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FOREWORD

Alkaline rocks are unique formation on the Eartthey have been of
particular interest for researchers. Large Nb, 4g, Y, TR, Cu, P deposits,
gemstones of charoite, Cr-diospide, dianite areaated with alkaline rocks. The
Australian lamproites are connected with diamofdi® complicated processes of
their formation provoked multi-year scientific digps, which are still the case.
The new methods of investigations provided mucbarmgtion on the composition
of alkaline rocks. The data on geochemistry ofapes confirm the mantle sources
of the substance of alkaline rocks. The new stddkreoplume tectonics deepened
the interest of scientists to the alkaline rocksrfrthe viewpoint of plate tectonics.
The deep-seated Earth’s geodynamics can be integosing these data.

The above problems were discussed during the laternational Seminar
“Alkaline magmatism and problems of the mantle seat, held at the Institute of
Geochemistry, SB RAS (Irkutsk, 2001) and tf& €minar held at the Far East
Geological Institute, Far East Branch of RAS (Mamditok, 2002). The 3rd
Seminar to be taken place at the Institute of Trecto and Geophysics
(Khabarovsk) will be also devoted to these problems

This book includes the invited reports of the Insgronal Seminar “Plumes
and problems of deep sources of alkaline magmatisri&hglish. The proceedings
of the seminar will be published in Russian.

The invited reports consider the features of thiealade and kimberlite
magmatism. Detailed characteristics of the allelinagmatism and magmatic
sources are given for different provinces. Thekbpmvides new data on Aldan
and Indian benstonite carbonatites, carbonatite ptmmof the Kovdor massif
(Kola Peninsula), alkaline volcanics of, Primodepan and ultrapotassic rhyolites
of Kamchatka. Experimental data on layering in kfleasystems are of great
importance. A particular attention is given todséis of deep xenoliths and PT-
conditions of their crystallization from kimberlif@pes “Yubileinaya”, "Zarnitsa”
(Siberia), Winter Shore (Arkhangelsk province),adilke basalts (Japan) and of the
significance of plume and plate tectonics in tii@mation.

The book is of great importance for petrologisepoahemists, and specialists
studying deep alkaline and kimberlite magmatism.

Chief Editor Dr. N.V. Vladykin



Spetsius Z.V. and Taylor L.A.

Kimberlite xenoliths as evidence for subducted oceac crust
in the formation of the Siberian craton

Spetsius Z.V* and Taylor L.A.?

YInstitute of Diamond Industry, ALROSA Co. Ltd.,irRussia,
E-mail: spetsius@yna.alrosa-mir.ru
’Planetary Geosciences Institute, Dept. of Earthl&netary Sciences, Univ. of Tennessee,
Knoxville, TN 37996, USA, E-mail: lataylor@utk.edu

The carbon isotopic ratios of diamonds from kimibesl reveal that many diamonds
have §*3C values distinct from typical mantle. The reasdeaixplanation for the
high and very lows'*C values involves an ultimate source from the cru$his
crustal source is also supported by sulfur isotagesulfide diamond inclusions. In
addition, oxygen isotopic data suggest that mamhgpes all, eclogite xenoliths,
especially the group C eclogites, are represemsiN subducted crust. The presence
and preservation of coesite in eclogites from Udagh and other kimberlite pipes
of Yakutia provides evidence of the developmenthef sub-continental lithospheric
mantle (SCLM) by subduction of ancient oceanic trus

Oxygen isotope data, obtained from more than 1@@rcigarnet mineral separates
and about 20 clinopyroxene, by laser-fluorinatieahiniques also provide additional
evidence for the subduction theory. Cpx was am@yzom eclogite xenoliths, and
Gt was separated from the other xenoliths, inclgdieridotites, pyroxenites, and
alkremites. The restricted range®fO clinopyroxenes from eclogites is 2.8 to 6.7
%0 and lie within the range reported for eclogitenelghs from Siberian platform
(between 2.8 and 8.0 %o, Snyder et al., 1995). Thprnity of the garnet samples lie
within the range of average mantle values (5.52&.4Mattey et al, 1994, based
upon peridotitic Gt analyses. However, 10 Gt sasplave higl3'®0 values that lie
well beyond the mantle average — i.e., they refhedefinite crustal origin.

These isotopic values permit speculation that menhggites, and probably a portion
of the ultramafic xenoliths as well, formed fromofmiiths of ancient oceanic crust
that were subducted beneath the Siberian Cratbms possible to grossly estimate
the amount of crust added to the mantle under iberi@n Platform, based upon the
isotopically light carbon of the diamonds.

INTRODUCTION

There exists a considerable amount of evidence s$hggests that the
lithospheric keel of the Siberian Platform was fedrin the Archaean (e.g., [26,
27, 30]). This also applies to the Anabar and Aldamrlds, as well. At the same
time, several terranes are divided in the Yakukimmberlite province on the east
part of the Siberian platform. The dates of safam of the crustal portion of
terranes from their mantle source are about 2.9=25 Subsequent evolution of
the subcontinental lithospheric mantle (SCLM); sutitbn of oceanic crust under
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different terrane; and later additions to the lgploere probably took place during
the period of sub-craton amalgamation and stahiizat 2.5-2.9 Ga.

The role of subduction early in history of the Barparticularly in the
formation of the old cratons and their underlyingantie keels, is not well
constrained. Eclogite xenoliths and eclogitic dyaghs are now routinely ascribed
to origins from subduction [2, 15, 17-21, 24, 38, 37, 39, 45-50], but there are
not many studies that directly constrain the timofgancient subduction and its
relation to craton stabilization. New investigagsoof Re-Os systematics in mantle
samples and diamonds show that the Re/Os isotgpensyholds the key to further
progress in understanding of continental mantlduthom, not only with reference
to mantle keel depletion [29, 35] but also to tkdeiton of eclogitic components
via subduction. Direct and indirect evidences shimat subduction processes were
involved in the origin of the mantle roots unded glatforms, such as South
African and Siberian [17, 18, 24, 34, 45, 46].islto be expected that this process
would be reflected in compositions of mantle xethsliand possibly diamonds and
their inclusions, which may retain a history ofith&urce rocks and subsequent
evolution.

There is little reported on a real or model agekgdinite eclogites from
kimberlite pipes, with the exception of a report Jagoutz et al. [18] on dating
xenoliths from the Orapa pipe with the age of ab®ddt Ga. Our preliminary
results (WHERE?? REFERENCE???) on dating rutilesnfikyanite eclogites
show that some rocks were formed between 2.2 énd>d. These data suggest
that formation of subcontinental lithospheric marf&CLM) and the subduction of
oceanic crust beneath the Siberian Platform toakephwithin a long interval of
time. This statement is supported by the extendstbg of time that has been
determined for mantle xenoliths, according to Red@sng of sulfides included in
coarse-grained olivine megacrysts from the Udachkayberlite pipe [16]. This
evidence points to a long period of time for therfation and stabilization of the
mantle beneath the Siberian Platform, includingatieve subduction tectonics.

Kyanite and coesite eclogites occur in a numbelrkiafberlite pipes of
Yakutia, in the Udachnaya, Zagadochnaya, and opiges of the Daldyn-
Alakitsky region. Coesite was found to occur inrenthan 20 samples of kyanite
eclogites and grospydites from the Udachnaya d#i#,(and references therein).
The presence and preservation of coesite in eelgidicate both high-pressure
formation of coesite-bearing xenoliths (not lesantB0 kbar) and set limits on the
timing of the cooling of the xenoliths, during thencapsulation and movement to
the surface by the kimberlite. This is consideasatvidence of the involvement of
subducted oceanic crust as a contribution to tmedton of the SCLM, also
confirmed for coesite-bearing and diamondiferou@tes from kimberlites of
Yakutia (e.qg., [18, 36]).

As was demonstrated by Sobolev V.S. and Sobolev [89), in rare cases,
kyanite eclogites from Yakutian kimberlites contatabic diamonds that are
isotopically enriched in light £ isotope. A probable cause for this would be that
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they were formed in remnants of subducted oceanst or at least that the source
of carbon for their formation have been from sulbdddormer crustal rocks. Such
carbon isotopic values of diamonds are present dwade kimberlites, for
example, from South Africa pipes (Orapa, JwanemlsBank, Roberts Victor), as
well in Siberian kimberlites (Udachnaya, SytakanskaZarnitsa, etc.). In most
cases, kimberlite pipes, containing such cubiciaatbpically light diamonds, are
situated in central part of Yakutian kimberlite yirece that belongs to the Daldyn-
Alaritsky region. Given the light-carbon isotopempositions of many eclogitic
diamonds, in addition to the variable sulphur-ipatocompositions of eclogitic
sulfide diamond inclusions [12], a recycled crustamponent is also strongly
suggested.

SAMPLES AND ANALYTICAL TECHNIQUES

More than 150 mantle xenoliths were studied from different pipes of the
Yakutian kimberlite province. Modal analyses hdeen performed on most of
these xenoliths, as well as whole-rock chemistiajor-element analyses were
also conducted on the various minerals in thesecta xenoliths. All samples
were classified into different varieties of eclegitand peridotites according to
their petrographic and chemical features.

Major-element compositions of silicate and oxidenenals in the xenoliths
were determined with a CAMECA SX-50 electron micae at Institute of
Geology (Yakutsk) and with a Superprobe JXA-8800#¢teon microprobe at the
ALROSA Co Ltd. (Mirny, Russia). A portion of theagets and clinopyroxenes
were also investigated by ESM with EDS at the Ursig of Western Australia
(Perth). Analytical conditions included an accalieig voltage of 15 kV, a beam
current of 20 nA, beam size of 5 um, and 20 se@muaiting time for all elements.
All EMP data underwent full ZAF corrections.

Fresh garnets and clinopyroxenes were selected fower a hundred
peridotite and eclogite xenoliths collected frora thdachnaya and Obnazhennaya
kimberlite pipes. These minerals were crushedsaeded to 200 pum and hand-
picked for purity using a binocular microscope.tekfpicking, the optically gem-
guality garnet grains were washed with water aredaae. A split of each sample
was used for EMP analyses. Another 10 mg portias set aside for oxygen
iIsotope analyses by laser-fluorination at the Unrsivg of Wisconsin. The oxygen-
isotope analyses were performed on the garnet &ndpgroxene separates,
approximately 1-2 mg per run, using a 32 W CO2rlaB&5, and a dual-inlet
Finnigan MAT 251 mass spectrometer. Replicate yaeal were performed on
many samples, particularly those that had initiglgen values outside that of the
mantle range (5.4+0.4 %0). These analytical prooeslare discussed by Valley et
al. [51]. All values are reported with respecte«&MOW. The results of these
oxygen analyses were previously reported by Tagt@l. [48, 49].
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RESULTS

Oxygen isotopic values were determined on the garaed clinopyroxenes
from the selected xenoliths from the two well-knoemd contrasting kimberlite
pipes of Yakutia: Udachnaya and Obnazhennayas 3tudy was conducted in
order to estimate the possible presence of subdiuctestal remnants in the upper
mantle underlying the Siberian platform. The x&hslinclude both eclogites and
ultramafics as well, as reported by Taylor et 48, [49].

Oxygen isotope data were obtained from more th&hcl€an garnet mineral
separates and about 20 clinopyroxene separatdselgder-fluorination technique
mentioned above [51]. Only clinopyroxene was aredly from the eclogite
xenoliths, and garnet was separated from the diffetypes of mafic and
ultramafic xenoliths including garnet peridotitdberzolites, pyroxenites, and
alkremites. A selected and representative arranafyses of oxygen isotopes and
major-element compositions of garnets are giveiiable 1. It should be noted
that many of the investigated garnets were takem fultramafic xenoliths. The
petrography of these xenoliths, as well as the -blgiomium content of garnets
(>8 wt.% CpOs;, Table 1) confirms that they belong to the l|hateedunite
xenolith suite from these two kimberlite pipes [43]

The large spread @180 values for the eclogitic clinopyroxenes fror th
6.7 % is within the range for eclogite xenolith®rh the Siberian platform
(between 2.8 and 8.0 %o, Snyder et al., [36-37])ithWeference to Figure 1, it
appears that about 1¥3f the whole eclogite pollution lies outside thentie
range. This not only indicates that these oudidogites are of crustal origin, but
indicates that it is probable that most of the gités indeed, are of crustal origin
[48]. This distribution of oxygen values is what to be expected from the
subduction of an ophiolite sequence. The majaritthe garnets from the eclogite
xenoliths are within the mantle range of 5.5+0.4[2@], also reported as 5.4+0.2
[11]. No very light values less than 4.0 %0 areeved, as reported from Roberts
Victor eclogites [22]. A total of 10 garnets haxaues higher that the 5.5+0¢l
mantle range. However, the§8Q valuesio not appear to show a correlation with
the major-element chemistry of the garnets (e.gQ or CaO), as reported for
eclogite diamondiferous xenoljtihem the Udachnaya kimberlite pipe [18, 37].

The distribution 080 values for garnets from the peridotite and pyroteeni
xenoliths from the Udachnaya kimberlite pipe iswghan Figure 2. It is obvious
that some of th&'®0 values of garnets are higher than the mantle raitgghould
be noticed that most of these garnets are from xeynte xenoliths or
clinopyroxene-rich Iherzholites. The rangedStO garnets from rare and unusual
alkremite xenoliths was estimated for Gt-separatgly in 6 samples from the
Udachnaya pipe. Estimated values are vary froi® @27.3G0, and only in a half
of these unique samples have oxygen isotopic valiteg the mantle range.

The distribution 08'Q values of garnets from different mafic and ultraimaf
mantle xenoliths from the Obnazhennakanberlite pipe is shown in

8
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Table 1.

Representative selecté’O values and garnet compositions in xenoliths froeYtakutian
kimberlites. Oxygen values are from Taylor e{48, 49].

Samplel5*0 SiO, TiO ,Al,05Cr,05 FeO MnO MgO CaONa,0 Total
U-2247|5.2541.630.37 19.44 4.83 4.27 0.3922.545.01 0.14 98.62
U-2249|4.8841.110.2017.03 8.70 7.01 0.4220.596.45 0.00 101.5!
U-2283|5.1540.820.7521.39 0.80 12.330.5519.725.01 0.07 100.3¢
U-2298|5.4042.250.3322.12 2.26 7.06 0.26 21.604.43 0.08 100.3¢
U-80-3 |5.0440.990.42 21.38 1.65 8.05 0.4920.936.06 0.09 100.0¢
U-83-7[5.1841.781.1120.97 1.42 6.54 0.3622.074.61 0.16 99.02
U-83-14{4.9341.650.2117.15 8.54 7.50 0.3919.656.24 0.10 101.4]
U-83-26{5.4141.880.8221.64 1.81 6.10 0.4121.904.52 0.13 99.21
U-83-31{5.1941.680.0920.26 4.06 7.99 0.3321.445.04 0.02 100.9]
10 U-83-39|5.3441.150.5821.76 2.12 7.14 0.2923.094.23 0.03 100.3{
11|U-83-5416.2840.640.06 24.48 0.40 8.93 0.3621.514.05 0.09 100.5]
12 U-84-25.1741.190.0020.56 4.85 7.68 0.4919.926.16 0.00 100.8]
13 0-3127|6.5140.820.07 23.66 0.11 15.280.44 16.463.52 0.00 100.3¢
14 0-3170|6.3841.710.1423.80 0.43 9.65 0.3120.014.21 0.00 100.2¢
15 0-3177|6.0541.760.1123.92 0.73 10.220.4520.553.70 0.00 101.44
16 0-3184|6.1941.080.1623.32 1.77 4.50 0.3224.864.57 0.03 100.6]
17 0-3198|5.8041.770.0822.53 1.94 8.08 0.3721.604.71 0.05 10113
18 0-3199|5.2840.770.0622.17 2.06 8.71 0.3321.244.98 0.06 100.3¢
19 0-3312|6.1139.370.14 24.06 0.22 14.080.3018.223.71 0.10 100.2(
20 0-3355|5.4839.510.1224.92 0.10 7.57 0.2023.324.36 0.00 100.1(
21 0-3460|5.9342.110.0923.14 0.58 8.69 0.29 21.354.01 0.01 100.2]

O©COoO~NOO UL WNPR|H

Note. Samples labeled: U-Udachnaya and O-Obnazhennayespl, 2, 4-10, 17, 18- Gt-
peridotites, 3- lIm-Gt peridotite, 11, 13, 14- Gtrpxenites, 12-Gt-dunite, 15,16, 21-Gt-
Iherzolites, 19, 20-eclogites.
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Fig. 1. Oxygen isotope values for eclogitic clinopyroxeines the Yakutian kimberlites (after
Snyder at al., 1995 [36] with addition).
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30 in garnets from
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Fig. 2. Oxygen isotope data of garnets in ultramafic xghdtom the Udachnaya kimberlite
pipe (data from Taylor et al., 2003 [48, 49]).
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Fig. 3. Oxygen isotope data of garnets in mantle xen@igin the Obnazhonnaya kimberlite
pipe (data from Taylor et al. [48, 49]).
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Figure 3, as based upon the data from Taylor ¢4&).49]. Similar to values from
the garnets from xenoliths from the Udachnaya pgmjeral oxygen isotopic
5®0 values are definitely outside the mantle range eutib20% lies outside the
mantle window, both above and below. All garneithwigh 0 from this pipe
belong to the xenoliths of mantle pyroxenites, soohe lherzolites (see Table 1).
Based on these findings of oxygen values outsidsetlof the mantle range, it can
be concluded that, in addition to eclogites, soreaokths of pyroxenites and
peridotites may represent the remnants of subdumtednic crust, a conclusion
originally put forth by Taylor et al. [48, 49].

