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FOREWORD

Proceedings of the XlllI International Conferenceetip-seated magmatism, its sources
and plumes” is devoted to the"@nniversary of the permanent Chairman of the Oriam
Committee of the Conference and the chief editahefProceedings of the Conference Nikolai
V. Vladykin.

N.V. Vladykin is a well-known scientist in the aref geochemistry, petrology and
mineralogy of alkaline rocks both in Russia andoal. After graduating the Mineralogy
Department of the Leningrad University in 1966 harted his work at the Institute of
Geochemistry, SB RAS, Irkutsk in 1968.

He has been studying geochemistry, mineralogyaadootential of rare-metal alkaline
and granite rocks from a vast area covering SitmrthMongolia for 50 years. Together with the
Academician V.l. Kovalenko he discovered: 1) SoGibbi belt of alkaline rocks; 2) Lugingol
alkaline complex containing TR deposit in carbaeati 3) the largest Khan-Bogdo complex of
alkaline rocks with large Zr-Nb-TR deposit; 4) npvovince of carbonatites in Gobi with large
TR and Mushugai-Khuduk apatite deposits; 5) ongoratnew rock variety which is a volcanic
analogue of rare-metal Li-F granites. He discodetieree new minerals: MONGOLITE,
KOVALENKOITE, ARMSTRONGITE, named in honor of thérdt astronaut N. Armstrong,
setting foot on the Moon. In 1978 he defended thedwate thesis entitled “Mineralogical-
geochemical features of rare-metal granitoids ofnidia” which was published as a
monograph. Later he studied magmatism, geochemastdy petrology of K-alkaline rocks of
Siberia and Aldan shield. He developed a new schefmeagmatism for the whole alkaline
Aldan province. He was the first in the former US8Ro discovered LAMPROITES and
distinguished the Aldan province of lamproites,cdigered lamproites in the Eastern Anabar
region and Tomtor complex. On the Murun he discedeapatite and synnyrite deposits and
gave a new interpretation for the genesis of unigo@roite-carbonatite rocks. A prominent
contribution into the petrology of alkaline rocks & complete series of differentiates of
potassium alkaline magmatites from ultramafic rotksalkaline granites discovered by N.V.
Vladykin for the Bilibin and Murun complexes. IndBhe defended the doctor thesis “Petrology
and ore potential of K-alkaline complexes of Mon@ihotsk magmatic area”. In 2006 Dr. N.V.
Vladykin was proposed for the title of the Corresgiog Member of RAS.

N.V. Vladykin is an author of over 400 articlesdah monographs. He is a chief of
Russian and International projects. In his laboyatwe created the museum — a scientific
collection “ Alkaline complexes”, which contains ngples for over 300 alkaline massifs
throughout the world. N. V. Vladykin has joint raseh grants and publications with scientists
from Japan, Canada, Italy, India, UK, Brazil, Irddgngolia and Bulgaria. In 2012 the Canadian
scientists named a new strontium silicate fromNhgun massif as vladykinite. Starting from
2000 he has organized 13 International Conferefidesp-seated magmatism, its sources and
plumes” and published the Proceedings of thoseetentes in Russian and English, which are
reviewed in Canada.

The given book presents the articles of leadingngists studying the problems of the
deep-seated magmatism. The geodynamics of Pz-Mzmateggn of the Central Asia,
geochemical features of radioactive elements ofGhk complex (Arctic Siberia), deep-seated
structure of magmatic systems of Kola alkaline prog are considered in the reports. The
present issue also discusses the composition diekiites and deep-seated xenoliths from them,
composition of the low-mantle sources of diamonsgtope trace-element composition of the
primitive mantle, nature of D” layer, Os isotopetmatics of platinum deposits. The articles on
melt inclusions of salt (carbonatite) melts andidatsilicate immiscibility in the upper mantle
are of particular interest.
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VLADYKINITE, Na 3Sri(Fe*'Fe’)SisO..: A NEW
COMPLEX SHEET SILICATE FROM PERALKALINE
ROCKS OF THE MURUN COMPLEX, EASTERN
SIBERIA, RUSSIA

Chakhmouradian A.R:, Cooper M.A%, Ball N, Reguir E.P, Medici L2,
Abdu Y. andAntonov A.A2

! Department of Geological Sciences, University ahbba, Winnipeg, MB, R3T 2N2, Canada
2 Istituto di Metodologie per I'Analisi AmbientalEito Scalo, 85050 Potenza, Italy
3 Centre for Isotopic Research, VSEGEI, 74 Srednigfect, St. Petersburg, 199106, Russia
* Corresponding author; e-maithakhmou@cc.umanitoba.ca

Vladykinite, ideally NaSr(Fe**Fe*)SigO4, is a new complex sheet silicate
occurring as abundant prismatic crystals in a dkecoarse-grained peralkaline
feldspathoid syenite in the north-central part bé tMurun complex in eastern
Siberia, Russia (Lat. 522 48' N; Long. 119 03 44’ E). The new mineral is an
early magmatic phase associated with aegirine, spautan feldspar, eudialyte,
lamprophyllite and nepheline; strontianite (as pleenorphs after vladykinite) and
K-rich vishnevite are found in the same assemblbagée represent products of late
hydrothermal reworking. Vladykinite is brittle, hadviohs hardness of 5 and distinct
cleavage on {100}. In thin section, it is colorlebgaxial negatived = 1.624(2)3 =
1.652(2),y = 1.657(2), 2Vheas = 44(1f, 2Vcac = 45(1F] and shows an optic
orientation consistent with its structural charastes (X"a = 5.1 in S obtuseZ =
4.7 in B acute,Y = b). The Raman spectrum of vladykinite consists aof th
following vibration modes (listed in order of deaséng intensity): 401, 203, 465,
991, 968, 915, 348, 167, 129, 264, 1039 and 68T; dH signals were not
detected. The Méssbauer spectrum indicates thhtfst and F&" are present in the
mineral (F&'/Fe; = 0.47), and that both cations occur in a tetreddecbordination.
The mean chemical composition of vladykinite (acediiby wavelength-dispersive
X-ray spectrometry and laser-ablation inductivetyqoled-plasma mass-
spectrometry), with Rerecast into F& and F&"in accord with the Méssbauer data,
gives the following empirical formula calculated t@4 oxygen atoms:
(Nap.45C &) 56)x3.01(St 81K 0.04B8.02-80.0C.01)53.9(FE 0.7 € 0.6MNo 2620 16Al 0.1M
00.05 T10.00)52.01(Si7.81Al 0.19)58.00024. The mineral is monoclinic, space grde@y/c, a =
5.21381(13)b = 7.9143(2)c = 26.0888(7) AB = 90.3556(7), V = 1076.50(5) &, Z
= 2. The ten strongest lines in the powder X-rdfratition pattern aredppsin A (1)
(hkh]: 2.957 (100) (23, 123); 2.826 (100)1(17, 117); 3.612 (58)1(14, 114); 3.146
(37) (120); 2.470 (32) (210, 01.10); 4.290 (3aug, 111); 3.339 (30)106, 115,
106); 2.604 (28) (200); 2.437 (25) (034); 1.785)(g&AL.10, 234). The structure of
vladykinite, refined by single-crystal techniquestbe basis of 3032 reflections with
Fo > 4oF, to Ry = 1.6%, consists of tetrahedral sheets parall€l@) and consisting
of (Sig0.4)*® units incorporating four-membered silicate rings! goined into five-
and eight-membered rings by sharing vertices wafigdr tetrahedra hosting e
Fe*, Mn, Zn, Al, Mg and Ti. Larger cations (predomitlgrNa, Sr and Ca) are
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accommodated in octahedral and square-antiprismaiterlayer sites
sandwiched between the tetrahedral sheets. Stalictlations between vladykinite
and other sheet silicates incorporating four-, fie@d eight-membered rings are
discussed. The name vladykinite is in honor of NikoV. Vladykin (Vinogradov
Institute of Geochemistry, Russia), in recognitadrhis contribution to the study of
alkaline rocks. Holotype and cotype specimens efrttineral were deposited in the
Robert B. Ferguson Museum of Mineralogy in Winnip€gnada.

Keywords: Vladykinite, new mineral, sheet silicate, peraikal rocks, Murun
complex, Yakutia, Russia

INTRODUCTION

Potassic peralkaline syenites (wt.%(K> wt.% NaO; mol.% NaO+K,O >
mol.% AlLO3) are an uncommon type of igneous rocks that, itneme cases,
contain an appreciable proportion of kalsilite (lK/D,) or leucite (typically
replaced by kalsilite-orthoclase intergrowths). &é¢ examples of these rocks
occur in the Murun, Synnyr, Yaksha and Yuzhnosakyrakaline complexes in
eastern Siberia, and at Khibiny in Kola PeninsiRaissia [10; 1; 14]. These
syenites, their associated metasomatites and pegsnabst a plethora of exotic
accessory minerals enriched in K, Sr or Ba, whick exceedingly rare or
unknown in other rock types. For example, out ehed 60 minerals reported from
the Murun complex, fifty-seven contain essentialB§ or Sr, including several
species so far endemic to this locality (for dstaihd bibliography, see Appendix
1, online). It is important to note here that mothese exotic minerals are not at
all rare at Murun and locally gain the status afkrborming constituents; a good
understanding of their crystal chemistry and pamage relations is thus essential
to the understanding of the petrogenesis of thast rocks.

In her study of peralkaline syenitic dikes from tieirun complex, Reguir
[17] briefly described a previously unknown Na-Fes8icate (pp. 162-163), but
the dearth of available material precluded its itetaexamination. Complete
characterization of this mineral became possiblly evhen additional samples
were provided to us by Professor Nikolay V. VladyKVinogradov Institute of
Geochemistry in Irkutsk, Russia), who had also geced this silicate as a
potential new species. The new mineral and its naawe been approved by the
Commission on New Minerals, Nomenclature and Cliassion of the
International Mineralogical Association (IMA 2015®). The name vladykinite
(BmagsikuanT) Was chosen in honor of Nikolay V. Vladykin, incognition of his
contribution to the geochemistry, petrology and emahogy of alkaline rocks,
including the Murun complex [19.20.21.12.13.22]|étgpe and cotype specimens
(unmounted and epoxy-mounted grains, polishedgbations and the crystal used
for structure refinement) were deposited in the d&kblB. Ferguson Museum of
Mineralogy at the University of Manitoba (WinnipeGanada) under catalogue
number M7853.
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GEOLOGICAL PROVENANCE AND PARAGENESIS

The Murun alkaline complex is a large (~60 %ntomposite pluton of
Cretaceous age emplaced in Archean high-grade mgbhm rocks and
Neoproterozoic clastic and carbonate sedimentacksrdl0, 9]. The complex
comprises a wide variety of igneous, metasomatichgmrothermal rocks, but the
most volumetrically significant are alkali-rich rdmafites, feldspathoid and quartz
syenites, and their extrusive analogues (phonolitashytes, leucitites). Murun is
known widely as the type locality of the purple ggome charoite (Evdokimov
1995) and several other compositionally and stradiu unusual minerals
(Appendix 1, online).

Vladykinite was identified in a dike of coarse-grai mesocratic feldspathoid
syenite (lujavrite) at Mt. Maly Murun in the nortentral part of the complex.
Geographically, Maly Murun is situated in southveest Yakutia near its
administrative border with the Irkutsk Region (L&& 22 48’ N; Long. 11903
44" E). The host dike, measuring ~2-3 m in width afdn2in length, comprises
aegirine, potassium feldspar, K-Sr-bearing eudgalytadykinite, lamprophyllite,
nepheline, strontianite and K-rich vishnevite, détapproximately in order of
decreasing modal abundance (for formulae, see Afpdn online). Note that the
cancrinite-group phase tentatively identified heras vishnevite is
stoichiometrically close to pitiglianoite, B&SicAlcO.4(SO)R2H,0; the two
minerals can be distinguished only on the basistroictural data [15], which are
currently unavailable. In the Maly Murun lujavriteJadykinite is relatively
abundant, locally composing up to 5 % of its voluriide mineral occurs as
pointed prismatic crystals of brown color with somibic to pseudohexagonal
cross-section perpendicular to the length, as aslparallel and radiating clusters
of such crystals (fig. 1a). The size of individgahins does not exceed a few mm
in length and 0.5 mm in width. In hand-specimemdykinite resembles acicular
titanite common in feldspathoid syenites (but unowmn in their peralkaline
varieties); the two minerals, however, differ irithoptical properties (see below).
The majority of crystals are partially or complgtpseudomorphed by strontianite
(fig. 1b).

PHYSICAL AND OPTICAL PROPERTIES

The new mineral is macroscopically pinkish to gsaybrown, with a vitreous
luster and a white streak. It is brittle, has a Bldtardness of 5 and a distinct
cleavage on {100}. The specific gravity of vladyikercould not be measured, but

! Deposit item AM-14-109, Appendix, CIF, and DatapDsit items are stored on the MSA web site and
available via th@merican Mineraiogisit able of Contents. Find the article in the tableaftents at GSW
(ammin.geoscienceworld.grgr MSA (www.minsocam.orly and then click on the deposit link.
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Fig. 1.(a) Prismatic crystals of vladykinite (VId) showing turbid areas of partial
replacement by strontianite (Str); the matrix is predominantly potassium feldspar (Kfs);
cross-polarized light. (b) Pseudomorphs of strontiaite (Str) after viadykinite associated

with eudialyte (Eud) and lamprophyllite (Lmp); back-scattered-electron image.

Scale bar is 0.2 mm for both images.

is greater than that of di-iodomethane (3.22). dlbesity, calculated on the basis
of the chemical and crystallographic data (seewbelds 3.51 g/cri In thin
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section, the mineral is colorless, non-pleochraig shows a moderate positive
relief. The optical properties, determined withpandle stage, are as follows: =
1.624(2),8 = 1.652(2)y = 1.657(2), 2Vheas= 44(1), 2Vcac = 45(15. Vladykinite

is biaxial negative and shows the following optigentation: Xa = 5.1° (8
obtuse), Zc = 4.7 (Bacute), Y =b. Based on these properties, vladykinite can be
readily distinguished from titanite, which has a amuhigher relief and
birefringence, larger extinction angle™(Z 5¢), is pleochroic and biaxial positive
[4]. The calculated Gladstone-Dale compatibilitgen is 0.023 (excellent).

The micro-Raman spectrum, measured on the graisegulently used for
single-crystal analysis (fig. 2), is complex anchgists of lattice vibrations in the
100-350 crit range and a series of Si-O and Fe-O modes betd@@mnd 1100
cm’. Because O-H stretching vibrations (3300-3600"cmere not observed, the
presence of structural water or hydroxyl groupthia mineral can be conclusively
ruled out.

MOSSBAUER SPECTROSCOPY

Because Fe was identified as one of the major coems in energy-
dispersive X-ray spectra of vladykinite, the stauat state of Fe was investigated
using Mossbauer spectroscopy. The measurementsdweesat room temperature
with a®’Co(Rh) point source, using an Fe foil for the spmaeter calibration. The
>’Fe Mé&ssbauer spectrum, collected from several grairtracted from the
holotype sample, indicates the presence of twovadpecies, Fé (solid line
subspectrum in fig. 3) and Egdashed line). Consequently, the spectrum was
fitted using a Voigt-based quadrupole-splittingtalgition method to a model
based on two species, each represented by a dBmlesian component. The
refined parameters for the center shift (CS) redatd a-Fe at room temperature,
and the quadrupole splitting (QS) are as follows:=1.01(1) mm/s, QS = 2.77(3)
mm/s for F&"; and CS = 0.23(7) mm/s, QS = 0.87(9) mm/s fdf FEhe CS values
indicate that both F& and Fé& occur in a tetrahedral coordination. Assuming
equal recoil-free fractions for both species, thiewated F&/Fe ratio is 0.47(5).

CHEMICAL COMPOSITION

The chemical composition of vladykinite was inityaldetermined by
wavelength-dispersive X-ray spectrometry (WDS) ganCAMECA SX 100 fully
automated electron-microprobe operated at an aetielg voltage of 15 kV and a
beam current of 10 nA. Several crystals were aealyzith a 104m beam and
found to show little compositional variation (takl®. The following standards
were employed for the analysis: albite (Na), ansitdu(Al), diopside (Ca, Si),
fayalite (Fe), forsterite (Mg), gahnite (Zn), orthmse (K), spessartine (Mn),
titanite (Ti), synthetic SrTigQ(Sr), LaPQ (La) and CeP®(Ce). In addition, F, Cl,
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42 LabRam Aramis (Jobin-Yvon Horiba), 532 nm laser, cooled CCD detector
g Measured in confocal mode with a 1800 grimm grating, 100 um hole, and x100 objective
P Calibrated to crystalline Si standard (520.7 cm™ signal)
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Fig, 2. Raman spectrum of vladykinite (analysis spot indicted by a star in the inset).
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Fig.3.°'Fe Mossbauer spectrum of vladykinite.
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Table 1.

Mean chemical composition of vladykinite.

Oxide* wt.% range ESD
NaO 6.74 6.41-7.18 0.21
MgO 0.14 0.13-0.15 0.01
Al,03 1.38 1.21-1.70 0.15
Sio; 41.66 41.03-42.32 0.39
K0 0.16 0.15-0.17 0.01
CaO 2.77 2.58-2.96 0.09
TiO, 0.10 0.07-0.14 0.02
MnO 1.60 1.41-1.72 0.10
FeO” 8.98 8.64-9.29 0.19
ZnO 1.33 1.06-1.75 0.25
SrO 34.99 34.28-35.92 0.47
La,0O3 0.22 0.11-0.33 0.08
Ce0s 0.16 0-0.34 0.09
Total 98.90

Elementt ppm range ESD
Mg 1010 903-1220 122
Sc 0.52 0.08
Mn 12683 11217-14005 1143
Co 29 28-32 2
Zn 9515 7899-11818 1581
Y 1.02 0.93-1.11 0.07
Ba 1838 1402-2194 312
La 2776 1949-3553 761
Ce 1709 1138-2361 575
Pr 74 44-108 28
Nd 101 58-148 41
Sm 2.4 1.4-3.9 0.9
Eu 0.37 0.17-0.60 0.14
Gd 48 32-65 14
Pb 12.9 11.8-14.2 0.9
Th 22 6-37 12
U 0.27 0.04-0.90 0.32

*Based on 16 WDS analyses.
"Based on the Méssbauer data, FeBould be recast into FeO (4.76 wt. %) angdDEé4.69 wt. %).
tBased on six LA-ICP-MS analyses.

Cr, Y, Zr, Nb, Ba, Pr, Nd, Sm, Ta and Th were saulght found not to be present
at levels detectable by WDS.

11
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Vladykinite was also analyzed by laser-ablationuctd/ely-coupled-plasma
mass-spectrometry (LA-ICP-MS) using a 213-nm Nd-YAGrchantek laser
connected to a Thermo Finnigan Element 2 sectti-fieass-spectrometer. All
measurements were performed using a beam sizeoh3laser-energy density of
ca. 5.45 J/chand repetition rate of 10 Hz. Ablation was doneAinand He
atmospheres, and the rate of oxide production wasitored during instrument
tuning by measuring the ThO/Th ratio and kept bel@® %. Synthetic glass
standard NIST SRM 610 was employed for calibraaod quality control. After
taking into account potential spectral overlaps amalecular interferences, the
following isotopes were chosen for analy$iig, 2°Si, *°Sc,*'V, >*Mn, *°Co, *Ni,
662“, 85Rb, 89Y, QOZr, 93Nb, 137Ba, 139La, 140C€, 141Pr, 146Nd, 147Sm’ 151EU, 155Gd,
1997, 6y, %o, 1S5y, 1°Tm, 12y, Ly, TS, 84T, 2%Pb, 22Th, 2. Al
analyses were performed in a low-resolution mod®9@y using Pt skimmer and
sample cones. Data reduction was carried out onfsigg the GLITTER software
[8]. The Si concentrations determined by WDS shiosvléast variation around the
mean value (table 1) and were chosen as an intstawadlard for all analyses. The
quality control was achieved by keeping the fraditmon at less than 10% and
fractionation/error ratio at < 3. The following elents were not detectable by LA-
ICP-MS (their approximate lower detection Ilimits ippm are given in
parentheses): Ni (2), Rb (0.6), Zr (0.5), Nb (0'H),(0.1), Dy (0.2), Ho (0.05), Er
(0.2), Tm (0.05), Yb (0.2), Lu (0.05), Hf (0.1), T@.05). For those elements that
were quantified by both WDS and LA-ICP-MS, theirasared values are within
the estimated standard deviation of each otherNggeéVin, Zn, La and Ce in table
1).

The mean chemical analysis of vladykinite, basedMidS (Na, Al, Si, Ca,
Ti, Fe and Sr) and LA-ICP-MS (Mg, Mn, Zn, La, Ce, Rd, Ba) data, with ke
recast into F&€ and F& in accord with the Méssbauer data (4.76 wt. % Fa® a
4.69 wt. % Fg0s), gives the following empirical formula calculatem 24 oxygen

atoms: (Na.4s1Cab 557)53.004 St 804K0.03888.014-80 0245 .014P10.001N o 00953 894 FE 0,746
Fes+0.66Nn0.26ozn0.164A|O.lld\/I90.047Ti0.014)22.011(Si7.813 Al 187)58.00024. From crystal-
chemical considerations (SE®RYSTAL STRUCTURE), two alternative end-member
formulae can be proposed for vladykinite: Sa(FE€FeMSisO, or
(Na,Ca)SEFe,Sis0,4. These two expressions differ in the content ef & and
Fe sites and are related to each other via theledigubstitution Na+ Fe* -
Cd&" + F&*. Because the trivalent-cation content in the Fe .78 atoms per
formula unit, apfu) is significantly in excess detCa content in the Na sites (0.56
apfu), we give preference to the idealized formggSr(Fe Fe™)SigO.a.

CRYSTAL STRUCTURE

Single-crystal data were acquired with a Brukertibx@e-circle diffractometer
equipped with a rotating anode generator Idaradiation), multi-layer optics
incident beam path and an APEX-Il charge-coupledede (CCD) detector. A
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sphere of X-ray diffraction data was collected £0=260° at 5 s per 0 2frame and
a crystal-to-detector distance of 5 cm. The unlitygarameters were obtained by
least-squares refinement of 9873 reflections witk» 100l. Of 25682 total
reflections, there are 11807 individual reflectiomsthin the Ewald sphere,
including 3159 unique data; the Laue-mergiRyg value is 1.5% in 2n
Systematically absent reflections are consistetit tie space group2,/c. The
structure of vladykinite was refined on the bagi8@B2 reflections with, > 4oF,
to Ry = 1.6% (for a fully anisotropic model). The refinedit-cell parameters ara:
= 5.21381(13)b = 7.9143(2) ¢ = 26.0888(7) AB = 90.3556(7), V = 1076.50(5)
A3 Z = 2. Although the departure jhfrom 90 is small, the Laue-mergirig value
of 24% for mmm shows that the X-ray intensity data are inconstst&ith
orthorhombic symmetry (se@sScuUsSION.

The crystal structure of vladykinite consists ofmpdex tetrahedral sheets
parallel to (100) and consisting of §8b,)'® units incorporating four-membered
silicate rings joined into five- and eight-memberetys by sharing vertices with
larger tetrahedra hosting Fe, Mn, Zn, Al and Mge Diverall topology of the sheet
can be formulated as'sf8'. Larger cations (predominantly Na, Sr and Ca) are
accommodated in a variety of interlayer sites saciugd between the tetrahedral
sheets (fig. 4; table 2). The two Na sites
are both dominated by Na atoms in a
distorted octahedral coordination, with
<Na — O> distances of 2.453 and 2.535
A, respectively (table 3). A site-
occupancy refinement revealed that all
Ca (0.56 apfu) is ordered in the Na2
site (table 4). There are also two Sr
sites that are both dominated by Sr
atoms and coordinated by eight O
atoms in a square-antiprismatic
arrangement with <Sr — O> distances
of 2.634 and 2.624 A, respectively
(table 3).There is a slight deficit in
scattering at the grsite relative to
100% Sr occupancy, which most likely
stems from the presence of K and
vacancies in this site (table 4). There
are four unique Si tetrahedra with <Si —
O> distances ranging from.625 to
1.634 A; both site scattering and <Si —
Fig. 4. The crystal structure of vladykinite s distances suggest that the Si sites

viewed perpendicular to (100), showing : : : : :
complex sheets of SiQand (Fe,Mn,Zn,Al)O4 are occupied primarily by Si. A single

tetrahedra (FeO,) and locations ofNa and Sr larger tetrahedron (<Fe — _O> = 1.941
sites. The unit cell is outlined(Color online.) ~ A) has a refined site scattering of
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Table 2.
The crystal structure of vladykinite: atomic coordinates and
displacement parameters
Site X y z Ueq A
Nay Ya Y Ya 0.0278(3)
Na, 0.48483(11) 0.44221(9) 0.63351(2) 0.0210(2)
Sn 0.49578(3) 0.90294(2) 0.57005(1) 0.01107(5)
Sr, 0.50609(3) 0.58890(2) 0.77700(2) 0.01184(6)
Fe 0.00453(5) 0.75589(3) 0.67545(1) 0.01134(9)
Sip 0.94527(9) 0.39083(6) 0.71424(2) 0.01073(9)
Sip 0.95867(8) 0.10612(6) 0.63401(2) 0.01018(9)
Siz 0.05166(8) 0.23197(6) 0.53139(2) 0.00944(9)
Siy 0.02973(8) 0.60042(5) 0.56752(2) 0.00895(8)
O, 0.2495(2) 0.39304(17) 0.71818(5) 0.0175(3)
O, 0.8052(2) 0.56879(16) 0.70091(5) 0.0180(2)
O3 0.7963(2) 0.32075(17) 0.76480(5) 0.0170(2)
Oy 0.8411(2) 0.26336(17) 0.66773(5) 0.0169(2)
Os 0.7412(2) 0.58495(19) 0.86101(5) 0.0209(2)
Os¢ 0.7921(2) - 0.05618(16) 0.65173(5) 0.0161(2)
oF 0.8648(2) 0.14346(16) 0.57432(4) 0.0138(2)
Os 0.2852(2) 0.11891(16) 0.51492(5) 0.0155(2)
Oy 0.1552(2) 0.41060(14) 0.55787(5) 0.0131(2)
O10 0.1358(2) 0.71048(16) 0.51702(4) 0.0131(2)
O 0.7275(2) 0.60334(15) 0.57060(5) 0.0140(2)
O12 0.1881(2) 0.67881(16) 0.61515(5) 0.0145(2)
Table 3.
Selected bond distances (A) in the crystal structerof viadykinite;
mean distances for ferronordite-(Ce) are provideddr comparison
2xNal-09 2.4589(12) Na2 — 01 2.5634(14)
2xNal-010 2.5666(12) Na2 — 02 2.6172(15)
2xNal-011 2.3326(12) Na2 — O4 2.4962(14)
Na2 — O9 2.6208(13)
Na2 — 011 2.4384(14)
Na2 — 012 2.4738(14)
<Nal - O> 2.453 <Na2 - O> 2.535
Srl - 05 2.6200(13) Sr2 - 01 2.5540(13)
Srl - 06 2.6443(13) Sr2 -01 2.7262(13)
Srl - 07 2.7082(12) Sr2 - 02 2.5371(13)
Srl-08 2.4852(12) Sr2 - 03 2.6271(13)
Srl-08 2.5060(12) Sr2 - 03 2.6497(13)
Srl-010 2.7792(12) Sr2 - 04 2.7010(13)
Srl-011 2.6611(12) Sr2 - 05 2.5049(13)
Srl - 012 2.6697(13) Sr2 — 06 2.6887(13)
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Table 3. (contd)

<Srl - 0> 2.634 <Sr2 - 0> 2.624
Si1-01 1.5887(13) Si2-04 1.6447(13)
Sil - 02 1.6231(14) Si2 - 05 1.5781(13)
Sil1-03 1.6320(13) Si2 — 06 1.6194(14)
Sil - 04 1.6662(13) Si2 - 07 1.6563(12)
<Sil - 0> 1.628 <Si2 - 0> 1.625
Si3 - 07 1.6455(12) Si4 - 09 1.6583(12)
Si3 - 08 1.5729(13) Si4 - 010 1.6763(12)
Si3 - 09 1.6620(13) Si4 - 011 1.5786(13)
Si3-010 1.6562(12) Si4 - 012 1.6118(12)
<Si3 - 0> 1.634 <Si4 - 0> 1.631
Fe — 02 1.9293(14)
Fe - 03 1.9368(13)
Fe — 06 1.9527(13)
Fe — 012 1.9447(12)
<Fe - O> 1.941
Ferronordite-(Ce), Pushcharovsky et al. (1999):
<Nal - O> 2.419 <Na2 - O> 2.527
<Sr-0> 2.629 <REE-0O> 2546
<Sil - 0> 1.634 <Sil - 0> 1.629
<Si3 - 0> 1.639 <Fe — O> 1.981

Table 4.

Calculated cation-site occupancies in the crystatrsicture of vladykinite

Site Occupancy Scattering, epfu  Scattering, epfu

(from WDS and LA-ICP-MS) calculated observed, &S
Nal Na 11 11
Na2 Na 4Ca 56 27.2 27.90(9)
Srl Sp 76 76
Sr2 Sk 84K0.04-80.0L .01 Jo.10 72.4 70.46(8)
Fe Fé"0.74€"0.6MN0 2620 16Al 0. 1Mo 05T i0.01 50.3 47.59(8)

47.59(8) electrons per formula unit (epfu), in wreble agreement with the
assignment of all Fe + Mn + Zn + Mg + Ti, and sooh¢he Al from the chemical
analysis to this site (table 4). The <Fe — O> distacalculated assuming the
Fe&*/Fe’* ratio obtained from the Méssbauer analysis is A A5csR = single-crystal
structure refinemer(i.e., 0.572 + 1.38 A), which is also in agreemevith the
observed <Fe — O> distance of 1.941 A. The Feltethan
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is thus occupied by ~60% divalent cations (predamily F€*) and 40% trivalent
cations (mostly F&), providing further support for the proposed enermber
formula (see above).

The crystal structure of vladykinite consists ofmpbex tetrahedral sheets
parallel to (100) and consisting of §Sb,)'® units incorporating four-membered
silicate rings joined into five- and eight-memberetys by sharing vertices with
larger tetrahedra hosting Fe, Mn, Zn, Al and Mge Diverall topology of the sheet
can be formulated as'sf8'. Larger cations (predominantly Na, Sr and Ca) are
accommodated in a variety of interlayer sites saclied between the tetrahedral
sheets (Fig. 4; Table 2). The two Na sites are blothinated by Na atoms in a
distorted octahedral coordination, with <Na — Ostalices of 2.453 and 2.535 A,
respectively (Table 3). A site-occupancy refinementealed that all Ca (0.56
apfu) is ordered in the Na2 site (Table 4). Theeeadso two Sr sites that are both
dominated by Sr atoms and coordinated by eighto@sin a square-antiprismatic
arrangement with <Sr — O> distances of 2.634 aBB4A, respectively (Table 3).
There is a slight deficit in scattering at the Sit2 relative to 100% Sr occupancy,
which most likely stems from the presence of K amdancies in this site (Table
4). There are four unique Si tetrahedra with <8i>-distances ranging from 1.625
to 1.634 A; both site scattering and <Si — O> disés suggest that the Si sites are
occupied primarily by Si. A single larger tetrahamli(<Fe — O> = 1.941 A) has a
refined site scattering of 47.59(8) electrons memiula unit (epfu), in reasonable
agreement with the assignment of all Fe + Mn + Avig-+ Ti, and some of the Al
from the chemical analysis to this site (Table™e <Fe — O> distance calculated
assuming the F&§Fe™ ratio obtained from the M6ssbauer analysis is2 A%i.e.,
0.572 + 1.38 A), which is also in agreement with thserved <Fe — O> distance
of 1.941 A. The Fe tetrahedron is thus occupied~69% divalent cations
(predominantly F&) and 40% trivalent cations (mostly Fe providing further
support for the proposed end-member formula (seeeb

X-RAY POWDER DIFFRACTION

An X-ray diffraction (XRD) pattern was measurediwat Bruker D8 Discover
SuperSpeed micro-powder diffractometer equippedh witCiKa source, multi-
wire 2D detector and modified Gandolfi attachmdmtaddition, a pseudo-powder
XRD pattern was collected in situ from a polishedt®n using a Rigaku D-max
Rapid micro-diffractometer equipped with a curvetkge-plate detector variety of
beam collimators and motorized stage allowing twgudar movements. The data
were collected in reflection mode using various @i@rto-beam geometries and
operating conditions. The patterns obtained byeetechniques are very similar,
but the in situ measurements did not detect, oeresfimated the intensity of, low-
angle reflectionsd > 4 A), and showed strong preferred-orientatidea$ owing
to the subparallel alignment of vladykinite crystad the sample.
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Table 5.
Powder XRD pattern of vladykinite

NN Imeas dmeasA DcalcA hki NN Imeas dmeasA Dcalc A hk

19 7.523 7.557 011 29 2.383 213
2 9 6.692a | 6.752 012 30 10b 2.334a 2.35 130
3 6 5.839 5.842 013 31 2.334 1010
4 5 5.167a | 5.215 10Q 32 2.321 1010
S 14 5.011 5.024 014 33 2.313 132
6 30 4.290 4.295 1113 34 16 2.109 2.11 223
7 4.290 111] 35 2.109 223
8 8 4.059 4.063 104 36 18 2.063 2.06 217
9 9 3.894 3.904 021 37 2.058 21\7
10 3.895 113] 38 10h 1.944a 1.94§ 226
11 | 58 3.612 3.623 114 39 1.947 0113
12 3.613 114, 40 1.925 043
13 | 30 3.339 3.342 10 41 8 1.893 1.89 1211
14 3.335 115 42 1.890 1211
15 3.330 106| 43 17 1.852 1.851] 0310
16 | 7 3.258 3.256 008 44 24 1.800 1.79 2110
17 | 37 3.146 3.148 120 45 1.797 046
18 | 100 | 2.957 2.962 123 46 25 1.78% 1.79 2110
19 2.957 123 47 1.783 234
20 | 100 | 2.826 2.832 117 48 1.781 234
21 2.824 117] 49 15 1.743 1.746 1310
22 | 28 2.604 2.608 200 50 1.743 1310
23 |5 2.553 2.551 129 51 11 1.684 1.68 0214
24 | 32 2.470 2.476 210 52 4 1.639 1.64 314
25 2.473 011053 | 5 1.616 1.616 306
26 | 25 2.437 2.440 034 54 4 1.593 1.59 320
27 | 14b | 2.391a| 2.406 127 5p 8 1.56% 1.56 3P3
28 2.401 127| 56 1.564 323

o7 | 5 1.548 1.547 317

Notes: B =broad reflection

2Reflection not uzed in the cell refinement

The measured XRD micro-powder pattern and integlapacings calculated on
the basis of structural data are given in tabl@He unit-cell parameters, refined
from the powder XRD data by least-squares techsigaee in good agreement

with those determined by single-crystal technigaes:5.215(2)b = 7.897(6).c =
26.05(2) A, b =90.21(8)V = 1072.6(7) R

DISCUSSION
Relation to other mineral species

Only a small number of phyllosilicate minerals @ntcomplex tetrahedral
sheets comprising four-, five- and eight-membenegs; as in vladykinite (Fig. 4).
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The simplest arrangement, consisting of zigzagai#i chains (§D:7)'* running
parallel to [001] and connected into a sheet bgdar(Zn, Fe, Mn, Mg)®
tetrahedra, was reported in the crystal structurenardite-(Ce) and related
minerals [2, 16] Their general formula can be wntt as
Na38rLREE(Zn,Fé+,Mn,Mg)Si6017, where LREE is a light rare-earth element. A
topologically similar sheet (ring symbol'5#8') was recently identified in the
structure of bussyite-(Ce) REEaNaMnBesSig(O,0OH)o(F,OH),, where all
tetrahedra are similar in size and populated by&ior both [6]. The pattern of Be
distribution within the sheet in bussyite-(Ce) isoadifferent from the distribution
of tetrahedrally coordinated divalent cations ie tiordites (figs. 5a and 5b), but
the stoichiometry of the sheet is preserved. A detefy different arrangement of
silicate rings and stoichiometry are found in tleeytiosilicates semenovite-(Ce),
Nay(Ca,Na) REE, (F€*,Mn,Zn)(Be,Si), (O,0H,F)s (Mazzi et al. 1979) and
harstigite, CeMnBe;SisO,,(OH), (Hesse and Stumpel 1986). In contrast to the
nordites, Mn and other divalent cations larger tBanbut smaller than Ca occupy
octahedral sites in bussyite-(Ce), semenovite-(@eyl harstigite. Although
tetrahedral sheets in the structure of vladykishew the same 1:4:1 proportion
among four-, five- and eight-membered rings anachethe same stoichiometry
as in semenovite-(Ce) or harstigite (i.e. 10 tetdablly coordinated cations per 24
anions), they are topologically unique (cf. figxc &nd 5d). The structure of
vladykinite does not appear to have any known ahtorr synthetic analogues at
present, but shows a clear structural affinityhte nordites.

The 45%8' sheet in vladykinite can be visualized as congjstf eight-
tetrahedra-long segments of nordite-like chaindgQ®)'® interconnected by
sharing all of their available vertices with Fgétrahedra (figs. 4, 5a and 5d). In
both structure types, tetrahedral sheets are sahddibetween layers of NaO
octahedra and Sgd+ LREEQ) square antiprisms. The NadNa2Q and SrQ
polyhedra are very similar in vladykinite and feroodite-(Ce), whereas the FgO
tetrahedron is somewhat larger in the latter mineeaause it accommodates only
Fe* and other divalent cations [16; table 3].

Paragenesis

In the host lujavrite, vladykinite is a relativelgarly liquidus phase
precipitated after lamprophyllite, but prior to assium feldspar, Sr-bearing
eudialyte and aegirine. The high modal contentaofidrophyllite, eudialyte and
vladykinite, along with the presence of K-rich wiglvite and strontianite, in this
rock are undoubtedly due to the extremely evolwedatile-rich nature of its
parental peralkaline melt. The lack of Ba silicateshe lujavrite, and low Ba
contents in its constituent minerals (0.9-1.8 wB&© in lamprophyllite, 0.2 wt.%
in vladykinite, and below detection in the feldgpauggest that this melt was
derived from a more primitive magma by fractionajstallization of potassium
feldspar, in which Ba is much more compatible tBafi7]; BaO values up to 3
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Fig.5.Comparison of the tetrahedral sheet topology in thetructures of:

(@) ferronordite-(Ce) and related minerals [16]; (bk$yite-(Ce) [6]; (c) semenovite-(Ce)
[11]; and (d) vladykinite (this work). Silicon at@rare indicated by empty circles, and other
tetrahedrally coordinated cations (i.e. mostly Béissyite-(Ce) and semenovite-(Ce)* F#&n
and Zn in the nordites; Feand F&" in vladykinite) by filled circles.

wt.% were reported in syenitic feldspars from Muroy Konev et al. [9] and
Reguir [17]. The evolution of the lujavrite culmted with the release of a sulfate-
carbonate-rich fluid, which reacted with the earlggmatic mineral assemblage to
produce vishnevite and strontianite. At this stagadykinite became chemically
unstable and underwent pseudomorphization by strote (fig. 1). Precipitation
of SrCQ and removal of silica during the replacement imgllkaline conditions,
but a quantitative assessment of these conditi@amat be made at present
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because thermodynamic data for vladykinite areawailable. Similar late-stage
processes have been documented elsewhere at MalynMwhere strontianite
developed at the expense of fluorapatite and ftempkite [3].
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GEOCHEMICAL FEATURES OF RADIACTIVE
ELEMENTS IN ULTRAMAFIC-ALKALINE ROCKS
( EXAMPLE —LARGEST IN THE GLOBE GULI
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The study of radioactive element distribution ire trocks of the Guli Complex

revealed an increase of uranium and thorium cositémtthe final products of

magmatic differentiation. In the carbonatite complthe radioactive elements are
mainly accumulated in the early rocks — phoscaritdsle their contents in the late
phases, dolomitic carbonatites, decrease. The Tiatid increases from near-
chondritic values in the weakly differentiated Higlmagnesian primary magmas to
the late rocks — phoscorites, calcitic carbonatitasl dolomitic carbonatites. The
majority of radioactive elements are hosted in -ragtal accessory minerals:
perovskite, pyrochlore, calzirtite, and apatite. cRforming minerals are

characterized by extremely low contents of radivactlements.

INTRODUCTION

After the break up of the Soviet Union, Russia lthst control over most
important sources of radioactive raw material. THetermined the elevated
interest to the study of uranium and thorium geaubgy in rocks. Among all
magmatic formations, alkaline and carbonatite magsmais characterized by the
highest potential with respect to radioactive elet®e The great number of
endogenous uranium and thorium deposits is relatethe rocks of elevated
alkalinity. This work is aimed study the geochemyisif radioactive elements in
the rocks of the world's largest Guli ultrabasi&aihe massif located in the
Meymecha-Kotuy province (Polar Siberia).

The Guli Massif occupies the territory between Hatui and Meymecha
rivers, at the boundary of the Siberian Platforrd &matanga trough. The massif
has an oval shape 35x45 km in size and spans amft&00-1600 km including
portion overlain by Quaternary sediments [1]. Acliog to geophysical data, the
massif has almost vertical contacts and presumalgype-like morphology [1].
The host rocks are represented by alkaline volsaniduding meymechite flows.
The Guli Massif, as other ultrabasic-alkaline migssf the province, was formed
in several phases (table 1).

The predominant rocks of the massif are dunitesctwbccupy around 60 %
of the total area, and ultra-basic rocks spannthgo3 All other varieties, including
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melilitolites, ijolites, alkaline syenites, and banatites occupy only 10 % of the
area.

Table 1
Intrusive phases of the Guli Complex
Intrusive | Subphase Rock
phases
7 4 Dolomtic carbonaites
3 Fine-grained calcitic carbonatites
2 Coarse-grained calcitic carbonatites
1 Phoscorites and ore phoscorites
6 Granites
5 2 Microshonkinite
1 Agpaitic syenites, quartz syenites
4 ljolites and ijolite-pegmatites
3 3 Jacupirangites and melteigites
2 Nephelinites and olivine nephelinites, nephepragites, micaceous
pyroxene picrites
1 Melteigites, malignites, and shonkinites
2 Melilitic rocks
1 2 Ore pyroxenites (koswites), olivine pyroxenitestidotites
1 Dunites

The uranium and thorium contents were analyzeddBMS on a Finnigan
Element mass spectrometer using BE-N and IF-G natemal standards. The
distribution of radioactive elements in the minsralas studied using CAMECA
100 microprobe and in situ laser ablation. Arourtidr&ck samples of the Guli
massif and 120 minerals from these samples werlyzathand obtained results
are presented in tables 2 and 3.

DISTRIBUION OF RADIOACTIVE ELEMENTS IN THE ROCKS

Since uranium and thorium are incompatible lithéghelements with
extremely low partition coefficients in major rotkrming minerals, they are
accumulated in the residual products of crystdiliradifferentiation. Owing to the
strong lithophile properties, the radioactive elatse(U, Th) form oxygen
compounds with predominant ionic binding. The ioradius of thorium, which
occurs in tetravalent (Th- 0.954) state in the endogenous processes, is close to
those of rare-earth elements (0.87 A), uranium (U* - 0.89A), zirconium (Zf*
-0.82 A) and calcium (C& - 1. O4A) Uranium under endogenous conditions
exists in the tetravalent and hexavalent statesraéipg on the redox potential of
the mineral-forming environment and readily formygen complex of uranyl-ion
(UO,)*" type.

The study of uranium and thorium geochemistry icksofrom different
regions showed intense accumulation of these elesmeliring magmatic
differentiation [2]. The high contents of radio&etielements in the alkaline rocks
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were noted by Fersman [3], Wedepohl [4] and mahgoivorks. Similar tendency
was established by us for the highly differentiatedks of the Guli Massif. The
analysis results are listed in table 2. The avecaydents of radioactive elements
for different rock types were taken as the arithtmanhean values. The
characteristic feature of the distribution of raitive elements in the rocks of the
Guli Massif is their extremely wide variations. $hespecially true for uranium,
the contents of which in dunites and koswites vaoynetimes within over two
orders of magnitude. It should be noted that thghllsi magnesian magmas
approximating primary compositions (meymechitescrifgs, and olivine
melanephelinites) have more stable contents obaative elements. From the
oldest rocks (dunites and koswites) to the youngasdtonatites, the uranium and
thorium contents significantly increase (from &0&*% U and 0.1210*% Th in
the dunites to 38.0* % U and 20910” % Th in the phoscorites). It is noteworthy
that the uranium and thorium contents in the yoshgecks of the massif, dolo-
mitic carbonatites, decrease to &8@* % and 10.3910* % Th. The relatively
low contents of radioactive elements in the dolanuarbonatites are related to the
intense fractionation of these elements in perdgskpyrochlores, and calzirtites.

Table 2a
Distribution of radioactive elements in the rocks 6the Guli Massif, n x 10*%
Dunites Peridotites Koswites
N U Th | Th/U N U Th | Th/U N U Th | Th/U
8513 0.05( 0.132.79 | 85-60 [ 0.52 198 3.81 863 0.0 030 1.50
85-153| 0 0.030 85-63 | 0.15| 0.94 6.27] 868 0.20 070 3.50
85-82 | 0.02| 0.0%2.67 | 85-77 | O 004 O 8510/L 1.0 .p0 5.50

: 5
85-84 | 0.01 | 0.022.55 | averagg0.22 | 0.99| 3.36( 8514 0.20[ 0.30 1.50

85-87 | 0.02 | 0.063.44 — | — | — 85-148( 0.20 2.10 10.5
85-58 | 0.33 | 0.802.42 Olivinites 85-149 | 0.20; 0.3Q 1.50
Gkh-40] 0.01 | 0.05 3.42 N U Th | Th/U | 85-151 | 0.20; 0.5Q 2.50

85-75 | 0.002 0.03|11.3 | Gkh-35[ 1.57 | 5.06 3.22| 85-76| 1.30 6.00 4.62
85-64 | 0.02| 0.114.84 | 85-59 | 0.10 0.41 4.14 85-80 0.p5 0f19 4.23
85-153a( 0 0.04| 0 averagg 0.83 | 2.73| 3.68|85-81 | 0.06] 0.21 3.43

85-146 | O 0.030 — — — — average 0.36| 1.61| 3.88
averagg 0.04 | 0.12 3.04 | — — — — — _ _ _

The great amounts of these minerals are formelderearliest carbonatites of
the phoscorite series. According to Sr, Nd, andidebopic data, the syenites,
quartz syenites, and granites of the Guli Massirasent remobilized crustal
material [12]. Therefore, the concentrations ofigadtive elements in these rocks
are not determined by the evolution of the Guli magic system, but reflect the
differentiation of crustal material. Unlike the sytes and quartz syenites, the
agpaitic nepheline syenites of the Guli Massif,oading to our isotopic data, have
mantle sources similar to those of the meymechitpgrites, olivine
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melanephelinites, their derivatives, and carboesititThe agpaitic nepheline
syenites have extremely high contents of radioaatements, which are close to
economic concentrations (U 36.0751%, Th 134.9x10 %). These rocks show
more than two times higher contents of radioactl@ments than those of the
agpaitic nepheline syenites of the superlarge Lexnmzleposit (Kola Peninsula).
Thus, the late derivatives, phoscorites and alkadir saturated nepheline syenites,
have the highest contents of radioactive elememtsng the rocks of the Guli
Complex. The accumulation of radioactive elementaringg magmatic
differentiation of the Guli Complex is well illustted by the variations of the
uranium and thorium contents versus Mg number ik rfig. 1). The MgO
content usually characterizes the degree of diftexgon of magmatic system,
which is controlled by olivine and pyroxene fraction.
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Fig. 1.Variations of uranium (a) and thorium (b) contentsversus Mo of silicate rocks
of the Guli Massif.
The rocks of the carbonatite complex are omitt@a;estheir genesis differs from genesis of
silicate rocks. The concentration of radioactivengnts in the agpaitic nepheline syenites is too
high to be plotted in the diagram (the MgO contarthese rocks is 1,8 %).

In spite of the chemical affinity of uranium andtium, these elements are
separated in the endogenous processes especiadly widanium is transformed
into hexavalent state. The Th/U ratio is the measafr compatibility of these
elements. During mantle partial melting, this ragsocharacterized by chondritic
values (3,82) both in the generated melts and sdwes. Highly magnesian
undifferentiated magmas of the Guli complex, inahgdmeymechites, picrites,
olivine melanephelinites, also have near-chondfihdJ ratios, in spite of definite
variations (table 2). During magmatic differentatj the Th/U ratio increases,
which is most expressed in the melilite rocks (Th/4,95) and especially in the
carbonatites-phoscorites and youngest dolomitibaraatites, where it reaches
14,65 and 12,61, respectively. Undoubtedly, themtfnoof Th/U ratio records
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fractional crystallization of minerals, which areacacterized by different partition

coefficients for uranium and thorium; significartntents of radioactive elements
should be accumulated in these minerals to affeetTih/U ratio. Among these

mineral phases are presumably apatite, which coratea radioactive elements in
amounts of hundreds g/t and, according to the ldaga base [5], some apatites
accumulate uranium to a greater extent than thorilinshould be noted that

available data on the uranium and thorium partitoefficients in apatite remain

still controversial [6].

