data for old Pb.
This indicates, on the one hand, the general gtabil the model: an increase in
U/Pb, most intense during the earliest stages arfigthry evolution, provides an
explanation for the Pb paradox. On the other hawe of the trends of core
growth considered above can be chosen as prefefade of all, the uncertainty
of mean mantle Hf/W and, to a lesser extent, tham#b isotopic composition of
the mantle are very poorly constrained, and goaeeagent between the model
and real Pb and W isotopic ratios in the mantle lmarattained by varying these
parameters.

The understanding that the U—Pb isotopic systenvigegs a means for
estimating the time of core formation emerged a¢ ftilawn of isotopic
geochemistry [82], and the first estimates of tlweaton of core formation of
approximately 1®yr [75] are not fundamentally different from theosh recent
values. However, the isotopic data collected duthg past decades and the
knowledge of the complexity of geodynamic processefie mantle suggest that
this problem is more complicated than model ageutation for an individual
sample relative to primordial Pb.

In addition to partial removal into the core, Pbuldo be lost through
hydrodynamic escape with hydrogen outside the fogniiarth—Moon system [16]
at the stage of accretion from the gas—dust cl@Qudrently, there is no reliable
criterion for estimating the relative contributioofsthese two mechanisms into the
total Pb depletion in the Earth’s mantle.

Some researchers are skeptical as to the appiigatfilthe U-Pb system for
the estimation of the time of the primary Earthfeténtiation into metallic and
silicate constituents [18, 83, 84] and argued Platis volatile and preferentially
partitioned into the gas phase during the earlgestaof solar system formation,
which had to affect the terrestrial U/Pb ratio. thermore, U and Pb could be
fractionated to some extent during the formatiothefEarth’s crust.

These arguments are by themselves reasonable, seediuey invoke
phenomena the viability of which is now universalcepted.

The processes of volatility related Pb removal frdm region of Earth
formation could begin at the earliest stages dadrssystem formation, before Earth
formation as a planet and even before the appearanhds gravitational center
capable of efficiently holding the gas componerntshe cloud, like the Earth
retaining now all gases heavier than He. The tifneaoly Pb migration could be
constrained to some extent by ordinary chondniésch show U/Pb ratios higher
than that of carbonaceous chondrites, and whosd dytem was closed only a
few million years after CAl [85, 86]. The redistufion of Pb and other volatiles at
this stage controlled the general level of theseneht contents in the region of the
future Earth [72], but they could not consideradiiyft the present_day Pb isotopic
composition of the rocks of the Earth’'s mantle frdm chondritic isochron to a
position corresponding to 120 Myr (Fig. 5). Thulse tvolatilityrelated Pb loss
could have explained the Pb paradox only underagdsimption that it occurred
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120 Myr after CAl, if it was instantaneous, or th@ue ofu changed near the
trajectories shown in Fig. 10 in the case of a Idagn loss process.

The mean Pb isotopic composition of the contineatast [61] also falls in
Fig. 5 to the right of the meteorite isochron. Takinto account the uncertainty of
estimates [61], the average composition of theigental crust lies practically on
the line of MORB model age (dashed line in Fig. B)e position of this point in
the diagram indicates that the U/Pb ratio of thatioental crust is similar to that in
the MORB source, although the crust contains aifesggnt fraction of ancient
rocks with elevated U/Pb ratios, which is indicalgdthe high crusta®PbPb
value. Thus, crust extraction from the mantle caudd also shift the Pb isotopic
composition of the mantle to the right of the meteoisochron. The results
presented above show that the possible duratitimeofore forming process is the
most significant source of uncertainty in model agémates in the HI—W and U-
Pb systems, whereas the contributions of Pb vityatit crust extraction from the
mantle are relatively small.

Based on different assumptions, Allegre et al. [@Bp concluded that the
time of formation of the Earth’score cannot beraated only from the Hf—W data.
They suggested that the differentiation of the giv@ material into silicate and
metallic phases occurred very early (before Eactiradion) in planetesimals, and
the W isotopic heterogeneity that developed theas wot obliterated either by
impact evens or during the physical segregatiothefmetal. Allegre et al. [26]
calculated that the preservation of isotopic diddgium between the silicate and
metallic phases at a level of 6-14% of the indiiflerence was responsible for the
observed difference between them in W isotopic amwsin and,
correspondingly, is consistent with the conclusionsearly core formation. The
possible longevity of isotopic anomalies in the treat time_scales much longer
than the duration of the formation of the Earthosecis beyond doubt. In contrast,
it seems improbable that bodies falling to the lEa&auld retain their individual
Isotopic signatures, as required by the cosmogemncept invoked by Allegre et
al. [26]. If these were not small meteorites ortchaticles but kilometer_sized or
larger bodies, their collision with the Earth’sfawwe had to results in their melting
and, moreover, in the melting of a considerabletioa of surrounding mantle
rocks, which would evidently be unfavorable for fr@servation of the isotopic
heterogeneity inherited from the impactor composient

If the above models are correct and the Earth’s @@as formed over a long
time period after planet formation, it is very pable that the early evolution of the
mantle and crust occurred under reduced condif#®s73] in the absence of free
oxygen. Only at the onset of the second stage of goowth involving iron
disproportionation in the lower parts of the manti&ygen fugacity began to
increase in the mantle, which eventually resultedhie appearance of oxygen in
the atmosphere.

Finally, it should be emphasized that | do notral#énat the numerical models
described above provide a quantitative descripfitmrthe process of early metal
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segregation and core formation. They show, firgty the estimates of the core age
depend on the supposed dynamics of its growth andnaber of geochemical
parameters, which are still poorly known (primarithe mantle Hf/W ratio).
Second, these models are based on the assumptiocoroplete isotopic
disequilibrium between metal and silicates durimgecsegregation, which is as
extreme as the suggestion of instantaneous andibemun separation of these
phases [18, 20, 25]. The Hf-W isotopic data provit@lel dependent estimates,
or model ages, rather than quantitative measurenoérihe core age.

Within the reported errors, terrestrial and luraoks show identicalVv values
differing by only +0.09 + 0.10 [29]. In terms ofeéhmodel of the formation of the
Earth—Moon system from a common gas—dust cloud, fhé§ may indicate that
the lunar and terrestrial materials separated atvéry end of the process of
metallic iron segregation from the gas—dust cloubden the cores of the future
planet and its satellite (if the Moon has a coreyaevalready almost completely
formed, and mass exchange between the materidleduture Moon and Earth
ceased only then. Quantitative estimates for the of this process depend on the
accepted style of core growth and Hf/W evolutioriha silicate Earth. Given the
single_stage linear growth of the core (simplestehp the materials of the Earth
and Moon could be completely separated 116, 16®46r Myr after the solar
system formation. At exponentially decreasing glorates, these time periods are
much longer, 266, 400, and 640 Myr. The two_stagelehyields even higher
values, although even the above estimates are wdlyicoo high, because older
rocks are known on the Moon; i.e., its accretiompleted earlier (see [16, 87] for
further discussion). It should be emphasized #ate the intervals of W isotope
ratios in terrestrial and lunar rocks overlap, otilg upper limit can be obtained,
while the lower limit lies in all cases not eventla present day but in the future.
The lower constraint must obviously be obtaineatiher methods.

CONCLUSIONS

Significant differences between the H—W and U-nitizlel ages of the core—
mantle system clearly indicate that the formatidntlee Earth’s core was a
longterm process. Had it been a short-term evath $ystems would have shown
mutually consistent ages.

Simple model calculations of the timing of corenfation for the HI-W (34
Myr) and U-Pb systems (~0.12 Gyr) cannot refleetrbal mean age of the core in
the case of its long-term growth.

The discrepancy between age estimates for the'Eadbe on the basis of the
Hf-W and U-Pb isotopic systems can be resolved dspraing that the core
growth occurred over a long time period and norarmify in time and space. This
resulted in the formation of W and Pb isotopic hegeneities in the mantle; the W
iIsotopic heterogeneity was gradually obliteratedvbyple-mantle convection.
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Core formation over a long time span, more than W0%s inconsistent with
the hypothesis of a giant impact triggering theyedifferentiation of terrestrial
material.

Numerical modeling showed that the segregation (%6 Df the final core
mass could last from 0.12 to 2.7 Gyr, dependinghenreal Hf/W ratio in the
mantle and the style of core growth. These estisnate based on the assumption
of complete disequilibrium between silicate mamtigterials and the sinking metal
phase, which results in overestimated age values.réal core age lies probably
between these (maximum) estimates and a minimunB4ofMyr after CAI
constrained by the model of instantaneous core doom. Currently, no more
definite conclusions can be made on the basisechtailable W isotopic data.
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Pyrope garnet grains found in Cretaceous and Qhaterlluvial sediments in
the El Kseibat area (Algeria) suggest the presasfckimberlites along the NE
margin of the West African Craton. Most of the garmgrains are lherzolitic in
composition (group G9), but range up to high Crtents (>10% CGOs); two grains
are harzburgitic (G9/G10). Three differently metaatised groups of pyrope garnets
were distinguished: (1) depleted grains that hawe $r, Ti and Zr contents; (2)
grains having low Sr and Ti and high Zr contents] &3) grains with high Ti and Zr
contents. Each group reflects a different stage iatehsity of metasomatism. A
range of chondrite-normalised rare earth elemerEE{R patterns also reflects
several styles of metasomatism. Based on geochkfaeatares, most grains appear
to be derived from Archean to Proterozoic mantkee §eotherm estimated from the
garnet compositions is typically cratonima@0 mW/nf), but somewhat higher than
that calculated for the interior of the Craton gsimeat flow constraints (33 + 8
mW/n?). Depleted garnets give P-T estimates up to 95346kbar; those showing
melt-related metasomatism (high Ti, Zr) go up t@A@4C and >50 kbar. Nearly all
garnet grains were derived from the graphite stgldield at depths of 100 km-170
km, but some may be derived from the diamond stalfiéld. The pyrope garnets of
the El Kseibat area indicate that the underlyitigospheric mantle has a Iherzolitic
composition as a result of several stages of metasem. The sources of pyrope
garnet grains are located within the Eglab Shieldst likely within the long-lived
Chenachane shear-zone and within the Yetti-Eglafictibn, as well as in its
neighbouring Yetti Domain. Some of the sourceshefdtudied pyrope garnets may
be diamondiferous.

INTRODUCTION

The first documented discovery of diamond from lher Africa was in 1953
by M. Ranoux. The diamond was found in a samplsawfd collected probably
from the In-Hihaou wadi in the western part of theuareg (Ahaggar) Shield,
Algerian Sahara (Fig. 1). This was a rounded clystout 40 mg in weight,
associated with zircon, amphibole, martite and rotmnerals; no kimberlite
indicator minerals (KIM) were recognized in the gden(Thébault 1959). In 1969,
Vladimir 1zarov found a second diamond within theafeg Shield, this time from
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within its eastern part, near the village of T@i This crystal was a small (0.36
mm) rhombical dodecahedroid diamond that was reeavdrom a sample

collected in eluvium of the red-stone conglomeratat of the Neoproterozoic
Tiririne Suite (Izarov and Biroutchev 1974). Alomgth this diamond, there were

pyrope garnet and magnesian ilmenite (‘picroilmghigrains discovered in the
same sample.
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Fig. L Tectonic map of Northwestern Africa, showing thgosition of the El Kseibat
area.

In the 1970s-80s, prospecting for diamond depasi&slgeria moved to the
west and northwest, and diamonds were found wighlarge area extending for
almost 300 km from Tanezrouft, in the south, toKBkibat in the north. In the
central part of this area, a sub-economic Djebekridz placer deposit was
discovered in the Bled El Mass valley, some 30 buoitts of Reggane. Here, under
a few meters of eolian sand, Lower-Upper Quaterdivial deposits overlay
Palaeozoic sedimentary rocks. In these alluviahsedits, which are up to 12-15 m
in thickness, about 1,500 diamond grains were re@m/from exploration pits in
the alluvial sediments. They are characterized inaby dodecahedral and
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transitional crystal forms, and more rarely (~ 35 By octahedra. Diamond
crystals bear evidence of mechanical erosion imeahcoastal-marine and recent
fluvial environments (Kaminskgt al. 1990).

Along with diamond, in diamondiferous Quaternaryiseents, numerous
kimberlite indicator minerals (KIM), such as pyropgarnet, chrome spinel and
picroilmenite were discovered. These grains aré weihded; like the diamonds,
they have undergone a long history of transporntatigrains of pyrope were found
in Cretaceous sediments of the Tanezrouft Pla@aproximately 10 km north of
the Bled El Mass deposit (Kaminskyal.1992a; Soboleet al. 1992).

Besides the Djebel Aberraz deposit, diamonds wauad north and south of
Reggane within a large area extending over 100Grekm Tanezrouft, Silet, and
Tiririne in the southeast to El Kseibat in the harést (Fig. 1). The El Kseibat area
Is located at the suture zone between the WestafrCraton and the Sahara Plate,
which is located NW of the towns of Reggane andaAdfihe first diamond was
recovered during geological mapping (Wilczynski 998and nineteen more
diamonds (mostly less than 1 mm in size) and indrcainerals have been found
in this area since then (Hamlat 1999; Labdi andi&Z@001; Acheraiou 2008). In
2005, as a result of the work organised by the OR@&NMfice National de la
Recherche Géologique et Miniére), several dozeoggygarnet grains were found
in the El Kseibat area (ORGM, 2008). The primamyrse(s) of both diamonds and
pyrope garnets have not yet been found.

The geological position of the Bled EI Mass diamaheposit and other
diamond localities, including El Kseibat, in theg&tian Sahara is ambiguous. This
deposit borders the Sahara Plate and West-Africatof. Diamond and KIM
from it bear evidence of a long transportationdngt They form a new, North-
African diamondiferous province, which is not reldtto date to any known
diamondiferous sources (Kaminsé&yal 1992b).

In the 1990s, we suggested the possibility of figdprimary sources to the
Algerian diamonds in the Eglab Shield which is #s&sternmost part of the
Precambrian Reguibat Rise of the West African GraMvAC) (Kahoui 1991;
Kahoui and Benamer 1992; Kahoui and Mahdjoub 26Giiouiet al. 2004; Fig.
1). Our hypothesis was based on: (1) the identifinaof deep-seated lithospheric
faults (with associated magnetic anomalies) colmgthe emplacement of mafic
and ultramafic rocks, and (2) the presence of mlkagneous ring complexes.

As the result of a new phase of work by geologiisn the ORGM (Office
National de la Recherche Géologique et Miniere2000-2001 within the ‘Yetti-
Eglab Junction’ (Sabaté 1973) (Fig. 2), pyrope garpicroilmenite and chrome
diopside mineral dispersion halos were identifiedbdi and Zénia 2001). The
choice of this region for diamond exploration wasnforced by our recent
discovery of a mafic dyke of ‘komatiitic-picriticaffinity that cross-cuts an
Archaean relict. Considering the West African Elmam context and comparing it
with other diamondiferous cratonic domains of thens age (e.g., Brazilian and
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Guianian cratons), the ‘Yetti-Eglab Junction’ dersivates opportunities for the
discovery of kimberlite and/or other diamondiferoasks.
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Fig. 2. Schematic geological map of the El Kseibat area.gks are from Peucagt al. (2005).

The problem in regional prospecting for diamond#\igeria is that little is
known about the lithospheric mantle of the nortktean part of the WAC. There
are no deep-seated seismic or geoelectric prafilékis region, and only small-
scale surface wave tomography is available (Pasyand Nyblade 2007; Priestley
et al 2008). The age of its cratonisation is disputalsiecontrast to the Archaean
Reguibat Rise, the Eglab Shield was considerea t8dlaeoproterozoic, Eburnean
(e.g, Bessoles 1977; Schofieket al. 2006). The discovery of diamondiferous
kimberlites in the Mauritanian part of the Reguilaa¢a (Krymskyet al, 2003)
was considered normal, while occurrences of plattamonds in the Algerian
Sahara are still enigmatic.

The objective of this work is to analyze known amelw geological and
mineralogical data in order to establish the stmeciof the West African Craton
beneath the Eglab Shield, to study the geochemistrghe pyropes to help
characterise the structure and composition of thedpheric mantle beneath the

area, and to select the most prospective areas [passible discovery of primary
diamond source(s) in northern Africa.

76



Deep seated magmatism, its sources and plumes

METHODS OF STUDY

In addition to the geological and structural analysf the area, thirty-nine
pyrope grains from El Kseibat were studied at GEMOE€partment of Earth and
Planetary Sciences, Macquarie University, Sydnaystialia for their major and
trace elements.

The major-element compositions of the pyropes wamalysed using a
Cameca SX-100 electron microprobe. The analyserah&6-keV gun; a focus
beam diameter of 1-2 um, a 15 kV accelerating geltand a 20 nA beam current.
Three points were analysed in each grain and agdrag

Trace-element concentrations were measured usihgva Wave 266 nm
laser connected to an Agilent series 7500c ICPMides were ablated using 5
Hz, a beam energy of about 0.17 mJ per pulse, apdtasize of 60 um. The NIST
610 standard glass was used as the external sthr@@aantitative results for trace
elements were obtained through normalisation oheatalysis to the electron-
probe data for Ca as an internal standard. Ther@wselved data was processed
using the GLITTER software (Griffiet al 2008), which allows the selection of
stable parts of the signal, compares it with thend#ards, calculates the
concentrations, and carries out the chondrite-nlismg and plotting of the data.

REGIONAL GEOLOGY OF THE EGLAB SHIELD

The Eglab Shield is the easternmost part of thauReg Rise which is in turn
the northern part of the WAC (Fig. 1). It is linttéo the north by the Palaeozoic
Tindouf Basin, to the east by the dunes of Erg Gled the Palaeozoic Reggane
Basin, and to the south by the Neoproterozoic Ha8ekes and the Palaeozoic
cover of the Taoudeni Basin. This shield (Fig. @mprises Palaeoproterozoic
terranes accreted during a major Palaeoprotergavenile crust-forming event,
that occurred between 2200 Ma and 2070 Ma (Drazemail. 1996; Peucaet al
2005); the Palaeoproterozoic formations occur ® ¢last of Archaean terrains
located in northern and southern WAC, within thegitbat (Potrelet al. 1996;
Potrelet al 1998; Chardon 1997) and Man shields (Fig. 1).

The Eglab Shield is defined as a Proton which pmad of the Earth's crust
that has attained stability and has experienctd tieformation since the Lower to
Middle Proterozoic (Palaeoproterozoic) (Janse 19B2dt is subdivided into two
domains differing by their structural, lithologicatratigraphic and metamorphic
characteristics: the Yetti Domain to the west, #mel Eglab Domain to the east
(Fig. 2). Both domains are intruded by granitoids different ages and are
separated by a mega-shear zone called as ‘theBfg#b junction’ (Sabaté 1973);
this zone corresponds to the amalgamatioth@fsecond domain onto the first one
(Lefort et al.2004).

TheYetti Domain is a NNW-SSE trending basin composed mainly ofMéti
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Series: volcanic (rhyolite, rhyodacite), volcanalisgentary (tuffs) and
sedimentary (quartzite, pelite, arkose, and congtate) units (Buffiereet al
1965a, b; Buffiere 1966; Lameyre and Lasserre 10@%serreet al. 1970). The
Yetti Series, which constitutes an envelope of gmaititic dome, are cross-cut by
post-orogenic Yetti granites, dated at 2073 Ma ¢Beet al 2005). In the south-
western part of Eglab Shield, 50 km NNW of Cheg§a.(2), an outcrop of
Archaean basement has been recognized. This outermgomed by a series of
amphibolites intercalated with garnet—hornblendeded grey gneisses, dated at
2.73 Ga (Peucat al 2005). This series which may be considered &ti@of the
Archaean core of the Eglab Shield is intruded ley@megga Granite, dated at 2.1
Ga (Peucagt al 2005).

The main part of th&glab Domain is made up of the three following major
units (Fig. 2).

1) A Lower Reguibat Complex (LRC) represented to thestwby the
Chegga Series and to the east by its equivalehés,Chenachane-Erg Chech
groups (granito-gneiss, migmatite, amphibolite) f{idve et al. 1965a, b; Buffiere
1966).

2) An Upper Reguibat Complex (URC) represented byQed Souss
Series (Buffiereet al, 1965a, b; Buffiere 1966), and the Akilet Deleirfgs
(Sabaté and Lameyre 1973); these series contanitatgisandstone, arkose,
conglomerate), calc-alkaline volcanic and volcaedi®entary rocks.

3) The continental Guelb El Hadid Series.

The Aftout granitoids and associated felsic Aftegtab volcanic rocks cross-
cut and overly the three units. The alkaline-peiatie Djebel Drissa ring complex
belongs to these Aftout granitoids. The Aftout magym suite, including felsic
volcanic rocks, mafic intrusion®Z on Fig. 2)and large post-tectonic granitic
plutons covers nearly half of the present area®URC.

The formations described above are overlain insthth by the marine and
continental Neoproterozoic Hank Series and intrubdgddoleritic and gabbro-
doleritic dykes and/or sills; the stratigraphic ifos of these dykes and sills is
discussed below.

Three major Eburnean magmatic events are recogmzéeé Eglab Massif.

The first event corresponds mainly to 2.21-2.18 fesgmatic activity that
formed a metamorphosed batholith belonging to tbevdr Reguibat Complex
(LRC). Petrographical and geochemical featurescatdi two groups of magmatic
rock suites, characterized in the eastern partgidliE(Erg Chech Series) by: the
gabbroic Teggeur GroupX on Fig. 2)and the orthogneissic Tilemsi and Teggeur
groups. These plutonic rocks form a juvenile cdkalane orogenic suite. They are
compatible with active subduction in a continersgtive-margin or a mature
island arc setting. The lack of any significant Baean Nd-isotopic signature
argues for the recycling of young crustal composi¢Reucaet al. 2005).

The second magmatic event at ca. 2.09 Ga corresgonithe intrusion of a
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syntectonic trondhjemitic pluton (Chegga Granitgpithe Archaean relics of the
Chegga Series and to a dacitic tuff of the OuedsS@&eries (Fig. 2). The Chegga
syntectonic granitoids and the Oued Souss and iAKdeilel volcanic series,
mainly composed of rocks ranging from basaltic-aitds to rhyolites, define a
calc-alkaline suite with active-margin affinities.

The third magmatic event at ca. 2.07 Ga represemdsge volume of high-
potassium to peralkaline post-orogenic magmas (Afemd Eglab magmatism)
which are interpreted as resulting from an asthamersc upwelling (Peucat al
2005). The mafic rocks related to this magmaticnévecupy only a small area
and consist of a suite ranging from olivine-hypeeste normative gabbros to
oversaturated quartz gabbrodiorites; they crop asusmall plutons, lenses and
dykes @2 on Fig. 2).

In the Eglab Shield, the age of the important didkeand gabbro doleritic
sills and dyke swarms with various directions (Briéet al 1965 a, b; Sabaté and
Lomax 1975) is not well-constrained. These rocksuded either the Eburnean
basement or the sedimentary cover.

For dykes oriented N-S, N40, N130 and N160, itas possible to precisely
define the upper limits, with the exception of thostruding the Lower Guelb El
Hadid Series and covered by the Upper Series sfftihimation. These dykes have
for an Upper limit the Lower Palaeozoic sandstarfeébe Tindouf basin and could
be associated with the magmatic event attributedthte pre-Pan-African
continental margin extension. This magmatic agtivet known in the Birimian
formations in Western Niger, the easternmost path® Man Shield (Affatoret
al. 2000) and more so in the north (El Owstlial 2001), in the Moroccan Anti-
Atlas region; the latter corresponds to the northmundary of the Eburnean West
African Craton (Ennih and Liégeois 2001). Howeveome dykes with those
directions are followed throughout the Neoproterottank Series and Palaeozoic
Series of Tindouf basin and could suggest moreghigxecent ages.

Some dykes oriented N60 to N80 cross-cut the Neéempoic Hank Series
and the Palaeozoic sedimentary rocks of the Tindmud Taoudeni basins
(Villemur 1967; Bertrand 1991; Sebeti al 1991). They could be attributed to the
tholeiitic magmatism which is estimated at arou®d Ma (Sebaiet al 1991).
This magmatism extends from Morocco, through Algeoi the Ivory Coast and is
injected along reactivated pre-existing fracturegrded NE-SW to ENE-WSW
(Sebaiet al. 1991).

This reactivation of the pre-existing lithosphesituctures (N-S and ENE-
WSW) controlled, in Mali, the Tadhak alkaline madimavent dated at 185-160
Ma (Liégeoiset al. 1991); this alkaline magmatism was synchronoushe
tholeiitic one, and both are linked with the opgnof the Central Atlantic Ocean
(Liegeois et al. 1991). The reworking of these inherited structuege also
indicated for the emplacement, in Mauritania, & @retaceous carbonatitic Richat
structure (Poupeaet al 1996).

It seems clear in the Eglab Shield, that withouindgthe important doleritic
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and gabbro-doleritic sills/ dykes swarms, theirpEamement could thus far be
attributed to either:

«the Eburnean magmatic events;

« the pre-Pan-African continental margin extensiomgmatism; or

» the Mesozoic (Jurassic and/or Cretaceoosmatism (Sebait al 1991).

KIMBERLITE INDICATOR MINERALS WITHIN THE EGLAB
SHIELD AND EASTERN WAC

The Eglab Shield is characterized by large areanarfotonous terrain with
superficial soil and sand cover and little or nvecdrainage. For prospecting of
KIM, the investigations concerned some areas salech the Yetti-Eglab shear
zone and the nearby Tindouf Basin, near AouinetrazdlLabdi and Zénia 2001).
More eastern of the Eglab Shield on the WAC, crop €Continental Neogene
(Mio-Pliocene) Hamada Chammar deposits (sandy sadsngravels, calcareous
and dolomitic sandstones with a basal conglomemtealtered basal zone)
followed by Pliocene and Lower Quaternary (Plioldfilanchien) unconsolidated
sands and gravels filling erosional paleo-chanfuels relief and are where pyrope
grains were found.

Thirty-nine pyrope grains were found in the El Ksdiarea, in alluvium and
talus deposits of sandy sediments from the Plio€@umaternary, sandy sediments
and gravels from the Neogene, and sandstones amelgrfrom the Lower
Cretaceous Continental Intercalaire (Acheraiou8200he grains have rounded or
elliptic (up to 1.3-1.5 elongation) shapes and eamgsize from 0.35 mm to 1.2
mm (average 0.7 mm). The garnets are red, pinkobdetvn colour, but a pinkish-
violet colour is predominant. The grains are sttpmgunded, having a ¥ or V"
class of roundness according to Afanasyev's claasibn (Afanasyewet al 2001).
Grains of the ultimate class of roundnesg)(\¢omprise 52% of all grains. The
grain surfaces are matte, and sometimes have t¢bastic pits indicating long
transport in an eolian environment. Grain #PR11slé&n exception in that it is a
2.3 mm x 1.5 mm x 0.8 mm non-rounded ¢lass of roundness) grain bearing
relics of a kelyphitic rim on the surface, suggegta close proximity to the source
rock. However, all other grains suggest a moreadtsbrigin and transport for
several tens of kilometres, presumably from thetlsauest,i.e., from the Eglab
Shield (Fig. 1). According to paleogeographicalorestructions, the continental
mass displacement from the Reguibat Rise in NE-NiNEctions started in the
Cambrian and has continued since then througtpatites (Villeneuve and Cornée
1994). In Landsat TM and SPOT satellite images, t€uary paleochannels
inherit these directions and are oriented NE-ENEdpminant winds have the
same directions; therefore, the pyrope grains figbeepresent the easternmost
part of the Eglab Shield of the West African Craton
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CHEMICAL COMPOSITION OF PYROPE GARNETS
Major-element composition

The major-element composition of the pyrope grasnguite homogeneous
(Table 1). All belong to the pyrope-almandine sei&ith 65-73% of pyrope and
13-16% of almandine). According to their,Og — CaO composition, most are of
the Iherzolitic paragenesis; only two grains (#1PR7B and PR11-12A) of the
thirty-nine studied are Ca-harzburgitic, very clés¢he borderline with Iherzolitic
garnet (Fig1.43). Within the Iherzolitic field, agding to the Dawson-Stephens
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S Wehrlite
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Fig. 3.Cr,03 vs CaO (wt.%) plot for pyrope garnets from the El Ksebat area. Lherzolitic
trend, bordered with a dotted line, after Sobolev1974); G10/G9 discrimination solid line
after Gurney (1984). Garnet groups after Dawson an&tephens (1975).

classification (Dawson and Stephens 1975), not grdyns of Group 9 exist, but
also Group 11 (uvarovite-pyrope) and Group 1 (iarpyrope) are present.

The parametemg (Mg/(Mg+Fe)) varies from 0.780 to 0.842, with the
average at 0.820. Ca-harzburgitic grains have higren averageng (0.837 and
0.823) and GO; (7.46 and 7.25 wt.%) but in general belong to Haene
population as the Iherzolitic garnets. The graighbst in Cr uvarovite-pyrope

(10.45 wt.% CjOs) has the highest Ca (6.86 wt.% CaO), and the geers =
0.814.
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Trace-element composition

The trace element (TE) compositions found in gagnains from El Kseibat
are presented in Table 2 and Figs. 4-6.

The major variations are in Ti, from 163 ppm to 93 m. According to the
Ti concentrations, all grains can be divided ireéhgroups: low-Ti (less than 1000
ppm, or 0.167 wt.% Ti¢), medium-Ti (1000-3000 ppm), and high-Ti (morertha
3000 ppm, or 0.50 wt.% Tip grains (Fig. 4). High- and medium-Ti grains are
quite homogeneous in trace-element composition redselow-Ti grains (which
comprise more than half of the grains, includinghbGa-harzburgitic ones) show
maximal variations and differ from the first twoogps. They are richer in P and V
and show great variations in Nb, Zr and Hf (Fig. 5w-Ti grains do not show a
correlation between Ti and Zr, whereas medium- ligth-Ti grains do have a
correlation (Fig. 4)
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Fig. 4. Zr vsTi in garnets from the El Kseibat area compared wih garnets from the
Kaapvaal Craton (after Griffin et al. 1999b and Simoret al. 2007). Empty diamonds are
harzburgitic grains. Fields of geochemical groupsfeer Griffin et al. (1999b).

Using the Ti-Zr-Sr ratios, three differently metastdised groups can be
distinguished among the studied pyrope grains @ig.

1) Depleted, with low Sr, Ti and Zr.

2) Low-Sr, -Ti and high-Zr grains. This group has eigreced a
‘pPhlogopite-type’ (low-temperature) metasomatismriniy which Ti and Zr
concentrations increased (Grifi al,, 1999b).
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3) Grains with high Ti and Zr, corresponding to ‘msfipe
metasomatism’, caused by infiltration of silicatelts along the foliation of the
Iherzolites (Griffinet al, 1999b).
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Fig. 5. Trace element compositions of garnet from the El Beibat area. Top (A, B, C)
— spider diagrams for trace elements.

In addition to their characteristic elements (Sr,afd Zr), depleted grains
have low Nb and high V compared to other groupd,the second group of grains
Is particularly rich in P.
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Lherzolitic (G9) garnet grains are represented Ih tlaree classes of
metasomatism. All uvarovite-pyrope grains (G11)lagh-temperature grains that
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Fig. 6.Y vs Zr plot for garnets from the El Kseibat area compared with garnets from the
Kaapvaal Craton (after Griffin et al. 1999b and Simoret al. 2007). Empty diamonds are
harzburgitic grains. Fields of geochemical groupsfeer Griffin et al. (1999b).
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Fig. 7. Hf vs Zr plot for garnets from the El Kseibat area.

are rich in Ti and Zr, implying a connection of @arichment with a ‘melt-
metasomatised’ process. Both harzburgitic grairiengeto the second class of
metasomatism with low Sr and Ti and high Zr corgent
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The Y vs Zr plot (Fig. 6) also demonstrates great variaian the
concentrations of these elements. A few grainsbeanonsidered as depleted; the
others demonstrate a wide range in the intensity style of metasomatism,
although the differences in the two trends are esqed less clearly than in Fig. 4.

Garnet grains from lherzolites in the Kimberley aidsselton pipes from the
Kaapvaal Craton (after Griffinet al, 1999b and Simoret al, 2007) are
significantly more depleted than the studied ones.

The Hf vsZr plot, demonstrating a good correlation betwdes¢ elements
in garnet, is presented in Fig. 7. Depleted graeg the lowest concentrations of
Hf and Zr, which increase with metasomatisation.

Distribution of Rare-Earth Elements

Of particular interest is the distribution of ragarth elements garnet, which
Is shown in chondrite-normalised (after McDonoughd aSun 1995) REE
distribution curves (Table 3, Fig. 8).

Despite all grains belonging virtually to one geémegroup, the lherzolitic
paragenesis (with two border-line Ca-harzburgitrairgs), four types of REE
distribution can be distinguished as follows (terabogy after Creightoret al
2009).

1. The sloped REE, pattern, with a steep positive slope through the
LREE, followed by a shallower positive slope for the MRENd then by a very
shallow HREE with approximately 10-18x (27x in grain #PR11-12Bpndritic
Lu (Fig. 8A), predominates among the studied gagn&ins. It is characteristic for
41% of the grains (16 of 39). Most of the pattehave an inflection at Sm;
however, some kink at Eu (#PR-2-28) or at Gd (#PR-4). Some grains have
minor deficits in Ngd and G¢, and therefore they have a stepwise pattern (#¥PR2-
11A), transitional to a sinusoidal pattern (#PRBJL1n grain #PR10-66, Nds
anomalously higk3.02x), giving the pattern an irregular character.

2. The normalpattern is similar to the sloped one but has aaily flat
MREE,- HREE, slope, starting from Sm, owing to enrichment in B8R and a
small deficit (relative to the sloped pattern) iREE,, with approximately 6-16x
chondritic Lu (Fig. 8B). One of the grains with n@al REE distribution is
specific; it is the richest in both MRERBNd HREE (23-33x), as well as in total
REE concentration (34.9 ppm), - this is grain #PR2A which is Ca-
harzburgiticThe normal pattern is characteristic for 28% ofshelied grains (11
of 39).

3. The humpedpattern has further enrichment in MREBainly in Sm,
Eu, and Gd (11-20x chondritic values), with simi(ar lower) values of Lu (5-
10x) (Fig. 8C). This type includes 10% of the gsa(# of 39).

4. The sinusoidalpattern usually characteristic of harzburgitic, subcalcic
garnet grains including those associated with draange.g, Stachelet al, 1998,
2004; Klein Ben-David and Pearson, 2009 and ret&®therein), is most variable
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in the REE distribution (Fig. 8D). Along with promaced sinusoidal patterns with
a max/min ratio of about one order of magnitude, there aeakly-sinusoidal
ones,, transitional to the normal pattern (#PRt1a@d PR11-01A) with ratios
max/min, from 1.40-1.85. The sinusoidal pattern is causgdebrichment in
MREE, even more strongly than in a humped distributwith values up to 18-
25% chondrites of Nd, Sm, Eu, and Gd. Enrichmewblves not only MREE but
partly LREE as well, starting from Nd (grains ##PER3 and 1-46); in the same
grains, a negative Dy anomaly is observed. A faige of enrichment from Nd to
Gd is observed in grain #PR2-34 which is one ofribleest in total REE content
(25.3 ppm). Most grains with sinusoidal REE patesrne enriched in Sm, Eu, and
Gd (##PR1-01, PR1-09, PR10-25, and PR11-27). ImngtBR11-01A, a slight
enrichment involves even Dy. The sinusoidal patiembserved in 8 grains out of
39 (20.5%).

There is no correlation between the major-elementposition of the garnets
and their REE pattern; in each REEgroup, all metasomatic varieties exist,
depleted with low Sr content, high Zr, and highaid Zr. The harzburgitic grains
from El Kseibat have either normal (#PR11-12A) omped (#PR11-07B) type of
REE, distribution, owing to the different charactertioéir metasomatism.

DISCUSSION AND CONCLUSIONS
The lithosphere beneath the Eglab Shield — geophygsil constraints

The thickness of the lithosphere in the Eglab I8hiealculated from surface
wave tomography, is the greatest for the West AfriCraton, approximately 250-
275 km, with very fast average upper-mantle velegif{Pasyanos and Nyblade
2007; Priestleyet al. 2008; Begeet al. 2009). The current lithosphere temperature
within the craton is quite cool, ~ 96Q at 125 km and ~1100-126Q at 175 km
depth (Priestlewt al 2008). The current heat flow is very low,

~ 33 + 8 mWI/r (Lesquer and Vasseur 1992). The El Kseibat aseff ties
on the margin of the high-velocity root of the arata tectonic setting common to
most kimberlite intrusions worldwide (Begg al 2009).