25
Y akutian Jper idﬂitic—i

(Kirkley et al. 1991)
Eclogitic Diamonds

rS
(=1

™ (data from: Sobolev et al., 1979;
Galimov, 1984; Snyder et al., 1995)

Fig. 4. Carbon isotope values
for eclogitic diamonds
from the Yakutian kimberlites
(copied from Taylor et al. [48]).
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It should be possible to use well-established dvatacterized samples from
the mantle - xenoliths and diamonds - to estimh& distribution of subducted
crustal remnants in the upper mantle underlyingShmerian platform. The data
base involves the extensive populations of man#a@okths from the main
kimberlite pipes of the Yakutian province. In &aduh, already published data
were also compiled, such as the distribution obcarisotopes reported from the
diamonds from the various pipes [13, 14, 38]. ‘Ehaggregated data show that
many Yakutian E-type diamonds have light to vegyHiisotopic compositions
(Fig. 4). This carbon with values outside the nalrrmantle range may also be
indicative of a crustal source for the diamond chistrny. These results show that
in many pipes, where both kyanite- and coesiteggielo xenoliths occur,
isotopically light diamonds are also present. Tisidefinite for the kimberlites of
the central Daldyn-Alakitsky region. All these @@nhces can be interpreted as

11
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indicating the involvement of crustal subductiontine formation of the SCLM
beneath the Siberian platform.

DISCUSSION

Mantle xenoliths in kimberlites worldwide are repeated by mafic and
ultramafic rocks. It has been assumed that thepakly formed in the different
terranes (sub-continents) of the Yakutian kimberptovince, but are coupled in
their ultimate origins. The lowest peridotite (Sstopic compositions require Re
depletion in the mid-Archaean (3.2 Ga), accordiegrBon et al. [27], and this age
Is interpreted as the time of the differentiatidrthee Siberian lithospheric mantle.
This ancient origin for the Siberian lithospheralso supported by Re-Os and Sm-
Nd model ages for eclogite and peridotite xenoliftrem Udachnaya. The
formation age of the parent mantle rocks, as reptesl by the xenoliths, and their
differentiation in the mantle, based on isotopitadand other petrologic evidence,
is not less than 3.0 Ga [16, 25-27, 41]. In additthe Re/Os determinations from
P-type diamonds from Yakutian kimberlites resulamage range from 2.8 to 3.4
Ga (e.g. [28])).

The long period of formation and evolution of th€L$1 and subduction of
oceanic crust beneath various terranes of the iSib&atform is supported by the
Re-Os dating of sulfides included in coarse-grainkdine megacrysts from the
Udachnaya kimberlite pipe [16, 41].  Accordinglyhet subduction and
recrystallization of mantle protoliths are probabdgorded by the 2.9 Ga events.
In adition, several individual sulfide inclusiongtivlow Re/Os have TMA=2.5-2.6
Ga and may represent a new addition to the lithesph Pearson et al. [27]
reported Re-Os data for 18 peridotite xenolithgnfrddachnaya, and for olivine
separated from two of these xenoliths. Most ofs¢hesamples have high
1%70s/%%0s £0.12) and very high®’Ref®*®0s £2). The samples scatter about a
490 Ma isochron, which is distinctly different fradme overall array defined by the
sulfide-inclusion data reported by Griffin et dl6].

As presented above, kyanite- and coesite-eclogitesir several kimberlite
pipes in Yakutia, mainly in Udachnaya, Zagadochnayad other pipes of the
Daldyn-Alakitsky region. In fact, coesite is foumd >20 samples of kyanite-
eclogites and grospydites from the Udachnaya pl@4@]. The presence and
preservation of coesite in eclogites is interpressdadditional evidence of the
involvement of subducted oceanic crust in the faionaof the SCLM. It appears
from all the data [31, 41] that formation of the L3€ and subduction of oceanic
crust beneath various terranes of the SiberiarfioPtatook place over an extended
period of time. This statement finds support ia ldwrge duration of time recorded
for the formation of the mantle xenoliths, accogdin the Re-Os dating of sulfides
included in coarse-grained olivine megacrysts ftommUdachnaya kimberlite pipe
[16]. This indicated the extended period of timetfte formation and stabilization
of the mantle beneath the Siberian Platform, acemmeg by the subduction
processes.
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Mafic xenoliths from the Yakutian kimberlites arepresented by different
types of bi- and tri-mineralic eclogites and certayroxenites. The idea that some
of these rocks represent the metamorphosed renseofstibducted oceanic crust
is generally accepted, particularly for the groupriél C eclogites. These include
the coesite-bearing eclogites and many diamondigeezlogites. Such rocks are
from Udachnaya, Zagadochnaya, Sytykanskaya and kiimberlite pipes of the
Daldyn-Alakitsky region, representative of the tcah part of the Yakutian
kimberlite province, as well the central portiontleé Siberian platform [40]. If the
presence of coesite is an indication of crustalioyithis has major ramifications
for the origins of diamonds beneath the Siberiaatfém; there are numerous
reports of coesite diamond inclusions from the Midachnaya, Zarnitsa, and other
Yakutian kimberlites [4, 5]. These data are intetgd as additional evidence for a
major contribution to the SCLM by the subduction aricient oceanic crust,
leading ultimately to the formation of eclogitiadionds.

Another line of evidence supporting the propositittrat subduction of
oceaninc crust has played a major role in the faonaof the mantle xenoliths
containing diamonds can be found in the carbonopsos for diamonds. The
presence of light € in eclogitic diamonds is a long-standing obsepratf major
significance [e.g., 6, 13]. Data on the carboriages has been forthcoming from
several classic studies, each pointing to the almraaarbon isotopes for mantle
products [6-10, 20]. The carbon isotopic ratibsliamonds from the Yakutian
kimberlites have shown that many diamonds h3\V€ distinct from the typical
mantle values [4, 13, 14, 39]. Such crystals aidespread in all of the well-
studied kimberlite pipes of the Daldyn-Alakitskygren, as well as in the Mir and
others pipes of the province. It should be emmaeakithat the proportion of
isotopically light carbon in diamonds increasestidctly from the south to the
north of the province. The most reasonable expi@mdor the very low and high
013C is a contribution of carbon with subducted ocezarust. A crustal source
for the carbon of some eclogitic diamonds is alsppsrted by sulfur isotopes
from sulfide inclusions in diamonds [12, 32].

Oxygen-isotopic and trace-element data suggestthay eclogite xenoliths,
especially the group B and C eclogites, are reptatees of subducted crust.
Detailed studies of diamondiferous eclogites frédva Udachnaya kimberlite pipe
[17, 18, 36, 37] and determination of oxygen-isetopompositions of their
clinopyroxenes have demonstrated that ovef’ 108 the xenoliths have values
outside those of the accepted mantle range, evediem@ crustal component. This
relationship for clinopyroxenes of diamondiferoudogites from the Udachnaya
pipe is illustrated on Figure 1, and it is probatbiat this this regularity for oxygen
iIsotopes may well indicate that a large proporbbthe eclogites from Udachnaya
may be of ultimate crustal origin.

In a recent study of mafic and ultramafic xenolithmm the Obnazhennaya
kimberlite, Taylor et al. [50] found similar oxyge&vidence for Group A eclogites
and websterites. They have proposed the mostptifail, eclogites from the
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kimberlites of the world may be derived from crligteotoliths. It is obvious that

the tectonics occurring during the early formatodrcratons included considerable
underplating by subducted oceanic crust, that ality returned to the Earth’s
surface in the form of kimberlitic xenoliths.

Taylor et al. [48, 49] have shown that oxygen ipatovalues of certain
ultramafic xenoliths from Udachnaya and Obnazheandiscussed above, would
appear to indicate that a portion of these xermldlso have crustal signatures.
The role of subduction in the formation of the SClihay have a more far-
reaching effect than anyone ever imagined until.now

Thus, evidence taken from the studying of mantl@okéhs from the
kimberlites of the Yakutian province confirm thhétprocesses of subduction were
operative during the early formation of the SCLMnéath the major eastern
portion of the Siberian Platform, which occurredhe late Archaean.

If we assume that all isotopic light diamonds begloto the eclogitic
paragenesis and were formed from carbon of remrmdrggbducted oceanic crust,
we can use this criterion for estimation of the tabation of subducted rocks
associated with the formation of cratonic crootdemold cratons, such as that in
Yakutia. It accord with such data, about 20% &f dramond population from the
Yakutian kimberlites had an origin associated vdtlibducted products, such as
eclogites, and perhaps some pyroxenites. Howakerconnection between the
percentage of eclogitic diamonds and the amoustubtiucted crust is tenuous at
best.

Eclogites from kimberlites have been interpretedoasier oceanic crust or
may represent residues after melting and fractiona2, 18, 22, 24, 33, 34].
Petrologic evidence suggest that at least two wayshe eclogite xenoliths
formation are possible: (i) in the result of traorsfiation of initial rocks of gabbro-
anorthosite composition through the intermediaagest eclogite-like rocks; (ii) in
the result of fraction crystallization in deep-seatconditions of ultramafic
composition primary melt. The first way is provey ietrographic, petrochemical
and isotopic investigations that show genetic i@hship of all the series of these
rocks [24, 36, 43]. The second way is proved by pinesence of subsolidus
changes in eclogites and by continuous sets of-aligiminous line formations
from kyanite eclogites up to alkremites, by lingands of the differentiation [40].
The possibility to form the part of eclogites irethesult of subduction and the
following metamorphism of oceanic crust, that isyad by simplified isotopic
composition of diamonds in separate eclogites 4),and other evidences [22,
24, 36, 37, 46] is very probable. We cannot exelpdssible formation of part of
eclogite xenoliths through the process of delanonabf the former gabbro-
anortozite or ophiolite interlayered complexes [49, 50] that also could explane
their oxygen and some trace element characterisgceh diversity of their origin
and also the following evolution of eclogite rocksthe process of partial melting
and global mantle metasomatism, which we have densil in details in a number
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of papers ([36, 43, 44], and references thereinl, @&ntheir turn, determine the
specific nature of their rocks and minerals comjpmsin separate pipes.

Detailed studies of the mineral assemblages in x@meoliths from the
Yakutian kimberlite pipes has revealed that thediste an obvious difference in
their distribution in different pipes and fieldsO[443]. Comparison of eclogite-
suite xenoliths along a traverse from south tomartthe province revealed that
there appears to be a linear heterogeneity in tatlenfor over 1000 kilometers.
This is present in the central part of provinceabsuite of high-aluminous rocks,
which are represented by kyanite- and coesitehg@a&clogites in kimberlite pipes
of then Daldyn-Alakitsky field. These xenoliths neefound, in particular, at
Udachnaya, Zagadochnaya, and Zarnitsa. It shoelddied that these mantle
xenoliths appear related to some crustal xenobfhthe granulite facies, such as
eclogite-like rocks containing plagioclase and sdyanite, in addition to garnet
and clinopyroxene [42]. Radiometric dating witm-8lds on mineral separates of
granulite xenoliths demonstrate a significant ranfjeages from 2.9 to 3.3 Ga.
Model ages from two samples of these eclogitefldaks gave age 2.5 Ga. These
ages correlate with the time of stabilization oé tmetamorphic series of the
Anabar shield. The closing time for the Sm-Nd egsin samples of such lower
crustal xenoliths is 1.7-1.8 Ga [30, 31]. This g3 to be indicative of the long-
lasting cooling of the metamorphism. This is asaenced by zircon dating in a
pyroxenite xenolith from the Udachnaya pipe, whareon is possibly related to
phlogopitization of the rock. The zircon growthcaoed at 1.8 Ga, according
U/Pb dating by SHRIMP (unpublished data). The afjyeircon in this xenolith
would seem to be in agreement with the evolutiothef SCLM of the Yakutian
kimberlite province. It may reflect late-stage asgimatic events in subcontinental
lithosphere beneath the central part of the Sihesiatform.

EVOLUTION OF THE SIBERIAN CRATON

It is possible to summarize and outline the evidsnbat are important to an
understanding of the formation and evolutionarycpsses for the Siberian Craton:

(1) Common occurrence and wide distribution of kigarand coesite-bearing
xenoliths in most pipes of the Daldyn-Alakitsky i@g and rare occurrences of
diamonds and xenoliths with these minerals in Kkiriles of the Malo-
Botuobinsky and Nakynsky fields.

(2) Presence of isotopically light carbon in diamerirom the pipes at Mir,
Udachnaya, Yubileynaya, and others. The C isotoprdents of diamonds from
the Yakutian kimberlites have shown that many diadschaved13C distinct from
the typical mantle value (e.qg., [5, 13, 14]). Asenable explanation for the low
013C is that the carbon had its ultimate origin ulbhducted oceanic crust. Cubic
diamond crystals present in kyanite eclogites [#@ly also have formed in such
subducted crustal rocks.

(3) A complicated history of formation from sourcesriched in subducted
crustal material, such as an ophiolite sequendais dlso applies to some garnet
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pyroxenite xenoliths from the Udachnaya pipe, aggested by the Sr-Sm-Nd
isotope study of Agashev et al. [1].

Based upon some of the evidence discussed indbpisrpand much more, it is
definitely probable that many, if not most, eclegit and possibly some
pyroxenites are products of the subduction of amcmceanic crust. This is
confirmed for the coesite-bearing and some dianfermis eclogites from
kimberlites of Yakutia (e.g., [17, 18, 36, 37]).h&l oxygen-isotopic and trace-
element data suggest that most eclogite xenolthgjcularly those of Group B
and C, but also some of Group A, are representatWesubducted crust [22, 24,
46, 50]. According to the distribution of diffettetypes of eclogites and presence
of isotopically light carbon in cubic crystals ofachonds in kimberlites of
Yakutian province, it is possible to estimate tdditon of crustal material to the
mantle under the Siberian craton. In the centaal @f the craton, the remnants of
subducted crust could be about 10-20 % of the upyattle, in accordance with
the distribution and abundances of xenoliths theoua kimberlite pipes in
Yakutia [40, 43]. If we assume that most isotafiiclight diamonds belong to
the eclogitic paragenesis and were originated gr tgrowth in remnants of
subduction crust we could use this for the estiomaaf contribution of subducted
oceanic crust in formation of the lithospheric ainder Siberian platform. It
should be noticed that according these data alfi#ét& diamond population from
kimberlites of Yakutia were originated in subductedks such as eclogites and
probably partially pyroxenites.

CONCLUSION

Oxygen isotopic values of garnets from mafic artdantafic xenoliths from
the kimberlites of Yakutia would appear to indicatastal protoliths, not only for
many eclogites, but also some ultramafic xenolihghe peridotite-pyroxenite
suite and alkremites. These garnets ha¥80 values that are outside the
acceptable mantle range, and are interpreted asatn@ of the subduction of
ancient oceanic crust.

The oxygen data is supported by the carbon isotopeiamonds and
emphasizes the importance of the concept thatubéustion of oceanic crust had
a definite role in the formation of the SCLM bertetite Siberian craton.

It is suggested that the presence of kyanite- aebite-bearing eclogites
among the kimberlite xenoliths, in addition to teetopically light carbon in both
cubic and octahedral diamonds, may be used to &#tithe degree of involvement
of the subduction process in the formation of tl 4.

There is an overwhelming amount of quality datanftbe xenoliths from the
kimberlites of Yakutia that provides evidence tbe¢anic crust subducted beneath
the Siberian Craton played a major part in the &irom of eclogites, their
diamonds, and perhaps, some of the peridotitic Ikbspin time of stabilization
and after main formation of the SCLM of the Siber@atform some 3.0-3.5 Ga
ago [16, 31].
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Yubileynaya pipe: from mineralogy to mantle structue and
evolution
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Concentrate from Yubileinaya kimberlite pipe (>8ftalyses), Alakite field, Russia,
was used for estimation of chemical compositiomrttag condition and construction
of the mantle sequence using monomineral thermaetry [4, 5, 26]. Cpx and Gar
geotherm reveal divide at 35 kbar. Al — and Cr Hakermobarometric models gives
different structure of lower part of the sectiomete layer of the dunite —harzburgite
— lherzolite sequence basing on Cr and more comiimuepletion with the depth
using Al-Cr model. From relatively heated 40 -35mwv7 branch the inflection to
350°C - 65 kbar was determined. The marble —cake streidat least 7 units) was
cut through by the metasomatic veins: amphibole35«kbar belong to) are Ca-rich
while lower belong to richterite- kataforites. TR& amphibole parental melts are
close to kimberlites while clinopyroxenes were eweore LREE enriched. Spinels
(8 groups) are Ti®-rich in lower and uppermost parts. Cr-rich chr@midiffer in
oxygen fugacity. llmenite trend consist from twatan>49% TiQ enriched in AIO3

(~ 0.7 %) and Fe- rich ilmenites are Al-poor. llntermegacrysts trace feeding vein
system of fractionating pre- eruption kimberlitertmonatite melts. Cr enrichment in
iimenites and Ti rise in Cr-spinelides suggest Ak@eraction in veins and
surrounding peridotites proved by similar W-typeERpatterns. Division into two
parts at 35-40kbar corresponds to dehydration peted line [38] in subduction
stage. High degree of the metasomatism is in acweetid high serpentinization
degree of kimberlites. Amount of layers in mantduenn of Yubileynaya pipe is
close to that of Udachnaya pipe but the later d¢ontaore eclogites and less
metasomatized peridotites. The Ni -rich chromitd ahivine inclusions in diamonds
agree with essentially peridotitic mantle keel stue.