Table2 b
Distribution of radioactive elements in the rocks 6the Guli Massif, n x 10*%
Meymechites Picrite

rock N U | Th |Th/U rock N U | Th [Th/U
meymechite E-l 0.201.00|5.00 picrite 122 1.303.80| 2.92
meymechite 1170.40( 1.10| 2.75 picrite 119| 1.104.90| 4.45
meymechite 130 0.50| 1.40| 2.80 picrite 125( 1.104.80| 4.36
meymechite 50C0.50| 3.00| 6.00 picrite 147| 1.606.00| 3.75
meymechite 1310.60| 2.70| 4.50 picrite 143 | 1.806.30| 3.50
meymechite 116 0.50( 2.00| 4.00 picrite 129| 1.405.60| 4.00
meymechite 1330.70| 1.80| 2.57 picrite 229| 1.908.20| 4.32
meymechite | 11390.80( 2.20| 2.75 picrite 230 | 0.603.60| 6.00
meymechite 1210.70| 3.20| 4.57 picrite 232 | 1.205.40| 4.50
meymechite 1340.60( 2.20| 3.67 picrite 238 | 1.506.60| 4.40
meymechite 1440.92| 3.20| 3.48 picrite 169A|1.80| 6.40| 3.56
meymechite 1180.44| 1.40| 3.18 Ne-picrite 861| 1.405.10| 3.64
meymechite 1320.50( 2.80| 5.60 Ne-picrite 166| 0.8Y4.50(| 5.15
meymechite | 83130.80( 3.10| 3.88 Ne-picrite 168| 1.808.30| 4.61

meymechite 2310.50| 2.20| 4.40| Ol-melanephelinite 858 | 2.7012.00 4.44
meymechite 2330.40| 1.60( 4.00| Ol-melanephelinite 8510|1.60| 6.20| 3.88
meymechite 146 0.83| 3.65| 4.37| Ol-melanephelinite 1136{1.20{ 4.90| 4.08

average 0.58| 2.27]| 3.97| Ol-melanephelinite 1137{1.20| 5.00| 4.17
Agpaitic nepheline syenites Ol-melanephelinitg1137(1.20| 5.00| -
rock N U | Th |Th/U| Ol-melanephelinite 1143(0.90| 4.80| 5.33

Agpait. nephelinf 1 |36.01134.9 3.74| Ol-melanephelinite 165 | 0.90 4.70| 5.22
ite syenite

average 36.07134.9 3.74| Ol-melanephelinite 167 | 2.00 7.70| 3.85

Granites Ol-melanephelinite 167a({2.00| 7.70| -
rock N U | Th |Th/U melteigite 192| 2.2p7.34| 3.25
granite 97| 3.8/ 6.3 1.71 melteigite 195| 1.6p6.63| 3.99
orthoclasite 89| 0.200.30| 1.50 melteigite 193| 2.202.10| 0.95
average - 2 | 340|161 melteigite 16981.60| 6.70| 4.19
Ol-melanephelinit¢ 123 | 1.00 4.01| 4.02
Ol-melanephelinitg1132|0.40{ 0.50| 1.25
Ol-melanephelinit¢ 118 | 0.6 2.41| 3.66
Ol-melanephelinit¢ 9B |3.80 6.70| 1.76
average - 11.50] 5.58]| 3.90
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The Th/U ratio in the crustal-derived syenites gnahites are significantly lower
than chondritic values and values typical of theksoof the Guli Massif (Th/U =
2,48 in the syenites and 1,61 in the granites). Tiheontents in the crustal rocks
of the Guli Complex are close to those derived gtk et al. [7] for the Earth's
crust (Th = 5,610* %), however uranium concentrations in the grandes
significantly higher. According to Rudnick et af][the uranium

Table 2 ¢
Melilite rocks Malignite
rock N U Th Th/U rock N U Th | Th/U
kugdite 48 0.40 5.08| 12.§1malignite 859 2.70 14.905.52
kugdite 18 1.90 4.22 2.22 malignite 1985-70 3[30.0064.85
kugdite 14 2.03 12.34) 6.08 malignife 1985471 3.20.7Q| 6.78
kugdite 2 1.27 1.05 0.88 malignite 1985-f4 3|70 8Qp4.27
kugdite 38 1.04 5.30 5.11 malignite 1985-13 9(48.9202.20
kugdite 42 1.44 3.83 2.66 average — 4.48| 17.8 4.72
average — 1.35 5.30 4.95
ljolites Syenites
ijolite 116 0.11 0.80 5.74 syenitg 140 1.60 4}20802.
ijolite 47 1.83 0.80 3.86 syenite 141 0.80 3J30 34.1
ijolite 131 12.90 1.30 0.64  syenite 90 0.80 0{50630.
average — 4.95 1.10 3.41 syenite 91 13| 3.10 2.38
average — 1.1 | 2.78| 2.48
Phoscorites Phase Il carbonatites
phoscorite 106 42.39 446.64 10,54 sovite 124a 0.5 16| 32.00
phoscorite 102 4.86| 325.13 66.90 sovite 100 0.2| 1.9 9.50
phoscorite 157 2.72 2.02 0.14 sovite 104 1.4 R.907 2.
phoscorite 158 123.58477.72| 3.87 sovite 125 294 916 3.12
Phase | carbonatite$ 107 0.7 2.7 3/86 sovite 124b .5 [@3.7| 27.40
Phase | carbonatite$ 161 0.3 0.6 2[00 sovite 112 4 [00.7 | 1.75
average — 29.08 | 209.1| 14.4 sovite 105 1.2| 16.9 14.08
Dolomitic carbonatites sovite 109 0.7] 0.6 0.86
Dolomitic carbonatitg 1985-117| 0.6 14.10 | 23.50 sovite 162 0.2 0.3 1.50
Dolomitic carbonatitg 1985-123| 0.6 9.2 15.33 sovite 160 0.2 0.3 1.50
Dolomitic carbonatitg 1985-126| 1.6 34.1 | 21.31 sovite 71a 294 042 0.14
Dolomitic carbonatitg 1985-113| 1.5 1.1 0.73| average — 25.98/82.55| 8.01
Dolomitic carbonatitg 1985-103| 0.5 3.8 7.60
Dolomitic carbonatitg 1985-119| 0.5 7.3 14.6(
rock N U Th Th/U
Dolomitic carbonatit 121 0.6 3.1 5.17
average — 0.84 10.39| 12.61
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content in the average Earth's crust is<1(8 %. One can suggest that somewhat
elevated uranium contents in the syenites and tgsarof the Guli Massif are
related to the influx of easily mobile uranium frahe Guli magmatic system.

The established tendency in the growth of Th/Uoraturing magmatic
differentiation of the Guli Massif is possibly redd to the uranium loss during
degassing of volatiles, primarily G@nd water, because uranium forms mobile
complexes of UE@CO;xnH,O type, which are well transferred into host crusta
rocks.

DISTRIBUTION OF RADIOACTIVE ELEMENTS IN
THE MINERALS OF THE GULI MASSIF

The use of in situ laser ablation offered an opputy to estimate the
concentrations of radioactive elements in majok+mcming and some accessory
minerals. The contents of radioactive elements hea tock-forming olivines,
pyroxenes, micas, melelites, spinels, Ti-magne#ite] carbonates are very low:
tenths and hundredths grams per ton. Significamther contents of thorium and
uranium (1,7-1,2810* % and 1,5-0,7810* %, respectively) were found in a
egirines from agpaitic nepheline syenites. It isnamvable that radioactive
elements substitute calcium and titanium in roakAiog minerals. The necessity
for charge balance significantly constrains sudmisrphic substitutions. Notably
higher concentrations of radioactive elements westablished in apatites from
carbonatites. In apatites from alkaline rocks, @adiive elements presumably
substitute rare-earth elements with simultaneousstgution of calcium for
sodium. For instance, one apatite from phoscoritetains 37¥10* % U and
537x10* % Th. It should be noted that the contents ofaactive elements in the
apatites significantly vary even within the samekidn some apatite grains from
phoscorite, the concentrations of radioactive etgmsharply decrease to 0,88
10* % Th and 1,0410* %. All studied apatites from the carbonatite compbé
the Guli Massif are characterized by extremely TowWU ratios varying from 0,08
to 1,42. The predominant uranium fractionation w#patite presumably also
facilitated an increase of Th/U ratio in the fingkoducts of magmatic
differentiation of the Guli Complex. The oldest lwanatites of the Guli Complex
contain calzirtite accumulating radioactive elersend a greater extent as
compared to the rock-forming minerals and apatite.calzirtite, radioactive
elements are accommodated in sites of titaniumzamednium. According to our
data, the thorium and uranium contents in caleiftitm the phoscorite of the Guli
Massifaccounts for 0,11 % and 0,28 %, respectiv&bcording to [8], calzirtite
from carbonatite contains 389 g/t U and 0,26 g/t Siifficiently high contents of
radioactive elements were noted in the badde-léyota carbonatites: hundreds g/t
Th and thousands g/t U. In baddeleyite, uranium thiwdum are substituted for
zirconium. One of major mineral-carrier of radioaetelements in the rocks of the
Guli Massif is perovskite, which is formed at thaglg stages of evolution in highly
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magnesian primary magmas of the Guli complex (oévinelanephelinites) and

Table 3
Contents of radioactive elements in the minerals dhe Guli Massif,n x 10*%

Olivine min max Apatite min max
dunite Th| 0.19 0.25 | phoscorite Th 0.966 537

U |0.17 0.17 Ul 1.010 377
koswite Th| 0.002 | 0.005 carbonatite Th 0.015 1.56

U [0.002 | 0.004 Ul 0.003| 134
melteigite Th| 0.004 | 0.005 Melilite min max

U |0.003 | 0.004| melilitolite Th 0.003| 0.004
carbonatite Th{ 0.002 | 0.006¢ U 0.001] 0.002

U |0.003 | 0.23 | carbonatite Th 0.001] 0.005
Pyroxene min max U |0.001 | 0.004
dunite Th| 0.078 | 0.13 Mica min max

U |0.013 | 0.034| dunite Th 0.006
koswite Th| 0.028 | 0.071 Ul 0.004

U |(0.005 |0.017| melteigite Th 0.005| 76.7
melteigite Th| 0.024 | 0.34 Ul 0.003] 33.1

U (0.002 | 0.075 Calcite min max
carbonatite Th| 0.076 | 0.179 carbonatite Th 2.640 9 15.

U [0.017 | 0.609 U|l 0.031| 0.198
melilitolite Th [0.002 | 0.005 Monticellite min max

U |0.002 | 0.003| carbonatite Th 0.001 0.005
malignite Th| 0.010 | 1.14 U| 0.001( 0.004

U |(0.010 |O0.12 Perovskite min max
ijolite Th [1.35 1.65 | nephelinitesand |Th |557 13600

carbonatites

U [0.35 0.59 Ul 118 300
syenite Th| 0.005 | 0.23 Pyrochlore min max

U |0.003 | 0.509| carbonatite Th 119300 164200
agpait. nephelinTh |0.016 | 1.70 U| 3200 29600
syen.

U |0.019 | 1.55

continues to crystallize up to the latest stagesnafjmatic differentiation in the
carbonatites. In perovskites, the radioactive etgmsubstitute titanium; this site is
also occupied by rare-earth elements, niobium,atamt, and zirconium. The
thorium and uranium contents in perovskites of soehelinites reach 1,36 and
0,03 %, respectively. According to our data, thenium and thorium contents in
the perovskites from carbonatites account for fesmvdneds and several hundreds
g/t, respectively. Extremely high concentrationgadioactive elements are noted
in the pyrochlores of the Guli Massif. These eleteeare incorporated in
pyrochlore in the titanium site. Niobium, tantaluemd zirconium accommodate
the same position. According to our data [9], piore contains 11,93 % ThO
and 0,32 % UQ while other grain of the same carbonatite costain to 16,42 %
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ThO, and 2,59 % U@ The high contents of radioactive elements ansiagbel
Th/U ratios in pyro-chlore indicate that precisélys mineral was responsible for
the significant increase in the Th/U ratio in therbonatite complex ofthe Guli
Massif. The Th/U ratio significantly decreases freaily to late pyrochlores (from
37,3 to 6,3). Similar variations in the Th/U ratuere noted in the carbonatites of
other regions [10]. The magmatic differentiationtloé carbonatite complex of the
Guli Massif is accompanied by definite evolution rafe-metal mineralization:
with increasing fluorine activity at the late eviodun stages the earlier calzirtite is
replaced by pyrochlore and baddeleyite, while epdiovskite is also replaced by
pyrochlore.

2CaZgTi, NbQg + F, OH = C«Ti, NbG;),OH, F + 6 ZrQ

calzirtite pyrochlore baddeleyite
2CaTi, NbQ + F, OH = Ca(Ti, NbG;),0OH, F
perovskite pyrochlore

In course of these reactions, the radioactive atsnare accumulated in
pyrochlores owing to extremely high uranium andrithm partition coefficients.
The described type of reactions of rare-metal nailsein the Guli carbonatites is
widely spread in the similar rocks from other regpfor instance, in the large
Kovdor carbonatite complex at the Kola peninsul@.[According to experimental
data [11], perovskite is replaced by pyrochloreagproximately 80QC and
fluorine concentration in the mineral-forming emriment around 1,5 %. The
main mineral-carrier of thorium and uranium in #ggaitic nepheline syenites is
thorite. Somewhat higher contents of radioactivem&nts were noted in the
minerals of eudialyte-aqualite group: 31-77 ¥ ¥ Th and 74-177 x 10% U.

CONCLUSIONS

The study of the distribution of radioactive elertseim the rocks of the Guli
Complex showed an increase of uranium and thoriantentrations in the final
products of magmatic differentiation: carbonatiemplex and agpaitic nepheline
syenites.

In the rocks of the carbonatite complex, the racliva elements are mainly
accumulated in the oldest rocks-phoscorites, wihiér contents in the youngest
rocks-dolomitic carbonatites-significantly decrease

The Th/U ratio increases from near-chondritic valire the weakly
differentiated highly magnesian primary magmashe liater phoscorites, calcite
carbon-atites, and dolomitic carbonatites. The ntgjof radioactive elements are
contained in the rare-metal accessory mineralsovs&ite, pyrochlore, calzirtite,
and apatite. The rock-forming minerals have extigroav contents of radioactive

elements.

The work was supported by the Russian FoundatioBdsic Research (project no. 11-05-
12004-OFI-M)
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The presence of diamonds with mineral inclusioniicty according to the
data of experimental petrology, may be stable atlypressures of the lower
mantle, provides unambiguous evidence for verticelvements resulting in
transport of the material from deep geospheresbginly from the mantle/core
boundary) to the Earth’s surface or upper horizohshe crust. Numerous data
demonstrate that peridotites dominate in the uppentle, although eclogites are
widely abundant and some other rock types are wedeilhe composition of the
lower mantle zones may be studied from the comiposdf minerals included in
sub-lithospheric diamonds. Multiphase mineral is@uas are rarely observed in
such diamonds, and therefore, we may judge on dkbk types hosting these
diamonds on the basis of the chemistry of individnimerals.

Mineral inclusions in lower mantle diamonds arerespnted by the mineral
association of MgSi-perovskitdMPv) + CaSi-perovskiteGPv) + ferroperi-clase
(FP). These phases have structures of typical oxigesoyskite CaTi@ and
periclase MgO). Therefore, we may conclude thatotkide, but not silicate set of
mineral phases, is the fundamental difference efléver mantle from the upper
mantle. The upper horizons of the lower mantle khalso contain a high
aluminum mineral represented by garnet in prodwfteexperiments and the
tetragonal phase of pyrope-almandine compositioAPH) in inclusions in
diamonds. With increasing depth and pressure, almmi solubility in MPv
increases and garnet disappears. In addition, afisptionating of F& into Fé*
strongly incorporated id/Pv and F& results in the appearance of a metal phase
(indicated as Met below)P is the most abundant lower mantle mineral, which is
observed as an inclusion in sublithospheric diarsonthere is an extensive
database on the compositions of ferropericlas@snmhs in diamonds [1].

Assuming that the bulk composition of lower mantbeks is identical to
pyrolite [2], we calculated Mg# dfP (atomic values of the Mg/(Mg + Fe) ratio)
using the method suggested in [3, 4].

We applied equations of partition coefficients Mi/&nd Mg/Fe between Met,
FP, andMPv for these calculations:
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KM (Ni/Fe) = (NilFeYT/(NifFe)™, (1)
KM (MglFe) = (Mg/FeYI(MglFe)™, (2)
K4 (Ni/Fe) = (NilFeY®(Ni/Fe)™. (3)

Ki ™™ (Ni/Fe) = 5, the average value of the experimenit#th [5], was

accepted. TheK"™ (Ni/Fe) values were previously calculated for vasio
temperatures and pressures [3, 4].
In addition, we applied the mass balance equatikas

Zci [F, =C? (4)

where C; is the concentration of this component in ille phase;C’ is the

concentration of the component in the whole systéns the portion of theth
phase in the system. The assumption that alumirsueniirely incorporated in
MPv and calcium inCPv allows us to reduce the number of equationsd4jvb.
The simultaneous equations were solved using tgeriims available in the
MATLAB software.

At a fixed bulk composition of the system, Mg# [P and MPv has been
controlled by thekKsy " (Mg/Fe) values. This parameter was measured
experimentally in many studies ([6] and referentesein). It was demonstrated
that this value for pyrolite ranged within 0.4-0.88pending on the pressure and,
consequently, on depth in the lower mantle, whecpartly explained by variation
of the aluminum concentration MPv [6]. At such values oKy "™ (Mg/Fe), the
calculated variation of Mg# for the bulk pyroliteraposition provides a range of
0.82-0.88 (fig. 1). The results presented in figdeznonstrate that, except for the
data on Brazilian diamonds containing an unusuaigh proportion of iron-rich
ferropericlases or magnesiowustites, 92 % of theegfor Mg# ofFP inclusions
plot in this range. As a whole, this is consisteuith the assumption that the
composition of the lower mantle is close to pymlin relation to major
components.

However, it is necessary to discuss the probalbleeince of other factors on
compositional variations of lower mantle phases fdrmation of the metal phase
as a result of FeO disproportionation should reisulin increase of Mg# of both
FP andMPv. The content of the iron-nickel alloy is closelt&o under the lower
mantle conditions [8]. As is evident from fig. het value of Mg/(Mg + Fe)
increases in comparison with the system free ohtb&al phase by ~0.02 ranging
from 0.87 to 0.9. However, the concentration ofkalcin ferropericlase should
decrease remarkably due to its transition intontle¢al phase, as was demonstrated
in [3, 4] (fig. 3). In fact, the concentration of M FP with a Mg# > 0.8 is close to
1% (fig. 2), which is significantly higher than thestimated for lherzolite with 1 %
of the metal alloy. Hence, FeO disproportionatiayesl not have a significant
influence on the composition of ferropericlases tesa by lower mantle
diamonds.
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Fig. 1.Calculated Mg# of ferropericlase for the bulk compgaition of pyrolite depending on
pressure in the lower mantle.

The coefficients of Mg/Fe exchange betwddn and MPv are taken from [6]F(Met) is the
weight fraction of the metal phase in the systBv is the post-perovskite phase with CalO
type structure, for which the coefficient of excgarwithFP is taken from [5].
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Fig. 2.Dependence of the nickel concentration on Mg# foefropericlase in diamond
inclusions from various regions worldwide.

References are given in [1]; the data for Yakuteataken from [7].
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Different bulk compositions of rocks are anothestda that may control the
compositional variations of sublithospheE. The abundance of the lower mantle
minerals included in diamonds (ferropericlase, 58\8¢Si-perovskite, 8 %; CaSi-
perovskite, 12 %; other minerals, 24 %) differsn#igantly from the calculated
values for pyrolite (ferropericlase, 18 %; MgSi+@eskite, 77 %; CaSi-perovskite,
5 %), which was considered [1] as proof of the alghce between the
compositions of the lower mantle and the upper teait particular, the presence
of more high-temperature rocks, such as harzburgiteaddition to primitive
Iherzolite in the lower mantle may result in th@agrance of ferropericlases with
slightly different compositions in comparison witfie minerals of lower mantle
rocks of the pyrolite composition. On the one havid# of the bulk composition
of mantle substrate increases, and, on the othett, Hhe constants of exchange
reactions between componentd6fandMPv change.

1.2
! \_/
— F(met)=0
08 - - 'F(met)=0.01
o O PPv+FP
§ 0.6 )
0.4 e g
0.2 e ’
O T T T T
20 40 60 80 100 120
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Fig. 3. Calculated values of nickel concentrations in fe-periclase in dependence on
pressure for the pyrolitic bulk composition.

Constants of Ni/Fe and Mg/Fe exchange are taken [4o 6].

Comparison of the data from [5, 6] demonstratest thia low ALO;
concentrations typical of rocks of the harzburgieemposition,Ks~ ™™™ (Mg/Fe)
values should decrease remarkably at pressuresGPa0due to the transition of
iron to the low-spin state in ferro-periclase. Tdaculations performed for the
typical composition of mantle harzburgite (Sam@&-¥80C-6R-1,61-62 [9]) using
theKq "™ (Mg/Fe) values given in [5] demonstrated that reispures up to 100
GPa Mg# of ferropericlases from rocks of the harglie composition were
consistent with the values estimated for the pgolower mantle (fig. 4). At
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higher pressures corresponding to fiezone at the boundary between the mantle
and the metallic core, when magnesium metasiliatepresented by the post-
perovskite phase with the Cal@pe structure, the affinity of siderophile
elements (Fe and Ni) to this phase is higher thah to MPv [5]. Consequently,
Mg# of ferropericlase increases up to 0.9, whictersarkably higher than for the
pyrolitic bulk composition and becomes close to teximal values observed in
FP captured by diamonds.

0.9 O

20 40 60 80 100 120
P Ma

Fig. 4.Calculated Mg# of ferropericlase for the bulk compaition of pyrolite (dashed line)
and harzburgite (solid line) in dependence on presse in the lower mantle.

The coefficients of Mg/Fe exchange betwéghandMPv for lherzolite are taken from [6]; for
harzburgite, from [5]. The triangle (for Iherzo)itand square (for harzburgite) are the results of
calculations for the equilibrium d¥P with post-perovskite phase (Cay@pe structure), for
which the exchange coefficient is taken from [5].

Diamonds from Brazilian deposits contains a sigafft number of
ferropericlase and magnesiowus-tite inclusions witikch higher Mg# than that of
the minerals of the lower mantle parageneses adqtége composition (fig. 2) [10-
12]. It is natural to assume that the presenceidi snaterial with a low Mg# may
be related to subduction of the oceanic crusteddiver mantle. However, we should
take into account that the average composition 6RB has significantly higher
Mg# (Mg/(Mg + Fe) = 0.61 for N-MORB) in comparisarith the least magnesium
ferropericlases from inclusions in Brazilian diarder{Mg/(Mg + Fe) < 0.5, fig. 2).
In addition,FP is absent in mineral associations of the bulk N-MBOf®mposition
under the lower mantle temperatures and presslmstead of this phase, high-
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pressure silica polymorphs (stishovite, and phag#is CaCl-type and theru-
PbO-type structures at higher pressures [13]) coewist “perovskites” MPv and
CPv).

We may assume that the formation of iron-rich tgrariclases occurred in
rocks that are a mixture of peridotitic and basatbmpositions. Our calculations
demonstrate that the mixture of 50 % pyrolite + %0 N-MORB provides
ferropericlase with Mg/(Mg + Fe) = 0.66 under tlogvér mantle conditions at 70
GPa, which is still much higher than the values tbe most iron-rich
magnesiowustites in diamonds from Brazilian degodih addition, we should
mention that a mixture of such composition will taon only=1 % of FP; further
increase of the N-MORB content will result in dipaprance of ferropericlase and
the formation of silica phases.

In principle, the source of lower mantle rocks wrtbn-rich magnesiowustite
may be represented by layered intrusions of ulsighaasic composition (like
Skaergaard), including iron-rich late differentgteand subducted to the lower
mantle. However, this scenario seems unlikely.

More likely we may assume that iron-riél® may be formed as a result of
magma fractional crystallization directly in theMer mantle. Such a likelihood is
supported by the experimental data [14, 15] dematnsg that constants of Mg/Fe
exchange between the melt and lower mantle phEges (Mg/Fe)e/(M/Fe)nystad
are always <1, similarly to those for olivine angrgxenes under crustal
conditions; consequently, the Fe/Mg ratio increasdaring fractional
crystallization.

We may note that some researchers assume the peesfietumulates of iron-
rich magnesiowustite near the core/lower mantlendawy, the origin of which
results from solidification of the basal magmataean at the early stages of the
Earth’s history [14].

As a whole, comparison of the results of modelwdateons with the database
on the composition of fer-ropericlase inclusiongliamonds demonstrates that the
lower mantle is mostly composed of rocks of peitdotomposition most likely
including fertile varieties close to pyrolite, asllvas more refractory rocks of
harzburgitic composition. Study of the compositiamd conditions of the
formation of the lower mantle minerals transporednclusion in diamonds to the
surface zones of the Earth is very important, beeaiti provides information
necessary for understanding of the mechanism obtigen of mantle plumes and
the nature of the material participating in upmgsifliows of matter in deep
geospheres. It is also important that this matasabne of the components of
kimberlite magmas.

This study was supported by the Russian FoundéioBasic Research (project nos. 11-
05-00247-a and 11-05-12004-ofi-m), the Earth Sa@ei@ection (program no. 2), and the
Presidium of the Russian Academy of Sciences (gnogio. 2).
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ABSTRACT

The analysis of the isotope data obtained by nowtHe rocks of various
genesis gives estimation of*Nd/A*Nd, "°Hf/Y"'Hf, ®'SrFeSr, 2°%PbPOPb,
Ppf%%Ph, %Pbf%%Pb and Sm/Nd, Lu/Hf, Rb/Sr, U/Th/Pb values in phienitive
mantle of the Earth. The model of chondrite homegess reservoir (CHUR) for the
composition of the primitive mantle [1], taken asf as a basis, causes a number of
doubts: (1) high magmatic productivity of depletadntle (DM), with the absence a
steady isotope signal from the primitive mantle {PNR) a great number of
geochemically enriched rocks, in particular alkalibasalts, showing the isotope
characteristics similar to those of DM; (3) depatof the source of HIMU basalts in
Nd-Sr-Hf isotope system and its enrichment in Ug$3istem; (4) mass balance
calculations for Sm-Nd isotope system of the camgt mantle force to limit the mass
of DM which was a source for the crust to 1/4 - bfs5the total mantle mass.
However, in this case the balance is broken dowrafoumber of other elements in
Rb-Sr and U-Pb systems; (5) melts from PM at higiting degrees should have Nd
isotope composition and Sm/Nd values similar wséhof the source; however the
rocks being similar to CHUR by both parameters hastebeen found yet.

The above conflicting issues can be solved onlywef assume that Sm/Nd

value in the primitive mantle differs from CHUR cpasition by 8 %. Correlation
of isotope ratios in mantle rocks allows other pagters of the primitive mantle
source to be sought. It also allows using elematids instead of isotope ratios:

Eng = +9; M NdM“Nd = 0,51309; Sm/Nd = 0,350;

gy = +14: Y Hf/Y"Hf = 0,28318; Lu/Hf = 0,268;

es, = —22:%'SrP°Sr = 0,7029; Rb/Sr = 0,0206;

208ppPO%ph = 18,3722 Pb*Pb = 15,49%°%PhF*Pb = 37,97;

238/?%pp = 8,82:r.e. U/Pb = 0,1405°%*Th/?*%U = 3,81,1.e. Th/U = 3,68.

A possible analytical uncertainty of Nd isotope pasition analysis does not

exceed +x\g.

Following the model by DePaolo and Vasserburg [Lth® most popular,

standard isotope-geochemical models of the mairletare and evolution [2-4]
assume that Sm-Nd system of the primitive mantkeesponds to the chondritic
homogeneous reservoir (CHUR). It was called homeges because chondrites of
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different groups turned out to be homogeneous gardeto Sm/Nd value [6, 7].
Lu-Hf isotope system uses the data by Tatsumotal.et[8] specified later by
Bouvier et al., [9] obtained by them for the colien of chondrites.

The correlation between mantle composition and dhtas is not observed in
Rb-Sr and U-Pb isotope systems: Rb/Sr value isooder higher in chondrites as
compared with the Earth’s mantle while U/Pb valsi@mne order lower [10] that
results from high volatility of lead and rubidiuamd their loss during the Earth’s
accretion. Thus, it had been considered for a tomg that Sm/Nd and Lu/Hf
values of the Earth’s mantle are similar to chaedri

It is impossible to check this assumption via &clicomparison of chondrite
composition and that of rocks. Rare Iherzolite nesluvhich could characterize the
primitive mantle of the Earth [11-14], demonstratevide scatter in Sm, Nd, Lu,
Hf contents and their ratios so they can providiale estimates.

However, a great scope of data on Nd and Hg isotopgposition has been
accumulated for various rocks of the mantle orighich can be used to estimate
Sm/Nd and Lu/Hf values both for the source and tfer whole mantle that
participated in the petrogensis during the wholglEahistory. The present article
is devoted to this problem.

The data on real composition of the primitive, ddterentiated mantle has
fundamental value not only for geochemistry, but éher branches of Earth
sciences as well; for correct understanding ofpttoeesses occurring in its bowels.
Only knowing the composition of the primitive mantlve can discuss the
composition and ways of generation of enriched gemaleted mantle, the nature of
isotope and chemical inhomoginities in the mantte, interaction between the
crust and the mantle.

CHONDRITE MODEL OF EARTH MANTLE IN ND-SR ISOTOPE
SYSTEM

The negative correlation between Nd and Sr isotdpesd by DePaolo and
Vasserburg [1, 5] for the mantle rocks (fig. 1) \pd®d a new model of mantle
evolution. According to that model the initial, itive mantle in Sm-Nd system
corresponded to CHUR with modern values

T _ Sample

Farg = -1|-10*

14304 )T
( /i =Nd CHUR ) (1
14374\, 1435744 147 g

—_— = - —_ . - _ 1
(1 ééhrd)_‘-‘ﬂm;:! g (1-#-#3‘.‘?&: )_‘-'Em;:!a (1-':-':;.‘.‘0: )E'Em;:!a [expa T] ]

14374 )
(—ﬂ) = 0.512638 — 0.1967 - [exp(d - T)— 1]
) CHUR

! All Nd isotope ratios given in this paper are nalized from™*Nd/*Nd = 0.7219
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In due time the depleted mantle (DM) with higher/Sdhvalues generated
as a result of the extraction of the crust with doMm/Nd value. As radiogenic
Nd is formed from**’Sm decay***Nd/*Nd value becomes higher if Sm/Nd
value is higher, that is typical of the depletechtiea
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Fig. 1.Nd, Sr, Hf isotope ratios in mid-ocean ridge (MORB)oceanic (OAB) and
continental (CAB) alkaline basalts, in basalts withncreased U/Pb values in the source
(HIMU), as well as in various sedimentary rocks (S#).

The composition of the primitive mantlBNI) is shown from present studies (see below) and
does not correlate with the chondrite model by é®and Vasserburg [1, 5]:*Nd/A*Nd)
chur= 0,512638 and‘{’SmA*Nd) crur= 0,1967; i.e. Sm/Nd = 0,325 [15]. A scatter obthi
value is widely used as one more way to repre$enisbtope data.
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Negative correlation betweel{®Nd/**Nd and ®’Srf°Sr in various mantle
rocks suggested that their source (sources) denatmsgfiobal negative correlation
between Sm/Nd and Rb/Sr values. This conclusionetaies with geochemical
data: geochemically depleted rocks show increasefN& and decreased Rb/Sr
values while enriched rocks show decreased Sm/Ndreneased Rb/Sr values.

Because the primitive mantle is different from etote in Rb-Sr system it
was simply called as homogeneous reservoir (URY atrontium isotope
composition in it was defined as a crossing pofritend of indirect correlation of
Sr and Nd isotope ratios witCHUR line oryg = 0 on fig. 1a. From the value
(®’srf°Sr) ur= 0,7045 it is easy to calculate (Rb/Sgvalueif we accept the age of
the EarthT as 4,56 Ga, and the primary Sr isotope ratitf 8s{°Sr) gas = 0,69897

[16]: _ i
(o), ()

(S?R 5") _ BAEI
ST . exp(de;T) -1 (2)

Hence it follows that (Rb/Sgk = 0,0286.

Similarly to gyg (formula 1),es, value for any timd' is calculated relative to
UR composition.

As seen from fig. 1 with a greater scope of datanfal ocean ridge basalts
(MORB) [17-45], intra-plate ocean island basaltsIBO[46-73], continental
basalts [12, 74-82] and silicate-fragmentary sedisi@and sedimentary rocks [83-
97] the mantle trend became slightly fuzzy thaloaked originally [1], but as a
whole the pattern has not changed. Left top quadnariig.1a with low Sr isotope
and high Nd isotope ratios corresponds to the teglenantle. Right bottom
guadrant corresponds to the enriched sources; mameihe origin of the enriched
mantle is usually related to subduction and partiahtribution of the crust’s
substance into a deep-seated mantle [2-4].

In Lu-Hf system the composition of the primitive mii@ is also regarded as
the chondritic [8, 9], with following recent values/Hf = 0,235 and"Hf/*""Hf =
0,282785.¢y;. value is calculated relative to this isotope aatifhough the
published Hf isotope data are much less, as comdpgartose for Sr and Nd figure
1 shows a clear direct correlation between Nd m®tand Hf isotope data in
various rocks [35, 38, 39, 43, 44, 98-102] thatgasfs a direct correlation between
Sm/Nd and Lu/Hf values in sources of these rocks.

Both plots (fig. 1a and fig. 1b) show that the ogm#¢ composition of a
prospective primitive mantle{€= 0, 4 €= 0, 5, = 0) [6-8] lies within trends for
mantle rocks that confirms a correct use of th@dees as the beginning of isotope
co-ordinates. However, as it is discussed beloeretlare reasons using the more
available data to analyze again the model propbgddePaolo and Vasserburg [1,
5] and developed by other researchers.
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CONTRADICTIONS TO CHONDRITE MODEL

The assumption that in the Sm-Nd isotope systéma primitive mantle is
similar to chondrites [1, 5] has been never sirigttoved. A greater scope of
isotope data for the rocks of mantle origin alsdicges debates concerning the
chondrite model. We will consider the most sigrafit discrepancies [103].

PRODUCTIVITY OF DEPLETED AND NON-DEPLETED MANTLE

If we follow the model by DePaolo and Vasserbuttg most productive
source for melts was the depleted manile O, x> €0, 5, <0). This situation is
strange enough, as it would be logical to expeat pineceding melting of mantle
sources would lead to removal of the most easilitademobile component, and
with other things being equal the depleted soustesild be less productive than
non-depleted.

The primitive not depleted mantle wittyy €= O, s €= 0, 5, = 0, on the
contrary, does not show any rocks of homogeneatsps composition. If the
primitive mantle exists and its share by differestimations ranges from %z to % of
the mantle’s mass [2-4] it would be logical to estpiequent occurrence of rocks
with its isotope labeling. We would observe a syealdister of the rocks whose
source was a non-depleted mantle. However, itrnet The geological community

has already recognized this circumstance udiffy [104] instead of TS for

estimations of modeled age of the rocks substratsiwas initially proposed by
DePaolo and Vasserburg [1, 5].

SOURCES OF ALKALINE BASALTS

Alkaline basalts of continents and oceans, enridinedncoherent elements
are mainly the products of the depleted mantle. (1iy This contradiction is
traditionally explained by the mantle metasomatisithe source prior to its
melting [105]. Probably, the metasomatism conteButo the origin of alkaline
basalts, however the reason of transfer of lithephlements from the depleted
mantle is not still clear. At that the primitive ntke remains unchanged.

ISOTOPE SYSTEMATICS OF HIMU BASALTS

The origin of HIMU basalts is still a subject oftense debate in the
geochemical models which use the chondrite Eathiaposition. These basalts
occur both in oceanic and in continental setting:several island in the French
Polynesia chain in the Pacific ocean [39, 50, &4,1®6-109], in a chain of islands
in the Atlantic ocean stretching from Saint Helesland to coast of Cameroon
towards far inland [39, 110-112], on Komorsky apefflago [63, 111], within the
East African rift system [113], as well as on thet#ctic Pacific coast, Hobbs
Coast [81]. In continental setting they include alkaline basalts, in oceanic they
comprise mainly alkaline basalts of island chainterpreted as traces of "hot
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spots”.

Like any alkaline basalts, HIMU basalts are enrthyy many lithophile
elements, including U, Pb, Rib, Sr, LREE. They anged into a specific group
judging from the increased values of lead, firsalbf*Pb/*Pb ratio that suggests
high U/Pb values in their source, i.e. higfu/*°/Pb values. Thus, their sources are
enriched in U-Pb isotope system: figure 2 shows gphaalue can be high as 22,
whereas in the mantle it is significantly lowerpab8-9 [114, 115].

This phenomenon can be explained by lead remowal igland-arc magmas
from subsiding oceanic plates in subduction zodes3f]. As a result, the rocks
demonstrating increased U/Pb values due to theolidesd could be generated. As
the main argument in favor of this assumption Hafmat al. [37, 116] and their
followers [117] pointed out lower U/Pb values itarsd-arc basalts as compared
with other oceanic rocks. figure 3a shows that Ebe/alue is lower [118-125] in
island arc basalts as compared with MORB, alkalr@salts of oceans and
continents including HIMU basalts. Neverthelessy. fi3 demonstrates that
formation of island arc basalts cannot lead toaase of U/Pb value in the mantle
because p amounts to 8,8 as an average, i.e. iskmilaantle bulk composition
(see fig. 8). It is obvious that removal of any wits of island arc melts from the
rocks that have the same initial U/Pb value cafewsat to its change.

15.9

19.7 +

15.5 +

153 +

16.1

Z0ePb/204Pb|
15 16 17 18 19 20 21 22

Fig. 2.Isotope lead ratios in the same rocks shown in fid.. HIMU basalts are arbitrarily
distinguished on border?*Pb/2%*Pb> 20.

Figure 3 b exhibits that U/Pb value in MORB dolesitand alkaline basalts
from oceans and continents increases with the asereof uranium and lead
concentrations i.e. with the enrichment by lithdplelements.

Fig. 3 b shows th&f®U/?**Pb value in HIMU basalts makes up 34 (n = 69) as
an average that well agrees with the increasedlyevia their source (fig. 2).

44



Deep seated magmatism, its sources and plumes

However, the enrichment of sources of HIMU basaitdJ-Pb system does not
agree with Sr-Nd isotope systematics by De Paold Wasserburg (fig. 1a)
according to which they are generated from theetegdlsourceefq= +5,1+0,9;€s,
=-22 16).

This is one more essential contradiction of modsotope geodynamics.

1000 ¢
t Ce, ppm

100 +

AQIB
EHIMU

o © olAB

o + MORB

« Sediments

10 +

= HIMU
olAB

+ MORB

+ Sediments

01 ¢

Pb, ppm

0.01 . ' Ar :
0.1 1 10 100

Fig. 3.Ratios between cerium, lead and uranium in the sam®cks shown in fig. 1, as well
as in island arc basalts (IAB).
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DISBALANCE OF SYSTEM CRUST — UPPER MANTLE

Mass balance modeled calculations for Sm-Nd isosyiséem of the crust and
the mantle force to limit a share of the depleteshtie to 1/4 -1/5 of its total mass
[2-4]. Only in this case Sm/Nd value in the depdetgantle could be change due to
the extraction of the crust to the value so it dogliarantee the difference in Nd
isotope composition observed today between DM aHdR aseyg= 8-12.

0.40

SmiNd a “‘

039 1
100 12

038 +

037 +

Crust mass, %

Sm Nd Sm/Nd
Prim.Mantle 0.347 1.067 0.325
Cont.Crust 3.5 16.0  0.219
(Taylor & McLennan, 1985)

T, Ga

Rb/Sr 8

ATSr/ReGyr

0.704

0703 Rb  5r RbiSr

PM 0.55 19.2 0.0286
Cont.Crust 32 260 0123

0.702 (Taylor & McLennan, 1985)

l-=="

0.701

0.700

0.699

] 1 2 3 4

Fig. 4.Examples of numerical modeling of Sm/Nd (a) and R&t (c) values of isotope
composition of neodymium (b) and strontium (d) in he depleted mantle as a result of the
continental crust extraction.

The trajectory of growth of relative crust's massshown on the inset of diagram according to
[126]. The plots a and b show four options of cltans: with the extraction of the crust from
the whole ("100 %" plot), from half ("50 %"), fromnquarter ("25 %") and 1/5 ("20 %") of total
mantle’s volume. Three options are shown for Risy@&tem - 100 %, 50 % and 25 %. In the
latter case rubidium in not sufficient for the drgeneration, and the modeled "25 %" plot on the
diagram stops at 1,3 Ga. For comparison with maldelets diagrams b and d give the data for
MORB as histograms.

To illustrate this situation fig. 4 demonstrates thesults of numerical
modeling of continental crust extraction out of theantle. The data for
calculations are given on fig. 4 b and fig. 4 deTrate of crust generation was

46



Deep seated magmatism, its sources and plumes

taken as variable, as shown in inset on fig. 43 aocbrding to the conclusions by
Taylor and McLennan [126]. However, the crust’'svgito doesn’t influence much
Nd and Sr isotope composition in the depleted rmeartl particular, at linear
growth of the crust the plots of isotope compossgigiven on fig. 4 b and fig. 4 d
practically coincide. When the crust substancerglower Sm/Nd value = 0,219
is extracted from the mantle substance with iniBal/Nd = 0,325 (fig. 4 a) the
residual, depleted substance have higher Sm/Nc\aaid this values depends on
the amount of the removed crustal component. Thezethe recent*Nd/*/Nd
value in DM depends on its volume, whether thetdsiextracted from the whole
mantle or from its small part.

Figure 4b shows that if the source for crust wasnaintle the resulting shift
in Nd isotope ratio makes ~1¢{q. For half of the mantle the effect would make
about ~3,6eng. If 25 % of the CHUR mantle was a source for thehecrust the
depleted mantle should differ today from primitiveantle by ~8,dyy as an
average. This value is similar to usual isotopaieslin MORB though they are
slightly lower (fig. 4) and, according to calcutais, the observable Nd isotope
composition in the MORB source suggests that tiptetied mantle makes up 20 -
25 % from all volume of the mantle of the chondatemposition. As the share of
the upper mantle (to seismic border of 660 km) make 27 % from all mantle,
this agreement suggested the identification ofupger mantle with the depleted
mantle, that is widely accepted at present.

Strictly speaking, the share of the mantle shoeldirhbited by 22-23 % so that
Nd isotope composition in the modeled DM correspgotal observable 9-16\.
However, the balance between the crust, primitive @epleted mantle in Sm-Nd
system doesn’t agree with other isotope systemzainticular with Rb-Sr. Figure 4
demonstrates that if the crust is formed out of25f the mantle, rubidium in not
sufficient, and Sr isotope composition (fig. 4) Sach depleted mantle is much
lower than that observed in MORB. This disbalarecéong known [126] and is
true not only for rubidium: lead and uranium alsanot sufficient to generate the
continental crust.

In order to correlate Rb, Pb, U concentrations wita contents of other
elements, as well as to correlate Sr isotope coitnpogfig. 4d) between the crust,
primitive and depleted mantle, we should assume ti@ substance for crust
generation was brought from not less than halhefrhantle’s volume.

Sm-Nd isotope system in oceanic basalts and perides

Chemical features of samarium and neodymium arédasinT he coefficients
of total Sm and Nd distribution during the partmélting of peridotites are not
significantly different, not more than by 10-20 #2}]. So, that at small shares of
partial melting Sm/Nd value in the melt can difeess much as by 10-20 % from
that of the source [128]. At greater melting degreabout several dozens of
percentage, that correspond to the melting of thicleor ultramafic melts the
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melts should be only slightly different in Sm/Ndluwa from the rocks of the
source. Thus, at initial chondrite Earth’s composithe recent derivatives of the
primitive mantle at high melting degrees should ena composition similar to
CHUR:

Sm/ Nd = 0.325
“Nd/**“Nd = 0.512638- (£, =0)

The differentiation of substance slightly complesathis pattern, but doesn’t
deliver from contradictions.

Line 1 shows the model of formation of enrichedksE from PM source of
(with lower Sm/Nd values) and complementary depletecks D at various
melting degrees in the past. All isotope valuesngeawith time as a result of
“’Sm decay, and present rocks lie on line 2. Foebettiability “*’Sm/*Nd value
iIs to be given on abscissa axis, but this ratidedsf from Sm/Nd by almost a
constant value 0,6046. Any mixtures Bfand D also form the lines passing
throughPM. The line 3 models modern differentiation B¥1 source. Note that
both line 2 and line 3, as well as any others shgwhe differentiation oPM
source at different time, are the straight linesspay througl?M, and, the higher
is the melting degree, the closer are the pdirdad D toPM.

The behavior of Sm-Nd isotope system during panti@lting is schematically
given on fig. 5. Points along a line 1 schematycallow result of differentiation of
primary PM source into enriched (E) and depleted (D) composstin the past. As
a result of**’Sm decay these rocks have become similar to dtatersby line 2.
All points corresponding to enriched and depletecks € and D), lie on one
straight line (isochron) including initial, primie PM source. Recent
differentiation of PM source is given by straight line 3. Any mixturefs the
depleted and enriched rocks in these co-ordindtesld lie within a bunch of the
straight lines passing throu@M point [129].

The higher is the melting degree of the primitivairge, the closer are the
points E and D to PM. Following the model of chondrite caspion of the
primitive mantle we can expect that many tholeiitiasalts of oceanic islands
(plume-basalts, basalts of "hot spots"), contair@rapnsiderable component of the
bottom, non-depleted mantle [2-4], on the diagramfig. 5 should lie close to
point PM.

This is true for Lu-Hf systems.

Now we will compare the considered scheme (figwih real distribution of
the data for the rocks of the mantle origin. Figérehows the isotope data for
oceanic basalts and sediments in the same co-tedjrikke on the above scheme.
The data for oceanic basalts forms a clear trent that is amazing, this trend
passes away from a point corresponding to modedetposition of the primitive
mantle following DePaolo and Vasserburg.

None of more than 2700 points which are availabtay in our database for
oceanic and continental basalts lies close CHUR.
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It is true for Iherzolites as well, on fig. 6a thiey within a field of basalts and
are not crossed with a small area of chondrites.
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Fig. 5.Ratio between primitive PM) source and enriched (E) and depleted (D) derivates.

The same picture is observed in Lu-Hf system, tag dor this system is
given on figure 6. The main difference betweertfig.and fig.6 b is the number of
points: data for volcanic rocks in Lu-Hf isotopes®m are much scarce as
compared with Sm-Nd system. Nevertheless, fig.&vsha clear trend for oceanic
basalts, and this trend lies apart from chonddéta [9].

The data given on figure 6 can indicate that (Lkabwn mantle magmatic
rocks generated from the depleted mantle only, #rel primitive mantle is
absolutely “dead” as a magmatic source or (2) SméNd Lu/Hf values of the
primitive mantle do not correlate with CHUR.

Though according to the models of the mantle coitipasavailable by now
[2 - 4] the major part of magmatic rocks were gatert from the depleted source;
none of these models suggests absolute isolatiaimeofower mantle from the
upper one. This conclusion can be obtained from Gigf we use the chondrite
composition of the primitive mantle. The seismimtgraphy [130, 131] shows an
active contribution of the lower mantle into theodgnamic processes taking place
on the surface. In addition, the mass balance adiations in the system primitive
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mantle - crust - the depleted mantle discussedefbigv4) do not allow to limit
the volume of the depleted mantle by only its srpalt.
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Fig. 6. Dependences between Nd isotope composition and SiaAvalues (a) and Hf isotope
composition and Lu/Hf values (b) in basalts.

Mid-ocean ridges basalts (MORB), intra-plate ocednaisalts (OIB), continental alkaline basalts
(CAB), basalts HIMU, silicate-fragmentary sedimeii®ed), Iherzolites and chondrites. The
continuous bold line means geochron (4,56 Ga),ipgghrough CHUR. Other legends see in
the text.

Thus, the data given on figure 6 show that the leanost likely doesn’t have
the sources with CHUR composition, i.e. the prim@itimantle demonstrates the
non-chondritic distribution of elements.
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ELEMENT RATIOS IN THE PRIMITIVE MANTLE
Sm/Nd, Lu/Hf AND Rb/Sr

The contradictions listed in the previous sectiansed by supposition that
Sm/Nd and Lu/Hf values in the primitive Earth’s rtlanare chondritic force us
searching for more adequate estimations of thd#es rand associated Nd, Hf and
other elements isotope compositions. It can bdyedshe using the data given on
fig. 6.

Supposing that the primary Nd and Hf isotope contioosin the Solar
system was homogeneous, a point correspondinggtprihnitive mantle, should lie
on the geochron in both isotope systems (on finesT = 4,56 Ga). On the other
hand, when discussing fig. 5 we found out thatdbmposition of the primitive
mantle on fig. 6, most likely, is somewhere withive trend of oceanic basalts.
Thus, the required point should lie on crossinggebchron with the trend of
mantle rocks on fig. 6, and its most probable locats noted by point PM with
the following parameters:

eng = +9: M*NdMNd = 0,51309; Sm/Nd = 0,350
€y = +14:°Hf/Y"Hf = 0,28319; Lu/Hf = 0,268.

The uncertainty as +1 of\y or &y which is quite possible, leads to
uncertainty as +0,8 % of Sm/Nd and Lu/Hf values.

Negative correlation between Nd and Sr isotopensatllows finding the
parameters of the primitive mantle in Rb-Sr sys{point PM on fig. 1):es, =-22;
8Srf°sr = 0,7029, using the formula given above (2) vem obtain for the
primitive mantle {’'Rb£®Sr) o\ = 0,0595 and (Rb/Sg) = 0,0206.

Figure 7 demonstrates the change of Sm/Nd and Rbl8es (fig. 7 a, 7 ¢) in
the depleted mantle due to the crust extractiowelsas variations in Nd and Sr
isotope compositions (fig. 7 b, d) of the primiti¢feM) and depleted (DM) mantle.
It is remarkable that modeled compositions of betimitive and depleted
substance lie in the field of MORB, i.e. basaltsmofl-ocean ridges basalts were
generated both from the depleted and the priméiveched sources that correlates
with variations of their element composition.

The obtained composition of the primitive mantlé&Sim-Nd, Lu-Hf and Rb-Sr
isotope systems remove all contradictions of modsatope geodynamics outlined
in the previous section. Now there is no necessifind an answer to the question
why the primitive mantle is dead - we can defineatvlocks are closer to the
primitive mantle as regard to Nd, Hf, Sr isotopenpositions analyzing fig. 1, fig.
6 and fig. 7.

A logical conclusion can be reached: the sourcdsotf alkaline, and HIMU
basalts are enriched by incoherent elements tocowsrextent. The have the
increased La/Lu (lower Sm/Nd) values in comparigth the primitive mantle. It
does not exclude the possibility of metasomatingleaof sources of these rocks.
However, the metasomatic transformation is notgalbbry for sources of all
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alkaline basalts withyg> 0.

If the proposed scheme is true, changes in Sm/NtHfLand Rb/Sr values in
the depleted mantle due to the extraction of thistahroughout the whole history
of the Earth rendered only moderate effect on tiana of Nd, Hf, Sr isotope
composition in modern mantle rocks in comparisothwieir observable isotope
heterogeneity. The reasons of isotope variation®dks of the mantle origin are
considered in details in a separate publicatior2]1Bere, we can note only the
common features.
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Fig. 7.Balance calculations of influence of continental erst growth on the composition of
the depleted mantle in Sm-Nd and Rb-Sr isotope sy&ns in case of non-chondritic
composition of the primitive mantle.

Accepted differences in Rb/Sr and Sm/Nd ratios fraodel by DePaolo and Vasserburg [1, 5]
can be seen on plots a and c. Calculations are fiorngvo trajectories of dynamics of crust
growth, as shown in inset of the plot a: non-umfogrowth (a continuous line) according to
Taylor's and McLennan’s hypothesis [126] and lingr@wth (dotted line). It is supposed that the
crustal material was taken from all volume of thanthe, or just the same, convecting mantle had
possibility to mix. The plots b and d show that thiference in character of growth of the
continental crust insignificantly influences thetigpe ratios.

As it was supposed earlier [1-5], the depleted teasburces demonstrate
higher Nd and Hf isotope ratios and lower Sr ratimsn the composition of the
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primitive mantle. On fig. 1 a they lie above andthe left of pointPM, while on
fig. 1b they lie above and to the right of it. Hoxee, unlike CHUR-model, the
range of isotope variations of the depleted maimilehe proposed model is
significantly narrower, it can be evaluated frogufies 7 b and 7 d.

A real scatter in Nd, Hf, Sr isotope ratios is witlean the difference between
modeled composition of the primitive and depleteahtte that on one hand can
specify an irregular depletion of mantle sourcedevbn another hand it means the
redistribution of elements and local formation loé tenriched compositions in the
mantle [132].