The garnet grains represent lithospheric leveth@north-eastern part of the
West African Craton. The equilibration temperatuwé each grain can be
established using a Ni-thermometer (Grifeh al 1989) and a minimum depth
estimate can be derived using the Cr-barometeryahlet al (1996). The results
are summarised in Table 4 and Fig. 9. The maximunesimates at each
temperature for the depleted garnets define a 40mA\dbnductive geotherm ta
40 kbar ¢a 125 km). This is higher than the value (33 + 8 m\y/derived for the
interior of the craton, but is a typical value tbe environment from which many
kimberlites worldwide are derived (Griffiet al 1999a-c). As pointed out by Begg
et al. (2009) and Fauret al. (2011), most kimberlites (as well as carbonatted
other low-volume melts) are intruded along crataargms, or along pre-existing
zones of weakness, such as sutures, within craamaistheir emplacement may be
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guided by the edges of cratonic roots. These makgreas may have generally
slightly higher geotherms than the cores of cratons

The Cr barometer of Ryagt al (1996) is based on the assumption that the
garnet grain had equilibrated with chromite; ifsthis not correct, then the
estimated P is a minimum value. In Fig. 9, grainhw>1000 °C scatter away
from a conductive model geotherm, suggesting tieat tlid not coexist with
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Fig. 9. Pressure-temperature conditions for El Kseibat gamet. Empty diamonds are
harzburgitic grains.

chromite. Most of these grains show the high Ti ahdcontents typical of
metasomatism by silicate melts, and this suggdsis the lithospheric mantle
below ca 125 km depth was being heated and metdisechaat the time of
eruption, producing an inflected geothemg( Griffin et al. 1999b).

Metasomatism in the lithosphere

The general composition of the El Kseibat pyropengasample is lherzolitic,
but the high Cr contents amdg of ca 20% of the grains suggest an originally
depleted composition that has been modified by seetatism. The garnet-bearing
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rocks underwent a series of metasomatic eventsptiogiuced variations in trace
element compositions in garnet grains. ThesgZr plot (Fig. 4) and the Ys Zr
plot (Fig. 6) demonstrate two types of metasomaliiafter Griffin et al 1999b):
(1) the ‘phlogopite-type’, low-temperature metastism with increasing Zr and Y
contents but low Sr contents; and (2) ‘melt-typegh-temperature metasomatism,
with high enrichment in Zr and Y as well as in ThdaSr. The two types of
metasomatised Algerian garnet grains, as in the¥aa Craton lithosphere g,
Griffin et al 2009b), reflect metasomatism at different deptiibe low-
temperature metasomatism, involving an increas&rifand Ca) with minor
increases in Y and no increase in Ti, is limiteddepths <125 km (Fig. 9). The
high-temperature metasomatism, with a sharp inerga€a, Zr, Y, and especially
Ti, appears to be limited to the deeper levelfeflithospheric mantle.

Available data on lithospheric garnets from the ¥eé#ten (Griffin et al
1999b) and Kimberley (Simoet al 2007) kimberlites from the Kaapvaal Craton
demonstrate that they are, on the whole, signifigd@ss metasomatised.

A wide diversity of the REEdistribution types in garnet from the El Kseibat
area may be explained by metasomatism of garnatiéenost rocks by CHO fluids
with highly fractionated trace element composit{@tachelet al 2004). There is
no correlation between the type of REtstribution andmg in garnet. Two Ca-
harzburgitic grains fall into normal (#PR11-12A)damumped (#PR11-07B) types.
However, there is a general correlation between dharacter of the REE
distribution and Cr-index (% = Cr/(Cr+Al); see Table 1). Garnet grains with a
sloped character of REHdistribution usually have a low X (0.068-0.162),
whereas humped REHElistribution is related to a highcX(0.137-0.265). Grains
with a sinusoidal REEdistribution are a mixture of high- and lowsXgrains
(0.088-0.330). The enrichment of garnet in MREEBgsompanied by enrichment
in Cr. Considering Cr-index as a proxy for the @egof depletion of garnet in
major elements (Griffinet al 1999a), we may conclude that the metasomatic
depletion of major elements in garnet was accongulby enrichment in MREE.

Age of the Eglab Shield

For a long time, the age of the Eglab Shield waputable. It was considered
to be Palaeoproterozoic, Eburneang( Bessoles1977; Schofielet al. 2006).
Recently, a small outcrop of Archaean amphibolites interealatwith
plagiogranitic orthogneisses and garnet—hornbldrasheled grey gneisses, dated at
2.73 Ga (U-Pb zircon method), was recognised insth&h-western part of the
shield. The amphibolite is now considered a relithe Archaean oceanic crust of
the Eglab Shield (Peucat al. 2005). This age gives a link to the SW extensibn
the Eglab Shield, the Reguibat Rise (Shield) wht#re 2.73 Ga granitic
magmatism followed transpressive movements betweermajor Mesoarchaean
blocks (Keyet al. 2008).

The geochemical data on the studied garnet grdias some support for the
Archaean age of the Eglab Shield. It was previoudgmonstrated that
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geochemical characteristics of lithospheric garmeftect their tectonic settings.
Archaean, Proterozoic, and Phanerozoic lithosplgaroets can be distinguished
by their trace element compositions (Grifsh al 1995, 1999c). The correlation
between Y/Ga and Zr/Y ratios (Fig. 10) appears donfost informative. In this
plot, most grains fall into the field where data @rnets from Archons (>2.5 Ga)
and Protons (2.5-1.0 Ga) overlap. However, a sant number of grains fall into
the Archon field. The overall pattern suggests ach&an lithospheric mantle that
has been significantly overprinted by later meteetoem (Griffinet al 2009).

Earlier, based on structural, geophysical, geoklgand geochemical data,
and particularly on the identification of Archadalocks within the Eglab Shield,
the authors suggested a possibility of locatingpi@ary sources of diamond and
garnet within the Eglab Shield (Kahoat al. 2004). The data presented here
support that suggestion (Fig. 9). The plot YA&aZr/Y for the El Kseibat garnet
grains is characteristic for the Archaean lithosphand thenorth-eastern part of
the Eglab Shield can thus be suggested to be Aaohde this case, the entire
shield may be considered to be Archaean (mostylikéeoarchaean)This
conclusion, based on geochemical data, is supptntegleophysical data on the
upper-mantle shear-wave velocity structure of tbameastern part of the WAC
that shows a thick (250-275 km), cool lithospheharacteristic of Archaean
cratons (Priestlegt al 2008; Begget al. 2009).

Diamond potential of the area

The P-T estimates for the analysed garnet (Figll9)e within the graphite
stability field, but since the P estimates of tighkr-T garnets represent minimum
values, it is still possible that diamondiferousnth& may have been sampled by
the magmas that carried the garnets to the surfégiag the Nd/Y ratio in garnet
as a criterion (Griffin et al. 1995), several gmiall into the field of diamond-
inclusion garnets (Fig. 11), but these are also-Togarnets that would not lie
within the P-T stability field of diamond. The degmarnets in the present sample
suite all show the effects of melt-related metasmmg which appears to be
destructive of diamond. The available data are tmisstrongly encouraging in
terms of diamond potential, but the presence ahdials in the sampled placers of
the El Kseibat area suggests that the garnetsoaigving the full story; diamonds
may have been present in the deeper lithosphemgtsieand survived metasomatic
attack until entrained in the kimberlite.

The Eglab Shield belongs to the cratonic West AfridPalaeoproteroroic
domain, known for its diamond-bearing field relatedkimberlite and lamproite
dykes. The discovery of KIMs in this area indicagescinity to the sources which,
most likely, could be kimberlite as for the diamerahd KIMs of the Cretaceous -
Quaternary deposits of the Reggane area (Kamieskl 1992a) and those within
the Mauritanian Reguibat Shield (Rombouts 2003jh&énwestern Reguibat Shield
(Mauritania), two kimberlite areas were discoveirethe Taoudeni Basin, along a
major NE-SW lineament (Rombouts 2003). A distirestlire in this region is the
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location of one province on or near the carboraltichat circular structure, dated
at 100 Ma (Poupeaet al. 1996).

Possible primary sources of garnet and diamond

Analogous circular structures are present withie thglab Shield. The
analysis of geological, structural, and geophysieatures and distribution of
KIMs show that the most prospective areas for diamnexploration within the
Eglab Shield are:
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Fig. 10.Y/Ga vs Zr/Y for the El Kseibat garnet grains. Archon, Proton, and Tecton
fields after Griffin et al., 1998.

1) the long-lived Chenachane shear-zone; and

2) the Yetti-Eglab Junction, and its neighbouringitYDomain.
In the first area, the major deep-seated Chenackhear-zone controlled the
emplacement of the alkaline/peralkaline Djebel €aiging complex and was
reactivated after the deposition of the Hank Setleslatter series are cross-cut by

doleritic and gabbro-doleritic sills/dykes. The allke/peralkaline Djebel
Drissa ring complex is dated at 2081 + 13 Ma (zirewaporation method; Kahoui
et al 1996). It has a sub-circular form (16 x12 km) antbcated on the NW-SE
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striking mega-shear zone of Chenachane (Kahoui ;1988 2); the latter
constitutes an intern&W-SE trending fault and fracture corridor.

In the second area, the principal feature is tleegace of small dioritic stocks
and plutons, gabbroic and mafic/ultramafic alkalmeusions, and numerous basic
dykes (Buffiereet al. 1965a, b; Buffiere 1966; Azzouni-Seklalal. 2003). Within
this area we localized new small mafic circulaustures (diameter of 100-250 m)
located at the intersection of NNW-SSE and NNE-S8Wjugate faults, and
ultramafic and basic dykes. The mafic rocks shaogveat diversity in their nature
(dolerite, gabbro-dolerite, gabbro, basalt and lappyre), but dolerite and
gabbro-dolerite are the most abundant.

1000

Diamond Inclusion Field
100 f ! ! -
m Depleted
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10 |
T
=z
1 f + .
* 8
Ee . [
= % i *me
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600 700 800 900 1000 1100 1200 1300 1400 1500 1600
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Fig. 11 Nd/Y vs T(Ni) for the El Kseibat garnet grains. Empty diamands are
harzburgitic grains. The discrimination line for diamond-inclusion garnets after Griffin et
al. (unpubl.).

Another, alternative primary source of diamonds may be kimberlitic but
actually komatiitic in origin. The ultramafic dykevith ‘komatiitic/picritic’
affinities was discovered in 1992 during our field work in tGbegga area; it
cross-cuts metagabbro and Chegga mylonite whiclharaselves intruded by the
2.1 Ga Chegga Granite. Chemically, the Eglab ‘katapicritic’ rock is
characterized by SiC= 44.4 wt. %, MgO = 16 wt. %, M@ + K;O = 0.75 wt. %,
TiO, = 0.3 wt. %, Cr = 2168 ppm and Ni = 513 ppm. Onséa’s diagram, the
representative point of the Eglab ‘komatiite-peribccupies a position close to
French Guyana volcaniclastic diamondiferous konesti(Capdevileet al. 1999)
and the Guinea komatiites and komatiitic basalegyey and Johan 1989). REE
patterns show that the Eglab ‘komatiitic-picritrock has a parallel profile to those
of Guiana komatiites, however, the latter are nesnéched in these elements.
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Besides the above, the existence of diamondifelaagproites should not be
excluded.

CONCLUSIONS

1. Garnet grains of pyrope-almandine composition ftbm El Kseibat area in
Algeria represent the lithospheric mantle bendaghEglab Shield in the north-
eastern part of the West African Craton at deptl©6-170 km.

2. The lithospheric mantle in this area has a predantly depleted-lherzolitic
composition with a minor admixture of Ca-harzbuogmaterial. It experienced
an extensive metasomatic reworking that probablued in several stages.
Low-temperature metasomatism probably involved waalite-silicate fluids,
and involved an increase in Zr (and Ca), with mimmreases in Y and no
increase in Ti. A deeper levels high-temperaturdasmmatism produced a
sharp increase in Ca, Zr, Y, and especially Ti.

3. The level of metasomatism in the El Kseibat aregeiserally higher than in
the Kaapvaal Craton.

4. The north-eastern part of the Eglab Shield, lileegbuth-western part of the
shield, is most likely of Archaean age.

5. The sources of pyrope garnet grains are locatedirwthe Eglab Shield,
most likely within the long-lived Chenachane sheame and within the Yetti-
Eglab Junction, as well as in its neighbouring Matmain.

6. Some of the sources of the studied pyrope garnaysb® diamondiferous.
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It is supposed that the solid core of Earth didrystallize from the liquid one,
and represents a protoplanetary embrion on whi¢bréigeneous accretion began.
Such protocore consists of the mixture of iron-elcklloy and chondrite silicate
material. The geosphere of the liquid core is fatroé external parts of the planet
and, moving to the planet center, slowly destréysprotocore by means of surface
erosion. The silicate material which was releaseérges in a liquid core, causing
the composite convection which supports a geodyndvtamlel calculations show
that gravitational energy of such floating is stiffnt for overheating of the low
mantle bottom and plum formation. Isotope and ggsigal effects which can
become the basis for this hypothesis check areqteed

INTRODUCTION

It is known that the intensity of the thermal coctven, potentially capable to
support a geodynamo, corresponds to less than dd%od difference between the
general thermal flux of the Earth’s core (3-15 TaMy its adiabatic component (~5
TW) [1]. According to this the maximum support ofgaomagnetic dynamo by
thermal convection doesn't exceed 1 TW, and ifttle¥mal stream is less than
adiabatic one this type of convection is impossiltdaelike thermal convection,
more effective composite convection always gensraiegeomagnetic field.
Therefore for the last 50 years after S.l.Bragirskyblication [2] it is generally
accepted that the geomagnetic field is defined dyposite convection in the
liquid core which is caused by gravitational digisiof its crystallization products.
However with the appearance of the bank of reliidemo-magnetic data [3] the
geomagnetic paradox is determined.

Its essence is that the geomagnetic field, companabintensity with the
modern one, appears long before the beginning eflitfuid core crystallization
(for example, [4]), which allegedly causes geodyoaaation. Hence, if generation
of the most ancient geomagnetic field really reggiicomposite convection, this
convection has to have some other nature.
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HYPOTHESIS OF AN ERODING PROTOCORE AND ITS CONSEQUENCES

The geomagnetic paradox can be explained if tonasgbat the solid core of
the Earth didn't crystallize from the liquid oneit lbepresents the relict of the most
ancient embryo on which heterogeneous accretiorarbg§]. Such protocore
consisted of the mixture of the iron-nickel alloytiwsilicate chondrite component.
Part of this silicate component increased from plamet center (where its share
was about 5% ) to the periphery, reaching the chobmdratio, and further
continued to increase up to the surface.

Evolution of the mantle-protocore system is repnesgon Fig. 1. Soon after
finishing of accretion or close to its end in theeenal part of the planet the
geosphere of the liquid core is formed and stargslunge. It expands due to the
melting of new portions of the iron-nickel alloy.oever in the process of
immersion of the liquid core geosphere the presguymwvs, and with it the
temperature of this alloy melting grows too.

Cnoii D” (?)

Kunxoe smpo

BceribIBaromnuii CUINKATHBIN
KOMITOHEHT
30Ha 3po3uK NPOTOSAAPA

Fig. 1.Differentiation of material in the system "liquid core - protocore"

As a result the simple melting stops, being refldme the essentially slower
process of the surface protocore erosion due totgsaction with the liquid core.
It occurs because during heterogeneous accretiert@rnal part of the planet and
in the liquid core which was formed in it, such qmnents as S and/or FeO are
concentrated.

Connecting with the iron-nickel alloy, they can Ewthe temperature of its
melting. At such interaction the silicate chondritomponent presented in the
protocore is released. Having almost twice smalérsity in comparison with the
liquid metal, it floats up, producing composite eeation (fig. 1)
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ENERGETIC OF THE ERODING PROTOCORE

Density differentiation of material in the systefiglid core - protocore" is
accompanied by emission of the gravitational engrigigh is transformed in to the
thermal one. We estimated this gravitational eneaggording to the model
schematically represented on Fig. 4. All symbolsehare standard, the values of
fixed average physical parameters correspondirigeim are constant [7]. Emitted
energy represents the difference between gravi@tienergy before and after
erosion (see fig. 3a) which is calculated as aedifice between well-known
spherically symmetric gravitational potentials:

E=G["™ Ma(r)pa(r);Mb(r)pb(r)mzdr .......................... (1)

Where G - Newton's gravitational constant, the doottindex is used for
values to before (a) and after (b) of an erosion; Rbmmon mass in the sphere
with radius r, ang — local density. The main complexity was to unagabusly
estimate M ang. To overcome this difficulty we used all possitdevs of mass
preservation given by PREM [8] and fixed for eveajculation X which

Fig. 2.Model calculation of gravitational energy which isemitted during protocore erosion

On the left - model of the protocore evolution.ttéd circles - borders of a protocore and a liquid
core prior to the beginning of erosion; continuouisles — the same borders after the erosion;

r — radius of the spherp,— local density in itA — the difference in the size of parameter, the
bottom indexes "0" and "i" - values of this paraenébefore" and "after” of the erosion respectively

represents the average concentration of the ligigurity in chemically
erodible part of the protocore. This erodible pmghown on Fig. 3a by a spherical
cover having widthr, . As a result of the model calculations we obtdintiee

common solution for energy E of equality (1) whidbpends only on X amd .
This conclusion is illustrated by Fig. 3b.In panter model calculations show that
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the average capacity of segregated energy corrdsgon20 TW during 4 billion
years at X=0.5 andr = 2000 km. It is enough for overheating of the lmantle

bottom and for the formation of plume-streams of thecompression material
almost throughout all the geological history. Arepdnding on the distribution of
iron-nickel and silicate components in the protecor the energy regime of the
system as a whole the culmination stage in the éanhs possible.

On the right - an assessment of gravitational gnefge which was emitted
during a protocore erosion. Ordinate axis - E iff 1loule; abscissa axis - X — an
average share of light component in eroding parthefprotocore. Lines on the
diagrams (from bottom to top) correspond to theecsvof the 250, 500, 1000 and
2000 km thickness of the eroding protocore.

PROSPECTS OF THE ERODING PROTOCORE HYPOTHESIS
CHECKING

There are some ways to check the discussed hyp®thkit is correct the
chondrite silicate component from the eroding prote emerges in the liquid core
to the mantle. It will be marked by isotope composiof the primary noble gases,
by isotope'??Xe, and also by lead having isotope compositiorilairto chondritic
one. The Noble gases with similar isotope compmsitn the mantle magmatic
derivatives have been established long ago. Thosvetl us to formulate so-called
isotope xenon paradox [8]. Thus, according to terussed hypothesis, the
protocore is the hidden reservoir with which thigrggox is connected. And
searches of the lead which has isotope charaates@tresponding to the chondrite
component are one of the options to check the dpedl hypothesis accuracy.

PROSPECTS OF THE ERODING PROTOCORE HYPOTHESIS
CHECKING

There are some ways to check the discussed hyp®thit is correct the
chondrite silicate component from the eroding prote emerges in the liquid core
to the mantle. It will be marked by isotope compoasiof the primary noble gases,
by isotope*?*Xe, and also by lead having isotope compositiorilainto chondritic
one. The Noble gases with similar isotope compmsitn the mantle magmatic
derivatives have been established long ago. Thesvadl us to formulate the so-
called isotope xenon paradox [8]. Thus, accordmthé discussed hypothesis, the
protocore is the hidden reservoir with which thigrggox is connected. And
searches of the lead which has isotope charaates@tresponding to the chondrite
component are one of the options to check the dped| hypothesis accuracy.

Preliminary results of Pb-Pb isotope systematicegaization (Fig. 3) testify
that in culmination stages of megacycles in theogedic activity in the mantle
derivatives the component additive (up to 3%) whels lead isotope composition
corresponding to the material of the protocore ®iodight. If it is confirmed in
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the future, such feature of Pb-Pb isotope systenvatl become the convincing
confirmation of the protocore hypothesis.

Accumulation of the paleomagnetic data testifyioghe raised share of the
long periods with invariable geomagnetic polaritythe Early Precambrian (in
comparison with the Phanerozoic) can become a bésise more option to check
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Fig. 3 Pb-Pb isotope systematic of terrestrial magmaticocks, among which there are 130
samples of the mantle derivatives of basic composit.

Dashed lines correspond to the two-component mestusf the "mantle — protocore” system for
culmination stages of megacycles endogenous 3actiaving the age of 2.65, 1.65 and 0.3 Ga. Dotted
ellipses along these dashed lines reflect the iadditf the protocore component in the mantle ug%o
(for the megacycle culminated 1.65 Ga ago).

our hypothesis. If the assumption that such phenomeis connected with
stabilizing role of solid core in the reversal tetgeomagnetic polarity [9] is
confirmed, it becomes the direct evidence thatdbled core existed before the
liquid core crystallization [4]. As a result thevalidity of traditional ideas of the
geodynamo nature will be confirmed once again.
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As it was already noted, depending on distribubbiiron-nickel and silicate
components in the protocore in the energy regiméefsystem as a whole the
culmination stage in the Archean is possible. Tioeeeidentification of such
culmination in intensity of the geomagnetic fieldcbmes one more option to
check the model which have predicted it.

At last, the seismo-tomographic effects interpratedrticle called "Melting
of an internal core of the Earth" [10] as the ewmike of the solid core
disintegration can become the direct confirmatibthe developed views.

The offered hypothesis allows returning to the nhodke heterogeneous
accretion because it solves the main problem uyiderlts rejection - formation of
a liquid core at initial placement of a consideealshare of the metal iron
component in the planet center.

This work was supported by the Russian RFBR pradject2-05-00523¢
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The REE, LILE and HFSE contents in minerals frohicaie alkaline rocks of
the Khibiny intrusion (nepheline syenites and fditeés) were first measured by laser
ablation microprobe with inductively cou pled plasmmass spectrometry. The
contents of Y, Li, Rb, Ba, Th, U, Ta, Nb, Sr, Hf,, b, Be, Sc, V, Cr, Ni, Co, Cu,
Zn, Ga, Mo, Sn, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, By, Er, Tm, Yb, Lu were
measured in K-feldspar, nepheline, clinopyroxenenplabole, eudialyte,
lamprophyllite, apatite, titanite, and perovskite.

Compositional variations in minerals originated different stages of the massif
formation indicate significant trace-element redisttion between coexisting phases
during crystallization and subsequent alteratidheias shown that REE, Y, Zr, Hf,
V, and Sr, which are abundant in the early magmatinerals, primarily,
clinopyroxene, are accumulated in accessory mis€¢Ba lamprophyllite, eudialyte,
and late apatite and titanite) during late magmatocesses. Lithophile elements and
Ga, which are evenly scattered over all early mdignmainerals, are partitioned in a
single postmagmatic leucocratic mineral, microglidaring rock recrystallization.
The co-crystallization coefficients obtained in @tudy for coexisting perovskite +
apatite and apatite + titanite indicate predomirREBE incorporation in apatite rather
than in titanite, which is of decisive significanfce geochemistry of economic-grade
titanite - apatite - nepheline ores.

INTRODUCTION
Most alkaline magmatic rocks are characterized RREE, HFSE, and REE
enrichment. In the intrusions composed of agpatienites, alkaline ultramafic
rocks, and carbonatites, significant amounts afer@lements occur as isomorphic
impurity in the rock-forming minerals or form septy minerals. Some massifs
contain economic-grade contents of Nb, Ta, Zr, $tf, and REE. The Khibiny,
Lovozero, and Kovdor massifs show giant contentsaafe elements, with deposits
of apatite (P, Sr, REE), loparite, perovskite, gyMore (Nb, Ta), and eudialyte
(Zr) forming a basis for the ore mining productiminthe region. It is evident that
the main interest of researchers of the Kola alkaprovince lies therefore in the
distribution of these elements in ores and gengtioalated rocks [Kogarko, 1977,
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1979; Kravchenko et al.,, 1979; Kapustin, 1987]. skhavorks are based on
geochemical investigations, which allowed one ttewrine the clarke contents of
many elements in the Lovozero and Khibiny rocksrfSemovskii et al., 1966;
Kukharenko et al., 1971]. Later, the distributidreome trace elements in ores was
studied using microprobe analysis [Veksler etE84; Khapaev, Kogarko, 1987;
Kogarko et al., 1996].

In spite of some attempts to study geochemistrymaferals in alkaline
intrusions of the Kola province [Rass, 1968, 20B0Oyutskii et al., 1975], no
microprobe methods are yet available for highlysgere and precise measurement
of low element contents in mineral phases. Suclossipility arose only with
development of new high-precision techniques ofalloanalysis, i.e., ion
microprobe and laser ablation combined with indedyi coupled plasma mass
spectrometry (LA-ICP-MS) [Jackson et al., 1992; dgren al., 1993; Jenner et al.,
1993; Fryer et al., 1995].

Table 1.
Major element composition of studied rocks of the Kibiny Massif.

Rock KHIB 1IJL 1JL RIS
Sample K-17 455/402 301/500 SUB-7
SiO, 54.24 44.81 43.10 50.54
TiO, 0.69 1.97 1.86 0.81
Al,O4 20.62 17.44 16.15 22.03
Fe,O3 3.14 531 6.30 2.17
FeO 1.03 3.19 3.20 1.96
MnO 0.18 0.21 0.19 0.12
MgO 0.40 3.94 4,22 0.80
CaO 1.06 7.91 8.15 1.25
Na,O 11.21 10.74 9.97 8.30
K->0O 5.63 3.78 453 10.99
P.,Os 0.12 0.22 0.87 0.15
CO, 0.06 0.10 0.15 0.05
St 0.18 0.08 0.06 0.02
Cl 0.06 0.02 0.02 0.01
F 0.14 0.15 0.11 0.07
LOI 0.88 0.53 1.10 0.70
Total 99.64 100.40 99.98 99.97

Notes: Hereafter:(IJL) ijolite, (KHIB) agpaitic negline syenite (khibinite) from the peripheral
zone of the massif, (KHIBpg) pegmatoid nephelinenste from the peripheral zone of the massif,
(RIS) potassium nepheline syenite (rischorrite)RTY massive urtite, (URTpg) pegmatoid urtite,
(APNE) apatite - nepheline rock. (n.d.) Not detdc{a.a.) not analyzed. (LOI) Loss of Ignition.

The aim of this study was to measure the LILE, HF&8EBd REE contents in
minerals from major rocks of the Khibiny massif aetermine the typochemical
features of minerals formed at early and late maignséages. Using local LA-ICP-
MS analysis, we determined contents of 38 elem@#ssLi, Rb, Ba, Th, U, Ta, Nb,
Sr, Hf, Zr, Pb, Be, Sc, V, Cr, Ni, Co, Cu, Zn, B4, Sn, Y, La, Ce, Pr, Nd, Sm,
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Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu) in feldsparsgpheline, clinopyroxene,
amphibole, eudialyte, lamprophyllite, and titarfrtam agpaitic nepheline syenites,
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Table 2.
Trace element composition of studied rocks of the libiny Massif (ppm)
Rock KHIB IJL 1JL RIS
Sample K-17 455/402 301/500 SUB-7

Li 31.3 7.90 6.01 14.82
Rb 162 34.4 29.8 286

Cs 1.89 0.19 0.32 6.63
Be 9.45 5.73 3.84 6.87
Sr 2711 1352 1012 561

Ba 1469 335 248 1738
Sc 1.24 19.5 1.32 3.90
\Y 43.6 276 230 69.5

Cr 34.3 514 35.3 15.8
Co 2.84 16.0 14.0 4.08
Ni 7.11 29.1 9.90 5.35
Cu 12.0 18.0 38.6 24.0
Zn 138 105 93.8 52.5

Ga 41.2 32.9 35.5 38.3
Y 51.2 24.1 27.2 7.86
Nb 225 110 173 117

Ta 9.49 7.98 13.7 3.63
Zr 638 565 275 291

Hf 15.0 12.9 7.86 4.98
Mo 2.31 1.87 2.95 5.94
Sn 4.57 2.17 3.16 0.09
U 8.93 1.08 0.26 2.50
Th 30.7 3.19 1.89 6.90
La 163 69.4 109 33.9

Ce 352 150 230 58.3

Pr 32.9 16.6 25.1 541
Nd 108 62.2 89.3 17.7
Sm 16.2 104 14.2 2.42
Eu 4.50 3.04 3.96 0.64
Gd 12.8 7.63 11.3 1.78
Th 1.85 1.05 1.48 0.27
Dy 9.81 5.26 6.54 1.62
Ho 1.84 0.93 1.14 0.33
Er 4.41 2.37 2.44 0.85
Tm 0.63 0.32 0.29 0.12
Yb 3.45 2.20 1.53 0.75
Lu 0.46 0.34 0.17 0.11

potassium nepheline syenites, urtites, ijolitesgd amlated pegmatoids of the
Khibiny Massif.

SAMPLES AND ANALYTICAL TECHNIQUES
Twelve representative samples were taken for inyasbns from different rocks
of the Khibiny Massif. Their position within geoliegl complexes of the massif is
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Is shown in the scheme (Fig. 1). Major and traeeneht contents in studied
samples are presented in Tables 1 and 2.

455/402
301/500

Carbonatites v] K-rich nepheline syenite
-1 (rischorrite)
VV:: ::v Pulaskite \o;\ Foidolites
| Foyaite trachytoid »_| Nepheline syenite (khibinite)
trachytoid
~"+| Foyaite massive | Nepheline syenite (khibinite)
_ . massive
<~ Nepheline syenite e ) )
4 jrregular grained + +| Ultrabasic-alkaline rocks
. Apatite-nepheline ore Fenite
o | Urtite massive e | Sampling locality

| Juvite massive

Fig. 1.Geological scheme of the Khibiny Massif. Modified #er map of MGRE PGO
Sevzapgeologiya. Points show location of studiedmsples.
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Agpaitic nepheline syenite from peripheral zone othe massif (trachytoid
khibinite, Sample K-17).

This is a coarse-grained massive rock consisting KelNa feldspar
(anorthoclase) (45 vol %), nepheline (35 vol %) fimaninerals (aegirine-augite,
aegirine, arfvedsonite, 16 vol %), eudialyte (3 96), and accessory minerals
(lamprophyllite, titanite, aenigmatite, 1 vol %).

Pegmatoid nepheline syenite from peripheral zone dhe massif (sample
K-21). The sample was taken from schlieren and consistarge (1 - 5 cm)
phenocrysts of K-feldspar (microcline), arfvedseniind aegirine. Accessory
minerals are eudialyte, aenigmatite, titanite, landorophyllite.

ljolite (samples 455/402, K-16, 301/500, 1631/759%36/874).The samples
represent the most abundant rock type of diffea¢edi melteigite - ijolite complex
and were taken from boreholes penetrating the supiglites. Rocks have a fine-
grained gneissic structure defined by plane-pdradlengated clinopyroxene.
Mineral composition of ijolites is as follows (v&): nepheline (45 - 55),
clinopyroxene (20 - 40), amphibole (5 - 20), K-fgddr (2 - 11), biotite (1 - 3),
apatite (1 - 3), titanite (1 - 3), Ti-magnetite {12). Accessory minerals are
eudialyte and lamprophyllite.

Potassium nepheline syenite (rischorrite) (sample U8-7). Sample was
taken from supraore poikilitic potassium nephebgenite complex. The texture of
the rock is defined by the large equant K-feldspkocrysts overcrowded by small
euhedral nepheline and clinopyroxene grains. Minepanposition is as follows
(vol %): K-feldspar (orthoclase) (50), nephelin®)3aegirine-augite and alkaline
amphibole (8), accessory titanite, apatite, Ti-nedig®, and lamprophyllite (5).
Sodalite and biotite occur in subordinate amounts.

Urtite (Sample K-12) was taken from massive coarse-grained urtites that
underlay apatite - nepheline ores. The rock cans$tnepheline (74 vol %),
diopside and aegirine-augite (16 vol %), K-feldsfiawvol %), titanite (4 vol %),
apatite (2 vol %), Ti-magnetite (2 vol %), as welé accessory eudialyte,
lamprophyllite, and aenigmatite.

Pegmatoid urtite (Sample K-13).Sample was taken from pegmatoids, which
pass gradually into subore host massive coarsaagtairtites. The rock consists of
large nepheline, aegirine-augite, aegirine, arfuads, and K-feldspar.
Subordinate minerals are titanite, Ti-magnetitesndeophyllite, aenigmatite,
eudialyte, lorenzenite (ramsayite), and pectoliddineral proportions vary
considerably.

Apatite - nepheline rock (ore) (Sample 8-R, X-24)Samples are apatite-rich
"spotted" ores. The rock consists of apatite (68 %9, nepheline (21 vol %),
pyroxene (7 vol %), titanite (2%), Ti-magnetite ¥4), and K-feldspar (1%).
Perovskite occurs as accessory mineral.

Minerals were analyzed in polished sections 80 fmthick on an Excimer
Sopra SEL 510. Ultraviolet laser (wave length o8 3(n) provides the minimum
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thermal effect. During ablation, the pit rangingrfr 1 mm to 10 pm across and
from 30 to 40 um deep is formed depending on besmsing. Mass spectrometric

Table 3
Trace element composition of feldspar (Fsp) and né&eline (Neph) from the Khibiny and
Kovdor massifs (ppm)

Mineral | K-Na Fsp KFsp Neph

Rock KHIB RIS RIS URT URTpg | URTpg 1JL RIS 1JL
Sample | K-17a | SUB-7a | SUB-7b | K-12a K-13a K-13b | 455/402 | SUB-7a | 7/30
Li 16.3 29.4 22.5 34.2 3.59 8.95 n.d. 34.¢ n.d.
Rb 238 97.5 134 47.4 239 188 56.6 128 11
Cs 6.84 0.95 0.63 0.47 0.41 0.13 0.07 1.30 0.40
Be 3.08 0.52 0.36 0.81 0.17 0.12 6.46 0.28 9.69
Sr 1121 25.6 12.4 38.1 152 20.4 48.7 107 64(5
Ba 899 25.3 133 79.8 6063 2085 57.8 80.8 395
Sc n.d. 1.75 1.94 1.21 2.51 2.62 14.2 1.89 9.23
\Y 0.77 1.03 3.11 4.25 0.14 0.36 1.60 3.62 0.68
Cr n.d. 18.5 19.1 36.2 288 317 n.d. 185 n.d.
Co 0.05 0.55 0.92 0.63 n.d. 0.18 n.d. 0.94 n.d.
Ni 60.6 1.71 1.59 5.84 155 12.9 0.70 1.58 n.d.
Cu 2.07 0.22 8.95 1.99 0.46 2.66 2.80 1.68 497
Zn n.d. 9.63 11.1 5.11 1.00 6.14 n.d. 9.34 n.d.
Ga 67.3 42.8 46.9 18.1 55.4 55.9 39.4 46.9 45(3
Y 1.91 0.08 0.09 0.97 1.22 0.98 1.68 1.03 2.02
Nb 34.5 0.69 10.2 1.96 0.21 5.11 9.15 1.95% 13]0
Ta 1.84 0.05 0.17 n.d. 0.33 0.30 0.71 0.2¢ 1.06
Zr 16.1 0.26 0.91 15.6 n.d. 2.75 7.54 1.14 2.82
Hf 0.57 0.01 0.01 0.04 0.09 0.13 0.20 0.01 0.11
Mo 0.55 0.12 0.32 0.69 n.d. 2.25 0.25 0.14 0.24
Pb n.d. 0.04 0.09 1.27 n.d. 0.77 n.d. 0.0¢ 0.43
U 0.02 0.09 0.25 0.21 0.13 0.26 0.07 2.38 0.18
Th 1.31 0.03 0.20 0.11 0.03 0.33 0.28 0.09 3.92
La 6.00 0.11 1.38 0.83 0.34 0.86 4.81 9.2 22|14
Ce 6.05 0.16 0.83 1.44 0.35 1.17 9.42 15.7 403
Pr 0.41 0.02 0.05 0.16 0.02 0.10 1.00 1.60 3.68
Nd 1.24 0.05 0.16 0.57 0.05 0.15 3.35 4.2% 12}6
Sm 0.17 0.01 0.03 0.14 0.02 0.04 0.64 0.79 1.72
Eu 0.087 0.024 0.038 0.092 0.253 0.13b 0.026 0.233 970.2
Gd 0.239 0.014 0.036 0.095 0.015 0.096 0.573 0.506 441.0
Th 0.044 0.003 0.004 0.015 0.002 0.013 0.069 0.060 160.1
Dy 0.283 0.016 0.021 0.110 0.013 0.082 0.340 0.244 500.4
Ho 0.065 0.004 0.005 0.021 0.004 0.01y 0.048 0.041 470.0
Er 0.131 0.008 0.011 0.066 0.010 0.039 0.103 0.091 820.0
m 0.022 0.002 0.001 0.010 0.002 0.006 0.013 0.011 080.0
Yb 0.087 0.010 0.007 0.048 0.011 0.03p 0.071 0.059 340.0
Lu n.d. 0.001 0.001 0.007 0.002 0.004 0.008 0.009  40.00

Note: Sample 7/30 is nepheline from ijolite of Kevdor Massif.

analysis combined with inductively coupled plasmas performed in Granada
University on a Perkin Elmer Sciex ELAN 6000. ThB®612 glass standard was
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used as an external standard. Depending on pit sezesitivity varies from 1 to
1000 ppb, and accuracy was 4% and 10% for condemtsa>10 and 1 - 10 ppm,
respectively. This method was described in detai[Bea et al., 1996].