Most enriched Cpx compositions are Th-U rich buv IRb-Cs and Nb-Ta low.
Garnets vary in REE from S-shape to hampered pattdraving all high Pb and
small Ta peaks. Mica is high in TRE. Geochemisfrypnmerals suggests continental
type of subduction.
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INTRODUCTION

Knowledge of mantle column structures under theblariite pipes give
mantle petrology the record of the ancient subduacprocesses, plume impacts
and developing of the kimberlite related proceq$gsl?2, 13, 24, 27, 28, 33]
Diamond exploration also needs detail information fmantle structure which
together with diamond inclusions may show their eptal source because
diamonds are mainly the xenoliths of the mantlendiadiferous rocks [8, 9, 19,
21, 32-35, 39]. The thermobarometric methods usiiegmineral associations are
not applicable for some highly serpentinized pipesyakutia the pipes belonging
to the Daldyn field usually contain more preserxedoliths while Alakite field
accounting several large kimberlite pipes [19] ligwdo not reveal abundant fresh
minerals except garnets, Cr-spinel, ilmenites armtenmscarce clinopyroxenes.
Special attempts were made to receive the condentbd pyroxenes and
amphiboles using the magnetic separation and hagtsity liquids developed in
IGC SD RAS, Irkutsk. These minerals were used tmmstruct using mineral
thermobarometry the structure, geochemistry andgases taking place beneath
the Yubileinaya - the largest pipe in the Alakiteld. The high amount of
relatively small minerals were mounted polished andlyzed by EPMA (~800)
and then by LAM ICP MS (24) and allowed to recomstrthe layered structure
and geochemical features of the minerals theirmgalenelts and kimberlites.

LOCATION AND GENERAL GEOLOGY

Alakite kimberlite field locate in the Alakit —Mala river basin in at the
Vilyui — Kotui zone of the deep seated faults amdoant about 56 kimberlite
pipes. Yubileynaya pipe located 15 km NW from Aikt@awn is the largest in the
region ~ 850 m in diameter. It is surrounded belétt pipe and separate body
possibly represented the crater bank. In sectiois & funnel composed from
autolitic kimberlites and the marginal dykes of sias porhyric kimberlites from
stage 1. It is covered by volcanic sediments, taffd breccias in the upper part.
The degree of the carbonatization and serpentiaizas very high especially in
the upper part [19].

METHODS

Concentrate used for the diamond exploration (fvast -0.25-0.1) was
undergone to the electromagnetic separations. Tiln@pgroxens often within the
serpentine cover and in intergrowth with amphibekre found mainly in non-
magnetic fraction with pyrite, serpentine and micllineral grains of
clinopyroxenes (200), amphiboles (30), various ger{200), and octahedral Cr-
spinel grains (80), ilmenites (90), micas (40) atiters were analyzed in Camebax
Microbe in Analytic Center of UIGGM SD RASc (Anaty®.S. Khmel'nikova).
The same mounts were used for the LAM ICP analy&aalysts Palessky S.V.,
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Nikolaeva I.V., Saprykin A.l.) scanned by the lasgsam (UV Laser Probe,
frequency 266 nm) and analyzed in high resolut@®i MS Finnegan Element.

MINERALOGY OF MAJOR PHASES

Garnets in Yubileynaya pipe concentrate pink, red, purpielet and less
frequent orange were separated to 10 clusterde§s-garnets vary in MgO- FeO
content from megacrystic values ~10-11% FeO 124 18nd more common for
eclogites (Fig.1). Low GOs; >1% garnets higher in TiOto 2% belong to
pyroxenites and to megacrystic suit. Garnets with % CpO; are common
Iherzolitic and Fe- Ti —enriched pyroxenitic gasedre found in 2-4 QD;
interval. Three groups of |herzolitic (and pyroxer)i garnets GOs; >4 were
divided from dunite-harzburgites by nearly continsdrend in lherzolite lower
boundary. Rare subcalcic dunite harzburgites garnmeteal three clusters.
Enrichment in TiQ concentration for Cr-rich garnets is correlatinghwise TiG
for the Cr- spinels only in uppermost part of mantlAll Fe- rich (to 25% FeO)
garnets is difficult definitely to attest as to bern in mantle conditions. The
orange ‘eclogitic’ 12-15% FeO garnets are not fegun concentrate.

Clinopyroxenes from Yubileinaya pipe contain high amount of,8a Cr0Os.
Al,O; close to CiOsz in values are concurring for B@ in structure. Such
pyroxenes are typical for the metasomatic peridst[R, 12, 13, 21, 36, and 37].
These clinopyroxenes common for many localitiesto@mo- Wyoming [12, 22]
in Chmopolo kimberlite —like rocks [1, 6] usuallprtain nearly equal amount of
Fe, Cr, Na Al. (Fig. 2). the clustering based ba ALO; is more realistic then
those based on the £ because the later produce several positive ligeaCr
lines. On variation diagram for clinopyroxenes froine several Daldyn-Alakite
pipes (Fig.4) they plot at the central part betwdendepleted clinopyroxenes from
garnet peridotites from Udachnaya pipe [8, 20, 28d those from spinel
peridotites (Fig. 3). At least 4 correlation linestween FeO and Ma (Fig. 2-3)
possibly reflect different processes of mantle w@taatism and enrichment of
mantle peridotites by the melts. Positive goodalation Fe —Ti and Fe-Al and Fe
-Cr - two large clots for Yubileinaya pipe definyteliffer from the other groups of
the kimberlitic clinopyroxenes from other Daldynlakite kimberlites.

Amphiboles in the concentrate usually found as the intergrowith the Cr-
diopsides may be subdivided in to 5 groups (Fig(Mg- richterite — kataforite-
pargasite hornblende- pargasite - kaersutite) with general rise of Fe-Ca-Ti
what reflect the sequence from the deep to uppetlenaection and degree of the
differentiation of the metasomatic agents (Fig.ld)general Fe-in amphiboles is
correlating with K20 and negatively with the Jda Behavior of TiQ and CgOs
differ for this two amphibole groups rising witHisa content for Ca- amphiboles
Al O3 fall with SIO, increase while Mg is rising for deeper amphiboles.

Micas form concentrates belongs to three groups: relgtiaege, Ti- biotites,
reflect vein suits Cr — rich (to 2%) phlogopitesitaning crystalline inclusions
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Fig. 1. Variation diagram of garnet composition from tencentrate from Yubileynaya pipe.
Variations of the garnet compositions

1. megacrysts, eclogites, Fe-pyroxenites; 2. Ga-fgridotites; 3. Ga-Sp —pyroxenites;
4. Ga- pyroxenites; 5. Ga- peridotites; 6. Ga —qignites;7. peridotites from diamond facie; 8.
depleted Iherzolites; 9. Sub -Ca garnets (dunii€); Garnets from Udachnaya pipe; 11. Garnet
analysed by ICP.
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rutiles and Mg-rich low -Ti phlogopites. Most of cas fall at the field between
istonite and phlogopite [24] (Fig. 5)

Spinel Cr- rich compositions (Fig. 6) reveal deviatioorfr mantle array
caused by different type of the isomorphic substitu Ulvospinel enrichment is
characteristic for Cr rich spinels while the midgiarts common FeCr — MgAl
trend dominates. V205 is correlating in generahwite TiQ behavior and NiO
with the MgO. All spinel sequence was divided orytgroups possibly reflecting
mantle layering (Fig. 7).

IImenite compositional trends differ from the common schenoésthe
ilmenite fractionations found for the Africa [144]2and other kimberlites. General
positive TiQ- MgO and negative FeO correlations became morepkioated in
case for the minor components (Fig. 8). Several gatallel lines of GOs
enrichment suggests mechanism of the AFC intemactibh the peridotites and
possibly medsomatic trend associations for more magnesian csitnmas. Abrupt
decrease of the Al in the central tpaossibly suggests the coeval garnet
precipitation. The step by step decreasing Al trdand to different crystallization
associations is also visible. Vanadium trend winigle in general together with
FeO may be also divided on to two parts

THERMOBAROMETRY

Due to lack of abundant fresh polymineral xenslifh9] except of several
eclogites (Cr- bearing but more Fe—Na —rich clas®lbnazhennaya nodules [36]
we used three variants of the monomitedihopyroxene thermobarometry
applicative for the Cr-Diopsides from the kimbedt [4, 5, 26]. Here we used also
the new equation which is developed to accounirtfieence of TiQ, Fe203 for
the metasomatic associations. Two barometers peaducgeneral similar diagram
but different layering based on Cr - Al minals asated with the

Na (Fig. 8 a, b). Mantle column is likely shdude built up from at least 5
essentially clinopyroxene- bearing rocks (lheres)it the depleted dunite —
harzburgite [8] horizon in lower part and the hdabend giving the inflection to
the hot field which for Udachnaya [8] and Southiédr[9, 27] corresponds to the
sheared (asthenospheric) lherzolites. The thermahetric methods give
relatively heated geotherm (to 40 mv/im2). kengral the amount of the layers is
close to those from the Udachnaya pipe though taposition of peridotite
minerals and associations essentially differ.

Newly developed garnet thermobarometry [5] with tvesiants of equations
based on Cr and AI-Cr combinations also give twoavas of TP diagrams with
nearly continuous changing of the associations thighdepletion to the depths for
the AI-Cr variant (Fig. 8 ¢) and sharp layeringhwihe 3 horizons of the dunite —
harzburgite — lherzolite (+ pyroxenite) bends.
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GEOCHEMISTRY

The LAM ICP analyses of the minerals 20 for 30 comgnts (Fig. 9)
(tabl. 1) reveal rather specific TRE distributioiite LREE enrichment for CPx is
so high that they REE patterns are nearly line#ll Wiie more enriched patterns for
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Fig. 2. Variation of the clinopyroxene compositions witk subdivision to the major chemical
groups.

the deeper pyroxenes (see Fig. 8a, b) similar teri€literite peridotites from
Kimberly [14]. Amphibole has concave upward REE asdrery close in TRE
elements also for the composition of one kimbefiitan Yubileynaya analyzed
also by LAM ICP method. The garnets highly varynfr&- type what is more
common for the Cr- rich garnets to HREE - rich emoounded patterns with- and
without Ce minima and even to hampered in middlg REE line found for
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pyroxenite garnet [16]. Clinopyroxenes reveal Fb minima for most enriched
compositions but elevated Th, Nb, U. Garnets anosipp reveal Pb, Ti peaks
(possibly due to microinclusions).
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Fig. 3. Variation of the clinopyroxene compositions frameral pipes from Daldyn- Alakit
kimberlites.

1. Udachnaya, diamond facies; 2. Udachnaya, 3. Mimeya, diamond facie;
4.Yubileinaya, garnet facie; 5. Irelyahskaya; 6.lffazhdannaya; 7. Zarnitsa. Shaded areas. 1-
primary depleted; 2. eclogitic and hibridic; 3. rmsbmatic; 4. sheared 5. melt interaction.

Spinels and ilmenite both reveal rather specifieyye REE distributions.
TRE spidergrams for ilmenites display very high No-Ti peaks rising with
the degree of REE depletion. In spinels Nb —Tacareelating with LREE but Hf-
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Ti-Zr correlate negatively. Mica reveal very higletREE and TRE patterns with
the HFSE LILE (Rb, Cs) high concentrations whanisccord with the rutile co-
precipitation.
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Fig. 4. Variation of the amphibole compositions.
1. pargasite hornblende, 2. kaesutite, 3. richégrd. kataforite, 5. pargasite.
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Fig. 5. Variation of the mica compositions.
1. Mg- phlogopite, 2-3. Cr-Ti bearing— phlogopitéstonite, 4.Ti- biottite.

The TRE compositions of three samples of kimbexlgeanned by laser (1-
2mnt) reveal the distributions close to the other kirlites from the central part
of Yakutian diamond province [1] with the small ZF+ Hf minima. The more
serpentinized samples reveal general and espetlalydecrease.

DISCUSSION

Suggestions about the composition of the mantle cohn. Comparing the
mineralogy of the clinopyroxenes and garnets frombileinaya with the data base
on the minerals from published works [7, 8, 11-193, 24, 26, 27, 32-36, 40] and
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analyzed other pipes it possible to receive theginaion about the compositions
of the rocks. Alkaline clinopyroxene Cr rich petiid® associations are typical for
the Wyoming kimberlites [3, 12, 22] concentratenfrthe kimberlitic pipes from
Amga (Chompolo) [1, 6], Obnazhennaya pipe ,[36ikos kimberlites, Finland,
diamond inclusions in Sputnik pipe [35] and form Ibo [19]. Modal
composition of these rocks vary from depleted ao#tisrzolites — harzburgites to
pyroxenites. Frequent intergrowth with the Ca — alkdline amphiboles is similar

Tablel.
Major and trace element composition of the minefedm the concentrate of Yubileinaya
pipe

Comp. Gryl Gry2 Gry3 Gry4 Gry5s Grye GrY7 |AmlY |YCpxl C\E)E)Q
Si02 41.00 41.21 4163 4065 41.30 41.09 4147  46.62 6154. 54.64
TiO2 0.03 0.24 0.84 1.10 1.29 0.12 0.B5 0/50 0.03 0.27
Al203 16.34  18.30  19.28 18.33  18.87 19.36 1556 11.31 322 262
Cr203 9.52 6.50 3.92 3.98 3.55 5.40 10.14 1|30 4.89 .91
FeO 6.95 6.95 8.36 9.00 9.81 6.77 6.43 3]27 2.03 .59
MnO 0.52 0.37 0.31 0.32 0.32 0.40 0.43 0/02 0.09 0.11
MgO 20.90 20.22  20.55 20.13 19.61 21.82 19,70 18.74 8314. 14.67
CaO 3.64 4.50 4.99 4.78 5.25 3.23 4.81 10140 16.66 1[.8
Na20 0.04 0.07 0.07 0.17 0.08 0.07 0.7 3165 3.46 .02
K20 0.01 1.51] 0.03 0.0jt
Cymma 98.94 98.36  99.96 98.46 100.08 98.27 9856  97.33 .8598 98.66
Ba 0.89 0.45 0.79 0.81 0.22 0.43 0.p7 79.1 385 35
La 0.15 0.05 0.03 0.04 0.01 0.02 0.16 48 150 15
Ce 0.61 0.14 0.10 0.10 0.07 0.11 0.p9 15.2 261 22
Pr 0.13 0.03 0.02 0.03 0.02 0.02 0.p8 2.6 26.8 4.3
Nd 1.00 0.41 0.23 0.29 0.17 0.27 0.47 13 86 15
Sm 0.37 0.27 0.20 0.26 0.17 0.16 0.51 2.7 10.2 2.4
Eu 0.10 0.10 0.07 0.11 0.08 0.07 0.p7 D.8 2.6 0.6
Gd 0.25 0.44 0.30 0.51 0.32 0.21 1.14 2.1 6.3 1.6
Tb 0.01 0.07 0.05 0.09 0.06 0.04 0.0 D.2 0.6 Q.18
Dy 0.08 0.42 0.31 0.87 0.36 0.15 1.12 1.1 2.7 0.7
Ho 0.01 0.10 0.06 0.18 0.09 0.02 0.18 D.1 0.4 q.10
Er 0.04 0.29 0.15 0.56 0.27 0.05 0.B5 D.3 0.8 0.2
™ 0.01 0.05 0.02 0.08 0.03  0.005 0.04 0/03 0.1 0.02
Yb 0.07 0.25 0.17 0.48 0.23 0.06 0.p6 D.2 0.4 0.1
Lu 0.01 0.05 0.03 0.07 0.03 0.02 0.04 0/02 0.1 0.0
Hf 0.17 0.10 0.22 0.35 0.32 0.10 0.1 1.7 2.1 1.4
Ta 0.02 0.01 0.02 0.01 0.00 0.00 0.02 3.1 0.3 0.4
Pb 0.30 0.16 0.27 0.14 0.03 0.10 0.3 0/50 0.59 2.2
Th 0.068 0.017 0.019 0.022 0.005 0.011 0/08 0.10 13.3 1.0
U] 0.025 0.006 0.005 0.006 0.003 0.007 002  0.015 40.42 0.07
Vv 27 45 39 58 44 36 73 165 267 10
Sc 28.8 24.3 16.5 25.0 15.7 22.1 51.1 27.3 32.2 $4.6
Co 29.8 27.7 22.7 24.8 20.0 19.5 23.2 28.2 24.6 $5.7
Cu 7.0 6.6 6.6 6.5 7.9 6.7 71 98 8.4 1t.8
Rb 40.0 20.0 5.12 4.60 3.90 0.33 0.8 5.0 1.17 1.95
Sr 1.80 1.09 0.96 0.74 0.59 0.72 3.65 171 664 $.57
Y 0.30 2.73 1.61 4.84 2.59 0.59 472 3]92 10.02 p 25
zr 2.2 3.7 7.9 14.1 10.3 6.0 24|15 57 38 29
Nb 0.21 0.10 0.10 0.10 0.14 0.07 0.p5 30 4 3
Cs 0.008  0.008 0.004 0.01 0.05 0.p2
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Table 1. (end)