Th/U/Pb Ratios

Correlation of lead and neodymium isotope compasiin mantle rocks
provide ?°Pb/*Pb, *’Pb/*Pb, °*PbF*Pb values, correlating with the primitive
mantle source. These values lie on crossing of @ackl on fig. 8 witheyg = 9,0
and amount to 18,368; 15,494 and 37,967, accordiiigis composition is shown
on fig. 2 as well. The obtained estimation, as aslformer ones [3] lie to the right
of the geochron that most likely is a result ofdyral increase U/Pb value in the
mantle [133].

Plots on fig. 8 point out that none of stable @dustorresponding to the real
mantle source lies in the fielkly = 0. The available isotope data for lead can be
used for calculating U/Pb and Th/U values in tharse rocks. Correlations of
these values witbNd also allow finding the values typical of therpitive mantle.
Figure 8 shows thatPb = 8,82kp, = 3,808 that correlates with weight ratios U/Pb
= 0,1405 and Th/U = 3,68.

THE ELEMENTS WHICH ARE NOT RELATED TO RADIOACTIVE
DECAY

The correlation between other elements which doimtience any isotope
ratios is a problem with a less certain solutiome &pproach used here is shown on
fig. 9: the point of crossing of correlation trerfds MORB between tested element
ratios and Sm/Nd with the value Sm/Nd=0,350 is rega to be the most similar
to the composition of the primitive mantle. Thigpamach yields quite reasonable
results if elements are close to each other asdegfaincompatibility, i.e. they lie
close to each other on fig. 10. For example, thenased U/Pb value gives 0,143
that well agrees with the above value 0,1405 catedl from the isotope data: the
difference is less than 2 %. However, we have fayapuch approach carefully to
pairs of elements with significantly different géemical features. So, for
example, Lu/Hf value calculated using this approaatqual 0,207 that is by 23 %
lower than the more reliable estimation from thetape data.
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Values given on fig. 9 Hf/Nd = 0,258, Sr/Nd = 14y3d Th/Rb = 0,145 allow
connecting of all above elements in a uniform gystAs the developed approach
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is applicable only for elements-impurities and alocalculating only ratios of
elements, instead of their absolute concentratitves content of at least one
element has to be calculated by an independent Atathis stage we accept the
Nd content in the primitive mantle according torRal O'Neill [134] to be equal
1,327 mkg/g. The concentrations of other elememgeen in table 1.

04 1

' Th/Rb 8

[Th/Rb=0.145

01 1

0.01

0.1 1

Fig. 9.Calculation of Hf/Nd (a), Sr/Nd (b)
and Th/Rb (c) values in the primitive
mantle (a) through their correlation

with Sm/Nd values in mid-ocean ridge
basalts.

Figure 10 shows the comparison of element condamsaobtained from the
present study with earlier published models byedéht scientists [134-136]. For
evident comparison all data are normalized from Bdposition by Palme,
O'Neill [134]. All elements from Lu to Rb are plett on abscissa axis according to
the increase of their incompatibility with mantleelts, i.e. according to the
enrichment of the continental crust as comparec wite primitive mantle.
However, the diagram gives only those elements hvhvere discussed in the
present study.

55



YR. A.Koctizin

Table 1.
Recommended estimations of concentrations of elemtsrmpurities
in the primitive mantle (PM)
Concentration in the
Element - Source

primitive mantle, ppm
RDb 0.391 Rb/Sr = 0.0206¢s; = —22 €5~ —2.5¢enq), fig. 1a
Pb 0.1096 U/Pb = 0.1405; correlationpgandeng (fig. 8)
Th 0.0567 Th/Rb = 0.145; correlation Th/RSm/Nd (fig. 9)
U 0.0154 Th/U = 3.68; correlatiomp, andeng (fig. 8)
Sr 19.0 Sr/Nd = 14.3; correlation Sr/Nd and Sm/Nd. (8
Nd 1.327 [134]
Hf 0.336 Hf/Nd = 0.252; correlation Hf/Nd and Sm/N) ()
Sm 0.464 Sm/Nd = 0.350enq = 9, fig.6 a
Lu 0.090 Lu/Hf = 0.268:en = 14 € ~ +1.6€nq), fig. 1 b

Figure 10 shows that the composition of the priweitmantle is different from
the proposed earlier in more depletion by the miesbtmpatible elements and
small enrichment by compatible elements that resuttim the increased Sm/Nd
and Lu/Hf and lower Rb/Sr values. Nevertheless, depletion by the most
incompatible elements is significantly less, thansisupposed for the depleted
mantle source [137, 138].

grgg
Sm/Nd = 0.350

Rb/Sr = 0.0206
Lu/Hf = 0.268
Th/U = 3.68
U/Pb = 0.1405

-<o--Hofmann, 1988

&~ McDonough, Sun, 1995
—»—Salters, Strake, 2004 (DM)
—+—Workman, Hart, 2005 (DMM)

—o—Hacronawas paboTa

PM-Normalized concentrations ~

0.1
RbPb Th U Ba K Ta Nb La Ce Pr Sr Nd Hf Zr Na Sm Eu Gd Tb Dy Ho Er Tm Y Yb Ti Lu

Fig. 10.Estimations of primitive mantle composition from different authors [135, 136] and
those obtained in the present study, normalized blalme, O'Neill [134].

Arrows connect pairs of elements whose ratios ataimed from the isotope data. The order of
elements from right to left corresponds to growtld@gree of their incompatibility in the mantle
from [134], i.e. to degree of enrichment of the tooental crust by these elements relative to the
primitive mantle. For comparison we give two modslshe depleted source from [137, 138].
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CONCLUSIONS

The rocks of the mantle origin do not show any etegs which could be
similar to CHUR both by Sm/Nd, and BY*Nd/*Nd values, that most likely
indicates the absence of such substance on thie Ear

The assumption that Sm/Nd and Lu/Hf values of thmigive mantle of the
Earth [1, 5-8] are similar to chondrite leads tchain of contradictions which were
not solved for the last three decades of intends@ope studies. These
contradictions can be removed if we assume sligfgrdnce in the composition of
the primitive mantle and chondrites: by 8 % as rédga Sm/Nd value and by 12 %
as regard to Lu/Hf value. The supposed recent csitipo of the of primitive
mantle in Sm-Nd, Lu-Hf, Rb-Sr and U-Th-Pb isotogstems is the following:

Eng = +9 “INd/MNd = 0.51309  *'SmA*Nd = 0.2119 Sm/Nd = 0.350
Enr = +14 Yo/t Hf = 0.28318  *"Lu/t"'Hf = 0.0381 Lu/Hf = 0.268
£ = —22 #Srf°Sr = 0.7029 #RbF°sr = 0.0595 Rb/Sr = 0.0206
2%%Pp/Ph = 18.368
2%3U/7%Pb = 8.82 U/Pb = 0.1405
29Ppf%Pb = 15.494
2%%PpP¥Ph = 37.967 *Th%U = 3.81 Th/U = 3.68

The uncertainty of Nd isotope composition can reatheyy. The isotope
effect in Sm-Nd, Lu-Hf and Rb-Sr systems from thx¢raction of the earth crust
from the mantle substance substances is much h@ssthe observable isotope
variations in mantle rocks.

Paboma svinonnena npu gpunancosoii noooepacke PODU, epanm 11-05-00062
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A number of large areas of igneous provinces predun North Asia in the
Late Paleozoic and Early Mesozoic include Sibeaad Tarim traps and giant rift
systems. Among them, the Central Asian Rift Syst@bARS) has the most
complicated structure, evolved during the longaset and is a large (3000 x 600
km) latitudinally oriented belt of rift zones exting from Transbaikalia and
Mongolia to Middle Asia and including the Tarimpgain western China. CARS was
produced in the Late Carboniferous, and its furtherlution was associated with the
lateral migration of rifting zones; it ended in thgarly Jurassic and lasted for
approximately 110 Ma. CARS was produced on an aatontinental margin of the
Siberian continent and is noted for largest bathsli which were emplaced
simultaneously with rifting. The batholiths are munded by rift zones and
compose, together with them, concentrically zoneammatic areas, with crustal
(granitoid) magmatism focused within their centpaktions, whereas mantle (rift-
related) magmatism is predominant in troughs amdbeyns in peripheral zones. The
batholiths show geological and isotopic geocheméadlence that their granitoids
were produced by the anatexis of the host rockactive involvement of mantle
magmas. Zonal magmatic areas of the type are vieasexhalogues of large igneous
provinces formed in the environments characterigtiactive continental margins.
Large within-plate magmatic provinces in North Asiee thought to have been
generated in relation to the overlap of at leasi mantle plumes by the Siberian
continent during its movement above the hot maffitéd. In the continental
lithosphere, mantle plumes initiated within-plat@agmatic activity and facilitated
rifting and the generation of traps and alkalineiteaand alkali-salic magmatic
associations. Because of the stressed states duolhgjon of various type in the
continental margin, the mantle melts did not asceigther than the lowest crustal
levels. The thermal effect of these melts on thestal rocks induced anatexis and
eventually predetermined the generation of thedjgitis.

INTRODUCTION

In the Late Paleozoic, practically all North Asiasvaffected by magmatic
processes, which have produced the Siberian anthTeaps and large magmatic
area in structures surrounding the platform. Siandbusly magmatic areas of
concentrically zonal structure were produced in gbathern surroundings of the
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Siberian craton (in Mongolia and eastern Transliakasuch zones were
discovered by the Joint Soviet-Mongolian Expeditjdf)]. It was demonstrated in
the western termination of the Mongolia-Okhotslkedment [76] that the centers of
such areas are large batholith "cores" consistiggpaodiorite-granite massifs, and
their peripheries are traced by zones of alkalmeusions (zones of so-called
diffuse magmatism). In the absence of necessarlpgieal, geochronologic, and
isotopic geochemical data, the genesis of thisrmprwas not then adequately
interpreted.

Studies conducted over the past decade have shHwawrithie magmatism of
this epoch was induced by the effect of the NorthaA [9, 66, 67, 63], as was
demonstrated later, African [30, 31] superplume the Siberian continent
(including the Siberian craton itself and its sumding structures), with the
Siberian continent drifting above the plume thromgththe whole Phanerozoic.
The interaction of discrete hotspots of this suluene with the continent resulted
in a number of magmatic areas, whose structurahpositional, and evolutionary
differences were predetermined by the tectonic renment of the magmatic
processes. While the Tarim and Siberian traps eafulty related to autonomous
sub-lithospheric mantle activity, within-plate pesses in the southern (in modern
coordinates) margin of the paleocontinent (strestwf the Central Asian Foldbelt,
CAFB) developed in an active continental margin W#WCas is pronounced in the
magmatic associations. The convergence processes cuerelated there with a
marginal magmatic belt, which extends across Middla, western China,
Mongolia, and Transbaikalia for more than 3000 kid has a width of up to 800
km. Structures of this belt are overprinted by @antral Asian Rift System, whose
discrete zones evolved throughout the Permian aiagsic.

Discrete evolution stages were responsible for deaeration of various
groups of magmatic associations. The oldest of tisetypical of the environment
of convergent boundaries of lithospheric platesis Tgroup comprises volcanic
associations of a differentiated complex of calahlhe and subalkaline rocks
encompassing a broad spectrum of compositions l(pasadesites, dacites, and
rhyolites) and granitoids of corresponding composi{granodiorites, normal and
subalkaline granites, and granosyenites). Thesmiasi®ns were produced in the
Early and Middle Carboniferous in southern Mongolend until the Late
Carboniferous, in central and northern MongoliarBlzaikalia [40, 61]. The
marginal magmatic belt thus produced has a petmitdad zoning accentuated,
first and foremost, by an increase KO concentration in similar basalts and
andesites toward intracontinental portions of te& [61]. This type of zoning is
typical of suprasubduction magmatism and, whenidensd along with geological
data, testifies that this group of associations ¥eamed in an environment of
convergent lithospheric plates.

The other group of associations was generated rwghime span starting in
the terminate Late Carboniferous through the Lataskic. The rocks of this group
exhibit compositional parameters and structuratrobypical of continental rifts.
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These rocks are dominated by a bimodal (basalt-nditeepantellerite)
volcanic complex hosted in arrays of long grabdR#t zones are traced by
lengthway dike belts and numerous massifs of alkalgranites and syenites.
Zones of bimodal magmatic rocks of this age aregeized as the Late Paleozoic-
Early Mesozoic Central Asian Rift System (CARS)][6&2hich occurs throughout
the whole territory of CAFB. Northwestern China, el the Early Permian Tarim
traps were discovered at the western terminatioGARS, was most thoroughly
studied by Chinese geologists during the past ae¢ad, 6, 74, 41, 32]. This
discovery extended the spectrum of rocks and maodesithin-plate magmatic
activity in the southern margin of the Siberiangoalontinent and provided further
arguments in support of the within-plate natur¢hefrift system.

At the same time, CARS exhibits certain featuresegaly atypical of
classical rifts. It hosts not only traps and alkalibimodal complexes but also
granites of normal alkalinity, including those camsmg the largest batholiths in
Asia: Angara-Vitim, Khangai, and Khentei. Togetheith rift zones bordering
these batholiths, they compose autonomously dewgoponcentrically zoned
magmatic areas [30, 31, 66, 65, 60]. We believegheh an unusual combination
of magmatic rocks typical, on the one hand, ofatfhes and, on the other hand, of
convergent zones was predetermined by the unusealygamic environment at
the ACM of the Siberian continent, with this enwvinbent resulting in the
interaction of a convergent boundary of the palatoent with mantle hotspots
superimposed by this continent during its plateeteic motions [30, 31, 63].

Our studies were centered on the pervasively oogurspatiotemporal
patterns and styles of within-plate activity at thiberian paleocontinent and on
their relations with the interaction of the connhevith mantle hotspots (mantle
plumes). We focused our attention first of all omgmatism in CARS, which
shows, as was mentioned above, certain featurgscatyof continental rifting
areas.

LATE PALEOZOIC-EARLY MESOZOIC WITHIN-PLATE
MAGMATIC AREAS IN NORTH ASIA: EVOLUTIONARY STAGES
AND DISTINCTIVE STRUCTURAL FEATURES

Table 1 summarizes data on the age of within-gabeesses at the Siberian
continent (North Asia), according to which the exmnary history of the system
comprises the following three major stages: (1pl@arboniferous-Early Permian,
(2) Permian-Early Triassic, and (3) Late Triasserte Jurassic. Figure 1 presents
a schematic map of the distribution of the magmaitea produced during each of
the stages.
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Late Carboniferous-Early Permian Stage

This stage took place within the time span of 3Z6-2Ma and was
responsible for the origin of spatially separatesha of within-plate magmatism in
Tarim-southern Mongolia and Barguzin.

The Tarim-southern Mongolia area comprises the Tarirtrapsin the west
and therift zonesin the Gobi-Tien Shan and the Main Mongolian Lineainn the
east (Fig. 2).

The Tarim trapsare lava piles of the alkaline basalt and tholegees [54],
which occur over an area of approximately 25105 km* at the Tarim
microcontinent. The eruptions are thought to oatinin the time span of 275-290
Ma [54, 74, 42, 32]. The northeastern part of taar microcontinent hosts, along
with traps, widespread Early Cretaceous bimodab@asasons (trachybasalts and
acid tuffs) [42, 32] Farther eastward, such associations are widespredade
Gobi-Tien Shan rift zone [62, 29, 28].

In the east, the trap area is bounded by zonescobdwlerite and picrite
intrusions accompanied by Cu-Ni ore mineralizatibne rocks of these intrusions
are highly magnesian, have elevated alkalinitytipalarly potassic), and are rich
in titanium [43] The rocks have been dated by various methods (RRRe-Os,
Sm-Nd, Rb-Sr, and K-Ar) at a narrow time interval288-282 Ma [37, 41]The
intrusions compose belts within fault zones thalasate and bound the Tarim and
Junggar microcontinents and grade into chains albgms of the Gobi-Tien Shan
and Main Mongolian Lineament rift zones in the eassouthern Mongolia.

The Gobi-Tien Shan rift zongfig. 2) is a broad chain of grabens that extends
from northwestern China along the Gobi-Tien Shanges across the whole
southern Mongolia. The grabens are filled with akf a volcanic bimodal
complex (basalts, basaltic andesites, comenditagelberites, and trachyrhyolites)
accompanied by dikes of analogous composition aasisifs of alkaline granites.
The dikes compose lengthway belts of significataltthickness (up to 1 km and
even more), which suggests a regime of large-ang@itoverthrusts during their
emplacement. The evolution of this rift zone pratsekat 319-280 Ma, as was
determined by U-Pb and Rb-Sr dating alkaline gesndnd volcanics in various
portions of the zone [69]. The rift magmatism isught to occur in two discrete
pulses. The earlier took place at approximately B1® within relatively small
areas in the central segment of the zone, in whralbens with basalt-comendite
associations and alkaline granites were produckd.ldter pulse manifested itself
at 290-280 Ma throughout the whole rift zone [28].

Magmatism in the rift zone is noted for producinghorock of the bimodal
association and rocks of the calc-alkaline seggeanodiorites and normal biotite
granites. Geochemical data testify that the gramtere derived from a crustal
source by means of crustal anatexis under theteffenantle magmas [68].
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Therift zone of the Main Mongolian Lineamen(fig. 2) is controlled by the
tectonic boundary between Caledonian and Hercystiarctures in Mongolia. The
zone is traced mostly by exposures of massiveiatkgranites, which extend as a
discontinuous chain for more than 800 km. The dgese rocks insignificantly
varies along the strike of the zone. The U-Pb agellaline granites from the
Mandakh Massif near the eastern termination ofzthree is close to 292 Ma, and
the alkali feldspar granites in the Bum Massif lre twestern part of the central
segment of the zone were emplaced at 294 Ma [B®% Rb-Sr isochron age of
analogous rocks in the western part of the riftezearies from 315 to 285 Ma [18,
59]. The nearby picrite intrusions were emplaced&#-282 Ma [37, 41]. The rift
zone was thus formed within the same time span viherGobi-Tien Shan zone
was produced.

The Barguzin magmatic areais located at a distance of more than 2000 km
from the Tarim-southern Mongolia area and diffeanf the latter, first of all, in
very widely spread granitoids. The zone hosts #ngest Angara-Vitim granitoid
batholith and rift zones bounding its flanks.

The Angara-Vitim (or Barguzin) batholithis one of the world's largest
batholiths, which is exposed over an area of mben t150000 k (fig. 2).
According to geophysical data, the batholith israyle lopolith-shaped body 5-7
km in average thickness, with individual swellsesding to depths of up to 30 km
[55]. The volume of the batholith is likely close 1 million kn?. The batholith is
composed of granites, monzonitioids, syenites, aggen-ites, and leucogranites
[33]. The granites are combined into a number ommlexes of various
composition, which are thought [33, 52, 53] to eliffin age. According to various
geochronologic data (U-Pb, Ar-Ar, and Rb-Sr), tlge af the batholith ranges
from 330 to 280 Ma [52, 53, 67]. At the same tirtltee U-Pb age (determined
using minute amounts of zircons and individual aircrystals) of rocks from the
batholith indicates that all of its numerous compk were produced within the
time span of 303 £ 7 to 281 + 1 Ma [67, 23], witie tages of individual complexes
overlapping within the errors. This led us to cowle [23] that the Angara-Vitim
batholith was produced during a time span no lontpan 22 Ma, and the
differences between its compositions were predeten first of all by the
compositional differences of the source rocks framich the granitoids were
derived and by the erosion depths of the complexes.

Therift zones (fig. 2) of the area are marked by belts of all@liocks [67,
71]. These are the Uda-Vitim zone in the south,Skenyr zone in the north, the
Eastern Sayan zone along the western boundaryeobalholith in the Eastern
Sayan Range and eastern Tuva, and the Saizhen aong the axis of the
batholith.

The Synnyr zonecomprises exposures of alkaline rocks: nephelind an
pseudoleucite syenites, pulas-kites, alkaline ¢ganiand subalkaline rocks:
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syenites, quartz syenites, and granosyenites [|,744]. These rocks, which are
collectively referred to as the Synnyr Complex, pose a number of massifs that
are traced along an array of northwest-trendindtdaor approximately 600 km.,
The rocks of the zone were dated at 295-288 Ma43/67].

The Uda-Vitim zone hosts numerous gabbro-monzonite, alkaline granite,
granosyenite, and syenite massifs, including saafel ones as the Khorinskii and
Bryanskii massifs [35, 21], dike swarms, and voicamocks of bimodal
associations, which are dated at 298-275 Ma [34, B% zone is controlled by
northwest-trending faults and locally overprintsrgaaal portions of the Angara-
Vitim batholith. The relations between the alkalinecks and granites of the
batholith testify that they have similar ages. Fexample, we have detected
mingling textures in gabbro-monzonite in certaimpaf the rift zone at contacts
with granites of the batholith, and these textuseggest that the rocks were
emplaced simultaneously, and the granite and bamtts mingled [34].

The Saizhen zondancludes massifs of alkaline rocks: alkaline pynmkes,
jjolites, urtites, nepheline syenites, and carbitest which are grouped into the
Saizhen Complex [17]. Nepheline syenites of somehef massifs intrude the
granites of the batholith, and some of the rocksewacluded in the Zazinskii
Complex of granitoids of elevated alkalinity, thecend most important granitoid
complex of the batholith [17, 33]. The geochronatodata are consistent with
geological relations and constrain the age of rackkis zone to 305-280 Ma [42,
11].

The Eastern Sayan zoneontrols the distribution of massifs of agpaiticdan
peraluminous granitoids, nepheline syenites, antksroof the gabbro-syenite
association in eastern Tuva. The zone extends dlengastern boundary of Tuva
and continues along the Eastern Sayan Range fag than 450 km. The alkaline
granitoids were dated at 305-292 Ma [71, 48]. Taeks of the zone typically bear
elevated concentrations of rare metals, first bfTa, Nb, Zr, REE, and Li and are
accompanied by a number of large mineral depositsh as Ulug-Tanzek, Sol'-
Bel'dyr, and Zashikhinskoe.

The data presented above, first of all, the datestify that, in spite of
differences in the compositions of the rocks aneirthgeological settings,
magmatic processes in the marginal and centrad pathe Barguzin area occurred
virtually simultaneously. It is thought that thsughly simultaneous occurrence of
rifting processes and batholith emplacement waslgteemined by a common
source of regional endogenic activity, namely, axtieaplume [67]. The effect of
this plume gave rise to rift magmatism in the maagiportions of the area and
induced the anatectic melting of the crust underetfiect of mantle magmas in the
central part of the area. Relations between arsmtaxil the activity of the mantle
plume also follow, for example, from the fact ttfa@ central parts of the batholith
includes abundant dikes of alkaline gabbroids B8, which were produced by
mantle magmas and were emplaced simultaneously thighgranites of the
batholith.
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Permian-Early Triassic

This stage was responsible for the origin of thhrgdakhangai and Siberian
igneous provinces, which show differences simitaititose between the Tarim-
southern Mongolian and Barguzin magmatic areas.

The Khangai igneous provinceencompasses a territory of more than 150
000 knf and has a zonal concentric structure. Its ceptretion is occupied by the
Khangai batholith, and the peripheries are comdlby the Gobi-Altai and
northern Mongolian ri91;t0%0nes (table 1, fig. 3).
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batholith ~ | and rift complexes

o Geochronologic
/ Faults * 255+ 1 dates, Ma

Fig. 3 Schematic map of the Khangai zonal magmatic area.

KZ trough

The Gobi-Altai rift zone is a linear array of grabens filled witbcks of a
bimodal volcanic complex: basalts, comendites, gllarttes, and spatially related
alkaline granites and syenites. The zone extendsm@we than 800 km along the
northern face of the Gobi Altai Range and strudlyreoincides with the suture
that separates the Vendian-Cambrian ophiolites hef ltake Valley and the
terrigenous terranes of the Gobi Altai in the basatnof the territory. The axial
portions of the grabens are traced by dike beltspse total thickness locally
exceeds 1000 m [62]. This led us the conclusioulamge enough amplitudes of
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extension when the rift zone was formed. Its agémeases relay mostly on
paleobotanical data, which suggest that the |avaisfill the grabens were erupted
in the second half of the Permian [62].

Thenorthern Mongolian rift zonewas traced along the northern boundary of
the Khangai batholith and is controlled by a lalihal array of faults that
coincides with the Khan-Khukhei, Bolnai, and Butdhiuru ranges. Structurally,
the zone is a wide enough system of echglaens filled with basalt and basalt-
trachyte-pantellerite volcanics. The zone also iosimerous massifs of alkaline
granites, syenites, and gabbro-monzonites. The ewteands for 500 km and has a
width of up to 70 km. Paleobotanical data datezitvee at the Late Permian [62].
Our U-Pb (unpublished data) and Rb-Sr isochron da¢aconsistent with this
conclusion, and hence, rift-related magmatism aecum northern Mongolia at
270-250 Ma, mostly in the Late Permian.

Near the eastern termination of the rift zones ibounded by structures of the
Orkhon-Selenga trough at the northeastern margith@fKhangai batholith. The
magmatic associations of the trough compose relgtihin piles of Late Permian-
Early Triassic mafic lavas, which were erupted @@-240 Ma [4, 5]. The basites
of these associations exhibit enriched geochenaigdlisotopic signatures and are
in this sense analogous to the basites of bimaskdaations in the rift zone [5].
The evolution of the trough was associated with éhglacement of numerous
gabbro and gabbro-monzonite sills, dikes, and sto8knultaneously the Nomgon
layered massif was emplaced near the margin ob#itkolith. The massif was
dated at 256 Ma [19, 20] and hosts Cu-Ni ore mimtgon with Pt. The Nariin-
Tolburiigol Massif has similar age (249-252 Ma) armmposition and also occurs
in the Orkhon-Selenga trough [3]. According to [18halogous massifs are also
known in other parts of the zonal area. One of thenthe Dzara-ula gabbro-
monzonite massif (269-262 Ma) in the southwestemiign of the zonal area. The
rock associations of the massifs of this type ampmarable with those of layered
massifs with ore mineralization in the Tarim-southélongolian area, and this
suggests certain similarities between magmatistinase areas.

The Khangai batholith is the largest fragment of the area. It is situated
between the Gobi-Altai and northern Mongolian zdhes and the Orkhon-Selenga
trough (fig. 3). The batholith is composed by lagyanitoid massifs occurring
over an area of more than 120000°Kfig. 1). Geophysical data [56] indicate that
the batholith is a giant tabular body 5-7 km thmk average. The volume of
granites (>700 000 kin of the Khangai batholith is comparable with toétthe
Angara-Vitim batholith. The former consists of anther of rock complexes [14,
16, 51, 8]. The oldest Tarbagatai Complex comprigesodiorites, tonalites,
plagiogranites, and, in its older phases, gabbdogabbro-diorites. The batholith is
dominated by rocks of the Khangai Complex, whick amedium- to coarse-
grained porphyritic hornblende-biotite and biotig@nodiorites and granites with
mutual facies gradations. The youngest rocks of lhtholith are leucocratic
granites of the Sharausgol Complex. Synplutonicusibns (dikes, stocks, and
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small bodies) of basites have a fairly unusualrsgtthey ubiquitously occur in
variable proportions and have mingling zones ofirtimeelts at contacts with
granitoids of the batholith. It is pertinent to rtien that the isotopic and
geochemical characteristics of these rocks areogoak to those of basalts in rift
zones around the batholith.

We have conducted a systematic geochronologic stdidsocks collected
from various complexes of the Khangai batholith, [60d] and obtained U-Pb dates
for the emplacement of the batholith at 269-242 Mhich corresponds to the
second part of the Permian-Early Triassic. The Riis&opic dates are similar:
255 [24], 269, 252, and 248 Ma [50] (table 1). ptes of the giant size of the
massif, its evolution was likely constrained withanbrief time span of 27 Ma,
which is comparable with that of the Barguzin bétho

The geological and geochronological data preseateal/e unambiguously
indicate that the batholith was emplaced simultasgowith magmatic processes
in neighboring rift zones.

The Siberian igneous provincecomprises the traps of the Siberian craton
and the rift system of central Siberia closely tediao them (fig. 4).

The trap part of the province is noted for the strong preh@mce of mafic
rocks and their vast volume of more than 1.5 X k@° [31]. Currently available
age estimates [1, 44] testify that the trap proim@s formed generally within a
very narrow age interval of 250-248 Ma. Furthermd@weAr data [9] indicate that
the traps in the Kuznetsk basin were also produnethe earliest Triassic (at
approximately 249 Ma).

The western Siberian rift systencontains bimodal volcanic associations of
basalts, subalkaline basalts, and rhyolites. THeawac processes were controlled
by grabens, which are traced for up to 1500 km s&ctbe whole West Siberian
Plain, from its southern boundary to the Arctic @teVolcanic events (dated at
approximately 249 Ma) in this rift system were calewith the pulse of trap
eruptions at the platform [1, 30, 44]. Acid derivas of these associations were
derived by melting the sialic crust under the dff#dasaltic magmas [1].

Although the province is obviously dominated by k®@roduced within a
narrow age interval at the Permian-Triassic boundeertain data suggest that
magmatic processes occurred in this area in a nuaflstages [10]. For example,
U-Pb SHRIMP zircon age values of ore-bearing rankhie Norilsk intrusion [10]
make it possible to distinguish zircon generatidagsed at 260 = 5, 250.7 £ 1.5
(resorbed crystals), and 228.4 + 1.4 Ma (euhedyaitals). These stages are more
strongly pronounced in the evolution of Permiara$sic magmatism in the
Kuznetsk Basin, in which the following endogenicerts were distinguished:
dolerite and diorite dikes (262-269 Ma} Tasharinskii picrite-dolerite complex
(257-252 Ma)— granitoids of the Priobskii Complex (255-249 Ma) Kuznetsk
Basin traps (250-246 Ma)> dolerites, monzonites, and kersantites of the koms
area (243- 238 Ma)» granites and leucogranites of the Barlakskii Caxgl40
Ma) [10]. With regard for these data, it is reaswado conclude that the Siberian
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magmatic province was produced within the sameragge as the Khangai area.
The most important difference between the provircel area is that the
evolutionary history of the former included a smgpredominant pulse of
magmatism.

S
"

Fd Fd T T < : _:lbz i T |38 _E-.-.l-l__.:_'l
2 ot T ‘1| Laptev Sea \

%jg;:y Vorkuta , « -'

L

” L =

7
et
2

o 248.7
3430
/ SRR :
§ SN "ta,
i\@‘\ﬁ\x . LowerTungU;k'ﬂ/
s pEIT

- ""Kuzm}*:tsk'-.-'.--u"‘ E==ia] 3
w Basin
» w4
5
[@® |6
O 17

Fig. 4.Schematic map of Late Permian-Early Triassic magmasm at the Siberian craton
and Western Siberian Plate [44]

(1) Traps; (2) buried basalts and tuffs; (3) casethe Western Siberian Plate; (4) boundaries of
volcanic provinces; (5) rifts; (6, 7) sampling sit¢6) from borehole core material, (7) from
basalt exposures.

Triassic—Early Jurassic Stage

This stage produced the large (800 x 400 Wvigngolia-Transbaikalia
magmatic areain Central Asia, and the structure of this are@masles that of the
Khangai area: it also shows a symmetrically zonsiridution of its magmatic
complexes (fig. 5). The core of the magmatic aseeomposed of the Khentei or
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Khentei-Dauria granite batholith, and the outermashes host alkaline and

bimodal associations and are

referred to as the taWesTransbaikalian

(northwestern), northern Gobi (southern), and therKhorin (western) rift zones.
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Fig. 5.Schematic map of Mongolia-Transbaikalia Early Mesoaic zonal area.

The western Transbaikalian rift zoneoincides with troughs in the northern
and northwestern surroundings of the Khentei-Dadrghland, which were traced
from the eastern Khangai along the Dzhida, Uda, knitbk rivers to the upper
reaches of the Vitim River. The zone is up to 26DWwide, extends for more than
1000 km [58, 64] and comprises volcanic fields tdtgau-basalt and bimodal
volcanic associations and numerous hypabyssal feas$i alkaline granites,
granosyenites, and Li-F granites. The most wid@kead granites belong to the
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Kunaleiskii Complex and bimodal volcanic sequenoésthe Tsagan-Khuntei
Formation, which occur as volcano-plutonic asscmat [58]. Structures of the
zone define arrays of lengthway normal faults, gredy horsts, and dike belts, and
this suggests, when considered together with thumagdnce of alkaline granites,
plateau basalts, and bimodal basalt-comendite &$®ms in this zone, that the
origin of this portion of the magmatic area wasngigantly affected by rifting.
The zone was formed within a narrow age intervét28-195 Ma, as follows from
U-Pb, Rb-Sr, and K-Ar dates for rocks from the Tesa¢huntei Group and the
alkaline granites [64, 36, 58, 34].

The northern Gobi zoneincludes Early Mesozoic magmatic rocks in the
southern surroundings of the Khentei-Dauria Higtllam the Dashibalbar-
northern Choibalsan trough system [39]. The zon#ains subalkaline rocks of
volcanic (basalt-trachyte-trachydacite and basaitendite) and plutonic granitoid
associations. They compose numerous volcanic figdgively small in area and
hypabyssal and subvolcanic massifs. The occurrehttee rocks is controlled by a
belt (up to 200 km wide and up to 300 km long) aidilfs and related depressions
and grabens of northeastern trend. Among the pregmhplutonic rocks of the
zone, the most widely spread ones are single-faldsyenites, granosyenites, and
alaskites, including their Li-F and agpaitic valst The granites and volcanic
rocks often compose volcano-plutonic associatiauisch are prone to fill grabens.
An example of these associations is the Dashibagswmciation, which is spatially
restricted to a large graben filled with Triassedisnentary and volcanic rocks, and
the Dzartakhuduk association in the Ulziit area].[@oth associations include
swarms of lengthway dikes, which provide evidentémge-amplitude extension
during their emplacement. The age of the rift zaas constrained to 221-195 Ma
by U-Pb, Rb-Sr, and Ar-Ar dating alkaline rocksrras various parts.

The Kharkhorin zone comprises alkaline and subalkaline magmatic rocks
occurring between the Khangai and Khentei highlaaii$ connects the western
Transbaikalia and northern Gobi rift zones. The ezarends generally to the
northeast, conformably with the predominant fauttam of the so-called
Kharkhorin structural step [39]. The inner struetwf the zone is, however,
determined by small narrow grabens and faults aheastern trend that cut across
the zone. They control the distribution of massfsleucocratic granite (Li-F,
alkaline granite, and granosyenite) associatiorts individual volcanic fields of
rocks of the basalt-trachyte and basalt-pantele#isociations. The relative age of
these volcanics is defined by the fact that thegoaformably overlay Early
Permian rocks. Their U-Pb, Rb-Sr, and K-Ar isotopges lie within the range of
220-200 Ma [65, 26].

The Khentei-Dauria batholith (fig. 5) at the Khentei-Dauria Highland is a
group of closely spaced plutons, which merge aedam depth into a single
tabular body approximately 500 km long and up t@® & wide (geophysical
data). Its average thickness is 5 km and localtyeases to 20 km [57]. Judging
from these values, the body is comparable withkgnoliths considered above.
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The KhenteiDauria batholith consists of granitoids of a broggectrum of
compositions from granodiorite to leucogranite, hwithe predominance of
melanocratic and leucocratic biotite granites [29,65] and a subordinate volume
of gabbro and diorites. The latter compose singléids corresponding to initial
intrusion phases and occur as unevenly distribspderical segregations up to 1 m
across in the main-phase granodiorite [24], coomedmg to synplutonic basite
magma injections. As in other batholiths, the ocenice of such rocks testifies that
the granitoid magmas were produced with a contiobuibf basite (mantle)
magmas. The youngest rocks of the batholith aegively small dike- and stock-
shaped leucogranite bodies, including Li-F rareainedrieties [26].

The age of the rocks composing the batholith hag Ibeen a matter of
discussion and was estimated within a fairly broemhge, from Early
Carboniferous to Late Jurassic, according to ti@uhd interpretations of regional
geological data and the highly contradictory K-Atek of the granitoids [24, 16].
We have conducted systematic U-Pb and Rb-Sr genclugic studies of rocks of
various phases of the batholith [65]. Our resultidate that the rocks crystallized
at 230-195 Ma, and hence, similar to the Khangai Barguzin batholiths, the
Khentei batholith was produced within a relativiehef time span.

ZONAL MAGMATIC AREAS AS A MODE OF PLUME-RELATED
MAGMATIC ACTIVITY

Late Paleozoic-Early Mesozoic within-plate magmaiitivity in North Asia
resulted in two trap provinces: the western Silmeaiad Central Asian rift systems.
We believe that this activity has also producecehworld's largest batholiths,
which are now important structural elements of CARSE compose, together with
their bounding rift zones, giant concentrically ednmagmatic areas of unique
structure. Moreover, we are also prone to beliéxg these areas correspond to
projections of mantle plumes in the lithosphereisThllows from the analysis of
the evolutionary history of magmatism in CARS, adaagy to which the structures
were formed by the successive development of a rurab magmatic areas of
similar structure.

According to geochronologic and geological datathiniplate processes
proceeded in this part of CARS during a time spapraximately 110 Ma long,
between 305 and 195 Ma, and systematically propddabm the paleocontinental
margin inward the continent. The first result ofstlactivity was the Tarim-
southern Mongolian magmatic area in the margin h& tontinent. This area
comprised the Tarim traps and rift zones (in thébiGoen Shan and the Main
Mongolian Lineament). In the middle of Early Permigbetween 280 and 270
Ma), the area of within-plate processes shiftednfsouthern to central Mongolia
and induced the origin of the Khangai zonal are271-240 Ma. In the Early
Mesozoic (240-230 Ma), the activity centers shiftadher eastward, into eastern
Mongolia, where the eastern Mongolian-Transbaikakaea started to develop
beginning at approximately 230 Ma. Thereby theestfi magmatism practically
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did not change. Similar to the Late CarboniferoashEPermian Gobi-Tien Shan
rift zone, the Late Permian and Early Mesozoic mfines are dominated by
bimodal basalt- comendite and basalt-pantellesleanic associations and related
alkaline granitoid massifs. This accentuates th@onis similarities between the
processes that gave rise to rift zones in MongdWareover, the "corridors"
between magmatic areas ofvarious age host mage@tplexes of common and
intermediate age and composition. For exampleGibigi Altai ranges between the
Tarim-southern Mongolian and Khangai areas congkaline and subalkaline
granites dated at 290-270 Ma [27], our unpublisdeth] that were produced
within the time span between the ages of magmadiksrfrom that areas.

The territory between the Khatngai and Mongoliaafigbaikalian areas is
typified by magmatic complexes in the Orkhon-Setetgugh. These complexes
were formed starting in the Late Permian until tla¢e Triassic inclusive [5], i.e.,
throughout the whole time span when the magmatitecg migrated between the
areas.

We believe that this systematic migration of coatital magmatic area over
the CAFB territory was related to the movement leé paleocontinent above a
mantle plume, which is referred to as the Mongoparme [66]. The amplitudes of
these movements, which were evaluated based onothrelinates of the central
portions of magmatic areas of different age, wed8-800 km (at the transition
from southern to central Mongolia) and close to BO0(at the transition to eastern
Mongolia). The velocities of these movements ranigetiveen 2 and 4 cm/year,
I.e., were comparable with those of lithospheretgd and are thus consistent with
the hypothesis that the migration of magmatic aneathe Central Asian Rift
System was related to the movements of the coritai®ve a mantle plume.

Another chain of areas of within-plate magmaticivaigt is traced by the
Barguzin area, Siberian trap province, and perhajfsx) Triassic eruptions in
Arctic part of the continent [22]. We believe tltatvas related to the passage of the
lithosphere above the Siberian plume [30].

Obviously, a distinctive feature of the affects lmbth plumes was the
development of zonal areas with giant batholithke Toatholiths are located
between rift zones and mark the central parts @itAgmatic areas of certain age.
The interrelated development of rift zones and dlé@tis was predetermined not
only the simultaneous occurrence of rift-relatedogtty basite and alkaline)
magmatism, on the one hand, and granitoid anateigmatic, on the other, but
also the usual occurrence of synplutonic basite dikthe batholiths, with these
dikes showing isotopic and geochemical featuresogoas to those of basites in
the rift zones. The occurrence of these intrusitestify that mantle sources
contributed to the generation of the magmas througthe whole magmatic areas.
It can be generally concluded that magmatism in zbeal areas was highly
productive. At the same time, practically no sirman#ous magmatic processes
manifested themselves in structures surroundingetregeas, and this led us to
suggest that the influence area of the mantle pume the lithosphere was
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constrained to the zonal magmatic areas and wédsssdhan 500 km in diameter.
This size can be regarded as characteristic afntdngtle plumes that controlled the
magmatic processes.

SOURCES OF MAGMATISM IN THE ZONAL MAGMATIC AREAS

Sources of basite magmatism in the rift zonegigure 6 summarizes data on
the chemical composition of magmatic associationsthe Mongolian and
Transbaikalian sectors of CARS. The compositionswsla clearly pronounced
bimodal distribution with maxima at 48-54 and 72wi8% SiQ.
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Fig. 6.(a) Chemical compositions of Late Paleozoic-Early Megoic rift magmatic rocks
and (b) histogram of the abundances of the rocks with varias SiQ concentrations.

(1-3) Late Paleozoic rift zones: (1) Gobi-Tien Sh@) Gobi-Altai, (3) northern Mongolian; (4)
Early Mesozoic rift zones in the Mongolian-Tran$adian area.
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In spite of the subordinate amount of rocks of nméediate composition,
basite and salic components of the association ustelly related through
evolutionary transitions controlled by fractionatiocrystallization with the
participation of contamination. Relations of thigpe are pronounced in the
variations in the concentrations of trace elemantstheir ratios and in the similar
isotopic composition of the rocks [25, 29]. Accawglito this conclusion, the
bimodal rift associations were produced by mantégmas. In order to elucidate
the compositional specifics and possible variatioihthe sources in various CARS
portions, we have conducted isotopic and geochérstadies of the products of
basite magmatism, first of all, those in rift zaméated to the development of the
Mongolian plume. For comparison, we utilized matksrion the composition of
magmatic rocks in the Barguzin area [66, 67] atetdiure data on traps in the
Tarim Basin [75, 72], Siberian craton, and mafitcaaics in the western Siberian
rift systems [1].

Table 2 and fig. 7 report the average concentratiohtrace elements of
basites from each of these areas and in the trafigei Tarim Basin and Siberian
Platform and basalts in the Western Siberian Rrit&n. As can be seen in the
diagrams, the CARS basites differ from OIB in lowencentrations of HFSE (Zr,
Hf, Ti, Th, and particularly, Ta and Nb) and relaty high concentrations of Ba,
K, Pb, and, to a lesser extent, Sr and P.

The REE patterns of the rocks are similar to thafs®1B at somewhat lower
LREE concentrations and lower (La/Xbyatios. These features are generally
typical of mafic rocks in within-plate magmatic asein Siberia and surrounding
folded structures. The relatively low HFSE concatitns of the CARS rocks can
likely be explained by the origin of these rocksairterritory that evolved as an
active continental margin immediately before ritif62, 8, 69]. The influence of
the plume on the upper mantle metasomitized dusurgduction resulted in the
interaction of the plume and subducted (water-@edd components in the magma
source and caused the preservation of mineralseotrating HFSE in the residue.
This interaction was illustrated, for example, bg £xample of basites in the Gobi-
Tien Shan Rift Zone, whose source contained, alitlya plume component, also
a pronounced subduction-related component enricheater [29].

The comparison of the CARS basalts with traps enSiberiarncratonreveals
their similarities, and this led us to suggest tim& compositions of the sources
were similar. Furthermore, with regard for the geatal setting of the magmatic
areas (at acratones within microcontinents with a Riphean crust, amd
Phanerozoic foldbelts), it should be admitted thabchemical features of the
basites are most closely similar, first of all, tlee mantle sources. As was
mentioned above with reference to the CARS basitesse sources obviously
contained subducted metasomatized mantle matearad, this predetermined
pervasively low Ta and Nb concentrations in thetsaelhe occurrence of such
upper mantle material at the lowermost lithosphéewels beneath Siberia is
consistent with paleogeographic reconstructionspraing to which the continent
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was affected by significant plate-tectonic moveraghat occurred starting in the
Early Paleozoic until the Late Paleozoic [31, 3Dfe continent thereby moved
above metasomatically recycled upper mantle, whiak reworked in subduction
zones before the continental margin. Accordingtycan be suggested that the
mantle beneath the continent had generally supdastional characteristics. This
explains the involvement of this mantle in the seuof traps in the Siberian
craton
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Fig. 7.Primitive mantle-normalized (Sun and McDonough, 198) trace-element patterns of
basaltoids in Late Paleozoic-Early Mesozoic largggneous provinces in North Asia.

(1-3) Basaltoids of Late Paleozoic rift zones:@bbi-Tien Shan, (2) Gobi-Altai; 3. northern
Mongolian; (4) basaltoids of Early Mesozoic riftras in the Mongolian-Transbaikalian area;
(5) composition field of traps in the Siberian Rdain constrained by the average compositions
of tholeiitic and subalkaline basalts [1]; (6) Tariraps [75, 73]; (7) model basalt compositions
of mid-oceanic ridges (MORB) and oceanic islandiBj@49].
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Table 2.
Average concentrations (ppm) of trace elements in afic rocks of Late Paleozoic-Early Mesozoic withirplate

magmatic associations in North Asia

Element 1 2 3 4 5 6 7 8

Li 17.0 20.5 18.3 22.9 20.3 9 10 n.a.
Be 3.4 1.38 1.52 1.96 3.03 1.3 2.1 n.a.
Sc 26.7 20.3 22.1 16.2 17.8 34 39 23
Ti 11650 7860 8344 1068( 11197 971p 64715 20518
vV 200 181 193 181 201 n.a. 290 226
Cr 131 78.2 113 108 76.5 150 120 43
Co 41 27.8 31.5 34.1 27.5 40 38 42
Ni 92 50.6 61.8 48.8 46.6 100 110 47
Cu 41 34.7 27.6 30 26.2 n.a. 48 46
Zn 112 87.1 87.4 99.1 128 n.a. 125 153
Ga 21 16.9 17.7 18.6 20.8 n.a. n.a 25
RDb 27 16 30 42 38 28 20 27.9
Sr 969 589 695 939 852 360 600 501
Y 28 235 25.2 28.4 32.9 27 25 41.3
Zr 184 140 160 203 247 205 120 313.3
Nb 13 7.17 8.5 11.8 14.8 16 9 39.2
Cs 1.5 0.8 1.1 1.3 1.3 n.a. n.a. 0.7
Ba 800 377 572 1045 915 455 550 704.8
La 315 17.2 26.1 32.7 41.3 22 21 43.1
Ce 72.5 41.1 58.9 74.6 89.1 49 40 89.9
Pr 9.5 5.37 7.42 9.37 11.3 6.5 4.4 11.4
Nd 38.6 23.3 30.5 40.5 45.3 25.1 18.8 48.2
Sm 7.9 5.14 6.22 8.05 8.63 5.8 4.4 10.2
Eu 2.3 1.56 1.87 2.41 2.36 1.7 1.3 3.2
Gd 7.3 4.93 5.64 6.68 7.82 57 4.6 8.8
Tb 1.0 0.80 0.882 1.09 1.12 0.9 0.7 1.4
Dy 5.6 4.43 4.77 55 5.93 6.1 4.4 7.7
Ho 1.0 0.91 0.985 1.1 1.17 1.1 1 1.5
Er 2.9 2.50 2.65 2.94 3.09 3.2 2.6 3.9
Tm 0.4 0.37 0.385 0.4 0.461 0.4 0.4 0.5
Yb 2.5 2.25 2.34 2.7 2.73 2.8 2.9 3.2
Lu 0.4 0.33 0.362 0.38 0.421 0.4 0.5 0.5
Hf 4.1 3.49 3.69 4.72 6.33 4 2.9 7.6
Ta 0.9 0.43 0.491 0.65 0.94 0.77 1.1 2.3
Pb 55 5.28 7.02 8.78 13.8 6.4 7.4 9.0
Th 3.6 1.42 2.07 1.76 3.49 2.8 1.7 4.2
U 0.7 0.46 0.591 0.688 1.07 0.8 0.4 1.2
K 14520 12027 12 464 18844 17688 12 286 7720 11559
el +3..-2| +8..+1| +6.-3 | +4..-3 | +3..-:3 | +4..-8 n.a. +5.-7

Note: Average compositions ofbasites from rift zones waittin-plate areas: (1) Barguzin-Vitim; (2)
Gobi-Tien Shan; (3) Gobi-Altai; (4) northern Monggl(5) northern Gobi and western Transbaikalia
[67]; (6) Siberian traps [1]; (7) western Sibeli@) Tarim [75, 72]; n.a. means not analyzed.

Conceivably, a significant role in shaping thistegmc-geochemical anomaly
of the mantle magmas was played by the style oflgction. If the lithospheric
slab descended into the mantle according to tlgmatd slab mechanism [73], then
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the slab generated a layer in the transitional lambne beneath the moving
continent.

In this context, it pertinent to consider the methias that generated mantle
plumes within mantle hot fields as was discusse[8#& 73]. These mechanisms
are underlain by the ascent of mantle material ftayer D", which was adjacent
to the Earth's core. This superplume ascendinggard mushroom-shaped body
reached the transitional zone between the uppefcavel mantle, interacted with
it, and ascended further in the form of discretentheaplumes to generate within-
plate magmatic areas [38, 73]. According to thipdiiiesis, subducted stagnant
lithosphere was likely involved in the generatiohupper mantle plumes, and
hence, the mantle of the latter exhibits featuygscal of both the lower mantle
source and the melting products of the subductidddphere. This scenario is
principally consistent with the estimated Nd modetopic age (close to 1-1.2 Ga)
of the recycled component in the source of mantigimplate magmatism in
North Asia [66]. This estimate enabled us to corapiéwis component with the
subducted lithosphere. The elevated water contentee stagnant slabs should
result (in this situation) in certain geochemicgdtires of the within-plate mantle
magmas, first of all, pervasively occurring Ta & deficiency of the melts.

The Tarim traps differ from other within-plate maggn associations in North
Asia in having compositions most closely correspogdo the sources of basalts
of the OIB type. They are characterized by highcemtrations of Ti@ and most
incompatible elements, including Ta and Nb, whicikes these rocks remarkably
different from basites in other within-plate areasNorth Asia. We believe that
these features stem from the paleogeographic geifithe Tarim area during the
derivation of the traps. Relative to the convergeotindary that controlled the
generation of the metasomatized mantle at the loast levels of the Siberian
continent, the microcontinent was situated on ttie sf the oceanic plate. Because
of this, its upper mantle was not affected by ssypauction recycling and
preserved its unmodified geochemical features.RBE patterns of these traps are
generally analogous to those of basites in oth#éninvplate areas of the Siberian
paleocontinent, although our rocks contain higheERoncentrations.

Figure 8 shows the distribution of the isotopic pasitions of mafic rocks in
the consideredareas. The basites are generally enriched in radiogSr and
relatively depleted in radiogenic Nd [the predomihavalues are 0.7043 <
(®’SrP°sr), < 0.708 andyy(T) < +6].