RESULTS

Feldsparsoccur as K - Na perthite r. 44Absg - 55 in agpaitic nepheline
syenites of peripheral zone of the massif (khieslit orthoclase with minor albite
component (Qg . gAb; _ 15 iIn Massive urtites, and microcline in pegmataiites.
Homogenous domains in feldspar from khibinite (€aB) have higher contents of
Sr, Rb, and Ba than feldspar from potassium nep@iedyenites. Late microcline
from pegmatoid urtites is characterized by the dggiBa contents and Cr presence,
which was presumably incorporated in crystal lattiegether with F&. It is seen
from Fig. 2a that feldspar from agpaitic nephelgyenites (khibinites) has the
highest REE contents and weakly expressed postiivanomaly (Eu/Eu* = 1.30).
Orthoclases from massive urtites and potassium eleghsyenite have similar
shape of REE patterns ((La/Xp¥ 7.3 - 11.7), with lower REE contents in the
latters. The late Ba-bearing microcline from pegrthtrtites (Fig. 2b) has lower
total REE contents than primary orthoclase and shelarp positive Eu anomaly
(Eu/Eu* = 6.3 - 51.1).

Nepheline. Nephelines from ijolite and potassium nephelinengge are
characterized by the extremely low contents ofratte elements (no more than 10
ppm) (Table 3). The typical of nepheline Li, Rb,,Gad Ga [Kostyleva-
Labuntsova et al., 1978] occur in very low amountee REE contents in
nepheline are generally higher than those in tlexisong feldspars. The (La/Yp)
ratio varies within 45.6 - 104.9. Nepheline frowlites is characterized by strongly
pronounced negative Eu anomaly (Eu/Eu* = 0.13), re&& nepheline from
potassium nepheline syenites shows low Eu anontalye(* = 1.1) (Fig. 2c).
Similar Eu anomaly was found in nepheline fromiigd of the Kovdor massif
[Arzamastsev et al., 2002].

Clinopyroxenes. Three pyroxene generations can be distinguishedy Ea
generation is represented by diopside ;M0:,FSo with <0.2 Na p.f.u., which
composes pyroxene cores in potassium nephelineteyemirtites, and ijolites.
Rims (Il generation) have higher alkalinity and respond to aegirine-aegirine
content from 20 to 80%. Nearly pure aegirines o¢fgéneration occur in the
pegmatoid rocks. Agpaitic nepheline syenites (kiibs) from peripheral zone
contain zoned clinopyroxenes varying from aegitmeaegirine-augite within Ri
sAeds - 7Hed . 30 Our measurements showed that early clinopyroXeom
jjolites, urtites, and potassium nepheline syentmstains the highest Sr content
(Table 4). By contrast, late pyroxenes from pegidatocks have significantly
lower Sr content. The similar Sr distribution ipisal of pyroxenes augite with
from khibinites. Such regularity is also observed/i Zr, and Hf distribution, with
gradual decrease of V content in pyroxenes in &seaf potassium nepheline
syenite - massive urtite - pegmatoid urtite.
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Fig. 2. Chondrite-normalized REE patterns in feldspar (a,b) and nepheline (c) from
the rocks of the Khibiny Massif. Hereafter, normalizing values are from [19], numbers
correspond to analysis numbers in tables.
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Fig. 3.Chondrite-normalized REE patterns in pyroxene fromagpaitic syenites of the
peripheral part of the massif and ijolites (a), poassium nepheline syenites (b), urtites and
their pegmatoid varieties (c), and amphibole fromjolites (d) of the Khibiny Massif.
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Table 4.(Contd)
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Chondrite-normalized REE patterns in
pyroxenes are shown in Fig. 3. Early
pyroxenes in ijolites, potassium nepheline
syenites, and urtites are characterized by
relative LREE enrichment ((La/YR)= 3.9 -
7.3). However, more alkaline pyroxenes from
agpaitic nepheline syenites, like late pyroxene
rims around early magmatic aegirine-augite
in potassium nepheline syenites, are depleted
in LREE and MREE ((La/Yk) = 0.8 - 1.4).
The REE distribution in pyroxenes from
postdates aegirine-diopside and partially or
completely replaces it. from massive urtites
and associated pegmatoids shows the same
tendency: late generation are strongly
depleted in all REE, with the exception of Yb
and Lu.

Amphiboles. Amphibole occurs in two
generations. According to petrographic
observations, early generation, Na - Ca
amphibole (richterite), postdates aegirine-
diopside and partially or completely replaces
it. Late amphibole, arfvedsonite, occurs in the
matrix of nepheline syenites and foidolites, as
well as in pegmatoids. It develops after both
clinopyroxene and early Na - Ca amphibole.
Trace element contents in amphiboles from
jjolites and khibinites are represented in
Table 5. It is seen (Fig. 3d) that amphiboles |
and clinopyroxenes from ijolites are
geochemically similar: diopside and richterite
have similar shapes of REE patterns, with the
lower total REE content in the latter. On the
other hand, amphibole Il (arfvedsonite) is
geochemically similar to late aegirine (Fig.
3d), which is characterized by strong
decrease in all REE, except for Yb and Lu.

Eudialyte. We studied eudialyte from
ijolites of the central arc of Khibiny, agpaitic
nepheline syenites of peripheral zone of the
massif (khibinites), as well as from their
pegmatoid varieties. The data obtained (Table
6) indicate wide variations of Hf, Zr, U, Th,
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Table 5.
Trace element composition of amphibole from the Khibiny Massif (ppm)

Rock IJL IJL KHIB KHIB
Sample 1631/759 K-16a K-17a K-17b
Li 12.3 218 444 712
Rb 3.44 27.2 3.19 4.88
Cs n.d. 0.29 0.04 0.08
Be 0.52 0.96 0.80 0.69
Sr 321 2897 552 1751
Ba 55.5 366 135 1616
Sc 0.82 n.d. 4.63 3.79
\% 16.7 262 332 222
Cr 10.5 40.5 n.d. n.d.
Co 6.03 38.5 10.1 12.8
Ni 5.48 1.53 535 547
Cu 2.07 1.28 0.70 1.80
n 23.9 107 n.d. 52.2
Ga 1.23 10.8 16.6 12.6
Y 0.59 6.62 7.49 6.86
Nb 1.72 22.2 12.6 134
Ta 0.05 0.63 0.39 104
Zr 24.5 91.3 287 838
Hf n.d. 5.66 24.4 56.0
Mo n.d. 0.89 0.56 0.37
Pb 0.91 0.04 0.22 1.10
) 0.02 0.40 1.66 2.27
Th 0.04 0.52 0.78 0.77
Ge n.a. 1.95 3.47 5.82
La 1.60 10.7 8.28 27.2
Ce 3.19 15.1 18.5 29.3
Pr 0.38 1.91 1.97 2.02
Nd 1.22 4.79 7.68 5.02
Sm 0.16 1.00 1.30 1.07
Eu 0.06 0.31 0.51 0.30
Gd 0.17 0.46 0.96 0.90
Th 0.02 0.11 0.14 0.10
Dy 0.13 0.65 0.79 0.81
Ho 0.03 0.26 0.16 0.17
Er 0.09 0.96 0.61 0.93
Tm 0.02 0.31 0.09 0.22
Yb 0.15 2.99 0.79 1.53
Lu 0.04 0.71 0.17 0.36

Sr, and Ba in eudialyte from these rocks. It shdagdnoted that contents of the
specified elements in magmatic eudialyte from tgdiand agpaitic syenites are

significantly higher than those in late eudialyteni pegmatoids. The Zr/Hf ratio is
15.0 - 15.6 in eudialyte from ijolites, 13.3 - 2@nithat from Kkhibinites, and 21.9 -

30.7, in pegmatoids, which is related to the Hfteahdecrease. The total REE and

Y contents in eudialyte from pegmatoids are highan those in khibinites (Fig.

4a). The REE patterns in the early and late geioesahave similar shapes and
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negative Eu anomalies (Eu/Eu* = 0.5 - 0.8). Eudedyfrom ijolites of the
foidolite complex (Fig. 4b) show only weakly prommed Eu anomaly (Eu/Eu* =
0.9-1.0).

Table 6.
Trace element composition of eudialyte from the KHhiiny Massif (ppm)

Rock | 1JL | WL |[KHIB |[KHIB KHIB KHIB KHIBpg |KHIBpg |KHIBpg
Sampl | K-16a | K-16b| K-17a| K-17b| K-17c| K-17d| K-21la| K-2b | K-21c
i 135 | 081 ] 058 031 164 0.8( 2.34 2.74 n.d.
Rb | 584 | nd | 455| 292| 569 454 8.54 984  11.83
Cs | 219 | 013 | 061| 038] 1.04 124 1.08 0.95 0.71
Sr | 12926 | 13083| 12167 7073 13662 11735 4953 5678 8870

5

D

5

)

Ba 5180 4490 2470 1100 2324 2270 77( 91 960
Sc 33.8 33.0 24.0 19.8 23.1 28.3 13.7 15. n.d.
V 1.82 5.94 0.79 0.95 0.56 1.72 0.21 0.2 n.g.
Ga 35.2 40.0 16.0 34.5 56.4 69.3 117 119 69,8
Y 2282 2095 1029 956 160( 168 2214 2532 37833
Nb 1184 1380 2531 1050 3461 244 2943 3330 4986
Ta 286 262 279 147 416 197 356 502 627

=

[o8)

Zr 37211 | 37015 32460 19183 31943 36217 20403 23993 18401
Hf 2473 2367 1917 1442 1587 183p6 832 1095 13p5
Mo 154 3.79 10.9 3.56 8.33 6.44 3.46 3.9 1.49
Pb 8.45 4.28 5.87 5.96 10.78 6.68 20.0 203 1310
U 171 89.0 n.d. 73.6 67.0 47.( n.d 24.p 6.75
Th 30.6 13.3 6.50 6.23 8.79 9.74 5.49 7.76 5.32
Ge 3.99 3.23 1.84 3.07 4.15 4.21 7.38 7.5B 5.34

379p 394

La 1328 1359 408 623 1044 1369 2 5866
Ce 1578 1830 616 1118 1792 2491 6047 6530 8481
Pr 186 236 60.0 136 199 255 519 664 707
Nd 702 875 196 437 659 760 1568 146p 1681
Sm 203 211 46.2 104 143 149 267 29( 286
Eu 68.8 74.9 10.7 29.7 41.6 43.3 61.% 69.8 61|7
Gd 292 251 80.05 124 180 176 245 29§ 263
Th 56.3 53.0 17.2 23.1 33.9 32.4 52.( 61.p 511
Dy 381 348 126 146 229 225 347 42( 344
Ho 91.8 80.6 34.4 34.9 52.6 55.2 78.2 97.b 80}4
Er 309 275 125 117 183 185 254 321 280
Tm 48.4 42.2 22.9 22.1 29.2 30.2 44.8 56.0 484
Yb 312 273 162 161 199 215 313 389 344
Lu 35.3 30.2 22.2 18.7 24.4 26.1 43.( 40.p 462

Lamprophyllite. Lamprophyllites in agpaitic nepheline syenites from
peripheral zone, potassium nepheline syenites pagdatoid urtites significantly
differ in contents of most trace elements and, arilyy Sr and Ba (Table 7).
Petrographic and microprobe data indicate that ehdiest lamrophyllites in
agpaitic syenites are represented by Sr-rich vesietvith Sr/Ba = 3, whereas
lamrophyllites in potassium nepheline syenites gegmatoid urtites are Ba-
lamprophyllites with Sr/Ba = 0.5 and 0.2, respesditly The Sr enrichment in the
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cores of zoned lamprophyllites was also found &te Imagmatic lamprophyllite
from agpaitic syenites of the Niva Massif [Arzansast et al.,, 2000]. Similar
crystal structure was also found for lamprophyliteom eudialyte complex of the
Lovozero Massif [Zaitsev et al., 2002], which catsf Sr-rich cores and Ba-rich
rms.

Eudialyte from pegmatoid

10000 £ in agpaitic syenite

1000 |

Eudialyte from agpaitic syenite
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

—— K-17a —¢— K-17c¢ —— K-21a —<— K-21c
—a— K-17b —e— K-17d —T— K-21b

100

10000 (b)
N Eudialite from ijolite
1000 £
' —o— K-16a
—a— K-16b
100

Lla C'e F:‘r Nld I Slm Elu Gld le Dly Hlo Elr T;'n Ylb Llu
Fig. 4.Chondrite-normalized REE patterns in eudialyte fran: Massif.

(a) agpaitic nepheline syenites (filled symbotigir pegmatoid varieties (open symbols); (b) tgdi
from foidolite complex of the Khibiny Massif.

The trace element data show that the late Ba |gphgtiite from pegmatoid urtites
accumulates Nb, Ta, Zr, Hf, Y, Zn, V, and Ni. Bynt@st, it shows decrease in
total REE content. The Ba lamprophyllites from gstam nepheline syenites and
pegmatoid urtites have MREE-depleted trough-sh&ied patterns (Fig. 5) and
positive Eu anomaly, which is moderate in potassngpheline syenites (Eu/Eu* =
3.7 - 13.0) and strongly pronounced (Eu/Eu* = 6B463) in Ba-lamprophyllite
from pegmatoids. It is noteworthy that Sr-lamprdpteyin agpaitic syenites from
peripheral zone of the massif shows weaker MREHetiep and does not contain
Eu anomaly (Eu/Eu* = 0.9 - 1.1).

Titanite, common subordinate mineral of ijolites, urtites,daapatite -
nepheline rocks, shows no significant differenaedrace element composition
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(Table 8). It should be noted that titanite initgd from differentiated foidolite
complex is relatively enriched in Sr, Nb, Ta, anid Fhe REE patterns (Fig. 6)

Rock
Sample
Li
Rb
Cs
Sr
Ba
V
Cr
Co
Ni
Cu
Zn
Ga
Y
Nb
Ta
Zr
Hf
Mo
Pb
U
Th
Ge
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb

KHIB
K-17a
335
5.90
0.52

85154

28573
5.46

n.d.
1.24
0.55
12.7
27.0
13.4
71.6
996
87.8
7.11
0.78
0.25
1.89
20.8
93.8
1.15
383
392
37.4
91.4
9.86
3.32
7.85
1.35
7.14
1.44
459
0.75
5.45

Table 7.
Trace element composition of lamprophyllite from the Khibiny Massif (ppm)

KHIB KHIB RIS RIS RIS URTpg URTpg
K-17b K-17c SUB-7a  SUB-7b  SUB-7c K-13a  K-13b
37.3 22.7 58.3 43.1 25.8 66.8 60.7
13.1 23.0 3.83 2.65 4.95 6.00 7.59
6.75 0.75 0.13 0.06 0.40 0.09 0.10
62356 79891 33910 38747 44183 29433 26182
18781 26034 65306 60825 85653 171963 140284
4.68 6.53 6.04 6.01 6.56 121 112
n.d. n.d. 44.9 29.9 113 n.d. 54.0
1.87 1.16 4.41 4.37 4.47 4.55 5.96
2.52 122 1.52 0.42 3.36 35.7 169
17.3 11.2 9.41 8.55 22.9 11.2 12.0
159 41.2 34.2 30.8 55.2 52.1 67.1
434 62.8 2.01 241 3.39 0.49 1.30
175 202 11.1 13.1 27.6 26.2 35.5
1798 2352 200 215 344 835 1532
263 164 5.31 6.34 11.05 128 276
18.2 17.1 9.88 12.79 16.88 210 408
1.33 1.00 n.d. 0.29 n.d. 12.7 17.3
2.65 0.48 1.16 1.00 2.04 0.79 0.88
5.79 2.05 2.11 1.47 2.14 1.20 0.96
62.8 30.1 12.7 8.44 10.5 8.13 551
191 829 0.74 2.91 6.73 0.30 1.53
3.13 4.12 0.64 0.65 1.42 n.d. 0.46
876 1334 79.1 101 191 40.6 29.4
1222 1697 36.6 60.6 83.2 13.0 11.2
141 209 1.88 4.70 6.59 0.51 0.43
205 474 2.69 10.8 15.2 0.96 0.54
24.6 50.7 0.62 1.95 3.61 0.17 0.29
11.6 11.9 2.30 2.85 4.09 4.05 7.06
39.0 34.7 0.47 1.87 3.12 0.18 0.29
3.95 4.48 0.04 0.22 0.49 0.02 0.05
26.0 20.8 0.16 0.90 2.11 0.13 0.19
5.92 4.57 0.05 0.17 0.35 0.05 0.05
18.9 14.9 0.24 0.43 0.92 0.17 0.22
4.14 2.42 0.04 0.06 0.15 0.07 0.06
27.9 13.1 0.36 0.46 1.03 0.56 0.67
4.10 2.16 0.10 0.09 0.23 0.15 0.14

Lu

1.01

have identical shape with distinct LREE enrichmdiiianite from ijolites has the
highest (La/Yby ratio within 42.1 - 50.4, while titanites from nsage urtites and
apatite - nepheline rocks have (La/Ybjatio of 19.5 and 26.0, respectively.
Apatite. According to [Ronsbo, 1989], REE is incorporated ajpatite lattice
following the schemes: Ga+ P* = REE" + Si*" and 2C4" = REF* + N4&. This

Is evidenced by the presence of S&d NaO in the Khibiny apatite, which reach
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up to 0.7 wt % and 0.4 wt %, respectively, in thatdes highest in REE. Analyzed
apatite in amphibole ijolites from differentiatedneplex (Table 8) is represented

10000 ¢

1000 3
: Agpaitic syenite

100

10 E

[ Pegmatoid urtite K-rich nepheline syenite
0.1 T T T T T T T T T T T T T T
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
—0O—K-17a  —©—K-13a —O—K-17¢c —4— SUB-7b
—A—K-17b  —X%—K-13b —=m—SUB-7a —e— SUB-7¢

Fig. 5.Chondrite-normalized REE patterns in lamprophyllite from the rocks of the
Khibiny

by Sr and REE-bearing variety (SrO = 3.26 wt Yalt&@EEO; = 3.29 wt %),
which, according to [Kravchenko et al., 1979],yipital of accessory apatite from
these rocks. Like the sample from the apatite-aiphtite - nepheline rock, apatite
Is characterized by high La/Yb ratio ((La/XbF 93.1 - 133.4) and absence of Eu
anomaly (Eu/Eu* = 0.91 - 0.99) (Fig. 6).

Perovskitetypically occurs as accessory mineral in ijolitedes of the lense-
banded apatite - nepheline rocks (ores). The clemamposition of perovskite-
rich ore sample (Table 8) indicates that this mahes ascribed to REE perovskite
(Ca, REE)TIQ (knopite) with REEO; = 5.41 wt %. As compared to previously
analyzed perovskites from alkaline ultramafic roc&t the Kola province
[Arzamastsev et al., 2002], Khibiny perovskite isaacterized by the highest
contents of Nb, Ta, U, Th, Y, and Sr. The REE patfer the Khibina perovskite
Is presented in Fig. 6.

DISCUSSION

Trace Element Distribution in Magmatic Minerals
Few data on distribution of trace elements andangnily, REE, in minerals of the
worldwide alkaline intrusions reveal the followisgecific features of the Khibiny
minerals. The REE patterns in the Khibiny magmeadak-forming minerals
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Table 8.
Trace element composition of titanite, apatite, angberovskite from the Khibiny Massif
(Ppm)

Mineral Titanite Apatite Perovskite
Rock IJL IJL URT URT APNE IJL APNE APNE
Sample | 301/500 | 1636/874 | K-12b K-12c¢ 8-R 1636/874 8-R X-24
Sr 4266 4387 2485 2736 1296 27612 4005 8758
Ba 9.69 9.13 55.8 52.7 5.55 289 197 23.2
\Y 407 318 580 506 451 20.2 75.6 297
Cr 3.27 17.7 690 36.4 n.a. 9.70 3.20 n.a.
Ni 2.21 5.51 4.95 5.59 0.25 5.63 1.52 5.16
Cu 115 61.2 22.1 20.7 51.2 18.0 3.44 319
Zn n.a. 182 95.4 95.3 139 61.1 2.14 n.d.
Ga 16.0 11.9 19.0 22.1 6.30 14.9 9.56 129
Y 334 231 310 381 207 134 201 595
Nb 2659 2045 990 1527 1800 9.27 8.85 10010
Ta 250 92.5 5.60 8.91 141 0.24 0.48 867
Zr 2356 1206 1463 1474 1667 4.12 1.21 139
Hf 69.0 36.4 5.84 5.50 52.98 0.22 n.d. 4.94
Mo 3.36 1.77 4.04 4.38 2.64 0.24 0.11 3.53
Pb 0.15 1.55 0.15 0.02 0.40 1.55 2.33 61.90
U 3.12 1.48 2.29 4.73 2.74 0.74 2.38 243
Th 17.8 9.37 2.37 4.40 11.5 4.32 14.6 2262
La 961 678 420 564 364 1798 1051 10970
Ce 2463 1813 934 1260 836 2740 1603 22403
Pr 309 228 145 193 124 239 188 2423
Nd 1148 840 562 743 498 755 648 8047
Sm 194 137 118 150 97.2 85.5 95.3 1037
Eu 58.7 41.4 39.3 51.0 28.0 23.2 25.5 270
Gd 143 108.9 121 161 76.1 71.3 76.6 559
Tb 18.9 14.3 16.4 20.8 10.7 8.22 9.33 63.8
Dy 90.3 63.1 74.7 90.3 49.0 32.7 40.0 257
Ho 14.8 10.3 12.5 15.5 8.72 5.00 7.36 36.5
Er 29.7 20.3 30.2 35.1 17.0 9.66 14.3 65.6
Tm 3.36 2.25 3.33 3.90 1.95 0.99 1.59 7.25
Yb 15.4 9.80 14.4 19.9 9.43 4.35 7.60 33.1
Lu 1.66 0.86 1.53 2.02 0.90 0.44 0.81 3.31

(nepheline, K - Na feldspar, and clinopyroxene) sirailar to those in minerals
from agpaitic syenites of the llimaussag Massifrflem, 1979], but differ in the
lower total REE contents. Data on clinopyroxenesnfdifferent rocks show that
REE contents and patterns depend on alkalinitytatad REE content in the host
rock. In particular, series of gabbroids - subalialolcanics - alkaline volcanics -
agpaitic syenites - phonolites with increasing Itetialinity demonstrates REE
increase in clinopyroxenes with regular HREE insee&(Dy/Yb), ranges from
2.2310 0.10) (Fig. 7). In this series, magmaticapyroxenes from ijolites and
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10000 E
- Titanite
1000? —&— 301/500
o —&— 1636/874l
100 g ka2
- —6— K-12¢
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
100000 ¢
Perovskite X-24
10000
1000
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100 £ —o— 1636/874I
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 6. Chondrite-normalized REE patterns in titanite, apdite, and perovskite from the
rocks of the Khibiny Massif.

agpaitic syenites with low (Dy/YR)= 0.13-0.76 are phases precipitated from the
most alkaline melts.

The data obtained indicate that accessory eudjabpeatite, titanite, and
perovskite are major HFSE and REE carriers at Hiey enagmatic stage of the
Khibiny Massif. Trace element mass-balance calmratshow that eudialyte from
agpaitic syenites accumulates up to 95% REE, wddatite and titanite from
jjolites concentrate more than 90% Sr, Y, and REEwvas earlier established
[Arzamastsev et al., 2002] that REE can be incateal in the specified minerals
during magmatic crystallization of the alkaline rafhafic rock series in the
following order: perovskite > apatite > titanitealCulation of co-crystallization
coefficients for coexisting perovskite + apatitg, () and apatite + titanite ()
shows that R/, (Sample X-24) for all REEs varies within 3.6 - 1,0while Dy
iIs 2.65 - 0.51 for the Khibiny ijolite and within.80 - 0.89 for the apatite -
nepheline ore. Hence, the REE distribution in tigbky accessory minerals, with
allowance for insignificant amount of perovskitésaaindicates the predominant
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REE incorporation in apatite, rather than in titeaniwhich is of decisive
significance for geochemistry of such unique roakditanite - apatite - nepheline
ores. The obtained co-crystallization coefficiesnts similar to those for

1000 ¢
5
100 F )
4

10 ¢
3
1TE 2

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

Fig. 7.Chondrite-normalized REE patterns in clinopyroxene. Numbers in plots denote
patterns in:

(1) early diopside from ijolite of the Khibiny Magq2) clinopyroxene from gabbroid of the ophielit
complex of Italy [Tribuzio et al., 1999], (3) clipgroxene from subalkaline basalt of Hawaii Islands
[Jeffries et al., 1995], clinopyroxene from trachgpolite (4) and phonolite (5) of the Kaiserstuhl
Complex, Germany [Worner et al., 1983].

accessory phases from the Ugandan clinopyroxeainteskamafugites [Lloyd et
al., 1996], as well as for plutonic alkaline ultrafic rocks of Oldoinyo Lengai
[Dawson et al., 1994, 1995], indicating relativeynstant REE distribution in the
pairs of perovskite + apatite (), La 9, Ce 16, Nd 9.5) and apatite + titanite
(Dprviap La 5.3, Ce 0.3, Nd 1.3).

Evolution of Mineral Composition during Late Magmatic Alteration

Compositional variations in the minerals that cuilsted at different stages
indicate significant redistribution of trace elergerbetween coexisting phases
during crystallization and subsequent alteration. drder to analyze these
redistributions, we compared data on early magmatioerals (nepheline,
diopside, aegirine-augite, orthoclase, lampropteyll, eudialyte I, apatite, and
titanite) and late magmatic minerals (aegirine,rotgtine, lamprophyllite 1, and
eudialyte Il), which mainly occur in pegmatoid recknd precipitated from the
latest melt portions at the expense of partial @nglete recrystallization of the
earlier phases. The contents of Sr, Sc, V, Y, Bd HIf in the early magmatic
clinopyroxene appeared to be significantly higheant those in the later
generations. Data on REE distribution (Fig. 3) catie that LREE and MREE
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contents in late clinopyroxenes decrease by moae #n factor of ten. Similar
behavior is typical of Sr and Ga in lamprophyllite generations of which show
two order increase in MREE content relative toghdier generation (Fig. 5). It is
noteworthy that decrease of REE content in lampylipdy was accompanied by
subsequent increase in Eu anomaly (up to Eu/Eu8.6 674.3 in lamprophyllite
Il) at stable Eu content. Taking into account tBafEu* ratio is an indicator of
redox conditions, the reducing conditions underalagpaitic magmas of Khibiny
formed [Kogarko, 1977] should be also suggestecpbmtmagmatic stage. It was
shown by L.N.Kogarko [Kogarko, 1977] that, duringystallization of agpaitic
melts, the assemblages of highly alkaline minefalsgirine etc.) with F&
predominance over Fe coexisted with strongly reduced gas phase, reducin
character of which increases with temperature @sereThis explains the presence
of Eu anomaly in late generations of not only laogbryllite, but also microcline
(Fig. 2c).

The early magmatic minerals and, primarily, clinaxene, can be
considered as donors, while minerals formed at jpégioch stage are acceptors,
which concentrate significant part of trace elerse®tmong the acceptors are
apatite and titanite, late generations of whichcoading to [Kostyleva -
Labuntsova et al.,, 1978], are strongly enrichedRIEE and Sr. Our data on
contents of these elements in early magmatic aplatim apatite - nepheline rocks
(Sample 8-R) and apatite from late amphibole gsli{Sample 1636/874) confirm
this relation. Judging from trace-element balartbe, additional Sr in the late
apatite could be derived from early clinopyroxeeedialyte, and lamprophyllite.
Additional REE late apatite adopted from clinopyog and lamprophyllite. Late
magmatic recrystallization was also accompaniedémgoval of V, Zr, and Hf
from primary clinopyroxene and their precipitatibogether with Ba and Li, in late
lamprophyllite. Early lamprophyllite lost Ga, whigtcumulated in late eudialyte,
and, to a lesser extent, in microcline. Thus, tii# Redistribution was expressed
in their removal from clinopyroxene and lamprophiglland accumulation in
accessory apatite and titanite. This observatidruesfor rocks with P content >0.5
wt % and, respectively, abundant apatite the mdtk Rarrier. These rocks are
primarily, ijolites and melteigites, as well as mias coarse-grained urtites,
juvites, and potassium nepheline syenites. HowdREESs in agpaitic syenites with
extremely low P content (0.16 wt %, on average)ratey during postmagmatic
recrystallization to eudialyte rather than to miregatite. Late generations of
eudialyte, which is single REE carrier in thesekspacontain up to 2.17 wt %
REEO; and 0.47 wt % YOs.

CONCLUSIONS

(1) The obtained data indicate that the main HF&E REE carriers at early
magmatic stage of the Khibiny massif evolution aceessory eudialyte, apatite,
and titanite. The co-crystallization coefficients toexisting perovskite + apatite
and apatite + titanite indicate predominant REEoiporation in apatite, rather
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than in titanite. This fact is of decisive sign#dce for geochemistry of such
economically important rocks as titanite - apatitepheline ores.

(2) Compositional variations of minerals that tajlized at different stages
of the massif formation indicate significant traglement redistribution between
coexisting phases during melt crystallization anldsequent rock alteration. It was
shown that REE, Y, Zr, Hf, V, and Sr, significamh@unts of which are contained
in early magmatic minerals, primarily, in clinopyene, are redistributed during
postmagmatic processes in accessory phases ofdipsiallization stages (Ba-
lamprophyllite, eudialyte) as well as in late afgaéind titanite. Lithophile elements
and Ga, which are comparatively evenly scatteredr aall early magmatic
minerals, are accumulated during recrystallizationmicrocline, a single late
magmatic leucocratic mineral.
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Genesis of magmas of carbonate-bearing ijolites and
carbonatites from the Belaya Zima carbonatite compx
(Eastern Sayan, Russia): data from melt inclusiontady

Andreeva |.A., Nikiforov A.V.

Institute of Geology of Ore Deposits, Petrogragitineralogy, and Geochemistry (IGEM),
Russian Academy of Sciences, Staromonetnyi peM@&cow, 119017 Russia
e-mail: andreeva@igem.ru

Based on the investigation of melt inclusions usielgctron and ion
microprobe analysis and Sr and Nd isotope invetstige, we estimated the
composition, evolution, and formation conditions mhgmas responsible for the
calcite-bearing ijolites and carbonatites of thelaBa Zima alkaline carbonatite
complex (eastern Sayan, Russia). Primary melt aedisting crystalline inclusions
were found in the nepheline and calcite of thes&goThe ijolite magma crystallized
at temperatures 1120-1180 The chemical analysis of glasses from the
homogenized melt inclusions in nepheline of thelitge revealed significant
variations in SiQ, A1,03, CaO, and MgO. All the melts show very high cotdenf
alkalis. The most salient feature of the melt is@us is the extremely high content
of Nb and Zr. The glasses of melt inclusions ase ahriched ifTa, Th, REE. It was
suggested that the formation of alkaline rocks earbonatites was controlled by
crystal fractionation and silicate-carbonate liginimiscibility. The Rb-Sr and Sm-
Nd isotopic investigation showed that the sourdeth® main rocks varieties of the
Belaya Zima Massif correspond in their isotopic relegeristics {SrP°Sr =
0.70285-0.70326 and ng(T) = 3.6-4.8) to a moderately depleted mantle mese
The obtained distribution of incompatible tracensdmts in the magmas (melt
inclusions) of alkaline rocks and ores supportsdiyeleted character of their source.
The enrichment of the magmas in trace elementdteesérom late processes of
mantle metasomatism, which was supposedly causeabebgnigration of carbonate
melts enriched in Na and Ca.

INTRODUCTION

Although alkaline rocks and carbonatites accounbfdy a small fraction of
all terrestrial igneous rocks, they have receivemhs@erable attention of
researchers. One of the reasons for the interasies® unique complexes is their
connection with very large deposits of various maheesources: phosphorus, rare
earths, niobium, tantalum, beryllium, and othersn€iderable amounts of new
geological, mineralogical, and geochemical dateeHa®en accumulated during the
recent years on carbonatite complexes, which peavithsight into various
problems related to their genesis [3, 4]. Invesiges of melt and fluid inclusions
in minerals from the silicate and nonsilicate roc&k alkaline-carbonatite
complexes must make an important contribution eédgblution of these problems.
They will allow deciphering the physicochemical ddgions of formation of these
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rocks and tracing complex evolution of naturalcsite and salt melts, including
multiphase equilibria involving volatile and orengponents.

This paper reports the results of such an investigdy the example of the
Belaya Zima alkaline carbonatite complex in eas&heria.

ANALYTICAL METHODS

The contents of major elements, P, S, F, and i@@he alkaline silicate rocks
and carbonatites of the Belaya Zima Massif wererdahed by classical methods
for silicate analysis at the chemical laboratorythed Institute of Geology of Ore
Deposits, Mineralogy, Petrography, and GeochemisiRyssian Academy of
Sciences. Trace and rare earth elements were adalyall the rocks by ICP MS
technigues. The analyses were determined at thitutesof Precambrian Geology
and Geochronology, Russian Academy of Sciences R8tersburg) using a
PlasmaQuad 3 inductively coupled plasma mass speeter (VG Elemental,
Great Britain).

Sample preparation included the following procedufowdered samples (-
100 mg) of rocks and minerals were decomposedawthxture of HF, HNG and
HCIO, in Teflon vessels for three days at a temperatofrel10°C. The
completeness of accessory mineral decomposition wlaecked by visual
observation under a binocular microscope. Afterpevation, the samples were
dissolved in 0.1 N nitric acid solution, and amabt was taken for analysis. In
was used as an internal standard.

In order to control the drift of the relative sdivsily of the instrument,
standard solutions of heavy metals (Ti, Cr, Ni, @Gnd Pb) and the BCR-1
standard sample were analyzed in each series (me than 5-10 samples). The
concentrations of elements in BCR-1 were reporieBdyins et al. [8].

It is known that the method of inductively couplddsma mass spectrometry
IS prone to various interferences. During our sfwdy observed the formation of
oxides and hydroxides of rare earth elements amdesmetals (for instance,
titanium) and double-chargd®la and Ce ions. Corrections for the contribution of
titanium oxides and hydroxides interfering with pep and zinc isotopes were
determined by measuring a standard titanium saluoncentration of about 20
mg/l). The double-charged Baand Cé&" are most important for the analysis of
gallium. However, their contribution (fdfGa) was not large, usually no higher
than 5-10%.

Isotopic and geochemical analyses were carried abuthe laboratory of
iIsotopic geochemistry and geochronology of theitutst of Geology of Ore
Deposits, Russian Academy of Sciences. For isotapadysis, 100-200 mg of a
powdered sample were blended wittsm +*°°Nd and®Rb +2'Sr mixed tracers.
Samples were decomposed in a mixture of HF, EjNd@d HCIQ at 100 or 180°C.
Rb, Sr, and bulk REE were separated on a BioRabB¥¥-X8 cationide (200-
400 mesh). Nd and Sm were separated from the btk i&ing Eichrom LN-Spec
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columns (100-150 mesh). The blanks were Nd < 0,%5ng< 0.3 ng, Sr < 0.15 ng,
and Rb < 0.05 ng.

Isotopic ratios were measured using a multicolleci®ITON TI mass
spectrometer operating in a static mode and a 6Bdtanass spectrometer in a
multidynamic mode. The measured™Nd/**Nd ratios were normalized to
MNd/A*Nd = 0.7219 and adjusted t6Nd/**Nd = 0.511860 in the La Jolla Nd
standard. During the period of our analyses, thighted meart*Nd/**Nd value
for La Jolla was 0.511839 + 7d2n = 12). The measured 87Sr/86Sr ratios were
normalized to®*Srf°Sr = 0.1194 and adjusted t8rf°Sr = 0.71025 in the SRM-
987 Sr standard. The weighted méi8rf°Sr value for SRM-987 during our
analyses was 0.710253 + 1@(2=15). The accuracy (precision?) of the obtained
isotopic ratios is better than 0.5% f6fSm/A*Nd, 0.005% for**Nd/**Nd, 1% for
8RbF°Sr, and 0.01% fof’SrP®Sr. The eNd(T) values were calculated using
present-day CHUR values BfNd/**Nd = 0.512638 antf'Sm/*‘Nd = 0.1967.

Inclusions in minerals were initially examined unde optical microscope in
double-polished 0.3-mm-thick sections. High-tempew®a electric furnaces were
used for thermometric experiments with melt inadasi. The uncertainty of
temperature measurement was +10°C. In order tinatguilibrium in the melt
inclusion-host mineral system, the samples wereaed in the furnace at a given
temperature for 15 min.

The compositions of glasses from homogenized nmellusions, daughter
phases in inclusions, crystalline inclusions, andjom minerals of rocks were
investigated by electron microprobe analysis (c@tepkilicate analysis with the
measurement of P, F, ClI, S, Ce, La, Zr, Nb, Y, BRIl and secondary ion mass
spectrometry (for the analysis of trace element$ ldyO). Electron microprobe
measurements were carried out under an accelerailtagge of 15 kV and a beam
current of 30 nA. The glasses of melt inclusionsenvanalyzed by rastering the
beam over areas of 12 x 12, 5 x 5, and 2x2 um. Btaugnineral phases from
inclusions and crystalline inclusions were analye@ber with a focused beam or
by rastering over areas of 5 x 5 and 2x2 um. Rockying minerals were analyzed
by rastering the beam over an area of 5 x 5 um.

lon microprobe analyses were performed on an EVISGameca)
microprobe at the Institute of Microelectronics, sRian Academy of Sciences
(Yaroslavl).