Comp. | YCpx3 YCpx4 | YIIml  YIm2  YIim3 [YChr2 YChr3 YChrl YbM icl
Sio2 54.86 54.73 0.04 0.10 40.89
TiO2 0.37 0.01 48.09 51.42 44.45 0.06 0.38 0.04 341
Al203 3.66 2.11 0.45 0.65 0.16 18.37 21.27 19.05 12.49
Cr203 1.95 1.39 0.91 0.78 5.58 52.76 48.28 47.25 1.47
FeO 3.06 1.45 39.80 33.12 39.32 17.05 14.81 21.43 .14
MnO 0.08 0.01 0.27 0.30 0.28 0.29 0.26 0J58 g.01
MgO 14.88 16.25 9.21 12.19 8.13 11.25 13.91 10.51 2p.46
CaO 16.28 22.32 0.02 0.04 0.01 0.00 0.06 0l00 g.02
Na20 3.60 1.23 0.07 0.03 0.36
K20 0.05 0.10 0.13 0.08 9.48
Cymma 98.74 99.50 98.81 98.60 98.00 99.89 99.11 98.95 6204.
Ba 194 59 0.44 0.48 0.2 1.1 0.54 0.83 491
La 60 36 0.03 0.02 0.00 0.33 0.024 0.05 P.1
Ce 102 51 0.04 0.04 0.0t 0.16 0.052 0/25 5.7
Pr 14.2 7.3 0.01 0.01 0.0p 0.01 0.009 0j01 .52
Nd 54 31 0.06 0.04 0.01 0.05 0.035 014 .7
Sm 8.2 5.0 0.06 0.03 0.0p 0.01 0.025 0/07 426
Eu 2.3 1.37 0.03 0.01 0.0t 0.02 0.024 0j02 g11
Gd 5.4 35 0.07 0.05 0.0p 0.05 0.081 0J09 020
Th 0.7 0.41 0.02 0.01 0.0p 0.007 0.010 0{01 d.02
Dy 3.1 1.7 0.07 0.02 0.0p 0.014 0.025 0J07 .13
Ho 0.4 0.24 0.01 0.00 0.0p 0.003 0.006 0{01 d.02
Er 0.9 0.45 0.03 0.01 0.0083 0.004 0.025 0[02 g.02
™m 0.1 0.06 0.004 0.001 0.001 0.003 0.003 0.004 .01
Yb 0.7 0.25 0.02 0.02 0.0t 0.007 0.014 0{02 d.03
Lu 0.1 0.03 0.00 0.01 0.004 0.002 0.004 0}01 g.o1
Hf 18 1.73 4.1 5.0 7.7 0.010 0.017 0.07 0}32
Ta 0.6 0.26 58.1 72.9 110 0.027 0.038 0|74 .2
Pb 10.7 0.48 0.12 0.10 0.002 0.04 0.06 0{20 g.37
Th 2.0 23 0.006 0.004 0.002 0.049 0.003 0.005 9.47
U 0.1 0.277 0.014 0.006 0.011 0.054 0.009 0.po4 D.32
\Y, 308.4 174 628 363 59p 314 294 240 419
Sc 25.4 18.8 14.8 11.9 17.0 2.0 3.9 5.7 5.2
Co 34.0 18.8 82.7 53.8 60.9 108 70 65.0 59
Cu 9.5 8.5 141 10.3 9.6 7.5 8.5 7.2 11.0
Rb 3.0 3.810 0.44 0.009 0.004 0.167 0.167 Q.56 P89
Sr 502 278 0.69 0.78 0.54 1.2 1.3 135 1.0
Y 13.26 7.29 0.338 0.034 0.036 0.06 0.17 0.430 .57
Zr 64.7 37 126 155 228 0.46 0.85 3.0 11]61
Nb 15.3 4 415 541 887 0.82 0.42 4.7 20]52
Cs 0.2 0.17 0.002 0.004 2.04

Notes. Analyses were made in Analytical Center of UIGGBRIRAS, Novosibirsk.
Major components are determined by CamebaxMicr& (®hmelnikova, January, 2003).
Trace elements are determined using ICP MS “ELEMENHinnigan) with laser UV
LaserProbe (S.V. Palessky, 1.V. Nikolaeva, A.l.rgap, Febrary, 2003).

to Namibia [13] and Zimny Bereg, Zimbabve kimbesit Such compositions
mineralogy and petrography corresponds to the matigntle sequence with wide
distribution metasomatites, anatexic pyroxeniteswadl depleted harzburgite-
dunites. For the and KI-1 kimberlite pipe Wyomid@] is suggested the
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Fig. 6. Variation of the spinel compositions. Division groupth is close to Figl.
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Fig. 8. TP estimations using the clinopyroxene concenfi@a®a Y ubileynya pipe.
Groups the same as for the Fig.1

influenceof the subduction related silica- richidkiwhat is the common for the
mantle keel of craton.

Construction of the mantle columnin PT diagram 5 major peridotites (Cpx rich)
units in the mantle section of the Yubileynaya pipeey be suggested. Depleted hot
horizon should exist in the basement dividing esaly pyroxene- bearing
asthenospheric mantle peridotites. In spinel f&ae enriched Gar — pyroxenites
should exist. The Cr based models give the sarme\®n more sharp layering
The middle layer in 35 kbar coincides with the ecfion of the garnet trends near
4 % of CpOs.This level in mantle (fluctuating between the 3l &0 kbar) in PT
diagrams correspond to the crossing of the patthefsubducting slabs with the
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water bearing peridotite solidus [39, 41] and isoatlose to the crossing of the
subduction gradients with the dehydration line efigotites ca 35 kbar 780
[38]. Presence of @ rich layer is responsible for the LT meitiand
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Fig. 9. TRE compositions of the minerals from Y ubileingiye

producing of anatexic and hybrid (with eclogite &nre) pyroxenites. But
judging by the presence of the riclerigarnets that are typical for the
metasomatites from 60 kbar in Kimberly [14] the mh@ncolumn beneath
Yubileinaya was all subjected to the fluid interagtand K- enrichment at the
more deep level probably due to the continentale typubduction and
decomposition of the phlogopites.

Reasons of layeringmost probably originally were in the subductio][2
Layering should be the common feature of lithosgherantle. It was proved that
iIs growing from the bottom by the underplating loé tsubducting layers. Mantle
convection has the cycles multiplied to 32 (16) amal in each new cycle new
subducting possibly may couple to the lithiosph&gel. The amount of the layers
for this pipe is very close to Udachnaya pipe [8livevidence for the same stages
of the craton growth in the adjacent areas. Phghemical reasons - phase
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transitions that usually accumulate melts and psnaes due to the density
melt/solid difference changes [29], regulationstio¢ fluid flow etc also play
essential role. The waves of the melt fluid perootes like it suggested for
Horoman and some orogenic massifs may be the aagon.

Metasomatismdetermined by wide spreading of the hydrous phasdsthe
long and continuous trends of the mineral compmsitimay be explained by the
interaction of the mantle peridotites with the rous alkaline and silica rich melts
and fluids. Positive correlation of K with the Feggests that the metasomatic
agencies were of different and independent typ#isese are deep fluids (K-Fe)
and rich carbonatite melts [39]. The most probalaledidate source of the Na-Al
metasomatism are the subducted slabs where Nalddiexs are associated with
the hydrated mantle peridotites of the subductiamtie wedge. The K-Fe-Ti
metasomatic agents may have subduction natureW)ivith the involvement of
continental sediments. It is likely also that Kalgent represent the plum sources.
The K metasomatism is more deep then Na-Al.

Trace element also evidence about the differentreadf the metasomatic
agents. Reconstructed with the KD for Cpx [15],ngar[16], spinels, ilmenites
[40] and mica parental melts display the evidemcelfe difference for the mineral
forming mater for some of them. Analyzed alkal@px are formed by more
enriched melts then garnets even assuming thehiydsi depended variation in
the scale by the order of 1 at least. The meltsrdor the chromites are close for
those formed ilmenites being lower for the latencdd8 — born melt has more
enriched are and HFSE —high compositions probabé/td partial dissolution of
ilmenites. These facts evidence for the multistageeral growth in the mantle
column beneath Yubileynaya pipe possibly in théed#nt vein environment and
depth levels (Fig. 10).

Joint evolution of the megacrystic and peridotite sits is the possible
explanation of the similarity of the geochemistrytbe spinels and ilmenites.
Some silicates including garnets also may be pitsdottsuch crystallization. In
rare nodules in Colorado kimberlite concentrate ii3]possible to find the
associations of Cr- rich garnets, ilmenites, Thrgpinels. The growth of the Cr —
garnets and Na-Cr clinopyroxenes in micaceous kilitdke from Daldyn field
from the kimberlites was suggested. The assumpeams to be partly realistic
because such associations do not reflect all tmetiess and spectrums of the
mineral compositions. Megacrystalline associatitimst similar to the alkaline
basalts trace the feeding pre- eruption vein sysesnlower in Cr content. But
some high temperature metasomatic veins and apepimgay contain the material
with the hybrid peridotite and kimberlite (carbateafeatures).

Metasomatism. Highly volatile and fluid rich melts like kimberés and
carbonatites may penetrate through the rather system forming high scale
metasomatic changes in surrounding peridotites @rahge their compositions
also due to the intensive exchange with the peatesotThe contact rock halo
possibly may change their characters in time arge@ccounting the interaction
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of the rising system with metsomatics that shoudd doeated at the previous
subduction stages. The units and mantle wedgedlicgupith the cratonic keel
may differ and include the metasomatites fortmgdNa-enriched fluid system in
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Fig. 10. TRE compositions of the melts parental for theemals and some kimberlite samples
from Yubileinaya pipe.

oceanic mantle and by more deep and K-rich melfluderived from the
continental slabs.

Comparison with Udachnaya shows that mineral concentrates from
Yubileynaya pipe sharply differ from those of Udaalia in chemical features.
Garnets from Yubileynaya are relatively more Mdirand Ca poor comparing to
Udachnaya. The trend for the garnets and amoutihefindependent groups is
much higher though some varieties are close.

Alkali -rich pyroxenes in Udachnaya are rare (1%) Hi- Alumina eclogitic
pyroxenes are more widely met in the concentrat. the chromites from
Udachnaya the ulvospinels as well as the abundéntrends are not characteristic
while Yubileynaya spinels demonstrate complicateahbhing trends. In general
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for Yubileynaya primary subduction eclogites are¢ o characteristic as well as
Fe- rich garnet websterites that are common inl@ahantle in Udachnaya [20]

while metasomatic associations are very typicaletlite trend in the Yubileynaya
pipe suggest intensive exchange of the parentalnmaagith the peridotites

column. The difference also appeared in the highelbping of the Ti-Na rich

pyrope population which should correspond to gaamatexic pyroxenes while for
Udachnaya in the shallow level the hot Fe- harzkesgand lherzolites are more
typical.

CONCLUSIONS

1. Mantle beneath Yubileynaya pipe is layered like da#h Udachnaya pipe.
Degree of the depletion rise with the depths. Madgiart concentrate
pyroxenites The heat flow corresponds to 35-40 m&t/

2. Peridotites are represented by the fragments ofasoatatic associations.
Analyzed pyroxenes were not in equilibrium with t@nets sometimes. The
type of metasomatism changes from the Fe-K to Na@a shallow mantle

3. limenite trends at least at the last stages weoglyzed by the polybaric
fractionation of protokimberlite — (carbonatite) lingithin during the creation
of vein feeding system.
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Noble gases in mantle-derived xenocrysts in an alkdasalt
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We measured noble gas isotopic ratios of olivineoxeysts in an alkali-basalt
sampled from a northwest pacific seamount. The emlsts are reported to be
derived from upper-mantle from major element contposs [12]. The depth where
the xenocrysts were entrained by the host magmaesasated to be 10-14 km
under the sea bottom from the density of ao fluid inclusions; thereby they
originated from the uppermost mantle. By applyingthbvacuum crushing and
stepwise heating extraction of the noble gasespntaminatechefhe ratios range
between 7.2 and 7. (r. is the atmospherithefhe ratio of 1.4 x 18) and*®ar/®ar
ratios are up to 5000 in the xenocrysts. Thesereasens demonstrate that the
upper mantle beneath the oceanward slope of ttan japnch has a similar isotopic
composition to the morb (mid-ocean ridge basaltys®, suggesting a uniform morb
source is largely distributed in the upper mantle.

INTRODUCTION

The source of MORB has generally been regardedetaldsived from the
suboceanic mantle, and to be located in the uppertien(e.qg., [14]). ThéHe/He
ratio in MORB shows quite uniform values of (8 4} R.. MORB-like *He/*He
ratios have often been observed in mantle-derivadksr from island arcs and
subcontinental mantle [18, 19, 22, 25, 33]. Thera iwidespread consensus that
the source of MORB is a ubiquitous component of tipper-mantle.Recently,
however, occurrences dHe/'He ratios lower than that of MORB have been
reported for some subcontinental and island arambfic xenoliths [5, 7, 16, 22,
36]. Several possibilities are proposed to expllagse low ratios including mixing
with an atmospheric component; the influence ofiogehic “He ingrowth
attributed to metasomatic enrichment of incompatdements such as U and Th,
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or reduction of He/U ratio caused by preferentiapldtion of helium. These
discussions depend greatly on the implicit asswonpihat the source of MORB is
a unigue and uniform component in the upper-mantle.

The aim of this paper is to investigate whetherribble gas characteristics
like MORB has a wide distribution over the uppertia For this purpose, upper-
mantle-derived minerals sampled far from mid-oceaitdge are used to identify
the distribution of the source of MORB. We analyafichoble gas compositions in
olivine xenocrysts from the Japan Trench oceanwhmple. In addition, we tried to
determine internal pressures of trapped fluids bgrarRaman spectroscopic
analyses. The investigation of the internal pressirthe fluid inclusions in the
xenocrysts can provide an extremely important cagt on the origin of the
Xenocrysts.

SAMPLES AND GEOLOGICAL BACKGROUND

Pillow alkali-basalt outcrops were sampled at deyftAi324 to 7360 m on the
oceanward slope of the northern Japan Trench (3WN23144°16' E) during
JAMSTEC (Japan Marine Science and Technology CeriRéy Kairei/ROV
KAIKO cruise KR97-11. The Ar-Ar age of the alkalagalt is 5.95 +/- 0.31 Ma
and is reported as a new form of intra-plate vakrarnwhere decompression and
magmatic activity occurs off the fore bulge of tth@wngoing Pacific slab [12].
Two basalt samples, 10K#56 R-001 and R-002, welleated from the pillow
basalt at around 7360 m depth.

There are two compositionally distinct olivines time alkali-basalts; large
olivine megacrysts with a reaction rim and smallliok phenocrysts. The average
size of the large olivine megacrysts and the swlaline phenocrysts is about 2
mm and less than 0.2 mm in diameter, respectividle. large olivine megacrysts
(Fo values, 90-93, and NiO contents, 0.3-0.5 wtfé)maore primary in origin than
small olivine phenocrysts (Fo values, 80-90, an@ Montents, 0.1-0.5 wt%), and
have compositions in disequilibrium with the hoasalt [12]. Therefore, the large
olivine megacrysts are considered to be xenocdestised from the upper-mantle.
In the present study, the xenocrysts were usednioro-Raman spectroscopic
analysis and noble gas study.

EXPERIMENTAL

Micro-Raman spectroscopic analyses

The basalt rock wafers were carefully prepared dgomably polished to about
500 micrometer in thickness, ensuring no resin araghe section to be analyzed.
The resin used for polishing was completely remodwgdcetone. The fluorescent
light from the mineral separates were negligibléis study.