Thereby rocks from various rift zones show complerabompositional
variations and plot within a common linear fieldyieh extends from the region of
the mildly depleted mantle toward elevafé8rf°Sr and relatively low g values.
Such isotopic parameters suggest that the leadirgim within-plate magmatism
in North Asia was played by sources that had smmtampositions and
corresponded to the enriched mantle of the EMIetj§g6, 30, 31], and products of
it interaction with metasomatized mantle. The ireohent of the latter is more
clear in CARS basites, which were produced immedjadt the active continental
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margin. The Tarim traps, whose genesis was notctafle by a subduction
component, are noted for the most strongly enridsetbpic compositions: the
predominant values are 0.7065%5¢/°Sr), < 0.708 andi«(T) < -2. At the same
time, the fact that they include rocks with chagaistics of the mildly depleted
mantle [{’Sr°Sry, < 0.705 andeng(T) > 2], which cause the overall elongated
configuration of the isotopic composition field, stéies that within-plate
magmatism also involved mantle sources of the D tyerhaps, PREMA.
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Fig. 8 Sr and Nd isotopic composition of basaltoids in La Paleozoic-Early Mesozoic rift
zones in the Central Asian Foldbelt.

(1-4) Late Paleozoic rift zones: (1) Gobi- Tien 8h&) Khangai area, (3) Barguzin area, (4)
Early Mesozoic rift zones in the Mongolian-Tran$fadian area. The dark gray field corresponds
to traps in the Siberian Platform [12, 13], and plade gray field corresponds to the Tarim traps
[72, 75].

In the Th/Ta-La/Yb plot (fig. 9), which is utilizetb distinguish between
basalts from different geodynamic environments fhg compositions of the
within-plate weakly differentiated (MgO ~ 8 wt %adites from CARS plot mostly
within the CFB field, which comprises the compasis of trap provinces around
the world. At the same time, the overall elongatedmetry of the data point
swarm toward the enrichedmantle composition is isterst with the conclusion
that the latter should have been involved in thevdgon of the rocks.

The data presented above provide important infaomahat the within-plate
activity in North Asia in the Late Paleozoic andlgdesozoic was controlled by
mantle sources whose compositions only insignitigachanged during no less
than 110 Ma and preserved little varying isotoacameters over a vast territory.
The nature of these sources was determined byrashed component of the EMII
type and the upper mantle, which was usually medifluring subduction.
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Sources of the batholith magmatism.The CARS batholiths provide an
example of within-plate granite-forming processes nelated to plate interaction.
Of course, the rocks typically exhibit featurestifggsg to an important role of
crustal anatexis. These are migmatization zondsjlitie textures from the host
rocks, strongly recycled xenoliths, etc. At the saime, the inner structure of the
zonal areas suggests that these areas were genapatee equant mantle sources,
and this implies that such sources should have be@ived in the processes that
produced the batholiths.

These sources could participate in the processegémerated the batholiths
by providing not only heat but also material. Itngeresting to evaluate how much
the compositional parameters of the granitoids eftect the different nature of
their parental magmas.

Th/Ta +
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Siberian traps
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Fig. 9. Th/Ta-La/Yb diagram for basaltoids of Late Paleozoz-Early Mesozoic large igneous
provinces in North Asia.

Boundaries between compositional fields and ref@enantle compositions are given according
to [7]. Mantle source types: DM-depleted mantle,-EMantle enriched in radiogenic Nd, EM-
[I-mantle depleted in radiogenic Sr, UC- upper trigelds of basalt compositions: MORB-mid-
oceanic ridge basalts, LIP-basalts at oceanicpéataaus, CFB- traps (continental flood basalts),
OlIB-oceanic-island basalts. See Fig. 6 for symbplanations.

Geochemical data (table 3) and fig. 10 indicatet thlae average
concentrations of trace elements in granitoids faistrete batholiths are similar
and close to the average composition of the Easth'st. The rocks are enriched in
elements highly incompatible with the mantle, sashRb, Ba, Th, U, K, and Rb,
and LREE but are depleted in Nb, Sr, P, and Ti. Jriaaites are also close to
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Table 3.

Average concentrations (ppm) of trace elements inrgnites from batholiths in CAFB and host rocks

Element Granitoids from batholiths Sedimentary rocls
Khentei-Dauria Khangai Angara-Vitim Khentei trough Khangai trough
Li 47 35 30 48 30
Be 3.3 3 3.4 1.7 1.6
Sc 6 5 3 12 11
Ti 2501 2760 2220 4222 3556
K 32848 33357 39975 38252 16264
P 524 594 436.5 520 670
Vv 34 41 83 90
Cr 13 12 10 33 77
Co 6 5 3 7 11
Ni 7 7 4 9 26
Rb 143 132 123 119 76
Sr 222 238 401 300 172
Y 24 28 26 26 22
Zr 190 194 185 125 126
Nb 8 13 17 8 11
Cs 8.7 5.6 2.8 10.0 3.9
Ba 478 701 887 1040 446
La 47.5 38.3 42.8 56.1 52.4
Ce 88.1 63.0 72.7 106.5 88.1
Pr 8.7 6.7 9.2 10.9 8.8
Nd 33.6 29.1 31.1 39.2 315
Sm 6.2 6.4 55 6.8 5.2
Eu 0.8 0.8 1.0 15 1.2
Gd 4.9 4.2 4.9 5.9 4.9
Th 0.8 0.7 0.7 1.0 0.7
Dy 3.9 1.3 3.9 5.2 3.9
Ho 0.8 0.2 0.8 1.0 0.8
Er 2.1 0.5 2.4 2.9 2.4
m 0.3 0.1 0.3 0.5 0.4
Yb 2.2 2.3 2.2 2.9 2.4
Lu 0.3 0.3 0.3 0.5 0.4
Hf 3.6 6.4 3.3 3.8 3.7
Ta 1.0 1.4 1.3 0.7 0.9
Pb 15.1 25.3 23.2 20.4 10.4
Th 19.1 22.2 19.9 10.9 10.1
U 3.4 3.2 1.7 2.6 2.0
(1)’ +2...-4 +4..:17 0..-20 0..-4 -2..-25

pelites, which are predominant in the host streswf the granites and differ from
the latter mostly in higher U and Th concentratiofisese similarities are most
clearly pronounced in the REE concentrations andE R&tterns (fig. 10). The
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differences involve the poorly pronounced Eu miniafighe granitoids and their
mild enrichment in LREE relative to HREE, which as indication of certain
differentiation of the granite melts or certainesivity of the melting processes. It
should be mentioned that the compositional sintyaof the granites with both
pelites and the average crust is likely explaingdhe generation of the batholiths
by means of anatexis of vast volumes of crustabrmadtand the averaging of the
compositions of all types of melted rocks in thdtmg products. For comparison,
the plot shows data on granitoids from KamchatkeeyTdiffer from the batholiths
in Central Asia in containing lower concentratiamisnost incompatible elements.
These differences are thought to stem from thesffces in the compositions of
the protoliths, which were the subcontinental cafsthe island-arc type in island
arcs. The facts and considerations presented aleove@s to conclude that the
trace-element composition of the batholiths comensively enough reflects the
composition of the crust in the territories wherese batholiths occur.

Rock/primitive mantle (a)
1000 -

100 | N0

Rb Th Nb La Pb Sr Nd Hf Eu Gd Li Yb
Ba U K Ce Pr P Zr Sm Ti Tb ¥ Lu
Rock/bulk continental crust

10 (b)

Ol | | 1 | | | | 1 |
La Ce Nd Sm Eu Th Yb Lu

Fig. 10.(a) Primitive mantle [49] and (b) bulk continental crust [15] normalized trace-
element and REE patterns of granites from batholitls in the Central Asian Foldbelt.

(1-3) Granites from batholiths: (1) Angara-Vitin2) (Khangai, (3) Khentei-Dauria; (4) average
continental crust composition for China [15]; (®lipes in the Khangai and Khentei troughs; (6)
island-arc granites in eastern Kamchatka [2].
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A somewhat different conclusion can be derived frtdme Nd isotopic
composition of the granitoids. Such studies weratrsgstematically conducted at
the Khangai batholith and its host crust. The doaais are hosted in blocks of
Early Precambrian (Dzabkhan and Tarbagatai), Néemmpoic (Songinskii and
Khangai), and Caledonian crust (fig. 11). These ckdo correspond to
heterogeneous Nd isotopic provinces whegg€260) values vary from - 15 in
blocks with Early Proterozoic crust to +1 to +2 the Caledonides (our
unpublished data).
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Fig. 11.Distribution of crustal material of various isotopic composition in the generation
region of the Khangai batholith.

In spite of the obvious differences of the crustaitoliths in various portions
of the Khangai batholith, the compositions of thatactic derivatives (granites
and rhyolites) are not explicitly correlated wittetparameters of the host crust. As
follows from fig. 12, these compositions vary witha broad range, from the
composition of the host crust to that of rift asatons during the derivation of the
granitoids, whose isotopic parameters fall witthe tange o£yy(260) from - 3 to
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+1. The variations are more significant in blocksEarly Precambrian crust, but
the lowesteyg(260) values are thereby close to the compositibthe crustal
protoliths.
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Fig. 12...(T)-Age diagram for CAFB granitoids and related rift magmatism zones.

(1-3) Rocks from batholiths: (1) Angara- Vitim, (Rhangai, (3) Khentei-Dauria; (4, 5) rocks
from rift zones: (4) northern Mongolian, (5) Gobit#; (6) host rocks.

The aforementioned variations cannot be explaingdhle participation of
only crustal protoliths in the derivation of theagites. The sources of the granite
melts contained another component, which was lik&ge to the mantle sources
of basites in the northern Mongolian and Gobi-Altdi zones and basites in
synplutonic intrusionsef4(260) from -3 to +3] within the batholith. The ispic
data thus suggest that the source of the granites steould have contained both
crustal and mantle components. These data prouigieost for the hypothesis that
a mantle plume was involved in the processes tlwalyced the granites.

Figure 12 presents data on other batholiths in CAR&se data also testify
that mantle sources contributed to the origin & batholiths. Rocks from the
Angara-Vitim batholith (table 3) have negatiegq(T) from O to -8, which
correspond to variations in the Nd model agg(DM-2st) form 1000 to 1700 Ma
[46]. These isotopic parameters of the granitesgssigthat the granites were
derived from crustal sources in the "Riphean” ipmagprovince that hosts the
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batholith [25, 46] and a juvenile source of comporicomparable with basites in
rift zones.

In an eyy(T)-Age time diagram, the isotopic composition afcks of the
Khentei-Dauria batholith ef4(T) from -4 to +2, Table 2] defines a field
corresponding to the isotopic composition of roickaccretionary prisms in CAFB
Caledonides [26] and is close to, for example, dbmposition of pelites of the
Kharinskaya Formation in the Khentei troughy(T) from -1 to -3], which hosts
the batholith. The highetyq(T) values than those of the pelites unambiguously
testify that the melts were derived from "Ripheasdurces and those of
composition close to the sources of Riphean magmaiti the surroundings of the
batholith.

Concluding the isotopic-geochemical characterirabbrocks in zonal areas
in CARS, it should be mentioned that they were fmby two groups of
magmatic melts: crustal and mantle ones. The mantdgmas determined the
composition of the magmatic associations, firsalbfin the rift zones. The sources
of the granitoid melts were not only locally proddccrustal rocks, which usually
had "Riphean" or "pre-Riphean” Nd isotopic paramgtbut also minor amounts
of juvenile mantle material that were added to thand predetermined the
significant variations in the isotopic compositiofithe rocks.

EVOLUTIONARY GEODYNAMICS OF CARS

The Late Paleozoic-Early Mesozoic within-plate atti in North Asia
resulted in a number of large igneous provincePR)lof similar age: trap areas, rift
zones, and related giant granite batholiths. Thast varea of within-plate
magmatism was produced when magmatic centers rmadyiatvard the continent
(fig. 13). This migration was likely related to tipassage of the paleocontinent
above a group of mantle plumes of the African hantie field [63, 30, 31, 60].

Role of mantle plumes in the origin of CARS.Within-plate magmatic
activity in North Asia began in the Late Carbonifes, when the Tarim-southern
Mongolian province and the Barguzin zonal magmat&a were produced in the
marginal part of the continent. Their genesis @itght to be related to the overlap
of mantle hotspots (Siberian and Mongolian mantlengs) by a margin of the
Siberian continent. The further movement of thetio@mt above these plumes was
associated with the migration of the centers of mmatgc activity inward the
continent [31]. As a result, the Siberian mantlenp¢ was superimposed by the
Siberian craton, in which trap eruptions took plaate the Permian-Triassic
boundary. Starting in the second half of the Trgdhe magmatic centers likely
shifted toward the shelf of the Arctic basin, whisttonsistent with the continuing
movement of the continent. Following [22], we beéethat the Siberian mantle
plume can be compared with the modern Iceland pladneve which the Siberian
continent moved in the Late Paleozoic-Early Meso#80, 31].
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The effect of the Mongolian plume was of paramoumportance for the
development of the CARS structure. The earliestetrafthe plume (at 319- 290
Ma) is marked by traps in the Tarim area and GabnrTShan rift zone, which
were formed near the boundary of the Siberian paleinent with the Paleo-
Asian Ocean (Fig. 13). Late in the Early Permian2(/0 Ma), the Khangai
magmatic area started to develop and was shiftedapproximately 400 km
inward the continent relative to the Gobi-Tien Shmme. The Khentei-Dauria
zonal magmatic area of analogous structure wasedrin the Late Triassic
roughly 800 km east of the Khangai area. We beltba¢ these migrations of the
magmatic centers were related to the movementeofitthospheric plate above a
relatively motionless plume. According to the sizdsthe zonal areas, its sizes
were greater than 500 x 500 km.

Geodynamics of the batholith-forming processediVe are prone to believe
that conditions favorable for the origin of bathiodi within the influence areas of
mantle plumes were prepared by the tectonic regiominating at the convergent
boundary of the Siberian continent [66, 26]. Thegime was controlled by
regional stress induced by the subduction of theaoic lithosphere beneath the
continent and then (starting in the Late Permiha)dollision of Siberian and Sino-
Korean continents [63, 8]. These processes sedrave been predominant in the
area, and hence, extension was restricted to the b large strike-slip faults,
which shaped the structural framework of the gitem.

Heat was provided for crustal anatexis by basitdtsarieom the mantle
plumes. Their involvement in the generation of zb@al areas and batholiths can
be explained, for example, within the scope ofuhder-plating model, according
to which mantle magmas were emplaced at lower @riestels and induced crustal
anatexis. The sizes (>0.7-1 million square kilom®teand morphologies of the
batholiths are similar, and this testifies to a pamable contribution of a mantle
heat source to their generation. The heat was gedvby the emplacement of
basite melts into the bottom part of the crust. g&dmng to [9], the volumes of
these melts should have been comparable with themes of the batholith
themselves, and this makes it possible to regamalzonagmatic areas as
equivalents of large igneous provinces (LIP).

The occurrence of mantle plumes at the bottom phathe Late Paleozoic
Siberian continent was discussed in much detd83n 30, 31, 60] and was thought
to be related to the migration of Siberia above Afdacan hot mantle field
throughout the whole Paleozoic. The continent twereteracted with a number of
mantle plumes in the hot field and successivelylapped them when moving to
the north. The occurrence of corresponding hotspotee Paleo-Asian Ocean in
front of the continent follows from the occurrerafeOIB-type basalt complexes in
the Hercynian structures accreted to the contip¥it
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CONCLUSIONS

The Late Paleozoic-Early Mesozoic was marked byespdead magmatic
within-plate activity in North Asia and the origmf a number of large igneous
areas of different structure and composition. Amtrgn, the Central Asian Rift
System has the most complicated inner structures thia longest lived, and
combined the origin of the Tarim traps and larg@atomagmatic areas with
batholiths in their cores. In its integral expressiit is, first of all, a large (3000 x
600 km) latitudinally oriented belt of rift zonestlwa trap province at its western
termination and batholiths in the central portidhe rift system started to develop
in the Late Carboniferous. The rifting processestesyatically expanded inward
the continent, terminated in the Early Jurassid, @volved for approximately 110
Ma.

The most conspicuously pronounced feature of tha@luéen of this rift
system was its relation to a number of vast batmgliwhose location was
controlled by the space between two simultaneowsyeloping rift zones.
Together with these zones, the batholiths formegakonagmatic areas, which
were characterized by crustal (granitoid) magmaitisrtheir central portions and
mantle (rift) magmatism in troughs and grabensangheral zones. The granitoids
of the batholiths typically show geological andtegmc-geochemical indications
that they were formed via the anatexis of the hodts at an active participation of
mantle magmas (including the involvement of theatenial).

The isotopic parameters\f(T) from -3 to +7 ands(T) from -5 to + 25] of
basites in the zonal magmatic areas suggest teaatrces of the parental melts
involved subducted upper mantle material of the Bide and enriched mantle
material of the EMII type with an isotopic modeleagf 1-1.2 Ga [66, 30]. The
mafic rocks of various areas have comparable inetilme-element patterns and
similar geochemical and isotopic parameters. Theswlarities testify that the
mantle feeding regions of the plumes were homogenabcomposition.

Large within-plate magmatic provinces were producedNorth Asia in
relation to the subduction-driven overlap of astedavo mantle plumes by an active
continental margin of the Siberian paleocontinenth these plumes generated in
the oceanic sector of the Paleo-Asian Ocean. Witencontinental lithosphere,
the mantle plumes induced activity of the withiatpl type and facilitated the
development of rifts and the origin of alkaline &léis and alkaline-?sialic
associations. In stressed environments producedgleollision ofvarious types
within the continental margin, the mantle melts didt ascend above the
lowermost crustal levels. The thermal effect othenelts on crustal rocks induced
anatexis and eventually predetermined the origith@tatholiths.
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This article contains the summarized results okthifrom the projects
supported by the Russian Foundation for Basic Relse# 04-05-64462, # 07-05-
00527 and current project # 12-05-00523, which waireed at studying the
evolution of the Earth. Our approach is differerdni the traditional. Such an
approach is not based on the summarized data édom#mtle igneous rocks, but
uses a more rare material (mantle xenoliths froffemint depth). As a result two
co-existing different ideas are available.

One idea (articles by Y.A. Kostitsyn published betw 2004 and 2012 [5, 6,
7]) suggests mixing of the substance in the mah#e results in the averaging of
sources of mantle igneous rocks. Another idea sedhan studies of xenoliths of
the initial mantle substratum (in particular, thregent article).

It is essentially important to understand thatEagth could not lose elements
which were heavier than helium after it had beeméd. If it lost them, it, most
likely, occurred in the course of the Earth’s grovilecause when it reached the
present size effective losses were already implessithus, they were either not
available on its orbit from the very beginning &y were initially irregularly
distributed on radius from the Sun, or the inifabchondritic substance had been
already differentiated, and had lost them pridntensive planet-formation.

At the same time there is a very important compowérhis problem. The
definition of paleotemperatures of igneous rocksthe first megastage of the
exogenous nature does not bear any information phyaical condition of the
Earth formation as a whole. There is still uncledrether the Earth had been
completely melted or not.

As a whole this article is devoted to a brief d&ssian of those processes
which could proceed in first 500 Ma, i.e. during first megastage of its evolution
mainly of exogenic activity; the result of that nastage is not completely evident.
At the same time the article is devoted to onehefrhost interesting problems i.e.
the problem of the origin of D" layer.

However, before discussing the results obtaineah fitte studies of the mantle
xenoliths, we will list the most actual geodynamroblems, which are still subject
for intense debate despite isotope investigatibasthave been lasting for over 50
years.
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We have to begin such a list with the most impdrfaoblem of the Earth’s
origin: Was the Earth melted or not? If it was melted wherevas the oceanic
water contained and how it could be preserved? Thesproblems are still
open. Another geodynamic problem which is as impoant as the first one is
what was the initial composition of the Earth and vhat was its primary
structure. Was it a homogenous chondritic (CHUR) or heterogeneous
depleted reservoir (HDR)?

There is a series of other actual geodynamic pnebldhe solution of which
will most likely demand a lot of time. Below areetmost significant among them.

How and when did a solid metal core appear in the lanet’s centre?
Whether this core had been a protoplanetary geretiver it had been initially
solid or had been a product of partial crystall@atof a liquid core, melted out of
the mantle and then lowered?

Why an external core is liquid?What is nature of its heating and isolation?
What if D" layer is not the formation which loweredtside like in the model put
forward by I.N. Tolstikhin and E. Hofmann [19] bi# the silicate component
separating from inside during the crystallizatioh a liquid core? The non-
spherical upper border of layer D" points out to it

What is a general energy of planetary evolution?Where doesthe
observable heating of bowels come from and whanagire? When was the
maximum of this process reached? When did the oaltnan of the endogenous
heating take place? Or will it happen in the futule the temperature that is
thought to be the temperature of the substandeeatdre-mantle interface real? If
it is real, what is the nature of such overheating?

What is nature of the lack of such elements as K, tiRand **Ar, **Pb
isotope® What is this lack of elements relative to chaedristipulated for? What
does the initial isotope composition of the marsidstance®(Srf°Sr)o = 0.703,
instead of 0.780 that should be reached on thehEartthe average primary
chondrite composition) mean? What is the reasan\a@ry low Rb/Sr value in the
mantle: Rb lack or Sr surplus? Did this feature eanto existence when the planet
was formed? Or does it result from the Earth’s ettoh? What is the nature of Rb
lack? Is it identical to K deficit?

When and in what state did the water come to the Eth? When did it
give rise to the ocean?.e. when was the temperature on the surface |omaer
the temperatures of intensive boiling and watepevation (about 10¢-120°C)?
At present it is well known that the temperaturar@ntle magmatic melts in big
faults exceeds 1000. However, a general modern heating of the Eartinaa
provide a complete evaporation of an ocean.

And, at last, there is one more significant featuren the evolution of the
Earth - specificity of the first megastage — exogews, covering almost the
whole first 0.5 Ga.Had been all four major reservoirs (proto-crustwiite ocean,
mantle, liquid core and solid core) in existencel®y beginning of the endogenous
geodynamic evolution? It is not inconceivable tih#he Earth had died by 4 Ga all
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these reservoirs could have been already in existefihe knowledge of such
initial state is of crucial importance for decipimgr the endogenous evolution.
There are two modern ideas about the nature ofnitial Earth: the model of
initially melted homogeneous Earth and the modéletérogeneous accretion.

MODEL OF INITIALLY MELTED HOMOGENEOUS EARTH

According to this model the chondrite Earth underwte impact with the
Moon, was completely melted and as a result of snehing was differentiated. It
is still unknown where, when and at what tempegathe water ocean came into
the existence on the Earth; whether it existed ftloevery beginning or came into
the existence after the earth had been alreadyedeffter such general melting
all major reservoirs had to be produced during ¢hestallization. However, it
could happen without a complete melting.

MODEL OF HETEROGENEOUS ACCRETION

A complete planetary melting did not take placeorfrthe very beginning
water ocean was available on the surface and agstnelting similar to the recent
one took place at the depth. Moreover, all founetary reservoirs were formed
during the heterogeneous accretion of the Earnth,they appeared at the first
megastage but at the exogenous stage.

The further part of this article includes the colaon of results and
preliminary publications for the last five years.

As stated above, the present character of thalimigvelopment of the Earth
has not been completely defined. There are two atiytexclusive viewpoints.
One includes a complete melting of the Earth andomingly simultaneous
differentiation. Another idea is that at the begngnof the planet-formation the
surface temperature did not exceed £00as the water was contained in the
oceans. Thus, the temperature of deep-seated breltght through the faults
could be higher than 100T, like we observe today at the bottom of the Aitant
ocean and in volcanoes on islands along the carihmnargins.

What is a reality? Unfortunately, the detailed sgado understand the nature
of planetary activity in the first 0.5 Ga are ssitarce. Strictly speaking, to solve
such problems it is difficult to understand, whadjon reservoirs existed on the
Earth by the beginning of endogenous megacyclesis la very important
component of the initial evolution of the Earthomder to understand planetary
features of its development at the first stage.

The strongest argument which is in contradictiorin® chondrite model is
that this model is not in the agreement with U/Rlug in the mantle being one
order higher. Concentrations and ratios of othemeints do not also agree with the
chondrite model (CHUR). The major among them is thedern Sr isotope
composition of the mantle which is significantlypieted by the radiogenic Sr
(0.703-0.705) as compared with the chondrite sulost§0.720-0.800).
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To check this statement we have analyzed U/Pb valtiee substance which
is brought to the surface as mantle xenolithsutheéd out that by Pb isotope
characteristics such substance is similar to themmaantle reservoir, lying in Pb-
Pb isotope coordinates on crossing of a mantleuéool line and the geochrone. It
well agrees with the ideas that the major mantgemeir is not related to the non-
altered chondrites, but starting from the very hetgig of the Earth’s evolution it
has been developing in the system which has U/Riesdeing one order higher
than that in CHUR, and the Sr isotope composit®mire primitive than the
chondritic one.

The seismic tomography revealed the layer D" atcthre—mantle boundary.
This layer shows specific physical features. Tlung of the most actual problems
of modern geology is to understand the nature f ldyer. .About 3% of the
Earth’'s mass fell within this layer having the mmaxm thickness of 300 km.
Though it is quite often interpreted as a parthef fower mantle, there are grounds
to believe that by chemical and isotope compositimnlayer D" can differ from
the overlapped mantle substance. There are twotlhgpes: (1) the substance of
the layer D" was dissolved in a liquid core, franited, separated and uplifted
during its crystallization [11]; (2) the layer DS the multi-component substance
which was produced at the Earth’s surface at thg Beginning of its evolution
(due to mixing of the proto-crust with the spaceterial) and sank to the core-
mantle interface [19].

Technical difficulties with a mass spectrometemdi@llow accomplishing Sr
isotope analysis in iron meteorites which show thereased Th and U
concentrations. Nevertheless, it didn’t affectrsults for the project on the whole
as we found literature data concerning the composaf accessory phosphates in
such meteorites which were supplemented to outtse\ll of them point out the
presence of lithophile elements in the liquid corer to its crystallization. At the
same time it was found out that the lithophile edats, like the accessory minerals
that host them are irregularly distributed in inmeeteorites, and iron as a mineral
phase is “sterile” as regard to impurities. Thag, tore representative samples are
required to obtain correct total concentrationswéth elements, which were used
for ICP-MS analysis.

We wanted to find isotope effects which should tpleee due to the removal
of surplus elements to the layer D" during the @figation of the liquid core. It
could be related to the contribution of the substafrom this layer to the
formation of mantle magmatic derivatives. Howewverorder to define, in what
isotope systems we could expect those effects,ave to find out which elements
when they become in abundant amount could be retnéreen the core to the
bottom of the lower mantle. Also we have to findt avhich trace lithophile
elements could be melted in the liquid core proit$ crystallization. Only those
high-temperature elements (REE, Th, U, Hf, etc.jctvlwere not lost due to high
volatility during the accretion and which are used radiogenic isotope
geochemistry were of particular interest.
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By now the share of such elements in the silicaaethEs shell or, in the
primitive mantle (PM), was identified with the chite that suggested a complete
“sterility” of the core as regard to REE and angct lithophile elements. The
hypothesis under study presumes that such an asisamp incorrect and the
liquid core was separated due to melting of the -temperature eutectic
component of the protoplanetary substance whichuldniaclude trace lithophile
elements at the first exogenous megastage.

The aim of the present study was to identify the Bllbstance in mantle
xenoliths and to reveal the deficiency of elemeaetative to chondrite. Having
known the concentrations of non-volatile high-tenapgre elements in the
primitive mantle and following the principle of la@ice between the primitive
mantle and the complementary core we can understarch lithophile elements
were brought into the liquid core. Among 58 mamnoliths we managed to
identify varieties corresponding to PM in terms thie major rock-forming
elements. Moreover, the most promising result wasidentification of the deficit
of LREE (relative to chondrite) and a complete agrent between Nd isotope
composition and isotope composition in the MORBreeu

So, despite the traditional ideas the deficit ofHERin the MORB source is
not related to crust-growing but reflects the featof the silicate Earth’s shell
which is either caused by LREE removal into the pl@mentary core, or suggests
the heterogeneity solar nebular (by the distributiof rare-earth elements).
However, during the discussion of the obtainedltesue came to the necessity to
find out the following problem: did the PM substanin the studied xenoliths
undergo the partial melting? At the initial stape partial melting does not effect
the concentrations of major elements, but can cdepéetion by trace elements.
Besides, it was necessary to find out, whethep#teochemical characteristics of
xenoliths which are similar to the primitive mantte terms of major elements
result from the metasomatic enrichment of the degdlenantle substratum or not.

1. IDENTIFICATION OF GEOCHEMICALLY ISOLATED PM
SUBSTANCE IN MANTLE XENOLITHS

It seems that identification dPM substance should not represent special
difficulties because the petrochemical and isotdparacteristics of the primitive
mantle are known and by those characteristics we t@find the substance itself.
However, it is far not so because the most comigccdask here is to reveal the
geochemical isolated PM substance.

In addition to a potential contribution of the nlansubstance to the crust-
generation it was subject to the numerous seconutagesses which could disturb
its geochemical isolation.

Detailed studies of foreign scientists [10] showréhare at least five various
factors which can be responsible for the compasitibtrace elements in the bulk
samples of mantle xenoliths. (peridotites), andgstfor their isotope composition.
The most essential difficulty is the presence afeasory apatite in xenoliths,
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because the major part (from 25 to 75 %) thoriurapwm, strontium and LREE
Is due to apatite. Therefore, if apatite is primaryappears in the conditions of
geochemical isolation of the rock as a whole, issalution by the acid treatment
of samples (to remove the contamination) is sanglsothat it breaks the isolation
of U-Th-Pb, Sm-Nd and Rb-Sr isotope systems. Assallt, it almost completely
excludes their use for identifying the PM substance

Hence, to avoid errors in identifying the isotopemposition due to the
contamination by the acid treatment we have to 8odh xenoliths which still
preserve the central parts uncontaminated. The pespective turned out to be
xenoliths from alkaline volcanoes of Mongolia andid plateau. Unfortunately,
the sample preparation made them impossible fovirgplthe problem under
discussion because prior to the analysis the x#solvere processed with the acid.
For this reason in the present study we used thexemolith samples which were
mechanically freed of the contamination. We als@dushe published data
concerning the non-contaminated and non-metasoedatiantle substance.

There are number of features by which the xenob#os be regarded as PM,
but only a certain combination of these feature® gqaovide a reliable
identification of this substance. Among them we én&w distinguish between the
necessary and the sufficient. The necessary (buitsofficient) include the
chondrite-like ratio of the major rock-forming elents (Al/Mg, Al/Si, Mg/Si,
Ca/Al). However, as it was already stated, the malements are almost tolerant
to low degree of the partial melting and primitsugbstance (as regard to the ratios
of these elements) could lose a considerable dahighly incompatible trace
elements.

The REE content similar to chondrite is not a @éaindicator that the
substance belongs to PM When the core had beemaseghat could not remain
unchanged as the concentration of all refractogmehts which were not
contained in the core, had to increase as mangeasnaiss of the Earth is higher
than that of the Earth’s silicate shell. Secondly, stated above the chondrite
distribution of LREE in the PM casted serious dsudrtd it was necessary to find
out what is an actual LREE distribution. At lagteamnore complication to identify
geochemically isolated PM substance in the margtebths is the contamination
by the host volcanics. Thus, it is better to idgnthe geochemical isolated PM
substance in several stages: first to choose ths¢ suttable xenoliths as regard to
major elements, then to verify that they do notwsfamy sings of metasomatism
and exhibit low degree of melting and at last,nalgze their isotope composition.

1.1. Identification of primitive mantle xenoliths as regard to major
elements: Al/Si-Mg/Si system

At the first stage of PM identification it is comient to use the system which
was proposed by Jagoutz et al., used for reveatiagtle xenoliths which are the
most similar to the primary substance of the Eamtlterms of the composition
[16]. (fig. 1). On Al/Si-Mg/Si diagram they plottethe chemical composition
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changes in different chondrites and the differ¢iatnaof the Earth’s substance.
Assuming that Al, Si and Mg were not brought irtte tore the crossing of these
plots define the BE (Bulk Earth) composition.
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Fig. 1.Diagram Mg/Si - Al/Si (wt. %) for revealing the xeroliths being similar to the
primitive mantle as regard to Al, Mg and Si ratios

Xenoliths, investigated in the present study: 1 enlgblia, 2 - Vitim plateau; xenoliths from
literature sources; 3 - Vitim plateau [1]; 4 — xbiins, used by Jagoutz et al. [16] for defining the
PM composition and 5 — comatiites from the samelipation; 6 - PM compositions from
models of different researchers; 7 — pyrolite cosian; 8 - trend of fractionation of the Earth’s
substance, 9 - trend of cosmo-chemical fractionati® — chondrite compositions. Isolines -
projection to a plane of the three-dimensional dgsam for 593 xenoliths, based on the
compilation from Pearson et al. [17]. Two linesnfrethe beginning of co-ordinates (dotted line)
correspond to the minimum and maximum Al/Mg valuascoal-bearing chondrites (C1,
C2+C30, C3V) and divide the trend of evolution lo¢ tmantle substance composition into three
parts: PM - primitive mantle, EM - enriched manD#/l- depleted mantle.

As there are grounds to consider that the corecoatain up 7.3 % Si [9BE
lies under this crossing, slightly closer to themtirite field. The crossing of two
trends most likely correspond to BSE (Bulk Silic&arth) or PM (Primitive
Mantle). The comparison of five xenoliths, laying ¢he diagram closer the
crossing of trends shows that their compositiores @amilar irrespective of the
sampling site. So, Jagoutz et al. suggested tothekeaverage composition as the
PM composition. To develop this approach two limdsch divide the evolution
trend into three parts corresponding to the deplé@\) mantle, enriched (EM)
mantle and primitive mantle (PM) were added todiagram.

Fig. 1 shows the PM compositions obtained by dfférresearchers and
chemical composition of 593 mantle xenoliths frakid][ The latter are interpreted
in isolines of points density. The summary suggdésisthe samples corresponding
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to PM as regard to Al, Mg and Si ratios are veree. However, mantle xenoliths
do not include the enriched varieties. It contredithe conclusion that the
composition of the primitive mantle resulted frame thetasomatic alteration of the
depleted mantle substances. If such a compositas thve result of metasomatic
alteration, the xenoliths should contain the erattlvarieties with positive ENd
and primitive Sr isotope composition. Only two sitherzolites collected in the
south-east China exhibit the increased contenadiogenic Sr¥Sr). It is most
likely due to the contamination or metasomatic ratien that is verified by
amphibole and phlogopite present in those samples.

1.2. Identification of xenoliths of the primitive mantle which was not
subject to mantle metasomatism: Ca/Al-Al/Si system

One of the major conditions to find the xenolithk tbe geochemically
isolated primitive mantle is that Ca/Al value irhas to be similar to that observed
in the chondrite. The variations of this value irantle xenoliths which are
regarded to be similar to the primitive mantle hdeen discussed by different
researchers. Let's analyze the character of thesmtsns Ca/Al ratio in the
mantle substance subjected to metasomatic eleradistrnibution (fig. 2) is given
to understand that the main reason of those wamstiwas the mantle
metasomatism.

With this purpose we used diagram Ca/Al - Al/Mgy(f2) which in addition
to the samples collected earlier gives the choaa@oimpositions [21]. To illustrate
variations in Ca/Al value we plotted (fig. 2) akmoliths. Moreover, on this figure
the agreement with chondrites is reflected by AlAxdue. The plot (fig.2) shows
that 12 samples are similar to chondrites as rega@h/Al and Al/Mg values and,
hence, are potentially identical to the PM. Theaeples include five from the
Vitim plateau (Vt-5, Vt-8, Vt-10, 313-3, 313-6)ve samples from China [23] and
only two samples from Hart, Zindler, [14].

1.3. Revealing of xenoliths of the primitive mantlewhich was not
subjected to weak differential melting: Al/Mg-Sr/Mg-End system

To exclude the samples which were altered as dtreSismall degree of
partial melting we used the ratio between any lyightompatible element and one
of the rock-forming elements vs. the Al/Mg ratio. drder to use a wide scope of
mantle xenoliths studied by Sm-Nd and Rb-Sr methbds not studied for the
concentrations of other minor and trace elemenéshawe chosen Sr/Mg value as
an indicator of a low degree of partial melting.

Fig. 3 gives Al/Mg-Sr/Mg-End system in which Sr/Mglues do not depend
on Sm/Nd value. A distinct cosmochemical trend ddferent chondrites in this
system allows identification of the substance efphimitive mantle which was not
subjected to low degree partial melting. To displag trend of evolution of the
mantle substance on Sr/Mg-Al/Mg diagram we plotteinpositions of upper-
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mantle peridotites of ultramafic rocks, Hokkaido8]1 The analytical results
obtained by Takazawa et al., are preferable forreasons. First, all samples were
not chemically treated.
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Fig. 2.Diagram Mg/Si - Ca/Al (wt. %) for selecting mantlexenoliths with non-disturbed
chondrite Ca/Al ratio

Xenoliths, used in this study: 1- Vitim plateau; Rlongolia (humbers near points correspond to
numbers of samples given in Table 1); xenolitlmenfliterature sources: 3 - Mongolia, Tariat

[4], 4 - Vitim plateau [1], 5 - xenoliths, used fdefinition of the PM composition (Jagoutz et al,
1980); 6- xenoliths from Iherzolites, South-Eastin@h[23], 7- xenoliths of lherzolites and 8 -

orogenic lherzolites from Hart, Zindler, 1986; 9xenoliths of Iherzolites, Canary Islands,

subjected to mantle metasomatism [Neumann, 20@4{;chondrites of different types [21].

Secondly, as opposed to the mantle xenoliths thelenaubstance which was
subjected to partial melting of different intensitwas not affected by the
contamination with the melt as it doesn’t includenaliths but orogenic
peridotites.

Those samples which demonstrate Ca surplus anchwigce studied by Sm-
Nd and Rb-Sr methods were plotted on the diagrawmgngon Fig. 3. Seven of
them (Vt-5 and six samples from south-east Chima)close to the field of
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chondrite or PM composition. These xenoliths amilar to the substance with
high positive End values and primitive isotope $mposition. The increased
concentrations of the radiogenic &iSt) is observed only in two spinel lherzolites
from south-east China, that were most likely a#edby selective contamination or
metasomatic alteration, that is confirmed by ampleiband phlogopite in those
samples.
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Fig. 3.Diagram Sr/Mg - Al/Mg-ENd (wt. %) for selecting mantle xenoliths which were not
subjected to the partial melting

Xenoliths, used in this study: 1 — Vitim plateawneliths from literature sources: 2 — Vitim
plateau [1, 3], 3 — xenoliths of Nyushan volcanaute-east China [23, Xu et al, 2003]; 4 —
xenoliths used for analysis of primitive mantle gmsition by Jagoutz [16]; 5 — orogenic
Iherzolites, Hokkaido, Japan [18], metazomatizediokths, Canary islands, 6 — ENd values for
bulk samples, in brackets - the same for clinopgnex The thin dotted line with light grey axial
part limits zone of magmatic differentiation, dayiey field - chondrite an8M composition. If
the samples are similar to the PM as regard tdv&j, Si and Ca and are similar to chondrite
Sr/Mg value, they are most likely similar to PM &iher trace elements.

Fig. 3 shows also six xenoliths taken from Jagaital, [16], which were
used by them for analyzing PM composition but whitttin’t pass the test for
chondrite Ca/Al ratio (see fig. 2). As regard to\gy values all of them except for
sample Fr-1 do not correspond to non-altered PNtanice.
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2. Sm/Nd AND RDb-Sr VALUES IN THE PRIMITIVE MANTLE
OBTAINED FROM Nd AND Sr ISOTOPE COMPOSITION

Results for mantle xenoliths from the Vitim platesambined with the data
from literature sources for southeast China, shdld Ealue in the non-altered PM
ranging from +7.6 to +11.5 with the average valsie-8.5+£2.0 that corresponds to
Sm/Nd=0.351 + 0.006. Thu¥'SrP°Sr value in PM scatters from 0.70282 (sample
NuSh-2) to 0.70333 (sample Vt-5) that on averageesponds to (Rb/Sf) =
0.0215 value. These values completely agree witsethobtained by Sm-Nd
isotope method for the mantle derivatives, mainl@RB basalts [5]. Thus, Nd
isotope composition in the geochemically isolateehpive mantle confirms the
preliminary conclusion that it is characterized the increased (relative to
chondrite) Sm/Nd values, and thus demonstratesimapr Nd deficit, that is
neither related to the partial melting nor mantktasomatism.

3. Pb-Pb AGE OF XENOLITHS FROM THE PRIMITIVE MANTLE
AS AN ADDITIONAL EVIDENCE OF GEOCHEMICAL ISOLATION

Pb-Pb method was used to determine the age of timsitipe mantle
substratum. As compared with other methods of mottating its major advantage
is the insusceptibility to the disturbance of gemulctal isolation of the system
caused by the removal of parental and child elesnentl uranium supply. It is in
particular important for the investigated mantlenodghs from Mongolia and
Vitim plateau as the age of the host volcanics he Cenozoic. Thus, the
contamination by uranium from these volcanics canmeak the geochemical
isolation of Pb-Pb isotope system. Four sampldsfi@n basalts of the Vitim
plateau) were collected; by petrochemical charaties (ALO; CaO, Al/Mg,
HREE) the bulk samples are similar to PM. The PbaBb of four samples is
estimated as 445712 Ma.

Strictly speaking, the identification of PM substann the mantle xenoliths is
equivalent to the age determination because PMnoisgconsidered to be one of
the most ancient processes on the Earth. By tim@riesponds to separation of the
protoplanetary substance into the core and theasdlishell which includes the
primitive mantle. However, there is a paradoxicalation as regard to the age of
this process. On one hand, surplus®8d isotope in the silicate shell of the Earth
can evidence the supply of siderophile tungsteth@core prior to the decay of
short-lived isotope®Hf, limiting the core formation by 30 Ma after thecretion
had began [Kleine et al., 2002; Yin et al., 20@2h the other hand, in U-Th-Pb
isotope system which should also respond to Pb yamato the core by the
significant increase in U/Pb value in the silicateell, formation of the core and
PM could proceed during 100 Ma after the Earth’'sretton had begun [13].
Hence, the minimum PM age in U-Th-Pb isotope sysseastimated as 4460 Ma.

It seems that such discrepancy is a result of impldied interpretation of
isotope effects in Hf-W system. At the same timeisttope composition in the
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silicate shell of the Earth results from both tmesitu **Hf decay and the
homogenization of isotopes in the substance optbtoplanets. If the substance is
not completely homogenized the surplus of isotSP& in silicate rocks can be
observed even in the case if the shell starte@ ttmbmed after a complete decay of
the short-lived'®Hf isotope. Therefore, a more correct is the agéhefcore and
the primitive mantle, calculated from isotope effetn U-Th-Pb system. The
agreement between the ages estimated as 4460 MBaRb age (4457+12 Ma)
which was obtained by us for PM xenoliths indichtzt they are very close to real.

Os isotope composition in xenoliths with petrocheahi characteristics
identical to those in PM turned out to be similaichondrite [17]. In other words,
Os isotope composition is similar to that of themptive substance in which the
silicate part was not subjected to partial melsngce the accretion had started i.e.
throughout 4560 Ma. It is an additional confirmatiof geochemical isolation of
PM substance in the bulk xenoliths samples. Theomamong them is the
possibility to use the concentrations of trace elets in PM and first of all U and
Th concentrations. The obtained concentrations lefs¢ elements are the
maximum as some contamination by the substance th@mhost volcanics is
possible. The host volcanics are enriched by REERIS U, Th.

The influence of such contamination on concentnatiof different elements
xenoliths is different. If the contamination tookage quite recently, it is not
recorded in Pb isotope composition, but is capablehange strongly Sm/Nd,
Rb/Sr and U/Pb values. The contamination of theok#érs from the Vitim plateau
by Sr can vary from 0.05 to 0.4 %.

4. RARE AND RARE-EARTH LITHOPHILE ELEMENTS IN IRON
METEORITES AND IN THE CORE SUBSTANCE

As iron and stony-iron meteorites are consideredbéothe products of
destruction of cores of planetasimal and can ses/enaterial analogue of the
Earth’s core, there is a possibility to check tesuanption that scarce LREE and U
are found in the core itself. 39 meteorites an@dlphosphides were analyzed by
ICP-MS. The results obtained suggest that iron angés contain such lithophile
elements as Th, U and REE, occurring mainly as ssoecg phosphates. Some
samples show the concentrations which are compmanalth the chondrite, but
they are usually lower than those which the ligeide should exhibit in order to
provide the balance when the protoplanetary substaras divided into the core
and silicate shell.

However, when discussing these results one keeapima that observable
concentrations are similar to those typical of thestallized substance of the core
free of any impurities. It follows from Wood's calations [22]. The results for
iron meteorites obtained by ICP suggest that sitcbphile elements as REE, U
and Th are brought into the core.

Analyzing the composition of the investigated samplshowing the
distribution of HREE which is similar to chondribme can make sure that by Al,
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Mg and Si ratios there are varieties identicalh® $amples, which Jagoutz et al.
were used to analyze the average PM compositionenieeless, such an

agreement with PM composition is not sufficient $etecting perspective samples
as regard to major elements as the considerednsykies not solve a problem of
possible disturbance of geochemical isolation daentantle metasomatism.

Therefore the following stage of xenolith ident#imn of the non-altereBM was

to be done in Ca/Al-Al/Si system.

5. HIMU COMPONENT AS A POSSIBLE DERIVATIVE OF
LAYER D"

Identification of PM substance in mantle xenolitten create the basis for
revealing isotope effects that show the contributnd layer D" in generation of
mantle derivativesin the course of studies we assumed that if ang cdthard-
volatile elements (or their concentrations) for Beeth as a whole differs from that
in the primitive mantle it can be caused by sumdlg scarce element into core. In
accordance with this approach we paid attentidadk of uranium in xenoliths of
the primitive mantle. Real concentrations of thisngent in the xenoliths (5-18
ng/g) turned out to be similar or slightly lower somparison with that in
chondrites (8-17 ng/g). It is especially noticeableen we compared it with the
uranium concentration in CV-chondrites (17 ng/g)sd composition is similar to
the Bulk Earth. On the other hand we have foundintbeeased concentrations of
uranium and thorium in some iron meteorites antaiites from them. It suggests
that scarce uranium in PM is found in the liquidecdMoreover, in order to keep
the balance the uranium and thorium concentratiothe liquid core have to be
similar to the chondrite contents or be slightlgher. So, this can provide a new
viewpoint as regard to HIMU component origin.

When the liquid core is crystallized the solid phashould be free of
impurities, and the surplus of uranium and thorignbrought into the bottom of
the lower mantle. As a result high=>%U/>*/Pb value is found in the layer of the
silicate substance close to the core, i.e. the Hiddbhponent which in time
demonstrates increased concentrations of radiog@meotopes is formed. Thus, a
well-known?°’Pbf°Pb age of HIMU component of about 1800 Ma [8], dedi by
isochrone of mixing reflects the time of real peg@nd the beginning of the core
crystallization. The HIMU-component becomes the treffective isotope signal
from the layer D", which is formed during the ligutore crystallization. Abundant
HIMU-component observed in the volcanics whichragarded to be derived from
the mantle plumes is good evidence of the abovethgsis.

6. THE «SILICATE ROCKS - MASSIVE SULPHIDIC ORES»
INTERFACE IN DEPOSITS OF NORILSK TYPE AS ANALOGUE O F
THE MANTLE-CORE INTERFACE

The hypothesis that the layer D" was formed duthéocrystallization of the
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liquid core can be checked partly on natural mati@bject. Such an object is
silicate rocks-sulfide melt interface as the crijiziaion of the sulfide melt leads
to the formation of huge accumulation of massivesaat the bottom of intrusive
bodies (e.g. Norilsk deposit). Unfortunately, tidea came to us a month before
the accomplishing of the present project and wddtduanalyze all material. At
the same time even an ordinary study of the cofrésa largest deposits Talnakh
and Kharaelakh provides the valuable informationthBdeposits show a very
exotic layer of the silicate substance locatedhatigneous rocks- massive ores
interface. This layer is significantly differentthofrom the overlying non-olivine
gabbro in the Kharaelakh complex and from olivimaiting gabbro of the Talnakh
intrusion. In both cases the rocks from this lagex regarded as “hornblende”.
Their thickness in the Kharaelakh complex is 2 msetand that in the Talnakh
intrusion makes up 3 meters. The detailed isotggmehemical and petrographic
studies of rocks from this layer can shed lightdferentiation which occur at the
“mantle-core” interface and can provide the infotioa concerning the origin of
the layer D".

7. RESULTS FROM THE PROJECT IN CONNECTION WITH
PROSPECTING OF MASSIVE ORES IN DEPOSITS OF NORILSK
TYPE

When large deposits are formed the sulfide mehd&ieavier in comparison
with silicate one, lowered to the bottom of the ma¢gjc chamber where it
produced a layer of ore substance of 30-40 m tivitk a total area up to 4 km.
(Kharaelakh deposit). Because of lower crystalimatemperature the sulfides are
crystallized after silicates. As a result the ifdee “solid silicates-sulfide liquid” is
formed. In a certain sense a final crystallizatstage of such an intrusive body
with the ore melt at the bottom is a tiny modelpobcess occurring at the “core-
lower mantle interface” but at significantly lowpressure. In the same way like
the crystallizing core gets rid of dissolved impies of incompatible elements the
sulfide solution removes them into the bottom @f ittrusion’s silicate part.

As opposed to the situation occurring at core-neamtterface the ores
couldn’t crystallized hundred million years aftéet“liquid-solid” interface had
been produced. Therefore, isotope compositionaofhter elements in ore and in
the silicate part of the intrusion have no charcddécome different due to the
radioactive in-situ decay of parental elements. @y if the ore melt is primarily
“labeled” by the isotope composition of any elemeigtinct from that in the
silicate melt, the gradient should arise from thgst@llization of ore and removal
of this element over the deposit. Owing to ore thlu the share of the element
under removal could be decreased and the isotopgastion of the mixture
could become similar to the isotope compositionanf element in the silicate
substance.

If an expected effect is found for such ore-bearmgusions of Norilsk type
as Kharaelakh and Talnakh, it can be used as &wpisariterion for prospecting
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massive sulfide ores in other intrusions. The igetgeochemical studies of
industrially ore-bearing intrusions of Norilsk typ&rndt et al., 2003] suggest the
significant difference in the initial isotope congitton of some lithophile elements
in ore and silicate substance (e.g. Sr and Ndpsotomposition).