GEOLOGY

The Ziminskii ore district is a unique rare-metagjion in Russia. It includes a
number of Nb,Ta, REE, U, Pb, Zn, and Pd deposits, which make epetistern
Sayan province of ultrabasic alkaline rocks andaaatites. The Belaya Zima
Massif is one of the largest niobium deposits @ hrovince. Its K-Ar and Rb-Sr
isotopic age is 640-670 Ma [20, 7]. The geologradure of the massif has been
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studied in detail by Pozharitskaya and Samoilo,[F8olov and Belov [10], and
Bagdasarov [2].

N 4
[ 2/]s
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RUSSIA Irkutsk

vvvvv MONGOLIA "™,

Fig. 1L Geological sketch map of the Belaya Zima Massi2].

(1) Coarse- and giant-grained ankerite carbonat{®sfine- and medium-grained ankerite carbonstite
(3) paraankerite and ferrodolomite carbonatites; &nphibole-calcite carbonatites, usually with
dolomite; (5) diopside-, forsterite-, orphlogopitalcite carbonatites; (6) augite-diopside-, somesim
aegirine-diopside-, forsterite-, or ferrophlogopstdcite carbonatites with low-grade Ti-Zr
mineralization; (7) picrite porphyrite; (8) varioggenites; (9) rocks of the jacupirangite-meltegjolite-
urtite series; (10) gabbro diabase; (11) mica slalé sandstone; (12) ankeritization halo in calcite
carbonatite; and (13) fault. The inset shows tleation of the Belaya Zima Massif in Russia.

The Belaya Zima (Nizhne-Sayanskii) Massif is lodate the northern
foothills of the eastern Sayan in the upper reacifiegee Belaya Zima River. The
massif is confined to a zone of large northwesteneg faults at the juncture of the
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Siberian Craton and the folded structures of treteea Sayan. The massif is
pear-shaped in plan view (Fig. 1) and trends nagtwver a distance of 8.5 km,
including an offshoot extending in the same dimc{2]. In a vertical section, the
massif is a pipelike body traced by drilling toepth of 800 m.

The central part of the massif is made up of variocarbonatite types. The
ultrabasic alkaline rocks are mainly ijolites. Thegmpose a semicircular zone
enveloping the stock in the periphery [10]. Theédwing rock groups compose the
structure of the massif (from early to late): (1)kadine pyroxenites
(jacupirangites); (2) rocks of the melteigite-ijehurtite series; (3) hypabyssal
melilite-rich rocks; (4) nepheline and alkaline siyes; (5) subvolcanic rocks
including rocks of the picrite group and melilisteand (6) carbonatites, including
early barren and mineralized (Nb) varieties. Fiteges of carbonatite formation
were distinguished [2]. The carbonatites of stagard coarse-grained calcite-
dominated rocks containing apatite, aegirine-augitrsterite, biotite,
titanomagnetite, and perovskite. They may contam-drade ore mineralization
and host later rare-metal carbonatites. The catllesaof stage Il show a
pegmatoid texture and are composed mainly of fotsteliopside, and calcite with
minor apatite, phlogopite, magnetite, pyrrhotitgrgehlore, and hatchettolite. The
rocks of stage Il are fine-grained amphibole-pbloite and amphibole
carbonatites containing magnetite, apatite, pyatel pyrochlore. Their origin was
assigned to the recrystallization of stage | andatbonatites. The carbonatites of
stage IV include paraankerite varieties or ankaxdiprimary calcitic rocks from
the southern part of the massif. The carbonatifestage V are coarse-grained
ankerite-dominated rocks occurring in the centrait pf the massif. They host
rare-earth mineralization (parisite-bastnaesite-amda) accompanied by apatite,
pyrite, sphalerite, galena, molybdenite, hemaaigd fluorite. These rocks were
previously considered together with the paraan&er#nd ankerite-calcite
carbonatites as a single facies variety [10].

PETROGRAPHIC AND GEOCHEMICAL CHARACTERISTICS OF
THE SAMPLES

Alkaline rocks, including melilite-bearing nepheles, carbonate-free and
carbonate-bearing ijolites, nepheline syenites,valdanic melilitites, barren
carbonatites, and mineralized niobium-bearing aaabites were sampled by the
authors during fieldwork in the southeastern parhe massif at the area of drift
no. 5. The chemical compositions of the rocks arergin Tables 1 and 2.

The melilite-bearing nephelinite (sample NS-102;NISNS-2334-320) has a
porphyritic texture and contains up to 40% phenstsrylominated by nepheline
(~40-45%), pyroxene (~20-25%), perovskite (~10-1586)d phlogopite (no more
than 5%). The rock contains minor amounts of apatiarbonate, magnetite, and
chalcopyrite phenocrysts. The nepheline phenocargtdarge tabular crystals, up
to 0.8-3.0 mm in size, often associating with giywmxene and perovskite. In
addition, perovskite is often observed as inclusiom nepheline. The
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clinopyroxene corresponds to diopside in chemicaimpmosition and forms
elongated prismatic crystals (up to 1.5 mm longligft yellow color with a clear
cleavage, often containing carbonate inclusionstou@.2 mm in size. Perovskite
was observed as isometric grains up to 1.0-1.5 meize. It shows high contents
of Ce0;, LapO; (1.3 wt % in total), and NDs (up to 1.2 wt %). The brownish
plates of phlogopite are crystallographically pgatéveloped and corroded by the
groundmass. They contain up to 10.7 wt % FeO anfl W8 % MgO. The fine-
grained groundmass contains microlites of nephelinglilite, pyroxene, garnet,
and pectolite [1].

Table 1.
Representative chemical compositions (wt %) of thalkaline rocks and carbonatites
of the Belaya Zima Massif

NS-102 NSﬁ NS-115|NS-112 NS-100 | NS-117 |NS-39**| NS-114| NS-20
Compo- Melilite | Calc!te- Calci_te- Mela_nocr Mela_nocr Melilitol Minerali | Barren
nent - ljolite | bearing |bearing| atic atic ite -zed |carbon
bearina iiolite iiolite | nenhelinel nenheline carbo- | a-tite
SiO, 32.60 | 36.00| 37.70 | 24.70 | 48.70 45.50 31.83 2.90 5.37
TiO>» 270 | 340 | 0.36 2.02 0.82 0.78 2.87 0.27 0.08
Al1,03 13.0C | 15.0C| 19.2( 8.3( 22.4( 17.3( 11.5 0.31 0.9¢
Fe O3 8.0¢ | 6.57 n.d 7.6¢€ 1.8¢ 3.9¢ n.d 3.17 0.8t
FeO 4.7¢ | 4.71 3.4 4.1¢ 2.5 2.9t 14.0e** 3.81 1.61
MnO 0.27 | 0.2¢% 0.24 0.2¢ 0.1: 0.2¢€ 0.27 0.4¢ 0.27
MgO 3.00 | 425| 3.83 2.68 0.91 1.74 5.44 4.36 3.85
BaO 0.04 | 0.0z 0.0¢ 0.0¢ 0.0¢ 0.0¢ n.d 0.04 0.2
SrO 0.1¢ | 0.0t 0.12 0.2t 0.1z 0.0¢ n.d 0.57 0.3¢
CaO 23.0¢ | 16.7¢| 15.07 | 30.2¢ 3.04 7.91 23.2¢ 47.2:¢ 47.€
Na,O 521 | 6.98 | 9.95 3.47 10.19 10.35 2.86 0.25 0.11
K>0 1.2 | 2.84 3.77 1.1C 7.97 3.9¢ 1.7 0.0¢ 0.6z
P20 1.78 | 1.45 0.04 2.4¢ 0.0¢ 0.5t 3.54 3.4¢ 3.52
H,O— 0.10 | 0.10 | 0.10 0.10 0.10 0.10 n.d. 0.10 0.00
H,O+ 1.79 | 0.54 | 0.48 1.10 0.56 1.43 n.d. 0.53 0.00
CO, 2.2¢ | 0.9¢ 5.54 10.6¢ 0.27 3.0¢ n.d 31.2¢ | 33.8¢
F 0.04 | 0.04 0.0z 0.0¢ 0.0z 0.0 n.d 0.1t 0.1¢
S 0.19 | 0.30| 0.06 0.35 0.45 0.22 n.d. 0.23 0.26
LOI - - - - - - - 2.12 -
Total 100.39/100.23 99.94 | 99.69 | 100.21 | 100.27 | 99.41 | 99.95* | 99.80

Note: n.d. not determined.* Total includes 0.77 wt %8 ** analysis was obtained by XRF. FeO is
total iron xpressed as FeO.

The ijolites were subdivided into carbonate-freel @arbonate-bearing varieties.
The main textural feature distinguishing the cadierfree ijolites from the
carbonate-bearing variety is the pronounced idigmem of clinopyroxene
relative to nepheline (nepheline is more idiomoecpm the carbonate-bearing
jjolites). Previous authors [5, 6] assigned thdoaate-free ijolites to an earlier
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suite compared with the carbonate-bearing ijolaed termed them early and late
ijolites, respectively.

The carbonate-free ijolites (sample NS-118) areodrgbktalline dark gray
rocks with a hypidiomorphic texture. The major rdokming minerals are
clinopyroxene and nepheline occurring in approxetyaequal proportions (about
30-35%) and sometimes intergrown with each othephéline forms large tabular
crystals, 2-4 mm in size. Clinopyroxene occurs lasrtsprismatic dark green
grains, from 1 x 3 to 2 Xx 6 mm in size, often camtay small (0.1 mm) crystals of
nepheline and perovskite. In addition to pyroxend aepheline, the major rock-
forming minerals are large garnet crystals (10-15%6)to 0.8-1.5 mm in size, and
perovskite (up to 10%), which forms irregular ggimup to 2-3 mm in size.
Perovskite is often observed as inclusions in gaané clinopyroxene. Mica (up to
5%) and apatite (1-3%) are the minor minerals efijiblites. Mica occurs as scarce
flakes, 0.2-0.3 mm in size, confined to the boumdaiof major rock-forming
minerals. Apatite forms either individual short gmniatic crystals or their
aggregates.

The carbonate-bearing ijolite (samples NS-115 an8-102) shows a
hypidiomorphic texture. The carbonate mineral @& tbck is primary calcite. The
abundance of calcite is ~ 10-15 vol % in sample IN5-and up to ~ 30% in
sample NS-112, which allows us to classify thiskras transitional between ijolite
and carbonatite. This is also reflected in the abahtompositions of the ijolites
(Table 1). In particular, the contents of CaO and, Gre 15 and 5.5 wt %,
respectively, in sample NS-115 and increase utarigl 10.7 wt %, respectively,
in sample NS-112.

The major rock-forming minerals of the carbonatariyegy ijolite (sample NS-
115) are nepheline, clinopyroxene, and calcite attog for 40-45, 30-35, and
10-15% of the rock volume, respectively. Nephehlomens tabular crystals, up to
1-4 mm in size. It is usually mantled by a reaction of cancrinite. Cancrinite
also occurs as individual grains in the interstioesveen crystals, and its content
iIs about 1-5%. The composition of clinopyroxeneresponds to diopside, and it
often contains inclusions of carbonate and an opaguneral. Calcite occurs as
large crystals, up to 5 mm in size, and is strongimomorphic with respect to
nepheline and clinopyroxene. Its chemical compamsiis characterized by high
SrO content reaching 0.9 wt %. The minor minerdlshe rock are phlogopite,
apatite, analcime, magnetite, pyrrhotite, and pskid®. The chemical
compositions of the major minerals of the carboitegaring ijolite are given in
Table 3.

The carbonate-bearing ijolite (sample NS-112) isngosed of nepheline
(~15-20%), clinopyroxene (20-25%), garnet (15-20&8)cite (-25%), apatite (10-
15%), mica, and an opaque mineral (<1%). It is arse-grained rock with
elongated euhedral clinopyroxene crystals, up3ax@®5 mm in size, and large (up
to 5 mm) dodecahedral garnet grains embedded maese-grained aggregate of
calcite crystals containing isometric nepheline apdtite grains (0.3-0.5 mm).
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Deep seated magmatism, its sources and plumes

Nepheline inclusions were also observed in clinopgne and garnet. The opaque
mineral forms irregular grains and associates withopyroxene and calcite.
Cancrinite reaction rims (~0.1 mm) were occasignaliserved between nepheline
and calcite.

The mineral compositions of carbonate-bearingtgoiamples NS-107, NS-
108, NS-109, and NS-110 are similar to that oftgogsample NS-112.

The nepheline syenites (samples NS-116, NS-1171N&-and NS-100) are
melanocratic medium- to coarse-grained rocks witpaaidiomorphic texture.
Their major rock-forming minerals are nepheline -#830), potassium feldspar
(25-30%), and clinopyroxene (20-25%). The nephebné clinopyroxene are
sharply idiomorphic relative to the potassium fplls Nepheline occurs as large
tabular crystals (up to 5 mm), and clinopyroxenes vadserved as dark green
grains of short prismatic habit, up to 0.5 x 1 nmsize. Inter-growths of these two
minerals are common. The nepheline syenites contaior or accessory amounts
of titanite (at least 2%), apatite (1-2%), mica%s)1l and zircon (<0.1%). Titanite
occurs as euhedral crystals (up to 0.5 mm) withragttaristic wedge-shaped
sections, which usually associate with clinopyrexend nepheline. Apatite forms
acicular crystals, from 0.7 to 1.0 mm long, andften observed together with
clinopyroxene as inclusions in potassium feldspaica forms rare
crystallographically poorly expressed plates ofkdarown color, up to 0.8 mm
long, often in association with diopside and nejpleel

The melilitites (sample NS-39, NS-111, NS-2334-246 dark gray rocks
with prphyritic texture and contain up to 20 % pbentysts dominated by
nepheline, melilite, and phlogopite. The phenosyse 0.5 — 2 mm in size. The
fine-grained groundmass is predominated by phldgoand melilite microlites
(0.01-0.1 mm). Melilite from groundmass is almosinpletely replaced by a fine-
graned aggregate of zeolites, garnet, calcite aodnglary mica.

Three samples of barren carbonatite were studi&ZB80/111, NS-20, NS-
2308-181). Samples NS-2330/111 and NS-2308-18laacearse-grained rocks
composed of calcite (~50%), apatite (~15-20%), agyroxene (~15-20%),
nepheline (~10%), garnet (~5%), and pyrrhotite (%1% he chemical
compositions of the rock-forming minerals are givanTable 4. Calcite forms
large crystals, from 1 to 5 mm in size. It is xemophic with respect to apatite,
clinopyroxene, nepheline, and garnet. A charadierigature of clinopyroxene
composition is high SrO content (up to 0.8 wt %)in@pyroxene occurs as
elongated tabular crystals (up to 0.5 mm) of paleeg color with a distinct
cleavage. Its composition corresponds to diopsfdmatite occurs as prismatic
grayish grains, from 0.1 to 0.3 mm in size, or oraggregates together with
pyroxene. Its chemical composition correspondduorépatite (1.86 wt % F and
0.00 wt % CI). The total content of rare earth edata (CeO; and LaOs) is no
higher than 0.4-0.5 wt %. Nepheline is represemgdabular crystals (up to 1
mm) with apatite inclusions. The carbonatites contzell developed dodecahedral
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crystals of dark brown garnet. Its chemical comipasicorresponds to andradite
with elevated TiQ content (up to 3.6 wt %).

Carbonatite sample NS-20 is a medium-grained rockiposed of an
allotriomorphic granular aggregate of calcite gsaiup to 2-3 mm in size,
containing prismatic apatite crystals (up to 0.2)namd chemically heterogeneous
mica scales. The mica crystals consist of greemistvn biotite cores and reddish
brown phlogopite margins. The rock is composed @f7%% calcite, 15-20%
apatite, and 5-15% mica.

The ore-bearing carbonatites (sample NS-114 an®2y$&+re coarse-grained
rocks with a pegmatoid structure. They are compaxfedoarse-grained calcite
(55-65%), apatite (15-20%), olivine (10-20%), and gpaque mineral, probably
magnetite (5-10%). Apatite occurs as prismatic tafgs 0.2-0.5 mm in size;
olivine crystals are isometric and up to 1-2 mnsipe. The minor minerals are
pyrochlore (1-2%) and phlogopite (<0.5%).

In terms of chemical composition, the silicate ®ckre assigned to the
alkaline series (Table 1). The group of ultrabasicks includes melilite-bearing
nephelinites, carbonate-free ijolites, and carbat&aring ijolites. The melilite-
bearing nephelinites and carbonate-bearing ijoltesvery poor in Sig) which is
in part due to the presence of significant amowftalcite in their mineral
composition. The total alkali content of these &k from 4.5 to 11.7 wt % at
K>;O/N&O ratio of 0.24-0.41. In general, the rocks shoghhcontents of iron
oxides (11-13 wt %), s (up to 2.5 wt %), and S (up to 0.35 wt %). The
concentrations of s and S are significantly lower only in the caldiearing
jjolites (sample NS-115), 0.04 and 0.06 wt %, resipely.

The nepheline-bearing syenites are melanocraticsamodgly undersaturated
rocks (45.5-49.0 wt % Sipcontaining up to 25% clinopyroxene. Their toti&iaéi
content is rather high (14 -18 wt %), and sodiunorgily dominates over
potassium,K,O/NgO = 0.38-0.78. The chemical composition of the mdipk-
bearing syenites shows elevated contents of Ca@o(8pwt %) and S (up to 0.45
wt %) but low MgO (1.0-1.7 wt %).

In addition to high CaO (47 wt %) and €(B1-34 wt %) contents, both
mineralized and barren carbonatites are rich in Mg@to 4.4 wt %) and s
(3.5 wt %). The mineralized carbonatites are emdcm FeO compared with the
barren carbonatites (7 and 2.5 wt %, respectivdlge concentration of SiOn
these rocks is no higher than 5 wt %. The tracenet# compositions of the
alkaline rocks and carbonatites are shown in Tabénd spider-diagrams (Figs.
2b, 3b). All the rocks of the complex, includingrlmanatites, have similar trace-
element distribution patterns. In general, all theks are enriched in N, B a,
Sr, Zr, Hf, and light REE. The total REE contenthe rocks of the massif is tens
of times higher than that in the primitive mantéad light REE are significantly
enriched compared with heavy REE. The total REEenis 200 ppm in the
jjolite (sample NS-118, La/Yb = 4), 100 ppm in ttedcite-bearing ijolite (sample
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NS-115, La/Yb = 45), 420-1100 ppm in the calcitedio®gy carbonatites (samples
NS-107, NS-108, NS-109, NS-110, and NS-112; La/¥B26), 765 ppm in the
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Fig. 2.Spidergrams of trace elements for (a) homogenizedelt inclusions in nepheline of
the calcite-bearing ijolites and (b) the rocks oftie Belaya Zima Massif normalized to the
primitive mantle values (Sun and McDonough, 1989).

(1) Glasses from homogenized melt inclusions, éjdand ultrabasic rocks, (3) nepheline
syenites, and (4) carbonatites.
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Fig. 3.Distribution of rare earth elements in (a) homogerded melt inclusions in nepheline
of the calcite-bearing ijolites and (b) the rocks bthe Belaya Zima Massif normalized to the
primitive mantle values (Sun and McDonough, 1989).

Symbols are the same as in Fig. 2.

melilite-bearing nephelinites (La/Yb = 100), and0ZZb0 ppm in the nepheline
syenites (samples NS-116, NS-117, and NS-119; La#’b20-30). Both

mineralized and barren carbonatites show higher ®Ef#s of up to 1200 ppm and
a stronger light REE enrichment (La/Yb ~ 50-80).tA€ rocks of the Belaya Zima
Massif show high Nb (37-3700 ppm) arth contents (2-27 ppm), with the
maximum contents of these elements in the min@dlizarbonatites. The Sr
content of the alkaline rocks and carbonatites eanfjom 400-750 ppm in the
carbonate-free ijolites and nepheline syenites 4512460 ppm in the calcite-
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bearing ijolites and 3140-3760 ppm in the carbdestiThese variations are in part
related to the mineralogical differences betweasé¢hrock groups. In contrast to
the ijolites and nepheline syenites, the
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Fig. 4.Sr-Nd isotope diagram for all rocks of Belaya ZimaViassif and for other ultrabasic
massifs with carbonatites (A), and for main group®f the rocks of Belaya Zima Massif. (B).

(1) rocks of Belaya Zima Massif; (2) ultrabasic massifgh carbonatites of the Would; (3)
carbonate-free ijolites; (4) carbonate-bearingtgst (5) melilite- bearing nephelinite; (6) meiltk;

(7) early barren carbonatite; (8) apatite from réarcarbonatite; (9) ore-bearing carbonatite; (10)
pyrochlore from ore-bearing carbonatite; (11) dpdtiom ore-bearing carbonatite.

calcite-bearing ijolites and carbonatites contagmiicant amounts of calcite and
apatite, which are the main repositories for Sre fmin rock groups show some
differences in Zr content. The rocks of ultrabaamnd basic compositions show a
negative anomaly of Zr, whereas the content oinZraases in the later nepheline
syenites. Such a behavior of Zr is a direct consega of its accumulation in
residual melts. Thé8 a content ranges from 44-140 ppm in the nephesnit
jjolites, and calcite-bearing ijolites to 330-430npin the carbonatites. The highest
B a contents (up to 980 ppm) were observed in tiphelae syenites, which is
typical of such rocks.

Rb-Sr AND Sm-Nd INVESTIGATIONS IN MINERALS AND ROCK S

Rb-Sr and Sm-Nd isotopic systems were studiedenbtiik compositions of
the main varieties of alkaline rocks and ores apdgoe minerals, apatite and
pyrochlore from two samples of mineralized carbiteatof the Belaya Zima
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Massif (Fig. 4). The bulk rock samples showed natbes ®’Rb/°Sr ratios,
mostly no higher than 0.06. The initial Sr isoto@tio of the rocks and ores of the
Belaya Zima Massif ranges within 0.70215-0.70348] anore than 75% of the
analyses fall within 0.70291-0.70314. Exceptions ane sample of nepheline
syenite and three samples of the picrite grouuinopinion, this is related to the
secondary alteration of major minerals rather tteadifferent magma sources. In
particular, the development of secondary minertits aepheline was observed in
nepheline syenite sample NS-100.This could distioebbulk-rock Rb/Sr ratio and
result in incorrect calculation

Table 4.

Chemical compositions (wt %) of major rock-forming minerals and crystalline inclusions
in calcite from carbonatite, sample NS-2330/111

Compo-
o1 2 3 4 5 6 7 8 9 10 | 11

SiO, 51.55| 50.37 | 40.83 | 42.15| 35.84| 0.05 1.33 nd. | 52.85| 1.51 2.11
TiO» 0.26 | 0.33 | 0.00 | 0.00 | 3.59 | 0.00 | 0.00 n.d. 0.05 | 0.00 | 0.00
Al1,03 233 | 194 | 3358| 33.40| 443 | 0.07 | 0.05 | nd. | 0.75 | 0.04 | 0.02
FeO 10.54 | 13.72| 053 | 0.56 | 23.06| 0.07 | 0.04 | 59.53| 10.94| 0.08 | 0.14
MnO 060 | 055 | 002 | 0.09 | 0.33 | 0.05 | 0.09 | nd. | 0.60 | 0.02 | 0.00
MgO 11.44| 898 | 0.06 | 0.04 | 053 | 0.02 | 0.00 | nd. | 11.17| 0.04 | 0.01
CaO 21.84| 21.54| 0.13 | 0.09 | 30.86| 54.45| 53.08| n.d. | 21.79| 53.88 | 54.60
BaO 0.04 | 0.08 | 0.04 | 0.02 | 001 | 0.03 | 0.00 | nd. | 0.00 | 0.08 | 0.00
SrO 0.11 | 0.00 | 0.06 | 0.00 | 0.00 | 0.82 | 0.45 n.d. 0.00 | 0.60 | 0.54
Na,O 055 | 0.79 | 16.32| 15.88| 0.08 | 0.00 | 0.20 | n.d. 1.23 | 0.11 | 0.15
K>0 0.00 | 0.02 | 700 | 819 | 0.02 | 0.02 | 0.00 n.d. 0.00 | 0.00 | 0.00
P,0s5 022 | 024 | 021 | 0.32 | 0.27 | 0.21 | 42.13| nd. | 0.38 | 41.25| 39.74
Ce03 n.d. n.d. n.d. 0.00 | n.d. 0.09 | 0.31 n.d. n.d. 0.41 | 0.40
La,O3 n.d. n.d. n.d. 0.00 n.d. 0.17 | 0.12 n.d. n.d. 0.14 | 0.30

F n.d. n.d. n.d. 0.00 n.d. 0.03 | 1.86 n.d. n.d. 2.02 | 1.94
Cl 0.01 0.00 0.01 0.01 0.00 0.00 0.00 n.d. 0.02 0.02 0.01
S 0.00 | 0.0O0 | OO0 | 001 | 001 | 0.01 | 0.01 | 39.80| 0.00 | 0.00 | 0.02

Total 99.49 | 98.56 | 98.79 | 100.76| 99.03 | 56.09 | 99.67 | 99.33 | 99.78 | 100.20| 99.97

Note: n.d. not determined. FeO is total iron calculaedreO. Rock-forming minerals: (1, 2) diopside, (3,
4) nepheline, (5) garnet, (6) calcite, (7) apatied (8) pyrrhotite. Crystalline inclusions in atdc (9)
diopside and (10, 11) apatite.

of initial Sr isotopic composition. Given the hi§fRb/°Sr value of the nepheline
syenite (1.3), even a slight change in the inRBIST ratio will have a significant
influence on calculated’Srf°Sr); values. Secondary alteration of major minerals
Is also typical of the melilitites of the Belayanza Massif. However, owing to the
low ®’RbF°Sr value of these rocks (no higher than 0.06), angh in the Rb/Sr
ratio will not significantly disturb their®(Srf°Sr).. The difference in Sr isotopic
composition between the melilitites and the mayooit other rocks and ores of the
Belaya Zima Massif is most likely related to thpuhof material enriched in

147



Andreeva |.A., Nikiforov A.V.

'S2INQOJT ANRUOQIRD ({] “L ) PUR *SSB[T [ENPISAI (9 [-¢[) "PuIes Wyanep (Z[) dudodopyd swyanep ([ “01)
apisdoip 12y3nep (6 ‘]) :2IBUOQIED AU JO ND[BI Ul SUOISN[IUL J[dW Ul SISBYJ "dNd[ed (£ ‘9) pue dnede (¢) duipidsnd () dnuoisejjom (¢) andoopyd (7)
apisdoip (1) :pujofi Fuueaq-ajeuoqies ay) jo aurjaydau ur SUOISN|dUL JjaW Ul S|RIdUIL IYINe(] "9 St passaidxa uoil [210) SI ()] PAUTULIDIIP 10U "PU :ION

0€'8S | 0S'6S | S6'96 | TTH6 | 81°S6 | T196 | 86°L6 | LL 00T | LS001 | 91'86 | 6£°001 | 0F'+9 | L+'19 | 98°001 | 817101 | 2066 | 19°L6 | L£001 oL
100 | 100 | 000 | 100 | 200 | 000 | 000 | 000 | TOO | 100 | 000 | 000 | 000 | 000 | 000 | 100 | 200 | 000 S
100 | 200 | 000 | 100 | 000 | 100 | 100 | 100 | 000 | 000 | 000 | 000 | 100 | 100 | 000 | 100 000 | TO0 1D
€00 | TI'0O | 800 | STO | T0O | 000 | 000 | LI'O | PU | OO | PU | 600 | PU | €€ | TT6 | SO0 | Ob0 | Pu A
80°0 | 900 | OZ0 | TOO | 000 | 91°0 | 000 | 1T0 | PU | 000 | PU | €00 | PU | LOO | 000 | 000 | 100 | pu o]
80°0 | 60°0 | 100 | SO0 | 80°0 | 800 | 000 | 00 | PU | 000 | PU | LOO | PU | SO0 | LOO | LOO| OTO | ‘pu f0D)
000 | 110 | #T0 | STO | STO | $T0O | 9T0O | TTO | TTO | LTO | LEO | 800 | €10 | 96°6€ | 1€0 | 9T0 | 8TO | ++0 *0'd
000 | 0000 | 100 | 100 | 900 | 1000 | +6'0 | €66 | 8I'ST | 100 | 000 | €00 | #1°0 | €20 | LI'0 | €€0 | 996 | 1T0 5|
SI'0 | 80°0 | SI'S | 1€9 | 61'S | 8L | 600 | 80 | #€0 | S90 | 960 | 0£0 | 91'0 | S9°1 | IS0 | 60 | €40 | #8°¢ 0N
v6'0 | 880 | 860 | SO'L | TS0 | SS0 | 000 | SO0 | 000 | 000 | 000 | OUL | #90 | 6+0 | STO | 600 | €00 | 000 018
00 | 60°0 | 000 | 000 | 6000 | TOO | 010 | 9€0 | 0L0 | 900 | 000 | €00 | 0000 | 0I'0 | 600 | 000 | LSO | 900 oed
8TSS| LLOS| €197 | 69797 | 6TST| 19T IH1E€] OL°0 | 6S0 | T9ET| SSTT | S919|896S| €9°€S | €696 |LETS| 0F0 | LESI ore)
010 | 900 | 00T | 8T | +9°1 | 681 | 80 | 0S'I1 | SS°01 | S6'6 | 18 | €00 | SO0 | SO0 | 900 | 900 |S€01| €I'L O3
£0°0 | 60°0 | STO | 81°0 | TTO | v1°0 | LTO | L90 | €90 | 6L°0| T80 | 6000 | SO0 | 000 | 620 | SH0 | 9T1 | +T1 OUl
90 | 910 | 1t | 99 | 9¢°€ | €9°¢ | TTEl| TLET | 60°TT | 11°TL| TIST | TOO | 100 | €10 | L0 | 89°0 | 9L°TT| 8L'SI 021
STO0 | 070 [ €OTL| 61°6 [8OTI|L9 11| L8CTI| 0L'ST | 9L°¢1 | 160 | 0S'1T | OF0 | LTO | 000 | €40 | SE€0 |8S€I| TO6O OV
000 | 100 | 000 | TO0 | 000 | 0000 | €00 | TI'0 | 800 | 000 | 00 | 000 | 000 | 000 | TOO | €00 | 6L0 | 110 ‘OLL
€01 | SL'O [ 0I'b | v6°TH | 91'Eh | 10°bE | 00'8E | 98°9€ | 10°SE | bL6b | TSOS | 8P°0 | S€°0 | 960 | LE£TE |68'€h | LRIE | 9T'TS ‘01
81 | LI | 91 | s1I | #I | 4| 1 01 6 8 L 9 S 14 £ rd I yuduoduwo)

‘SaIqeL

(111/0£€7-SN ddwes) aneuoqaed pue (g1 1-SN ddwes) ol
SuLIRdq-2)BUOQIED IY) JO S[RIIUIW IY) UI SUOISNIUI J[IW WOAJ SISSE[S [ENPISAI pue sjesauiu 1ydnep jo (¢4 1m) suonisodwod jednway)

148



Deep seated magmatism, its sources and plumes

radiogenic Sr into the system. Such material ciaglcproduced by the secondary
alteration of minerals with high Rb/Sr ratios, fostance, nepheline and feldspar
from the enclosing ijolites and syenites.

The Sm-Nd isotopic investigation showed that afl tbcks and ores of the
Belaya Zima complex are enriched in radiogenic dldtive to CHUR. Theng(T)
value varies from +3.8 to +5.2. The lowegt(T) values are characteristic of the
early ijolites, nepheline syenites, and mineralizacdbonatites. The highesiy(T)
values were observed in some samples of melilisgHbg and melilitites. The
observed range of Nd isotopic variations in theksognd ores of the massif is not
large, but it suggests that their source was hgésr@ous with respect to REE.

In order to check for equilibrium in the Sr and Mobtopic systems of
mineralized carbonatites, we investigated bulk roakpositions and ore minerals
(apatite and pyrochlore). The obtained data redettle disequilibrium of these
minerals with each other and with respect to th& Wack composition. The
disequilibrium could not be related to some secongeocesses, because there is
no evidence for mineral alterations in the rocksngzquently, the minerals were
probably formed at different stages from an evagwimneral-forming medium.

INVESTIGATION OF INCLUSIONS IN MINERALS

Melt and coexisting crystalline inclusions were ridun nepheline from the
carbonate-bearing ijolites (sample NS-115) and itealerom the carbonatite
(sample NS-2330/111) of the Belaya Zima Massif. €hemical compositions of
crystalline inclusions and daughter minerals oftradlusions are given in Tables
3,4,5.

CARBONATE-BEARING IJOLITE
Melt inclusions.

Primary melt inclusions are randomly distributed napheline; they have
nearly oval outlines, and their dimensions are dfeom 20 to 40um. The
material of the inclusions is completely crystadliz and their gas phase is strongly
deformed and barely discernible. The daughter alysbf melt inclusions are
dominated by diopside, calcite, and phlogopite,ciwhaccount for 70-75% of the
inclusion volume. Apatite, wollastonite, magnetitend cuspidine were also
identified among the daughter minerals (Fig. 5a).

Cuspidine is a very rare mineral occurring in shallevel contact
metasomatic aureoles [14, 19]. It was reported figmeous rocks as a crystalline
phase in melt inclusions in melilite from the matilites of Pian di Celle, Italy
[28] and in the carbonatite complexes of Kovdor IéKBeninsula) and Gardiner
(East Greenland) [33]. It was also mentioned iatreh with the carbonatite tuffs
of Fort Portal, Uganda [28]. The daughter cuspidinalyzed by us contains up to
9 wt % F. The daughter calcite contains up to 1%wiSrO. Apatite from the
inclusions is fluorapatite with 3.5 wt % F and 0Wt% ClI; its total REE content
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(Ce05 and La0y) is low (no higher than 0.1-0.2 wt %). The concatbn of TiG
in the magnetite is 0.6-1.1 wt % (Table 5).

During the thermometric experiments with melt irsotuns in nepheline, the
beginning of melting of inclusion material was obvsel at a temperature of
920°C. The crystalline phases of the inclusionseveermpletely resorbed at 1070-
1080°C, when the inclusions contained melt and & lgabble. The complete
homogenization of the inclusions was attainedtatr@erature of 1120-1130°C.

Carbonate
globules (b)

Diopside

Calcite

B Silicate
glass

Diopside Phlogopite

Fig. 5. Transmitted-light photomicrographs of melt inclusions in (a) nepheline from the
calcite-bearing ijolite and (b) calcite from the cabonatite (plane-polarized light).

Crystalline inclusions.

The crystalline inclusions in nepheline of the cewdte-bearing ijolite are
clinopyroxene, amphibole (?), perovskite, potassialuspar, apatite, calcite, and
opaque minerals, among which pyrrhotite and magmetere identified (Table 3).
Diopsidic clinopyroxene occurs as acicular greemsJstals, up to 3um long.
Sometimes clinopyroxene forms intergrowths withcita] which suggests their
simultaneous crystallization. Calcite inclusionsreveobserved as oval-shaped
grains, typically 20-3Qum in size. Similar to calcite from the rock, thdcda
inclusions show high SrO contents (1 wt %). Thestaline inclusions of
perovskite are oval-shaped and no larger thapn3@cross. The perovskite shows
conspicuously high contents of Ml (up to 2.4 wt %) and T@s (0.7 wt %). This
mineral is probably the main repository of thesenents in the rock. Also
noteworthy is the significant enrichment of perateskin rare earth elements
(Ce0Os3 + La0s of 1.6-1.9 wt %). The crystalline inclusions oftassium feldspar
show prismatic shapes and are from 30 tef®0in size. They contain up to 1.7 wt
% BaO. The prismatic colorless inclusions of apagite up to 30-4Qm in size.
Their composition corresponds to fluorapatite (ap3twt % F). Similar to the
daughter apatite of melt inclusions, their,Ggand LaO; contents are not high
(0.05-0.40 and 0.05-0.10 wt %, respectively). Mdgmeand pyrrhotite were
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identified among the opaque crystalline inclusichise magnetite contains up to
4.4 wt % TiQ. The analyses of pyrrhotite showed up to 0.16 wE€&oand up to
0.22 wt % Co.

CARBONATITES
Melt inclusions.