Raman spectra were measured using a Raman speteraqaipped with an
optical microscope (Olympus,XB0) installed at the Laboratory for Earthquake
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Chemistry, University of Tokyo. The excitation ladgeam was focused on a
spheroidal spot of approximately 1 x 1 XB° using an Olympus 100x objective
lens (N.A. = 0.95) with a confocal arrangement thiédws us to pick up signals
exclusively from fluid inclusions. Though the spatt resolution of our
spectrometer is approximately 1.5 ‘trper pixel at the present experimental
condition, more than 20 data points are collecledgaCQ, Raman line, so the
center of the fitted Lorentzian curve could be dateed with much higher
precision, typically +/- 0.10 cth[15]. Spectra were accumulated with an exposure
time of 150 seconds per point with laser power 14 mW on the sample.
Raman shift was calibrated with a standard samplephthalene. More detailed
analytical conditions for Raman spectroscopy at lthboratory for Earthquake
Chemistry have been reported by Yamamoto et aDAP(B5] and Kawakami et
al. (2003) [15].

Noble gas analyses

The large olivine megacrysts were separated from $mall olivine
phenocrysts using a sieve. Furthermore, the olignaéns were carefully separated
by handpicking, removing altered parts and impesitiGrains were soaked in 2N
HNO; for half an hour at 70°C, and washed ultrasonjcall distilled water,
ethanol and acetone.

Noble gases were extracted by both vacuum crushmuystepwise heating
methods for olivine separates. Before crushinguahing vessel was preheated at
150°C overnight. During crushing, the crushed sampdether with the vessel was
heated at 120°C. Gases extracted were exposed doldatrap at liquid N
temperature in order to remove gases adsorbedwly oeeated powder surfaces.
The crushing vyield, defined as the fraction of tbeushed material 160
micrometer), was 45% in this study. Preliminarypstise heating experiments for
mantle-derived olivine suggest that degassing tfnsic gases occurs at 1000-
1200°C, but adsorbed atmospheric gases are degaistesh than 700°C and the
remaining component (radiogenic and intrinsic) dsgd at 1900°C due to melting
of olivine. Therefore, for the stepwise heating qe@ure, noble gases were
extracted with three temperature steps (700°C, “I20éhd 1900°C), using a
resistance furnace. Duration of heating is 40, 18D 20 minutes for the fraction of
700, 1200 and 1900°C, respectively.

Noble gas analyses were performed on a sectormgss spectrometer (VG-
5400) installed at the Earthquake Research InstifidRI), University of Tokyo.
Procedural crushing blanks ftie, “He, °Ne, *°Ar, ®Kr and ***Xe were less than
3.0 x 10", 2.0 x 10", 2 x 10" 1 x 10", 2 x 10" and 4 x 10° cnPSTP,
respectively. Procedural heating blanks ¥de, “He, Ne, *°Ar, #Kr and**Xe at
each temperature step were less than 9.0'% 200 x 10'°, 6 x 10" 1 x 10", 5 x
10" and 1 x 10° cn?STP, respectively. Consistency of the helium isetogtio
with the®He content was guaranteed down to the range of@*xcn? STP (after
blank correction) by repeated analyses of the elil#tir standard and two types of
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standard gases (artificial helium standard gas6@6@/- 0.10 R; [17, 32]) and
Kaminoyama well gas, Yamagata, Japan (6.04 +/- ORR9 [11])). The
uncertainties in the precision (1 signmelude those for the sensitivity and blank
corrections for isotope ratios. Sensitivities o tther kinds of noble gas isotope
were checked by repeated analyses of different atacef diluted air standard.
Analytical conditions for noble gases at the ERIdhbeen reported by Hanyu et al.
(1999) [11].

RESULTS AND DISCUSSION

Micro-Raman spectroscopic analyses of fluid inclusn

The xenocrysts include abundant fluid inclusionsvoTcompositionally
distinct groups of fluid inclusion are observedg(Fl). One is a liquid inclusion
having a negative crystal shape, a type of inclusaflecting the crystal form of
the host mineral, with partly spherical shape. Titneid inclusions are usually less
than 10 micrometer in diameter. The liquid inclustoails have been observed in
most of the xenocrysts. The other inclusion graugalid (silicate melt) inclusions,
which are elongated and vermicular. A large nundfethe solid inclusions were
observed in all xenocrysts. Bubbles are often ofeskin the solid inclusions,
which have been formed by shrinkage of the melinducooling. Based on micro-
Raman spectroscopic analyses,,@@s identified in both the liquid inclusions and
shrinkage bubbles in the solid inclusions. No ott@nponents such as®|, CH;,

N, and CO were detected using micro-Raman spectrgscop

Fig. 1. Photomicrographs of fluid inclusions in a xeno¢tysck section (~500 micrometer
thickness) from Japan Trench oceanward slope: @dtive crystal liquid inclusions. (b) Solid
inclusions with a dendritic or vermicular form. ®heften include shrinkage bubbles.
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Fig. 2. R-Delta plot for CQ Fermi diad of CQinclusions in some xenocrysts.

R means intensity ratio of the @Bermi diad. Delta means separation of wavenumiber o
the CQ Fermi diad. Circle: liquid inclusion; triangle: dal inclusion; triangle + circle: solid
inclusion with vapor bubble. The reproducibility thfe Delta and R for data with moderate
intensity (counts) is typically ~0.15 €mand ~0.2 cril, respectively. Because the inclusions with
low Delta-value have lower density than that ofrhiQelta-value, the data tend to show wide
variation particularly in the R-value.

Depth where xenocrysts was entrained by host magma

For mantle-derived xenoliths, residual pressurduid inclusions has often
been used to estimate the depth where the xenadithentrained by host magma
[1, 4, 9, 23, 26, 27, 29, 30, 35]. If the densityGD, in the fluid inclusions is
determined, the P-T condition where the fluid isahuns were equilibrated with the
host minerals can be determined using the equaifostate for CQ@ and a
temperature estimated from a geothermometer. Rapactra of CQcan provide
density of CQ in fluid inclusions in the following way. Ramanesprum of CQ
has two main peaks. Figure 2 shows plots of R riBitg ratio) vs. Delta
(separation of wavenumber between the higher amdbther frequency peaks) for
two kinds of fluid inclusion in the present stu#\s the density of C®increases,
both R and Delta are elevated, thereby high-derG@y inclusions plot upper-
right in the figure. The liquid inclusions clustaround a Delta-value of about
104.6 cnt. Bubbles in solid inclusions have a wide distribatover Delta-values
lower than those of liquid inclusions. The highBsita-value for both inclusion
morphologies are fairly similar to each other witkhhe experimental uncertainty at
the 1 sigma level, typically +/- 0.10 EmThe internal pressure of fluid inclusions
with negative crystal morphologies were in equilibr with ambient pressure in
their mantle source region. The liquid inclusioravé therefore had GQlensity
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corresponding to the depth where the host olivimese entrained by magma. On
the other hand, as a melt inclusion cools beloweitsperature of entrapment, it is
depressurized along the isochore until it beconadsrated with a volatile phase
such as Cg and then a shrinkage bubble nucleates. Olivimeisstrong enough
to withstand the pressure differential betweenitiskision’s internal pressure and
the external environmental pressure. The melt sigfuwill change in volume due
to plastic deformation of host olivine, or due mterdiffusion of Mg or Fe between
host olivine and melt inclusion until the shrinkdggble has an internal pressure
equivalent to the ambient pressure (averaged ol@ncatime period). Therefore,
Delta and R-values of liquid inclusions record depth where the xenocrysts were
entrapped in the host magma whereas those of libbkolid inclusions provide
the minimum limit of the entrainment depth.
Yamamoto et al. [35] simulated the volume changenwvherals caused by
decompression and temperature decrease durindgn¢hastent of mantle-derived
minerals entrained by host magmas based on “Biramighan’s equation of
state”, “thermal expansivities of minerals” and fistitutive equations”. During
transport of xenocrysts to near the Earth's surf@@-dominant liquid inclusions
preserve internal pressure up to around 1 GPaT[d]s, a differential stress of
around 1 GPa would have occurred between thedo@inated liquid inclusion
and the surrounding crystal lattice when the xeysisr were near the Earth’s
surface. In the case of mantle-derived xenolitr@nfrFar East Russia, GO
dominated liquid inclusions in olivine expand by 1dl% by plastic deformation
during ascent of the xenoliths. In present stulg, density of C®in the liquid
inclusions would be also reduced. Assuming a teatpex of the host basalt of
1200°C and a differential stress of 1GPa, liquidluisions expand by 25% in
volume in only 10 hours. If the internal pressuréhe liquid inclusions was partly
released by plastic deformation, the density hagnbkeen greater than 1.2 gfcm
prior to entrainment. A COdensity of 1.2 g/cthin fluid inclusions would
approximate to the maximum for olivine to withstashetrepitation, which occurs
when the internal pressure within the fluid inctusiexceeds the strength of the
host mineral. Indeed, a G@ensity of more than 1.2 g/érhas not been reported
so far on fluid inclusions in mantle-derived mirsrg]. To put it briefly, CQ
inclusions having CQ densities of more than 1.2 gftndecrepitate during
entrainment. In the present xenocrysts, possikdeegé@ation-induced texture such
as fracture and darkening of fluid inclusions wad abserved. Therefore, the
initial CO;, density in liquid inclusions prior to entrainmembuld fall somewhere
in the range 0.9 to 1.2 g/ém

Trapping pressures of xenocrysts were estimatethéyintersection of the
CO, isochore and the geothermal gradient around tligion (Fig. 3).
Extrapolation of a density of 1.2 g/éfthe maximum possible) to it's interaction
with the geothermal gradient indicates that therimal pressure of the inclusions
were up to 0.4 GPa. Such a pressure corresporids ken in depth under the sea
bottom. Obviously, this confirms that thesenocrysts are not deep mantle
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Fig. 3. P-T phase diagram of GQvith geotherm for old oceanic lithosphere at 128.M

The geotherm is estimated after a geothermal m{@EABLIS) proposed by Doin and
Fleitout (1996) [6]. CQ equation of state is after Pitzer and Sterner @9R4]. Contours
represent density, in g/éni.e. isochors).

material such as the source of ocean island bdsaithermore, the xenocrysts
show primary major element composition of upper theaderived olivine. It is
clear that the xenocrysts are samples derived famtle. Crustal thickness in this
region is ~10 km (e.g., [20]). Thus, it is conclddthat the xenocrysts were
entrapped by the host magma at the depth rangong 20 to 14 km.

Noble gas compositions in xenocrysts

Noble gas isotope results are summarized in Tableid noteworthy that the
amount of gas extracted by crushing made up a larggortion (more than 50%
for helium) of the gas extracted by total fusioespite that the crushing yield,
which is usually defined as the fraction of the stred material (< 150
micrometer), is only 45%, this is unusual becalrsgeamount of gas extracted by
crushing depends mainly on inclusion density aritiehcy of extraction. Since
the inclusions are ~5 micrometer in diameter, theeg in the crushing experiment
should be almost exclusively extracted from fluntlusions. It is impossible to
release a significant proportion of the latticepprad noble gases with such a low
crushing yield. In the previous section, we repbrtiee high density of COIn
CO,-dominated liquid inclusions. Generally, the £8e ratio in the upper-mantle
IS recognized to be uniform (e.g., [28]). Thus, rance of noble gases in mantle-
derived xenoliths should be correlated with the hamof CQ-dominated liquid
inclusions. The present xenocrysts, therefore, hav&arge number of fluid
inclusions or fluid inclusions enormously rich iabte gases.
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For gases extracted by crushing, the helium isotogio is 7.3 R, which is
within the range of MORB value (8 +/- 1,]R Argon isotopic ratios are also high
(“°Ar/*°Ar=1650) compared to that of air (295.5). Neon, pton and xenon
isotopic ratios are indistinguishable from the adptweric values within the
experimental uncertainty of 1 sigma level for bothshing and heating methods.

For gases extracted by heating, he/He ratios obtained in both 1200 and
1900°C fractions roughly correspond to that detktte crushing. Although low a
*He/'He ratio was obtained in the 700°C fraction, a toagreement is observed
between®He/'He ratios by total heating and by crushing. Thididates that He
should be located in a phase that can be extrhgtelde crushing method, that is,
in fluid inclusions. Low°Ar/*°Ar ratios were obtained in the 700°C fraction. The
most likely source of the lo®?Ar/*°Ar ratio gases is attributed to material with an
atmospheric component. The gases in the 700°Cidraciould be affected by
possible atmospheric contaminants such as adsatbezspheric gases or hydrous
mineral caused by low temperature alteration. ‘fAe*°Ar ratios in the 1200 and
1900°C fraction are higher than that of the atmesphand that in 1200°C fraction
is far higher than by crushing. This may be du@dset-eruptive accumulation of
radiogenic’®Ar by decay of**K within sample. The'He/°Ar* ratio may be a
useful indicator for examining accumulation of k@gknic components, where
“PAr* indicates “°Ar corrected for air-addition. The instantaneolise/°Ar*
production ratio in the mantle is estimated to ppraximately 5 to 20 (e.g., [3,
36]) depending on the assumed K/U ratio rangingnfrb2700 to 3000. The
*He/°Ar* ratios of the total furnace gas release (5:70t6) are higher than that of
crushing experiment (3.9 +/- 0.6). This may be tu@ost-eruptive ingrowth of
radiogenic nuclides. We examined whether the Hitfr/*°Ar ratios can be
explained by accumulation of radiogefifér. The influence of the post-eruptive
accumulation of radiogeni’Ar on “°Ar/**Ar depends on both the age when the
xenocrysts were transported to the surface andatie of K content to the initial
“%Ar content. If the xenocrysts have a K content Bseoved in most mantle-
derived rocks, which is approximately 100 ppm [8, 13, 21, 31, 34], then 2.3 x
10° cn?STP/g of radiogenic’®Ar accumulated since the xenocrysts were
transported to the surface at around 6 Ma. Thd {8&a* content extracted by
fusion is 5.3 x 18 cn?STP/g greater than that extracted by crushing.otigih the
crushing method can not completely extract alltthpped gases, it is difficult to
explain this exces§’Ar* content (5.3 x 18 cnSTP/g) only by post-eruptive
accumulation (2.3 x I0cn?STP/g). This estimation indicates that there may be
another noble gas host phase present in theserysteodHowever, on the whole, a
rough agreement is observed between the amountgsds extracted by total
heating and those by crushing method. Also, helamd argon isotopic ratios
extracted by crushing correspond to those extrabiedusion. The noble gas
composition in the sample is strongly controlled tne occurrence of fluid
inclusions with compositions similar to those obsérin MORB.
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The *He/'He ratios of the subcontinental and island arc reaate more
variable compared to those of MORB. Tfi¢e/'He ratios in MORB, however,
show quite uniform values of around & RMORB-like 3He/'He ratios have often
been observed in such samples from island arcs samdontinental mantle
xenoliths (e.g., [18, 19, 22, 25, 33]. Furthermdhese results indicate that upper-
mantle with a helium isotopic composition fairlyrsiar to that of MORB-source
exists beneath the oceanward slope of the nortepan Trench. The argon
isotopic ratio is also high*{ar/*°Ar=1650), which is consistent with the value
found in MORB. After all, MORB-source has a worldidistribution and it may
be a ubiquitous component of upper-mantle.

SUMMARY

Petrologic and petrographic observations confirnat thhere are two
compositionally distinct olivines in an alkali-b#siiom Japan Trench oceanward
slope; large olivine xenocrysts with reaction riraed small olivine phenocrysts.
Based on micro-Raman spectroscopy, @@s identified in fluid inclusions in the
large olivines xenocrysts. The @QORaman spectra indicate that these,CO
inclusions represent a sample of volatiles from uppermost part of the upper-
mantle (10-14 km depth under the sea bottom), sterdi with an uppermost
mantle origin for the xenocrysts.

For gases extracted by crushing, the helium isotgdio is 7.3 R, within the
range of the MORB value (8 +/- 1,R The argon isotopic ratio is also high
(“°Ar/**Ar=1650) compared to that of air (295.5). This gales that an upper-
mantle with noble gas compositions like MORB exis¢heath the Japan Trench
oceanward slope, which might reflect a more ubanstcharacter of the upper-
mantle as a whole.
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Minerals from Zarnitsa pipe kimberlite: the key to enigma
of the mantle composition and constuction

Ashchepkov 1.V%, Vladykin N.V.?, Rotman A.Y 2, Nikolaeva I.A,
Palessky V.S, Saprykin A.l.*, Anoshin G.N!, Khmel'nikova O.S*

'United Institute of Geology Geophysics and MinegglSD RAS
’Novosibirsk Institute of Geochemistry SD RAS, #kut
3Central Scientific Investigation Geological Expltioa Institute, ALROSA , Mirny

Analyzed mineral concentrate from Zarnitsa pipewshioat the compositions of all
major minerals are more clustered then for negpgsts in Daldyn and Alakit
kimberlite fields. The ilmenite trend and the hggtams for the major minerals show
7 peaks in the compositions with the 3 major maxmauThe 2/3 garnets represent
the material from the upper part of mantle. The cbRditions determined by the
pyroxenes [6,12,23,25] give inflected geotherm withee separate levels. Newly
developed garnet thermobarometry [4] produces rmoonéinuous geotherm with the
heating 35-43 mv/m2 at the lower level - 70-50 kiddre gap between 50-45 kbar,
coincides with the 8-9%@D; gap for the garnets. Relatively heated conditiwwase
determined for the section upper then 30 kbars. [6bal enrichment in Fe and
several trends of the Ti enrichment most likelylaels several pulses of the melt
percolation in the mantle what was accompanied Hey heating. It possible to
suggest heating in the deep part of section coutBeddissolution of the fine
diamond grains and growth of the larger more isoimetystals. Thrace element for
the Zarnitsa pipe comparing to the Yubileinaya kdigpthe Pb —U enrichments
without high LILE increase what probably means itmtuence of the melts/fluids
derived from subducted oceanic plates in the sthgiee lithoslhere growth.