8. RESULTS OF THE PROJECT IN CONNECTION WITH A
PROBLEM OF PLANETARY DIFFERENTIATION OF INITI AL
SUBSTANCE AND POSSIBLE ENDOGENOUS NATURE OF
LAYER D"

The novelty of obtained results, results first bffeom the identification of
PM substance which is considered to be an analejuglORB source. The
substance which is called the depleted mantle lirmadern isotope systems is
actually BSE (Bulk Silicate Earth), i.e. the sulbs& which is similar to the non-
depleted mantle. This confused situation emergedita®0 years ago. But by now
Is it difficult to understand what actually is ressible for BSE depletion relative
to chondrite if it is not related to the crust gextien. At the same time, in order to
keep the balance, LREE should be concentrated enctire. Such not trivial
conclusion agrees with results from studies of-stime meteorites, published in
Nature [12]. These data indicate that they corfagnphosphates enriched in REE.
This conclusion is also in agreement with the tssobtained by us for iron
meteorites and troilites and schreibersites froamth

Xenoliths with chondrite ratio of minor and raretbaelements typical of the
primitive mantle have been earlier discovered. firalty all of them include
Iherzolites. Nevertheless, Sr-Nd isotope charasttesi which indicate that these
xenoliths belong to the mantle being depleted duéhé crust generation were
crucial. It induced researchers to interpret thenchite ratios of major elements as
random resulting from the metasomatic alteratiothefdepleted mantle substance.
However, the results obtained from our projectspsuied by the Russian
Foundation for Basic Research suggest that thedrhierratio of major elements
in the mantle xenoliths with high ENd positive vegus not the only evidence that
they belong to non-altered primitive mantle.

Earlier the similarity to chondrites was demons&daty AbLO-/SIO, and
MgO/SiO, values and HREE distribution we have confirmedyt CaO/ALO;
value serving as indicator of the intensity of thantle metasomatism and by
Sr/Mg ratio used as the indicator of weak partiadltmg. In addition, the
conformity to PM is confirmed by Pb isotope compiosi which corresponds to
the BSE most ancient substance.

Other new result is the lack of uranium relative ite distribution in
chondrites. It gives both the chance to offer nowentional interpretation of
nature of HIMU component and to use it as the iidic of the contribution of
layer D" in the mantle petrogensis, but also shew perspectives "for discussing
the geodynamic activity in the system “crust-maitiee”.

The matter is that the hypothesis about the presehthorium and uranium
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in the core of the Earth is widely discussed. Talewdations of heat balance at the
"core-mantle” interface [Doornbos et al., 1986, Arsdbn 2002] suggest that core
temperature at this interface is 10@higher than that for the silicate shell. If the
heat is released due to the radioactive decayuldcexplain both the reason of
such overheating, and why the most part of the os#ll kept liquid. Note once
again that the recent temperature of magmatic ntledts reach the surface is in
cases higher than 1080 and those magmatic melts coexist with the ocedin avi
constant water temperature.

Recently there is a number of experimental worksicwhshow basic
possibility of presence of some amount of uraniarthe Earth’s core. In particular
the experiments of the Canadian scientists [Ba@alet2005] demonstrate that at
pressure higher than 3GP uranium starts to chatsgéthophile features into
chalcophile. Thus, the hypothesis that relatesggnef the core with decay of
uranium and thorium has been recently confirmedXyeriments. We hope that
such studies will continue in the near future.

The obtained results are of interest, first of ladcause they provide new
information concerning one of the most actual peotd of modern geodynamics.

The current state of the problem results from tloexistence of two
competing hypotheses, one of which [11] does nke tato account those limits
which the chondrite model uses. Another one [19] Q@ggests the ancient
subduction of heterogeneous substance from th&'Eadrface to the core-mantle
interface and thus the formation of layer D" ab®&t Ga.

COMMENTS

An attempt to find more natural explanation of tlager D" from the
viewpoint of the evolution of Sr, Pb and Nd isotamempositions in the system
“crust-mantle-core” leads to isotope-geochemicaldifircation of the model
similar to B. Buffet’s one [11]. According to thmsodel the layer D" generated as a
result of the substance differentiation duringchestallization of the liquid core.

The isotope-geochemical approach for checking ahsomodel has been
recently formulated. This approach includes: (1) iwentify non-altered
geochemically isolated PM substance in the margteohths; (2) to compare with
the chondrite protoplanetary substance and to eefie deficit elements; (3) to
confirm the occurrence of these lithophile elemeimisthe Earth’s core via
analyzing their concentration in analogue of theecoe. in the iron meteorites; (4)
to define those isotope effects which can resaolinfthe removal of such elements
into the layer D" during the crystallization of thiguid core; (5) to find the
corresponding isotope effects in the mantle dekieat

The possibility to obtain an isotope signal fromrecdhas been recently
discussed as regard to siderophile and chalcoplelaents that is connected with
their studies in Hf-W and Re-Pt-Os isotope systdswope effects resulting from
the extraction of nonvolatile high-temperaturedphile elements by substance of
the liquid core, and their removal to the layer diring the core crystallization
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have not been studied, and such a problem is pwafd for the first time.

The xenoliths of the garnet-spinel compositionha host mafic rocks are an
effective source of the planetary geodynamic infmron. The Sr isotope
composition suggests that the investigated xersolitith deep-seated garnet-spinel
mineral association includes the most ancient iftérdntiated mantle substance.
This composition reflects the final stage of theg€neral isotope evolution in the
main mantle reservoir.

Table 1
Results of isotopic analyze of Pb xenolites and amnodating
magmatic rocks op.Vt-398)
« Em «| Erm, .| Err,
Pa6. Ne Sample 206/204 Ot 207/204 O+t 208/204 Op++
309-13 | 48/31011-2008 | 18,007 0,04 15,551 0,04 37,989 0,04
31013 | VOB | 17870 | 008 | 15515| 008 37760 008
a1113 | VOO | 47972 | 006 | 15551 008 37,943 006
314-13 Vt-39B 18,137 0,005 15,538 0,004 38,305 0,006
315-13 Vt-37/4 17,900 0,03 15,535 0,03 37,795 0,03
316-13 Vt-27/3 18,009 0,02 15,553 0,02 37,942 0,02
318-13 Vt-57/3 18,012 0,17 15,559 0,17 37,938 0,17
319-13 Vt-57/4 18,042 0,08 15,590 0,08 37,964 0,08

* - KoppekrtrpoBansl Ha nzotornHoe (paxmuonnposanue (0,13%Ha a.e.M.) ¥ XOJIOCTO OIBIT
** - Measurement error.

Pa6. Ne | Sample | 206/204% Err, % | 207/204*| Err, % | 208/204* | Err, % | Pb, ppb

315-13| Vt-37/4 17,899 0,07 15,536 0,094 37,797 0,12 147,5

So, it can be concluded that two processes are ioeghb primary
differentiation of the mantle substance and itsingixn the subducted material. It
is most likely that these mantle xenoliths with aximum representation of the
component from layer D" without adding the subddct®mponent. It is most
likely that in time one can observe higher conadins of He-3 isotope.

Note, that Sr isotope composition corresponding nan-differentiated
substance xenoliths from the main mantle resera@r given in table 1 and on
fig.4.
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Fig. 4.The fields of Sr isotope composition in xenolithsfahe non-differentiated mantle
substance from two sampling sites.

Light signs and the corresponding field show Morgablack field - schematic area of isotope
composition of samples from Siberia collected eltzsirkutsk and given in table 1.

CONCLUSION

Summarizing the above, it is necessary to define feain problems for their
further studies. One of them is directly connecidtth the nature of the layer D"
and discussed herein.

1. The most considerable component of unsolved ygeodic problems
contain two mutually exclusive options of initidapetary substance and its state:
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() initially the Earth of the chondritic compositi was completely melted or (ii)
high-temperature melts (originating at the depthyubchondritic differentiates
co-existed with the solid proto-crust in the conation with oceanic water.

2. Other geodynamic problems are: what was thegsgirmomposition of the
Earth? Was it initially chondritic by the compositi or was it a heterogeneous
depleted planetary reservoir?

3. We discuss the similarity between the core-neamiterface and silicate
rocks-ore interface.

4. We discuss that the layer D" is not of exogenbusendogenous nature as
it originated as a result of liquid core crystadlibn and differentiation.
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The paper presents the results of a study of tlge IRaleozoic ore-magmatic
system in the north eastern Fennoscandian Shiewprsing the Khibiny and
Lovozero plutons, the Kurga intrusion, volcanick®cand numerous alkaline dike
swarms. As follows from the results of deep drgliand 3D geophysical simulation,
large bodies of rocks pertaining to the ultramafl@line complex occur at the lower
level of the ore-magmatic system. Peridotite, pgrote, melilitolite, melteigite, and
ijolite occupy more than 50 vol % of the volcanictpnic complex within the upper
15 km accessible to gravity exploration. The preposnodel represents the ore-
magmatic system as a conjugate network of mantignmtc sources localized at
different depth levels and periodically supplyifdge tmelts belonging to the two
autonomous groups: (1) ultra mafic alkaline rockthvearbonatites and (2) alkali
syenites—peralkaline syenites, which were formeattissonously having a common
system of outlet conduits. With allowance for tlvaikable isotopic datings and new
geochronological evidence, the duration of compfexmation beginning from
supply of the first batches of melt into calderasl aip to postmagmatic events,
expressed in formation of late pegmatoids, waseass than 25 Ma.

INTRODUCTION

The northeastern Baltic Shield is a classical regibcontinental magmatism
manifested in Paleozoic alkaline and ultramafic alle intrusions with
carbonatites. The Khibiny and Lovozero plutons, aehare in the group of the
world’s largest alkaline intrusions, occupy the tcah position in the Kola
province. Contemporary estimation of the ore padmif igneous complexes, as
well as elaboration of prospecting guides, is basednultidisciplinary research
pro viding insights into deep structure of intrusibodies, systems of feeding
conduits, and zones of magma generation; therietf magmatic systems; and
the migration and concentration of ore elementdviggp the problems arising
during investigation of giant alkaline plutons ientplicated by the following
factors.

First, study of the morphology and deep structdrai@e intrusions requires
a great deal of initial geophysical data and comipte of gravity measurements
with seismic surveying necessary to develop higéoltgion 3D models. The
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network of geophysical observations in the areKlabiny and Lovozero plutons
is sufficient for creating their density and seisrfBD models and estimating the
basic elements of their internal structure dowa tepth of 10-12 km.

Second, estimation of the lifetime of complex phgaharacterized by staged
evolution over a long time, in particular, datinfyinitial stages, is hampered by
disturbance of isotopic systems under effect & latrusive phases.

Third, to ascertain the formation mechanisms ohggiant volcanic—plutonic
complexes as the Khibiny and Lovozero and relateceralization, it is necessary
to study all their constituents from the onset @flera origination (filling of early
ring faults with the first batches of alkaline metb the completing events,
expressed in the formation of dikes and explosigreqy which cut through all
alkaline complexes, and late pegmatoid veins in ¢batact zones with the
basement.

Fourth, the discovery of carbonatites [25] broadgrof the area and the set
of ultramafic alkaline rocks in the Khibiny [16] @rlLovozero [3] and revealing
rocks of miaskite series [30] have lead to a sulbstiarevision of the model
describing the formation of this large ore-magmatlaster. Specification of
knowledge on the large P, Sr, REE, Zr, and Nb dé&pbssted inthese plutons is
an obvious consequence of the completed work.

This paper presents the results of a comprehensivdy of the large
Paleozoic ore-magmatic system formed in centrat pathe Kola region as a
combination of the pivotal Khibiny and Lovozero fgos, the adjacent minor
ultramafic and syenite intrusions, alkaline dikesd diverse subalkaline and
alkaline volcanic rocks. The study is based onrdsailts of drilling and detailed
geophysical surveying.

RESEARCH METHODS

To study the deep structure of the plutons, we ubedtechnique of 3D
simulation based on a joint interpretation of giawand seismic data [7, 21]. The
computation algorithms include original programsigsed to solve the inverse
gravity field problem [20] based on the principtdsequivalent redistribution [26]
and the FIR-STOMO software package to solve thersw seismic tomography
problem [36]. To visualize the results in graphnforthe GL3DShow software
package [19] was used. The joint consideratiomefresults of seismic survey and
density simulation based on more precise factua dwmde it possible to specify
the internal structure of plutons.

A “°Ar/*Ar isotopic geochronological study was carried authe Institute of
Geology and Mineralogy, Siberian Branch, Russiarad&my of Sciences, in
Novosibirsk. The phlogopite and biotite grains gsed for dating were picked out
under a binocular microscope from the 0.25-0.15 imaction of the comminuted
sample. Argon was released from samples by stelppaithg [34, 35]. The sample
charges, together with muscovite MCA11 (K-Ar age8is8 Ma) and biotite LP6
(age is 128.1 Ma) used as monitors, were wrappaduiminum foil and placed in
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the quartz ampoule, which was sealed after air estha’hen the samples were
irradiated in the cadmium-plated channel of themsttic VVR-K-type reactor at
the Research Institute of Nuclear Physics in Toni$le gradient of the neutron
flow did not exceed 0.5 % of sample size. Experitmem stepped heating were
performed in the quartz reactor with an externailting element. The blank run to
determine®Ar (10 min at 1200C) did not exceed 5xI8 ncnt. Argon was
cleaned with Ti and Zr-Al-SAES getters. The argentaopic composition was
measured on a VG5400 Noble Gas mass spectrometeno(ivass, England). The
uncertainty of measuremerdsrresponds to a range ofat1Preliminary degassing
of samples before measurements was implemente@D&t 3Special attention was
paid to control the factor of isotopic discrimircati by measuring a portion of
cleaned atmospheric argon. The averdge/*°Ar ratio during measurements was
296.5+£0.5. The criteria proposed by Fleck et ab] [And Gustafson et al. [22],
were used for interpretation of age spectra.

The Rb-Sr method was also used for age determmalfibe charges of
wholerock samples and mineral fractions 100-200imgass were decomposed
applying the technique described by [11]. The Rth &nisotopic compositions and
concentrations where measured with isotopic dituttm a Finnigan MAT-261
solidphase eight-collector mass spectrometer instagc mode at the Institute of
Precambrian Geology and Geochronology, Russian é&ogdof Sciences. The
8RbF°Sr isotope ratios were measured with an accuratyvoese than +0.5 %
(20), and element concentrations, with an accuracy@b-1 % (). During
measurements, th&€Srf°Sr isotope ratio was 0.705037+50 £ 4) for BCR-1
standard and 0.7102249 * 18 £ 23) for SRM-987 standard. The level of the
blank run was 0.03 ng Rb and 0.1 ng Sr. The isacheyameters were calculated
with a 95 % confidence interval; uncertainty inetatining the point coordinates
was taken as 0.5 % and 0.005 % alongkthedy axes, respectively.

GEOLOGY

The Paleozoic volcanic-plutonic complex comprisé®e tKhibiny and
Lovozero plutons, volcanic rocks, the Kurga intamsiand swarms of dikes and
explosion pipes localized within the plutons andtheir frameworks (fig. 1).
According to geological observations, the initialain, and final phases of the
volcanic-plutonic complex formation are distinguesh

Initial Phase of Complex Formation

The formation of the volcanic-plutonic complex begeth the origination of
a series of faults in the Neoarchean complex ofality trondhjemite, and
granodiorite; ascent of ultramafic and subalkatmedts along these faults; merging
of the melts into the Kurga intrusion; and volcaaraptions in the north eastern
part of the future Lovozero structure.

The Kurga intrusion situated 3 km of the northeastern contact of the
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Lovozero pluton, is a multiphase intrusion composagely of peridotite and

pyroxenite (fig. 2a). Two nearly vertical nephelisienite bodies are localized in
its central and southwestern parts. The 3D dersityulation shows that the
intrusion is lopolith-like in morphology and tractxla depth of 4.5 km (fig. 2b).
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Fig. 1.Schematic geological map of Khibiny-Lovozero ore-taing volcanic-plutonic

complex. (1) Dike and explosion pipe.

1 - dikes and explosion pipe; 2 - carbonatitepBlaskite; 4 - foyaite; 5 - inequigranular foyaite;
6 - K-nepheline syenite; 7 - apatite—nepheline yd&k ijolite and melteigite; 9 - trachytoid

khibinite; 10 - massive khibinite; 11 - eudialytgdvrite; 12 - differentiated lujavrite-foyaite-

urtite complex; 13 - volcanic rocks of Lovozero fation; 14 - ultramafic alkaline rocks; 15 -
syenite of Kurga intrusion; 16 - peridotite of Kargtrusion; 17 - Proterozoic basalt, porphyry,
and dolerite; 18 - Archean tonalite and trondhjemitocation of complex in Baltic Shield and
Kola Peninsula is shown in inset. Age of rocks, Mashown in boxes: filled circles, author’s
data; open circles, after Kramm et al. [32], Kranamd Kogarko [33], Zaitsev et al. [38],

Bayanova [9, 10], and Wu et al. [37]. Section linesoss contact zones are shown.

127



A. A. Arzamastsev, L. V. Arzamastseva, et al.

+++++++++++++++++++++++++++I—++++++++++++++++++
+ ++++++++++++++++++++-35010’4-+++++++++++++++4D+
" a-+++++++++++++++++++++i-+———-ﬂ!J-!J-~‘++
L I . S T A R S + o+ 4
LI T T i T L T N N e Iy
LR S N S SR S N S R T e (T S e o v N TR ea
1 PR s R L
+ o+ + 4+ o+ o+ 4+ o+ o+ o+ o+ 4+ o+ o+ 4+ o+ + o+ o+ 4 ,‘*‘VVVVV_\{.u"t"L [l L LT +
P oI P T L o
H + + + + + + + + + + + + + _+ et wawsd L +
T e ey, L L L L LL LY
- wain SRR, Nop e
+oF o+ o+ o+ o+ WBWANY W v v sigwe Y- YA K ¥+
LT L Lt v et e * *; o o e
b o+ o+ o+ o+ B e Lt L L Lg"-‘-!y'\: HhEw L L A S
.
e D b PP - AR LY
L L L. s v vv v vw v wo® g gy
PP v e
b+ o+ o+ PO A Rt + o+ 4+
R e
o ®
W e gw? + + + + + 4
"V"‘I‘J.J.J./
b+ o+ o+ Vv e +oF o+ o+ o+ o+ o+
w
" V8 L 1 1 4+ 4 1 1 o1 + 4
.
1 + EEEE 67050!+—
vvvvv 4 1 4
........................ A I
T i T 2 Y R A I R A A A A ARt 44 L L oF o+ 4+ 4+ F o+ o+ o+ o+
vvvvvvvvvvvvvv st
L T W WM W W W W W Wy #*"L 1 1 1L 1 1 4 L S T
G
T T T T T LA S o+ o+ o+ o+ .
\J.J.J.J.J.J.J.J.J.J.J. 0 1k”|
L T T T A T T S S . T ottt +
++++++++++++++++++$+‘ Lo g P 4 4 s 4o+ 4 44 g
e
L T T S I S T +
+ +
5 + + 7 9
+ +
10
CIEEERECTPTITTATrTS

Kurga
intrusion 1 D

12.5

km 5620 2920 kg/m’

Fig. 2.(a) schematic geological map of Kurga intrusion, splified after Kalinkin [24], and
(b) density section of conjugated Lovozero and Kurgintrusions.

1 - Alkali syenite, larvikite, lardalite; 2 - amidle-pyroxene-plagioclase rock; 3 - pyroxenite
with titanomagnetite; 4 - olivinite; 5 - peridotjté - olivine pyroxenite; 7 - biotite-amphibole
gneiss of Precambrian basement; 8, 9 - rocks obteno pluton: 8 - eudialyte lujavrite; 9 -
lujavrite, foyaite, and urtite of differentiatedriss; 10 - borehole.

An anomaly that marks a feeding conduit is relateda large positive
anomaly in the northeastern Lovozero pluton, whinficates a body of high-
density rocks at a depth of 3 km in this part af tlkaline pluton. The Kurga
intrusion is composed of several groups of rock&jciv correspond to the
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following intrusive phases from earlier tolater:) (deridotite and olivinite, (2)
pyroxenite, and (3) alkali syenite (larvikite, lattie) and nepheline syenite. A
zone of metasomatic biotite—kaersutite and kadesptiroxene-plagioclase rocks
extends along the contact between ultramafic rackkssyenites. The U-Pb age of
zircon from pyroxenite and larvikite estimated 8737 Ma [4] indicates that the
Kurga intrusion should be referred to the initidhge of Paleozoic tectono-
magmatic reactivation. The Rb—Sr isochron age (fole-rock samples of alkali
pyroxenite and alkali syenite along with apatitmtite, and amphibole fractions
from these rocks) yielded 404+10 Ma [4]. The geaabdata show that the massif
was formed in parallel with comagmatic volcanic k®@ertaining to the early
phase of the Kontozero caldera. Estimation of Rlis&hron age of these rocks
gave an unsatisfactory result because of the tHesfigct of intrusive phases. The
regression equation based on five points yielded6t8@ Ma (s =
0.70301+0.00009; MSWD = 0.64) [5].

The volcanic rocks formed at the early stage ofle@a evolution largely
occur in the northeastern part of the Lovozero guutwhere large blocks of
volcanic rocks up to 200 m thick are hosted indi&erentiated lujavrite-foyaite-
urtite complex and spatially associated with seditawg rocks of the Lovozero
Formation. The elements of zoning are revealedha distribution of various
volcanic rocks. Ankaramite remnants dominate in éxreme northeast of the
pluton; alkali basanite occurs farther to the spudlving way to phonolite
porphyry close to Mts. Apuaiv and Kuamdespahk. Rstraction of this sequence
is possible only for the ultramafic part of the temt. The study across the strike
and down the dip shows that ankaramites alternatvth basanites are
predominant in the large remnants of volcanic rodikse thickness of each flow
does not exceed a few meters. The basaltoids costaall xenoliths of picrites
and ankaramites and were probably related to anptiase of volcanic activity. In
the Khibiny Mountains, subvolcanic and volcanic kegertaining to the early
phase of caldera development occur as dikes retateidg tectonic structures in
the framework at a distance of up to 5 km of thetact of the pluton, as well as
numerous xenoliths of volcanic rocks in the leasided areas in the high-
mountain part of the pluton (fig. 3). TH8Ar/**Ar dating of one dike (age of
plateau 388+6 Ma, see fig. 4) corresponds to th@mal age of the infill of the
Khibiny caldera with ultra mafic alkaline melts. 8hargest outcrop of volcanic
rocks, up to 10 km in extent and with a maximumaappt thickness reaching 100
m, was mapped in the western part of the plutath@tcontact of the massif and
trachytoid nepheline syenites (khibinites) occupyithe marginal zone of the
intrusion. The lower part of the sequence cons$tsnetamorphosed volcano-
sedimentary rocks, and phonolite porphyry dominatets upper part. In addition
to leucocratic volcanics, [12] noted porphyriticks withaugite phenocrysts in the
Chasnachorr-Yudichvumchorr Block of the Khibiny.
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> |13 |14 15 [an]er]is 17

Fig. 3.Schematic geological map of Khibiny pluton, aftemap prepared by Murmansk
Geological Exploration Expedition, SevzapgeologiyRegional Geological Survey.

1 - explosion pipe; 2 - carbonatite; 3 - pulaskite; trachytoid foyaite; 5 - massive foyaite; 6 -
ineaquigranular foyaite; 7 - apatite-nepheline r&k massive urtite; 9 - massive juvite; 10 - K-
nepheline syenite (rischorrite); 11 - melteigit@lite; 12 - trachytoid nepheline syenite
(khibinite); 13 - massive nepheline syenite (khita)) 14 - peridotite, pyroxenite, melilitolite; 15
- fenite in contact zone and fenitized rocks offrdd - Archean (Af) and Proterozoic (Pr
basement rocks; 17 - fault. Deposits (numeralsrties): 1 - Kukisvumchorr; 2 - Jukspor; 3 -
Rasvumchorr; 4 - Koashva; 5 - Njorkpahk; 6 - OlRnichei (Deer Creek); 7 - Partomchdrt:
andll-11" are faults in contact zone of massif.
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Main Phase of Complex Formation

The main phase of endogenic activity was expresséde formation of the
ring fault system, subsidence of the Lovozero ankibiky cauldron, and
multistage filling of the calderas with alkaline lise The age of the main rock
associations in the plutons varies close to 365 [BR, 33, 38, 9, 10, 37].
According to earlier data [16, 17, 1, 2], the caddewere filled with ultramafic
alkaline and peralkaline melts derived from two rees. In the course of the
investigations, it was established that the Khiberyd Lovozero plutons are
separated by a screen, whose density and seisnvie welocity correspond to
country granite gneiss. The results of magnetigesting also indicate that rocks
with petrophysical characteristics inherent to redjple syenite are absent in the
zone of conjugation. Thus, the Khibiny and Lovozefotons have autonomous
internal structures down to a depth of 12.5 km &aste no common feeding
conduit. The geological structure of each groupoaks occurring in the Khibiny
and Lovozero plutons has been described in detathany publications, so we
dwell only on newly obtained data.
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Fig. 4.Results of*°Ar/ *°Ar study of amphibole fraction from dike 991 in souhern
framework of Khibiny massif using steppedheating.

Khibiny pluton.The conic and ring structure of the pluton is iretd to a
depth of 12.5 km. The western contact dips inwardngles of 30-40° down to 5
km and becomes steeper (50-60°) at a depth of Eri(fig. 5). The eastern
contact close to the carbonatite stock dips stetephard the center and is traced to
a depth of 13 km. In the southwest, the contacthef pluton with Proterozoic
volcanic rocks is nearly vertical and flattens adepth of about 4 km. The
Proterozoic volcanic rocks of the Imandra-Varzugan& are expressed as
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anomalies of elevated density (up to 3250 Kynd velocity (up to 7.0-7.4 km/s),
which are traced to a depth of 12-13 km. In thetlsenn frame work of the
Khibiny pluton, Proterozoic rocks are also markadabhigh-density anomaly,
which plunges beneath plutonic rocks. In the depterval of 5-11 km, the
contacts flatten and the pluton diminishes in siaaning a feeding conduit a few
kilometers in diameter at a depth of >12 km. ltstee shifts to the east toward the
Lovozero pluton relative to its position at thefaae.

A Khibiny pluton Lovozero pluton B

0 20 40 60 80 km

4.5 Velocity, km/ 72

2550 Density, kg/m® 3100

Fig. 5.(a) velocity and (b) density sections of 3D complenodel of the Khibiny-Lovozero
volcanic-plutonic complex.

See fig. 1 for section line.

The geological survey accompanied by drilling akohwus to reveal new
groups of rocks and substantially specify geoldgretationships between rock
series. According to uptodate evidence, the platamsists of the following rocks
(from older to younger): (1) ultramafic alkalinecks; (2) peralkaline nepheline
syenite in marginal part of the pluton (khibinit€g) K-nepheline syenite; (4)
differentiated ijolite-melteigite series; (5) juejt urtite, and related apatite-
nepheline ore; (6) peralkaline nepheline syeniteceftral part of the pluton
(foyaite); (7) pulaskite; and (8) carbonatite.

The density simulation shows that maximum thickn#fsgltramafic alkaline
series is attained in the northern part, wheregelang body of high-density rocks

132



Deep seated magmatism, its sources and plumes

occurs at a depth of >3 km beneath nepheline ydfig. 6). The zones of
xenoliths composed of peridotite, pyroxenite, nitelite, and ultramafic foidolites
penetrated by boreholes are direct evidence forabmurrence of ultramafic
alkaline rocks with depth. In the western sectothef pluton, a zone of numerous
xenoliths of ultramafic intrusive and volcanic rgcéxtends for 15 km along the
contact between the massif and trachytoid nepheslyeaites (khibinites) (fig. 3).
No significant geophysical anomalies were reveatethis tract, indicating that
bodies of the aforementioned rocks most likely ra@less remnants of the roof.
Small outcrops of ultramafic alkalinerocks are étsown at the southeastern and
north western contacts of the pluton.

Khibiny pluton

0E —

: 3
Density, kg/m 3100

Fig. 6. Density section of 3D complex model of Khibiny plion.

2550

See fig. 1 for section line.

The rocks of the ijolite-melteigite series in thpresentday position form a
body ring in plan view, which separates nephelipenges of the marginal and
central parts of the pluton. The ijolite-melteigitdrusion is characterized by the
internal structure and texture, which are inheterihe layered igneous complexes.
The correlation of sections of the layered sermes\s that key layers gently dip at
angles of 15-30° inward the pluton. The absenc@asfitive gravity anomalies
below 3.5 km in the southwestern part suggeststh®atjolite-melteigite series is
cut off by per alkaline nepheline syenite in cenpart of the pluton at a depth of
1-2 km in compliance with drilling results (figs, 8).

According to the complex 3D simulation, the rocksetevated density and
velocity corresponding to the foidolite series accunmediately beneath
peralkaline nepheline syenite at a depth of 3-Srkitmhe central part of the pluton
(fig. 6). In this connection, the numerous ijoldad melteigite xenoliths found in
the central part of the pluton indicate that foitdoseries occurs beneath foyaite.
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Fig. 7.Geological section along line G-H across centrabpt of Partomchorr deposit.

1 - Quaternary sediments; 2 - inequigranular feyaR® - apatite-nepheline rock; 4 - massive
urtite; 5 - massive feldspathic urtite; 6 - trachgtfeldspathic ijolite; 7 - ijolite; 8 - melteigit 9
- nepheline syenite (khibinite). See fig. 1 forteatline.

K-nepheline syenite (rischorrite), juvite, and tatiwhich combined into the
common on the basis of petrological and geochen@ealence [8], and related
apatite—nepheline ore occupy a crosscutting positielative to both the per
alkaline nepheline syenite of marginal part of ptutand the layered ijolite-
melteigite series. These rocks make up a consecséisies with a gradual increase
in K-feldspar content from urtite to juvite and ther toK-nepheline syenite
(rischorrite). The lodes of apatite-nepheline ore eelated to massive urtite as
afeldspar-free member of this series.

The relationships of rocks unambiguously show ijoate-melteigite series is
older than massive urtite, apatite-nepheline orel pvite-rischorrite. This is
confirmed by zones of brecciation, where fragmeuottstrachytoid ijolite are
cemented by massive juvite. At several deposits, ritythms of layered urtite-
ijolite-melteigite series are cut off by the upgentact of ore zones and trachytoid
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rocks abut the low-angle contact with overlyingijawischorrite series. Xenoliths
and large remnants of ijolite and melteigite areomporated into massive juvite-
rischorrite in the northwestern sector of the akc.more complex pattern is
observed at the southeastern closure of the Hofiiee arc. It can be suggested that
the formation of the ore lode at this site preddtedemplacement of the foidolite
intrusion. The main ore-controlling fault resporsifor localization of ore lodes at
the lower level of the Njorkpahk and Olenii Ruckieeer Creek) deposits and the
major deposits in the Khibiny was formed after adiastion of this intrusion. The
geological features and relationship between théutal patterns of ore at the
Njorkpahk site are also indirect evidence for tHermation conditions in contrast
to other deposits.
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Fig. 8.Geological section along line K-L across centralgt of Upper Rasvumchorr-
Eveslogchorr deposit.

1 - quaternary sediments; 2 - inequigranular feya® - apatite-nepheline rock; 4 - massive
urtite; 5 - massive feldspathic urtite; 6 - trachgtfeldspathic ijolite; 7 - ijolite; 8 - melteigit 9
- nepheline syenite (khibinite). See section Imég.1 and fig. 6 for legend.

The results of drilling in the poorly exposed cahtrart of the pluton allowed
us to establish that large negative density an@sah the field of foyaite are
caused by carbonatite (eastern anomaly) [25] atakskite (anomaly at the center
of complex) [30]. In addition, nepheline syenitetire central part of the pluton
contains numerous large remnants of fenitized @ xenoliths of foidolites
similar in composition to the rocks of differengdtijolite-melteigite series.

Lovozero plutorffig. 9). The complex 3D simulation shows (fig.tBat down
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to a depth of 10 km, the pluton looks like an asyftra lopolith, the feeding
conduit of which is projected onto the southeastart of its presentday erosion
level. In contrast to the nearly vertical southewontact, in the western and
northwestern parts of the caldera, the contactsatigngles of 60-70° down to a
depth of 3 km with a tendency toward flatteninge @astern and northern contacts
are traced vaguely because of many xenoliths coatpokalkaline volcanic rocks.
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Fig. 9.Schematic geological map of the Lovozero pluton.

Compiled after data published by Gerasimovsky et/ZE8], Bussen and Sakharov [13]. 1 -
guaternary sediments; 2 - foyaite-lujavrite; 3 -dialyte lujavrite, lovozerite—murmanite
lujavrite; 4 - ijolite with apatite and titanite; bSdifferentiated lujavrite-foyaite-urtite series;-
poikilitic nepheline-sodalite syenite; 7 - pegmdttyaite, lujavrite, and alkali syenite of contact
zone; 8 - phonolite porphyry; 9 - alkali picriténburgite; 10 - rocks of Precambrian basement.
Roman numerals denote numbers of key layers ieréiffitiated complex.

The petrophysical parameters of peralkaline syenit@king up several
136




Deep seated magmatism, its sources and plumes

intrusive series are rather uniform and do notvalieliable reconstruction of the
internal structure of the pluton. Neverthelessyas established that at a depth of
more than 2 km, the pluton consists of two zones@h distinct in density (fig.
10). Taking into account observations at the serfand drilling results, it is
accepted that the intrusive body, except for itstts@astern part, is composed of
the differentiated lujavrite-foyaite-urtite seridewn to a depth of 8 km. In the
central part of the pluton, near Seidjavr Lakepeal negative gravity anomaly
corresponds to a body of alkali and analcime sgeniith a density of 2580-2630
kg/m’. In the northeast, the pluton has a two-stagectsirer (fig. 2). The upper
zone is traced to a depth of 1-2 km and, like engbuthwestern part, is composed
of eudialyte lujavrite and differentiated lujavrfeyaite—urtite series (fig. 11).

The density of underlying rocks exceeds 2800 Rg/fus, in accordance
with the data published by Gerasimovsky et al. [H]ssen and Sakharov [13],
Kogarko et al. [27], and ArzamastsevV et al. [3§ Lovozero pluton consists of the
following rock groups.

30 - .
2560 Density kg/m 2810

Fig. 10.Density distribution in area close to Lovozero plubn at depth of 5 km.
Contour lines indicate location of main rock groapsurface.

(1) Remnants of alkaline volcanic and sedimentaryroockshe roof,
which are abundant in the northeastern and easéets of the calderas.

2 Ultramafic alkaline rocks that occur in thenortheas part of pluton
as a relatively large intrusive body at a deptlowe? km beneath differentiated
lujavrite-foyaite-urtite complex. Xenoliths of meigite, pyroxenite, and
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melilitolite revealed in bore holes suggest thatudimamafic alkaline intrusion

exists deep down as in other intrusions of the ip®¢ It should be noted that the
northeastern zone of high density rocks revealkslito the Kurga intrusion of

ultramafic subalkaline rocks at a depth of 7-8 Kig. ).

(3) Poikilitic nepheline-sodalite syenite retainedordg remnants and
xenoliths (?) in rocks of the lujavrite-foyaite-tetseries.

(4) Loparite-bearing differentiated lujavrite-foyaitetite series fills the
main volume of caldera and attains maximum thickneshe southwestern part of
the pluton, where it is traced to a depth of ng kan 8 km.

(5) Eudialyte lujavtite forms, according to drillingrdts, a sheet-like
body up to a few hundred meters in thickness, whghconformable with
underlying lujavrite, foyaite, and urtite (fig. 11)

(6) Alkali syenite with density of 2580-2630 kgimccurs as a low-
density stock up to 5 km in diameter in centrat pathe pluton.

The borehole near Seidjavr Lake penetrated zirearibg alkali syenite
similar to pulaskite in the central part of the Kihy pluton at a depth of 700 m.

1000 |-

800 [,

600 —

Fig. 11.Geologicalsections along line M—N across northwestern part dfovozero pluton.
1 - eudialyte lujavrite: a - coarse grained and imequigranular; 2 - eudialyte foyaite; 3 -
eudialyte; 4 - loparite juvite; 5 - eudialyte lujge porphyry; 6 - lujavrite and foyaite of
differentiated series; 7 - poikilitic sodalite andsean syenites. See fig. 1 for section line.

Final Phase of Complex Formation

The latest igneous rocks in the calderas compskonatite, alkali picrite,
melanephelinite, phonolite, and alkaline gabbrale dwarms, as well as alkali
picrite and picrite-carbonatite explosion pipestgeaswarms are located near the
southeastern group of the Khibiny apatite depodii®rkpahk deposit) and in
country gneisses in the zone of the northern jonatif the Khibiny and Lovozero
plutons. A separate ring and radiate melanephelidikes mark faults in the
southwestern Khibiny pluton and are traced at tadce of up to 5 km from its
southwestern contact. To estimate the age of frematic activity, the explosion
pipes and splaying melanephelinite dikes cuttingpugh the juvite and K-
nepheline syenite were chosen. Ta/*°Ar age of phlogopite from the sample of
olivine melanephelinite was estimated at 3635 Mg. (12). This date was
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confirmed by the Rb-Sr isochron age (362+11 Md)I@gn Taking into account the

crosscutting relationship of the explosion pipehwgspect to the main rock groups
of the Khibiny pluton, the above age may be intetgul as the time of completion
of magmatic activity in the Khibiny and Lovozeraifans.

500
I (a) 1635/352.4 Phlogopite
400
—
D |
CEU 300 - Plateau age - 363 £ 3 Ma
S
< 200
100 Integral age - 363 + 3 Ma
0 20 40 60 80 100
% Sr/*°Sr Percentage of released *Ar, %
0.710
(b) Phlog-3
0.708 +
0.706 + Phlog-2
Ol+Mel
362+ 11 Ma
albe A “St/°Sr,, =0.70380£0.00005
-Cal-1 N=11, MSWD = 0.54
0.702 8 . t t * t !
0.0 0.2 0.4 0.6 0.8 1.0 8Rp/Csy

Fig. 12.Data of isotope studies of rocks from explosion pes at Mount Namuaiv.

(a) - results of°Ar/**Ar study of phlogopite fraction with stepped hegtitb) - Rb-Sr isochron.
WR, wholerock sample; Phlog., phlogopite; Ap., &patOl, olivine; Mel, melilite; Cpx,
clinopyroxene; Cal, calcite.

Late and postmagmatic rocks include diverse alkapagmatites and veins
with unique rare-metal mineralization, which, aguke, are facies pegmatoid
varieties of the main rock groups. The late igneaks are controlled by young
faults [14].
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Table

Rb-Sr isotopic characteristics of rocks from Namuar explosion pipe, Khibiny-
Lovozero volcanic-plutonic complex

Sample | Materia| Rb, ppm| Sr, ppm| 8'RbF°Sr | 8'Srfesr+25 | B'SrPoSr(t)
16351 WR1 0.7 2185 0.00092 0.703847x412 0.703842
16351 Cpxl 4.6 332 0.03962 0.704010421 0.703806
16351 Ol+Mel 4.3 42.8 0.29329 0.705335#15 0.703823
16351 Calcl 0.8 5135 0.00043 0.703742+418 0.703740
16351 Apl 0.7 3965 0.0004f7 0.703862 £18.703860
16352 WR2 0.6 3557 0.00044 0.703801418 0.703799
16352 Phlog2 333 2478 0.38872 0.705803x16 0.703800
1635/352.4 WR3 137 2669 0.14837 0.704588+19 0.703823
1635/352.4 Phlog3 263 783 0.96981 0.708820+14 0.703822
1635/352.4 Ap3 2.2 10448 | 0.00060 0.703835x15 0.703832
1635/197.8 WR4 132 1602 0.23891 0.704918x11 0.703687

Samples:1635/352.4, carbonate-free olivine melanepheli(ptease 1); samples 16351, 16352,
16352, 1635/197.8, carbonate-bearing alkali picfitease II).WR, whole-rock sample; Cpx,
clinopyroxene; Ol, olivine; Mel, melilite; Calc, Icite; Ap, apatite; Phlog, phlogopite; Bt,
biotite.

DISCUSSION
Ultramafic Alkaline Rocks

The high-velocity and high-density sheet-like antymap to 3 km in
thickness, which occupies the central part of théoky pluton at a depth of more
than 4 km, confirms the statement that only a smmadirginal part of the
differentiated ijolite-melteigite series, which @nfilled the entire caldera, has been
retained now in the section. During subsequentisikthe central part of the
differentiated series was broken up and displaceangvard 2.5-3.0 km along the
ring fault. The following batch of peralkaline nehas filled the central part of the
caldera and overlain the disturbed sheet-like bufdyifferentiated foidolite series.
Thus, a differentiated series is recognized inkh#iny pluton, but in contrast to
the Lovozero pluton, where the peralkaline lujafbyaite-urtite series was
formed, a layered series of ultramafic foidolitegswormed in the Khibiny pluton.
This interpretation allows us to explain the exte§mpersistent section of the
Khibiny ijolite-melteigite series, whichhardly cauhave been formed within an
inclined narrow conic chamber, where these rocksarrently localized.

The data obtained compel us to reestimate the piops of volumes
occupied by peralkaline and ultra mafic alkalinaese The estimation performed
on the basis of geophysical data shows that then nmalume of peralkaline
syenites in the Khibiny pluton falls on the mardinane of the pluton, where these
rocks (khibinites) form a conic body no more thaB BRm thick and occupy less
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than 25 % of the total volume. The contributionpefalkaline syenites that occur
in central part of the Khibiny pluton above the etkeijolite-melteigite body
also does not exceed 15-20 %. In the Lovozero pjuttiramafic alkaline rocks
occur largely in its northeastern part and in théd& intrusion adjoining this
pluton. Their share is more than 30 % of the tptaton volume within the 12 km
depth interval accessible to reliable gravity 3Dnuiation. In general, it is
supposed that ultramafic alkaline rocks occupy ntiba® 50 % of the total volume
in the Khibiny-Lovozero volcanic-plutonic complex.

Thus, the model proposed for the Paleozoic magnsgstem in the central
Kola Peninsula assumes the existence of two autonsmgroups of (1) ultra mafic
alkaline rocks with carbonatites and (2) alkali goeralkaline syenites in the
Khibiny and Lovozero plutons. The available dataSsrand Nd isotopes indicate
different mantle sources for the Khibiny nephekyenites and ultramafic alkaline
rocks with carbonatites [33, 38]. The latter ardakred in radiogenic Sr, and their
data points are shifted toward positsgrelative to the mixing line established for
the Kola carbonatite complexes [32]. Information the composition of the
isotope reservoir corresponding to the mantle soafaltramafic alkaline rocks in
the Khibiny and Lovozero plutons, ultrabasic foitkd, carbonatites, and alkali
picrites—olivine melanephelinite dike is based atadconcerning mantle xenoliths
found in olivine nephelinite pipes cutting througlder rocks of the pluton [6]. The
formation of major volumes of alkali and peralkalisyenites, as well as alkal
trachyte and phonolite dikes, is related to thavigtof the second source.
Proceeding from the concept of an autonomous safreepheline syenites, the
origin of phonolitic melt may be assumed to be adpct of dynamic
crystallization of nepheline benmoreite [33] or &raige [23] magma under mantle
conditions. In this connection, we call attentionstgnificant volumes of miaskite
syenites revealed in the plutons under consideratiRulaskite, which occurs
among these rocks, is in fact a plutonic countérpfinepheline benmoreite. The
participation of basaltic magma as a parental Hwltnepheline syenite in the
Khibiny and Lovozero melts is hardly possible, takinto account the absence of
geochemical evidence for plagioclase fractionafi@) 29].

The autonomous evolution of the mantle sourceshspmously functioning
during the formation of heterogeneous Khibiny amydzero intrusive complexes
implies that different levels of the upper mantlera/reactivated in the Paleozoic.
If is assumed that, in terms of the concept of @dithosphere interaction, the
zones of magma generation are regarded as a ctegugygstem of magma sources
located at different depth levels and supplyingowes melts from these levels. If
this concept is applicable to the Paleozoic magmatf the Baltic Shield, then we
can suggest that the ultramafic alkaline and phtioalock associations of the
Khibiny and Lovozero plutons were formed during @ymonous evolution of
distinct magma sources having a common systemttdtahannels.
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Difference in Internal Structure of the Khibiny and.ovozero Plutons

Despite the spatial conjugation of the plutons sspd only by a narrow
screen of Precambrian basement rocks and the clos@osition of rocks, the
Khibiny pluton is an assembly of ring and coniausions, whereas the Lovozero
pluton consists of strati form sheet-like intrusibedies. The difference in the
internal structure of these alkaline plutons andteel orebodies is caused by the
following factors.

Formation of the Paleozoic magmatic system in #rger of the Kola region
began with subsidence of the Lovozero caldera gposed on the Archean
basement of the Kola-Norwegian Terrane, relatiiebmogeneous in tectonic
structure and density of rocks. The initial fillthle caldera with ultramafic alkaline
melts was limited by the northeastern part of th@dzero caldera and formation
of the Kurga intrusion related to a hypabyssal cachjpody localized at a depth of
0.5-2.0 km beneath the rocks of differentiatedesem the northeast of the pluton.
The supply of alkaline ultramafic melt did not didi the lopolith-like structure of
the Lovozero caldera. The peralkaline magma waslam®@ in a chamber
approaching an ideal lopolith in shape, and theslptermined the formation of the
marginal and major differentiated magmatic seriethe Lovozero pluton, i.e., the
loparite-bearing lujavrite—foyaite—urtite complex@assic layered intrusions.

On the contrary, the Khibiny caldera is localizédhe boundary between the
Archean and Paleoproterozoic basement complexgs Iji As follows from
geophysical data, the magmatic reservoir of thgperal part of the pluton, where
peralkaline melt has intruded, is considered adalar cavity, the depth of which
abruptly changes in the lateral direction, formegwumber of segments. At the
present day erosion surface, this is indicated drgd faults, along which the
bottom of the caldera is displaced with complicatd its morphology. Such faults
are traced in the recent structure of the plutomgithe Gol'tsovoe Lake—Imandra
railway station line at the northern contact (8glinell’) and along lindlll * at the
southeastern contact. The nepheline syenite compleixthe marginal zone, which
reveal only slightly expressed rough layering [1@gre formed as a result of
filling of a relatively narrow segmented zone witberalkaline melt. The
emplacement of a significant mass of ultramafi@ktie rocks further complicated
the shape of the magma chamber, which afterward reppsatedly filled with
peralkaline syenites. The multiple pulsatory suppfymelt from an ultrabasic
source into the caldera was an important factot trempered formation of
distinctly delineated layering of peralkaline syesi This process was
accompanied by substantial tectonic dislocatiortsth& same time, the foidolite
melts were supplied under conditions favorabletha development of layering.
Correlation of the ijolite-melteigite sections cwnfed the persistence of every key
layer (mica melteigite, urtite, etc.) at all sitasthe central productive zone of the
pluton [8]. Thus, it can be supposed that the fdioneof the magmatic reservoir in
the homogeneous stable block of the Precambriaenieas facilitated the
development of intra-chamber differentiation obsernm peralkaline syenites in
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the Lovozero pluton. In the Khibiny pluton, the d®pment of this process was
hampered by unstable conditions within relativedyraw conical chambers. At the

Khibiny pluton Lovozero pluton Kurga
_____ = intrusion
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Fig. 13.Hypothetical model of formation of Khibiny-Lovozero volcanic-plutonic complexes.

1 - olivine melanephelinite dikes and explosionegip2 - carbonatite; 3 - pulaskite, alkali
syenite; 4 - nepheline syenite (foyaite) in cenpatt of Khibiny pluton; 5 - eudialyte lujavrite; 6
- K-nepheline syenite, juvite, urtite; 7 - apatitepheline rock; 8 - rocks of loparite-bearing
differentiated lujavrite-foyaite-urtite series; 9ocks of differentiated ijolite-melteigite serie)

- poikilitic sodalite syenite; 11 - nepheline syerf marginal part of Khibiny pluton (khibinite);
2 - larvikite, lardalite; 13 - alkaline ultramafi®cks (peridotite, pyroxenite, melilitolite,
foidolite); 14 - subalkaline ultrabasic volcanidsLmvozero Formation; 15 - sedimentary rocks

of Lovozero Formation and xenoliths; 16 - rock$?oécambrian basement and faults therein.

same time, differentiation in the Khibiny plutonveéoped in full measure during
the formation of the foidolite series, large fragmseof which have been retained
as a discontinuous ring that separates peralkaymeaites of the marginal and
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central parts of the pluton.

CONCLUSIONS

With allowance for the obtained data and the albkelaisotopic age
determinations of rocks pertaining to various matignseries, it is concluded that
the considered magmatic system was formed as asegof magmatic events.
The magma emplacement at the initial stage wasngganied by the formation of
the self-dependent Kurga intrusion. The late stagesrred in both plutons within
a short time interval. The volcanic-plutonic complevolved in the following
sequence.

Premagmatic stage:

Manifestation of mantle metasomatism predated the vigorous Paieoz
magmatic cycle [4].

Early magmatic stage:

Faulting in the Neoarchean tonalite-trondhjemitangdiorite (TTG)
complex; emplacement of intrusive bodies (Kurgarusibn) and volcanic
eruptions (early Lovozero sequence of ultramafid anbalkaline volcanic rocks)
at the northeastern place of the future Lovozerg structure (fig. 3a).

Main magmatic stage

(1) Formation of ring fault system and subsidendbefKhibiny cauldron at
the contact between the Neoarchean TTG complex Batkoproterozoic
Pechenga-Imandra-Varzuga Rift Belt; emplacementthd first batches of
melanephelinite melt as ring dikes in the framework

(2) Emplacement of alkaline ultramafic melts intherthern Khibiny and
northeastern Lovozero calderas with the formatibmwusive bodies com posed
of olivine pyroxenite, melilitolite, and olivine rtieigite (fig. 13a).

(3) Formation of the main Khibiny and Lovozerophito complexes of
peralkaline syenites.

In the Khibiny caldera:

— emplacement of peralkaline nepheline syenitegatmrter conic faults (khibinite
intrusion);

— further subsidence of the cauldron and formadibthe layered ijolite—melteigite
complex in the central zone of the caldera (fig0)13

— formation of conic faults in the ijolite—meltetigicomplex and emplacement of
phosphate-bearing urtite-juvite-kalcilite-syeniteray this faults (fig. 13c);

— formation of a new conic fault system in the canpart of the ijolite-melteigite
complex; breakup of its central zone and emplacémenephelinesyenite melt as
a core of pluton (foyaite intrusion);

— emplacement of carbonatite and pulaskite statkisd eastern part of caldera.
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In the Lovozero caldera:

— formation of conic faults and subsidence of tbetlswestern part of the caldera
accompanied by emplacement of the first batchepeoélkaline magma and its
crystallization as poikilitic sodalite syenite;
— further subsidence of the southeastern part efclidera. According to the
results of density simulation, the amplitude ofsdbnce (present-day position of
the bottom of the caldera) is 7-8 km; during thesipd, peralkaline magma filled
the entire depression with the formation of thealite-bearing layered lujavrite-
foyaite-urtite complex (fig. 13b);
— breakup of the central part of the differentiateparite-bearing complex and
emplacement of hypabyssal eudialyte lujavrite sitbn along the breakup zone;
— emplacement of the alkali syenite (pulaskitepusion into the central part of the
Lovozero caldera (fig. 13d).

(4) Formation of a dike complex in the Khibiny abhdvozero composed of
alkali picrite, olivine melanephelinite, nephelmit and phonolite dikes and
explosion pipes (fig. 13d).

Late magmatic stage

— formation of late microcline-albite pegmatoidsttwilmenite and zircon in the
framework of the Lovozero pluton;

— late magmatic processes in alkali syenite indéetral part of the Lovozero
pluton as a manifestation of waning magmatic agtivh the Khibiny and

Lovozero calderas.