Primary melt inclusions are randomly distributed cialcite crystals. They
have rounded or elliptical shapes and rather laligeensions, up to 80-100m
(Fig. 5b). A characteristic feature of these inidos is the absence of a separate
gas phase. They contain colorless glass, which piesuup to - 60% of the
inclusion volume, mica, garnet, and diopside. Tagel forms 5-7 crystals of
similar compositions in each inclusion, rather thansingle crystal. The
composition of mica corresponds to a biotite with5t11.5 wt % MgO and 22-24
wt % FeO. The chemical composition of garnet caoesls to the andradite-
grossular solid solution. It contains a few hunthedf a percent Tif) which is
much lower than the TiQOcontent of garnet from the rock (3.6 wt %). It slibbe
noted that 14 melt inclusions were detected ane@stigated in the calcite of
carbonatites, and all the inclusions were identicdkerms of the associations and
proportions of solid phases, which allowed us tmsoer them as daughter
minerals. An important feature of melt inclusionscalcite from the carbonatites is
the presence of carbonate globules in the glassy ilave a composition of calcite
and are no more than a few micrometers in sizel€Tab

Crystalline inclusions.

Clinopyroxene and apatite were found as crystallmetisions in calcite from
the carbonatites (Table 4). Clinopyroxene occurgragnish acicular crystals, up
to 40 um long. Its chemical composition corresponds topside. The apatite
inclusions are colorless prismatic crystals, 20t80 in size. Their chemical
compositions correspond to fluorapatite (up to 2%tF) and show high SrO
contents of 0.5-0.6 wt %. The total concentratiohsare earth elements (&2
and LaQOs) are no higher than 0.7 wt %.

CHEMICAL COMPOSITIONS OF MELT INCLUSIONS
Carbonate-bearing ijolites.

The compositions of glasses of homogenized melusimns are given in
Tables 6 (major elements, F, Cl, S, an®OHand 9 (trace elements). The glasses of
homogenized melt inclusions from the carbonatetbgarijolites show
considerable variations in Si@36-50 wt %), A20; (9-21 wt %), CaO (8-30 wt
%), and MgO (0.6-7.0 wt %). Their FeO, F, and Qftents are higher than those
of the rocks. A characteristic feature of all thelts is high total alkali content
(from 7 to 16 wt) and the dominance of,Reover KO.
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According to the results of ion microprobe analytige content of water in all
the melts is no higher than a few tenths of a pegraghich is in agreement with
the high homogenization temperatures (1120-11305C)melt inclusions and
indicates that the parental magmas of the carbdresigng ijolites were "dry". On
the other hand, as can be seen from Table 8, hdlffeocompositions of glasses
from melt inclusions show a deficit in the analgtitotals of 1.5-6.5 wt %, which
allowed us to suppose that the melts containedfignt amounts of C® This
supposition is supported by the finding of cal@taong the daughter minerals of
the melt inclusions.

The investigation of trace-element compositionswsdtb that the glasses of
homogenized melt inclusions and the rocks of thiaygeZima Massif, including
jjolites, nepheline syenites, and mineralized aaddn carbonatites have similar
trace element distribution patterns normalizedht® pirimitive mantle values (Fig.
2). The main distinctive feature of the melt inetuns is the high contents of Nb
and Zr, which are manifested in the diagram (Figby corresponding positive
anomalies. On the other hand, as can be seen figd land Table 9, despite the
similarity in Nb and Zr distribution in the melt#je contents of these elements
vary considerably. In particular, the concentratdrNb in the melts ranges from
83 to 1075 ppm, and even up to 1-2 wt % in somkismans. The content of Zr is
within 50-1200 ppm and occasionally up to 1 wt %eTlasses of melt inclusions
are enriched irmra and Th and depleted in Ti and Hf. It should beedadihat the
same features are also characteristic of the redkich show high contents of Nb
with a pronounced positive Nb anomaly in the miheed carbonatites and
negative anomalies of Ti and Hf (Fig. 2b).

The similarity between the melts and rocks is alsgerved in the diagrams of
normalized rare-earth element contents (Fig. 3)general, there is a persistent
enrichment of the light REE relative to the hea\yERin the melts and rocks. On
the other hand, the (La/Ypyatio shows a considerable scatter: from 7 ton8Be
melts and from 3 to 70 in the rocks. An except®a homogenized melt inclusion
with the highest contents of Nb and Zr, in which tlormalized light REE content
is similar to the heavy REE content. The behavioEo in the glasses of melt
inclusions is not consistent. As can be seen irspigdergrams, the melts show both
high (>1) and low (0.4-0.6) Eu/Eu* values. Theres aiso transitional melt
compositions with Eu/Eu* values of 0.9-1.0. As e trocks of the Belaya Zima
Massif, they show no Eu anomaly, and their Eu/Eatugs fall within a narrow
range from 0.9 to 1.0.

Carbonatites.

The compositions of residual (unheated) glassem froelt inclusions in
calcite are given in Table 5. The main distinctieature of the glasses is high CaO
concentration (~ 26 wt %) at 43-44 wt % S@hd 9-13 wt % AJOs. Similar to the
homogenized inclusions in nepheline of the ijolitee presence of carbon dioxide
in melts can be supposed on the basis of the vigty ¢ontents of CaO in the
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glasses of melt inclusions and the low sums of megonponents (94-96 wt %).
This is supported by the distribution of the compass of glasses from melt
inclusions in calcite in the diagrams CaO - $iCa0-ALO;, and CaO-total alkalis

f\l:()l
3:”4'—2._5\"“ e |
:‘” ’_'._ :-..,__.'. o) 2
' ljolie m 3 R
o -, * Na,O + K-O
.~5 = - a 4 - <
30
20k "o +5
- g $e
- ) L e,
15+ —() ™ "!_“‘. ".‘.'
., e,
10 - o o,
5L liotite @, o8y e
(uf ye p\. * T Cal
() 1 i b 1 L " Aregode 1 I_,!'hg'_'] d* ]
0 10 20 30 40 50 60
CaO

Fig. 6.Concentrations of ALO3 and NaO + K,0O in the melt inclusion glasses and rocks of
the Belaya Zima Massif plotted against CaO (wt %)

The glasses of homogenized melt inclusions: (I)epheline of ijolite, (2) in calcite of carbonati(@)
silicate rocks; (4) carbonatites; and (5) miner@lgx, clinopyroxene; Ne, nepheline; and Cal, calcit

(Fig. 6), in which they lie on the continuation tife evolutionary trend of

jjolitemelt toward the enrichment in the carbonadenponent. The high content of
CaO in the glasses of melt inclusions is accomglioyehigh FeO (up to 4.7 wt %)

and SrO abundances (up to 1 wt %).

The compositions of glasses from homogenized melusions in nepheline
of the carbonate-bearing ijolite are clearly simtia the compositions of glasses
from unheated melt inclusions in calcite of thebcanatites (Tables 6, 5). There is
some difference between them isKcontent, which ranges from 0.5 to 6 wt % in
the glasses of homogenized melt inclusions in Negh&om the ijolite, whereas
the glasses of unheated melt inclusions in cafoie the carbonatites are almost
free of potassium. The depletion of&in the glasses of melt inclusions in calcite
from the carbonatites can be explained by the eayistallization of biotite, which
was observed in the mineral composition of the atégwinclusions.

DISCUSSION

The investigation of melt inclusions in nephelinenfi the carbonate-bearing
ijolites showed that these rocks crystallized froigh-temperature (1120-1130°C)
"dry" melts similar in composition to the ijolitedll the melts are rich in alkalis,
especially in sodium. An important feature of thi@sges of melt inclusions is their
high concentration of CaO (from 8 to 30 wt %). Thisreflected in the mineral
composition of the melt inclusions, which contaiaudhter calcite, diopside,
wollastonite, cuspidine, and apatite, as well ah@occurrence of calcium-rich
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Table 6 (Contd.)

2.13 4.14

1.43

6.75

2.66

14

793,17

9§ %k

| 797,98

95.06

93.36

7.48

o

9

9495

oy

99.29
Note: n.d. not determined. FeO 1s total iron expressed as FeO. * Total includes 2.99 wt % Nb,Os and 1.53 wt % ZrO.

** Total includes 1.16 wt % Nb>Os and 1.35 wt % ZrO,.
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phases (perovskite, diopside, calcite, and apéadse)
crystalline inclusions in the minerals of the roCke
Ca0O-SiQ, Ca0-A10; and CaO-total alkali
diagrams (Fig. 6) clearly show that the content of
CaO increases with decreasing contents of,,SiO
Al1,0; and alkalis in the melt, i.e., the melts are
enriched in the carbonate component. Such a trend i
the evolution of the main group of melts is cor&dl

by the fractionation of nepheline and clinopyroxene
The rocks are depleted in alkalis compared with the
melts, which is probably related to the partiakla$
these components, especially sodium, during
crystallization.

The existence of calcium-rich undersaturated
magmas was previously established by various
authors on the basis of investigations of melt
inclusions in minerals from the rocks of various
alkaline ultramafic-carbonatite complexes: Gardiner
(East Greenland), Guli (Siberian Platform), Kovdor
(Kola Peninsula), Malo-murunskii (Aldan), and
eastern Pamirs [23, 26, 33, 24, 29].

As was noted above, the difference of the totals
of major components in melt inclusions from 100%
and the observed general correlation between this
parameter and the melt CaO content indicate tleat th
melts were enriched in GQup to 7 wt %). The
presence of carbon in the glasses of melt inclgsion
was qualitatively confirmed by electron microprobe
analysis.

The chemical compositions of the majority of melt
inclusions are characterized by very high Nb (500-
1075 ppm) and Zr contents (300-1200 ppm).
Moreover, as was noted above, some individual
inclusions contain up to 1-2 wt % of these elements
Such high contents of Nb and Zr are often observed
in the primary magmas of rare-metal peralkaline
granitoids but not common in the magmas of basic
and ultrabasic rocks of alkaline carbonatite
complexes. However, taking into account the
geological observations of previous workers [5, 6],
who assigned the carbonate-free ijolites to anezarl
suite compared with the carbonate- bearing ijqlites

155



Andreeva |.A., Nikiforov A.V.

it can be suggested that the melts enriched inetloesnponents experienced
extensive differentiation. On the other hand, naiehy is the existence of melts
with relatively low Nb and Zr contents (80-300 an@-200 ppm, respectively).
These melts could correspond to earlier staggslaéimagma evolution.
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Fig. 7.Correlations of trace element contents with Nb intie glasses of melt inclusions in
nepheline from the calcite-bearing ijolites of theBelaya Zima Massif, ppm.

(1) Glasses of homogenized melt inclusions in nepheiinoen carbonate-bearing ijolite and (2)
carbonate-bearing ijolite.

In this context, the role of crystal fractionatidaring the formation of the
carbonate-bearing ijolite was estimated from thealver of various trace elements
in the melts as a function of Nb concentration,chitan be used as a fractionation
index.

It can be seen from Fig. 7 that the contents oftbgrity of highly charged
elements (ZrTa, Ti, U, Th, Hf, and Y), Cr, and V in the glassésromogenized
melt inclusions are positively correlated with Nine incompatible behavior of Zr,
Ta, Ti, Th, U, and Hf suggests that nepheline criigaion was not accompanied
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Fig. 8.Correlations of REE contents with Nb in the glassesf melt inclusions in nepheline
from the calcite-bearing ijolites of the Belaya Zina Massif, ppm.

Symbols are the same as in Fig. 7.

by any significant fractionation of rare-metal nmale phases, primarily
perovskite, which is the main repository for thesements. An increase in V
content in the melt can be connected with an irsgea Fe and Ti contents, which
are positively correlated with V.

On the other hand, the ijolites hosting the metilusions are in general
depleted in incompatible trace elements. The cdnagons of rare earth elements
(both light and heavy) in the melt inclusions as®aositively correlated with Nb
(Fig. 8). The accumulation of light REE in the rsd&#nds additional support to the
negligible fractionation of perovskite and apatidjch concentrate these elements
during early stages of rock crystallization.

Thus, the distinct correlations of Nb with the nrayoof trace (Zr,Ta, Ti, U,
Th, Hf, Y, Cr, and V) and rare earth elements (Ce,Nd, Sm, Gd, Dy, Er, and
Yb), which are observed in the glasses of meltusioins, provide compelling
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evidence that the processes of crystal fractionaplayed a major role in the
formation of the carbonate-bearing ijolites.

The Zr-Nb diagram (Fig. 9) presents the composstiari glasses from
homogenized melt inclusions in nepheline from tagbonate-bearing ijolites and
the compositions of the main groups of alkaline ksoc(melilite-bearing
ephelinites, carbonate-free and carbonate-begaohigs, and nepheline syenites)

Zr
10° -

e 1

" 2
104+ 3 o0

+4 .®

5 . ot ,,'
10°F -
102 L
Lotk DM
+
100 L
Na-carbonatite lava Ca-carbonatites
of Oldoinyo Lengai Volcano from various regions
10- 1 1 1 1 1 1 |
107! 10° 10! 10? 103 10* 10°

Nb

Fig. 9.Covariations of Nb and Zr (ppm) in the glasses of it inclusions in nepheline from
the calcite-bearing ij elites and in the rocks oftie Belaya Zima Massif.

(1) Homogenized melt inclusions in nepheline frojolites; (2) alkaline silicate rocks of various
compositions; (3) carbonatites; (4) mantle sourBad; depleted mantle (Sailers and Stracke, 2004); N
MORB, manlle source of mid-ocean ridge basalls (&uth McDonough, 1989); and OIB, manlle source
of ocean island basalls (Sun and McDonough, 1988);(5) trend of mell evolulion.

and carbonatites of the Belaya Zima Massif. The pmmsitions of melt
inclusions form a single trend extending towardremmease in Nb and Zr contents,
which is related, as was noted above, to the dauttan of crystallization
differentiation to melt evolution. On the other Harrig. 9 clearly establishes the
existence of two rock groups. One of them is depleh Nb and comprises
alkaline rocks of various compositions, and theeotls enriched in Nb and
includes the majority of carbonatites, which suggeébat the carbonate-bearing
silicate melts could separate into immiscible atikcand carbonate liquids.

This suggestion is supported by the investigatiomelt inclusions in calcite
of the carbonatites, which contain a silicate glasth daughter minerals and
carbonate globules with the composition of cal(ftig. 2b). It is important that the
chemical composition of silicate glass from the tnietlusions in calcite of the
carbonatites is similar to the composition of géasfrom the homogenized melt
inclusions in nepheline of the ijolites. The prams of silicate-carbonate liquid
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immiscibility could also be responsible for the logoncentrations of trace
elements in the rock. The removal of carbonatitét,naich extracts many trace
and rare earth elements from silicate melts, redut the depletion of the silicate
magma in incompatible elements. This is illustratedrigs. 7 and 8, where the
composition of the rock plots at the very beginnofgtrends of trace element
variations as functions of Nb content.

Note that the concentration of Si@ the carbonate globules ranges from
0.75 to 1.0 wt % (Table 5). As the carbonate glebwre no larger thamm, their
trace-element characteristics could not be quaivelsgt determined. Nonetheless,
qualitative microprobe analysis revealed signiftcamntents of Nb (up to 0.15 wt
%), Ta (up to 0.38 wt %), Ce (up to 0.12 wt %), La (u@Dtd8 wt %), and F (up to
0.25 wt %). Noteworthy is the dominanceTaf over Nb in the carbonate globules;
it should be pointed out that such relationshipsewsersistently observed during
the analysis of 12 globules. The possibility of bmarate melt separation from
calcium-rich alkaline magmas was experimentally destrated by Koster van
Groos and Wyllie [21], Freestone and Hamilton Ejd Kjarsgaard and Hamilton
[15], and it was shown that an increase in alkahtent significantly expands the
liquid immiscibility field [16].
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Fig. 10.Variations in the La/Yb, Nb/U, and Zr/Nb ratios for the glasses of melt inclusions
in nepheline from the calcite-bearing ijolites andn various rock types of the Belaya Zima
Massif.

Symbols are the same as in Fig. 9.

Thus, the finding of carbonate globules in silicatelt inclusions in calcite of
carbonatites supports the possible formation adehrecks under the conditions of
silicate-carbonate liquid immiscibility.

Based on the obtained trace-element characteristicsglasses from
homogenized melt inclusions and various alkalirekscand carbonatites from the
massif, we attempted to estimate the compositibnsamtle sources contributing
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to the formation of the rock association of thedyal Zima alkaline carbonatite
complex. To this end, we used the incompatible efgmatios (Zr/Nb and Nb/U)
that remain unchanged during the processes ofapantelting and crystallization
differentiation in igneous rock associations froarigus geodynamic settings. In
addition, the Zr/Nb and La/Yb ratios are the modficient indicators
distinguishing between the depleted mantle andnthatle source of intraplate
basalts. The diagrams of Fig. 10 show the compositof melt inclusions from the
alkaline rocks and carbonatites of the massif drel compositions of magma
sources: DM (depleted mantle), N-MORB (mid-ocealgei basalt) mantle, and
OIB (ocean island basalt) mantle. It should be shdbat several researchers have
recently hypothesized that the activation of magen&bnts at the contact of
mantle plumes with the enclosing mantle could poedalkaline melts enriched in
volatile and trace elements [22, 18]. The intemactof such melts with mantle
rocks could generate primary melts for the alkakoeks of intraplate settings.
Experimental studies of G&bearing multicomponent systems showed that
carbonate melts can be formed at pressures of-2Z090GPa and temperatures of
1600-2000°C [11]. The possible presence of carlmonatlts in the uppermost
zones of the mantle is additionally supported kg ittvestigation of inclusions in
mantle nodules [36] and diamonds [12, 13]. Suchsrake sometimes enriched in
sodium and calcium. In particular, the finding oinpary carbonates in association
with alumino-silicate glasses in a harzburgite

nodule from Montana Clara Island of the Canarynid&a[17] is an important piece
of evidence for the metasomatic interaction of oadte melt enriched in sodium
and calcium with mantle material.

With these observations in mind, the compositiohsadium carbonatite
lavas of Oldoinyo Lengai Volcano and calcium cadidas from a number of
alkaline carbonatite complexes of the world werettptd together with the
compositions of the DM, N-MORB mantle, and OIB nmantt was assumed that
these compositions can be used as proxies for pbamgponents, although the real
agents of mantle plumes could probably have a monmgplex composition.

As can be seen from Fig. 10, the compositions df melusions and rocks of
the complex plot along a line between the DM maideirce and the compositions
of calcium carbonatites and sodium carbonatitedasfaOldoinyo Lengai, which
allows us to relate the formation of the primaryitsef the Belaya Zima rocks to
the interaction of upwelling plumes with the deptetmantle. The plume
component could have a carbonate composition wgh bontents of alkalis and
probably also some other trace and rare earth elsm&he contribution of these
sources to the formation of the series of alkalioeks and carbonatites is also
distinctly reflected in the Nb-Zr diagram (Fig. 9. addition, these inferences are
in agreement with the results of Rb-Sr and Sm-Ntbgic studies, which showed
that the isotopic characteristics of the sourcethefmain rock varieties from the
Belaya Zima Massif 3(Srf°Sr = 0.70215-0.70378 andyg(T) = 3.6-5.2)
correspond to a moderately depleted mantle rege&siwas noted above, the Sr
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Isotopic variations were related to the second#deyation of minerals in the rocks
and ores of the complex, and the Nd isotopic vianatwere probably caused by
minor heterogeneities in their source, which magicate the influence of the
mantle plume on the depleted mantle. The obtaingdsdbtopic characteristics are
similar to those from other ultrabasic massifs wedrbonatites, for instance, in
North America and the Karelia-Kola region.

The role of mantle plumes in the formation of thetd Riphean rare-metal
province that includes the Belaya Zima group ofboasatite deposits was
considered in detail by Yarmolyuk et al. [35] andriviolyuk and Kovalenko [34].
They argued that the development of the Late Riph@@vince of intraplate
magmatism, which was responsible for the formatbrrare-metal deposits in
carbonatites, was connected with the activity & Ktai-Sayan mantle plume.
Together with several other plumes, it belongthtriorthern Asia superplume or
the mantle hot field of northern Asia.

Thus, the obtained results allowed us to suppcesetiie diverse rocks of the
Belaya Zima alkaline carbonatite complex were datifrom the depleted mantle
refertilized by extensive metasomatism under tHeuence of carbonate melts
generated at low-degree partial melting of mantidemals affected by a mantle
plume. These melts introduced trace, rare-earith,vatatiie components (Nb, Zr,
CO,, etc.) into the mantle source region, which, imfwesulted in the formation of
initial alkaline magmas strongly enriched in thesements. The subsequent
evolution of the initial magmas involved the meadkars of crystallization
differentiation and silicate-carbonate liquid immislity.

Conclusions

1. Primary crystalline and melt inclusions werefdun nepheline of the
carbonate-bearing ijolites and calcite of the cadites of the Belaya Zima
alkaline carbonatite complex (eastern Sayan, RusBms supports the magmatic
origin of these rocks.

2. The ijolite minerals crystallized at a temperataf 1120-1130°C. Nb-rich
jjolite magmas (rare-metal ijolite magmas) with valeed contents of Zr, Th,
andlight REE were documented for the first timeeiflchemical signature reflects
the metallogenic character of the Belaya Zima diépos

3. Based on the investigation of melt inclusionshi@ minerals of the ijolites
and carbonatites and the chemical characteristitkeoalkaline and ore-bearing
rocks of the Belaya Zima Massif, it was suggestealt their formation was
controlled by crystal fractionation and silicatekmanate liquid immiscibility.

4. The Rb-Sr and Sm-Nd isotopic investigation shibtat the sources of the
main rocks varieties of the Belaya Zima Massif espond in their isotopic
characteristics®(Srf°Srr = 0.70215-0.70378 angly(T) = 3.6-5.2) to a moderately
depleted mantle reservoir. Variations in Sr isata@mposition were related to the
postmagmatic alteration of rocks and ores, whergagtions in Nd isotopic
composition were probably related to minor hetenegiees in the magma sources.
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The obtained distribution of incompatible tracensdmts in the magmas (melt
inclusions) of alkaline rocks and ores supports diepleted character of their
source. The enrichment of the magmas in trace elsmeesulted from late
processes of mantle metasomatism, which was suglyassused by the migration
of carbonate melts enriched in Na and Ca.
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This paper reports an investigation of the crystation products of K-rich
silicate and carbonate melts trapped as melt ifmigsn clinopyroxene phenocrysts
from the Dunkeldyk alkaline igneous complex (TajiRepublic). Heating
experiments with the melt inclusions suggested tiatcarbonate melt was formed
by liquid immiscibility at 1180°C and ~0.5 GPa. Toa&bonate-rich inclusions are
dominated by Sr-bearing calcite, and their bulk position is rich in incompatible
elements. Most silicate minerals are goor and high in K, Ba, and Ti. Leucite,
kalsilite, and aegirine are the earliest magmatioenals. The high Ba and Ti
contents result in the crystallization of K-Ba fgdr, titanite, perovskite, and Ti-
garnet. In addition, the rare Ba-Ti silicates fitn and delindeite were detected.
The latest minerals crystallizing from volatilehiienelts are aegirine, gotzenite, K—
Bau Ca-Sr zeolites, fluorite, and barytocelestite. Tteraction of early minerals
with residual melts and fluids produced Ba-phlo¢@pind Sr-apatite.

The mineralogy of carbonatites is affected by mdagtors, including
interaction with volatile-rich residual liquids, gkssing-related removal of
components, postmagmatic and hydrothermal alteraétc. (Gittinset al, 1975;
Le Bas & Aspden, 1981; Vekslet al, 1998 a). The investigation of melt and
fluid inclusions in phenocrysts is a powerful td@r determining magmatic
mineral assemblages for carbonatites. This appreashsuccessfully used for the
evaluation of the genesis and evolution of carbmmiah melts in many alkaline
igneous complexes. Most of such complexes are godicmolar NgO/K,0 > 1;
Veksler et al, 1998 a; Sokolov, 2002; Andreeesa al, 2007; Guzmicst al,
2011), but there are a few examples of potassaliatk massifs with carbonatites
(Panina & Motorina, 2008; Sharygat al,, 2001).

The association of carbonatites with potassic igeemmcks results in the
peculiar mineralogy of crystallization products.igts illustrated in this paper by
the example of the Dunkeldyk ultrapotassic igneousplex (Tajik Republic). Its
evolution included the separation of an immiscibégbonate melt at the high-
temperature stage of magma crystallization (Solaw&tval, 1996). During later
stages, carbonate-phosphate, carbonate-sulfate, sdféte-fluoride-chloride
liquids were formed owing to the accumulation oflatile and incompatible
components in residual silicate and carbonate ni8tifbovovaet al, 1992). These
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processes were accompanied by the formation ofonatle, fluorite, and barite
veins enriched in trace elements (Dmitriev, 197&ziévet al.,2000).

Our collection included 19 samples of various rotksn the Dunkeldyk
intrusion and accompanying diatremes obtained dirothe courtesy of E.A.
Dmitriev and O.N. Volynets. This paper focuses ofegusite sample from a
diatreme with an emphasis on the mineralogy of gheducts of close-system
crystallization of K-rich liquids. The preservatioof materials trapped in
inclusions in magmatic minerals allowed us to trélck chemical and mineral
evolution of carbonate-rich melts, including theh&aor of volatile components
and alkalis. The accumulation of K, Ba, Ti, andrSthe residual melt resulted in
the formation of silicate minerals atypical of camhatites (e.g. leucite, kalsilite)
and suppressed the crystallization of alkali caabes

GEOLOGICAL BACKGROUND

The geology and petrography of the alkaline baghitomplex of the Eastern
Pamirs were described in detail by Dmitriev (1976)d only a brief overview is
given here. Alkaline igneous rocks are exposed avearea of 1500 Kin the
Tajik Republic and China. The complex is boundedh®y Rushan—Pshart (to the
north) and Gunt—Alichur (to the west) faults, whigkre initiated in the Paleozoic
and reactivated in the Neogene. It includes a dobwac massif, diatremes, and
two swarms of E-W trending dikes. Nine diatremes sgpaced about 1 km apart
and form a NW-SE trending belt. The diatremes aralls(up to 300 m across)
almost vertical isometric bodies. The complex iglenap of various alkaline rocks
(fergusite, pyroxene and pseudoleucite syenitesisy porphyry, etc.) with K >>
Na. Basaltoids from some diatremes contain uppentlmaand lower crustal
xenoliths (Hackeeet al, 2005). Faiziewet al. (2000) described carbonatite dikes,
up to 20 m thick and hundreds of meters long, hydnonal veins, and zones of
fluoritization, carbonation, and baritization witihace-element and base-metal
mineralization. The K—Ar age of the fergusite saan@ 20-26 Ma (Dmitriev,
1976).

METHODS

Inclusions were investigated in double-polishedisas, 0.3 mm thick. After
optical examination, high-temperature experimensrewcarried out using a
Linkam TS 1500 microscopic heating stage. The hgatate varied from 10 to
40°C/min, and the samples were cooled at 50°C/minnanfénutes after reaching
the desired temperature. To obtain homogeneouschadnmelts, longer (10-30
min) experiments were carried out under a fixedpemature using a small electric
furnace with graphite crucibles to prevent oxidatad Fe-bearing phases. In this
case, the sample was quenched on a thick metal ghat cooled to 100°C in less
than 2 s. The heating devices were calibrated agéme melting points of Au
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(21063°C) and NaCl (800°C). The reported temperatare believed to be accurate
within = 5°C

Fluid inclusions were investigated on a Linkam THM800 heating/cooling
stage, calibrated using synthetic fluid inclusiarfs CO, and NaCl of known
concentration and density. The cooling and heatetgs ranged from 0.5 to
10C0°C/min.

The samples were polished using oil-based diamastep, and the surface
was washed with hexane immediately before carbatiragp The compositions of
minerals and glasses were determined using Came$ad@Vand Camebax
Microbeam electron microprobes at an acceleratioljage of 15 kV, a beam
current of 30 nA, and a counting time of 10-40 srf\adsky Institute of
Geochemistry and Analytical Chemistry, Russian Acag of Sciences, analyst
N.N. Kononkova). The minerals and glasses wereyaadlby rastering the beam
over square areas (5 x5 o0r 2 x 2 um for minerats @ x 5 or 12 x 12 um for
glasses). In order to minimize the migration ofaditk during analysis, these
elements were measured first. The intensities wealculated to element
concentrations using attested natural mineral dasbgtandards (Jaroseviethal,
1979): USNM 111240/2 (basaltic glass GV2) for S, Pe, Mg, and Ca, jadeite
for Na; orthoclase for K; rhodonite for Mn; rutiler Ti; ZrO, for Zr; MgF, for F;
and vanadinite for Cl. The accuracy of elementrdateation is 2% rel. at contents
of >10 wt %, 5% rel. at 1-10 wt %, and 10% rekatwt %.

Trace elements and,8 were measured by secondary ion mass spectrometry
using a Cameca IMS-4f ion microprobe at the YardsHlial of the Physical
Technological Institute, Russian Academy of Scisnemalyst S.G. Simakin). The
analytical procedure for melt inclusions was themesas described by Sobolev &
Batanova (1995). The prepared sample was Au-coaged, an O beam
accelerated to 10 kV was focused on the surfage 28 um spot. The ion current
was 3-6 nA. The measurement included five accumunl&tycles. The accuracy of
element analysis was <10% rel. for contents >1 p##% rel. for 0.1-1 ppm, and
<40% rel. for <0.1 ppm. Water content was deterahimea single cycle from the
'H peak. To check the accuracy of water analysisaraple of synthetic basalt
glass (46 wt % Si¢) with precisely known water content (2.42 wt %)swa
analyzed. The result (2.50 wt %,®) appeared in good agreement with the
expected value.

MINERALOGY

The fergusite is a massive dark green rock withogyroxene and leucite
phenocrysts in a fine-grained groundmass. The iothpregnated by thin (up to 3
mm) light-colored carbonate veinlets with clinopyeae, phlogopite, and apatite
phenocrysts (up to 100-7Q@®n). The groundmass of the veinlets is composed of
calcite and<20% silicate, oxide, and sulfide minerals.
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The compositions of phenocrysts from the rock aawbanate veinlets were
described in detail by Solovowet al (1996, 2008, 2009) and are only briefly
discussed below.

Leucite

Leucite forms phenocrysts up to 5 mm in size. Insimcases, these are
completely altered; however, some samples contashfleucite crystals with melt
inclusions. In addition to melt inclusions, the d#e contains of apatite, titanite,
clinopyroxene, and mica crystal inclusions. In th &xperiments, the material of
the inclusions started to melt at 860 The complete melting of daughter phases
was recorded at 1080 - 10 The gas bubble occupied up to 50 vol % at these
temperatures, and increasing temperature did rsoitren its shrinkage. Further
investigation of inclusions in leucite was conddctat pressure 3.9 kbar and
temperature 100C. No gas phase occurred in these experiments. eThes
parameters are considered as conditions of the genmation of inclusions.

Table 1.
Representative composition of clinopyroxene, wt %
1 2 3 4 5

SiO, 53,64 50,46 51,70 52,87 53,46
TiO>, 0,27 0,45 0,52 1,53 0,25
Al,O3 1,02 2,83 2,68 1,51 1,15
FeO 6,24 8,02 10,43 12,07 7,17
MgO 15,77 13,28 11,26 9,27 14,26
CaO 21,21 23,93 23,27 21,94 24,20
Na,O 0,46 0,39 0,69 1,63 0,43
Total 98,61 99,36 100,55 100,82 100,92
mg 0,82 0,75 0,66 0,58 0,78

Clinopyroxene in the silicate rock

Clinopyroxene phenocrysts are euhedral grains dighnct zoning formed
by alternating dark green (>10 wt % FeO) and alnoo$bdrless zones (<9 wt %
FeO). The clinopyroxene is diopside with up to 8% NaO andmg#(Mg/(Mg
+ Fe)) of 0.82-0.50 (Table 1).

Some clinopyroxene crystals consist of light-cadbimres surrounded by finely
zoned rims. Their boundaries are tracked by nunseirmiusions.

Clinopyroxene in the carbonate veinlets

Clinopyroxene phenocrysts are subhedral, show umifolive green color,
and contain no more than 0.77 wt %,8aat mg# of up to 0.79. The chemical
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characteristics of clinopyroxene from the veinkets identical to those of the cores
of clinopyroxene phenocrysts from the silicate rock

ccp

19, .
ﬁﬁ‘” w

Fig. L Transmitted-light photomlcrographs

of (a) aegirine crystals growing on the surfacaegirine-augite rimming a diopside phenocryst
in a carbonate veinlet; (b) melt inclusion in cliyooxene quenched from a temperature of
1040°C; the inclusion contains silicate glass, a carbmrfiobule, and a gas bubbléeg —
aegirine,aeg-aug — aegirine-augitediopside— diopside phenocrystc — calcite in the veinlet
matrix, sil — silicate glasszarb — carbonate globule, amd- gas.

3 74
Di Hd
Fig. 2. Diopside—hedenbergite—aegirine diagram clinopyroxees from the fergusite sample
and carbonate veinlets:

(2)phenocrysts from the fergusite and carbonatalets, (2) aegirine-augite rims around
diopside phenocrysts in the carbonate veinlets,(8phdegirine from the carbonate veinlets and
melt inclusions.

Emerald green aegirine occurs in carbonate veialetsas a daughter phase
in melt inclusions (Fig. 1a).
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In the diopside—hedenbergite—aegirine diagram (Eigthe compositions of
pyroxene from the fergusite and carbonate veintetsn a single trend with
increasing hedenbergite and aegirine componentghwis observed in many
alkaline complexes (e.g. Halareaal.,2005; Rensbet al.,1977). There is a gap
between clinopyroxene compositions with 25 and %0 % aegirine, which may
indicate an abrupt change in crystallization caods.

The different clinopyroxene types have similar ¢-@tement compositions
with high Cr, Sr, Ta, and Sm contents and pronodimEgative anomalies at Nb,
Ba, Cu, Th, and U (Fig. 3).
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| Rb Th Ta 1a Sr B Sm Gd Y Yb
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Fig. 3 Primitive mantle-normalized (Sun, McDonough, 198ptrace element patterns for
diopside from (1) fergusite and (2) carbonate veiels.

Apatite and phlogopite phenocrysts

Crystals of apatite (up to 100-20m) and phlogopite (up to 500-70f) in
the carbonate groundmass of veinlets show sharpdaoies with the matrix. The
minerals are rich in F, whereas their Cl contermiashigher than 0.1 wt %. The
back-scattered electron images (BSE) of fluorphtatgoand fluorapatite (Fig. 4)
reveal areas with distinctly different chemical gmsitions (Tables 2, 3).

The BaO content of phlogopite ranges from 0.68 A® Wt %. The zoned
fluorapatite phenocrysts are enriched in SrO (R%74-wt %). An increase in SrO
content is accompanied by enrichment in@gLa,0O; and BaO and a significant
Ca depletion. Most apatite grains are rimmed bygdbded colorless crystals (Fig.
4 a) with the highest SrO contents (up to 25.4 WwtPhe total REE is up to 4 wt %
at CeOs/La,Os up to 4.
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Based on the experimentally determined Ba and $ttipa coefficients
between these minerals, silicate and carbonatesmaitd fluid, a model was
proposed for the enrichment of apatite and phldgdpithese elements. It was

Table 2.
Chemical compositions of phlogopites, wt %
1 2 3 4 5 6 7

SiO, 37,82 36,15 36,51 35,06 34,7¢ 33,58 33,44
TiO, 3,95 4,54 5,25 4,54 5,54 3,97 5,18
Al,O3 14,45 15,22 15,22 15,64 15,172 12,78 13,19
FeO 15,27 14,99 16,00 16,06 16,40 12,05 10,37
MgO 16,13 16,18 14,26 14,61 13,80 17,57 17,07
CaO 0,04 0,04 0,05 0,06 0,04 0,09 0,33
BaO 0,68 0,97 1,59 3,12 4,57 8,14 10,00
SrO 0,00 0,02 0,11 0,00 0,01 0,21 0,10
Na,O 0,21 0,18 0,16 0,24 0,20 0,30 0,53
K,O 9,40 9,38 9,28 8,71 8,31 6,64 6,50
Cl 0,03 0,00 0,02 0,01 0,01 0,02 0,03
F 1,55 2,61 1,62 1,26 1,70 4,24 4,03
F,=0 0,65 1,10 0,68 0,53 0,72 1,79 1,70
Total 98,63 98,77 99,13 98,58 99,42 97,14 98,44

Table 3.