INTRODUCTION

Zarnitsa is the first kimberlite pipe found in Sileeby L.Popugaeva. One of
the largest pipes in Daldyn field with the not pedp determined potential due to
the very irregular distributions of the diamondsea& rather low concentration of
small octahedral grains common in Udachnaya pip&t vehcompensated partly by
presence of rare large high quality crystals [P@coding the real composition and
structure of the mantle column may partly solves throblem and to help for
developing of the exploration program in the Daldggion because ore supply of
the Udachnaya pipe is not endless. Previous detaily of the concentrate from
the different parts and probes of the pipe havenvsheelatively homogeneous
mixing and coincidence of compositions for pyrop@sl picroilmnites. [1-3, 20]
Here the compositions of the minerals separateoh fitve two kimberlite small
drilling samples and concentrate from larger probautolitic kimberlite was used
to detail the variability of the minerals and comgawith those from pipes
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Yubileynaya and Udachnaya (this volume). EPMA aMLICP MS analyses
made in UIGGM SD RAS characterized the mantle maltand are the base for
geochemistry models and PT reconstructions.

MINERALOGY

Garnets. Variations on GO; —CaO (and GOs vs. Feo, MgO, N#£, NiO)
show in general the structure of mantle sectionesi@rO; is pressure dependent
[23, 28] and lithology may be determined by CaQD.JiFeO, NaO [10, 15, 17,
30]. In analyzed drill sample all garnets représérclots with the near lineal
Cr,0Os-CaO correlations. Small arrays with the negatil@pes represent the
iIsobaric variations [22] in large disintegrated psem or groups of similar rocks.
The large probe reveal large scale variations oenail compositions close to those
estimated by [1, 2] for @Ds-CaO. Most of garnets continuously trace the lower
boundary of the |herzolite field [1, 30]. In 4 ssiwith different inclination in
Cr,0s-CaO diagram, two with higher CaO values are simtilaUdachnaya pipe
garnets [8] coinciding with lherzolite — pyroxengenation [22]. The sub- vertical
arrays at the Cr-(Na-Fe-Mg) probably reflect thaigizonation and compositional
rock variations for the same domains in the manflee garnets from Zarnitsa
continue trends from Udachnaya to more FeO -Cal®pyroxenitic compositions
[22, 27]. The NO content is higher in pyroxenitic shallow garnbtg with the
depth it rises [29] forming the 4 compositionalags. Garnet population is more
clustered and split sharper in the Cr-rich partamdepleted dunite- harzburgite [9]
and enriched pyroxenite compositions. The gaps-h% CrO; visible on the
previous diagrams [1-2, 21] suppose missed inteovadssentially elclogitic or
deeply depleted garnet -less compositions of tlogsranear 50kbars. Cubcalcic
garnets [10] are found at £x%. The 4 positive arrays €s-TiO, (shaded in
fig.1) for the Cr rich peridotite compositions segyjthrough enrichment processes
while negative slopes for the low- Cr, Fe-rich gdsnrepresent megacrystalline
and shallow pyroxenite -enriched lherzolie suit€ése wehrlitic garnets near
4%Cr0O; are not abundant. Degree of the T&hrichment is close to Udachnaya
garnets but higher in Cr- rich part. Frequency G2tstograms for the garnets
with 7 peaks show gentle decrease to the left amdmum at ~2.7 GO; close to
found earlier [1].

Cr- Spinels. long trend from typical diamond bearing associaior60%
Cr203 content to 25% ¢D; demonstrates the sharp splitting from the most Cr
rich samples to ulvospinel (with the enrichmenthwkeTiQ and \L0Os) and
common CrFe-MgAl mantle array. Most Cr- rich samsptieviate from mantle
array to Mg —rich compositions.

Chromites demonstrate bimodal distribution with pgeaks near 55 and 30%
Cr,O; and more rare intermediate compositions. The getwvden two major
groups represents mainly two horizons the mantle but some intermediate
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Fig. 1. Variation diagram for the Garnets from Zarnitsa.

peridotite compositions need higher statisticstougs are identified by rare grains
(Fig.2).

Clinopyroxenes. Mantle clinopyroxenes with the content Fe 1-4 %eed
rather diverse compositions which identifiesihg the analogy with those from
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Fig. 2. Variation diagram for Cr-spinels. Shaded are 7 gbke groups form different pressure

intervals.

other pipes. Pyroxenes form (field 1 in fig .3) atese to the most primitive for
Yubileynaya pipe Cr-diopsides common in Udachnagadptites [10, 21, 27]
relatively low in ALO; and NaO (probably primary compositions). The group 2
between 2.5-3.5 N® directly trace the trend of the sheared |lhersldetermined
for Udachnaya pipe [10]. Most Cr-Al-Na —rich pyemes (3) are close to 40 kbar
what corresponds to 4 % L) inflection on CsO; CaO diagram for |herzolitic
field [31] and refer to metasomatics - garnet pgrotes in Daldyn — Alakit field
[19], Aldan [8], in Colorado [7, 19] and othl@mberlites being higher in AD;
content then metasomatic pyroxenes from Yubilegrape (this volume). Field 4
grain — represents hybrid pyroxenite compositiarriferous assemblages (5-6) 7-
11% FeO, ~1% are close mostly salites from the tawest cumulates. Other (7)
are shallow crust assemblages.

Orthopyroxenes from Zarnitsa representing 3 groups (Fig.4) areemiee-
rich then in Udachnya. The depletion in Al for depyroxenes extreme
enrichment for garnet- spinel are found, Ti flutioias are close to Udachnaya
orthopyroxenes.

| Imenites demonstrate more continuous in Fi@ystallization line [16, 24].
Similar to Yubileinaya trend is divided into 7 seqt& clots (Fig.5). Three major
were found to be relatively constant for both snwihins and large ilmenite
nodules [1, 3]. The variation (150 analyses) ofriiaest TiQ- MgO (and Cs053) -
rich are close to those from the mica veins anddeand glimmerites [13]. The
large grains reveal more discrete compositionme grains are higher in £,
and represents fragment of metasomatic petgdofil3, 31]. The break with the
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garnet — spinel lherzolites.
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Fig. 5. Variations for the picroilmenites.
1. whole population variations; 2. the autolitieéerlites

growth of FeO -GOj; visible in Mg-Cr and Ti-Cr diagrams means chaggin
crystallizing assemblage or way of the differemiat(from chamber or large vein
fractionation to AFC).

Micas from Zarnitsa pipe belong to 4 groups (Fig.6). Amald mantle
phlogopites are close to the most wide spread inil¥ynaya pipe (this volume).
The other Ti — rich and Cr — low represents mantias and glimmerites and Cr-
less are from crust cumulates.
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1. peridotitic lherzolitic type; 2. vein and glimntes; 3,5 megacrysts; 4. Iherzolite micas from
Yubileinaya.
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Fig. 7. TP diagram for Zarnitsa pipe.
Different combinations of methods: 1. [26]-[6].24]-[6a]; 3.[13]-[24];4 [26]; 5 [4] for deep
mantle; 6. [4] for shallow mantle; 7. [26] —[6]c.

THERMOBAROMETRY

The TP diagram for the Zarnitsa pipe determinedgi81 Cr-diopsides and
17 enstatites show clear coincidence of the resaftsclinopyroxene and
orthopyroxene barometry (Fig.7). Lower horizon %DKbar is relatively heated to
40 mv/m2. The gap between the 40-50 kbaably refers to dunite (heated)
rocks without pyroxenes, eclogites or is not sachfe the magma during the rise
to the surface. The middle part usually represebtednica |lherzolites, hydrous
anatexic websterites and metasomatites [14, 20,222 30] well mapped by
pyroxene and garnet TP estimates near 40 kbareguilar heated from 35 to 45
what is common [7, 18, 26]. Shallower garnet-spip@it seems to be close in
geothermal gradients to the other pipes. The blagloxenes and some Cr -
diopsides trace SEA geotherm starting from 30 kbmrcrust level. The
orthopyroxene and clinopyroxene TP estimates anealtese in upper part also.
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Compositions of the major and trace elements imilreerals from Zarnitsa concentrate Table 1

C?];nrﬁ’to' Cpxl | Cpx2 | cpx3| Gri | Gr2 | Gr3 | wm1 | im2 | cr1 | cr2

Sio, 53.95 | 5241| 53.71 41.72 4155 4051

TiO, 0467 | 0.691] 057d 0237 111 0003 47[71 4971 0,00.026
AlLO; 188 | 691 | 295| 1947 1954 1849 0503 056 23774613
Cr,0, | 0.159 | 0.704] 0203 462 237 62k 089 0409 4215133
FeO 461 | 269 | 596| 761 919 1116 4073 3756 19.63 .39
MnO 0.147 | 0.107] 0.14d 209 0295 08%8 0242 0235 6034022
MgO 1668 | 1398 1729 0289 2016 1594 943 1095 612.36.07
CaO 2222 | 2036] 175d 4624 461 658 0088 0452 0013015
Na,O | 0.318| 2.09| 204| 0024 0133 0035 0007 0413

K,O 0.008 | 0.015| 0.017 0.016

Total  |100.439 99.957| 100.49499.49 | 98.934 99.85p 99.76 | 99.789 98.383| 99.461
Ba 2.2 89 55 0.1 26| 649 29 23p 17 276
La 179 | 78 15| 0088 26| 1.0 8d 251 1y 2|5
Ce 719 | 21.3| 5.0 02| 422 414 12p 612 59 123
Pr 137 | 339 | =211| o008 o018 04¢ 117 345 003 032
Nd 747 | 171| 55| 0.76] 121 33% 44 155 317 1|1
Sm 199 | 43 22 | 076] 110 1.5 0.8 4.0 0.7 ol
Eu 44 | 100| o8| 032] 025 0734 0504 047 087 0036
Gd 160 | 270 | 3.15| 1200 108 224 o028 o040 o068 olos
Tb 184 | 043| 060|] 022] o023 04 008 042 007 ol
Dy 759 | 200 | 4.49| 184 114 22¢ o026 o089 ohk1  olos
Ho 129 | 0.40| 1.09] 048] o027 o04f o004 049 009 ooz
Er 225 | 1.02| 312| 125 o068 136 016 049 0.3 olos
™ 022 | 006| 036] o016/ 006 01 000 044 003 olo1
Yb 1.0 0.7 3.4 14 0.7 1.1 0.1 0.6 0.1 0.1
Lu 015 | 007 | 034] o020 o00d o01f o000 o045 003 o3
Hf 130 | 42 14 1.0 12 21| 316 13p 06 ok
Ta 014 | 004 | 003] o005 00§ 01 297 of 003 oh4
Pb 16 4.2 25 3.4 45 9.2 41 od 458 319
Th 026 | 022| 017| o002 o00d o06b o004 142 o0.f1 olga
U 004 | 012| o0.78] o006 004 o006 030 140 007 o0lo9
Y, 968 | 660 | 316| 179| 180] 314 1947 1118 417  2dss
Sc 182 44 87 79 85 131 43 21 12 5
Co 289 | 152 | 4.2 6.9 59| 114 351 24B 160  1¢2
Cu 001 | 6.09| 521| o011 374 509 800 169 0B8 5l40
Ni 26 118 71 14 23 49 156] 133 448 23p
Rb 0.4 6.0 0.1 0.8 14 1.9

Sr 3758 | 609 | 120 4371 279 132 158 846 218
Y 259 | 83 | 236| 967] 510 928 o068 3142 122 0RO
Zr 3441 | 666 | 41.4| 291 454 754 8248 3492 169 1 1h.
Nb 0.9 41 03 0.3 14 1.7 2731  s8ab 16 4b
Cs 695 | 0.16| 004 003 003 o002 o0k o011

Note. Analyses were made in Analytic Center, UIGGM S& Rovosibirsk. Major
components are determined on CamebaxMicro, an&yStKhmelnikova, January,
2003. Trace elements are made by LAM ICP MS usesgs+spectrometer, “Finigan
Element” and laser microprobe “Finigan UV LaserPmb n=266., analysts:

S.V.Palessky, I.V.Nikolaeva, A.l. Saprykin, Fehiiaty2003
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Fig. 8. TRE spectrums of the mineral from Zarnitsa pipe.

Results of the garnets thermobarometry [4] shat TP estimates by garnets
coincides but give more broad TP range at the HRelle70 kbar with the
dispersion from the 35 to 40 mv/m2 geotherms faneis probably due to the
heating. Most estimates coincide with pyroxene lggoh. Upper 30 kbar garnet
geotherm splits on two several branches fpnigbaflecting the way of the melt
percolation. The branched geotherm for Zarnitsh @ther pipes differ from the
suggested relatively smooth in middle part Sibegeotherm [9].

GEOCHEMISTRY

LAM ICP analyses were made for clinopyroxenes, gtnorthopyroxene
spinels and ilmenites.

Analyzed garnets are relatively low in Cr and dostwow S patterns (tabl. 1).
The REE and TRE patterns for the analyzed mantieegmand clinopyroxenes do
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not display strong extremes in HFSE — LILE typit@l the ilmenites from some
other pipes in as well as the strong REE fractionaiFig.8). Deep Cr-Di
pyroxenes are not highly depleted in HREE possthlg to low abundance of
garnets in the deep horizons. But all garnets amonagites display strong Pb
peaks. Chromites reveal strongly LREE rich inclpeterns with depression in
MHREE. Rise of the Nb, Ta in ilmenites is accompdnby the HREE decrease,
suggesting garnet co-precipitation. Black clinopyios occurred in concentrate
reveal smooth pattern and were derived from thenipvie mantle melt as well as
the composition of the matrix in the debris of bas&imberlites determined by
LAM ICP MS.

The TRE elements determined by laser for the ddmrkine — bearing
fragments in the kimberlite without the visible xéths show also unusual for the
Yakutian kimberlite pattern less depleted in HREE.

DISCUSSION

Garnets concentrate histogram for Zarnitsa pipénéefthe major captured
interval rather shallow. The material diamond famenpile not more the 1/4 of all
garnet population. But Cr-Spinels define near “dedp seated compositions. The
ilmenite trend also gives rather high volume ofe®terial.

Thermobarometry suggest the heating at the lowergbahe sections what is
probably responsible for the dissolution of the kigarnets and growth of the HT
rounded type of the diamond grains. Not continutypg of the capturing or the
layering with the marble cake eclogite —peridositieicture may be responsible for
the separate clots of the mineral compositions Hadcestimates Very irregular
and sometimes discontinuous mineral trends and diRes are higher then in
Udachnaya [8]. Fe content of minerals possibly meamesence of the melts in
several levels of mantle just before the eruptiod #ocal interaction with the
peridotites. One can suggest the 4 levels of negltentration. The 4 trend of the
Ti enrichment possibly reflect the enrichment niter conduit of the rising melt
and 4 stages of the melt intrusion in pre- erups$itage possibly during creation of
the feeding system and rising of kimberlitic mel@oincidence with the Na-
enrichment trends proves the polybaric naturehisfgdrocess.

Comparing to the Yubileinaya pipe the geochemisfrghe minerals define
this type of mantle sections to be formed thg influence of the oceanic type
subduction. Similarity of the TRE patterns for thginels and ilmenites means
crystallization from the similar mater probably n#ze rising kimberlite masses.

CONCLUSIONS

1. The gap in the compositions of the chromites ganthets is also supported
by the pyroxene thermobarometry. It means eithlgée bend not supported by
clinopyroxene compositions or missed interval ragitared by magma.
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2. Mantle column is more ferriferous and more heaethe lower part what

Is corresponded to the degree of the heating.

3. limenite megacryst are crystallizing from thegka portions of magma in

the first step and then according to the AFC mosly in the polybaric vein
system.

4. The amount of the large diamonds in the pipdabty is depended from

the relatively high heating degree in all lower pahat may brings to the
dissolution of small crystals.

10.