Taking into account new geochronological data anelipusly published
isotopic evidence, the duration of the above-listgdnts, beginning from supply
of first batches of melts into calderas and upitashiing postmagmatic events
expressed in the formation of late pegmatoid vesestimated at >25 Ma.

The isotopic dating was carried out by B.V. Belkat8/NIIO keanologiya, St. Petersburg)
and A.V. Travin (IGM Siberian branch RAS, Novosikir This study was supported by the
Russian Foundation for Basic Research (projectli2s05-00244).
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SALT (CARBONATITE) MELTS OF THE BOL'SHAYA
TAGNA MASSIF, THE EASTERN SAYAN REGION:
EVIDENCE FROM MELT INCLUSIONS
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(IGEM), Russian Academy of Sciences, e-randreeva@igem.ru

The calcite-fluorite and fluorite rocks togethertlwcognate carbonatites are
commonly associated with alkaline ultrabasic comgse The magmatic or meta-
somatic (postmagmatic) origin of carbonatites hasnbactively discussed for
almost half a century. Nevertheless, no certaiwwa this subject has been settled
to date, especially concerning the usual carb@satnd fluorite rocks formed at
the late stage of the evolution of the alkalineramtafic complexes. Many
petrologists refer to these rocks as products ofasmenatic or hydrothermal
processes. The findings of melt inclusions in materfrom the aforementioned
rocks [1-4] served as conclusive evidence for theagmatic origin. However, an
attempt to estimate the composition of the respeatnelts in quantitative terms
was made only in [1, 3]. These data remain insieffic and it is necessary to
furnish additional data on the state and compasiiiomineral-forming medium of
such objects as a basis for understanding the igenfesar-bonatitic complexes.

In this communication, we report the results of etaded study of melt
inclusions and coexisting crystalline inclusionsmimerals of the calcite-fluorite
carbonatites from the Bol'shaya Tagna Massif indhstern Sayan region. This
investigation allowed us to reveal natrocarboratitielts responsible for the
formation of this rock and to estimate for the tfithme their quantitative
composition.

The Bol'shaya Tagna Massif is situated in the eas&ayan province of
alkaline ultrabasic rocks and car-bonatites. Thiassif is a rounded and
concentrically zonal-ring complex structure (4 kmdiameter) that demonstrates
the consecutive formation of ijolite-melteigite, peline and subalkali syenite
(microclinite), picritic porphyritic rock (alnoite)and carbonatite rocks [5]. The
abundance of syenites and microclinites and thengg development of fluorite
mineralization related to the formation of carbdaeatocks are distinguishing
features of this massif. Three types of fluoritebcaatites are recognized: (1) fine-
grained calcite carbonatites with fine- and venefcrystalline fluorite, hematite,
and apatite; (2) massive or banded ore consisfifigarite (0.n mm-1 cm in size),
calcite, K-feldspar, and aegirine (fluorite crystahry from fractions of millimeter
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to 1 cm in size); and (3) stringer-disseminatedwité fluorite crystals from 3-4
mm to 1 cm in size.

The studied sample is a coarse-grained fluoritdboaatite of the second type
composed of carbonate (~60 vol %), fluorite (~3Q ¥Yeldspar (<up to 5 %),
pyrite (2-3 %), and barite (up to 1-2 %). The cheahcomposition of the sample
and the rock-forming minerals is given in tableClarbonate is represented by
calcite with elevated contents of Mn (as much &w&. %) and an admixture of
FeO (<up to 0.60 wt %). The two-phase exsolutioncstire is often observed
(Table 1, analyses 5 and 6). One phase is Mn-ealarhile another phase is
kutnahorite (carbonate of dolomite group) that aorg 38 wt % CaO, 15 wt %
MnO, 10 wt % FeO, and 5 wt % MgO. It should be dotleat kutnahorite was
reported from carbonatites of the Khibiny Massifg@d carbonatites of Brazil [7].
Fluorite is characterized by an admixture of Sr@p(¢o 0.15 wt %) and REEs (the
total content of C#; and LaO; is up to 0.2 wt %). As much as 0.5 wt % SrO is
detected in barite.

The chemical composition of minerals, crystallimelusions, and daughter
mineral phases in melt inclusions was studied witbamebax-Microbeam micro-
probe with the following conditions: acceleratingltage 15 kV, current 30 nA,
and scanning area 5 x5 and 2 x 2 pum.

The primary melt inclusions and syngenetic crystallinclusions were
revealed in fluorite, K-feldspar, and pyrite frohadrite carbonatite. The inclusions
contain carbonates, fluorite, K-feldspar, aegirim®Jumbite, and pyrite. The
chemical composition of inclusions is presentetabie 1.

The crystalline inclusions in carbonates are represl by calcite, Na-Ca-
carbonate, and kutnahorite. The rounded calciteisians (30-40 pum in diameter)
have been found in fluorite and pyrite. Like thek-dorming calcite, this mineral
from the calcite inclusions contains as much asa2.80 MnO and 1.6 wt % FeO.
Sporadic columbite ingrowths in calcite have bedentified. Columbite is
observed as an extremely rare phase commonly reglapyrochlore in
carbonatites. Nonetheless, columbite in carborsatifehe Bol'shaya Tagna Massif
Is an accessory mineral that fits mangano-columiitecomposition (table 1,
analysis 14) and contains as much as 11 wt % Mm®wd % FeO, and 4.6 wt %
TiO..

The Na-Ca-carbonate inclusions in fluorite are deks euhedral prismatic
crystals 20-30 um in size (table 1, analysis 15 $tudied carbonate contains up
to 44.6 wt % CaO, 18 wt % MNa, and 4.5 wt % F, 3.7 wt % MnO, and as much as
1 wt % FeO. The occurrence of carbon and all athemtified carbonate phases in
this mineral has been supported qualitatively bgraprobe analysis. This mineral
iIs conditionally named Na- Ca-fluorcarbonate, beeawe failed to class this
phase with any known carbonate group. The empifazahula of this mineral was
calculated from the chemical analysis as*d@Cav, Mr*, F&.14)s.9[COs]7.00
(F2400H151)400. The calculated D and CQ contents are 1.31 and 29.66 wt %,
respectively, and the total is 101.09 wt %.
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Kutnahorite Ca(Mn,Mg,Fe)(C£), was identified as rhombic inclusions (20-
25 um in size) in K-feldspar. These inclusions@ose in composition to the rock-
forming kutnahorite.

In addition to carbonate phases, the crystallirmdusions of clinopyroxene,
K-feldspar, and opaque ore mineral were detectedluoarite of the studied
carbonatites. Fluorite inclusions were found in éfdEpar of the carbonatites.
Greenish acicular crystals of clinopyroxene (up6t pum long) correspond to
aegirine in composition. Prismatic crystalline usibns of K-feldspar range from
30 to 50 um in size and contain as much as 16.85wK,O. The opaque ore
inclusions were identified as pyrite.

500°C

Behavior of salt inclusion in fluorite from fluorit e carbonatites during a thermometric run
at 1 atm.

The irregular melt inclusions (30-50 pum in sizeg disposed chaotically in
fluorite (figure). The inclusions are completelystallized and they contain a
residual gas phase and daughter mineral phasdm(ede, fluoride, and chloride)
(table 2). Carbonates are predominant and repe$dayt calcite, kutnahorite, Na-
fluor-carbonate, nyerereite, and burbankite. Contjpos of the daughter phases
(calcite, kutnahorite, and Na-fluor-carbonate) igentical to the compositions of
these minerals observed as crystalline inclusidhgerereite (Na-Ca-carbonate)
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and burbankite (Ba-Sr-carbonate) are rather rarpemais. They have been
identified as daughter phases in melt inclusionstiie first time. Nyerereite is
characterized by elevated contents gOKFeO, and MnO (6.0, 1.3, and 1.3 wt %,
respectively). Burbankite contains 12 wt % SrO a2nat % CeOs. Fluorite and
villiaumite are fluoride minerals contained in tmelt inclusions. The presence of
fluorite as a daughter mineral of melt inclusionscarbonatite is quite natural.
However, villiaumite NaF is atypical of such a mi@leassemblage. It should be
noted that the daughter fluorite is moderately@md in SrO (<up to 0.7 wt %).
Qualitative microprobe analyses have indicatedptiesence of halite (45.57 wt %
Na,O and 36.31 wt % CIl) and sylvite (52.82 wt %Kand 31.74 wt % CI) as
daughter chlorides.

In general, the mineral assemblage of melt inchsion fluorite from
carbonatites of the Bol'shaya Tagna Massif is adest with mineral composition
of carbonatitic lavas of the Oldoinyo Lengai VoloafTanzania), where Na-Ca-
carbonate (nyerereite), Na-carbonate (gregoryigg;carbonate, fluorite, and
sylvite have been identified as phenocrysts andrgtanass minerals in the lavas
[8].

The thermometric experiments with melt inclusionsrevcarried out on a
Linkam TS 1500 microscopic heating stage with Misgantrol. The first
indications of melting of crystalline phases webserved at 280 °C; thereby, the
gas bubble acquired a perfect spherical shapeOArE, the inclusions contained
melt and one or two relict crystalline phases. Ttheplete homogenization of
inclusions into salt melt was attained at 520-5Zh During the subsequent
cooling, the melt completely crystallized into acnogranular aggregate of
guenched crystals. The phase transformation ofidlogite-hosted melt inclusions
in fluorite in the process of heating is illustria the figure.

A complete scanning of the chemical compositionhomogenized melt
inclusions in fluorite analyzed by scanning ovee thole area allowed us to
estimate the composition of the salt melt (tabletlZt produced the fluorite
carbonatite (table 2). The melt is characterize@Xtyemely high contents of pa
(up to 22 wt %) and CaO (up to 10 wt %), as welbgp®levated contents of FeO
(up to 7 wt %), MnO (up to 4-5 wt %),

K,0O (up to 3-8 wt %), SrO (up (0.6-0.8 wt %), and Ba to 0.6 wt %), F,
and Cl. The natrocarbonatitic melts have been dwtexd previously only once as
inclusions in melilite from melilitolites of the @&diner alkaline ultrabasic complex
in eastern Greenland [9]. It should also be mertiothat a microprobe analysis of
inclusions was performed during two stages. Fivet, determined the major
components, BaO, SrO, S, and Cl. Then, F and REs analyzed. The mineral
phases within inclusions are unstable under electbream and burn down
completely in the process of microprobe analysesné#, determinations of F, Ce,
La, and CI can be incomplete. Therefore, we cheakelg these elements in
several inclusions (table 2, analysis 12). It hesnbestablished that the studied salt
melts are substantially enriched in the aforemaewetiotrace elements (e.g., F up to
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1.65 wt %, CgOs up to 1.3 wt %, and Cl up to 1.0 wt %). This insistent
with the occurrence of chlorides, fluorides, andERtearing Ba-Sr-carbonate as
daughter minerals in the melt inclusions.

The studied carbonatitic melts reveal obvious castijmal similarity with
carbonatitic lavas of the Old-oinyo Lengai Volcamo Tanzania (table 2).
However, it should be noted that the analyzed melusions have a lower sum
total of components (without the consideration dD,Cin the analyzed melt
inclusions (table 2, analyses 9-11) in comparisath the sum total of chemical
analyses of the Oldoinyo Lengai lavas (table 2)ymes 13, 14). This may be
caused by loss of Na in the process of micropratadyais. The phys-icochemical
similarity of the studied melts and the Old-oinyengai carbonatitic lavas is also
supported by the following fact: the homogenizatiemperature of fluorite-hosted
melt inclusions in fluorite (520-525 °C) is almoste same as the magma
temperature (544 °C) measured during the eruptibrthe Oldoinyo Lengai
Volcano in 1988 [8].

Thus, the detailed study of fluorite-hosted metltlusions in fluorite from
fluorite carbonatites of the Bol'shaya Tagna Masst shown that this rock
crystallized from a natrocarbonatitic melt markeéiyiched in Mn, Fe, Ba, Sr, Ce,
F, and CI. This melt reveals physicochemical sintifawith lavas from the
Oldoinyo Lengai Volcano. A compositional differenbetween these rocks and
melts (particularly, in terms of CaO andJacontents) may be accounted for by
instability of sodium carbonates and chlorides @@ removal with fluid phase at
the late stage of magma crystallization. The sqdiases could also have been
leached by water from the rock, but this procedsss probable because leached
cavities are absent in the rock.

The authors are grateful to P.M. Kartashov for usefonsultations during
the preparation of the manuscript.
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YInstitute of Geology of Ore Deposits, Petrograptiineralogy, and Geochemistry, Russian
Academy of Sciences, Russia

Many deposits of rare elements (Be, Zr, Nb, REE, avid others) are
genetically related to acid agpaitic (with the modéio (NaO + K;0)/Al,O3 > 1)
magmas [2]. The concentration of these elementst riksly results from
crystallization differentiation leading to theircagnulation in the residual melts at
the expense of low coefficients of minor elementtipaning between silicate
minerals and melts Kovalenko et al., [4]. Graduetuanulation of incoherent
minor elements in melts may be violated by sepamadif salt melts from magma.
According to the experimental data [5], minor elaetseare most effectively
extracted by fluoride melts. Because of this, atkesalt liquid immiscibility is an
important factor of geochemical and metallogenioleion of magmas. The
formation of chloride melts during the evolution afagmatic systems was
established for some objects [6]. The presencduofifie melt in acid magmatic
systems was described in individual cases [7], eaxh new finding is of intense
interest. In this paper, we discuss the resultghefstudy of melt inclusions in
phenocrysts from magmatic rocks of Pantelleriangl#Central Mediterranean,
Italy) [9], in which liquid immiscibility of alkalne acid magmas with the formation
of salt melt was observed. Chloride melts in inidos and glasses from rocks of
Pantelleria Island were first discovered in 1980][and hereafter were described
in glasses of the rock groundmass [11].

The melt and fluid inclusions were studied in phagsts from ignimbrite
and pantellerite collected in different parts ohte#leria Island and related to the
precaldera and postcaldera stages of volcanisnuwol Salt globules in glasses
of melt inclusions were observed in phenocrystsalgline feldspar and rare
guartz phenocrysts. The compositions and behaviomelt inclusions from
different minerals and rocks are quite similar;ttlsawhy in this paper we will
consider inclusions in phenocrysts of alkaline $plat from pantellerite. Inclusions
in precaldera pantellerite (Sample 16, Cala deiq@n Denti) and postcaldera
pantellerite (Sample 19, Contrada Gadir) are medit studied.

Feldspar phenocrysts are presented by anorthoalélsdow concentrations
of CaO. Partially crystallized melt inclusions ihetn contain glass, rims of
daughter anorthoclase on walls of vacuoles, andoangstalline salt globules.
These inclusions contain unusual skeletal and Yermifluorite segregations. The
portion of daughter anorthoclase crystallizing oolusion walls is 18-55 vol %.
The composition of the daughter anorthoclase riffifierdi strongly from the
composition of the host mineral by the,6gconcentration (up to 10 and 0.5 wt %,
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respectively), which increases toward the centethef inclusion. Such alkaline
feldspars (up to 18.4 wt % k®&s) were described in some lamproites of the United
States [12] and Spain [13] with a high Fe/Al rahat is also typical for glasses of
the considered melt inclusions (table 1, analykis 1

Tabnuma
Compositions of coexisting silicate and salt mel{svt %)

1 2 3
SiO, | 71.25 -
TiO, 0.77 0.0 0.0
Al,Os | 3.62 0.0 0.0
FeO 871 086 04
MnO 054 015 0.0
MgO 0.16 090 0.0
CaO 0.26 227 1.9
Na.O | 3.83 65.86 520
KO 3.82 0.0 0.0
ZrO, 033 09 04

F 0.18 259 14
Cl 055 10.2 438
Cymma | 9247 100 100

Note: (1) Silicate melt; (2) fluoride-chlor(3) chlorideelt.

Melt inclusions contain salt globules of two typesostly halite (NaCl) and
halite-villiaumite (NaCl + NaF). A CaFadmixture is registered in both types.
These are polycrystalline spherical aggregatesmglier up to 10-15 um) or
segregations along the boundary of gaseous isolafoe inclusion may contain
up to 20-30 globules, and their total amount magcihea few percent of the
inclusion volume, up to 10 vol % in some cases.ldgaus salt aggregates were
also found in the glassy groundmass of some adwhma rocks (Cala dell'Alture,
Punta Scauri, Cuddia Gadi). The chemical compasitioglobules of the first type
corresponds to practically pure NaCl (average f&2nanalyses): 98.7 mol % NacCl
+ 1.3 mol % NaF. Ca and Fe are strongly dependable(1, analysis 3). Globules
of the second type are characterized by stronghatiee optical relief because of
the prevalence of villlaumite crystals (fig. 1). éflcomposition of globules
corresponds to a mixture of NaCl and NaF with amiature of Ca, Mg, and Fe.
The concentration of NaF ranges from 36 to 99 molt% important that globules
of both types are registered separate in silicatéét mclusions, although direct
contact between them was never observed. Thusnenimclusion three mixed
NaCl-NaF globules containing 35, 8, and 99 mol % Meere analyzed.

Figure 1 shows one melt inclusion in alkaline fplaisphenocryst (Sample 57
collected in the region Cala dei Cinque Denti) edrihg two saline globules. One
of them is mainly presented by villiaumite, the estrone halite. The study of
theircompositions on the scanning ion microprobam@ca" IMS-4f (Institute of
Microelectronics and Informatics, Russian Acadenfy Swiences, Yaroslavl,
analyst S.G. Simakin) provided evidence for cleaichment of the salt fluoride
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melt in Be, Nb, Zr, Y, Ce (fig. 2), Nd, Rb, and in comparison with the
coexisting silicate pantellerite melt. As is evitléom table 1 (analysis 2), the Fe-

b
Fig. 1.Microphotograph of silicate melt inclusion in feldspar (a) and fragment of this inclusion with
two globules of predominantly NaF and NaCl composibn (b).

Transmitting light, parallel nicols. Fls is the alike feldspar. Scale bar is 10 pm.

Fig 2. Distribution of minor elements in the salt globuleobtained by the Camebax scanning ion
microprobe.

The dashed line in the microphotograph in trangmgitight shows the part of the globule exposedtan
surface. The black field around salt material anithages of concentration distributions is prestibie
silicate glass. Scale baris 5 um.

bearing saline globule is enriched in Zr by alntbste times relative to the silicate
melt, whereas the essentially chloride melt of gleb (analysis 3) is not
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characterized by such enrichment: the coefficiehtZp partitioning between
chloride and silicate melts is close to 1.

Complete melting of material of glodules of thesfiitype was observed at
heating up to 740-760 °C. Dissolution of salt nratied fluorite crystals in the
silicate melt was observed in a wide temperatungeafrom 760 to 930 °C. In
some experiments we managed to simulate the prisgapgarance of inclusions
by their rapid cooling to 580-560 °C. Vermiform Gaifystals and NaCl globules
were precipitated synchronously in them. Completmdgenization of inclusions
was reached at 930-1020 °C. Inclusions treateamaptete homogenization (with
melting of the daughter anorthoclase rim on indoswalls) did not extract salt
melt with a temperature decrease. Such behaviorost likely explained by the
strong dependence of F solubility on the {Qa K,O)/Al,O; ratio in the melt [14]
or kinetic factors.

Melting of salt crystals in globules from the ghaggoundmass of ignimbrite
and pantellerite with subsequent homogenizatiai@fsalt melt (disappearance of
gaseous bubbles) occurred at a temperature cla&0toC.

The first signs of phase changes (most likely r&tadlization) in globules of
the second type were observed at 250 °C. Furth@pdrature increase resulted in
melting of all crystals (500-650 °C) and the appeae of gaseous bubbles.
Homogenization of the salt melt with dissolutiontbé gaseous phase in it (680-
780 °C) was observed at temperatures close to henmagion of NaCl globules.
At this moment, melt inclusions contained dauglateorthoclase, silicate and salt
melts, and the gaseous phase. Inclusions were etehphomogenized at 1035-
1070 °C.

Thus, we obtained the first direct evidence for #wdastence of high
temperature sodium chloride and fluoride melts adrad in microelements and
formed as a result of pantelleritic magma diffeiaidan. Essentially fluoride melts
were previously described in comendite of Centralnlyblia [7] and ongonite of
Eastern Transbaikalia [8]. In all cases the commrs of salt melts were
characterized by significant variations. |. Perehk and E. Savina noted the
presence of several immiscible fluoride melts wdtfierent cation compositions.
In this connection our observations of the assmriabf essentially fluoride and
essentially chloride melts in inclusions are qumteresting. Interpretation of such
observations is ambiguous, because there is oreteuand complete solubility in
the liquid state in the pure NaCl-NaF system. lyrba assumed that the presence
of salt phases with contrasting compositions resudliom kinetic factors.
Alternatively, the data by Z.A. Kotel'nikova and RA. Kotel'nikov [15]
demonstrate that the behavior of fluoride systesnstiongly dependent on the
presence of silicates because of the high siliodubdity in NaF solutions. That is
why the behavior of chloride-fluoride phases in gresence of silicate minerals
and melts, especially those containing additiooahgonents (for example, Ca, Fe,
Mg, and water), may strongly differ from the belmavof the simple NaCl-NaF
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system and it is impossible to exclude the postibdf immiscibility between
essentially chloride and fluoride melts.

The obtained qualitative data on the distributidrmnor elements (fig. 2)
confirm experimental data of 1.V. Veksler [5] onetlhigh extractive ability of
fluoride melts regarding REE. In addition we dentoated that fluoride melts
were also enriched in Zr, Ba, Nb, and other incarbpmelements. The coefficient
of Zr partitioning between fluoride and silicate Itaas significantly higher than 1
(=3), but lower than the coefficients of REE paostitng obtained by 1.V. Veksler
[5] (10-200). This provides evidence for the fdwttseparation of small amounts
of fluoride melts may result in significant fraatiation of minor elements and
influence metallogenic specialization of deposiisted to alkaline rocks.

Paboma ewvinoanena npu noodepocxe epamnma PODH 13-05-00498,
npoepamm OH3 u npoexma Bedywux wkon
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GEOLOGY, PETROGRAPHY AND MINERALOGY OF
THE ZARYA PIPE KIMBERLITES
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’Amakinskaya geological prospecting expedition, “G8ISA” OJSC, Mirny;
3Botuobinskaya geological prospecting expedition,. REOSA” OJSC, Mirny

The paper summarizes the available data on the ichkernomposition,
petrography and mineralogical characteristics ohberlite rocks from the Zarya
pipe. There have been used the original data forrthestigation of the content and
distribution of the debris of sedimentary rocks aftdamafic xenoliths in kimberlitic
core from exploration bore holes, the presencelivine and pseudomorphoses by
them as well as autolytic formations in differemtrieties of kimberlites. It shows
results of the study chemistry of kimberlite rocaad content of minerals as
composition of the bulk according to the X-ray stwdl groundmass.

Petrography and mineralogical evidences suggestthigakimberlites of the
Zarya pipe are characterized by relatively low eohbf indicator minerals with the
predominantly garnet indicator minerals associatipredominance of crimson
pyropes |herzolite paragenesis, low frequency a@uoence titan rich garnets, two
types of the compositions ilmenites and very lowmteat of chromites. It can be to
believe that these parameters are characteristioeofelatively low diamonds grade
kimberlite body.

Research results of garnets chemistry and datéhematio of eclogitic and
peridotitic paragenesis of garnets, in the cone¢awf this pipe, given the number of
paragenetic associations diamond paragenesis sbawotcurrence of eclogitic
garnets among the indicator minerals. It shows & @mntribution of eclogitic
paragenesis diamonds in diamond population ofgipe that, in our opinion causes
low content and quality of diamonds from the Zapyze.

INTRODUCTION AND GEOLOGICAL WORKS OBSERVATIONS

The Zarya pipe is located in Alakit-Markha kimbgxlfield within the area of
Aikhal mining processing of «<ALROSA» OJSC. The Zaryimberlite pipe is
located on the distance 5 km from Aikhal town asa isteeply dipping body with
sharp contacts with the host rocks. Zarya pipe dwssovered in 1973 when there
were conducted exploration works on the networkxXa0@ m by geologists
Amakhinsky geological exploration expedition undiwe guidance of 1. Y.
Bogatyh. In the same time, it was delineated om#tevork bore holes 160x80 m
and opened to a depth 50 m. According to a noresgmtative core sampling it
was established it's miserable diamond grade. Tisen® data in the literature on
the geology of this kimberlite pipe; its descriptias not given even in the
monograph of the overview of kimberlite depositptftat prompted us to prepare
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this article.

In 2007 within the exploration object Sokhsolooh¢ktea by the Amakhinsky
geological expedition on the Zarya pipe was carmed additional testing of
kimberlites with the using of large diameter dnit)i whereby representativeness of
kimberlites grade testing significantly increasaderage weight of samples was
260-450 kg. Wherein within the limits of pipe waentified central ore body with
rather high diamond content (0.2 ct/t). Accordiadite drilling data it is found that
the pipe size is 410x255 m, and the size of a akote body — 410x (150-100) m.

In connection with the fact that the kimberlite Yapipe is considered by the
«ALROSA» company as an additional source of minings after working off
Komsomolskaya pipe, it have been decided to coetihe study its morphology
and diamond grade. In 2009-2012 was continued stiidyne Zarya kimberlite
pipe geology. Search and evaluation works carried Aiakhinsky geological
expedition by the network of bore holes 80x40 a@d4d m with the deepening
them to kimberlites 300-400 m (to horizon +200 -0 1f).Carried out work is
confirmed by a central ore body and two phasesirttreduction of kimberlite.
According to the research carried out geologistsalimm geological exploration
expedition, kimberlites | phase of the introductisnpredominantly porphyritic
kimberlites and central pillar body complex maimlytolytic kimberlite breccias.
Average diamond content in the ore body, accordintesting, is 0.24 ct/t, and
porphyritic kimberlites — 0,05 ct/t. According dinlg data it is found that the pipe
size is 465x260 m and ore body - 350-160 m.

GEOLOGY OF THE ZARYA KIMBERLITE PIPE

The Zarya kimberlite pipe has ellipsoidal form ilam It is stretch northeast
on azimuth 56°. The particularities of the geolagjiconstruction of this pipe are
reflected on the schematic plan and section (Fig.The Zarya kimberlite pipe
completely overlapped thick layer of the rocks présd by the dolerites and tuffs
with the large blocks of sedimentary rocks of tly&halsky suite. The average
thickness of overlaying rocks is 103 m. Surfacehef ore body under overlaying
rocks not even, but slightly wavy, northwest flaok the pipe is elevated
comparatively south-east on 7 - 16 m. Pipe sizeeunderlaying rocks is 465 x
260 m (fig. 1a). With the depth ore body becomes@isymmetrical dumbbell
form with the expansion in northeast part andiie s powerfully decreases. The
ore body is built by the autolytic kimberlite breas and porphyritic kimberlites.
Autolytic kimberlite breccias form the central ot@dy and intruding the
porphyritic kimberlites. The industrial interesepents only central ore pole.

According to the data of geologists from the Amakhkly expedition V.V.
lvanov and F.F. Tyurin (2012ontacts of ore body with surrounding rocks are
clear and sharp. The fall angles of the ore body wwer a wide range: in
northwest part corner of the pipe fall angles a/¥rom 55 - 65° to 76° - 82° for
the horizon +400 - +350 m and between horizons +30850 m they plateau up
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Fig. 1.Schematic plan of the geological construction of thZarya pipe.
a) - contours of the pipe on different levels; lgemlogical section on lines VI-IV.

35° - 45° but below horizon +300 m they become\gertical. In south-east part of
the pipe fall angles of the ore body more gentpsig (40° -55°) for the horizons
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+400 - +350 m and sub vertical below these levieé Jouth-west board of the ore
body is characterized by the sub vertical conté@®s- 84°) till horizon +400 m
and below horizon +300 m and plateau angles -&2° -between horizons +400 -
+300 m. The northeast board of the ore body fallthe center of the pipe at the
angle 86° till horizon +360 m and below this lefedl angles inverse to the center
of the pipe and become 67° - 76°. In kimberlitezsel of contact zones are noted
xenoliths of surrounding carbonate rocks by the &iam the first meters up 10 x
30 m that are most characteristic for the southt\wast of ore body. In ore pole,
except rare debris surrounding rocks exist cutqooighyritic kimberlites with the
size from the first meters up to 35 m. In the cohine of kimberlite body with
containing rocks are noted zones of the crushinorete rocks from the first
meters up to the tenth of the meters. In theseszarenoted kimberlite veins from
1.2 m up 8.8 m. In most cases zones of the crugindgleformation are connected
with the horizons of limestones and marls of thedo Silurian baytahsky suite or
to dolomite horizon of the lower Ordovician oldosky suite. As a whole,
surrounding rocks in zone of the contact with threlderlite body are characterized
by raised fracturing and presence of mirror slidd®re quite often are noted
calcification and sulphidization of rocks.

As it was noted above, the Zarya kimberlite pipdudt by two kimberlite
types that are formed on different stages of itm&dion and are differ on the level
diamond grade and contents to heavy faction. Orfitbiestage were formed the
low grade porphyritic kimberlites that composingthaest, south-east and south-
west flanks of the ore body and on the second stegre formed industrial
diamond grade Autolytic kimberlite breccias of tentral ore pole. The contacting
hybridization zone between these types of kimbherlibcks is accompanied by
elevated content of xenogenic material.

Autolytic kimberlite breccia’s and porphyritic kireldites greatly differ on
their diamond grade, the content of diamonds irfitiseis nearly in 4 times above
than in the second and content of heavy fractiarenails on 13% above.

PETROGRAPHY OF KIMBERLITES FROM THE ZARYA PIPE

Petrographic features of kimberlite, executing #aya pipe, is based on
result of the study 180 samples, selected fromctire of thirty nine exploration
bore holes.

The Zarya kimberlite pipe is built by two petrognaptypes of kimberlitic
rocks: porphyritic kimberlites (PC) and autolyticriberlite breccias (AKB) with
broad variations forming their component (TableKlinberlite of the Zarya pipe
inherent certain image blur of the structured sigimsre are no clear contacts of the
rockforming minerals with the groundmass that wated on sections of all bore
holes. Particularly this image blur reveals itself surface zones that vastly
obstruct the count of rockforming components; wité depth the drawing of rocks
becomes more distinct.
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Table 1.

Component composition of kimberlite rocks from Zarya pipe (the results of calculation of
components in core, line.%)

Xenoliths Pseudomorphoses after olivine

e Setdimen tL)JItrg Metamo E;?t;ma Garnet | llmenite] Total Grain size, mm

ar asic :

rocl)</s rocks | "PMicrocks content 1.2 | 2.4 | 4-8| 81§
1 2 3 4 5 6 7 8 9 10 11 12

Porphyric kimberlite
1 3,74 5,62 0 0 0,79 0,63 26,19 8,89 11}62 1§,18 10,5
2 3,73 0 1,34 0 0,19 0,39 25,4 8,65 10/45 4,35 2,35
3 7,26 0 0,83 0 0 0,45 1949 7,32 7,59 332 1,26
4 0,28 1,55 1,94 0 0,28 1,21 16,38 4,3 B5 3,342 3,
5 8,29 0 1,05 0,29 1,35 0,48 1948 5,72 58 51351
6 1,4 0 13,08 0 0,49 0,25 21,36 8,1l 9,68 2,552 1,06
7 4,87 2,44 0 0,09 0,45 0,41 1501 6,49 61,6131 0,
8 2,02 0 3,11 0 0,15 0,34 2436 7,38 9 56 1,38
9 1,91 7 0 0 0,07 0,57 2522 7,79 1365 2,77 1,01
10 2,01 0 1,72 0 0,58 0,58 2563 7,21 9p6 652422
11 4,89 1,22 8,53 2,71 0,92 0,57 2532 947 937486, 0
12 6,84 0 2,65 0 0,63 0,37 20,06 6,64 8p3 2,49 23
13 5,38 0,3 2,49 1,61 1,67 1,64 25,17 9,66 12 3,50
14| 11,83 0,56 0,31 0 1,26 0,23 26,28 11}59 9|62 9 4,0,58
15 3,21 0 3,35 0,4 0,18 1,28 23,64 6,51 86 53,3213,
Autolitic kimberlite breccia

16| 24,48 0 0 18,87 0 0,21 10,37 4,69 404 164 |0
17 6,1 0,75 6,9 2,12 0,54 1,04 24,12 8,83 10,1252,8,12
18 29,5 0 0 12,24 0 0,32 1356 341 565 35 1
19 7,39 0 2,36 0 0 0,37 27,44 9,29 9,06 7,62 1,47
20 2,1 0 0 33,57 0 0,11 2,37 1,19 1,18 0 0
21 5,09 0 0 3,06 0,29 0,31 1402 7,47 6,55 0
22| 41,08 0 0 0 0 0,28 1298 541 518 234 |0
23| 15,08 0 0,35 19,5 0 0,15 19,74 578 8[/13 4,339 |0,
24| 26,98 0 0 13,4 0 0,75 14 7.5 535 1115 |0
25| 36,01 0 0 11,19 0 0,25 16,76 6,19 5Pp7 46 0
26 14,3 0 0 8,19 0,33 0,73 1521 5%4 509 248 (1,2
27| 10,15 0 12 5,84 1,39 0,56 18,64 7,06 774 3,80
28| 22,82 0 0 6,26 0 0,35 1506 5,38 6,47 321 |0
29| 42,08 0 0,96 0 0,2 0,36 11,19 4,97 428 135905
30 8,26 0 0 1,39 0,43 0,61 21,92 6,92 819 1528315

Porphyritic kimberlites present itself rocks of gray and ligindy colour,
sometimes with pale-blue or brown tones. The dinects fine- and middle-
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porphyritic, texture massive and fluidal in somaagals. Coarse-grained porphyritic
kimberlites, characterizing dominating amount atioe pseudomorphoses with
the size up to 5 mm, are presented only in singieptes. The olivine separations
are completely serpentinized and have oval, angalard and much seldom
angular form. Their contents vary from 13 to 38%th& average content is 23 %.
Distribution of phenocrysts in the rocks is compiaedy even. Serpentine
pseudomorphoses sharply stand out on the backgroltite kimberlite matrix
and are executed light-, dark-green and light-br@gmentine. On the place of
some phenocrysts are noted emptiness’s and cawsftssrpentine dump leaching,
which are safe in the manner of serpentine rindshensides of the emptiness’s.
Pseudomorphoses on Il generation of olivine that €€ mm in size by their
composition similar to pseudomorphoses of the fisheration. In the majority
they are oval and are executed the same serpeNMammtion in the contents of
pseudomorphoses and the other components are estential (see table 1).

The porphyritic kimberlites are characterized byaf content of xenogenic
material that is presented by the single debrisedfimentary rocks (on average 4
%) and xenoliths of crustal and very seldom of ti@ntle rocks (0.6 %). Their
distribution is uneven as on separate samples daheodifferent bore holes (fig.
2a). The average content of metamorphic rocks xdmolit porphyritic kimberlites
is 0.98%. Basically, these are small single deldiemmneter which does not exceed
1cm.

Autolytic kimberlite breccias, composing given @ipare presented by the
rocks gray in color, containing at the average If%e sedimentary rocks debris.
In majority, these debris are of the oval or angubainded forms dark- and light-
gray (less dark-green) of the color and are presehy carbonate-clay rocks that
vary in sizes from 0.5 to 2-3 cm; portioned in kerlite breccia comparatively
evenly. The texture of the rocks in a whole is braed and of kimberlitic cement
is fine- or middle-porphyritic. The ball texture tfe ground mass is displayed
enough clearly, spheroidal shells are situated enipperies of pseudomorphoses
and debris of the sedimentary rocks in the manfiesn@ll spherical isolations
fine-grained constructions and variable power, midaek of the color, than the
main matrix and comprises of itself pseudomorphaselivine Il generation.
Pseudomorphoses by olivine of the I-st generatierbasically executed greenish-
gray and brown serpentine and subordinated cal€ieir contents noticeably
lower in contrast with porphyritic kimberlites af@ms at the average about 18 %.
Most clearly difference of the described typeshaf tocks is tracked in contents of
pseudomorphoses by olivine and debris of the sedamgrocks (fig. 2a).

The clear difference between PC and AKB existshim $ame way and in
percent ratio of olivine (pseudomorphoses) of d#fe sieve classes (fig. 2b).
Amount of grains class 1-2mm always dominates mplpgritic kimberlites, at the
average forming 56 % (in the calculation of tothvine 1 generation content in
size > 1 mm in every sample was taken for 100 % #redeby, did not depend on
the other rocks forming components). The olivinateat of class 4-8 mm in AKB
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is low than such in PC. The constancy of the oévulifferent sieving class
relations within one petrographic kimberlite typgmobably, is conditioned its
genetic individuality, reflecting thermodynamic dmons of crystallizations.

a)

30

T DUAVAAVAY.. NV 1
VN

X5

10

] B EINENMERERE
VY
‘“%““|<°"2°‘<°‘f:“<°"%‘“<

55 56 | 57 59 | 60 | 61 62 64 73 76 | 84 |mean

—
-

PK
AKB
PK
AKB
PK
AKB
PK
AKB
PK
AKB
_PK
AKB
PK
AKB
PK
AKB
“PK
AKB

48 | 49 | 52 53 | 54a

= Detris of sedimentary rocks
b) —+—Whole content of olivine pseudomorphoses

30

Fig. 2.Distribution of sedimentary rock debris and olivine pseudomorphoses in kimberlites
of the Zarya pipe.

a) on separate bore holes, in PK and AKB, b) distion olivine pseudomorphoses in different
sieving classes.

The difference in olivine relations between diff@rekimberlite types,
probably, is indicative of difference in T-condit® of the diverse stages of
kimberlite formation, and on a certain deficit divimme (MgO) component in the
final intruding phases. The stable proportion imteots of different sieve class
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olivine is one of the most stable sign, which iptikgractically in all studied pipe.
This relation can serve priority at the typificatiof kimberlite rocks and dividing
of different intruding phases.

PARTICULARITIES OF THE CHEMICAL COMPOSITION OF THE
ZARYA PIPE KIMBERLITES

The chemical composition the Zarya pipe kimberliess analyzed on the
same samples, on which was realized macro petrogramalysis of the rocks
(105 samples was analyzed). The results of the iclaéstudies of the kimberlitic
groundmass of the Zarya pipe have shown that potghykimberlites are
characterized by increased FeO content and raigeterds of oxides Ti©Qand
P,Os, in contrast with autolytic kimberlite brecciasorRhe explored samples are
typical broad variations of chemical compositioreewvithin one petrographic
kimberlitic type, as evidenced by data (table 2§ asorresponding graphic
construction (fig. 3). The maximum contents ofcsilnoted in autolytic kimberlite
breccias of the bore holes&42, 64 and in porphyritic kimberlites bore hobés
56, 57, 59. As a rule, for these samples are typadso raised contents of
magnesium and lowered contents of calcium. The MgQent is broadly vary in
different samples and separate bore hole in potghykumbepinrax and,
particularly, in autolytic kimberlite breccias (eefto fig. 3), under similar average
contents - 23 wt. % MgO.

It should be noted comparatively high Ti€dntent of kimberlitic rocks of the
Zarya pipe. The maximum contents of titanium oxidenoted in porphyritic
kimberlites from bore holes 53 and 57 (up to 1.9 %t TiO,), as well as in
autolytic kimberlite breccias of the bore holesa@ 62 (up to 3.2 wt. % TiD
The average contents of Ti@re close in both types of the rocks and formwit,6
% TiO, in porphyritic kimberlites and 1.5 wt.% - in auttt. Raised TiQcontent
of kimberlites is a negative factor for their diamlograde and is indicative of
aggressive nature corresponding to upstanding kitdbenmagma [1, 8] that
usually conditioned of the presence of corroded ranchded crystals in diamond
product. It should be emphasize that high gradegias a rule, differ by the
lowered TiQ content of kimberlites [6, 8].

For both kimberlite types of the Zarya pipe is tgdinearly alike average
content of FgO; (6.4 wt. %). The maximal F@; contentsare noted in porphyritic
kimberlites bore holes 55, &4nd autolytic kimberlite breccias of the bore hole
54a, reaching up to 9.5 wt. %. The maximal contenthef aluminum oxide is
noted in kimberlite of the bore hole 61 (autolybeccia) and 62 (porphyritic
kimberlite), at the average it is slightly higherthe autolytic breccias. For studied
kimberlites it is typical very narrow variations manganese contents. Particularly
uniform distribution of manganese is fixed in poyptic kimberlites, standard
deviation make up 0.01 wt. % MnO.
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Table 2.
Chemical composition of kimberlites from Zarya pipe(wt. %)
Ne | SiO, | TiO, | AlL,O3 | F&0; | MnO | MgO | CaO | Na,O | K0 | P,Os | Ppp | Total
Autolytic kimberlite breccia
1 |210| 1,2 2,9 5,6 0,1 18,8 24,0 0,0 0,3 02 26,3 999,
2 | 270| 14 1,3 5,8 0,1 26,8 15,8 0,1 0,1 0,3 21,9 ,7100
3 23,2 1,7 2,6 8,5 0,1 21,y 18)7 0,1 0,6 0,5 2,3 ,200
4 25,8 15 1,3 7,0 0,1 25,1 164 0,2 0,4 0,3 2,6 ,800
5168 | 2,0 3,0 11,7 0,1 13,b 24,8 0,0 0,6 Q0,7 26,55 ,799
6 | 244 1,0 1,4 6,0 0,1 22,6 21/6 0,0 0,5 04 23 ,300
7 | 246 | 22 3,0 9,2 0,1 23,6 15)9 0,2 0,4 Q0,7 20,5 ,300
8 22,6 1,3 1,9 4,3 0,1 19,y 227 0,0 0,3 0,5 26,9 ,400
9 30,8 3,0 3,1 8,7 0,2 32,9 53 0,8 0,0 0,8 15,3 400,
10| 243 | 1,0 2,9 5,9 0,1 18,9 20,9 0,0 0,1 04 2b,6 ,Q00
11| 239 | 1,2 2,3 5,2 0,1 20,1 21,0 0,1 0,1 0,2 2b9 ,100
12 | 21,1 | 0,7 3,9 4.4 0,1 22,8 215 0,1 0,3 0,3 26,1 ,700
13 | 27,5 1,4 1,7 4,1 0,1 298 143 0,8 0,2 g,3 21,5 ,7100
14 | 24,6 1,8 2,7 6,5 0,1 31,0 10,1 0,4 0,7 0,5 2.6 ,a01
15| 20,3 | 0,9 2,8 4,1 0,1 20,5 22,8 0,1 0,6 g3 27,8 ,400
16 | 25,6 | 1,8 2,9 5,7 0,1 24,8 16,7 0,2 0,5 04 24 ,800
17 | 23,8 15 1,2 7,1 0,1 20,6 21,0 0,1 0,0 Q,2 26,0 ,6.00
18 | 22,5 0,9 1,0 5,9 0,1 19,8 23,2 0,0 0,1 Q,2 27,2 300
19 | 25,4 1,3 1,9 5,6 0,1 259 17,1 0,2 0,3 0,4 2,8 900
20 | 226 | 1,7 2,3 5,1 0,1 156 25/ 0,0 0,4 0,6 259 499,
Porphyric kimberlite

21 | 24,7 0,3 4.5 4,2 0,1 20,9 19/7 0,2 0,1 0,1 26,3 ,300
22 | 28,3 1,8 2,0 7,5 0,1 248 14)0 0,8 0,5 0,5 20,0 899,
231239 | 16 2,0 5,9 0,1 21,0 19,8 0,3 0,6 g5 24,4 ,200
24 | 2800 | 1,6 1,7 7,5 0,1 27,0 135 0,3 0,5 0,3 20,0 ,300
251293 | 1,7 1,9 8,2 0,1 25,y 13,3 0,3 0,3 04 19,6 ,800
26 | 26,9 1,5 1,8 7,5 0,1 26,6 14,7 0,8 0,3 0,5 20,2 ,400
27 | 24,3 2,0 3,7 6,5 0,1 20,5 19,2 0,8 0,8 0,6 2p,2 ,200
28 | 27,1 20 1,7 9,2 0,1 27,9 122 0,2 0,5 04 1P,2 ,6.00
29 |1 229 | 2,0 1,9 9,3 0,1 21,1 19,0 0,1 0,2 g5 235 ,600
30 | 23,2 1,0 2,3 4,1 0,1 21,2 21,8 0,0 0,1 0,4 26,1 ,400
31 | 23,2 15 2,0 4,1 0,1 22,y 20,8 0,2 0,3 Q0,6 24,9 300
32 | 22,3 1,7 2,8 5,3 0,1 15,2 25/0 0,0 0,8 0,8 26,9 ,d00
33 | 23,7| 1,3 1,4 3,9 0,1 22,8 20,2 0,2 0,1 01 26,5 ,400
34 | 244 | 1,6 1,9 8,1 0,1 240 17,1 0,2 0,5 06 21,7 ,300
35 | 23,2 1,6 2,6 8,1 0,1 20,4 19,3 0,2 0,4 0,5 23,8 ,300
36 | 27,6 2,0 1,8 5,3 0,1 27,5 143 0,2 0,2 0,4 21,2 ,800
37 | 20,3 | 2,0 2,0 6,9 0,1 18,8 237 0,1 0,1 Q0,7 26,2 ,400
38| 28,7| 19 1,8 7,6 0,1 31,6 9,0 0,8 0,3 05 18,8 40D,
39 | 264 | 1,2 1,7 4,9 0,1 23,8 18,3 0,1 0,2 04 24,0 ,7100
40 | 24,0 1,8 1,8 5,7 0,1 22,4 194 0,2 0,1 0,6 24,2 6800

Note. Chemical analysis of kimberlite samples are miadastitute of geology and mineralogy SB RAS
(Novosibirsk) under the guidance of V.B.Vasilenkotbe X-ray fluorescence analyzer BRA-20R.

It is possible to note the higher sodium contentporphyritic kimberlites
(the average content M — 0.2 wt. %) in contrast with breccias (0.1 w{. %or
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studied samples of AKB is characteristically raiggdassium contents, maximal
contents of potassium are noted in autolytic beecoif the bore hole 61, which are
obliged this to the presence of phlogopite in tamposition of the ground mass.
The raised contents of phosphorus are also tyfoc#KB type.
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Fig. 3.Variations of the kimberlite chemistry in bore holes and types of the rocks from the
Zarya kimberlite pipe.

There exists the well-marked negative correlatietwieen contents of oxide
magnesium and calcium, which is noted for kimbierlibcks of the majority pipes
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of the Yakutian province [8]. For PK are typicaised contents of silicon and
magnesium and lowered - calcium. Also for this tgbéhe rocks is typical raised
content of titanium and ferric and lowered of thev@anum oxide. For the AKB are
typical raised contents of potassium and phosphoruontrast with porphyritic
kimberlites.

The broad variations in PK and AKB rocks of calciwontents can be
explained by the difference in degree of the rockdbonatization (see table 2),
raised contents of titanium are probably conneet@td broad manifestation of
iimenite and titan magnetite in the kimberlite matrThereby, coming from
available data on the rocks chemistry, an AKB igenperspective in respect of
diamondiferousity in comparison with the PK thatregsponds to their testing
results.

The essential differences in the chemistry of kirfitbe rocks from different
bore holes and their varieties are confirmed by difeerence in the mineral
composition of their ground mass and comparatibebad variations of the main
minerals concentration such as serpentine, cadoité chlorite even in samples
selected from different depths of one the same boles (table 3). From these
tabular data it is obvious raised variability ofnmials distribution in AKB and
more intensive degree of their carbonization.

MINERAL PARTICULARITIES OF THE ZARYA PIPE
KIMBERLITES

Indicator minerals of this pipe are presented myalsy picroilmenite (the
average contents 2.7 kg/t) and garnet (430.5th&ye are met rater less content of
chromespinelides and noted single grains of chrdiopside.

The garnets content in different core samples varies over dewiange. For
kimberlite bore hole X the range of the fluctuations forms 50 - 6610(gverage
481 glt), for the bore holeA9 100-2130 g/t (average 313 g/t).

The garnets in studied samples (12346 grains) @®epted by grains with
size -5+0.5 mm, dominates sieving class -1mf},5Garnets are characterized by
low degree of wholeness, in studied sample domitieedebris (49.9%), broken
off grains (11.0%), damaged (0.6%), splinter (38.3% studied samples dominate
orange-red garnets (34.8%), on the second pladeeguency are violet garnets
(27.7%). The form of the garnet most often angutated also angular-round and
round grains. Garnet grains with the crystallograpélic forms are not found.

On garnets surfaces are fixed two main types of¢hef: endogenic matting
(53.3%) and pyramid- tiled relief of the dissoluti¢45.9%). The garnets with
inclusions in studied samples make up 15.0%, antaihgsn dominated garnets
with plural inclusions, most often garnets with lustons meet amongst red
garnets. Most often inclusions have needle anddedrforms, they are presented
mainly by rutile and other ore minerals.
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Table 3.

Mineral composition of kimberlites from the pipe Zarya (%)
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On garnet grains are fixed coats and kelephyticsriai the different
composition and thickness, most often relics oft€@ae noted on violet garnets.
The coats are presented mainly serpentine-carb@uggeegates, kelephytic rims
meet seldom.

It was determined the chemical composition of 1&ihgts. The broad scatter
is fixed in contentsxucios MgO, CaO, FeO and &D; (table 4). On chemical
composition among studied samples dominate theetmof lherzolite paragenesis
(69.7 %).

The garnets of the |herzolite paragenesis on aaogelwith D. Dowson and
V. Stephens [2] are characterized broad variatmithe chemical composition,
amongst them most widespread are the high titapyropes (46.2 %), and on the
second place on frequency are titaniferous pyr¢p@s %). Low calcium chrome
pyropes compose 14.8% amongst the garnet |herzolitearovite-pyropes — 3.7
%. The rarest are calcium pyrope-almandines.

The garnets of eclogitic paragenesis compose 17.4n%ng the studied
samples and are presented by magnesian alman@és%), titaniferous pyropes
(3.7 %) and calcium pyrope-almandines (3.7 %). diaenond association garnets
compose 7.4 % from all amount of eclogitic garreetd are presented titaniferous
pyropes and calcium pyrope-almandines.

The dunite-harzburgite paragenesis garnets forr@%0from the studied
amount and are presented low calcium chrome pyr@@e4%) and titaniferous
pyropes (5.9 %). To the garnets of diamond assonidelong 7.7% from studied
samples of this paragenesis (fig.4).

The rarest in studied sample are garnets of wehpidragenesis (1.9 %).
They are presented by titaniferous and uvaroviteypss (subsequently 33.3 %
and 14 %).

Thereby, chemical composition of garnets from kimtes is indicative of
prevalence in the Zarya pipe of the ultramafic mateon the eclogitic. High
frequency of diamond association garnets of dumatiezburgite paragenesis can be
estimated as positive indicator-mineral sign ohwadiferousity. We should point
that the garnets of the Zarya pipe are close tqg#raets from the Sytykanskaya
pipe as by distribution of different paragenised ag their diamond associations
(see fig. 4).

limenite is presented by separations -2+0,5mm in size.elhes described
3800 grains. limenite from the Zarya kimberlite goils presented mainly splinter
(54.6 %), it is enough often meet the debris amddm off grain (30.7 and 12.1 %
accordingly). In studied sample dominate angulanrdgrain (76.2 %), rather less
are meet the angular forms (22.5 %).