Chemical compositions of apatites, wt %
1 2 3 4 5 6 7 8

CaO 53,40 50,22 51,64 54,53 43,28 40,12 32,21 31,98
SrO 1,49 3,76 3,58 1,12 13,24 19,04 24,56 25,40
BaO 0,10 0,52 0,42 0,04 1,44 1,95 4,14 3,50
La,0s 0,45 1,31 0,45 0,46 0,75 n.a. 0,72 1,0b
Ce,03 0,78 2,81 0,96 0,53 1,55 n.a. 1,13 2,00
Yb,03 0,12 0,11 0,00 0,22 0,11 n.a. n.a n.da.
SiO, 1,26 3,25 0,99 0,50 0,94 0,00 0,98 1,30
P,Os 38,56 34,94 40,29 40,06 36,32 35,90 34,08 31,10
F 3,12 2,84 3,27 3,49 2,69 3,13 2,83 1,34
F,=0 1,31 1,20 1,38 1,47 1,13 1,32 1,19 0,56
Total 97,47 98,12 99,71 98,98 98,76 98,33 99,01 96,89

found that the mineral-forming media of the Ba-righlogopites was a residual
melt enriched in volatiles (including F) and flunbbile elements (Solovowt al,
2009). The question has arisen about the sourBa during crystallization of
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Ba-rich phlogopites. In addition to phlogopite, Baincorporated in considerable
amounts in potassium feldspar and may form its pwases (e.g., fresnoite and
delindeite) during carbonatite melt crystallizatioAs a result, Ba is not an
incompatible element in differentiated magmas andat accumulated in residual
melts. Indeed, the majority of melt analyses frdra inclusions fall within 0.2—

0.67 wt % BaO. Perhaps, the level of melt BaO adrgafficient for the

200y BSEZ 15.kW

Fig. 4.(a) Back-scattered electron (BSE) image of an aptd phenocryst surrounded by
elongated grains of Sr-apatite (up to 24 wt % SrO)(b) BSE image of phlogopite
phenocrysts in a carbonate-dominated veinlet (Solova et al., 2009). The light and dark
zones in the phlogopite crystals show high (up tdiwt %) and low (0.7-3.0 wt %) BaO
contents, respectively.

appearance of phlogopites with 8-10 wt % BaO carebehed at the expense of
an additional source. Since Ba—K feldspar with a®twt % BaO occurs in the
carbonatite inclusions and veinlets, it is reasten&d suppose that during the late
stages of crystallization, the accumulation of titda in magmas resulted in the
hydration of feldspar coupled with the carbonatdrtlinopyroxene in accordance
with the schematic reaction Ba&li,Os + 3CaMgSiOs + 3CGQ + H,O =
BaMgAIl,Si,O,(OH, F) + 3CaCQ + 6SiG. This reaction produces calcite, and
the BaO that initially occurred in the Ba—K feldsp@incorporated in phlogopite.
The released silica is fixed in the late silicabages of the rock. The formation of
Ba-rich micas is, thus, a consequence of a readigiween minerals, residual
melt, and fluid in an almost completely solidifiegtk.

In order to determine the character of mineral-fogmmedia for the Sr-rich
apatite, we used the data on Sr partitioning batweggatite and melt or fluid.
Calculations showed that silicate or carbonate sneltequilibrium with apatite
containing 25 wt % SrO should have shown unreeaéfli high SrO contents of 10
wt % (Watson & Green, 1981) and >60 wt % (ProwdNKelemme), respectively.
Note that the maximum SrO contents observed by ukd silicate and carbonate
melt inclusions were 0.80 and 0.13 wt %, respeltivdkssuming that the Sr-rich
apatites were formed from an aqueous fluid (Sr{eg&r(fluid) ~33, Ayers &
Watson, 1993), the SrO content of the fluid carst@nated as ~0.75 wt %. Direct
measurements of Sr in natural high-temperaturdgluange from 50 to 7720 ppm,
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occasionally up to a few percent. This range allagsto consider fluid as a
mineral-forming medium for the Sr-rich apatites.

Thus, despite close association of apatite andgpbpite in a single rock, the
Ba-bearing phlogopite and Sr-rich apatite were &nby significantly different
mechanisms.

DESCRIPTION OF INCLUSIONS AND HEATING EXPERIMENTS

Clinopyroxene phenocrysts from the silicate rocld ararbonate veinlets
contain diverse primary inclusions. Silicate mettlusions in clinopyroxene are up
to 50 um in size and contain variable amounts of daugbtgstals. Carbonate-
dominated inclusions with more than 50 vol % ofbcerate material are up to 300
um in size and have irregular shapes. The variabdpgetions of silicate and
carbonate materials in the inclusions indicateogyroxene crystallization from a
heterogeneous medium. Experiments were carriedwdt hermetic inclusions
10-50um in size. Such inclusions remained intact up t001200°C, and no
fracturing or material loss was observed. Thisvedld us to observe melting and
crystallization under closed-system conditions.

The beginning of daughter phase melting in thecad inclusions was
observed at 700-800. In the inclusions containing 10-50 vol % carliena
material, the beginning of melting was observedaaly at ~40UC. Inclusions with
~50 vol % carbonate decrepitated above this tertyreral'he complete melting of
daughter phases and homogenization (gas dissolutvere observed in small
hermetic inclusions at 1050-1150°C and 1150-118@¥€pectively. The salt melt
was sometimes localized around the fluid phase,i@nddoundaries with silicate
glass after cooling looked like a meniscus. Somehefinclusions contained as
many as ten carbonate globules. The repeated gugnohthe same inclusion in
some cases resulted in crystallization of multiphassemblages with relatively
large crystals. The crystallization temperaturethed host mineral diopside was
determined between 1050 and 1180°C.

At higher temperatures, the carbonate material egeded gradually to
droplets of carbonatitic melt (Fig. 1 b), which meovin silicate melt. The
inclusions contained two liquids and fluid vesicles some cases, carbonate melt
was attached to a gas bubble, and a meniscusdikedary between silicate and
carbonate liquids was formed. Some heated inclgsiontained up to 10 separate
carbonate globules in silicate liquid. The sizescafbonate globules did not
change up to 1210°C, and the melts remained imbiesci

Similar processes were described by Rankin & Le @834) in carbonate—
silicate inclusions in apatite from jolite pegmeasitof the Usaki alkaline complex
in western Kenya. They observed the complete disisol of silicate globules in
carbonate melt at temperatures of up to 1100°C ibtihe silicate material content
did not exceed 20 vol %.

Sometimes the fluid phase of fully crystallizedicsite melt inclusions
contained a low-salinity aqueous solution as aavamm no more than 2 um
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wide. The appearance of solution was observedvarsaclusions after exposure
at 600—720°C. The freezing temperature of the molwas —3%C, the ice melting
temperature was about@ and the homogenization temperature to a liqhiasp
was 306°C (Solovovat al, 1996). The small volume of liquid prevented the
accurate determination of eutectic temperaturecdeits composition remained
unknown. The high Cl and Na contents in the maligest that the fluid phase is
close to the NaCIH,0 system.

Fluid inclusions are rare and always decrepitai&ds indicates high internal
gas pressure, which is characteristic o, @@d inclusions.

COMPOSITIONS OF MELTS
Major elements in silicate melt

Representative compositions of silicate melt inclas are given in Table 4.
characteristic feature of trapped silicate meltgeisy high alkali contents (N@ +
K,O up to 16.6 wt %) aK,O/NaO up to 4. Despite the relatively high 8%
content, the least evolved (Si© 47 wt %) liquids are peralkaline, i.e. (K+Na)/Al
> 1 (Fig. 5).

o) FeO, wt% K+N
8- o %00 ’ ° 80 Tal 14
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Fig. 5. Variations of Al,O3, CaO, FeO and agpaitic indexK + Na/ Al) in silicate melt of
inclusions plotted against SiQ.

Evolution of the silicate melt has features typichalkali basaltoid magma (Yoder
& Tilley, 1962) and is directed towards reducing the, Ca and Mg. The contents
of Al,Os; increase monotonously during melt crystallizatidime variations of
composition of melt suggest that magma evolutioa pramarily controlled by

A fractionation of clinopyroxene and leucite, which consistent with the
mineralogy of the fergusite. Using Pearce elemeatts diagrams, was previously
shown (Solovovat al, 1996) that separation of carbonate melt coulg ara
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important role in the behavior of some elements. [@assium was transferred
from carbonate melt into silicate one. Na, Ca arad dhow opposite trends,
indicating their redistribution from silicate ma&ito carbonate one.

Major elements in carbonate melt

The carbonate globules produced by heating of coedbcarbonate-silicate
inclusions were usually too small for microprobealgsis, and the carbonate-
dominated inclusions were not suitable for heagmgeriments (large amoeboid
inclusions decrepitated already at the beginninigeaiting). Relatively large (up to
50 um) quenched inclusions suitable for micropramalysis often contained
aggregates of coarse crystals that distort the ositipn of the melt. Indeed, the
analyzed inclusions contained abnormally high cotre¢ions of SiQ (up to 20 wt
%), BaO (up to 9 wt %), Tie(up to 5 wt %), or FeO (up to 18 wt %). View these
inclusions under a microscope showed the presencthe surface of the tiny
aggregates fresnoite, aegirine or other silicateenails. Therefore, we preferred to
use of indirect estimates the composition of caabemelts. Previously, Solovova
et al. (1996) calculated the bulk composition of threegéa carbonate melt
inclusions on the basis of daughter mineral analgs®l their area proportions in
several sections of the inclusions. In additioe, themistry of carbonate melt was
estimated from the composition of coexisting stecanelt and experimental data
on the partition of major components between imibisccarbonate and silicate
melts. The analysis of available experimental dsgemperature 900-12%0 and
pressure 0.04 — 1.5 GPa) shows that the partiti@ificients of many elements
between carbonate and silicate melts depend mostliemperature. Because of
this, the coefficients employed in the calculatiovere taken with regard for this
dependence. Magnitude of the reliability of the rapgpnation varies from 0.35 to
0.6. It is established that with increasing temperthe solubility of SiQ Al,Os,
MgO and KO in the carbonate melt increases. Concentratib@a0®, NaO, SrO,
FeO, F, POs and ClI, in contrast, increases with decreasingpégature. The
compositions of carbonate melts were calculated &0 and 1050°C (Table 5).
The content of Si@is no higher than 8 wt % at 11®0 which is considerably
lower than the 16 wt % SiCestimated by Solovovet al. (1996). Noteworthy is
the high content of O, which is not typical of natural carbonatites.céding to
the experimental evidence, the partition coeffitiehk,O between carbonate and
silicate melts ranges between 1 and 1.6, and tgk bontent of KO in the
calculated melt is a consequence of the highly gsatacompositions of initial
silicate magmas. In nature, a temperature decskasdd result in KO removal
from the silicate melt via biotite and leucite dglBzation and a decrease in the
partition coefficient between the melts. This exmdathe relatively low KO
concentrations in carbonatite even in complexepodéssic rocks (e.g. Stoppa &
Cundari, 1995).

Phenocrysts of apatite are present in carbonateletgi although among
daughter phases of inclusions his crystals werdaurtd. Concentration of,Bs in
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the silicate melt of inclusions is enough high {a.7 wt %). In the carbonatite
melt ROs was estimated as 0.1 - 0.5 wt %.{Bxi merare 0.18 at 118C and 2.65
at 1050C, Veksleret al, 1998). The average concentration gdPis 0.6 wt % in
the range of temperatures 1040-11D0R,0Os content is up to 1 wt % at 110
Low concentrations of s at high temperatures do not contradict to the

Table 5.
Compositions of silicate melts from inclusions andalculated
compositions of carbonate melts in equilibrium wth them, wt %

1 2 1* 2%
SiO; 46,19 52,10 77 4.6
TiO 1,62 0,99 0,4 0,3
Al,0O3 13,32 15,89 1,5 1,2
FeO 7,76 6,58 2,6 2,7
MgO 2,84 2,27 6,3 2,4
CaO 9,63 5,62 21,5 24,9
BaO 1,25 0,53 0,1 1,9
SrO 0,68 0,45 tr. 0,3
Na,O 4,11 4,34 5,6 6,3
K.0 9,31 9,51 14,8 9,7
Cl 0,31 0,38 0,14 0,95
F 0,45 0,65 1,03 1,61
P,Os 0,37 0,20 0,1 0,5
CO - - 38 43
T°C 1180 1050 1180 1050

(1) and (2) mean compositions of silicate glassa® fmelt inclusions containing carbonate material
heated to 1180 and 10 respectively. (1*) and (2*) calculated compasis of carbonate melts in
equilibrium with silicate melts(1) and (2), respeely.

crystallization of apatite in carbonate veinletstlae limit of saturation of the melt
by P,Os at high temperatures can not exceed 1 wt % (Wafii80).

The low-temperature residual melt becomes enrichaablatile components
(F, Cl, and CQ.

Trace elements in silicate and carbonate melts

The concentrations of trace elements in silicatelt neclusions are
characterized by high REE totals (up to 1000 ppmd) @enrichment in LREE, Ba,
Th, U, Li, B, and Be (Table 6).

The HO content of the silicate melts is up to 1.6 wtPhe (La/Yb), ratio is
as high as 68 and similar to that of lamproiteghHiontents of incompatible trace
elements were reported by Dmitriev (1976) for thédklyock compositions of
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fergusites from other diatremes of the same fiBloth the melt inclusions and
bulk rocks are characterized by Th/U > 5.

Table 6.

Concentrations of trace elements in homogenized isidte (1-7) and carbonate
(8, 9 melt inclusions in clinopyroxene phenocryst(in ppm) and HO in wit%

1 2 3 4 5 6 7 8 9
Rb 164,3 188,1 309,2 146,71 356,3 217,8 208,227,8 21,1
Pb n.a. 28,2 42,4 219,7 n.a. 69,4 n.a. n.a. nia.
Ba 6319 1892 2800 13123 24736 4486 3886 2637 7775
Th 81,7 23,1 37,2 108,4 152,2 48,5 2241 18,7 20,2
) 14,8 3,4 6,8 21,1 32,3 8,7 41,8 4,1 8,b
Ta 4,2 1,6 1,6 6,1 12,9 2,7 2,0 1,8 1,7
Nb 23,5 8,2 13,6 39,8 58,7 17,6 43,6 7,4 4.8
La 148,2 36,9 51,3 281,5 510,6 74,3 223,8 56,5 57,9
Ce 3114 95,2 124,4 526,4 864,38 155|9 415,2 10,1 1100,
Sr 2550 1192 1390 5469 7185 1813 4306 1150 1335
Nd 125,9 51,7 56,5 192,9 394,2 68,5 142,3 35,2 35,1
Hf 13,2 7,6 12,6 18,4 29,6 12,1 43,1 3,5 4.8
Dy 11,7 5,8 6,2 17,5 30,8 6,5 12,1 3,5 7,6
Zr 624 336 537 910 1206 554 231p 165 166
Sm 24,9 12,5 13,6 34,5 64,6 14,3 24,8 7,5 8,6
Gd 20,3 8,5 10,5 24,5 39,9 7,5 12,8 7,0 10{3
Eu 6,2 2,2 3,9 10,5 17,4 3,0 5,3 n.a. n.a.
Yb 3,0 1,7 2,0 5,2 9,1 2,1 54 0,7 4,7
Er 54 2,8 2,5 8,0 12,6 2,6 6,2 1,1 1,2
Y 43,8 22,5 27,3 73,1 112,8 27,9 54,8 2,2 2,6
Cu n.a. 45,8 45,6 140,7 n.a. 50,9 n.a. 14,6 26,7
\ 168,4 | 2225 230,2 161,3 321,1 143,6 Q. nla. n.a.
Cr 104,8 204,6 117,7 70,7 53,0 80,V n.a. n.a. nia.
Li 175,3 117,9 85,6 103,9 402,% 3554 81,9 n.a. n.a.
Be n.a. 2,8 53 10,0 n.a. 8,6 n.a n.a. n.a.
B 23,5 4,9 6,6 34,1 26,7 17,9 21,0 n.a. n.a
H,O* 1,60 0,63 0,85 1,01 n.a. 0,29 0,2)7 2,1 1,75

Samples are as follows: (1)-(7) Inclusions in giyi@xenes from carbonate veinlets; (5), (6) siéca
part of melt inclusions containing up to 20 vol &slwonates; (8), (9) carbonate inclusions.
* Water content in wt.%.

The trace-element characteristics of the carbomegtié (Table 6 (analyses 8
and 9) are similar to those of the silicate glassssept for more pronounced
negative Nb and Ti anomalies. The carbonate medtsieh in Ba, Sr, Th, U, Li, B,
Be, and REE and show fractionated REE patterng/Ylogg up to 81). The
carbonate melts contain up to 2.1 wt %0OH Some melts display a positive Gd
anomaly. Similar Gd anomalies were observed inreegfrom the groundmass of
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carbonate veinlets. The nature of this anomalyoisahear, but similar relations
were reported for rocks and minerals from the \faltand Oricola carbonatite-
bearing alkaline complexes by Rosatetlal. (2000) and Stoppet al. (2005).

MINERALOGY OF CARBONATE VEINLETS AND INCLUSIONS

Melt inclusions larger than 300 pum were selectedtlfi@ investigation of
daughter minerals. The compositions of mineralsnficarbonate melt inclusions
and carbonate veinlets are identical. Minerals wedentified on the basis of
optical/morphological characteristics and electeord ion microprobe analyses.
The mineralogy of the carbonate materials is mudnendiverse compared with
that of silicate melt inclusions, which contain ndpyroxene, leucite, K—Ba
feldspar, phlogopite, and nepheline (Table 7).

Table 7.
Minerals of melt inclusions and carbonate veinlets
Daughter minerals
Silicate melt Fluorphlogopite, fluorapatite, aegirine-augite, dee, K-Ba feldspar

inclusions nepheline, glass, gas

Early (1000-1158C)*: pyrrhotite, leucite, kalsilite, aegirine-augijtfirst
generation aegirine, K-Ba feldspar

Late (800-100€C): Ti-garnet, titanite, perovskite, fresnoite, Ged
Carbonate-bearing | generation aegirine, nepheline

veinlets and carbonate
melt inclusions Low-temperature and postmagmatic (400800 Fe"-garnet, Ti-
magnetite, gotzenite, cancrinite-group minerBisK- andCa-Sr
zeolites, Ba-rich fluorphlogopite, Sr-rich fluorappe, delindeite, Sr-
bearing calcite, pyrite, greigite, djerfischerileprite, barytocelestite

*Crystallization temperatures estimated on thesatheating experiments.

The carbonate inclusions are dominated by calate 80 vol %). Most
silicate minerals are Sipoor and rich in K, Ba, Ti, and incompatible minor
elements. Leucite and kalsilite are among theesrtnagmatic minerals. The high
Ba content results in the crystallization of K-BddEpar. The accumulation of Ti
and Ca in the residual melt produces titanite, ysite, and Ti-garnet. In addition
to feldspar, Ba was incorporated in rare Ba—Tcatks (e.g. fresnoite). The latest
minerals crystallizing from volatile-rich melts aaegirine of second generation,
gOtzenite, and feldspathoids. The interaction efyeainerals with residual melts
and fluids produced Ba-phlogopite, Sr-apatite, #&éBa and Ca-Sr zeolites.
Among the opaque phases, pyrrhotite, pyrite, geeigand djerfisherite were
identified.
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Carbonates, sulfates, and fluorides

Calcite is the major phase of carbonatite veinlatel carbonate melt
inclusions. It contains up to 2.1 wt % SrO, 0.5%tFeO, and less than 0.3 wt %
Na,O.

Rare tabular crystals of barytocelestite, (Ba,Sk)S&ere observed in the
carbonate matrix (Table 8, analysis 14). Kapusti@80) noted that it is a
typomorphic mineral of late carbonatite phasesofe with Fe and Sr impurities
was also found (Table 8, analysis 15).

Table 8.
Representative chemical compositions of calciteabytocelestite and fluorite, wt %
CaO FeO SrO BaO F
1 52,21 0,47 1,74 0,03 0,27
2 57,52 0,13 1,09 0,00 0,00
3 58,35 0,24 0,52 0,02 0,13
4 59,07 0,12 0,37 0,00 0,00
5 59,44 0,07 1,30 0,01 0,30
6 59,82 0,09 2,07 0,00 0,66
7 60,64 0,16 1,25 0,00 0,00
8 60,65 0,14 0,31 0,00 0,00
9 61,88 0,10 1,99 0,00 0,06
10 62,13 0,47 0,99 0,16 0,00
11 62,65 0,30 0,32 0,02 0,08
12 62,76 0,21 0,51 0,00 0,00
13 66,38 3,02 0,42 0,00 0,00
14 1,31 0,92 6,27 58,30 0,10
15 51,18 0,12 0,36 0,00 48,03

(1) - (6) - calcite; (7) - (13) - calcite + portiite (Ca(OH),); (14) - barytocelestite, SO 32.42
wt %, CI - 0.19 wt %(15) - fluorite, wt % elements.

Feldspars

Feldspars occur in carbonate and silicate meltusichs as euhedral and
anhedral daughter crystals. They are often stroreggrbed to irregular relicts. It
is important that the inclusions have remainedaignl from the influence of the
external environment and no foreign components Hasen added. Thus, the
resorbed shape of the feldspar could only occueutie influence of processes
taking place in a closed system. They are mosttgliafeldspars with variable
K/Na (from 2 to almost pure K compositions) and onii©aO (up to 3.5 wt %,
Table 9). A conspicuous feature of the feldsparnigh contents of BaO (up to 9
wt%), SrO, and FE©®s;. The Ba/K ratio is up to 0.35 in the euhedral $elar
crystals unaffected by resorption and decrease®itoin strongly resorbed grains
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calcite

Fig. 6. Photomicrographs of minerals in melt inclusions ad carbonate veinlets.

(a) Partly resorbed Ba-bearing alkali feldspar ircaabonate matrix. Numbers show BaO
contents in wt %. Reflected light. (b) Kalsiliteagrs in aegirine-augite and aegirine rims on a
diopside crystal in a carbonate melt inclusion.l&atéd light. ¢) BSE image of a carbonate melt
inclusion in clinopyroxene. The inset shows an mgdd fragment (indicated by the rectangle)
with a fine-grained kalsilite-aegirine-zeolite aggate. (d) BSE image and elemental maps of
intergrowths of fresnoite, titanite, and late-geti®n magnetite. (e) Elongated delendeite (?)
crystals intergrown with phlogopite. Phase abbitewis: aeg —aegirine,aeg-aug —aegirine—
augite ks —kalsilite, fls — feldsparszeol— zeolite, Tnt— titanite,Fres— fresnoitemt— magnetite,

phl — phlogopitedel — delindeite, andc — calcite matrix.
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(Table 9, analyses 1 and 6). Variations in BaO @antithin a single grain is
illustrated by Fig. 6 a.

Table 9.

Representative chemical compositions of feldsparait %

1 2 3 4 5 6 7
SiO, 56,12 61,48 58,12 58,02 62,37 53,31 63,19
Al ;O3 20,35 20,21 23,67 23,18 20,53 24,68 17,19
Fe,0O3 1,38 0,41 0,23 0,21 0,43 1,38 1,18
CaO 2,28 0,84 3,29 3,52 0,29 0,20 0,00
SrO 0,73 0,41 0,61 0,49 0,06 0,00 0,00
BaO 9,08 6,81 4,44 4,48 2,07 0,41 0,00
Na,O 2,46 0,06 0,70 1,61 0,06 4,25 0,40
K,0 8,07 9,90 7,84 8,82 11,29 13,59 16,79
Total 100,67 100,12 99,17 100,33 97,06 97,69 98,64

Feldspathoids

Anhydrous feldspathoids (nepheline, leucite, andilii@) are rather common
in carbonate inclusions and associate with carergrioup minerals and zeolites,
which formed during the low-temperature evolutidrtiystallized inclusions.

Rare leucite grains were preserved in carbonaketnclusions heated up to
1000°C at 400 MPa and 800°C at 0.1 MPa. Their caitipa includes minor
amounts of NzO, CaO, FeO, and BaO (Table 10, analyses 15 and 16)

aegirine-augite surrounding diopside crystals (Big)) and as intergrowths
with zeolites (Fig. 6 c). The compositions of kidlsi(Table 10) suggest the Ab
Fe" and 2Al - Mg + Si isomorphic substitutions, which were déssd by
Roedder (1951) in the X-MgO-SiQ and KO-FeO-SiQ systems. The
maximum MgO and FeO contents in the kalsilites a8ré and 3.5 wt %,
respectively (Table 10, analysis 3). Even highercentrations of MgO (up to 8.35
wt %) and FeO (up to 11.69 wt %) contain daughtasikte of inclusions in
lamproite of USA

(Solovovaet al, 1989). This kalsilite grain in the aegirine-gagrim of a
clinopyroxene phenocryst contained 4.9 wC%0 (Table 10, analysis 3). Elevated

Euhedral and anhedral kalsilite grains, up to saviens of micrometers in
size, were observed as individual crystals in daaate matrix (Fig. 7 a), inside
concentrations of BaO (up to 3 wt. %, Table 10Jymia5) were found previously
in lamproites of Australia and USA (Sharygeh al, 1991; Sharygin, 1991). All
kalsilite analyses showed excess Si compared Wwéhdeal stoichiometry, which
Is probably due to the dissolution of the SE€@mponent (Hovist al.,, 1993).
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Nepheline

Only nepheline except aegirine is the only Na naher the carbonate matrix.
It is rich inK;0 (6.3 wt %), FgOs (3 wt %), andCaO (1.8 wt %).

Table 10.

Representative analyses of kalsilite, nepheline, dreucite, wt %

SiO; Al,O;3 | FeO | MgO | CaO | BaO| SrO| NaO K,0 Total
1 40,31 32,371 326 020 031 048 0,05 1,15 22|71 ,8100
2 39,97 3229 268 0,25 052 043 0,00 0,92 23|16 ,2P00
3 41,64 27,48| 353 341 492 0,23 0,79 1,20 16/53 739,
4 41,69 31,80 190 0,48 1,60 0,69 0,11 0,43 21|59 2800
5 37,94 28,22 1,12 150 0,29 3,02 0,12 0,15 24|82 1897,
6 39,69 32,61 104 004 0,11 0,03 0,00 1,32 26/82 6801
7 39,35 | 32,72| 094 0,02 0,1y 0,08 0,00 0,14 28|37 7801
8 38,86 32,24 1,02 0,04 1,08 0,70 0,08 0,24 26|96 11701
9 38,88 3224 059 000 008 004 0,00 0,26 29|19 ,2B01|
10| 39,70 | 31,81| 051 002 0,00 0,08 0,02 0,14 29|14  ,4P01
11 | 39,46 32,27 052 001 005 013 0,08 0,25 29|03 ,8001
12| 3865 | 30,85/ 0,413 000 0,0 0,00 0,04 0,12 29|29 4309,
13 | 37,88 2968 169 0,05 0,18 0,02 0,00 0,713 25|94 1296,
14 | 43,37 27,82 2,76 0,19 1,76 0,29 0,06 14,96 6,27 487,
15 | 54,12 2259 169 0,00 025 0,27 0,00 0,41 21|62 9800
16 | 54,34 21,80, 054 000 0,00 0,22 0,00 0,00 21|89 698,

(1)-(4) - Kalsilite grains in aegirine-augite rine® a diopside crystal in a carbonate melt
inclusion; (5) - (12) - anhedral kalsilite graing;2) and (13) - kalsilite from fine-grained
kalsilite-zeolite aggregates; (14) - nepheline) @ad (16) - leucite

L 20 ;,m‘
; A a0

Fig. 7. Transmitted-light photomicrographs

of (a) a euhedral crystal of early-generation ki#dsiK-feldspar, perovskite, and magnetite in
calcite; and (b) a cubic fresnoite crystal in daici
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Zeolites

The first generation of zeolites are euhedral atgs{Fig. 6 c) up to 7@m
with high K and Ba contents (Table 11).
Table 11.

Representative analyses of feldspathoids and zeels, wt %

1 2 3 4 5 6 7 8 9 10

SiO, | 37,11 | 41,45] 56,02 495 47,23 37,11 48|33 45,75 463V, 36,63

NJ Ol

Al,O; | 26,19 | 31,21 17,83 19,6 21,66 26,19 24/46 23,85 3313,30,31

FeO 0,30 0,50 0,94 0,36 0,29 0,30 0,34 0,19 3,90 0{23
MgO 0,00 0,00 0,01 0,00 0,33 0,00 0,34 0,09 3,p4 0j04
CaO 0,55 0,32 0,29 0,35 5,68 0,55 7,21 5,74 8,/8 11,95
BaO 2,04 0,09 2,73 4,68 0,79 2,04 1,16 1,87 0,0 0}13
SrO 0,19 0,01 0,06 0,82 2,61 0,19 4,91 6,43 1,03 3|05
Na,O | 12,46 | 542 0,15 0,54 124 1246 049 0,27 0,56 1,75

K20 10,28 | 6,71 | 13,34 1051 92% 10,28 7,73 2,89 71 24 Q,

Total | 89,12 | 85,71 91,37 86,48 89,08 89,12 94|97 87,08 8170,84,33

(1) and (2) cancrinite-group minerals wih) 6.12 wt % and (2) 6.97 wt % $@3) - (6) K-Ba-
rich and (7) - (10) Ca-Sr-rich zeolites.

Small euhedral and anhedral crystals identifiectacrinite-group minerals
were found in the carbonate matrix (Table 11, asedyl and 2). They contain up
to 2 wt % BaO and minor amounts of FeO, CaO, a@l Sr

Zeolites of second generation have needle-like ehand form fine-grained
intergrowths with kalsilite and calcite, enrichedGa and Sr (Fig. 8).

Gotzenite

Cubic crystals with high contents of Ca, F, andTgble 12) were identified
as gotzenite on the basis of chemical composittbnSharyginet al, 1996). The
relatively low totals of analyses suggest the preseof other elements (e.g. Zr,
REE). Goétzenite is a rare Ti-disilicate of the mdsgschite group with the formula
(Ca,zr)(Ca,Na)Ca(Na,CadTlio5SL0,(F,OH,0). It was found in alkaline rocks
and pegmatites (Cundari & Ferguson, 1994; DunwértBell, 2001; Kapustin,
1980; Lengaueet al, 2001; Morbidelliet al, 1995 Sharygiret al, 1996; Sahama
& Hytonen, 1957;).

Garnet

Euhedral garnet crystals up to 100-160 in size show distinct zoning with
dark brown cores and colorless rims (Fig. 9). Sktlerystals were occasionally
observed. The composition of garnet (Table 13)esmonds to the schorlomite
(C&[Ti,Fe],[Si,Fek0:)—grossular (C#l,SisO;,) solution. The brown cores are
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strongly enriched in Ti©Q(17-19 wt %) compared with the rims (0.08-4.8 Wt %
(Fig. 10). The content of MgO is directly correlhteith TiO, and is no higher
than 0.97 wt %. All garnet analyses show signifiddaO contents (up to 0.8 wt

16
® ®
2 'Y 4
5 12 o ® e
- o oo
8 s ® ’o..
& °
3 4 ® ° .
O 1 1 ° .I..
5 10 15

BaO+K,0, wt %

Fig. 8. Compositions of zeolites from melt inclusions andarbonate veinlets on the
CaO+SrO - BaO+K,0 diagram.

Table 12.
Representative chemical compositions of gotzenitet %
1 2 3 4 5
SiO, 31,00 33,07 31,80 33,84 32,16
TiO» 9,22 9,93 10,10 10,21 8,60
Al,03 0,06 0,02 0,00 0,05 0,10
FeO 0,77 0,50 0,40 0,55 0,80
MgO 0,37 0,13 0,08 0,24 0,26
CaO 42,71 40,80 40,89 44,23 44,15
BaO 0,23 0,14 0,02 0,43 0,24
SrO 1,98 1,82 1,79 2,49 2,06
Na,O 3,20 4,91 4,97 4,56 2,95
K,>0O 0,08 0,01 0,00 0,33 0,08
F 10,10 7,43 7,95 6,71 9,01
Fo=0 4,25 3,13 3,35 2,83 3,79
Total 93,87 94,46 93,40 99,76 95,19

%), which are much higher than that of the surrangpatalcite. Similarly high
Na,O contents were reported in garnets from the |dd&trentiated Vuorijarvi
carbonatites (Kapustin, 1980).
The garnet rims are similar in composition to gafem the vein carbonatite of
the Dunkeldyk complex (Table 13, analyses 10 and These carbonatites were
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formed at a relatively low-temperature stage at800°C (Solovovat al, 1998).
Garnets of similar compositions are typical of pineducts of alkaline and

k‘ \Lt

Fig. 9. Photomicrographs of euhedral and skeletal garnetrgstals with sharp zoning in
calcite. The dark cores contain up to 19 wt % Ti®, and the colorless rims are F& -rich.

carbonatite magmatism (Boctor & Yoder, 1986; Durttvé& Bell, 1990; Hansen,
1984; Quartieret al, 2002; Stoppa & Cundari, 1995).

Table 13.
Representative analyses of garnets, wt %

1 2 3 4 5 6 7 8 9 10 11

SiIO, | 35,24| 34,45 3497 3366 32,11 2341 27,34 25%,872126,35,00| 33,71

TiO, | 008 | 0,75 153 252 4,7¢ 17,09 18,04 18,99 19,2239 2, 2,70

Al,O3| 136 | 137 102 106 09 02 024 0,81 0,28 221651

FeO | 27,21| 27,01] 26,33 26,001 23,89 23,00 18,16 18,44961]7,25,54| 26,94

MgO | 0,45 | 0,27| 049 046 034 09 092 097 092 0,17,18¢

CaO | 34,63| 34,07] 34,27 33,93 33,84 2986 32,16 32,865832,34,59| 33,59

Na,O | 0,03 | 0,10 0,27y 01 031 0O,7/8 053 0,49 0/7/8 0,06,08 (

Total | 98,86| 98,16| 98,89| 97,93| 96,45| 95,00| 97,56| 98,52| 98,04| 99,96| 98,88

Samples are as follows: (1) - (5) - colorless riamsl (6) - (9) - dark brown cores of garnet
crystals; (10) - (11) garnet from the vein carbdeaif the Dunkeldyk complex.

Perovskite

Two perovskite generations were identified in tlagbonate matrix of inclusions
and veinlets. The first generation is representeduhedral dark brown grains up
to 150 um in size (Fig. 7 a) often attached to phlogopitel a&linopyroxene
phenocrysts. Smaller (5-10 um) perovskite grainshefsecond generation form
intergrowths with fresnoite and magnetite grainsiafilar sizes. The morphology
of perovskite and its relations with other phasegysst that the
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Fig. 10.Compositions (formula units calculated for 16 catias and 24 O) of garnet grains
from the carbonate matrix of melt inclusions and valets and garnet phenocrysts from a
carbonatite vein.

second generation crystallized from the most ewblearbonate melt. The two
perovskite generations show different minor elentamitents. In particular, larger
early crystals are enriched in RgQup to 3.9 wt %) and AD; (Table 14, analyses
1-3), whereas generation 2 grains show higfON&rO, and F (Table 14, analyses
4-6). The possibility of SrO incorporation in therpvskite structure as the SrEiO
component was discussed in several studies (e.@stt@o & Paping, 1959). In
contrast to the observations of Mitchell (1997),omr samples Sr preferentially
partitions into perovskite in equilibrium with canbate. The perovskite of
carbonate inclusions contains up to 0.08 apfu Faglwis probably related to the
brownmillerite end-member G@&l, Fe*"),0s (Sharygin, 2010). The total REE
content is up to 6 wt % with Ce/La up to 2.7, whishtypical of carbonatitic
perovskite. The stability of perovskite in the aarbte inclusions and the absence
of any evidence for the carbonation reaction CaTHOCGO, = TiO, + CaCQ
(Mitchell & Chakhmouradian, 1998) indicate,®trich fluid composition at the
final stages of crystallization.

Titanite

Titanite occurs as crystalline inclusions in cligopxene (50-80 pum) and
iIsometric crystals (up to 150m) in the carbonate matrix. Intergrowths of small
titanite grains (no larger than 30 pm) with peratesknd magnetite were formed
during late stages of crystallization (Fig. 6 d)glHAl,O; and F contents (Table
14) may indicate the incorporation of the CaAlFSi€omponent (Troitzsch &
Ellis, 2002).
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Fresnoite and delindeite

The lamprophillite-group minerals fresnoite andrbtitite are the rarest of 16
known Ba-bearing titanosilicates (Ferragisal, 2001). FresnoiteBa,TiO(Si,0O;),
was discovered in metasomatic quartz-sanbornitesviei the Big Creek gneisses
of eastern Fresno (California) (Alfoet al, 1965). Delindeite was reported from
alkaline igneous rocks and pegmatites. It was @m@@ in the nepheline syenites
of the Magnet Cove complex (Applemanal, 1987) and subsequently described
in the Khibina alkaline complex of the Kola PenilasuRussia (Khomyakov,
1995). Its composition presumably corresponds éofthmula Ba(Na, K, [1)s(Ti,
Fe)[Ti,(O,0H)Si;014](H,0,0H,F) (Ferrariset al, 2001).

Early fresnoite crystals are colorless cubes (Fitp) up to 15Qum in size.
Later grains are smaller (30-50m) and intergrown with magnetite, titanite,
perovskite (Fig. 6 d), and Sr-rich apatite (Figa® The chemical composition
deviates from the ideal formula in the presenc€a®, SrO (up to 3 wt %), FeO
(up to 2.5 wt %), and AD; (up to 1.8 wt %).

The phase identified as delindeite (Fig. 6 e) ce@# gold-brown and pinkish
gray laths up to 60-70 pm long intergrown with Bdnr phlogopite. Its
composition differs from that reported from othecworrences (Applemaet al,
1987; Ferrariset al., 2001) in elevated KE©; and relatively low TiQ and BaO
contents. To match the dilendeite formula, Ca amgsMbstitution foBa and Fé&*
substitution for Ti must be assumed. Note that B na@t reported in the previous
publications, although our data show up to 3.7 wE%'he composition of this
phase (Table 14, analysis 16) corresponds to thermula
(Ba,ca,Mg,S@lg{Na,K)1_24(Ti,Fe)1.1[Ti2.01(0,0H)48i40]_4](H20,0H,F).