11.
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Petrography and mineral chemistry of mantle xenolihs and
xenocrysts from the Grib pipe, Zimny Bereg area, Rasia
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The Grib pipe is to date the only deposit of itackiof flat-faced diamonds in the
Zimny Bereg district of Russia. Mantle xenolithie abundant (by Zimny Bereg pipe
standards) in rocks that comprise the Grib pipesdhvary in size from 1-2 cm to 22
cm. These deep-seated inclusions in the kimbengpsesent a broad spectrum of
rock varieties. The Grib pipe xenoliths are dormedalby nodules of various types of
pyrope peridotite and pyroxenite of differing depdlcies; chrome spinel ultramafic
xenoliths are few. Among the Fe-Ti series ultramadcks, peculiar ilmenite-rutile
and pyrope-rutile lithological varieties are prdsetogether with more typical
iimenite-bearing and pyrope-ilmenite rocks. Rathlenndant are eclogite-like rocks
and Group A, Group B and, more rarely, Group C-tgptogites. Megacrysts are
abundant in rocks of the Grib pipe. A peculiartdea of the Grib pipe is the
presence of rutile megacrysts along with “ordinamy&gacrysts of ilmenite, garnet,
phlogopite, pyroxenes and olivine. The abundantevarious clinopyroxene-
phlogopite and phlogopite rocks may either be ewdeof mantle hydrous-calc-
alkali (K-Ca) metasomatism, or of crystallizatiarh volatile-rich residual melts.
The presence of diversified nodules of combine#sas an indication of a complex,
multistage history of mantle substrate formatioam;luding cumulus-type magma
segregation, development of vein-type metasomabimains, and intrusive rock
relationships, resulting in the formation of zorm&s“hot” contact metasomatism
(“skarnoids”). In general, the variation of TP rfwation parameters for the examined
nodules of various peridotites and eclogites igequiell approximated by a 42-43
mW/n? conductive geotherm. The set of mantle rock viesepresent in the Grib
pipe is very distinct from that characteristic omberlite pipes of the Lomonosov
deposit (Zimny Bereg Al-series kimberlites), bemgst similar to that of pipe An-
688 from the Pachuga group (Zimny Bereg Fe-Ti sékimberlites). The Grib pipe
differs from pipe An-688 by its higher mantle noglutontent and abundance of
clinopyroxenites, clinopyroxene-phlogopite rocksl anegacrysts of clinopyroxene,
orthopyroxene, deformed phlogopite and rutile. éneyal, based on the essential
varieties of mantle xenoliths, their large size aigh concentration in rock samples,
the predominance of pyrope rock varieties amongx#eoliths, and taking into
account the geochemical and Nd-Sr characterisfitiseorocks themselves, the Grib
pipe kimberlites can be classified with the Fe-@iiess Zimny Bereg kimberlites, as
similar to Group 1 South African kimberlites anémliondiferous kimberlites of the
Southern fields of the Yakutian diamond provincec(eding the Nakyn field). The
predominance of flat-faced octahedra among the al@® is another common
feature that the kimberlites of the Grib pipe arakiytian kimberlites share.
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INTRODUCTION

The Zimny Bereg diamond-bearing region of Russiglabally unique; it has
two full Late Devonian kimberlite series (Al-seriesid Fe-Ti series) that are
distinct in structure and composition, and différaed from highly
diamondiferous kimberlites to barren melilititesdapicrites occurring together
with basaltic volcanic pipes of the same age. Redn “Uralian-type” diamond
crystals [28] predominate in all the Zimny Beregrdondiferous and poorly
diamondiferous pipes, with the exception of thebGaipe discovered in February
1996 [27], which is characterized by a predominantdlat-faced octahedral
diamonds [19]. This distinction in diamond morpyg} may reflect a number of
factors, while the Grib kimberlite pipe still is member of a complex and
diversified yet single and common Late Devoniancaolc system, with local
volcanites having similar age, tectonic controlsyjcural and textural features and
regularly varying petrological, mineralogical, ghemical and isotope
characteristics [17]. This general similarity afifly Bereg volcanites suggests
that particular structural and compositional feasuof the mantle substrate, from
which different local volcanites formed, are criicia controlling diamond
morphology. Some peculiarities of the mantle swabst characteristic of the
Lomonosov deposit [dominated by rounded diamonbs #olotitsky group of
pipes)] and of the Pachuga group of pipes have ladeady analyzed in our
previous studies [16,18]. Accordingly, direct exaation of mantle rock
fragments from the Grib pipe as a deposit dominageflat-faced diamonds is of
great interest both for determining the main fastagoverning diamond
morphology and for more precise mantle substratppmg in the Zimny Bereg
region, that is considered a world-class kimbegi@vince.

AREA DESCRIPTION, METHODS AND MATERIALS STUDIED

The Zimny Bereg kimberlite district is situated thie southeastern White Sea
coast, in the joint zone of the Russian plate aedRaltic shield (Fig. 1). In all, 61
Late Devonian volcanic bodies (pipes, dikes and)sdre known in this region
[14,15,20]. 26 of these occurrences are compos$ededi series kimberlites
rocks similar to Group 1 South African kimberlis22], and another 23 bodies
are made up oAl-series kimberlite rocks, which are quite peculiar, beimgst
similar in composition to the so-called “isotopidahnsitional type” kimberlites
that are “intermediate” in isotopic composition weeeén Group 1 and Group 2
South African kimberlites [21,22]. The rocks oftlhaZimny Bereg kimberlite
series vary in composition from diamondiferous kamibes (Al-series in the
Lomonsov deposit and Fe-Ti series in the Grib ptpg)oorly diamondiferous and
barren melilitites and picrites [14,15,27]. Anati volcanic bodies are made up
of tholeiitic and subalkaline basalts. The Gripepis located in the northwestern
part of the study region. Being spatially isethfrom all other local igneous rock
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Fig. 1. Location of volcanic bodies in the Zimny Beregaar

occurrences, this pipe also differs from them adiogy in respect to mantle rock
xenoliths.

Mantle xenoliths occurring in the Grib pipe are mmumore abundant,
significantly larger and more weakly altered tharall other Zimny Bereg pipes.
The concentration of xenoliths in the Grib pipe asonally ranges up to 3-5
nodules per meter of drill core. Neck tuffisite® anost enriched with mantle
nodules, whereas neck porphyritic kimberlites shawsignificantly lower
concentration of nodules, which are therewith mowre heavily altered. Crater
volcanites are characterized by a very low conegiotn of nodules, which are
quite small and almost completely saponitized aardanatized.

Deep-seated inclusions are mostly oval and ov#kfied and, more rarely,
irregular and subangular, some with autolith rimBhe inclusions vary in size
from 0.5 to 22 cm, with a prevailing size of 3-5 ¢fig. 2). Larger size is
characteristic of almost all petrological xenohtarieties present in the examined
rocks, pyrope peridotite nodules being generallg targest (judging by the
curvature radii of their fragments in core sampths, actual size of these nodules
may be approximately 50 cm or even largdv)ost of the nodules are partially
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Fig. 2. Histogram for the sizes of mantle nodules inGii® pipe kimberlites.

serpentinized, but fresh (occasionally, very fresbilules also occur, although
these are only found in tuffisites from deeper 2&Q m.

Our collection of mantle nodules from the Grib pigensists of more than
500 samples, not counting numerous xenocrystss Jétiof samples was collected
from more than 6000 m of drill core during 1996-2005tudying the deep-seated
inclusions, we have performed some 450 X-ray spkgticroanalyses of minerals,
including the examination of 60 thin and polishestt®ns of the deep-seated
rocks.  Mineral chemistry was studied using a CarelX-ray spectral
microanalyzer (MicroBeam Cameca) in an optimum madle 15 kV, | = 15 nA),
Laboratory of IGEM RAN, analyzer Borisovsky S.EO03 year.

PETROLOGICAL VARIETIES OF MANTLE NODULES

When subdividing mantle nodules into groups byqegy (see the scheme
in Fig. 3), we used a number of classification @ptes proposed by different
researchers [2,3,10,24]. Deep-seated inclusiome suhdivided intaleep-seated
rock inclusions (including their disintegration products: xenddithmicroxenoliths,
intergrowths, oikocrysts and xenocrysts) anejacrysts. The spectrum of deep-
seated inclusion varieties present in Grib pipebarites is very wide (Fig. 3),
from various ultramafic rock types (including metamtites and combined rocks
with a complex structure and composition), maficck®y xenocrysts and
megacrysts.
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MG-AL SERIES ULTRAMAFIC ROCKS

liImenite-free ultramafic rocks of the Mg-Al magneatseries [10] are
represented essentially by pyrope-bearing rocketias: lherzolites, dunites,
harzburgites, clinopyroxenites and websterites. ckRoof the grospydite depth
subfacies “G’ (22-34 kbar, [24]) predominate, and rocks of tdwesite subfacies
“C3” (34-40 kbar) are minor. The texture of thesekeoearies from fine-grained to
coarse-grained, with allotriomorphic, hypidiomomahi panidiomorphic (or
protogranulose) textural varieties. Typical caatt rocks are rare, although
some of these have picroilmenite co-existing withiet high-Cr pyrope. Spinel-
and chrome spinel-bearing ultramafic rock varietiee few, all of them being
dunites and harzburgites of the spinel-pyroxene&atB” (7-17 kbar), grospydite
and coesite subfacies. In addition, there arelesimglusions of garnetized spinel
Iherzolites of the spinel-pyrope subfacies™(CL7-22 kbar). In general, many of
the Mg-Al series nodules contain phlogopite. Ad¢ game time, not one of the
xenoliths studied to date shows any evidence ofasoehatic amphibolization so
typical of similar Mg-Al series mantle ultramafiemoliths from the Zolotitsky and
Pachuga pipe groups of Zimny Bereg.

FE-TI SERIES ULTRAMAFIC ROCKS

Xenoliths of Fe-Ti series ultramafic rocks [10] aexy diversified, while less
abundant than the Mg-Al series ones. limenite-@aoirig rock varieties: dunites,
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Iherzolites, harzburgites, orthopyroxenites andagyroxenites, are predominant.
Pyrope-ilmenite dunites and lherzolites occur sohwwnore rarely, most of them
containing irregular segregations of low-Cr orafiggyrope (G1 and G2 group
garnets, after Dawson and Stephens, [5]). Theutextf these rocks varies as
widely as in the Mg-Al series rocks, however, watlsomewhat greater abundance
of cataclastic rocks and rocks with hypidiomorpbrenular to sideronitic texture,
reflecting the irregular ilmenite segregations. séparate group includes as-yet
single pyrope-rutile peridotite inclusions with angdiomorphic-granular structure,
where Cr-rutile develops instead of ilmenite, amdnge pyrope is identical in
composition to pyrope in pyrope-ilmenite peridatite In addition, there are
“mixed-type” rocks (pyrope-rutile-ilmenite peridtgs) and ore-dunites composed
of medium-crystalline panidiomorphic-granular ilnten+ rutile aggregates with
relatively large segregations of altered olivine.

METASOMATITES

A separate and widespread group of ultramafic rankkides xenoliths of
inferredly metasomatic (?), predominantly clinopygoe-phlogopite rocks. These
inclusions are dominated by glimmerites (phlogepitéinopyroxene-phlogopite-
and olivine-phlogopite-bearing) and phlogopite apgroxenites. More rarely,
they contain some ilmenite, rutile, chrome spinepgrope. Rock texture varies
from fine-grained to coarse-grained, with allotrimmmhic, hypidiomorphic,
panidiomorphic, poikilitic and, rarely, graphic ig&tres. The structure of these
rocks is heterogeneous, and occasionally taxitic.

COMBINED ROCKS

Owing to the large size of the examined nodules,haee discovered that
some of them consist of combined (complex) rockth \&i complicated structure.
These inclusions have a zoned, banded structucerparating several (usually
two) different petrological rock varieties [7]. &ranalyzed complex rocks were
subdivided into three types based on the set amdpagsition of minerals in
different zones within a xenolith and on the cheeastics of the boundaries
between these zones.

Common-type layered rocks

In xenoliths of this type, different zones are mageof rocks belonging to a
common petrological type, with only quantitativetrpgraphic differences and
unclear boundaries between them. Two distincetias of this complex rock type
were identified: (1) massive pyrope dunite + zonk alternating pyrope
clinopyroxenite and pyrope-olivine websterite lasyeor pyrope dunite + zone of
pyrope websterite; (2) pyrope orthopyroxenite +iak-pyrope clinopyroxenite,
and banded pyrope clinopyroxenite (websterite?h wéry dissimilar pyrope and
clinopyroxene proportions in different bands. Coonmmineral species in
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different zones of these rock samples are almesttichl, both in appearance and
in mineral chemistry. Complex rocks of this typsemble fragments of cumulus-
type rocks from layered plutons or fragments ofameirphic rocks of the same

type.

Different-type rocks with a sharp, “cold” interface

In xenoliths of his type, individual zones are magbeof rocks with radically
dissimilar petrology and mineralogy, with one oésk zones (and, occasionally,
both of them) consisting of a metasomatic rocke Bhundary (interface) between
the zones is sharp, well defined and “cold”, with structural and compositional
changes evident in both rocks away from the intexfaTwo distinct varieties of
this complex rock type were identified: (1) masspyeope lherzolite + phlogopite
clinopyroxenite layered subparallel to the integfaconsisting of thin alternating
layers with a predominance of phlogopite or clin@xgne, or massive dunite +
rutile-olivine-phlogopite glimmerite; (2) massivené-crystalline pyrope-olivine-
phlogopite glimmerite + phlogopite-bearing clinopyenite with a druse-like
structure. Complex rocks of this type are simitafragments of veinlets and/or
segregations of various metasomatic rocks, inctudihose with preserved
fragments of replaced or partitioned rocks.

Different-type rocks with a gradual, “hot” interfac e

In xenoliths of this type, individual zones are mag of rocks with distinct
petrology and mineralogy, with a gradual changemmeralogy and mineral
chemistry away from the interface. Just a singleety of this complex rock type
was identified: protogranular Mg-Al series pyropehalite + Fe-Ti series ilmenite-
pyrope clinopyroxenite. A 4 cm wide zone extendihgng the interface consists
of an olivine-clinopyroxene-pyrope rock (with sonsdements of subparallel
banding), where purplish-red medium-Cr pyrope (G6up, according to the
classification scheme of Dawson and Stephensgialles into orange low-Cr G1
Ti-pyrope, and emerald-green clinopyroxene becoemghed in FeO and TiO
and impoverished in @03, gradually changing its color to grass-green. glem
rocks of this type resemble fragments of rocks tiwatlerwent “hot” contact
metasomatism (“skarnoids” of a sort”). In the caspoint, the appearance of the
rock likely reflects the action of an ilmenite-ppe ultramafic intrusion on a
pyrope ultramafic massif. In another large (apprately 15 cm) sample of
pyrope-ilmenite Iherzolite, most of the mineralén@nite, pyrope, olivine and
clinopyroxene) are chemically similar to respectmimerals occurring in ilmenite
rocks, whereas enstatite from this sample showsgaosition typical of enstatite
from pyrope peridotite, and some orange Ti-pyrof@@ng contain preserved relicts
of violet pyrope. In most nodules of this typelyosome features of similar rock
transformation are usually found, predominantly rfemted as gradual purplish-
red pyrope replacement by orange pyrope, or asdhexistence of purplish-red
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and orange pyrope in different zones of a singtepta. All these features reflect
inequal intensities of Fe-Ti metasomatism, fromhhggadient contact metasomatic
replacement (“skarnitisation”) to quite homogene®lsw “steaming”.

MAFIC MANTLE NODULES

Among mafic mantle nodules, most abundant are &diamineral Mg-Fe
eclogites with a medium-to-coarse-crystalline textgrain size up to 3 cm),
consisting of red-orange, orange or orange-yellgmoe-almandine and light
green omphacite or omphacite-diopside. On thesbalsmineral chemistry (see
below), among these eclogites are representatival three groups identified by
Coleman et al. [2]: types A, B and C, with a predwance of relatively high-Mg
Group A eclogites grading into pyrope clinopyroxesi Many of the eclogites
contain variable amounts of phlogopite. Rutiled ahmenite-bearing eclogite
varieties occur more rarely.

Also abundant among the mantle nodules eckogite-like rocks and
granulites consisting of orange garnet, pale green clinopgmex plagioclase and
variable amounts of biotite, amphibole and opaquerals (rutile and ilmenite).
Xenoliths of these rocks frequently have a wellhted banded structure and very
diversified proportions of rock-forming mineralspin almost bimineral garnet-
pyroxene rocks (with a minor admixture of plagiegato garnet- and pyroxene-
containing, essentially plagioclase rocks. In addj there are “black series”
gabbroic rocks (olivine websterites) consistingaofine-crystalline aggregate of
tobacco-green diopside and bronzite with some amaxof olivine, amphibole,
magnetite and, occasionally, plagioclase. Manyheke inclusions appear to be
fragments of crystalline basement rocks and rodkdower crustal horizons,
probably unrelated to any mantle formations.