There often are fixed coats of the different conipws and thickness around
ilmenites. The amount of grains with relic coatsnie 78.8 % of the studied
amount. The wide-spread coats are presented bkithigerlite matrix. On the
ilmenite grains surface are noted two main typesrmfogenic relief: matting and
aculeiform, the first is dominating (81.5 %).
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Table 4.
Representative analyses of garnets from the kimbetk pipe Zarya

Ne | SiO, | TiO, | Al,O3 | Cr;03| FeO | MnO | MgO | CaO | Na;O | NiO | Total
Garnets of eclogitic paragenesis

1 | 39,63 0,19 | 22,06 0,05 18,280,36 | 11,01 8,32 | 0,12| 0,01 100,08
2 | 38,62/ 0,09 21,66 0,02 27,620,66 | 9,00 2,32 0,03 0,03 100,04
3 39,28/ 0,01| 22,06/ 0,08 24,100,44 | 12,07, 1,94| 0,05| 0,014 100,04
4 | 38,98/ 0,09 | 21,43 0,09, 27,030,58| 9,16/ 2,70 0,00 0,00 100,05
5 | 38,62/ 0,08 | 21,77/ 0,07 24,870,551 | 11,93 2,12| 0,04| 0,00 100,01
Garnets of diamond association of eclogitic paragesis
6 | 39,63| 0,19 | 22,06 0,05 18,280,36 | 11,01 8,32| 0,12| 0,01 100,08
7 | 41,45/ 0,36 | 22,44/ 0,19| 10,000,28 | 18,84 6,27 | 0,07| 0,04 100,08

Garnets of vherlite paragenesis
8 | 41,76 0,22 | 21,63 1,20, 9,30 0,32 18,09,36| 0,10 0,01 100,00
9 | 40,77| 0,52 | 16,07, 8,36/ 8,07 04f 17,99,62| 0,12 0,00 99,98
10 | 41,62 0,37 | 22,12] 0,23] 9,89 0,290 189%,49| 0,07| 0,00 100,04
Garnets of dunite-harzburgite paragenesis
11 | 41,32/ 0,44 | 18,32| 6,000 7,73 0,46 21,33,24| 0,12| 0,00 99,96
12 | 42,06/ 0,00 | 20,85 3,71 7,53 048 23,/3,67| 0,01| 0,00 100,08
13 | 42,05/ 0,06 | 19,25 5,556/ 7,00 0,40 21,64,05| 0,07 0,00 100,0p
14 | 41,76/ 0,02 | 19,28/ 5,43 7,05 0,41 21,9896| 0,07 0,00 99,97
15| 41,73/ 0,06 | 19,32] 559/ 7,20 041 21,6@,01| 0,06 0,03 100,0P
Garnets of diamond association of dunite-harzburge paragenesis
16 | 41,24| 0,04 | 14,91 11,24 759 04p 22,82,62| 0,04 0,00 99,96
17 | 41,12/ 0,00 | 14,76 1153 7,65 0,49 22,671,66| 0,00 0,00 99,88
18 | 41,37, 0,01 | 15,01 11,06 7,66 0,44 22,671,80| 0,00 0,01 100,0p

D

)

19 | 41,32 0,21 | 16,47, 9,35/ 6,8% 041 20,2%,04| 0,05/ 0,00 100,00
20 | 41,76 0,02 | 19,28/ 5,43 7,05 041 21,9896| 0,07| 0,00 99,97
21| 41,47 0,18 | 15,62 9,97 7,00 0,48 21,0@,27| 0,08| 0,00 100,0f
Garnets of Iherzolitic paragenesis
22 | 41,77/ 0,31 | 20,83 3,08, 8,00 0,38 21,4311 0,04| 0,02 99,97
23| 42,08 0,66 | 21,23 1,49, 7,.9% 0,2y 21,8%,29| 0,04| 0,01 99,97
24 | 41,77/ 1,10 | 19,19, 2,43 981 0,36 20,34,85| 0,12| 0,01 99,93

25| 42,27/ 0,39 | 21,93 1,15 8,86 039 20,9B,94| 0,05| 0,00 99,94
26 | 42,04/ 0,34 | 19,86, 4,19 6,86 0,36 21,/&,44| 0,09| 0,02 99,96
27 | 41,53 0,34 | 15,69 8,72 7,33 032 19,84,97| 0,08 0,03 99,84

28 | 40,38 1,34 | 13,85 9,59/ 8,19 0,3
29 | 42,18| 0,24 | 19,18 4,78 6,93 0,3

)
)
)
) 19,14,92| 0,07 0,00 99,87
)
30 | 40,94| 1,45| 14,21 9,000 7, 7f 0,3
)
.
}
3

21,68,55| 0,04 0,01 99,96
19,/6,50| 0,05| 0,00 99,94
21,84,46| 0,07 0,00 99,99
19,64,97| 0,07 0,00 99,91
19,46,86| 0,09| 0,04 99,87
18,66,86| 0,14| 0,00 99,89
21,562,02| 0,05 0,03 99,97
22,02,61| 0,10| 0,00 100,0p

31| 41,99 0,56 | 20,42] 2,39 7,90 0,3
32| 41,73] 0,22 | 20,33 4,15 834 04
33| 40,74| 1,30 | 14,11 9,49 7,44 0,3
34 | 40,81 0,41 | 14,45 10,56 7,63 0,4
35| 42,35 0,54 | 21,22 1,73] 8,21 0,3
36 | 42,31 0,69 | 19,86 2,57 7,56 0,3
37| 4157 0,77 | 17,81 5,12 7,68 0,3 21,0454 | 0,03| 0,04 99,99
38| 41,28/ 0,97 | 16,89 6,17| 8,46 0,2 20,66,28 | 0,07| 0,01 99,95
Note: Analyses are carried out by using electron miarbprSuperprobe JXA-8800R in CAL BGRE
"ALROSA” OJSC, Mirny, analyst A.S. Ivanov.
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There were determined chemical compositions of ilh@nite grains. As a
result of studies is installed that ilmenite fronmkerlites of the Zarya pipe is
characterized by the narrow composition range amgresented by picroilmenite
(the contents MgO are found within 7.8-12.5 wt.®ls0 for it is typical broad
variations in content of @D (table. 5).

= = diamond-graphite
boundary
perageneses boundary

16 T ,

¢ Zarya

A Sytyikanskaya

0 - t t t i ; t t i

0 2 4 6 8 10 12 14 16
Cr,0;,wt.%

Fig. 4.Figurative composition points of garnets from the Arya kimberlite pipe in
coordinates Cr0O3-CaO (accordingly [7]).

For a comparison garnets from the Sytykanskayaqopeentrate are shown.

On diagram in coordinates £); - MgO (fig. 5) figurative composition points
displaced to the right left branch of the Haggegrayabola [3, 4]. Picroilmenite
from kimberlites of the Zarya pipe is characterizadad variations of the of
titanium and chromium contents and by raised cardémanganese (refer to the
table 5).

On diagram of J.Gurney [5] the figurative ilmendempositions points are
located in transition area, corresponding to thlteein2-3 that answers to the high
aggressive kimberlitic melt, accordingly, to middiegree of diamonds safety. It is
necessary to note that in tested samples domimaitesgvith high content of ferric
iron (FeO; > 26% wt.%, table 5) that also suggests of ramggressiveness of
corresponding kimberlitic magma.

The chemical composition of garnet and ilmeniteinglicative of the
prevalence of ultramafic rocks on eclogitic sulistra of the upper mantle under
this pipe. As a whole, the indicator minerals aggam in the studied testing core
samples is enough peculiar to the kimberlitic beditthe Alakit-Marhinsky field.
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Table 5.
Representative analyses of llmenite from the kimbdite pipes Zarya
SiO, | TiIO, | Al,O3 | Cr,03| FeO | MnO | MgO | CaO | Na,O | NiO | Total

e

1 |000| 49,77, 0,39 | 0,88 | 40,27 0,27 | 9,13| 0,0} 0,04 0,06 100,81
2 |000| 4951 045 | 090| 3991 0,25| 89| 0,03 0,04 0,08 100,17
3 10,02 48,86 0,43 | 09| 39,96 0,31 | 9,15 0,00 0,00 0,09 99,75
4 10,05 50,75 0,75 | 2,35| 33,46 0,25| 11,81 0,03| 0,04| 0,22 99,72

5 1002 4899 052 | 091| 39,88 0,26 | 8,81| 0,0 0,00 0,09 99,48
6 | 0,02| 49,27, 0,39 | 1,03| 40,18 0,26 | 892 0,00 0,04 0,0f 100,21
7 1001 48,66 0,44 | 1,12| 40,13 0,26 | 8,60 0,00 0,00 0,04 99,27
8 | 0,04| 50,33 0,50 | 0,47 | 36,78 0,24 | 10,63 0,00| 0,00| 0,08 99,06

9 1002| 51,26/ 0,58 | 0,97 | 34,18 0,36 | 11,66/ 0,02| 0,00 0,12 99,14

10 | 0,01 | 46,01} 0,19 | 4,60 | 40,71 0,27 | 798| 0,00 0,00 0,11 99,87
11 | 0,01 | 49,60 0,47 | 0,92 | 39,68 0,31 | 8,86| 0,01 0,04 0,05 99,93
12 | 0,07 | 49,05 0,47 | 091 | 39,78 0,26 | 9,31| 0,00 0,24 0,083 100,02
13| 0,09| 49,26/ 0,52 | 0,95| 39,49 0,27 | 960| 0,013 0,112 0,183 100,40
14 | 0,06 | 49,19 0,49 | 0,87 | 39,05 0,29 | 9,02} 0,00 0,04 0,09 99,12
15| 0,00| 49,25 0,45 | 1,01 38,7% 0,29 | 933| 0,0 0,08 0,05 9921

16 | 0,04 | 50,38 0,41 | 1,89 35,90 0,31 | 10,40 0,03| 0,01| 0,11 99,48

17 | 0,04 | 49,17 0,47 | 092| 39,32 0,31 | 8,82| 0,01 0,03 0,08 99,12
18 | 0,05| 49,81 0,47 | 0,96 | 39,90 0,30 | 8,76 0,02 0,00 0,083 100,29
19 | 0,05| 48,28 0,56 | 0,82 | 40,22 0,36 | 9,39| 0,05 0,04 0,05 99,85

20 | 0,03| 50,85 0,53 | 0,48 | 36,88 0,27 | 10,64 0,02| 0,00| 0,04 99,74

21 |0,04| 47,51 0,33 | 2,75| 41,19 0,32 | 7,97 0,00 0,01 0,10 100,20
22 10,02| 48,500 0,43 | 2,05| 40,91 0,29 | 8,19| 0,02 0,00 0,14 100,54
23 10,04| 49,31 048 | 093] 39,57 0,30 | 897| 0,0 0,02 0,09 99,71
24 1 0,05| 49,52 045 | 099 | 39,71 0,26 | 9,12| 0,00 0,08 0,08 100,26
25| 0,03| 49,15 0,43 | 0,89 | 39,82 0,34 | 9,06 0,02 0,06 0,0y 99,85
26 | 0,02| 49,400 0,41 | 0,94 | 40,09 0,28 | 8,83| 0,00 0,00 0,05 100,01
27 | 0,03| 49,45 047 | 098 | 39,83 0,25 | 9,03| 0,0y 0,13 0,0y 100,27
28 | 0,05| 49,04 0,55 | 0,82 | 38,93 0,28 | 9,88| 0,04 0,00 0,06 99,64
29 | 0,00| 48,09 0,37 | 1,71 | 40,83 0,30 | 8,48| 0,0 0,00 0,183 99,92
30 | 0,04| 49,11y 0,47 | 1,03 | 40,50 0,30 | 8,86| 0,03 0,083 0,08 100,43
31|0,01| 48,80 0,47 | 1,02| 39,99 0,31 | 8,77| 0,00 0,06 0,09 99,50

32 0,06| 52,36/ 0,56 | 0,49 | 35,81 0,26 | 11,28 0,03| 0,09| 0,07 101,00
331000| 51,08 0,43 | 351| 32,33 0,31 | 11,81 0,01 | 0,00| 0,15 99,64
34 | 0,04| 50,34 0,60 | 505| 31,81 0,23 | 11,90 0,04| 0,07| 0,15 100,28
35|0,05| 51,81 0,66 | 0,60| 34,87 0,26 | 11,38 0,06 | 0,07| 0,10] 99,84
36 | 0,02| 48,58 0,44 | 136 | 40,2 0,38 | 8,71| 0,03 0,05 0,20 99,91
370,02 50,88 0,50 | 2,84 | 34,75 0,30 | 10,47 0,00 | 0,02| 0,26] 100,04
38 | 0,01| 49,34 0,47 | 0,70 | 39,06 0,29 | 9,22| 0,00 0,02 0,20 99,20
39 |002| 50,65 0,44 | 2,82| 34,39 0,36 | 10,89 0,01 | 0,13| 0,19 99,9C
40| 0,04 50,34 0,60 | 505| 31,81 0,23 | 11,90 0,04| 0,07 0,15 100,28

Note: Analyses are carried out by using electron miarbprSuperprobe JXA-8800R in CAL BGRE "ALROSA”
0OJSC, Mirny, analyst A.S. Ivanov.
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() 9 11 13 15
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Fig. 5. Figurative composition points of ilmenites from theZarya pipe in coordinate Cr,O3 -
MgO (accordingly [3]).

By the crosses are marked the average composiiostatistical clusters of ilmenites that are
divided on the data of 10000 analyses from diffepapes.
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Fig. 6. The diagram of the ilmenite composition from the Zaya kimberlite pipe in
coordinate FeO3 -MgO (accordingly [5]).

CONCLUSION

Findings by thereby, for kimberlites of the Zaryigeare typical following
features their material composition: a) a compeehti low contents of indicator
minerals of the diamond, b) mainly garnet indicatoineral association, c)
prevalence of lherzolite paragenesis garnets, gh liequency of titaniferous
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garnets, e) two types of ilmenite compositions, nBarly full absence of
chromespinelides, g) subordinated amount of edtogiaragenesis garnets,
including diamond association. It is possible tpmse that these parameters are
typical for the low or middle grade kimberlitic .

The garnet chemistry and data on ratio of eclogitid ultramafic garnets in
concentrate of the Zarya pipe with the provision &mnount of corresponding
paragenic diamond associations are indicative wfdontents of the eclogitic type
garnets among indicator minerals and, accordinghgut low contribution of
eclogitic paragenesis diamonds in the whole diammopllation of this pipe. On
our opinion, this, as well as raised titaniferopsit kimberlites, wide abundance of
titaniferous garnets and nearly full absence obrtaspinelides explain the low
content and comparatively low quality of the Zapyee diamonds.

In conclusion, consider its pleasing debt to thavik/.Shalkina, for the
execution of macro petrography and counts of coraptmin kimberlite core
samples, N.A. Kuz’'mina and L.N. Dovbush for mireggiglal analysis.
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ABSTRACT

Absolutely fresh samples of mantle rocks containgrgen garnet in the
kimberlites of Newlands dike and separate graingreén garnet from kimberlites
and the placer of Nyurba pipe as well as the corsgarand the comprehensive
studies of these samples using high-precision eateochemical methods helped to
elucidate the origin of these exotic mantle “wies’. Xenoliths of rocks containing
green garnet from kimberlites demonstrate a vengkable modal composition:
from garnet-bearing rocks, to almost mono-olivineks containing individual small
inclusions of garnet and «chromite ores»; clinoggree in the xenoliths is extremely
scarce. The textures of rocks with green garnetlamerse: xenomorphic, poikilitic,
in cases panidiomorphic. The structures of rocksadso diverse massive, schlieren,
parallel-banded. The green garnet demonstrates sagitdiomorphic and irregular
shape, a zonal distribution of inclusions of othainerals, as well as the
heterogeneous composition of its grains which sonest exhibit a zonal texture. At
same time even if the chemical composition andctirgents of major components
are similar the green garnet shows sharply incteasacentrations of light (LREE)
and medium (MREE) REE, as well as Sc. Moreover,cthr@ent of titanium in the
garnet from different samples can differ in 20 tgnand that of zirconium — can be
different even in 80 times (!), reaching very hightlues (from 0,09 to 1,75 % of T30
and from 13 to 1042 ppm of Zr). The isotope oxygemposition in green garnet
(5*%0 = 4,05-4,25/,,) and in olivine §°0 = 4,91°,,) is significantly different from
mantle values. By these characteristics the sangmesaining green garnet from
kimberlites are similar to the layered gabbro frophiolite complexes. The age of
rocks with green garnet is relatively young, prdpaideso-Proterozoic (J4DM =
1,78 Ga) that can be hardly typical of "usual” ®ck the mantle substratum. The
rocks with green garnet exhibit a non-equilibriunax@acter of ol+sp+gar paragenesis
that is an evidence of the formation at moderafghden the mantle (80-90 km) in
the conditions of a high heat flow (52-55 m\Wjnthat is probably connected with
plume-formation. By the structure and the compositine rocks containing green
garnet from kimberlites are not “wehrlites” and milisely are metasomatic units of
uvarovite-chromite veins or schlieren formed at Brate depth in the upper mantle -
likewise uvarovite-chromite veins or schlieren bk tmetasomatic origin in the
crustal serpentinites.
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INTRODUCTION

Green garnets occur very rarely in the concentratesliamond-bearing
kimberlite bodies: Yakutia (Udachnaya, SytykanskayBalnyaya, Mir,
Internatsional’naya, Aikhal, Zimnyaya pipes); Saarth Africa (Newlands and
Bellsbank dikes, Premiere, Bellefontaine, Campéalain, etc. pipes); Venezuela
(Guanamo); Canada (kimberlites of Mud Lake, Slaaton) [2, 10, 14, 20, 34].

Green (emerald-green) garnets in kimberlites haswy right, absolutely
unusual, unnatural, almost improbable color asriwst widespread are violet,
crimson, red and orange garnets and thus greeretgaane always of particular
interest. Scarce findings and unusual color lediffi@rent viewpoints concerning
the origin of green garnet in kimberlites: hypo#®soncerning the origin of such
exotic formations as green garnets are also ratmgsual and exotic. «The specific
features of their composition suggest their speggalesis which is still a subject of
intense debate» [7].

Clarke and Carswell [20] discovered the macrocrydtggreen garnet in
kimberlites from Newlands dike during the field ¢mgical excursion at the®1
International Kimberlite Conference (1973, Cape fpand proposed four models
of formation of such garnets at a great depth:

1) Green garnets are considered to be a part ofradt, i.e. non-depleted
mantle peridotites from great depth where pyroxemeglissolved in a garnet solid
solution (possibly at the depth of > 350 km).

2) Green garnets could be formed in the residuahduhe partial melting at
the depth of > 350 km.

3) Green garnets are products of fractional criysétion of magma (not
necessarily kimberlite one), formed from the pannelting of mantle peridotites
at a depth of > 250 km.

4) Green garnets can be products from fragmentatiorenoliths of garnet
wehrlites, formed from subsolidus recrystallizatioh primary spinel wehrlites
(products of fractional crystallization of magma atdepth of > 200 km).
Moreover, the reaction: diopside + Cr-spinel = ovée + olivine takes place.

Clarke and Carswell [20] consider th® Hypotheses as the most probable
hypothesis concerning an origin of green garnetsi fkimberlites because of: 1 —
iron content in green garnets is too high, thay tteuld be a liquidus phase of the
primary melt; 2 - Cr-spinel are very frequent iramionds, and as opposed to
chrome-containing garnet Cr-spinel is most likelyliguidus phase of high
pressure; 3 - both uvarovite-bearing xenoliths fréakutia contain chrome spinel
[10]; 4 - the association of uvarovite garnets withrlites nodules, and knoringite
garnets with lherzolite or harzburgite nodules agsith the reaction of subsolidus
recrystallization of spinel wehrlites (2Cpx + Crsp Uvar +OIl) and spinel
Iherzolites (40px + Crsp = Knorr + Ol), accordingly

Following Clarke and Carswell, [20] who stated tHagh-uvarovite garnets
from kimberlites and xenoliths originated from soildus exsolution of Cr-
clinopyroxenes in high pressure conditions.
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M. Kopylova et al. [7], describing microscopic (Ix4nicrons) lamellae of
high-calcium garnet in clinopyroxenes and orthoggrees from deep-seated
inclusions from Obnazhennaya pipe is also in fafdghe 4" hypothesis.

Kharkiv [14] also considered that «... the xenolitb§ the wehrlites
paragenesis belong &specially deep-seated rocks of the mar{tieren bold by
us, CM.C.) and during the transportation upwards couldshbbjected to an
intensive decomposition, and a green garnet, bémg most difficult to be
decomposed part of these rocks, has remained»hétsame time there is a
possibility of «... crystallization of a consideralpart of green garnet from the
melt during one of stages of its deep evolutiorbj.[1

On the other hand it was also suggested [38] that kimberlitic green
garnets, most likely were produced during the suobdo and prograde
metamorphism of uvarovite-bearing crustal serpéesn

All models of origin of green garnets were propofed studies of separate
grains because xenoliths with green garnets agesgarce in kimberlites [14] and
are usually strongly altered. Therefore, the swdieabsolutely fresh xenoliths of
peridotites with green garnet from Newlands dikeeg&blic of South Africa)
which were found by us during the field geologiaakcursion at the %7
International Kimberlite Conference (1998, Cape mpwand studies of mineral
accumulations and separate green garnet grainsknmoierlites of new area (the
Nakyn field of Yakutia) are of particular interest.

«One good sample is better than ten hypothese$&hekson.

SAMPLES AND ANALYTICAL METHODS

Two xenoliths of “peridotite” with green garnet amdgreen garnet grain
found by us “in situ” in kimberlites from Newlandiske were studied. In addition
one more xenolith of “peridotite” with green garngés discovered under the
microscope in kimberlites from Newlands dike (theaty be an evidence of a wide
distribution of green garnets in this dike).

As to kimberlites and placer of Nyurba pipe (Nakiyeld, Yakutia) are
concerned, green garnets have been discovereddarhy studies of the mineral
composition of crushed samples. We have found degarain with the size of 0.3
mm in kimberlites, 4 green garnet grains of 07.-Ban in the terrigenous
sediments of the placer including 1 intergrowth+gar (3 garnet grains have been
found by us when observing the selected monofrastaf chrome-diopside from
the concentrates and 1 grain has been discovered stbdying crushed samples).
Besides, 9 small (0,15-0,3 mm) fragments of greemet grains have been
revealed when studying of the mineral compositibmuk samples (enrichment
“tails") of kimberlites and placer.

Comprehensive studies of samples with green gamokided the description
and studies of samples and minerals via the miopescstudies of the chemical
composition of minerals and trace element compwsitif garnets as well as Sm-
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Nd and Rb-Sr isotope composition of samples angdj@xysotope composition of
garnet and olivine.

The samples and minerals were described via the-MB3IIKON SMZ1500
and polarization NIKON ECLIPSE E600 POL microscop€be samples were
taken photos by digital camera PENTAX Optio 550cnmphotographing of
samples and minerals was done with the help of NNKEMZ1500 microscope
and digital NIKON DIGITAL SIGHT DS-L1 camera. Totgl we studied 4
samples of «peridotites» (3 samples with greenegaand one sample of "usual”
non-altered garnet Iherzolite for comparison) adl a® 15 separate green garnet
grains. X-ray microanalysis of minerals (25 anatyseas done at the laboratory of
"Gintsvetmet” via "Camebax SX-50" device at accaieg voltage of 20 kV,
current 15-20 nA. Sm-Nd and Rb-Sr isotope charesties were obtained via mass
spectrometer Finnigan MAT-261 at the Laboratoryhaf Institute of Precambrian
Geology and Geochronology, Russian Academy of 8e®i{St.-Petersburg). The
trace element composition of garnets (8 analysexy studied at the Center of
Isotope Researches FGUP CSEGEI (St.-PetersburgCPMS, laser ablation
DUV-193 with excited-state dimer laser COMPex-10Rass spectrometer
Element-Il were used. The diameter of a beam i8C-rlicron; impulse frequency
of the laser is 10 hertz. Oxygen isotope compasitb garnet (3 analyses) and
olivine (2 analyses) was studied via fluoridatiom mass spectrometer DELTA
plus. TP-parameters of mineral parageneses weneedelby means of PT-Quick
software.

SHAPE AND MINERALOGY
GREEN GARNETS FROM NEWLANDS DIKE

The kimberlite dike Newlands is located in 60 kmth@ northwest from
Kimberley, Cape Province, the Republic of Southidsfr The Newland dike is
composed of a series of kimberlite veins stretclomgr 600 m with five small
bulges of 15-40 m in diameter. The kimberlites fridswlands dike belong to non-
ilmenite kimberlites of group 2, South Africa [36[he rocks from the dike are
diverse in shape and textural features. We stutedsarieties of kimberlites from
this dike: 1) the kimberlite lava with magnophytexture (“porphyritic kimberlite”
[8]) of black color, unusually fresh, with almostmaltered olivine, this rock also
contained “peridotites” with green garnet (sampg\sl11l and NL-21). From the
same rock we collected the non-altered garnet dhiézz (sample NI-51) for
comparison; 2) Strongly altered, carbonatized xarel of magnophyric
kimberlites («xenolith eruptive kimberlite brecdig [8]) of light brown color with
phlogopite matrix and completely altered olivinethis rock also contained
“peridotite” with green garnet (sample NL-41) argparate green garnet grains
(sample NL- 31).

The xenoliths of “peridotites” are of irregular{fleke shape and have similar
modal composition: they contain olivine, green @arand chrome-spinellid.
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Clinopyroxene or pseudomorphs in clinopyroxene hawe been observed. The
texture is mainly middle-crystalline (size of grsir2-4 mm), the structure is taxitic
or schlieren. The xenoliths of “peridoties” areeadid according to alteration
degree of the host kimberlites.

Of particular interest is the xenolith sample NL{fifj. 1A), with the size of
4,5*1,7 cm and containing large emerald-green gagnains, absolutely fresh,
transparent olivine and small isometric inclusichsome-spinellids (including that
in the garnet): gar (70) +ol (28) +sp (2). This peandemonstrates transversal
veins of 2 mm thick being of metasomatic origindahe crystalline aggregate
gar+phlog+sp.

A

5 2 o ",, * Y ..
o Tl > 2 5% e S 7'

2

Fig.1.Samples with green garnet from kimberlites of Newlads dike, South Africa.

A - xenolith of “peridotite”, sample NL-11; - xenthi of «peridotite», sample NL-21; B —
xenolith of “peridotite”, sample. NL-41; G — gregarnet macrocryst, sample NL-31.

The sample NL-21 (fig. 1B) has the size of 1,7*0m, ccontains large
emerald-green garnet grains, of strongly serpeddi transparent olivine and
isometric chrome-spinellid grains: gar (50) +ol)38p (20).

The sample NL-41 (fig. B) has the size of 1,7*1,5 cm, contains completely
serpentinized olivine with large isometric emergtden garnet inclusions and
individual octahedron-like chromespinellid graimgr (8) ol (82) +sp (0,2). A
distinctive feature of this sample is panidiomogegranular medium-crystalline
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texture with straight-like contours of separate enah grains.
Green garnet grain (sample NL-31, fig. 1D) of 0,B*Ccm exhibits a
monocrystalline texture and is surrounded by a tfixb mm) pale-green
kelyphytic rim containing (judging by the composit) the cross-section-radiant
aggregate of amphibole and phlogopite. The compasivf garnet from the
studied samples of Newlands dike is relatively Istgbable 1, fig. 3, 4), garnets
show high C4O; (10,94-11,99 %) and low T¢J0,24-0,52 %) and FeO (3,73-5,33
%) contents. CaO (19,52-24,94 %) concentratiohasmost variable and depends
inversely on MgO (10,20-6,66 %) content. The shadréhe uvarovite component
ranges from 33,2 to 36,7 %; that of grossular camepo scatters from 13,3 to 26,1
%; and the share of the pyrope component varidsm2b,6-38,9 %.

Table 1.

Chemical (wt. %) and oxygen isotope composition @freen garnets grains
from Newlands dike

HJI- | HJI-
Samples HJI-11 HJI-21 HJI-31 a1 51
Minerals | Grt Sp 0] Grt Sp Ol Grt| Kel Grt ol
Sio, 38,47| - |40,85/38,48 - | 40,65| 38,85 35,33| 38,85| 40,82
TiO, 0,52 | 0,47| 0,000 048 057 0,00 024 042 045 0,04
Al,O3 12,37| 14,59| 0,02 | 12,57 13,24| 0,06 | 13,94 12,09| 12,98| 0,00
Cr,03 11,99| 55,36| 0,03 | 11,76 53,45| 0,06 | 10,94 6,27 | 11,88 0,00
FeO 3,73 | 14,79 5,81 | 5,15| 18,98 6,61 | 4,90 7,71 533 7,27
MnO 0,22 | 0,23| 0,08 023 0,3 00F 029 0,12 0/47 0,10
MgO 6,66 | 14,15 51,78| 8,02 | 13,10 50,84 | 10,20 22,45| 9,49 | 50,85
CaO 24,94 - 0,09 | 22,79 - 0,08 | 19,52 2,38 | 19,61 0,03
Na,O 0,03 - 0,05 0,00 - 0,09 000 003 0,00 0,04
K,0 - - - - - - - 6,31 - -

NiO - - 0,48 - - 0,37 - - - 0,46
Total 98,93/ 99,55/ 99,19| 99,50| 99,64 | 98,83 | 98,84 93,11| 99,06| 99,61
Fo, % - - 94,6 - - 93,6 - - - 92,9
Uvar, % | 36,7 - - 35,9 - - 33,2 - 36,0 -
60, %o | 4,20 - 491| 4,25 - - - - 4,05 5,11

The composition of chrome-spinellid is constantroche-spinellid exhibits
high CrO; (53,45-55,36 %) and low T¥J0,47-0,57 %) contents. The olivine is
high-magnesian (kge - Fo4¢. However, there is an increased CaO (0,08-0,09 %)
content; that is higher than the olivines from deepted peridotites have. It is
most likely due to high calcium content in the syst Moreover, the olivine from
"usual” garnet peridotite of Newlands dike show®©CGantent (0,03 %) typical of
deep-seated olivine; at the same time the magnmsient is slightly lower

(FOs2,9).

The data from earlier publications [20] show thagrBen garnet grains with
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the size of up to 1 cm (including an intergrowthiwb grains) were discovered in
Newlands dike. The composition of these garnetngrais a whole is similar to
composition of garnet from Newlands dike studiedusy TiO, content scatters
from 0,40 to 0,52 %, the share of the uvarovite gonent ranges within 30,2-43,4
%; that of grossular component is in the spreathfi®,1 to 31,5 %; the share of
the pyrope component varies from 24,0 to 37,7 %usTbnly one sample being an
intergrowth of two garnet grains (with sharp uneeentact between grains) has as
a whole much higher Ticoncentration and demonstrates a heterogeneduseex
of one of the grains so the concentrations of albermof components significantly
vary in these two grains: T¥J1,04-1,27 %), MgO (6,36-10,13 %), CaO (25,94-
19,18 %). It can be a convincing evidence of uretalmnditions when those
garnets were produced.

GREEN GARNETS FROM THE NYURBA PIPE AND PLACER

The Nyurba pipe is located in the Nakyn field oé@re-Markhinsky area of
the Yakutian diamond-bearing province [19, 13, ]5jrthree hundred kilometers
to northeast Mirny city. The pipe is composed ofjue ilmenite-free kimberlites,
by composition they are partly similar both to Kwmberlites from the group 1 and
to kimberlites of group 2, South Africa [36]. TheyiNba pipe is related to the
placer, moreover the rocks of four stratigraphictuiffrom top to bottom) are
considered to be the productive and potentiallydpotive. They include units of
the weathering crust ¢E), Dyakhtar sequence {0;dh), Ukugut unit (duk),
Tyunga unit (&n).

We found only one fine green garnet grain (onergmai28 crushed samples!)
in the kimberlite pipe proper (tuffizites of kimhiees of 3¢ intrusion phase). The
garnet grain has the size of 0,3 mm and is a pagaient of irregular, angular
shape (fig. 2).

Only 4 grains of green garnet of 0,7-2,2 mm, incigdl intergrowth gar+sp
have been found by date in the placer of the Nypipa. 3 garnet grains from the
placer are non-rounded, of irregular shape withvaneedges, are replaced in
cracks by the light brown microscaly aggregateemfomdary minerals (fig. 2, left
bottom).

They include one garnet grain in the sample from Ttyunga unit n)
sample, two grains in the sample from the Earhagsic Ukugut unit ¢dik). These
garnet grains, including 1 intergrowth gar+sp, @u@st likely microfragments of
the mantle xenoliths. One (the largest) garnetngddi the irregular shape was
found in the sediments of the Dyakhtar unig-§ijdh). This grain is also non-
rounded, but is homogenous in texture, shows hgse hypergene dissolution of
the surface and is possibly a fragment of the gamaerocryst which was involved
into weathering crust of kimberlites (fig. 2, battoright). Nine small (0,2-0,3
mm), non-rounded fragments of green garnet grame ound when we studied
the "tails" of enrichment of kimberlites and placer

The chemical compound of the studied garnet gransuite usual and
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constant (table 2, fig. 3, 4); they show high@r(7,49-14,17 %) and increased
FeOt (5,40-8,10 %) contents. CaO (17,34-22,87 %}ertd is the most variable
and depend inversely on MgO (11,21-7,56 %). Theresha the uvarovite
component ranges within 22,3-43,8 %; that of gri@asstomponent is in the scatter
from O to 21,2 %; the share of the pyrope comporanes from 28,7 to 43,1 %.
However, the majority of garnet grains demonsthadg@er TiQ content, 1,38 % as
an average (from 1,05 to 1,75 %). Only one garrahdrom the intergrowth with
chrome-spinellid exhibits TiQcontent as «normally» decreased (0,35 %); this
TiO, concentration is similar to TExontent in green garnet grains from Newlands
dike. The chrome-spinellid from this intergrowtls@ldemonstrates the decreased
TiO, (0,35 %) and low GOs (36,71 %) contents. Moreover, one garnet graimfro
the placer of the Dyakhtar unit has a very low J{Q09 %), decreased £);
(7,49 %), increased AD; (16,63 %) contents. At the same time this graisse a
exhibits a very high share of the grossular compb(L,2 %).

1 MM

Fig. 2.Greengarnet grains from kimberlites and placer of Nyurbapipe, the Nakyn field,
Yakutia.

Top — garnet from kimberlites of Nyurba pipe. Batte green garnet from placer Nyurba, in the
centre — intergrowth “garnet + chrome spinel”

The earlier data for the kimberlites from the Nakyield (Nyurba,
Botuobinsk, May pipes Markha body and pre-pipe détew no findings of green
garnet [5, 6, 13, and other publications]. At thene time [6], describing garnets
from the Nakyn field point out that «</Among the amzald garnet grains both from
the pipes and veins there are no varieties correipg to garnet of groups 7 and 8
showing a high share of the grossular minal”
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Fig. 3.Features of the chemical composition of garnets fro Newlands dike, Nyurba pipe
and placer (the diagram by [10]).

Legends: Newlands dike: 1 - our data, 2 - data ff@6j; Nyurba pipe: 3 - kimberlites, 4 -
placer, 5 - enrichment "tails" of kimberlites andger.
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(by classification of Dawson and Stephens, [21heiT data show that «...1 garnet
grain belonging to group 7geen garnet -C.M.C) which is not available in
samples of known bodies of the field has been fanrithanin site» - without any
relation to a certain site, age and type of théectdd samples. The composition of
this garnet as a whole is similar to the compasitblow-titanium garnet from the
intergrowth with chromespinellid from the Dyakhtanit, Nyurba placer.

1.8+ TiO2 +

1 (mac. %)

1.6
1.4+

1.2

1.0

0.8

0.6

0.4-

0.2
l :Cr203
: (mac. %)
| 1

0 2 4 6 8 10 12 14 16

0.0

1 2 3 4 5
O o + 0 o

Fig. 4.Features of the chemical composition of the garnétom Newlands dike, Nyurba
pipe and placer on CpO3 - TiO; plot.

Legends: Newlands dike: 1 - our data, 2 - data ff@6j; Nyurba pipe: 3 - kimberlites, 4 -
placer, 5 - enrichment "tails" of kimberlites andger.

As a whole, by the chemical composition the studiaahets from kimberlites
of Newlands dike form a quite isolated series (g&rmof group 7 by [21]) with the
share of the uvarovite and grossular componen#idt % as an average (35,8-
62,8), and the share of the pyrope component & 35as an average (25,6-43,7
%). This series is characterized by the intern&rogeneity reflected primarily in
titanium concentration (from 0,09 % to 1,75 % 7)Qwith prevalence of high-
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titanium varieties in the pipe and placer Nyurbatli{wthe broadest scatter in the
garnet composition as a whole), and of mediumititanvarieties of green garnet
in the Newlands dike.

The published data on the composition of greenegarfrom kimberlites all
over the world [34; 37; 38; 14] show medium-titamigarnets (0,3-0,7 % TP
are predominant, low-titanium varieties (0,1-0,3T4,) are less abundant and
high-titanium prevailing in the Nyurba pipe (> 1 P40,) are found only in one
sample from Newlands dike [20] (see above). Therbgeneity of green garnets
(in terms of the chemical composition) can suggasbus and unstable conditions
of formation of these garnets.

DISTRIBUTION OF RARE ELEMENTS IN GREEN GARNETS

Distribution of rare-earth elements in green gardtthe studied samples is
rather indicative. The medium-titanium green ganétom Newlands dike
demonstrate flat-like "sinusoidal® REE pattern waliightly lower medium REE
(MREE) concentrations and significantly higher LRE®ntents (fig. B3).
Moreover, the low-titanium garnet from the sample-l shows higher MREE
concentrations (from Gd to Nd).

Only a low-titanium garnet from the intergrowth kitchrome-spinellid
(sample 36/420-7, the Nyurba pipe and placer §i)) has a similar, "sinusoidal”
REE distribution. At the same time high-titaniuntigets show “the elevated-like”
REE distribution, marked by higher LREE and MREBtents.

The trace element distribution (fig. 6) demonssatieat all green garnets
exhibit decreased Ni, Co (and low-titanium garreftew lower Ga concentration
as well), and the increased Sc contents. Moretgivermedium-titanium garnets are
marked by significantly increased LREE and slightigher Zr (to 43 ppm)
contents. The high-titanium varieties show highentents of both LREE and
MREE, yttrium, titanium, but in particular Zr — ¢im 652 to 1042 ppm (!)), while
low-titanium garners have Zr low (13 ppm) and imsed LREE and MREE
contents.

As a whole, a stable and obvious paragenesis @&nggarnets with olivine
allows interpretation of rare elements distribut{df Zr, Ga, Ni) in garnets using
well-known methods of temperature and pressurg;.I P  calculations and
corresponding discrimination diagrams which shoelds of garnet compositions
of reference types of rocks and reference procd43e25-30]. The trace element
distribution in green garnets has not been studaad, available discrimination
diagrams have been obtained without taking int@actthe composition of green
garnets.

The most informative elements for pyropes areZf,,Y, Ga and Cr, Ni [17,
18, 25-30].
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Fig. 5.Chondrite-normalized [16] REE distribution in green garnets.
A - from Newlands dike, B - kimberlites and placéiNyurba pipe.
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Fig. 7.Features of trace element distribution in green garets from kimberlites of
Newlands dike, Nyurba pipe and placer.

A - Zr (ppm) vs TiQ (wt. %); B Zr (ppm) vs Y (ppm); C - Y (ppm) vs@y °C; D - Zr (ppm) vs
T o °C; E - Pcy (RG96P) vs Ty °C (C99T); F — tectonics features from Zr/Y - Y/Ga
distribution in garnets. Diagram from Griffin et,dR3; 28, 29]; Canil, [18].

192



Deep seated magmatism, its sources and plumes

As regard to various contents and ratios of trdements we can distinguish
the pyropes from “fertile” (primitive, non-deplefeshantle rocks, «deleted» rocks,
as well as from rocks which underwent high-tempegit «melted» and low-
temperature «phlogopite» mantle metasomatism. [8o,pyropes from depleted
mantle rocks show minimum concentrations of allomepatible elements while
pyropes from fertile rocks demonstrate increasetbivtent. At the same time the
pyropes from rocks, which underwent high-tempemtaantle metasomatism due
to the astenopshere melts exhibit the increaseteéctmof incompatible elements:
Zr, Ti, Y, Ga («melted metasomism), while the pywsgrom rocks with the low-
temperature, “phlogopite” mantle metasomatism destrate higher Zr content. At
the same time they are marked by average concengabf other incompatible
elements (Ti, Y, Ga) and high Zr/Y value.

On diagram Ti@Zr (fig. 7A) low - and medium-titanium green garnets are
similar to those which were subjected to the wealkd anoderate melted
metasomatism, while high-titanium green garnetbdigond reference composition
of garnets (due to high zirconium concentratiorgttban suggest a very high
degree of influence of metasomatic processes. Mered can indirectly indicate
that green garnets could be directly produced froetasomatic process (during
the infiltration, "obvious", "modal" metasomatismyhile from available
discrimination diagrams one can consider that #gusstribution of trace elements
in pyropes resulted from the diffusion "hidden" asgimatism. The interpretation
of trace element distribution in pyropes (whichlthe additional tool for studying
endogenous processes) provides more informatiam, tthe authors of this system
presumed [17, 18, 25-30]. It usually happens whemethod is well thought and
reliable and the features revealed from this systeamot artifacts, but the reality.

The same picture is shown on Y-Zr diagram (fig),7on which the
compositions of high-titanium green garnets liesalé the fields of influence of
mantle metasomatism (owing to very high zirconiwontent).

Calculations of PT-conditions of garnet formatidn(, °C, Py - Fig. 7G,
D) show that on one hand they originate under Trddmns of «the diamond
window» (900-1100, and on the other hand they suggest moderatspesf
their formation (25-28 kbars) in the conditionstofh heat flow (accordance of
their parameters to conductive geotherm 52-55 m\)//m2

By the distribution of Y, Zr and Ga (fig EJ high-titanium garnets correspond
to the “archone”, and low-titanium and medium-titan garnets — to “proton” at
the interface with “archone”.

OXYGEN ISOTOPE STUDIES OF MINERALS

We managed to analyze oxygen isotope compositiogréen garnets and
olivines from very fresh xenoliths of garnet-begrirocks, Newlands dike (table
1). All three studied garnets are depleted by heawgen isotopedO = 4,05;
4,20; 4,25/,,) that strongly distinguishes them from typical rtlamocks (mantle
interval 5,37 +/-0,3&,, by [32]). It is well visible on diagram by Taylet al., [39]
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(fig. 8).

Olivine from the sample NL-11 is characterized bg tlight" isotope oxygen
composition §'°0 = 4,91°,). Though it is similar to mantle parameters, as
compared to the garnet, it is not typical of manmteks. At the same time an
olivine from "usual" garnet peridotite of Newland&e has the oxygen isotope
composition §°0 = 5,11%,,) typical of mantle olivines3(°0 = 5,22 +/-0,22/,,)
[32].

16 —=|Mantle|-+—(Mattey et al., 1994)
- Peridotitic Garnets |
Yakutian Pipes ] ; [g Garmet
12F ' | e Olivine
l Olivine from
gamet peridotite

Number of Samples
e o

0 llllllMiilULl]lulhllllll

3.0 4.0 50 6.0 7.0 8.0
5"®*Osmow ( %e )

Fig. 8.0xygen isotope composition of green garnets and wines from samples of Newlands
dike [29]

RB-SR AND SM-ND ISOTOPE COMPOSITIONS OF ROCKS

We managed to analyze Rb-Sr and Sm-Nd isotope csitipes of the largest
and almost unchanged «wehrlite» sample, but beingne granitite proper
(sample NL-11) (table 3).

A relatively "young" modeled age of the sample egard to the depleted
mantle (1,78 Ga) suggests the age of formationadrigvehrlite” to be is rather
young i.e. Mesoproterozoic.

The age of the rock is 1200 Ma, the isotope contiposof the mantle source
is similar to BSE §Nd +0.01,eSr-6.7), and at quite probable age of 1500 Ma the
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isotope composition of the mantle source of thepdaroorresponds to moderately
depleted mantlesNd +3,16,6Sr-34,2) close to the mantle trend.

Table 3.
Sr-Nd-ilsotopic composition of “wehrlite” xenoliths from Newlands dike

Sample HJI-11
Rb, ppm 20,56
Sr, ppm 1125
8"Rb/*°sr 0,5282
87Sr/%°sr | 0,711689+6
Sm, ppm 1,797
Nd, ppm 9,408
'SmiMNd 0,1155
13Nd/A“Nd | 0,511999+9
T(naDM, 1,784
MJIPJA. JIET

PT-PARAMETRES OF FORMATION OF ROCKS AND GARNET
MACROCRYSTS

Studies of mineral parageneses of deep-seated (geksol+sp) combined
with investigations of garnet trace element confpmsiprovided PT-parameters of
rock formation. Different methods were used.

PT-parameters of formation of separate green gaaéns were determined
using the garnet composition: the temperature vedised via thermometer from
Canil, [18] (C99T), and pressure via barometer terut_atti and Menzies, 2006
(GLMOG6P).

Table 4 demonstrates that green garnets from Nelwldike and Nyurba pipe
show similar PT-parameters: 1019-110624,5-27,4 kbars and 990-1028 25,3-
28,1 kbars, accordingly. (Average values are mumiiag: 1058 and 1010C, 25,9
and 27,1 kbars). The PT-parameters as a whole arérroed by independent
methods from mineral parageneses. The temperaful@ming the paragenesis
ol+gar in the sample NL-11 (O'Neill and Wood, 1979W79T) is 1085 C that is
quite comparable with 1019C. At the same time for paragenesis ol+sp in the
same sample NL-11 the pressure is almost the s&@yk kbars (Finnerty and
Boyd, 1978 - FB78P), but temperature (Ballhaus,rBend Green, 1991 -
BBGI1T) is significantly lower — 80%C. A slightly wider scatter in values (but
with similar differences) is found for the samplé&-R1. It can suggest the non-
equilibrium character of ol+sp+gar paragenesieam@es NL-11 and NL-21.
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Table 4.
TP-parameters of formation of green garnets
) T,C P, x0ap
Paragenesis
Grt | Grt+OIl | Ol+Sp Grt ol

Method C99T | NW79T | BBG91T | GLTO6P | FB78P

Sample Dike Newlands

HJI-11 1019 1084 805 24,5 23,4

HJUI-21 1037 1240 856 25,3 29,7

HJI-31 1070 26,2

HJI-41 1106 27,4

Sample pipe and placers Nyurbinskaya
26/510-439 | 1024 27,7

12/300-3 1028 28,1

24/340-6 1000 27,2

36/420-7 990 25,3

Garnets on TP-diagram (fig. 9) form compact ardasmedium depth in the
upper mantle (80-90 km) and correspond to a vetyghotherm (Nyurba pipe and
Newlands dike: 52 and 55 m\W/m

600 700 800 900 1000 1100 1200 1300 1400 1500

0 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
T°C
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20 ~~I7
\\\ \\\ﬂ\\

~
304 ° ~o B~ =
o ~ ~ ~

40+

50+ T~ 50

Nyurbinskaya pipe N %
1 © Gar C99T Gar GLTO6P N N
Newlands dike N R

60 & Gar CO9T Gar GLOGP b g N
| @ Gar+OINW79T Gar GLTO6P \ S "
[ O/+Sp BBGY1T Ol FB78P i N N

Fig. 9. TP-diagram of formation of green garnets from sampés of Newlands dike,
kimberlites and placer of Nyurba pipe.
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DISCUSSION

Complex studies (including isotope-geochemical isg)dof absolutely fresh
mantle rocks containing green garnets found inblertites of Newlands dike as
well as separate green garnet grains found in kilitdee and placer of Nyurba
pipe, and their comparison helped to shed lighthenorigin of these exotic mantle
«wehrlites ».

Xenoliths of rocks with green garnet from kimbeitdemonstrate a very
changeable modal composition: from garnet-bearoaks (to 70 % of garnet),
through almost mono-olivine rocks with single smajhrnet inclusions, to
«chromatic ores» (sp (60 %) + gar (30 %)) [14ha@pyroxene in these xenoliths is
practically absent (or at least very scarce). Tr@siuof rocks containing green
garnet are rather various - xenomorphic, poikilitim cases similar to
panidiomorphic. Structures of rocks are also vaiouassive, schlieren, parallel-
banded.

Green garnet grains in some samples from Newlards (flg. 1A) exhibit
irregular contours, but the clear straight-like gias as though the garnet grew in
free space due to the crystallization growth orasematic process. On the other
hand, in the xenoliths from Zimnyaya pipe [14] «ahite forms almost
continuous units which contain elongated garnengraontacts of the garnet with
chromite are irregular».

«By some signs it is similar to schlieren-like ugbns of the chromite ores
containing green garnet in ultramafic rocks of thel Mountains and in rocks
from the Bushveld complex». Thus, [15] points out.«a zonal distribution of
inclusions of other minerals in green garnet grdnosn kimberlites, and also
heterogeneous composition of its grains which Besaas a clear zonal structure».
Heterogeneous structure and composition is foumdtie intergrowths of two
garnet grains from the Newlands dike [20].

Green garnets from kimberlites show the increas®EHE and MREE
contents as well s higher Sc and in particularTAough the chemical composition
of green garnets and concentrations of trace eltsmee similar, the titanium
content in garnets from different samples can diffe 20 times, and that of
zirconium - even in 80 times (!), reaching veryhwplues (from 0,09 to 1,75 %
TiO, and from 13 to 1042 ppm Zr).

The oxygen isotope composition in green garn&fO(= 4,05-4,25/,,) and
olivine 8*°0 = 4,91°,,) is significantly different from mantle valuesy Bhese
indicators the samples with green garnets from kniites are similar to the
“layered gabbro” from the Semail complex, Oman [2@gpleted ind*0 in
comparison with an average oceanic crust.

The age of rocks with green garnet is relativelyung, most likely
Mesoproterozoic (J;DM = 1,78 Ga) that can be hardly typical for "usualcks of
the mantle substratum.

The rocks with green garnet exhibit non-equilibrighraracter of ol+sp+gar
paragenesis. They were produced at medium dephbeimantle (80-90 km) in the
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conditions of a high heat flow (52-55 m\Wimthat can be related to the plume
formation.

By these features, the rocks with green garnet fiomberlites are not
«wehrlites», but most likely are metasomatic foiore like uvarovite-chromite
veins or schlieren at average depth in the uppeartl;na similar to uvarovite-
chromite veins of a metasomatic origin in the @ablisérpentinites.

The metasomatic nature of uvarovite-containing elsgied rocks can be
confirmed by secant veins of obvious metasomatigirorcontaining fine-
crystalline gar+phlog+sp aggregate in the samplellllfrom Newlands dike, and
by crystalline phlogopite-bearing vein-like inclassin xenoliths from Zimnyaya
pipe [14].

A specific formation of green garnets in kimbesitean be confirmed by the
garnet distribution in kimberlites Mud Lake (Canadslave Craton). Fig.10
(diagram from Sobolev [10]) shows the fields ofogile and peridotite garnets.
Moreover, the composition of high-calcium and haftomium (including green)
garnets form absolutely special trend of compasitchange, that confirms a
special way of formation of such garnets.