Opague minerals

Magnetite and sulfides were identified in carbonaed silicate melt
inclusions. Magnetite grains are up to 20 pum ire.sithey occur as individual
crystals or intergrowth with titanite and fresnoftégs. 6 d, 7 a). There are also
secondary magnetite grains on the surface of dltgehdogopite phenocrysts. The
early magnetite grains are rich in fi@nd contain minor amounts of MgO and
Al,O; (Table 15). The magnetite from the alteration pidsl of phlogopite is
strongly enriched in MgO, ADs, CaO, and Si®

The most common sulfides are pyrite and greigitee Dccurrence of the
latter mineral in volcanic products is attributeal gostmagmatic hydrothermal
processes (Zimbelmaet al, 2005). Droplike pyrrhotite inclusions with 0.4 %

Ni and 0.2 wt % Co were found in a diopside pheysicfTable 16). They record
the composition of the earliest sulfide liquids wemg in the magma before and
simultaneously with the crystallization of clinopyene phenocrysts. In addition
to Fe sulfides, the carbonate inclusions contaerfidherite, a Cl-bearing Fe—-K
sulfide occurring in alkaline igneous rocks andboaiatites (Hendersoat al,
1999; Kogarkeet al, 1991; Sharygirt al, 2007).
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DISCUSSION

Crystal fractionation is the main process affecting compositions of melts
after the separation of carbonate liquid. Kalsibted Ba-bearing K feldspar are
among the earliest minerals of the rock. The chyzssition of K-rich phases
resulted in a decrease in the{NaO ratio and enrichment of CaO in the
carbonate liquid, which ultimately led to calcitg/stallization. The accumulation
of Na, Fe, and Al in the residual silicate melt $=di nepheline and Na-rich
clinopyroxene crystallization.

Table 15.
Representative analyses of magnetite, wt %
FeO FeOs; | MgO TiO, Al,O3 CaO BaO SiQ Total
1 37,16 48,63 0,71 9,28 0,56 0,39 0,12 0,17 97|01
2 38,07 52,52 0,81 7,62 0,38 0,46 0,15 0,00 100,01
3 38,40 50,95 0,86 8,02 0,31 0,05 0,3¢ 0,00 98/99
4 39,53 48,70 1,01 8,98 0,46 0,02 0,26 0,00 98|96
5 39,20 | 49,32 1,19 9,47 0,45 0,18 0,15 0,0D 99|96
6 39,27 46,10 1,67 10,39 0,64 0,4% 0,0( 0,00 98,53
7 39,66 44,46 1,74 11,62 1,15 0,34 0,0( 0,04 99,01
8 37,13 52,37 0,74 7,10 0,26 0,22 0,87 0,5p 99|27
9 31,05 45,76 7,94 8,19 2,90 0,88 0,24 2,06 99|00
10 | 31,92 45,06 8,03 8,60 2,66 0,76 0,12 1,98 99|10

(1) - (7) microcrystals in carbonate matrix; (8)eirgrowth with titanite and fresnoite; (9) and
(10) secondary magnetite grains on the surfacéeried phlogopite phenocrysts.

Table 16.
Representative analyses of sulfides, wt %
1 2 3 4 5 6
S 37,9 42,7 43,3 53,3 53,2 39,1
Fe 60,3 57,4 57,4 47,2 46,9 38,7
Total 98,8 100,1 100,7 100,5 100,1 91,5

(1)Droplike pyrrhotite inclusions in a diopside ploeryst, total
wt % Co; (2) and (3) greigite;
3.9 wt %Ca, and 8.7 wt % K.

PRESSURE CONDITIONS OF CRYSTALLIZATION
The crystallization of clinopyroxene from silicatmelt could occur at

includes 0.4 wt % Ni and 0.2
(4) and (5) peri(6) djerfisherite, total includes 1.1 wt % Cl,

different pressures. Using the Putirka al (2003) thermobarometer for melt
inclusion-host clinopyroxene pairs, pressures di-500 MPa at 900-1160

were determined for the carbonate veinlets. Thiplise that at least some
clinopyroxene phenocrysts with carbonate melt sicilis were transported from
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depths of about 15 km. The minimum pressure ofdbeurrence of carbonate—
silicate melt immiscibility is, therefore, about®MPa.

CRYSTALLIZATION SEQUENCE OF CARBONATE-RICH MELT

The first phases crystallizing on the walls of usibns in clinopyroxene are
aegirine-augite and aegirine of the first generatibhey are followed by leucite,
kalsilite, and Ba—K feldspar. This crystallizatisequence was directly observed
during thermometric experiments. Daughter leucihel &alsilite are preserved
within the inclusions up to 1000-1050°C. Since Ilgexel kalsilite is stable at
temperatures higher than 840°C (Capobianco & Caepeh989), the temperature
range of kalsilite crystallization is 840-10&0

The major fraction of solid phases, including psiate, titanite, garnet, and
fresnoite crystallized at 1000-800°C. The sharpirgprof garnet crystals may
indicate considerable changes in crystallizationdttons. Based on the pressure—
temperature dependence of TiZFsubstitution (Kjarsgaard, 1998) (Fig. 11),

Al

975°C
e | e | .
60 50 Ti
Fig. 11.Compositions of garnets from melt inclusions and caonate veinlets on the Al—
Fe**—Ti (at %) diagram.

Lines show the evolution of garnet composition va#treasing temperature at 0.5 and 0.2 GPa
according to the experimental data of Kjarsgaa@9@).

the crystallization conditions of the Ti-rich cerean be estimated a6€.5 GPa
and ~975°C. The garnet rims with high®Feontents were formed after a hiatus at
significantly lower temperatures and, probablyyrirohemically different residual
melt.

The accumulation of volatile components in thedesal melts resulted in the
appearance of volatile-bearing minerals at 800-60&imong them are go6tzenite,
feldspathoids with F, Cl, and S, fluorite, and bacglestite. The accumulation of
Na, Fe, and Al produced nepheline and the secondrgigon of aegirine. Small
grains of late orthorhombic kalsilite intergrownthvizeolites crystallized at 600—
500°C. The composition of zeolites from melt inatluns changed from early K—Ba
to late HO-rich Ca—Sr varieties (Table 11).

The closed-system evolution of melt inclusions lesuin the retention of a
fluid phase separated from residual melts. Thigl freacted with early magmatic

192




Deep seated magmatism, its sources and plumes

minerals, which led to the formation of Sr-apatdgrfisherite (Hendersoet al,
1999), and greigite (Zimbelmaatal., 2005).

Despite the high alkali contents in the carbonasdtsn calcite is the only
carbonate mineral in the melt inclusions and caab®reinlets. In contrast, alkali-
bearing carbonate minerals were reported from satkaline complexes (e.g.
Gardiner, Kovdor, and Guli; Kogarlat al, 1991, Veksleet al, 1998 a).

The absence of alkali carbonates among the daughteses of carbonate
inclusions and in the carbonate veinlets coulddieted to the early crystallization
of K-rich silicates (leucite, kalsilite, K feldspaand nepheline with up to 6 wt %
K,0). In addition, zeolites with up to 13 wt %, were detected among the
primary daughter phases of hermetic inclusions.cdeit is reasonable to suppose
that the content of alkalis in melt decreased dtenally at the late stage, which
resulted in the crystallization of alkali-free agdc Moreover, the stability field of
alkali-bearing carbonates is perhaps strongly redat increasing K/Na.

BEHAVIOR OF VOLATILE COMPONENTS

The main volatiles of the Dunkeldyk magmas ag®tdnd CQ. According to
experiments (Brey & Green, 1975; Papale, 1997)iaug-5 wt % CQ can be
dissolved in alkaline mafic melts at 0.7-1.0 GPlae Dnly indirect evidence for
the behavior of C@is provided by rare decrepitated fluid (gas) isedas. Perhaps
the role of CQ decreased during magma degassing.

The SIMS analysis of melt inclusions suggests @@ Ebntent of 1.6 wt %,
which is much lower than the saturation level. Bodubility of H,O in alkaline
silicate melts may be as high as 10 wt % at 0.56P6 (Papale, 1997).

The solubility of HO in carbonatite melts is probably even higher and
reaches 14 wt % at 225 MPa (Keppler, 2003). Thectrele microprobe
investigation of carbonates revealed the presemdsothh stoichiometric calcite
(~56 wt % CaO), and morphologically similar phasath excess CaO (up to 66
wt %), approaching the composition of the CaCO38EH{ eutectic in theCaO-
CO,-H,0 system at 67%°> and 100 MPa (65 wt %a0, 19 wt %CO,, and 16 wt
% H,0; Wyllie & Tuttle, 1960). The microscopic examira@tiof such CaO-excess
“calcites” revealed their very fine heterogeneitly a scale of <lum. It is
conceivable that this phase is a fine intergrowthcalcite and portlandite,
Ca(OH). The possibility of portlandite crystallization aarbonatites is supported
by the occurrence of portlandite inclusions in magm apatites from the
Phalaborwa alkaline complex, South Africa (Solovetal, 1998). If this is the
case, the maximum possible water activity level veahieved during the
crystallization of the carbonatite veinlets. Thegthicontent of HO in the
carbonatite melts is supported by the finding ofernstitial aqueous fluid in
crystallized carbonate melt inclusions in clinopygoe (Solovovat al, 1996) and
crystallization of hydrous minerals in the carb@ngtoundmass.

The silicate melt inclusions show high content$-dtip to 0.9 wt %) and ClI
(up to 0.68 wt %), which are incorporated in crifgimg minerals. In particular,
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apatite and phlogopite phenocrysts are enrichég and fluorite and djerfisherite
occur as daughter minerals in inclusions and ircdrbonate veinlet.

PARTITION OF TRACE ELEMENTS BETWEEN CARBONATE AND
SILICATE MELTS

Before evaluating our results on trace elementsoexisting carbonate and
silicate melts, let us briefly consider the avdigabxperimental data. The earliest
estimates were reported by Wendlandt & Harrisory@)9or immiscible melts in
the K,O-AlLO:—SIO~CO, system at 2 and 0.5 GPa and 1200-1300°C. They
studied the partitioning of Ce, Sm, and Tm andiokth D values (weight ratio of
element contents in carbonate melt to that ina#anelt) higher than 1, i.e. the
three elements preferentially partitioned into ¢hébonate melt.

Hamilton et al. (1989) reported a series of experiments at 10586°12 and
80-600 MPa with mixtures of natural phonolite, nelphte, and carbonate. They
analyzed a number of trace elements in immisciggleds Ba, Zr, Hf, Ta, La, Ce,
Nd, Sm, Eu, Gd, Yb, and Lu) and observed a strafigance of melt composition
on element partitioning.

Joneset al. (1995) investigated the partitioning of trace edems at 0.7-1.0
GPa and 1200-1450°C using a synthetic MORB comipasmixed with Ca—Na
carbonates. The bulk concentrations of®land CaO ranged within 2.5-27 wt %
and 11.5-26.5 wt %, respectively. They observetindistemperature dependence
of partition coefficients foBa, Nb Th, U, andCe. A temperature decrease from
1400 to 1200°C was accompanied by an increasegjmabd a decrease inyR)
D, and .

Veksler et al. (1998 b) used synthetic mixtures of the Sifl,0;—CaO-
Na,O—-CQO, system, sometimes with the addition of MgO,OK and ROs. The
mixtures were doped witBa, Sr, Zr, Hf Ta, La, Ce, Nd, Sm, Eu, Gd, Yb, and Lu.
The silicate and carbonate melts were efficiendlgagated using a centrifuge set-
up. Ba, Sr, and La partitioned into the carbonagdt b > 1), whereas all other
elements showed D < 1.

The obtained trace element partition coefficienefwieen carbonate and
silicate melts are given in Table 17. The D valaesin general consistent with the
results of Vekslert al. (1998 b) and Jonest al. (1995). Barium is the only
element that strongly partitions into carbonatelitig Dg, is ~2 according to our
data and Jones et al. (1995), whereas Veksler. €1.398 b) reported £ > 5.
Lanthanum is also slightly compatible in carbonauets, and all other elements
show D < 1. There are some significant differenbesween our results and
Veksler et al.’s (1998 b) data. Oukvalue is much lower andband Dy are
significantly higher (Table 17). The reason fordhealiscrepancies is unknown.
The difference in temperature and melt composigaignificant, but probably not
sufficient to explain the more than 10-fold changeD, and 0y A combined
effect of several factors can be supposed, buaviadable data are too scanty for
convincing inferences.
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The maximum enrichment of silicate liquid was olserfor Rb (2, = 0.08)
and Ti (B = 0.11), relatively low D values of 0.4-0.6 wetganed for Zr, Hf,
Th, Ta, and Sm. The partition coefficients of dher elements are close or slightly
lower than 1 (0.6-0.9). In contrast to Veksler let(2998 b), we obtained almost
identical D values for the geochemically similagrakents Ta and Nb.

Table 17.
Partition coefficients of trace elements betweenacbonate and silicate melts according to
natural and experimental data

1 2 3 4 5
RD 0,08
Ba 1,98 1,79 2,1 5,2
Th 0,54
U 0,87
Ta 0,59 0,27 0,099
Nb 0,65 0,36 0,50
La 1,06 0,61 1,33
Ce 0,80 2,6 0,56 1,1
Nd 0,74 0,92
Sr 0,78 4,1
Sm 0,60 3,71 0,44 0,65
Hf 0,48 0,0024 0,0093
Zr 0,47 1,18 0,016
Ti 0,11 0,41
Eu 0,77 0,46
Gd 0,62 0,43
Dy 0,73
Y 0,88 0,38
Er 0,89 0,33
Yb 0,73 0,24

(1) Our data based on the analyses of silicate canblonate melts from inclusions; (2) - (5)
experimental data: (2) Wendland & Harrison (1979300 MPa, 1200°C; (3) Hamiltost al.
(1989), 400 MPa, 1150°C; (4) Jonstsal. (1995), 1 GPa, 1100°C; (5) Veksler et al. (1998} 80
90 MPa, 965-1015°C.

Our data suggest that the high-temperature carbenatelt was not
significantly enriched relative to the initial sifite magma in incompatible trace
elements. The obtained partition coefficients iatkcthat only Ba, La, and, to a
lesser extent, Sr, preferentially partition inte ttarbonatite melt.

The majority of element ratios are almost identinghe coexisting carbonate
and silicate melts of inclusions, i.e. the geoclwameffect of silicate—carbonate
liquid immiscibility is small. The considerable eslrment of natural carbonatites
in trace elements may result from the very high ifitglof carbonate-dominated
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liquids, which enables the separation of even \@nall fractions of strongly
evolved residual melts from the crystalline matrix.

POSITION OF THE MELTS IN THE FAMILY OF HIGH-K BASIC
ROCKS

In the family of ultrapotassic rocks (Fig. 12).rdasites from the Pamirs are
distinguished for unusually high,® concentrations (Fig. 12, a) andNa&O
ratios (Fig. 12, b) at similar SpOconcentrations Compositions of the rocks
practically overlap the field of high-Si lamproitesSpain (field 1) and other high-
K alkaline rocks.

(2) (b)

Calc-alkaline

1 1 1 M M M 1
50 55 60 3 4 5 6
Si0,, wt % Na,O, wt %

Fig. 12.Composition of melt inclusions in clinopyroxene otarbonate veinlets in:

(@) SIQ-K,O and (b) NagO-K,O diagrams. | - lamproites and alkaline basaltanfro
southeastern Spain (Turnatral, 1999); Il - basanites from southwestern Tibeillgvl et al,
1999); lla - alkaline basalts from northern Tibétilfiams et al., 2004); Il — alkaline basalts
from northeastern China Wudalianchi (Basu et &91). (1, 3, and 4) ¥O/N&0O ratio.

The melts are strongly enriched in Ba compareddayrbasic and ultrabasic
alkaline rocks (lamprophyres, minettes, alkalinedita, and basanites. The Ba/La
ratios, which are used for characteristics of magngenetically related to
carbonatized sources (Girnis et al., 2006), arg kggh and reach 86.5, averaging
at 47.9. For comparison, lamproites from Spain l2a#.a ratios of no higher than
30, and these ratios are 20-22 for alkaline vot=arfrom the northern and
southwestern Tibet and 18-20 for rocks from nodtexa China.
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SOURCES OF PRIMARY ALKALI BASALTOID MELTS

Among the characteristic features of the meltssti@ng enrichment in many
incompatible elements and distinct negative Ti, ldbgd Ta anomalies. In this
respect, the melts are similar to Mediterraneawe-tygtrapotassic lamproite
magmas (Carlier & Lorand, 2003; Althegt al., 2004). It is supposed that such
magmas are related to subduction processes ard tflamsport of components
from the subducted oceanic slab into the overlymmantle wedge. The relative
depletion of Ti, Nb, and Ta is attributed to thiew solubility in aqueous fluids
compared with other incompatible trace elements.

Foley & Peccerillo (1992) argued that ultrapotassmgmas can be derived
from a harzburgitic mantle with phlogopite-bearingins. The geochemical
features of the Pamir melts suggest a least deblgherzolitic) source. In our
opinion, the primary magmas could be formed by tegree melting of garnet
peridotites which were pre-enriched in incompatibiace elements under the
influence of agueous fluids ascending from the satetl slab. The deep origin of
the primary melts is supported by the presencesepdierived xenoliths (2.5-2.8
GPa) (Hackeet al.,2005; Lutkov, 2003).

The melt compositions and pressure estimates sutfygsthe silicate rock
and carbonate veinlets could not be formed duristngle event of melt injection
and crystallization. Indeed, the carbonate veinketse obviously formed after the
solidification of the host fergusite; however, maltlusions in clinopyroxene from
the carbonate veinlets are very similar to thosiéncores of clinopyroxene from
the silicate rock. This implies that the melts tpatduced the carbonate veinlets
were in equilibrium with the least evolved meltsrfr which the host fergusite
crystallized. This can be interpreted by assumigéexistence of a deep magma
chamber, which supplied several melt portions. Thile formation of the
Duknekeldyk complex included several stages. (ijusmon of a homogeneous
silicate magma and rapid formation of diatremestbGaate melt was probably
absent during this stage, and the eruption wagdry CQ degassing. (2) Minor
differentiation within the magma chamber and separaof immiscible carbonate
melt. This process had only minor effects on themosition of silicate melt. The
carbonate melt probably collected in the upper parthe magma chamber. (3)
Injection of small portions of carbonate melt intbe almost completely
crystallized fergusite. This event produced thdboaate veinlets and, probably,
the carbonatite veins described by Faiziev e28i00).

CONCLUSIONS

Carbonate—silicate melt inclusions in minerals lé Dunkeldyk complex
unequivocally indicate the occurrence of high-terapge (>1100°C) silicate—
carbonate liquid immiscibility during the evolutiai a primary magma enriched
in volatiles (F, S, CI, kD, CO,) and incompatible trace elements (especially, Ba
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and LREE). The separation of carbonatite melt agecunn a crustal magma
chamber at a pressure of at least 0.5 GPa.

The trace-element characteristics of silicate aamtbanate melts indicate that
the primary magma was formed in the lithospheriaithea The carbonatites of the
Dunkeldyk complex inherit the geochemical signatuoé the primary melt. The
carbonatite melt that separated from the silicadgmma was not initially strongly
enriched in incompatible trace elements (excepBtoand La).

The pronounced negative anomalies of Nb and Ti esigipe relation of the
magmas with subduction processes, probably vifldigetransport of components
from the subducted slab into the overlying rockstleg mantle wedge, which
served as a source of the ultrapotassic magmas.

This study was financially supported by the Rus$tanndation for Basic
Research, Program for ONZ and the Russian Prog@nthie Support of Leading
Scientific Schools.
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In article is made attempt to generalize availatidda given on chemical
composition, petrography and mineral particularkymberlitic rocks of deep
horizons of the Internationalnaya pipe. The olgjidata of distributing of different
types of mafic and ultramafic xenoliths in kimb&r$ of the bore holes (the horizon -
680m), distribution olivine and pseudomorphoses hom, as well as autolytic
formations in different kimberlite varieties havedm used here.

Petrological data are shown of that for kimberlaéshe pipe Internationalnaya
typical mainly garnet association indicated minecalmparatively low contents of
indicator mineral, prevalence crimson pyrope |Ihbtizgparagenesis, low frequency
BcTpeuaemoctu titanebearing garnet, two composition types of eifiites and
chromspinelides. Possible suppose that these pteeamgpical kimberlitegx for
high-grade bodies.

The results of the study chemistry garnet and gigamet on correlation
eclogitic and ultramafic parageneses in concoctjmen pipes, with provision for
amount of paragenetic association of diamond paegie are indicative of
distribution eclogitic garnet in composition indieamineral. This allows confirming
about essential contribution of eclogitic paragenetiamonds in the diamond
population of given pipes that, on our opiniofiycnasimusaer the high contents and
quality diamond of the International pipe.

INTRODUCTION

The pipe Internationalnaya is one of the most pcode pipes of the
Yakutian diamondiferous province. The pipe is openl969 by the group of
geologist of the Botuobinskaya expedition. To depelent of the deposit has
proceeded in 1971.

The pipe is located in 16 km to south-west fromepipir on the right side of
the Irelyah River. Like the majority of kimberlitlmodies of the Malo-Botuobinsky
field, she gravitates to zone of the West breakygoen distance 3 km from his its
axial line. On the surfaces the characterized p@& a form of the wrong oval,
extended on northwest (330The pipe is accompanied by the system of dykes,
oriented in northeast, northwest and nearly menaidirections [4].

In vertical section are divided the mouth of funaetl cylindrical channel. In
the middle Paleozoic and Mesozoic time the upp#drgidahe diatreme was eroded.
From the mouth of funnel is safe only its lower 486tre part. Hereinafter on
depth remainder flare move over to cylindrical atelnwith nearly vertical
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contact. Before depth 1000 m horizontal sectiothefpipe as a whole nearly does
not decrease though it varies depending on thenkasdof the containing rocks.
The most observable changes to section of the @ipeanstalled on depth with
absolute mark -200 + -400 m., where in places efdistribution of thick basset
Cambrian evaporate layers (built by halite) ocalrservable its expansion [3, 4].

Two types of kimberlite rocks were divided in thgper horizons of the pipe:
kimberlitic breccia and massive kimberlites, wittag prevalence of the first type
(about 95 % volume). There are wide-spread carleomiabris of the lower
Paleozoic (5-15 %, seldom 30 %), in small amouet @resent traps and single
debris of crystalline schist formations of the fdan. The raised amount of
carbonate debris (40-60 %) is fixed in contact sopé the pipe. The typical
particularity of upper horizons pipe kimberliteseftwre depth 370 m) is a high
contents of admixture of Terri gene material ofreunding rocks. The last is
presented by arenaceous, aleurite and clayey drectand consists of quartz,
feldspar, plagioclase, tourmaline, almandine, sphamd staurolite. Deeper than
370 m their amount sharply falls, and from the Heps00 m, they practically
disappear [3, 4].

Inclusions of the type "kimberlite in the kimbeelitmeet enough often, their
amount with depth increases, reaching 16.2 % iaenmal 300-525 m. With the
depth the construction of kimberlite bodies beconwaplicated; there are divided
three intruding kimberlite phases. The autolytimlerlite breccia is execute the
significant volume at the depth. They are builtmduoval separationgimoepiura
early generation. Autolytic kimberlites usually leamore fine-grained porphyric
structure, than containing their early generationberlites; the olivine content in
them usually lower than in cement [4].

Follows to note that in connection with particutamf the exploration of this
given pipes, amount publication on geologies anapmsition kimberlites pipes
Internationalnaya extremely little [2-6] and infation contains in stock material
basically. In given article are considered petrpgreal-mineralogical
particularities kimberlites rocks, got on the grdsrof studies of the exploratory
and exploitation bore holes, passed on deep haipbrthe pipe - (-) 68@ Iin
process of the undertaking the underground works.

FEATURES OF KIMBERLITES PETROGRAPHY

The pipe is executed by two varieties of kimberliteks - an autolytic
kimberlite breccia (AKB), which dominates in thepei body and porphyric
kimberlite (PK). Porphyric kimberlites execute tbeparate intervals to different
power. The structure of PK kimberlites varies frdime-porphyric to coarse-
porphyric. With depth portion of porphyric kimbees as a whole decreases,
however increases the portion of kimberlites witleady expressed coarse-
porphyric structure. Besides, on the section of Itkee holes are noted area,
executed reeked- fragmental carbonate breccia théhfine veins and irregular
form lens of fine-porphyric kimberlite material, wh less performs the role of the
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ground mass. The content of kimberlite materiathis breccia forms not more
than 5%.

Follows to note that in kimberlite core sample ladre holes is intensively
developed halite of orange tones or rater lessamisparent-white color, filling in
sample of the rift of different directivity by powap to 5 mms, seldom more, and
multiple space between debris. Also salinizatiorrawks with the postponing of
halite in the manner of raid occurs, ubiquitousditstribution in the main matrix,
particularly in zone of the contact of the mainwgrd mass with saline rocks.

Xenogenic material is presented by the debris auingh sedimentary rocks
(1-4% in PK, 5-15% in AKB), of the crustal rockstbe (0-6% in PK and 1,66 in
AKB), and rare deep rocks (Table 1). The amourdesdp xenoliths in PK at the
average forms 0.8%, in AKB — 1.4%, at variatior@irsingle sample up to 5%.
The average contents of ultramafic rock xenolithsAKB is nearly two times
above than in PK and forms accordingly 1.36% a@%, their distribution on
bore holes is not even (Fig. 1b).

Amongst xenoliths of the deep rocks dominate theejaand garnet-spinel
dunites (Fig. 1.). From 90 samples diagnosed ubihercular magnifying glass of
the inclusions of mantle rocks, olivinites and garspinel dunites form around 95
%,; the garnet Iherzolites meet seldom. The fornthefinclusions most often is
oval. The amounts in majority do not exceed 1 smsingle events up to 4 sm.
Inclusions are intensively serpentinized. From pmynmineral are saved only
pyrope, chromite, pyroxene seldom. The garnet bHgics mauve coloration of
the round form, with size 0,5-3 mms, its conterriesafrom 5-15 %, sometimes up
to 50-65%, clinopyroxene 5-7 %. Chromshpinel in olghs is presented by
xenomorphic allocations with the size from 0,05 nin8,5-0,7 mm.

Porphyric kimberlites presents by itself rocks of dark-grey color withtyh
green tone, are also noted intervals, paintedaowbrof the tonePorphyric grains
are presented by pseudomorphoses after olivirendl 2 generations that partly
or fully are replaced by serpentine or more seldgntalcite. Sometimes in the
center of pseudomorphoses on the deep levels gfipieeis present sideroplesite
forming radial-star aggregates. Content of pseudphuses after olivine *1
generation is about 34 % in average (Table 1).ridiee is varies from 1-2 mm to
1,5-3 sm on the long axis. Their content is 20%ini@-porphyric kimberlite but in
coarse-porphyric enhanced up to 60%.

Pseudomorphoses after olivin® deneration have size > 1mm and on olivine
2" generation < 1mm. Their composition is analogaugps$eudomorphoses
after olivine ' generation.

Porphyric phenocrysts are situated in the groundgsmeonsisting from
varying amount of serpentine and carbonate (bagidalomite), phlogopite (10-
15%), apatite (2-3%) and oxide minerals, which fasiisolated grains and also
grains of the complex zonal composition. There reoted rare small crystals of
baddeleite that are comparable in size with grafhghe main matrix. Also
separations of sulfides are present.
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Fig. 1. Xenoliths of deep rocks in kimberlites of the pipénternationalnaya.

- an aspectual variety; b - a percent contentieep rocks xenoliths on bore hole.

Phlogopite is presented by regular idiomorphic mgarom 0.05 to 0.1mm,

seldom up to 0.2 mm, quite often it has a zonabktration and chloritized on the
periphery. The central parts of the phlogopite s#pans are impoverished by
Al,0O3 (12-13 wt.%), titanium (0.31-1.37 wt.%) and congathe raised amount of
total ferric (3.88-5.97 wt.%) in contrast with ceaBometimes in the center of the
zonal separations is situated biotite. The coaaesented by barium-containing
phlogopite. The amount of BaO foot up to 4.06-6wW&%b6 at contents 16.3-17.9
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wt.% Al,Oz; and under approximately alike contents J#nd FeO not exceeding
2.3-2.9 wt.%. The barium-containing phlogopite &hglphlogopite quite often are
present and in the manner of independent plar@engst the oxide minerals are

Fel03
%

b
=™
l
T

MgO wt.%

70

TiO,, wt%

i

r? ()3, wit. %

C

= = ok e o R Sy -]
|

0 3 10 15 20 25 30
MgO, wt.%

Fig. 2. Figurative points of composition ilmenite microcstals in the kimberlite matrix of

the Internationalnaya pipe.
The Note: In coordinate TiO2-MgO (but) and MgO-Cr203 (b)etlriangles — isolated ilmenite grains,
rhombs — ilmenite coats.

noted chromite, the magnesia ilmenite with varyaugptents MgO and ilmenite.
Chrome-bearing titan magnesia ferrites noted omlgamplex zonal separations,
forming coats around chromespinelides alongsideh wrhicrocrystals of
picroilmenite, geykiloilmenite and Mn-bearing ilm#n Mn-bearing ilmenite
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usually forms external coats of cubic form. Magarsimenite contains about 22
wt.% MgO, 0.15-3.95 wt.% Ns, up to 3.5 wt.% MnO and 0.03 — 3.03 wt.%
Cr,0Os5 (Fig. 2).correlat

The isolated crystals of geikiloilmenite form lamimand formless extended
microcrystals. The chromspinelide microcrystals aeglding with them in close-
fitting knitting chrome titan magnesia ferrites,nt@ns not more than 8 wt.%
Al,O5 at variations in contentsr,O; from 12 to 56.8 wt.%. Moreover unlike

50
45 4
- 40 4
& 35 1
2 304
E
=25 4
g 20
15 4 .
< 104 !
EEWIIIII..II“’I?\I\
12 16 20 24 2832 36 40 44 48 52 56 60 64 68
Cr,0;, wt.%
]
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12 4
11 LASS
10 + 4
= 27T Fa %\
S s d Q:
- 2Py
=0T Ae
56+ *
9 5+ *
o4l .
3 4
24 *
T L
0 +—+—+—+—+—+—+—+*—+—+—+—+
12 16202428 32 3640 44 48 52 56 60 64 68
Cr,0,, wt.%

Fig. 3.Figurative points of composition microcrystals feri - (the triangles) and
chromespinels (rhombs) of the kimberlite matrix ofthe Internationalnaya pipe: in
coordinate Cr,0O3-Al,03 (a) andCr,03-TiO» (b).

chromspinelide phenocrysts in they exist naturatdasing of titanium, which es
with reduction amount of chromium (Fig. 3). Besidekiminum and chromium
contents not dependent from each other. These ancplarities allow clearly set
apart chromspinelide from the matrix and from "pbagsts” (i.e. mineral from
xenoliths).

Amongst sulfides are noted nickelbearing sulfidpenflandite, millerite),
pyrite and jerfisheriteAutolytic kimberlite breccia - execute the main volume of
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the pipe. Porphyric separations in them are presgefull pseudomorphoses of
serpentine and carbonate on the olivine that slowat tabular and angular form.
Their contents varies from 11 to 40 %, at the ayerforming 28,1 % (refer to
Table.l).

Turns on itself attention practically equal cortiela pseudomorphoses on
olivine of different size in porphyric kimberlitesxd autolytidoreccia (Fig. 4) that
is explained by the presence of amount of samgle$iamed, intermediate type.
Such an intermediate type of the rocks does nawespond to the notion of breccia
itself and on row signs (the low content debrisseflimentary rocks, coarse-
porphyric structure of the matrix) its possibleerefo porphyric kimberlite. But in
them, rather often, exist forming of the type "kemlde in kimberlite" (autolithes)
that does not allow this do uniquely since eantamy author was noted that the
presence of autolytic (ball) formations is one o tost firm sign of kimberlite
breccia.

The amount of autolithes among investigating samplaries from single
debris to 25% from the volume of sample. They prestself round or oval
formations — spheretaxites of the fine-porphyric&ure that could be nucleus or
nuclear-free type. Their size varies from the portof millimeter (the microscopic
borders on peripheries) up to 5-8 sm. Autolithedeos with cementing material
are sharp and are emphasized its lighter or dakeration. As a nucleus could
emerge pseudomorphoses on olivine, debris of sedane rocks, garnet
serpentinites and pyrope grains.

The results of the chemical studiesof kimberlite-cement of the
Internationalnaya pipe have shown that porphymalarlites are characterized by
more magnesia and ferriferous composition, raisedent of oxides TiQ P,Os
and smaller carbonatization in contrast with kintiberbreccia’'s (Table 2).
Herewith does not follow to forget that chemicahpmsition reflects also reflects
more late, lower temperature processes of kimkeeriaterial transformations,
passing on already consolidated rocks. So, theltsesfi chemical analysis at
decision of the problems on kimberlite typificationust be used only with
petrographic-mineralogical study of the rocks ie tamples. Practically in all
cases, the same structured kimberlite type, clemaectg determined
petrochemical factors, on contact with containiagks is subject to some change,
conditioned by direct vicinity of carbonate rockstt is expressed in more active
calcification, dolomitization and etc. At a chemicamposition this reveals itself
in significant fluctuation main petrogenic oxideSaO, MgO, SiQ, TiO, and
others (Table 2).

MINERAL PARTICULARITIES OF KIMBERLITES

Indicator minerals (IMK) in kimberlites of the pip@ternationalnaya are
presented by garnet (average contents 4.3 kgkjpimmenite (0.098 kg/t) and
chromespinelides (0.029 kg/t). Olivine and pyroxemeet seldom. The total
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Fig. 4. The Diagrams of the distribution of olivine and pgudomorphoses on him in
kumoepsuTax Of the pipe Internationalnaya.

The Note: a) - a general correlation, b) - in pgrjth kimberlites, b) - in kimberlite breccia. (b) -
distribution on bore hole.
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contents IMK forms 0.44% and, consequently, piperhmtionalnaya pertains to
the third group on categorizations according A.DaKkiv [3].

Garnets prevail over the rest of minerals and are presestveral color
varieties. The grains size does not exceed 5 mmdiameter. The difference
between correlations of garnet grains on coloumpanphyric kimberlites and
autolytic kimberlite breccia is small (Fig. 5). it fixed difference in degree of
garnets grains safety in PK and AKB. The obtainatedshow that porphyric
kimberlites are characterized by best safety ofenals than kimberlite breccia.

100%

A Orange-red
[MRed
Crimson

[ Violet

H Orange

80%

60%

40%

20%

0%
542 2+ 14,5

Fig. 5. The distribution of garnet color varieties in kimberlites of the pipe
Internationalnaya (in different shaving class).

The morphological description is executed for 3ghbnet grains from core
samples of kimberlites. In studied samples garaetpresented by separations by
size -5+0.5 mm. Garnets of large shaving class&s2(-and -2+1 mm) are
presented mainly by debris (60-62%), in small shgnalass (-1+0:m) dominate
the splinters (70%). The amount integrated graoeschot exceed 0.6%, damaged
— 6.2%. The broken off grains are most often fixedlass -5+2 mm (21.8%), in
rest shaving classes their amount does not exd&ed 7

From color varieties in studied sample dominatedti®son garnets; violet,
orange and red are meeting greatly less (see Figh®g rarest varieties of garnet
are green and rose, which meet in the manner glesiepen.

The dominating form garnet grains - irregular (88)8&nd angular-rounding
(38.9%). Round grain meet seldom (2.27%), mainlstiaving class -5+2 and -2+1
mm. In studied sample is fixed one grain crimsomegg size -2+1 mm; with the
relict of idiomorphic forms 0.03% from all studiadhount.

For separations garnet typical two types topograptsfaces: endogenic
frosting and pyramid-shaped relief of hydrotherhakolutions with prevalence of
the last. Herewith for large class garnets arectipimore often frequency
endogenic frosting. Enough broadly widespread fesswgarnets, most often they
meet in shaving class -5+2mm, in small shavingseagportion of fissured garnet
falls. Most often fissured are garnets of the \tiotdor (31%).
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On garnet grains often exist the reactionary rimthe different composition
and thickness, they are noted both in the manneelmts, and in the manner of
coats, completely covering garnet grains. The amotigarnets with reactionary
coats or their relic forms consists 57%. Garnetamfrthe Internationalnaya
kimberlite pipe often contain inclusions. The amioainsuch garnets forms 51.7%.
The garnets with inclusions more often meet in steving class. The called on
studies have shown that garnets with plural inolisimeet in 10 times more often
than with single. So amount garnet with single us@ns forms 3.87%, but with
plural — 47.81%. The amount of the inclusions img&avaries over a wide range
from 2 to 100; dominate the garnets with numbethef inclusions from two to
five. Inclusions are usually presented by one nailhegrains with polyphase
inclusions meet seldom. The most widespread inmhssiare spinelides round,
needle or octahedron form, noted also inclusionsliofne, phlogopite, ilmenite
and magnetite, enabling the type "garnet in garnet”

The chemical composition of garnets from kimbeslipgpes Internationalnaya
is varied (Fig. 6). Amongst they dominate the gtared lherzolitic paragenesis
(58.1%). The garnets dunite-harzburgite paragengsin 21.6%, eclogitic —
11.8%, vherlitic 8.52%. The portion of garnets dith dunite-harzburgite
association forms -7.8%.

16

CaO,wt.%

Cr203, wt.%
Fig. 6. Figurative points of garnets composition from kinberlites Internationalnaya pipe in
coordinate Cr,0O3-CaO. (on [1]).

Amongst garnets of Iherzolitic paragenesis domigtains with contents
Cr,O; from 2 to 8 wt% (Table. 3). They form 47.8% frometlwhole studied
amount. According categorizations of J. Dowson¥n8tephens [7] amongst
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them dominate chrome pyrope (the type G9) — 75.886the second place are
distributed low-calcium chrome pyrope (the type §1Beir amount forms 11.9%
and titaniferous pyrope (9.8%). The most rare asravite-pyrope - 3% and high-
titanic pyrope (0,23%).

Low chromium garnets (@D:< 2%) l|herzolitic paragenesis consist 7.7%
from the whole studied amount. They are presenyettdniferous pyrope (55%),
chrome pyrope (45%). Variations of their composisi@re provided in Table.4.

The most seldom among garnets of Iherzolitic paragis are high-chromium
(Cr,O3 > 8 wt.%) pyropes. Their amount consists 2.73%mftbe studied parcel.
They are presented by uvarovite-pyropes (type G133%u low calcium chrome
pyrope (type G10) — 48% (see Table 4).

The garnets of barren dunite-harzburgite parageriesn 13.8% from the amount
of studied grains. They are presented low calcibnorme pyrope (82%), chrome
(10.3%) and uvarovite-pyrope (5.7%); the raredttaeferous pyrope (type G1).
The garnets of diamond association form 7.8% froenstudied amount. They are
presented by low calcium chromium pyrope (type G@@5H5%) and uvarovite-
pyrope (type G11) - 5%. Variations of compositidngarnets dunite-harzburgite
paragenesis and its diamond association are praud€able. 5.

12 '

1T MerarpucTel
£ 8 o
f_,- JKIOTHTOBEIE
= 66 EHJTHOY €HILA
S waaﬁ
= 04® :'!

an . ii‘;’!zi.'i= ®
0 i
0.0 0.1 0.1 0.2 0.2

Na,O wt.%

Fig. 7.Figurative points of compositions of eclogitic pargenesis garnets in coordinate
Na,O-TiO, (on [8]).

Garnets of diamond association are characterizedowgred contents of
titanium, chromium, ferric, manganese, under cowrupagly raised contents of
calcium.

The wehrlites paragenesis garnets in kimberlitebh@finternationalnaya pipe
are presented mainly chrome pyrope (48.7%), alsvettare broadly shown
uvarovite-pyrope (32.1%) and low calcium chromeopgs (14.1%). The rare type
of garnet wehrlite paragenesis: pyrope-grossulaiteandine (the type G6) and
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knorringite uvarovite-pyrope (the type G12) form dn2%. The chemical
composition of wehrlite paragenesis garnets isgnmtesl in Table 6.

The eclogitic paragenesis garnets in studied saameleneeting enough often
and form (11.8%) from the studied amount. Theypaesented mainly by calcium
pyrope-almandine 87.0%) (the type G3), there atechalso titaniferous pyrope
(the type G1) — 10.2%, titaniferous calcium magaedmandine (the type G4) —
1.9% and magnesia almandines (the type G5) — 0Q&tnets of diamond
association of eclogitic paragenesis (with conté@® less than 29.5 wt%), and
high contents N#®) form 7,65% from the whole amount of studied pamnd
64.8% from amount of garnet this paragenesis. Tmeposition of the eclogitic
paragenesis garnet from kimberlites pipe Intermafizaya corresponds to the field
an eclogitic inclusions in diamond (Fig. 7) thatirge to high contribution of
eclogitic paragenesis (comparable with ultramafic)the population of diamond
associations of indicator minerals of given pipes.

The eclogitic garnets are presented by followingesyon categorizations J.
Dowson and V. Stephens [7]: calcium pyrope-almaeslitihe type G3) — 87.1%,
titaniferous pyrope (the type G1) — 8.6%, titarofes calcium magnesia almandine
(the type G4) — 2.9%, magnesia almandines (the % — 1.4%. The
corresponding variations of the composition eclogparagenesis garnets are
provided in Table 7.

Picroilmenite. Iimenite in kimberlites of the Internationalnaygpe meets
comparatively seldom. The size of ilmenite graias-%+0,Mm, predominating
class -1+0,fam. Separations of ilmenite are presented mainlyrokdn off grains.
The dominating morphological variety are angularaw grains, deprived of
crystallographic faceting, also are noted irregudaid round separations. For
ilmenite from kimberlites pipe Internationalnayatypical low frequency of grains
with coats (7.8%). The relief of ilmenite surfacespresented by two types:
endogenic frosting (74%) and nib-like relief of Ingthermal dissolutions weak
and middle degree (26%). limenite of aggregate tcocison in kimberlites of this
pipe meets seldom (about 2% from the studied amount

The Chemical composition of ilmenite from Interoatlnaya kimberlites is
varied (Fig. 8). There are noted two groups of fitee compositions (Table.8).
limenite of the first group is characterized bytmpntents of MgO and D3, the
second - by low chromium, magnesium and raised araegp. The most
widespread is the low chromium picroilmenite comitag 9-10 wt.% MgO and less
than 0,5 wt.% GOs (Fig. 9).

Chromespinelides are broadly widespread in kimtestliof the pipe
Internationalnaya. The sizes of the separations2a©.5 mm. Dominating size -
1+0,5mm. Chromespinelides are characterized by wigbleness. Dominate the
integer grain (38.4%), on second place by frequemeybroken off grains (27.4%),
meet the round form and with element idiomorphidlioes. Chromespinelides
from kimberlites pipes Internationalnaya are chim@oed varied morphology:

220



Deep seated magmatism, its sources and plumes

or1o 686 St6 0v0 £9°8I SO0 00°1¢ 89°0 96t z

PLOET0 | 98°01-C6'8 | #8°690°6 | ¥ 0-6L°0 | CO6I-¢T8I | 90°0-t0°0 | 60°1C-16°0C | 89°0-89°0 | 9L°6£-CS 6L
(p)) Jurpuewe BISAUTEW WND[EI SNOIIJIUE) |

001°0 LEY tr6l LEO 8E01 1o Sy LEO L1y 9

¢10-L0°0 | 008-¢k't | 9071191 | 9¥0-9C0 | STI-LO6 8L0°100 | I8EC160C | 8OBOO | 9Ccr60 1Y
(19) adoaad snoadjuey

0rro 00°8 90°1'1 €eo 6T'81 €00 S6'1C Al 166t 19

61°0-L0°0 | 9¥°CI-6L't | SS61-689 | RP0-£T0 | LOTTRY T | $1°0°000 | LLCTRY0OC | £5°0°60°0 | BOCPRY 8t
(¢9) surpuewe adosad wnpe)
UOIBIDOSSE puowei(]

or1o 68°6 St 0¥°0 €981 SO0 00°1¢ 89°0 r9'6t z

PLOET0 | 98°01-C68 | $#86906 | 1v0°6£°0 [ CO6I-LIRI | 900800 |60 1C-160C | 89°0-89°0 | 9L°68-CS 6L
(pH) urpuewe eIsauTewW WNPR[EI SNOIIJIUL)] |

0L0°0 riy croc £e’o 8L'6 o 16°CC LTO 00°¢y 0z

€1'0-000 | 008-CP't | 667 1C-19°C1 | 9¥°0-000 | STI-SO'8 8L°0°100 | ZTI'PT-16°0T | 08°0-00°0 | TRCP-60'1Y
(19) adoasd snosajtueyr

080°0 LEL teCl LTO 0TLI 90°0 0TTC 61°0 LT OV 6

61°0-00°0 | 9v Cl-1t't | 9L°0C-689 | 8¥'0-000 | LOTT-LY6 81°0°000 | vTPT-T90T | £50°00°0 | BECH 8P 8L
(£9) surpuewe adoaad wnpe)
oeN | oD | OIN | Ouw | o0 | 04 | oav | ouw | oS |"ue Jo 1aquiny

Lo1qeL

(9%3m) adid eAeujeUONBUIIIU] IY) JO SAIIIqUIDY Woa) s)duted sisauddesed 3313099 vonisodwod jo suoneLIe A

221



Z.\N. Spetsius, V.P.Kornilova, O.V.Tarskikh

NWONYIOWN[e— 7 210d1dwoIyd — [, *NoN

970 81°0 LYLI 81°0 1091 ST'8T 6L '8¢ LT0
LEO0LTO €0-000 | 6F6I-LOSI FO-11°0 PSIC-LY 01 6 1¢-190C | STEreCPe | 6L0°€00 I *T
0€°0 010 €811 LTO 0612 911§ 6v €l 9L0
SFO-81°0 L[T0-0 STLI-ITS 90-C10 TP 1851 88°79t¢ PP FE-S60 | LOEC00 101 x1
) - ‘ue Jo
SO'A OIN 03I OUl 04 Q) OV 0L adA ],
Jquny
(2%m) adid eAeujeuonewidyuy ay) jo saquy woay uonisodwod apaurdsowoayd jo suoneLie A
6 21qeL
8T'¢ 1L0 8¢ oF LO0 LT0 LL'LY
L7861 91 ZCI0 €8LS-SL0F $10-100 $9°0-S00 €1€S-680¢ 6
€€°6 €10 SI'zy 19°0 06'St
LPI-6V¢E £7°0-C0°0 SO19-L67C TCT+170 97°SS-0L76¢C 90t
03I OU 04 Q) UV 01L "uE Jo dquny dnoan

8 2lqe L

(2% M) adid eAeujeuoneuwidyug Jo sayrpIaquIp] wo.aj uonisodurod yruawiyl Jo SUOHELIEA

222



Deep seated magmatism, its sources and plumes

MO 1%

63

g
2 5 - -
|.=_'.j_ L . & -
z &
§4_ * 0"'...
i * .
ooa - ‘..i.
i Sy » -
1 " . Iii 'l-.
D.
¢ 1 23 4 5 6 7 8 9 1011 1213 14 15 16
MgO wt.%

o

Fig. 8 The Diagrams of the chemical composition of limates from kimberlites of the
Internationalnaya pipe.
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Fig. 9. The contents of magnesium in porphyric ilmenitesrbm kimberlites
Internationalnaya pipe.
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noted sharp-edge octahedrons, vicinal octahedraasnpleted morphology
crystals, spinel twins, angular, angular-round snohd grains. The dominating
forms of crystals are asununansasie octahedrons (41.1%), on the second place
on distribution are present crystals completed moliggy (26%).

25+ 0,7+
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=

MgO,wt%

P 4

MnO, wt%
[
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[}&]
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o
—
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20
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10 20 30 40
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Fig. 10 The Diagrams of the composition of chromespinelas from kimberlites
Internationalnaya pipe.

The chemical composition of chromespinelides freimberlites this pipe
varies over a wide range (Fig.10). In studied sang@minate chromespinelides,
which composition corresponds to chrompicotite (30¥he composition of 10%
grains corresponds to alumiumchromite. Chromesigiegldiamond association
form 3.6% from amount studied that it is enouglwidl examined on diagram
Al,O; - CrOs.Chromespinelides of the chrompicotite compositthffer from
aluminochromites by greatly more high contentsGgr lowered contents of
aluminum and magnesium, raised contents of femianganese and vanadium,
more narrow range and comparatively raised contentganium, under lowered
contents of the nickel (Table 9).
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Conclusion

Thereby, for kimberlites of the Internationalnayipepare typical following
features their material composition: comparativédyy contents of indicator
minerals of the diamond, mainly of garnet assammtwith the prevalence of
crimson pyropes of Iherzolitic paragenesis, lowgfrency of titanium-bearing
garnets, two types of ilmenite and chromespinelbdenpositions, comparable
amount garnet of peridotitic and eclogitic paragse including diamond
association. It is possible to suppose that thasanpeters are typical of high-grade
kimberlites bodies.

The results of the study of garnets chemistry aath dn correlation of
eclogitic and ultramafic composition in concentrafethe pipe Internationalnaya
with provision for the amount of corresponding tasamdond paragenetic
associations are indicative of high contents obgitlc garnets in amount of
indicator minerals and, accordingly, it is possildil® suppose an essential
contribution of eclogitic paragenesis diamonds e forming of the whole
diamond population of this pipes. On our opinidms explains the high grade and
quality of diamonds of the Internationalnaya pipe.

In conclusion, consider our pleasing debt to thavik/.Zezekalo for
execution of macro-petrographic counts of core ldrte samples and A.S.Ivanov
is thanked for the help in execution of micropraipalysis.
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Characterisric feaure of the mantle beneath Kharamafield
in comparison with the other regions in Prianabarie
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The microprobe study of the composition of mineeald trace elements by the
ICP MS with the laser ablation from the concensaté kimberlitic pipes from
Kharamai field and some field in Anabar shield matlgpossible to draw a
comparison and reconstruct the structure of mditlesphere with the enhanced
system of monomineral thermobarometers [3-5]. dikesion of the mantle section
under the Early Triassic pipes [10, 41] Evenkiyskaylalysh and Tuzik per 4 large
units is not characteristic as a whole for Magaratee [43, 44], which includes this
region. The mantle sections beneath the kimbenpigpes within the Anabar shield
are divided to large units: in the upper they ameoentered in essence the fertile
peridotites, pyroxenite and eclogite, in the midojeoxenites and high-temperature
eclogite prevail and in the lower - dunites, whadntain the nests of pyrope garnets
sometimes with the pyroxene.

INTRODUCTION

The structure of the mantle of Siberian craton Weased in Archean in the
separate micro-continents, which then were joilnggther in the form of separate
terrane. The subsequent stages of this accretiate te the boundary of 1.8 billion
years [12, 30,43]. The models of the formation itfolspheric keel are diverse
[20]. One of the basic is considered gently slomadduction [6,30]. Kharamai
kimberlitic field relates to the Early Triassic g#aof the kimberlitic magmatism of
the Siberian platform [39-40]; however, separafgepiwere formed into later the
stages [10]. Many kimberlite of Northern part db&ian craton [7], including the
territory of Anabar shield and Prianabarie were &smed in Early Triassic time [
11, 15, 41], with exception of some Devonian kintibeiStarorechenskoe field and
later Jurassic kimberlites. The main informatiorowbthe structure of the upper
mantle of this region is given in article W. Gniffwith co-authors [10]. In that
work assumed that in the northern part of the $&becraton the lower part of the
lithospheric mantle was delaminated and thus tlaeeeno prerequisites for the
prospection for diamond-bearing kimberlite [11]. w&yer, the sufficiently wide
distribution of high-chromium pyropes in the kimlies in different parts of the
northern part of the platform together with the mdance of diamond placers [5,
36, 40] and geophysical evidences [17, 19], mateabssumption is inaccurate. In
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this work the analyzed minerals concentrate of ehkemberlitic pipes of
Kharamai field were used to determine the structdithe lithospheric mantle and
the characteristic features of mineral compositiand to compare these data with
the information, obtained for other regions of tharthern part of the Siberian
platform. The fundamental characteristics of Khaaaifreld kimberlites are not
very differed from Devonian kimberlite of Siberiptatform [17].

MINERALOGY
Garnets

The pyropes of the Kharamai field, analyzed in twsrk lie within the
Iherzolite field [35], reaching 11,5% of cr203,rther frequent in the pyroxenite
(Fig.1), which will agree with previously publishedta [10]; however, in the last
work are cited also the data also about the suburalgarnets, whose quantity is
small. Garnets do not reveal the considerable lement Of tiO2 (0.4%) and
Na20 (0.1%). Garnets from pipe Khardakh in conttashe Kharamai very rarely
contain significant amount of Cr203. The pyropeskiohberlite Kuranakh field
contain to 11% of Cr203 [4, 6] and frequently isnsoerably enriched TiO2
(1.2%), whereas pyropes pipe Khardakh comparatoelgw - Cr (to 8% Cr203).

Clinopyroxenes

Clinopyroxenes from the pipes are close in commosialthough they differ
in the predominant varieties (Fig.2). They form tvatouds according to
ferruginosity. The predominant type contains 132 &f FeO and is characterized
by higher Cr203 content, usually to 2,5% separdferdnces to 4%. The group
of clinopyroxenes of the increased ferruginosity 5% Iis characterized by
comparatively low Cr203 and higher Na20 and TiGihtents of separate grains.
Such values are common for pyroxene from ferrousasoenatites of the
lithosphere base [14]. As a whole the pyroxenehef Malysh pipe are more
magnesian, in the concentrate pipe Tuzik is manphauites from the eclogite,
and pyroxene pipe Evenkiyskaya it is most divenseomposition.

Orthopyroxenes

Orthopyroxenes of Kharamai field also are dividedoi two groups:
magnesian 4.5 -6-2% FeO and ferrous >7.3%. Treedne reveals variations in
Al203 from 1 to 3,5% and Cr203 0,20 - 0,8 with sigmificant variations in TiO2
(Fig.3). Orthopyroxenes of Anabar shield, includitige most studied pipe
Khardakh, with the close intervals of ferruginosityey possess higher variations
in CaO, Al203 and Cr203.
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Amphiboles

The amphiboles of Kharamai field relate in essec€r - hornblendes. An
increase in Fe# 2 to 4% they are accompanied bgceedse Cr, increase in the
alkalis, TiO2, MnO and by reduction in Cr203. K2@da\Na20 replace each other
among the magnesia varieties (Fig.4). For the nhigily-ferrous varieties the
joint increase Na, K, Ti and Al203 is observed. Bmaphiboles of Anabar shield
possess the less expressed dispersion of commasitith the similar regularities.
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Fig.2 Variations in the composition of clinopyroxenesrbm the concentrate of the
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1 pipe Khardakh in Ary-Mastakh field 2. the pipes d Kkuranakh field. Symbols are the
same.

Chromites

Chromites and Cr spinels are divided into two laggyeups (Fig.5). The most
chromium rich varieties are enriched by ulvospimhal in different degree (to
6% TiO2 and 40-60% of FeO). The simultaneous emetit in Cr203, V205
decrease in Nb203 is observed. The insignificaatrehse for NiO is
characteristic for the middle part of Cr trend. #mmilar chromites from
Starorechenskoe field and Kuranakh field the emnefit Of TiO2 in is noted also
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in the chromium part of the diagram. Reduction misCaccompanied by splitting
of FeO trends and by increase in NiO and by MnOrelese moreover absolute
values are considerably above than in Kharamal.fiel

[Imenites

For the ilmenites of Kharamai field comparativelgrow interval of the
tiO2 is fluctuations and the complex variation ttenare observed. (Fig.6).
Decrease in TiO2 is accompanied by an increase2@3 for some ilmenites from
the metasomatic associations and by a decreasestalino O for others
uncontaminated varieties crystallizing from the tprkimberlitic system. The
noticeable admixtures Of Al203 and V205 increasth vierruginosity, just as
N203 and ZnO. The predominance of separate vasi@tighe concentrates of
different pipes is not noted. limenites from ther&nakh field kimberlite possess
the continuous
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spectrum of composition changing from 55 to 40% ZliGr content of ilmenites
in pipe Khardakh is much lower in comparison tosthdérom Kharamai field and
only in several ilmenites of Kuranakh] field thentent of Cr203 it reaches 5%.
The NiO content is comparatively low-, whereas V248 Al203 are much more
lower.

VARIATIONS OF TRACE ELEMENTS IN MINERALS

Garnets from the Kharamai pipes are divided ingr@ips according to the
configuration of spectra (Fig.7A). The first is cheterized by rounded patterns
with the domination of HREE and smooth decreaseREE, which is typical for
the |herzolites. For the second one the signifitamp in MREE with the center
near Sm is observed is observed, which can be ithe &f origin from the
pyroxenite.

For the third the sealed spectrum HREE - MREE &edsmall minimum in
Dy - Er is established which is typical for the gyene and the garnets from the
harzburgites. In the majority of garnets the hgdximums of Pb, U are observed
and substantial Ta increase relative to Nb inressdor the enriched varieties,
whereas the general TRE exhaustion is accompayedia< Nb and rises of
Zr/Hf ratios. For all types the troughs of Sr, 8& Nb are characteristic.

Clinopyroxenes of three types reveal differencethenTRE spectra. Varieties
with the inclined linear spectra REE have minimumslb, Ta and less expressed
in Zr - Hf and the peaks in Th, U, most likely, yirelate to the harzburgite type.

More rounded spectra LREE and TRE with the smoottiéscending
incompatible elements, especially LILE and by theimums Zr can be peridotite,
which are formed by the higher degrees of meltifido: One of the spectra with
Eu minimum and peak on Pb comparatively high cdntdhE relates to the
eclogite. For only one analyzed orthopyroxene aag a smooth increase in all
by incompatible of components, peaks in Pb, Th, mmimum Y. In chromites
the spectra REE of two types are observed: thosausted in REE have reverse
spoon-like spectra with the minimums in HREE andalén¥ minima, and also
peaks Pb, Nb, Ta, Th. For the more enriched vagdkie spectra are more rounded
with the increase and then smooth reduction ofrthempatible components as in
many pyroxene of Udachnaya pipe [14]. For the iliteasn most enriched REE, are
characteristic high peaks Nb, Ta, Zr. The peaksTdband especially Zr, Hf , The
last two elements are considerably lower for ywosls. REE the enriched
varieties are more inclined than those from theleted ones which reveal the
slightly U — shaped patterns.

Clinopyroxenes from Khardakh pipe (Fig.7B) are eletaristic the spectra,
enriched by LREE with the small depressions from-TiHo. Their patterns reveal
increase in Th, U, Pb and the minimums Nb, Ta, Be bends on Eu are noted in
some of the mantle pyroxene. The more ferriferoysoxenes reveal Eu the
minimums. Garnets from pipe Khardakh have comptaiastommon TRE spectra.
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They are more typical ¢ for the metamorphic angstal species. REE
spectra have small inclination to the LREE parhwite depression in the middle
part and the small elevation in the light. Theywhainimums in Ta, Zr, Sr, Ba
and peaks in Pb, which are for U are less freqthent for Th. For the ilmenites
the inclined (for those enriched) or concave (farse exhausted) spectra REE are
established All ilmenites patterns have expressedb - Zr, Hf peaks as it typical
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Fig.7.PTXF diagram for the minerals from the concentratesof the kimberlite pipes from
(A) Kharamai field. (B)[Khardakh pipe Ary-Mastakh f ield;(C) Kuranakh field. Pipes

The symbols:1. Opx Of TC [8] - P (GPa) [24], 2. Cpx: °C [4] - P (GPa) [4]; 3.TP [37], 4.
T°C [37] - P (GPa) [4] for the eclogite; 5. the safoe the pyroxenite. - 6. the garnet

(monomineral) TC [28] - P (GPa) [4], 7. Chromite OfT [29] - P (GPa) [4]; 8. limenite [41] -
T°C[37] -P (GPa)[4].

for the other pipes. But in this pipe ilmenitee atharacterized by the joint
enrichment U U, Pb, Ba and noted minimums in Nb, 4Zia and Hf which are
characteristic for harzburgites or lherzolites wikie subduction characteristics.
Clinopyroxenes from this pipe reveal close in shapefiguration of REE and
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TRE patterns. The REE patterns are spoon-like thithLREE enrichment as for
pyroxene from garnet - spinel or spinel mantle gacor more rarely they are
inclined. The peaks and high field strengthen el@mdn chromite instead of Ta -
Nb of peaks the trough is observed.

In pipe Universitetskaya from the Kuranakh fiel@ fGr-low garnets have the
same characteristics as for Khardakh pipe (Fig.However, chromium pyrope
reveals the typical rounded REE patterns with tih@mum in Sr and the peaks in
U, Pb, Ba and noted minimums in Nb, Ta, Zr, andutfch are characteristic for
harzburgites or lherzolites with the subduction rabteristics. Clinopyroxenes
from this pipe reveal close in shape configurabdiREE and TRE patterns. The
REE patterns are spoon-like with the LREE enrichimes for pyroxene from
garnet - spinel or spinel mantle facies or morelyathey are inclined. The peaks
in U, Ba or the contrary distinct minima Pb and Bemainn Th, Ta, Zr are
observed in spiderdiagram.

Clinopyroxenes from the Trudovaya pipe reveal mali spectra with the
different level of REE. The most enriched spidagdams have small peaks in Eu
and small Ce minima and deeper Pb by the minimumbgbly they have an
admixture of eclogitic material. In TRE spider gliam the Rb peaks and small
minimums of high field strengthen elements and mexpressed in Th, Ba are
observed. Ilmenites have spectra of two typese Varieties with the low
concentrations TRE possess inclined REE by specitdawell expressed peaks in
Ta, Nb Zr - Hf and Pb, and they are characterisyiche minimums in Sr and
lithophile elements. For other ilmenites with th&HEE level~ 100 -1000 the
inclined REE patterns are observed and the mininfalsSr. The peaks in Nb, Ta
Zr Hf are is not so expressed, than in the prewauigty of ilmenites.

THERMOBAROMETRY

The methods of monomineral thermobarometry [2-62&8, and 28] in the
application for the minerals from the concentrateahvee pipes from Kharamai
field and kimberlites from Prianabarie were useddonstructing the sections of
mantle lithosphere beneath these regions. Since kimberlitic pipes from
Kharamai and most of Anabar kimberlite relate t@ estage of Upper - Triassic
magmatism and approximately to one time, the raoected sections can give
answer about similarity and difference in the dtitee of the lithosphere of craton
immediately after Permian - Triassic superplume.

The generalized diagram for the mantle section d&dnéharamai field based
on concentrate of three pipes together gives drigito 4 large units in pressure
(Fig.8). The Moho boundary is fixed by the PT esties for the eclogitic
omphacites. Two stratigraphic levels from 3.5 tdGPa in the upper level of
mantle correspond most likely to garnet pyroxenéed Iherzolites. The lens of
the garnets -spinel peridotites refer to 1-2 GHe&e heated lens of eclogites —
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pyroxenites are located at the level of 2.5 GPa division between upper and
lower part of mantle lithosphere is traced by thadotites rich in pyroxenes.

Deeper in the range from 5.0 to 3, 5 GPA the matasic ilmenite peridotites
are observed, judging by the agreement of Fe# ofnGequilibrium with the
iimenites. The low Cr ilmenites fix proto-kimberitchamber or channels at this
level. The lower lens of 7 -5 GPA is folded, amgdly by wehrlite type of
peridotites with the veins and the lenses contgifiin- chromites and ilmenites. In
the megacrystalline association besides the ilrasrate encountered also by rare
low - Cr pyroxene.

Oxidizing conditions estimated wusing chromites [41§arnets and
clinopyroxenes according to the published equati®pseveal almost identical
conditions. The widest variations are appearetienupper part of the section, and
in the lower structural unit the degree of oxidatis most high. limenites reveal
untypical trends P -FO2. The oxidation state desgeia the lower part of the
section, which corresponds to the vein derived ftbm proto-kimberlitic melts
into the peridotite substrate. limenites from tleasl in the middle part of the
mantle section show the rise of FO2 with a pressi@@ease. This refers to the
differentiation of the contaminated proto-kimbeclimelts in the large magma
bodies.

Reconstructed mantle column beneath pipe Khardakhyy Mastakh field
contains 3 large clearly expressed units. (Figi@he upper part from 3 to 1 GPa
are concentrated garnet peridotites and pyroxepitactically without the
spinelides. Pyroxenite lens is present at the [2MeIGPA. In the section of below
4 GPA garnet peridotites occur less frequently. Tinedle substantially
pyroxenitic lens is thermally heterogeneous. Clyrogene rich rocks are heated
in essence and became low-temperature at the 3eA. The inflection of the
geothermal gradient and beginning convective ofd¢inas located at 5- 5.5 GPA.
The orthopyroxene - clinopyroxene ilmenites - hegrperidototes and heated
garnet peridotites of low ferruginosity are locatieelow this boundary. The
iimenite P -Fe# trend is practically linear witretemall inflections. In the lower
part it coincides in ferruginosity with the estinoais for orthopyroxenes and it the
low pressure parts is close to the estimation#hi®iclinopyroxenes.

The oxidation state of the peridotites of the uppart of this section is the
most heterogeneous beneath the Ary Mastakh kinbdréld. Two increasing
upward trends of oxidation state are observed enntiddle part of the section in
the pyroxenite lens. The highest degree of oxatatioincides with the found for
ilmenites. In the lower part the garnet bearingksoare mainly highly -oxidized,
and ilmenites demonstrate pulsating with pressurggen conditions, which
correspond to differentiation in the small vein issd

In mantle sequence beneath the Kuranakh fieldatedigision to three major
units, complicated by fluctuations on the diagramthe oxidation state showing
the more complex structure of mantle column (Fiy.10n the upper part the
minerals from peridotites and pyroxenite, show tise of ferruginosity near
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Moho. This part of the section is very unevenlytbdaip to SEA of geotherm. In
the interval of 3- of 4 GPA it is possible to reoag 4 pyroxenitic linear trends P -
Fe# where Fe rises with the decreasing pressusdswBhe level of 4.0 GPA in
the section chromite bearing dunites predominabee®ime they contain garnet
nests or lenses. However, they are not similar he tiamond-bearing
megacrystalline dunites with the sub-calcium gariieim the mantle section of
the center part craton [32], here garnets relatbedherzolite trend. Xenoliths of
such species are discovered in the core of sonehmdes [2]. The ferruginosity of
these chromites create continuous united trend thi¢hgarnets of the upper level.
Ulvoshpinel component sharply grows in the lowertpaf the section. The
inflection of geothermal gradient is noted at tbeel of 5.5 -6 GPA. IImenite P-
Fe# trend also reveal continuous rise upward initkerval from 7 to 4 GPA.
llImenite bearing metasomatites with comparativebyw | ferruginosity and
increasing content Cr in the ilmenites with therdasing pressure are noted in the
lower and upper part of the mantle section.

According to the oxidation state the P- FO2 plotmaintle section is divided
into two large fields extending from the mantle &wo the upper part. The trend
of the high oxidation state -1tAQMF for the ilmenites of pyroxene and garnets
apparently corresponds to the system of veins agtdsomatites which should be
created under the influence of the proto-kimberlitisions. Trend for chromites
< -2AQMF is divided into 5 intervals by the pressureweo arrays are located
within the field of the stability of diamond [23]Fields for chromites in the lower
and middle part of the sections are more oxidizedlia each of groups it is noted
an increase of the oxidation with a pressure deetea

DISCUSSIO
Tectonic zoning and the structure of sections.

On the basis previous works [2-6] it is establisttet many terranes possess
the individual characteristic features of the dwue of mantle sections.
Differences are expressed in the fluctuations efRH-e# trends for the garnets [6],
localizations of the magmatic cameras, traced bgapgroxenite, by the position
of eclogite in the sections and the pyroxenitedsrand PT estimates for different
groups and infections of the PT arrays.

According to accepted tectonic divisions the Khaaarneld relate to the
Magan terrane [38, 41, 42]. The constructed mas#etions for pipe Mir,
Internationalnaya pipes [4, 6] and other large pipethese terranes are sharply
stepped according to ferruginosity of garnets arstridution of the sub-calcic
garnets. In average the upper part of mantle uMaepipes is not highly depleted
and it is more exhausted in the lower part. The tleagsection beneath the
Internationalnaya pipe the P-Fe# garnet trend is2mét the same time structure
of mantle section under the Kharamai lithospheoelblconsists of the 4th large
units which do not reveal rhythmical contrastingttication based on the garnets
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estimates. Such type of sections is charactersticthe Daldyn and Markha
terrane. In Daldyn terrane the sharp division ite separate structural units [4]
and localization of magma chambers at the dividesuifficiently characteristic.
But hearth Udachnaya pipe the section is sepamaiesl sharply contrasting units
[6]. l.e., according to this sign mantle lithosphainder the Kharamai field is
close to Daldyn Magan and Markha terrane.

For the kimberlite fields from the Anabar shiele tefficient enrichment by
the pyroxenite material of the upper part of thetisas of mantle lithosphere are a
characteristic, whereas in the lower part sharplifa@sted mantle peridotites
mainly dunites, and metasomatized in different dedre present [2]. This is not
the basic feature of the outlying regions of crateor example, for the eastern part
of the craton the mantle contains many garnetd@flierzolite are located in the
lower part of the section [34]. The presence of kilhges of Cr - pargasite -
hornblende type speaks about essential metasomatdication by the aqueous
fluids of the upper part of the mantle sectionsRsfanabarie, that it is not
characteristic for the Siberian craton as a whak iais noted only in Africa [9].
In the center section of the Siberian craton angb#of the richterite type prevail
[3]. For the Kharamai field in the heating in thaddle part the mantle is
appeared, typical also for the several regionsradlfar shield and Prianabarie. The
pyroxenite lens is located higher at the level 133.6 GPA. Sufficiently powerful
pyroxenite lens [4, 6, 32] are characteristic oldya and Magan terrane at the
level 4 GPa, but this it is not typical for Marklad some other terrane.

Geochemistry of minerals

Geochemical signs of garnets from the mantle pgtedoof Kharamai field
with large quantity “humpbacked” spectra (Fig.7Ayhich are usually
characteristic for the pyroxenite garnets, arevaoy typical for the peridotites of
Magan block. However, large part of harzburgitengts with the minimums in
MHREE relates to the upper part of the sectionduwampletely typical spectra of
garnets for the peridotites, which can be attributethe primary subduction type”.

For the pyroxene of the mantle of the Kharamadf@fl the degree of melting
maternal fusions must be substantially less thdn &d Ga/ Cpx ration of the
parental rocks should be high and correspond tebliagite. Such characteristics
of the studied regions have mostly mantle garnetts Aakit field [2].
Geochemistry of pyroxene from the peridotites ofdfiakh field also is not very
characteristic for the center section of the Sdrexraton [6, 14, and 27]. In pipe
University pyroxene with the enrichment in LREE ath@ concave downward
spectra rather assumes the action of the fluid meits. In the Universetskaya
pipe and Trudovaya from the Kuranakh field as wasllKhardakh pyroxene from
Ary — Mastakh field also assume the participatiérihe fluid rich melts, but the
share of garnets in parental rocks is consideraisly. The garnets of the upper part
of the section, as pyroxene probably assume thcipation of crustal material
and its hybridization with the mantle peridotites.
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INTERACTION OF THE SUPERPLUME WITH THE MANTLE
LITHOSPHERE

In spite of wide spread opinion about the essemtfalence Permian Triassic
superplume on the mantle lithosphere [10, 11] themifestations of such an
interaction are sufficiently insignificant. Exhaiast in the lower part to dunites
would be possible to connect with the influencesaperplume and with the
melting of basalts; however, in the region basatimgmatism was not appeared.
As shown, for the trends of ferruginosity there aagiations connected with the
action of plume basalt fusions. After the plumésibbserved substantially in an
increase In Fe# in the upper part of the mantlése[6]. This influence on the
mantle peridotites of Kharamai field is not verynsmlerable in comparison with
other regions. For the kimberlites of Kuranakh diethe gradual linear
magnification in the ferruginosity of garnets te thase of lithosphere is observed.
And only in mantle section of Khardakh pipe ther@ase in the ferruginosity of
mantle peridotites to the upper part of the maatdleimn is characteristic. There
are no also signs of interaction in the geochemieatures of pyroxenes and
garnets. Usually pyroxenes and garnets producatidoplume related melts have
rounded spectra [24] of TRE in spiderdiagram whgchot very characteristic for
the Kharamai field. The considerable decrease ethitkness of the lithospheric
keel, which was assumed [10, 11] on the basis pusviversions of garnet
thermobarometry [32] was not found, but it is sorhatvlowered [25] to 6065
GPA. In the central regions of Siberian cratonpbe/er usually somewhat above
corresponds to 7 -8 GPA. For the Anabar shield itharacteristic the excited
nature of geothermal gradients, especially in thédla and upper parts of the
sections, as in the parts of the cratons of imntarteermal influence superplume
they are usually more regular [33], including foe tmantle of the Siberian craton
of Devonian time [4, 6, 27].
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CONCLUSIONS

1. The structure of the mantle section of Kharamaldfidoes not
coincide with other studied sections of the maiitteosphere of Siberian craton
and mantle sections of Anabar shield.

2. Geochemistry of pyroxene and garnets of Kharaeildifiis
sufficiently individual and rather i close to thoBem the mantle of Alakit field
where the melts parent for the minerals revealgafitly low degrees of melting
possibly due to enrichment in fluid.
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3. The majority of the minerals of Kharamai field pragses enrichment
in LREE due to interaction with the fluids. Is nobserved the considerable
decrease of the mantle keel thickness of lithospheafter the Permian -Triassik
superplume.
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