24~ CaO
(mac %)

22

20-

18-

16-

14

Cr203
(mac %)

16 18 20

Fig. 10.Distribution of garnets in kimberlites of Mud Lake field (Canada, Slave Craton).

Eclogite-bearing garnets (E) and peridotites gesnifP). The compositions of high-calcium
(including green) garnets (high Cr-Ca) demonsteaagpecial location on the diagram and form
absolutely special trend of composition.
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THE CONCLUSIONS

Complex studies (including isotope-geochemical isg)dof absolutely fresh
mantle rocks containing green garnets found in kiriles of Newlands dike as
well as separate green garnet grains found in kilitde and placer of Nyurba
pipe, and their comparison helped to shed lighthenorigin of these exotic mantle
«wehrlites ».

Xenoliths of rocks with green garnet from kimbeitdemonstrate a very
changeable modal composition: from garnet-bearigks (to 70% of garnet),
through almost mono-olivine rocks with single smajhrnet inclusions, to
«chromatic ores» (sp (60 %) + gar (30 %)) [14hapyroxene in these xenoliths is
practically absent (or at least very scarce).

Textures of rocks containing green garnet are rathgous - xenomorphic,
poikilitic, in cases similar to panidiomorphic. &tures of rocks are also various:
massive, schlieren, parallel-banded.

Green garnets from kimberlites demonstrate subidipinc and irregular
shape, zonal distribution of other mineral and fegfeneous composition of grains
which sometimes have a clear zonal structure.

Though the chemical composition of green garnedscamcentrations of trace
elements are similar, they show the increased LREEMREE contents as well as
higher Sc. Moreover, the titanium content in gasrfedbm different samples can
differ in 20 times, and that of zirconium - even8@ times (!), reaching very high
values (from 0,09 to 1,75 % Tj@nd from 13 to 1042 ppm Zr).

The oxygen isotope composition in green garn&O(= 4,05-4,25/,,) and
olivine ('O = 4,91°/,,) is significantly different from mantle values. Biyese
indicators the samples with green garnets from knlites are similar to the
“layered gabbro” from ophiolite complexes.

The age of rocks with a green garnet is relativgbung, most likely
Mesoproterozoic (J;DM = 1,78 Ga) that can be hardly typical for "usualcks of
the mantle substratum.

The rocks with green garnet exhibit non-equilibrighraracter of ol+sp+gar
paragenesis. They were produced at medium dephbieimantle (80-90 km) in the
conditions of a high heat flow (52-55 mWimthat can be related to the plume
formation.

By these features, the rocks with green garnet fiomberlites are not
«wehrlites», but most likely are metasomatic foiorad like uvarovite-chromite
veins or schlieren at average depth in the uppeartl;na similar to uvarovite-
chromite veins of a metasomatic origin in the ablisérpentinites.
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ABSTRACT

The concentrate from two phases of the kimberhtedcia and porphyritic
kimberlite) and about 130 xenoliths from the Sytysleaya pipe of the Alakit field
(Yakutia) were studied by EPMA and LAM ICP metho&econstructions of the
PTXfO, mantle sections were made separately for the twasgs. The porphyritic
kimberlites and breccia show differences in thearah compositions although the
reconstructed mantle layering and pressure intergalains the same. For the
porphyritic kimberlite the trends P- Fe# - CaO arreet,fO, are sub-vertical while
the xenocrysts from the breccia show stepped amdedutrends possibly due to
interaction with fluids. Minerals within xenolitnshow the widest variation in all
pressure intervals. PT points for the ilmenitesohirace the magmatic system show
splitting of the magmatic source into two levelstts pyroxenite lens (4GPa) [33,
38] accompanied by peridotite contamination antharease in Cr in ilmenites. Two
groups of metasomatites with Fe#Ol ~ 10-12% and3%- were created by the
melts derived from protokimberlites and trace thantte columns from the
lithosphere base (Ilm-Gar-Cr diopside) to Moho Imecm essentially pyroxenitic
(Cr-diopside with Phl).

The first Opx-Gar-basedmantle geotherm from thekidldield has been
constructed from15 associations and is close tm&&m’in the lower part of mantle
section but deviates to high temperatures in theeupart of the mantle section. The
oxidation state for the protokimberlite melts detered from ilmenites at the
lithosphere base the is higher than for the otheesin the Alakit field Yakutian
kimberlite province which probably accounts for thecrease in the diamond grade
of this pipe.

The geochemistry of the minerals (garnets and plimmxenes) from breccias,
metasomatic peridotite xenoliths and pyroxenitesgesyatically differ. Cr- Diopside
xenocrysts from the breccia were produced by thetrddferentiated melts and
enriched protokimberlite or carbonatite; they sHoghly inclined nearly linear REE
patterns and deep troughs of HFSE. The REE pattegnsminerals of the
metasomatic xenoliths are less inclined with low&iCe, ratios and without troughs
in spider diagrams. The garnets often show S-shpptdrns. Clinopyroxenes from
the Cr websterites show different enrichments inERghly inclined and more
straight pattern sand deep troughs in Ba and vargimrichment in Nb-Ta-U lower
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then REE. Those with lower TRE reveal Zr-Hf dipsheTclinopyroxenes from
glimmerites reveal highest REE and dips in Pb. &arshow also more straight line
REE patterns with then in primitive melts Sr — Basdout varying Th-U Nb- Ta.

The *°Ar-**Ar ages for micasfrom the Alakit field reveal thiiegervals for the
metasomatism. The first (1154 Ma) relates to dsgeephlogopites found throughout
the mantle column, and probably corresponds ta@éméinental arc stage in the early
stage of Rodinia. Veined highly alkaline and Tiarieeins with richterite ~1015Ma
corresponds to the plume event within the Rodiniante. The~600-550 Ma
stagemarksthe final Rodinia break-up. The last meer 385 Ma is protokimberlite
related.

Keywords mantle, kimberlites, lithosphere, mantle xendaljitrxenocrysts,
monominneral theremobarometry, pyropes, ilmengeschemistry.

INTRODUCTION

The Sytykanskaya kimberlite pipe is located nearlibundary of the Daldyn
and Alakite fields in the upper stretches of theykgn creek [5, 45, 52]. It is
buried by dolerite sills that are ~ 60m in thickne$he pipe is built up from the
two major phases: black porphyritic kimberlites agdeenish grey autolithic
breccia containing a huge amount of xenoliths. Kinagberlite is now completely
excavated and is lying near the pipe. The diamaadeyis not very high compared
with the other large pipes in the Alakit field lmtme large diamonds to 342 carats
were discovered.

Among the kimberlites from Alakit field, the Sytykskaya pipe is
characterized by a large amount of deep-seatedittenahich contain relics of
fresh minerals, e.g. pyroxenes, garnets, olivimgas, amphiboles, chromites,
ilmenites and some other rare phases.

In this work we give the characteristics of the mlseated xenoliths and
xenocryst minerals from this pipe using mainly EPMAd ICP MS analyses and
compare these results with the data for the coratestfrom breccia and porphyric
kimberlites on the variation and TPX diagrams. Remocrysts of porphyritic
kimberlite breccia and the xenoliths were analyzeparately.

METHODS AND DATA

The minerals from the concentrates of breccia (5@0¥ porphyritic
kimberlites (400) were analyzed by EPMA. We alaadid about 130 peridotite
xenolths of lherzolite, mainly the enriched hargea type, half of which contain
veins with phlogopites and other minerals, and @xygnites and two eclogites. All
of them were analyzed using a Camebax Micro miaioprusing the methods
described [21]. The most interesting xenoliths W&re analyzed in detail in the
University of Vienna.

Analyses of trace elements for three types of siols (xenocrysts from the
breccia concentrate, metasomatic xenoliths andw@&asterites were made by the
LAM ICP MS methods using FinniganElement mass spewtter and laser
ablation system Nd YAG: UV NewWave.
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PETROGRAPHY

The percentage of xenolith types is given usingdbkection of about 250
xenoliths with corrections after A.Manakov [24]. Amg the xenoliths are
harzburgites (5 %) and slightly depleted garnetzbites (40 %), Sp lherzolites
(15 %), garnet phlogopite-ilmenite veined xenoli(B® %), dunites (4 %), garnet
dunites (1 %), garnet pyroxenites with ilmenitesl anica (7 %), and Phl-lim
metasomatic veins (glimmerites) (8 %).

Most xenoliths contain phlogopite. It is found g®adic grains dispersed in
the rocks and also as micro- and macro-veins, camymwith Cr-diopsides and
rarely garnet or chromite. Phlogopites commonlynfocoronas on garnets or
together with pyroxenes totally replace garnetengtdorming symplectites. Veins
of llm-Phl-Cr-diopsides form the stockworks in tiperidotite matrix and cut
through the large porphyroclasts of olivine andng&és. Some monomineralic
ilmenite veins cut large garnet porphyroclasts eRare-grained essentially olivine
peridotites contain intergranular IIm and ulvospigeins as well as Cr-diopsides
(Cr-Di) and garnet relics. They are relatively ldemperature analogs of the
deformed peridotites [1, 17]. The eclogite xendalitthich occur in other Yakutian
kimberlite pipes [44, 45, 52] are rare; we colleéctenly two, though some
diamond-bearing eclogites were discovered in pg# with kyanite also [20].
Several practically fresh garnet pyroxenites (wetts) which also contain mica
and chromites, were discovered. Some of them aorg@gnificant amounts of
graphite.

The megacryst association is represented mainlylrbgnite and pyrope
garnets. Several large ilmenite nodules contaigelanonocrystals cemented by
fine llm grains and, in the outer contact, thesgregates contain Cr-Di and
olivines from the peridotites.

MINERALOGY

Pyrope compositions on the diagram for the breacid xenoliths (fig. 1a)
and porphyritic kimberlites and pyroxenites (figa)1show similarity in the
configuration of the clouds and clots of data poiahd close interval of &D;
variations to 13%. The total amount of sub-Ca garf&8, 36, 45, 46, 49] is higher
in porhyric kimberlites. The largest fraction of-flch garnets plots in the part of
the left diagrams, as well as CaO-rich garnetsyobxenitic type and Fe-enriched
from the metasomatites in the middle part of tregycam.

In the P-Fe# and P-CaO diagrams (figs. 7-9), teeds for garnets from the
breccia are more curved, possibly due to metasorpeatcesses.

The Cr-diopsides on the variation diagrams (figd®)de into three intervals
according to FeO content. Most are the low-Fe tfp€ % FeO) and come
fromenriched harzburgites and |herzolites with loantents of all admixtures
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Fig. 1.Compositions of the pyropes (a) from breccia (b) ashporphyric kimberlites from

Sytykanskaya pi

pe.

In addition in (fig. 1a) the compositions of theayzed xenoliths are shown, and on (fig. 1b)
compositions of the veined metasomatites and pyiteeanalyzed by LAM ICP-MS.

including Cr which slightly increases at the endrtérval. The varieties showing
greatest variability Na, Cr, Al, Ti are metasomd&lic Di from the middle part of
diagram (2-3.5 % FeO). The highest values arefrorDiCglimmerites with
richterite. The Fe-rich part corresponds to the m@tasomatites. They form two
branches with different contents of Na and Ti.
Chromites are represented mostly by Cr-rich vasetiThe fraction of the
varieties that locate within the diamond window ,[3%, 46] is higher in the
breccia and slightly less in the porphyritic kimlides. But some varieties are
enriched in TiQ. The amount of such chromites is higher in theas@natic
xenoliths. The AlO; - Cr,O3; chromite plot does not show the common linear Cr-
Al correlation but creates a cloud of points in @erich part due to the high
degree of metasomatism. Only harzburgitic chronfdes common AIO; - Cr,0O5

trend.

limenites from Sytykanskaya reveal the greatesttians (fig. 4) and most
complicated trends among those studied in the Yakuirovince, showing wide
variations in Cr and Al. For the ilmenites from therphyritic kimberlite there are
4 levels of CyOz; enrichment, while in Daldyn region three levelg @aommon
[19]. The trend of ~ 0.5 is parallel to the pi@nd formed by the fraction of
uncontaminated protokimberlite melts. The linearéase in this component from
2 to 3% relates to the stage of the formation ef tielt channels in the mantle
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column, which is followed by the permanent dissolutof associations containing
chromite and Cr-diopsides.

C
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Fig. 2.Compositions of Cr-diopsides from breccia and porpiric kimberlites from
Sytykanskaya pipe. The signs are the same.
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Fig.4. Compositions of ilmenites.
From breccia (a) and porphyric kimberlites (b) fr&ytykanskaya pipe. The signs are the same.

A further two levels ~ 3.5 and 5 % {x in the middle part of the Ti2Cr,05
trends belong to the phlogopite-bearing metasoewatiind glimmerite with
richterites which have very high Cr contents. They from the middle part of the
mantle column and belong to the lower so-calledypgnite lens [35]. In the low-
Ti part of the trend, there are several levelshef €r-enrichment as seen in many
Alakit kimberlites.

This is quite different compared with the situatmfithe South Africa where
Cr-enrichment is common for the low- and high-Mgehite varieties. This was
determined as Haggerty’'s parabola [14] and expthasea structural phenomenon.
But in reality it is related to the metasomatitesated in the upper and lower parts
of the protokimberlite system.

The ilmenite trend from the kimberlite breccia drmn xenoliths show very
close configuration and division into the same leVeut the trends are more
dispersed. In group 1 (low-Cr), Cr decreases tagetith the TiQ. The MnO
content is in general also decreasing.

Amphiboles Amphiboles in the Sytykanskaya pipe were foundhi@ veins
with phlogopites and ilmenites. Only those foundalkaline glimmerites are
richterite. Since they are not so high pressurtd@se obtained in the high pressure
experiments at 7.0-9.0 GPa [18], they are the Kiyipa of richterites which were
obtained in experiments at 3 GPa [55]. Similar ailoples were found in the
harzburgites from Udachnaya pipe. Most amphibalesfveined xenoliths from
Sytykanskaya are Cr-pargasite and one is pargdmticblende, similar to those
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found in the northern parts of Yakutia. Only onmehite from the ilmenite-

bearing vein reveals high Ti content.
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Fig.5. Compositions of amphiboles.

From breccia and mantle xenoliths from Sytykanskziga. The signs are the same.
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Fig.6. Compositions of phlgopites.

From breccia and mantle xenoliths from Sytykanskziga. The signs are the same.

Phlogopitesirom Sytykanskaya xenoliths are highly variableeamposition.
For the low-Fe varieties two levels of the,Gyenrichment are visible: 0.5 and 2%
Cr,0Os. Phlogopites with FeO>4% and Ox close to 4-5 % are from the ilmenite-
bearing veins. The N® content is also up to 0.8 % being lower in thddig part
of the trend and high for the ilmenite-bearing agsmns. In the middle part of the
diagram the Ti@level is highest at 2-5 %. Variations with incriegsadmixtures
in phlogopites are accompanied by a decrease in. Jike rise of Ti, Na, Cr
corresponds to the increase of the Al/(Al+Si) oteaise component which
corresponds to a pressure decrease [2, 26].
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PTX DIAGRAMS AND VARIATION OF THE OXYGEN FUGACITY
CONDITIONS

Separate PTO, diagrams obtained for the xenocrysts from the dae(fig.
7) and porphyritic kimberlite (fig. 8) give the ampunity to evaluate the sequence
of events. Variations of PT conditions for garnehacrysts form a simple linear
trend which is at 6(C at the level of the Moho and descends to 35 mfW/m
geotherm at 6.5 GPa, where there is an inflectmnesponding to the convective
branch [11] formed by the high temperature trenrccfodomite and ilmenites.

Table 1.

Compositions of the major and trace element compomés for clinopyroxenes, phlogopites
from the autolithic breccias from Sytykanskata pipe

Number] S079 S052 S053 S054 S055 S056 S068 S640 S068 S067 S053 | STK14 STK24
Element Clinopyroxenes Phlogopites

Sio2 54.21 54.36 53.32 53.92 54.31 54.89 54.29 54.81 54.55 54.83 54.82 40.67 37.63
TiO2 0.121 0.048 0.094 0.185 0.069 0.268 0.14 0.05 0.268 0.1 0.094 0.308 3.88
Al203 0.618 2.83 0.71 2.83 2.69 3.27 4.25 2.82 1.59 0.94 0.71 12.32 14.43
Cr203 2.26 3.01 261 0.788 3.35 0.681 3.51 3.37 4.09 3.53 2.61 0.323 0.46
FeO 2.22 2.18 2.04 3.25 1.9 4.3 2.07 231 2.39 2.36 2.04 4.73 5.18
MnO 0.067 0.1 0.046 0.068 0.101 0.142 0.075 0.086 0.102 0.062 0.046 0.035 0.063
MgO 16.06 14.27 15.63 14.67 13.93 17.57 13.22 13.92 14.75 14.86 15.63 24.71 23.27
CaO 21.24 18.96 21.2 20.3 18.55 14.69 16.96 18.12 17.64 19.84 21.2 0.044 0.052
Na20 1.84 3.06 1.82 2.24 3.22 2.65 4.04 3.38 33 2.43 1.82 0.756 0.642
K20 0.008 0.027 0.027 0.031 0.02 0.04 0.009 0 0.009 0.003 0.027 10.63 9.7
Total 98.644 98.845 97.497 98.282 98.14 98501 98.564 98.866 98.689 98.955 98.997] 94.526 95.307
Ba 3.67 0.59 7.60 0.66 15.71 12.24 0.68 0.97 0.97 6.31 0.29] 21546 16128
La 1.72 8.80 9.34 3.25 16.39 45.02 31.01 38.98 45.26  116.82 5.97 3.60 0.59
Ce 35 29 13 36 114 106 136 178 299 11 6.72 1.69
Pr 0.8 5.9 4.7 2.0 5.0 15.2 11.2 14.1 18.2 34.9 15 0.79 0.32
Nd 45 28.3 237 9.2 22.1 66.1 445 52.8 65.1 131.7 5.4 5.22 2.96
Sm 1.05 5.72 5.18 1.87 4.28 12.25 8.00 9.81 11.81 20.73 0.44 2.58 0.90
Eu 0.39 1.64 1.55 0.53 111 3.44 2.48 3.03 3.34 6.00 0.12 0.60 0.30
Gd 111 4.28 4.18 1.38 3.78 10.36 5.89 6.77 7.82 13.81 0.3 0.44 0.47
Tb 0.14 0.43 0.43 0.14 0.45 1.10 0.66 0.77 0.87 1.56 0.03 0.03 0.06
Dy 0.84 2.05 1.97 0.60 1.88 4.92 2.87 3.48 3.64 6.33 0.13 0.12 0.18
Ho 0.14 0.29 0.28 0.09 0.31 0.68 0.37 0.45 0.47 0.91 0.02 0.03 0.03
Er 0.34 0.65 0.56 0.18 0.71 1.08 0.70 0.82 0.84 157 0.03 0.08 0.05
™™ 0.04 0.06 0.06 0.02 0.08 0.12 0.06 0.08 0.09 0.18 0.003 0.02 0.02
Yb 0.22 0.40 0.31 0.10 0.48 0.66 0.32 0.38 0.44 0.83 0.011 0.06 0.11
Lu 0.03 0.04 0.03 0.01 0.06 0.06 0.04 0.04 0.05 0.09 0.002 0.01 0.04
Hf 0.56 2.43 3.14 1.04 5.70 6.93 1.92 2.35 2.42 4.43 0.37 0.35 0.22
Ta 0.03 0.11 0.17 0.02 0.34 0.15 0.03 0.04 0.20 4.06 0.002 0.61 3.77
Pb 2.84 0.29 0.71 0.33 10.44 5.86 2.77 3.72 4.12 4.77 0.8] 9.96 1.92
Th 0.09 0.10 0.62 0.03 1.07 2.43 1.76 2.37 2.32 10.06 0.46 10.58 4.44)
u 0.06 0.03 0.18 0.01 0.82 0.28 0.35 0.53 0.50 1.01 0.02 0.34 0.53
Sc 20 47 45 15 196 186 109 143 144 199 12 42 21
\ 182 155 376 187 348 1084 1236 1649 1637 1462 141 1897 634
Co 34 7 18 9 119 72 76 100 103 101 5 1023 490
Cu 5.46 0.18 6.56 1.05 52.71 16.51 2.53 6.42 2.16 11.66 0.3 33 18
Ni 434 114 317 126 2524 1014 957 1257 1253 1566 85 7548 4607
Rb 0.73 0.04 0.63 0.05 3.81 0.32 0.01 0.02 0.07 0.40 0.03 7.56 3.38
Sr 102 247 253 119 415 968 770 979 1042 1318 133] 50 21
Y 3.35 7.02 6.25 2.05 7.71 15.80 9.11 10.54 11.46 19.87 0.36 568 587
Zr 4.47 351 41.3 13.8 115.9 143.7 52.4 64.6 75.5 148.6 3.19 49 43
Nb 0.26 0.73 2.24 0.18 3.57 3.04 1.30 1.78 529 168.22 0.03 4.3 69

Note: Major components were analyzed using microprobenéb@xMicro, analyst O.S.
Kmelnikova. TRE analyzes of minerals were obtdinsing LAM ICP method using Finnigan
Element and laser system Nd YAG: UVNewWave, asteByV. Palessky.
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Table 2.

Compositions of the major and trace element compomés for garnets and ilmenites from
the autolithic breccias from Sytykanskata pipe.

Number] SGO076 SGO77 STK137 SGO078 SG079 SGO066 SG087 SG060 SG062 SG063 SGO064 | SI169 S1152 S1149 SI1150 SI1135 S1123
Element Garnets limenites
Sio2 41.08 41.73 39.55 41.82 42.07 40.1 41.64 40.13 41.89 42.1 41.82]
TiO2 0.581 0.074 1.74 0.335 0.045 0.317 0.578 1.03 0.227 1.08 0.301] 45.68 48.27 52.16 51.17 52.42 50.67|
Al203 19.12 16.5 14.10 18.87 17.88 14.69 18.42 12.07 21.26 19.83 19.87 0.198 0.301 0.788 0.561 0.704 0.527]
Cr203 4.16 9.87 1.89 5.76 8.11 10.23 5.25 12.37 2.68 1.89 4.79 2.52 241 0.528 0.468 0.744 0.578|
FeO 9.21 6.7 5.22 7.14 7.01 8.54 7.36 7.43 8.42 9.32 7.15 42.59 40.37 33.83 36.64 34.21 37.85|
MnO 0.471 0.449 0.06 0.416 0.422 0.453 0.282 0.38 0.391 0.313 0.387] 0.284 0.289 0.42 0.227 0.286 0.213]
MgO 17.79 22.65 23.16 20.79 22.81 15.85 20.41 17.91 20.28 20.95 20.85] 7.66 8.97 12.47 10.07 12.23 10.37]
CaO 6.75 1.59 0.01 4.56 1.57 9.05 5.47 7.82 4.56 4.74 4.52 0.063 0.105 0.157 0.096 0.158 0.087]
Na20 0.10 0.00 0.24 0.09 0.02 0.05 0.07 0.05 0.08 0.09 0.06 0.406 0.118 0.198 0.207 0.151 0.157]
K20 0.02 0.02 9.95 0.02 0.02 0.02 0.02 0.03 0.01 0.02 0.02
Total 99.28 99.58 95.91 99.79 99.96 99.3 99.5 99.21 99.8 100.33 99.75] 99.41 100.84 100.54 99.44 100.9  100.45
Ba 4.44 3.14 22.82 7.27 0.91 1.93 3.06 0.03 0.12 2.16 4.07 12.24 405 0.22 0.001 0.15 0.02]
La 0.97 0.11 1.70 0.73 0.10 0.71 0.13 0.02 0.06 0.59 0.37 4.53 17.59 0.130 0.008 0.011 0.012]
Ce 0.56 0.82 6.56 2.78 1.04 2.74 1.30 0.12 0.47 2.08 1.45 9.31 28.98 0.827 0.015 0.023 0.078|
Pr 0.23 0.44 0.82 0.38 0.23 0.49 0.17 0.03 0.07 0.56 0.18 1.28 212 0.049 0.006 0.002 0.008|
Nd 3.13 4.06 4.76 1.69 1.93 2.75 1.04 0.29 0.35 4.04 1.47 5.72 9.13 0.256 0.057 0.009 0.049
Sm 1.22 1.42 0.80 0.46 1.50 0.98 0.86 0.29 0.12 0.90 1.37 0.67 1.13 0.072 0.026 0.007 0.016
Eu 0.53 0.31 0.17 0.09 0.62 0.39 0.06 0.17 0.06 0.20 0.55 0.13 0.29 0.016 0.007 0.003 0.003]
Gd 251 0.65 0.47 0.24 2.57 1.32 0.14 0.60 0.24 0.57 2.93 0.24 0.61 0.058 0.014 0.024 0.021]
Tb 0.83 0.07 0.04 0.02 0.50 0.15 0.04 0.16 0.09 0.09 0.66 0.03 0.09 0.007 0.004 0.004 0.009
Dy 6.93 0.40 0.15 0.07 3.79 0.53 0.31 1.35 1.02 1.13 5.71 0.15 0.39 0.040 0.041 0.029 0.021]
Ho 2.10 0.07 0.03 0.02 0.92 0.08 0.10 0.37 0.34 0.38 1.35 0.03 0.05 0.008 0.013 0.005 0.003]
Er 5.37 0.17 0.23 0.09 2.72 0.20 0.39 1.06 1.49 1.61 4.69 0.08 0.11 0.024 0.012 0.016 0.019
Tm 0.75 0.05 0.02 0.01 0.41 0.04 0.07 0.19 0.27 0.29 0.74] 0.01 0.03 0.003 0.005 0.003 0.008|
Yb 5.40 0.28 0.36 0.23 3.06 0.38 0.81 1.40 217 2.98 5.85 0.10 0.10 0.032 0.026 0.034 0.022]
Lu 0.85 0.11 0.08 0.03 0.49 0.12 0.15 0.23 0.39 0.59 0.88 0.02 0.02 0.005 0.007 0.007 0.005]
Hf 0.70 0.26 0.17 0.13 2.26 0.64 0.11 0.57 0.11 0.54 1.96 28 45 17 17 28 26
Ta 0.01 0.07 1.12 0.05 0.06 0.05 0.11 0.01 0.02 0.21 0.09 431 18 269 183 377 364
Pb 0.77 0.84 1.73 1.75 0.35 0.73 1.05 0.22 0.27 1.73 2.83] 6.36 7.88 1.67 0.18 0.99 0.59
Th 0.04 0.27 0.47 0.30 0.02 0.12 0.03 0.003 0.02 0.15 0.05 0.25 1.33 0.01 0.005 0.002 0.001]
V] 0.02 0.04 8.84 0.04 0.03 0.07 0.05 0.01 0.02 0.10 0.11 0.34 0.87 0.08 0.04 0.05 0.04]
Sc 108 107 15 8 143 259 136 42 125 463 156 64.4 14.0 325 317 40.7 39.7]
\ 217 102 2151 1412 476 628 435 74 386 778 371 2826 1466 2110 1809 1801 1840
Co 41 23 539 408 93 106 68 22 71 107 118 331 42 270 222 196 202
Cu 180 202 13 78 33 7.5 141 1.0 0.7 10.1 23.4] 59 34 55 47 34 30
Ni 286 192 849 437 169 104 119 47 66 226 505 1370 329 1015 935 1030 1256
Rb 0.05 0.10 7.35 3.50 0.01 0.14 0.52 0.06 0.11 0.15 0.39 5.22 2.37 0.21 0.03 0.33 0.14]
Sr 0.00 2.56 389 194.57 1.75 126.61 3.90 1.32 0.54 8.42 11.78 70.8 38.3 6.4 0.4 0.5 0.5
Y 2.8 1.9 6 3.7 22.6 1.9 2.6 8.9 10.5 111 36.3] 5.75 14.80 0.22 0.16 0.11 0.11]
Zr 58.5 32.0 54 34.8 80.0 36.7 4.6 19.3 2.9 17.1 70.3 408 601 417 417 760 764
Nb 2.71 2.03 14 1.70 0.58 0.69 1.26 0.05 0.31 1.74 0.72 3477 204 2005 1264 2708 2478

Such trends with a deviation from the conductivetigerms at the upper part
[12, 38] are determined in the continental manflenany regions worldwide [8,
37]. Deviations to the high-temperature region oscat several levels, ranging
from 6.5 to 3.5 GPa, which corresponds to inteoactvith the protokimberlites
melts traced mainly by ilmenite PT points.

The lower part of the ilmenite trend is formed hg uncontaminated low-Cr
varieties but in the upper part the Cr-contenteases. However, at the level of 4.0
GPa, it is growing abruptly. In this interval the-Eontent of garnets is rising also
and next at the level of 3.0 GPa. The PT estimédeshromite and ilmenite
coincide in pressure, but chromites mark relatiielyer temperature conditions.
Probably the formation of this mineral occurs ae tbuter contacts of the
protokimberlites. The CaO and FeO content in garae¢ quite stable in certain
pressure intervals and abruptly change near 5.0 GPa

Most of the variations are found in the range 6f3.0 GPa further above 4.0
GPa. Kinks inP-Fe# are observed near 3.2, 2.8 &h&Pa. At the bottom of the
chart, which presents the PTX estimates for inohsiin diamonds, there are 4
levels of CaO content which is rather stable inspoee intervals, which is very
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unusual.
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Fig. 7.PTxFO, diagram for the concentrate from porphyric kimberlite from Sytykanskaya
pipe.

Signs: 1. Opx: TC [10] -P(GPa)[28]. 2. The same for diamond inadusi Cpx: 3.7C-P(GPa)
[29]; 4. T°C [29] modified [10] — P(GPa) [5]; 5.The same foclogites; 6. The same
forpyroxenites. 7. The same for diamond inclusio@aynet (monomineral) 8. 9.°C [31] -P
(GPa) [5], 10.The same for diamond inclusions. @tite 11.7°C [30] - P (GPa) [5]; 12. The
same for diamond inclusions. 13. limenite megasry&t [27] - P (GPa) [5]; 14. The same for
xenoliths; 15. TC - P (GPa) [10]. The compositions of the diamaradiisions is taken from [22,
48-50]. The field for the diamond bearing assoociaiafter [27].
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Fig.8. PTxFO, diagram for the concentrate from breccia from Sytkanskaya pipe.

The ilmenite PO, trend of Sytykanskaya reveals comparatively oxidiz
conditions, unlike for other mantle sections in Mi&& [5-9] where it usually traces
the dividing line of the stability of carbonatiteethand diamond [53, 54]. The
variations of oxidizing conditions defined for gatrand chromite are limited by
this line on the left [27]. Above 4.0 GPa oxidizingnditions increase drastically,
which corresponds to an increase of metasomatisaeruthe influence of
differentiating melt systems.

For the xenocrysts found in the breccia, which appeo be (but not
obviously) formed after the porphyritic kimberlitdhe general variation of the P-
Fe# trends is similar. However, the diversity ofelar and curved skew trend
appears to be higher, probably due to the influericeveral branched systems of
the melts derived from kimberlites in different édw.
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Table 3.

Compositions of the major components for amphibolegphlogopites and rutiles from the
autolithic breccias from Sytykanskata pipe.

Sample | Stk196 | Stk196a |SytD018|SytD047|SytD018|SytD146|SytD163| S68 | ST75 | Stk35 | ST250
Compon Richterites Pargasites Rutile
Si0, | 51.89 | 524 | 4888 | 5408 | 4988 | 4997 | 4679 | 4695 | 4231 | 421 | 0018
TiO, | 0.15 | 014 | 0146 | 0197 | 0.146 | 0.154 | 0488 | 0217 | 205 | 038 | 981
ALO; | 608 | 6090 | 779 | 305 | 779 | 791 | 1136 | 944 | 1488 | 1137 | 0,027
Cr:0; | 153 | 145 | 218 | 0769 | 218 | 222 | 088 | 213 | 0588 | 029 | 169
FeO | 288 | 282 | 267 | 316 | 267 | 266 | 443 | 297 | 455 | 411 | 0127

MnO 0.1 0.07 0052 | 0062 | 0.052 0.07 0.06 0,029 | 0.111 0.04 0
MgO | 2123 212 20.29 1453 | 2029 19.7 18.16 20.25 17.78 | 26.01 0.039
Ca0 647 6.54 8,56 20.91 8.56 8.64 10,35 10,52 10.61 0 0,023

Na,0 5,38 54 4,68 224 4,68 468 4,02 3.83 299 0.1 0.056
K,O 1,97 1,98 1.34 0.034 1,34 1,26 1,14 1.45 1.04 10,67 0.001
Total 97.68 98.09 | 96,588 | 99,032 | 97588 | 97264 | 97.678 | 97.786 | 96,909 | 95,07 | 100,081
Sample | Stk196 | Stk9 | Stkl167 |Stk167a| ST 1961 | ST 1961 | ST 1861 | ST 60I | ST 75 s104 | Stk208
Compon Phlogopites Rautile
Si0, 4143 | 41,06 39.15 39.86 | 42,14 | 4347 3814 | 41,58 39.85 | 4234 0
TiO, 0,17 041 297 3.6 0.211 0,199 3,13 0414 LY 0,768 95,58
Al O, 13,15 13,02 16,01 13,08 11,93 12,33 15,97 13,87 14,24 1242 0
Cr;0; 0,82 0.71 1,12 091 0,387 0,343 1,82 0.64 1,52 0,485 0,02
FeO 282 3,58 3,78 4,17 3.24 323 423 3.77 4,87 3.61 0,082
MnO 0,02 0,03 0,03 0,05 0,034 0.041 0,042 0.03 0.046 0,012 0
MgO 26,05 24,19 22,62 23,92 26,71 27.32 21,11 25,6 224 2434 0,016
Ca0 0 0,02 0 0.01 0,118 0,022 0,031 0.036 0,032 0.171 0
Na,0 0.53 0.12 04 0.25 0.234 0,195 0.36 0.245 0.127 0.302 0,022
K,O 9.57 10,8 10,06 9,28 9.57 9,09 7.82 9.02 9.85 10,28 0
Total 94,56 93,94 96,14 0513 | 94574 | 96,24 | 92653 | 95205 | 96,405 | 94,728 | 9571

Actually protokimberlite melt formed two large istéd systems at two levels
of the mantle column. The melts parental for ilnenimoved to the upper part to
4.5-3.5 GPa, becoming significantly enriched inzr The CaO and FeO trends
for garnet at each level have formed separaten afievilinear, trends which seem
to reflect the variation of the composition of thentle of the substrate that is
changing under the influence of the melts in than \sstems. The same linear
trend with large often sub-horizontal variationsh c@so be seen on thef®,
diagrams. For the chromite oxidation stage vamtiare similar to those from the
porphyritic kimberlites but the amount of chromiteghe deepest levels is higher.

Clinopyroxenes from the breccia reveal mostly lovessure conditions.
Clinopyroxenes with Fe#OIl ~ 15 % are close in Fethe most Fe-rich varieties of
ilmenites which were formed from the latest and icactionated derivatives of
protokimberlite systems that after the crystalli@atof ilmenite-diopside systems
created significant amounts of diopside -phlogopées at the top of the mantle
section. Associations with (Fe#Ol ~ 11-12) werenfed by another more
magnesian system that created polymineral clinogmwe-garnet-ilmenite
associations.
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PTX diagrams for the xenoliths (fig. 9) show a eiéint configuration of
trends and clusters in P-Fe#, X diagrams for somenals, reflecting variations of
polymineral peridotite associations. The widestiateons are defined near the
pyroxenite lens [5, 9, 33, 39]. Veins with phlogepilmenites and richterites were
formed here as well as the websterites with graphitd phlogopite. The most
Fe#Ol rich metasomatic clinopyroxenes, ilmenite gdogopites occur in the
middle part of the section. The most Cr-rich vae®tof clinopyroxene are
locatedat 3.0 GPa.
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Fig. 9.PTxFO, diagram for the concentrate from breccia from Sytkanskaya pipe.

PT conditions for the most commonly used thermofbatoy for 15
associations [11] nearly repeat the garnet geotlienm 6.5 to 2.0 GPa. This is the
first polymineral geotherm for the mantle in theakit field. The PT estimates
based on clinopyroxenes [5, 7, 29] give somewhatilai but broader range,
reflecting high-temperature and low-temperature nbin@s. The combined
geotherms give step deviation to 35 mionductive branch similar to those for
mantle beneath Udachnaya [17]. Clinopyroxene geothdor Sytykanskaya are
similar to those beneath the Daldyn field, and eudifferent from those
determined for the mantle beneath Yubileynaya plhe

Some variations in the high-temperature part ofdiagram near~ 3.5 and 4.0
GPa corresponds to the metasomatites, thus matkmgositions of the fluid-
saturated melts. The highest temperature condiaomslefined by orthopyroxenes
and ilmenites and clinopyroxene diamond inclusishgch could be formed from
protokimberlite derivatives.

Almost linear trends of Fe# for the pyroxenes afoahite in the middle part
of the mantle columns correspond to the three tgbewolving magmatic system
responsible for the existence of at least threarseép types of metasomatites. Most
ferrous 14-15 Fe#Ol for the Cpx and llm at depthS.6-6.5 GPa and above. Two
varieties with Fe#OIl 11 and 12,5 % were generaté@diwthe 5.5 to 3.7GPa
interval.

Two garnet-pyroxene-chromite sub-trends betweerOFe#6-9 % show the
primary layering in the mantle. In the lower pafttbe mantle column, mantle
inclusions create anevolving Fe-trend from the gento chromite diamond

216



Deep seated magmatism, its sources and plumes

inclusions.

Higher values are local trends. Variation of CaQ fbe garnets from
xenoliths is higher than for xenocrysts. Variatioofs Cr-clinopyroxene of the
xenoliths are also higher and varying in each lefelhe mantle column. Very
wide variations of oxidizing conditions are chaeadtic for the pyroxenes and
garnets in each level of thef®, for xenoliths.

VARIATIONS OF TRACE ELEMENTS IN XENOLITH MINERALS

Rare earth element patterns were analyzed for tlhypes of samples
including xenocrysts from the breccia, metasomsagicoliths,and for xenolith of
glimmerites with amphiboles close to richterited arebsterites with graphite.

There are systematic variations for TRE in eaclugréor Cr-diopsides from
the breccia (fig. 10) very high La/¥lpatios are characteristic and relatively linear
spectra with La/Ce1 which corresponds to very low melting degreesclvitan
occur only in volatile-rich systems. They also @veleep Ta-Nb and less
pronounced Zr minima, which corresponds to co-jpretion of ilmenite and
rutile. The most enriched spectrum has La ~500 i@l leas no minimum of high
field strength (HFSE) components, probably was veéeri from the most
fractionated fluid-saturated enriched melt closectobonatites. Pyroxene with
rounded REE spectrum "humped" in the left part hgltow the common peridotites
[8, 9, 17] from the melts formed at ~ 0.75-1 % mngjtdegree which have not
undergone interactions with metasomatic agents.

Garnets reveal also flattened REE distribution$iouit essential HFSE and as
usual are dominated by the HREE. Some garnets $al@ped spectra. But sharp
dips in Sr and high Pb, U peaks which are commorlitiospheric mantle
peridotite [17] were not found. They reveal eledaBa, Th, U contents and even
Ta, Nb, which is common for fertilization by therlsanatite melts [8, 9, 28] unlike
to crustal derived melts [25].

There are two types of ilmenite REE patterns. Tilst bne shows flattened
patterns, typical for the most Mg-rich ilmenited]1The other type reveals highly
inclined patterns, enriched in LREE in differengdees which are characteristic of
the ilmenites derived from the differentiated pkonoberlite melts and from the
metasomatitic veins with garnets. All of them h&lleSE maxima and enrichment
in Y which increase along with the level of REE.

Clinopyroxenes from the metasomatic peridotitesg.(fill) are also
characterized by the slightly lower inclination BEE patterns and La/Geand
La/Pr<1 as a rule. This means that the melting deg@ehé& parental melts are
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higher than for the previous group, and the Gar/@pos in the rocks are lower.
The lack of essential U maxima which are a relibdsuction sign but some
elevated LILE components are a result of the metasism. The level of depletion
of the Zr is quite high, that is more typical foeHthan for carbonatite type of
metasomatism. For many of the analyzed garnetecesdly from the deep part of
the mantle column, the deep troughs of MREE or &8p are found, that are
probably evidence for the primary harzburgitic matwr back arc - dunite
associations.

limenites from xenoliths are characterized by metl REE patterns and
HFSE peaks slightly lower than the ilmenites of fin&t group with the low REE
content. The difference between the Ta-Nb and ZisHdlso smaller, compared
with the megacrystalline ilmenites.

Phlogopites have characteristic patterns that rbEemthose for
clinopyroxenes due to the high inclination of Gd{YBut the LREE part is
flattened. This is typical of phlogopite pattermenh peridotites in picrite basalts
from the Vitim plateau [6]. The spectra with thé bump in the left part are results
of crystallization from melts which had already staflized clinopyroxenes with
patterns that are humped in the LREE part.

Cr-Diopside xenocrysts from the breccia were predudy the most
differentiated melts and enriched protokimberlitecarbonatite; they show highly
inclined nearly linear REE patterns and deep treugfhiHFSE. The REE patterns
for minerals of the metasomatic xenoliths are iesbned with lower La/Cgratios
and without troughs in spider diagrams. The garof#&n show S-shaped patterns.

Clinopyroxenes from the Cr websterites show difierenrichments in REE
highly inclined and more straight pattern sand d&epghs in Ba and varying
enrichment in Nb-Ta-U lower then REE. Those witivéo TRE reveal Zr-Hf dips.
The clinopyroxenes from glimmerites reveal higheEE and dips in Pb. Garnets
show also more straight line REE patterns with tingorimitive melts Sr — Ba dips
but varying Th-U Nb- Ta. Thus series of clinopyroge from garnet pyroxenites
(fig. 12) with graphites reveal in general cognatggin possibly formed by the
different melting degree accompanied by the mdfedintiation and precipitation
of the minor ilmenites and rutile. An the originassibly was produced by the
hybridization with Ti — bearing eclogites revealiadso the straight-line REE
patterns for garnets and pyroxenes with the infiest[9]

So the pyroxenes from pyroxenites Sytykanskaya pgreespond to a lower
melting degree taking place in volatile-saturatggtems lower than for Cr-
diopsides from Vitim plateau [11], which were ceghfrom 1 % melts of primitive
mantle. The left part reveals some variation whighikely caused by LREE
fractional crystallization of clinopyroxene or ARfCocess.

For the clinopyroxenes from metasomatic vein Stk@f@y 12), the elevated
levels of LREE and flattened LMREE part are simitarthe phlogopites. The
HREE part of the pattern is also is concave. Thevew REE tendencies are
characteristic for the final crystallization of reelthat precipitated phases with
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convex REE distributions. Such patterns are comnfmn the phlogopites.
Phlogopite in this same vein shows a more pronalititen HREE and the

Pyroxenites

Clinopyroxenes .
100.00 Pyroxenitic

10.00

Iy
o
=}

Metasomatic

Sample/PM

o
o
o

0.01

Dy Er_ Yb Cs_Ba_ U _ Ta Ce_ Pr Sr_ Hf_ Eu_ Dy, Y _ Yb,
b “Ho

Ce
a Tm' Lu Rb221h Y b T2 La%®pb P Na S sm™ 2 BGa™ ho ¥ Er P Lu

Nd Sm_ Gd
r Eu T

L P

Garnets

100.00

10.00

Sample/PM
I
o
o

o
o
o

0.01

0.
acePrNd Sm_Gd_ Dy Er_ Yb Cs_,Ba_ U Ta, Ce

Eu_ Tb “Ho Tm' Lu RbB27h Y nb T2 La%Cpb P g S

f _ Eu

L

100.00 1000.00

100.00

10.00

1.00

Sample/PM

0.10
0.10
0.01
8 N — 000 Chromites ¥
LacePrNd SmEquTbDyHoErTmYbLu Cs RbBaTh U NbTa LacePb Pr Nd SrSme 7r EquDyHo Y Er Yb Lu

Fig. 12.REE and TRE spider diagrams for the minerals from gyroxenite xenoliths and
richterite bearing glimmerites from Sytykanskaya ppe.
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LMREE. As with most phlogopites,it is characterizgg a high concentration of
Ba. The TRE spiderdiagrams for minerals from thdsterites reveal minima in
Ba, Sr, Pb. But metasomatites reveal elevated ipatible element levels
especially in Rb and Ba.

Garnets from the pyroxenites show rounded convek REtterns with the
hump and maximum in Dy. They are characterized dgpdroughs of Ba, Sr, Pb
(Pb minimum is not typical for garnets), a smap a Zr and quite high levels of
U, Ta, Nb. Garnets from metasomatites show a ca@H®IREE part of the pattern
which is common for harzburgites from Udachnaya atider pipes [8, 17].
Metasomatites and pyroxenitesshow similar signmefasomatism with elevated
HFSE components which commonly mark the carbonegisged metasomatism
[16]. The glimmerites with richterites reflect tHikid-rich conditions with the
essential LILE enrichments.But the lack of Sr, Bbanomalies probably shows
that peridotite did not undergo fluid flux from alslucted slab subjected to the
typical oceanic metasomatism.

“OAR-*AR AGES OF PHLOGOPITES

Comparing with the phlogopite ages of mantle pditel® in the Daldyn field
that mainly refer to Archean events, magmatic aretasomatic events in the
Alakit region refer to the middle and late Prot@iczevents and the Proterozoic-
Phanerozoic boundary. One the mostancient of%we®**Ar ages in the mantle of
Alakit is given by xenocrysts from Amakinskaya fipE54 Ma). Ti-and alkali-rich
veins with richterites in the Sytykanskaya pipeegh015 Ma (integrated 879 Ma)
(fig. 13). Several phlogopite xenocrysts from otpgres in the Alakit field are
close to 600-530 Ma. The latest event at 382 Meadse to the beginning of the
Late Devonian plume event. Similar ages are aldedhim other isotopic systems
[13, 32, 43, 44]. As a rule it is divided from thein kimberlite appearance of the
kimberlite by an interval of about 25 -30 Ma.

DISCUSSION
ANCIENT METASOMATISM

“OAr-*°Ar age suggests that there were ancient metasesditie in mantle
columns beneath Udachnaya pipe [35] which appede tassociated mainly with
water-bearing highly alkaline melts, and relativgbung metasomites which were
produced by differentiated carbonatite-type mel@he first is probably
characterized by back-arc melts with relativelybhi®a, Sr, Pb, Sr, K-Na. In our
case the scattered phlogopites suggest the inBuehd<-rich fluids which may
have taken place in the marginal continental emvitent which should be
accompanied the lamproite magmatism. But absendd=R¥E anomalies means
relatively reduced conditions. Formation of wehstsr with phlogopite and
graphite which are complimentary to the ancientasetatites with the elevated
U, Ta, Nb and LILE elements should refer to thimei But there is no such
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depletion though the sinusoidal garnet REE pattaragjuite common. Relatively
low alkalinity and Fe# is characteristic for thergenes from this stage. The
abundance of carbon may be sign of typical subdnctrocesses but graphite
oxygen isotope values close to average mantle salue

This type of metasomatite is in the low-Fe parttlod variation diagram.
Judging by the abundance of S-type garnets, althesentire lithospheric mantle
column under the Sytykanskaya pipe was subjectethrge-scale phlogopite
metasomatism. The formation of highly alkaline @ndmetasomatic veins with
richterite ~1015 Ma ago refers to large-scalepluetated melt percolationin the
lithospheric mantle of Rodinia [42]. Similarly ino&h Africa phlogopite
metasomatism in mantle corresponding to 1100 Massociated with the plume-
generated Bushveld intrusion [15].
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Fig. 13.Ages of the phlogopites received biAr- **Ar method for the xenoliths of
Sytykanskaya pipe in comparison with the ages fohe xenocrysts from Alakite kimberlite

pipes.

The largest event shown in the lithosphere underymddakit pipes occurred
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~ 600-550 Ma ago, close to the Proterozoic-Phawé&dmoundary. Such an event
is close to the time of mellilite carbonatite magisra in the Sayan Foothills and
the Baikal are [59]. This should correspond to fherich carbonatite-type
metasomatism

PROTOKIMBERLITE STAGE

High-Fe and Ti metasomatic ilmenite veinsarereldtethe protokimberlite
melts. The amount ilmenites in the pipe is ratheghh It seems that
protokimberlite melts could dissolve early metasties in the base of mantle
column. According to some works an essentially exigjuid could form a
separate phase due to immiscibility with the siBcanelt [12] and, apparently,
form an intrusive phase. Almost monomineralic ilmeweinlets in peridotites cut
the large porphyroclusts of garnets in some xdmalit

Furthermore, metasomatites related to the ilmeratesmuch more ferrous
than usual peridotites. The influence of ilmenitetasomatism appears in the
xenoliths sufficiently widely, although scatterell fhetasomatism dominates. It is
not clear to what extent the protokimberlitic meitdluenced the lithospheric
mantle. Did they cause changes only near the caéimguchannels or was it more
widespread? An answer could be given by the stddyenoliths of other small
pipes of this field.

The time gap of 25-30 Ma between the beginning lamp activity and
mantle metasomatism and appearance of major kirtibexplosions is
documented also by other isotopic systems [43]. éi@w, it is not possible to
discount the presence of excess argon, which cadupe a more ancient age,
measured only by tA%r-**Ar method. However, the dating of kimberlite bysthi
method gives acceptable results [1].

INFLUENCE OF MANTLE METASOMATISM ON DIAMOND
GRADE

Among the diamond inclusions of Sytykanskaya pig@aomites dominate
[24, 45, 52] as in many other pipes from the Aldiatd [49, 50]. Another widely
distributed group is sub-Ca pyropes. In a subotdigaantity the high-temperature
Cr-pyroxene, apparently related to the proto-kirfitegrand usual Fe- enriched Cr-
diopsides from metasomatites are found. Sub-camycopes [45, 46, 36]
undoubtedly came from the ancient giant-grainedtdsr{34], which form veins
and lenses in the lithospheric mantle. The ageuoh garnets by analogy with
others may be 3-2.7 billion years [23]. The chremiiamond inclusions form
anindividual group. They are not very frequentlgasated with the pyropes and
differ in PT conditions. It seems that they areseloin conditions to the ilmenites
and some high-temperature and relatively ferrousogms. The giant-grained
dunite veins with pyropes [34] and chromites hawdifeerent genesis; however,
they both served as conductors of melts. Chromitates could be formed with
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the participation of the high-temperature fluidhrimelts, which, as a rule, relate to
a separate stage of the protokimberlitic procesmisTif this is correct, then a

particularly large part of the diamonds of the Swtyskaya pipe and Alakit field as
a whole is connected with the protokimberlite stdg®m other side the presence
of the highly depleted substratum in the lower mdrthe lithospheric mantle is

also a contributory factor for an increased diamgratie.

However, judging by the oxidation states for theahites, proto-kimberlitic
melts beneath the Sytykanskaya pipes were strangdiized, by 1 log unit higher
than the diamond stability line [27, 53, 54]. Thessibly served as the reason for
the dissolution of many diamonds.

The work is supported by RBRF grants 05-05-64738)%64146; 08-05-00524; 11-05-
00060; 11-05-91060-PICS and joint research projeatsiGM SB RAS and ALROSA Stock
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