XENOCRYSTS AND MEGACRYSTS (MACROCRYSTYS)

Xenocrysts and megacrysts are abundant in Grib mppks. They occur
mostly as oval or subangular, rather large grafngadet and purplish-red pyrope
(up to 2 cm), pyrope-almandine (up to 2 cm), chrahopside (up to 3 cm),
picroilmenite (up to 4 cm), orange Ti-pyrope (ugbtom), phlogopite (up to 5 cm),
rutile (up to 2 cm), pale green diopside (up tony and omphacite (up to 6 cm),
pale yellow orthopyroxene (up to 5 cm) and yelldwaivine (up to 3 cm). In
addition, there occur picroilmenite inclusions imamge garnet, orange garnet
inclusions in picroilmenite, and mutual intergrowtief garnet, clinopyroxene,
phlogopite and rutile.

It is quite difficult to draw a dividing line betwa xenocrysts and megacrysts
in Grib pipe rocks. Minerals from deep-seated usmns (olivine, pyrope,
chrome-diopside, picroilmenite, diopside, phlogemnd rutile) are identical, both
in their mineral chemistry and in appearance, gpeetive minerals occurring as
individual, isolated grains in the kimberlite matriMost probably, these minerals
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occurring in two distinct modes reflect differenégiees of disintegration and
melting of deep-seated rocks.

MINERAL CHEMISTRY

The fact that mantle xenoliths in Grib pipe rocks eelatively well preserved
enabled us to examine and compare mineral chengktayacteristics for most of
the petrological rock varieties present (in allestZimny Bereg pipes, this would
be possible for just a few xenolith types).

Olivine

Olivine relicts are transparent; the relatively Hegt-Mg varieties are
colorless, and a faint greenish-yellow shade apgpedth increasing iron index.
Olivines with maximum magnesium index ¢rey) are typical of coarse-grained
chrome-spinel- and pyrope-bearing peridotites (@dh| whereas somewhat lower
Mg index (F@o.9;) are characteristic of olivines from cataclastcgpe peridotites,
pyrope websterites and megacrysts (Fig. 4). Gdiyporphyroblasts in cataclastic
peridotites are less magnesian than recrystallii®he from the mosaic matrix
(Foypy against Fg . Olivines from ilmenite-bearing and pyrope-ilnten
peridotites, containing a sizable Gi@dmixture (up to 0.07 wt. %), are relatively
low-Mg (Fos7.99). At the same time, the relatively high-Fe {ff@livines from the
“black series” olivine websterites (gabbroic rocks¢ noteworthy for their lack of
zero TiQ and with above average NiO content (0.53 wt. %ghlighting their
relationship to a separate igneous rock series.

NiO(vt. %) Fi_g. 4. Compositional _v_ariation,
7 A NiO versus FeO of olivine from
0.5 Grib pipe mantle nodules.
0.4 %
. ' Q ° ]
02 e 4 °
4] o
. ¥y
LS
02 o <
0.1
FeO
D.Dlll,n|r|r|'|-|'l'l'l[m.%]
5 6 7 8 9 10 11 12 13 14 15

== Chrome spinel perdotite

Q Pyrope peridotite

O Pyrope peridotite cataclastic
A Pyrope websterite
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Megacrysts
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Orthopyroxene

Orthopyroxene relicts are mostly colorless, ravelh a pale yellowish shade.
Among the orthopyroxenes from the examined nodatesrepresentatives of two
distinct compositional groups. The relatively higllg enstatites with 4-4.5 wt. %
FeO occur in coarse-grained chrome spinel-beamagpgrope peridotites (Table
2). They are characterized by generally low cotre¢ions of all admixture
species, including ADs, which is never present in amounts of greater th&nwt.
% (with the exception of a garnetized spinel Ihétzowith 1.2 wt. % A}Os).
Another orthopyroxene group includes relativelylkg enstatites (5.5-7.3 wt. %
FeO) with above average CaO (0.55-0.7 wt. %)ON@.09-0.34 wt. %) and TiO
contents (0.12-0.18 wt. %), which occur in cataagsyrope peridotites, ilmenite-
bearing and pyrope-ilmenite peridotites and megdsr{fig. 5). Bronzites from
“black series” olivine websterites (gabbroic rocisdh 9.66 wt. % FeO stand out
as having a high AD; content (2.64 wt. %), moderate amounts of CaO7(8
%), TiO, (0.03 wt. %) and GO (0.1 wt. %), and a lack of Na.

TiO2 (wt. %)
02 7 Fig. 5. Compositional variation,
T TiO, versus CaO of orthopyroxene
o from Grib pipemantle nodules.
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A Pyrope websterite
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Clinopyroxene

Clinopyroxene occurs in most of the examined nodypes, showing a wide
variation in mineral chemistry (Table 3). Clinopyenes from Mg-Al series
pyrope peridotites are mostly chrome-diopsides waithigh calcic index (Ca#
generally varying between 47 and 50 %); subcalgroxenes with Ca# between
43 and 44 % occur just in a few samples of nodudizged to the “g coesite
subfacies. These clinopyroxenes are charaeterizy a high GOs; content(1-3
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Al203 (wt. %)
8 4

o

O FPyrope peridotite
O Pyrope peridotite cataclastic
A Pyrope clinopyroxenite

€ limenite peridotite

¥r Clinopyroxene-phlogopite rocks
% Megacrysts

A Gabbroids

Fig. 6. Compositional variation, AD3; versus NgO of clinopyroxene from Grib pipe mantle
nodules.

wt. %), a low AbOs/Na,O ratio and a moderate FeO admixture. Not one
aluminous pyroxene related to low-pressure deptiesa(B and ¢ was found
(Fig. 6). Clinopyroxenes from ilmenite peridotitae mostly subcalcic diopsides
(Ca# between 42 and 44 %, rarely up to 47 %) whibva average FeO contents
and lower than average £x contents. Clinopyroxenes from megacrysts are
generally (in the majority of compositional paraers} similar to low-Cr calcic
diopsides from ilmenite peridotites. Clinopyroxendrom metasomatic
clinopyroxene-phlogopite rocks are calcic chromapdides with mineral
chemistry variations wide enough to overlap theamakide ranges characteristic
of clinopyroxenes from pyrope-bearing and ilmerpridotites. This might be
evidence that these clinopyroxenes formed relativieite, as a result of
replacement of various deep-seated rocks. Distacfeatures of these
clinopyroxenes are their lower than averaggddland NaO contents.

Clinopyroxenes from mafic nodules also vary in cosipon.
Clinopyroxenes from eclogite series rocks are dameith by medium-Na
omphacites similar in composition to low-Cr sodiopsides, with a minor
proportion of omphacites and omphacite-jadeite [2ih very high A)O; (13.15
wt. %) and NgO contents (7.36 wt. %). In addition, a large (em® omphacite-
jadeite megacryst with 10.52 wt. %8k and 7.52 wt. % N&® was found. (These
highly sodic and aluminous clinopyroxenes are atsmmewhat similar to
clinopyroxenes from grospydites). On the basisnoferal chemistry, among the
clinopyroxenes found in Grib pipe rocks are repné&steves of all three main
eclogite groups [2,25]: A, B and C, with a predoamoe of relatively higher-Mg
Group A eclogites (Fig. 7).
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Na20 (wt. %)
8

MgO
(wt. %)
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g Eclogite
B Eclogite-like rocks

¥ Megacrysts
Fig. 7. Compositional variation, N® versus MgO
of clinopyroxene from Grib pipe mantle nodules gudagam after Taylor and Neal, 1989).

Diopsides from the “black series” olivine webstesit (gabbroic rocks)
featuresa high calcic index (Ca# 52 %), somewhat highantlverage AD;
(2.64 wt. %) and FeO contents (3.3 wt. %), andIgemaro NaO, CrO; and TiQ
contents.

Garnet

Garnets from pyrope peridotites show a variablggcontent (1-11 wt. %),
the overwhelming majority of them being of lhermlsuite, with just single grains
of wehrlite and dunite-harzburgite association garfTable 4, Fig. 8). Pyrope
from cataclastic ilmenite-containing peridotite tains approximately 10 wt. %
Cr,0O3, with almost zero Ti@Q contents. Garnets from clinopyroxenites and
websterites are characterized by a lowdgcontent (not more than 1 wt. %) and
above average FeO and pi€bntents. Orange pyropes from ilmenite-bearingd) an
rutile peridotites have moderate,O¢ contents (2.2-3.6 wt. %) with some GO
admixture (0.6-1.0 wt. %), much like the orange-padope megacrysts. Pink
pyrope from clinopyroxene-phlogopite metasomatitage a composition typical
of C, grospydite subfacies pyropes, with 2.31 wt. %Qgrand somewhat above
average FeO content (10 wt. %).

Garnets from eclogite series rocks are characterimea generally higher
than average Mg index, being similar in compositogarnets from Group A and
Group B eclogites, including garnet from the Gro@ omphacite-jadeite
paragenesis (some of the garnets may be similaonmposition to garnets from
grospydite, although no disthen was found in tlsaseples). Garnets from
eclogite-like rocks are characterized by an exceggihigh iron index f( = 45-
50%)

79



Sablukova L.I., Sablukov S.M., Verichev E.M., GoldiN.

¥5°66 S0°0 0oLt | 1981 | #S0 | 10°01 1€£C 6°1T | €10 | LTTP TI8L/LY y}a0a dooryd-duaxoaLdourp-ddossd | zz
06°66 eu 667 | 9507 | ¥£0 €8 11°¢ 7861 | 060 | L8IT S L6T/’Y s)sAaoe3ow 1T
09°86 BU SS'v | 00'0T | LTO 983 61°C LEOT | SLO | 19°1F ['612/ct s)sdroedow 0¢
98°66 11°0 | 68%F% | 0561 | LEO | 6¥'6 167 68°61 | SI'T | T8Iy | 12715€/901 9)sA12e33w 61
0€°001 e 16 | 098 SLO | 00°6T | 000 96°0T | €0°0 | SO'6¢ LOT/LY 301 MI-INS0[d 81
¥8°66 [1°0 | 08°01 | 98°€I | 610 16°6 60°0 0€€T | €20 | s€1v | 1°09t/901 D dnou3 andopa !
£5°66 e 9LF | 06°ST | 9T°0 | €671 €20 61°7C | 9£°0 | 06°0F SHET/EY g dnou3 213019 91
95°66 P00 | 9ttt | TS9I | 6£0 | 89°€I 61°0 8T€T | TI'D | 88°0F $'9TT/6L v dnou3 andopa L1
9566 80°0 | 09°S | 6¥'81 | €+0 | 88% S1°0 067 | €50 | os'1y | TSsTvel v dnous an3opa Sl
$8°66 I1°0 | ¥0'S | 8L61 | +€0 | 958 06t | L6°81 | L60 | 8I'I¥ ["€1T/S8 3anqziey adoaLd pareays €1
0166 S0°0 8T°€ | I€1T | €€0 | L0 LSE L1°0T | 9L°0 | 98I+ L'E€TTI6L aeue.s Al
65°66 61°0 | LEY | Ss10T | oF0 | TL%6 187 Se6l | S8°0 | SLIY ['TLTPIT ozaay| Arudup-adorLd I
TT001 | TI0 STY | 0861 | 8€0 | €£6 6t'T 0T'1T | 180 | #8°1+ vSH/901 anoziay apudwi-ddoaLd 01
LT66 10°0 1L9 | L181 | T¥'0 | 00°L 6L°6 €91 | s0'0 | 08'0ov | ¥68t/zol ajoziday| adoakd paaeays 6

10°001 e 99 | <S'6l | t€0 60°L S¢'6 0591 [1°0 | 19°¢% v'9TT/LY jozady| ddoakd 8

7€°66 eu 667 | €0°1T | 670 | T€9 1L°S sz'6l | 120 | TSI¥ 9'L0T/LY ajoziay| ddoakd /e
#5001 £0°0 959 | S9°LI $s0 LY'8 60°L vLST | 010 | #€1F 95€/T01 roziay| adoasd 9

€S°00T | LOO | 6¥F | Ot'6l | TS0 | €06 8T 16°1C | ¥T0 | SOTh SOT/EL ajozay| ddoaskd S

L8°66 S0°0 16 | 16'0T | €F0 LE6 8¢°0 L8TT | TI'0 | €8°IF L'LLTPT 11)sqaM ddoakd t

0S°66 S0°0 | 909 | 9181 | LSO | LTS LTS €861 | LOO | TTI¥ | €16T/901 aisanqziey urds adoakd €

0£°66 S0°0 by | 8€0T | 00 | HbL €T TTT | TI0 | TR 1'06t/201 tuaxoaLdourpd adoaid z

80°001 | 00°0 | TLY | 8T6l | 9L0 | TI'0l 98°1 TLIT | 900 | 9S'Iy | SveT/eal arozidy| puids paznauied I

[#10L, | O%®N | O¥D | OSI | OUIN | 03 | fO%D | fO4V | "OLL | ‘OIS | oN 9duwes yaoy oN

(27, "1m) sapmpou appuvu wiodf 12u3 ayj 10f vIop aqoLdootu Ho12a]5

F21q9vL

80



Plumes and problems of deep sources of alkalinenmaigm

14

CaO(wt. %)

Cr203

1 (wt. %)

P yrope peridotite
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Clinopyroxene-phlogopite rock
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Fig. 8. Compositional variation,
CaO versus GOz of garnets from
Grib pipemantle nodules.

(diagram, after Sobolev, 1974,
Gurney 1984).

Table 5. Electron microprobe data for the ilmenite from mamtodules (wt. %)

No Rock Sa,\rlr(‘)p'e TiO, | AlLOs | Cr,03| FeO | MnO | MgO | Total
1 | sheared pyrope| 10,109 4l 5384| 060 126 2865m.28 | 14.36 98,84
Iherzolite
o | lmenite | Soo0a5| 5288 043 090 31,0932 | 1323 98,85
clinopyroxenite
ilmenite A
3 : 92/374 | 53,78| 058 262 27,010,28 | 14.83 99.10
harzburgite
4 | Imenite-rutile | yq008 | 5460 0620 2168 295927 | 13.29 100,53
peridotite
5 | Pyrope-ilmenite | ynei0q [ 5303| 028 257 2944027 | 13.36 98,95
Iherzolite
6 pyrﬁ]%er'z'!)r{i‘tee”'te 114/272.1] 53.36| 049 230 30,54.28 | 12,56 99,53
7 granatite 79/223.7 | 52.44] 098 409 26,7023 | 14,39 98,83
8 ec'og'tAe group | 106/404 | 51,17| 038 010 39.010.27 | 8,00/ 9893
9 granulite 47/179 | 53.22| 020 0,00 4422024 | 1,89 99,77
10| megacrysts | 43/219.1| 53,99] 0,91 2,29 26,98,36 | 14,04 98,57
11 megacrysts 43/250 52,78 0,68 2,21 27,760,27 | 14,58 98,28
12 | Clinopyroxene- | 1o 0040l 52700 003 139 32,7031 | 12,45 99.59
phlogopite rock
13 olivine- 106/184 | 51.82| 031 6,02 26,820,36 | 14.67 100,00
phlogopite rock
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TiO2 (wt. %) Fig. 9. Compositional variation,
80 - TiO, versus MgO of ilmenite from
Grib pipemantle nodules. Curve
] shows boundary between
55 1 kimberlitic and non-kimberlitic
+ ilmenites (unpublished diagram
] after 1.P. llupin).
507 +
45
40 T T T l T T T l T T T I T T T I T T T I Mgo
0 4 8 12 16 20 (Wt-%)
B FPurope perdotite cataclastic
limenite peridotite
i Clinopyroxene-phlogopite rock
Olivine-phlogopite rock
4 Eclogite and eclogite-like rocks
¥ Megacrysts
lImenite

limenite from different Fe-Ti series ultramafic ksc(pyrope-bearing and
pyrope-free ilmenite peridotites, clino- and orthiggxenites, and ilmenite-rutile
ultramafic rocks) is characterized by a quite cantstomposition, with rather high
MgO (12-16 wt. %) and GO; contents (0.7-4 wt. %) (Table 5, Fig. 9). limenit
megacrysts and ilmenite from cataclastic pyropedpéte have much the same
composition. llmenite from clinopyroxene and dligiphlogopite metasomatites
Is distinguished by its somewhat highep@y content (up to 6 wt. % and, in some
cases, up to 9 wt. %). Eclogites contain some r€x-fpicroilmenite with
approximately 8 wt. % MgO, and eclogite-like rodantain some ordinary, low-
Mg ilmenite. Decay lamellae in rutile segregati@msn ilmenite-rutile peridotites
consist of medium-Mg (7-10 wt. % MgO) and high-{Dnenite.

Rutile

Rutile is rather abundant in Grib pipe kimberlitecks. It occurs
predominantly as black megacrysts, similar in apg®ae to picroilmenite grains.
Megacrystic rutile is characterized by high,@3 (3-7 wt. %) and FeO contents
(0.4-1.7 wt. %), with minor AD;, MgO, Nb and Ta admixtures (Table 6). Large
rutile segregations in phlogopite megacrysts hémeesame composition. Rutile
from rutile-bearing and ilmenite-rutile ultramafiocks contains 2-3 wt. % &
and 0.3 wt. % FeO, being characterized by the poesef solid-solution decay
structures with lamellar picroilmenite segregatigase above). Prismatic rutile
segregations from olivine-phlogopite metasomatdaés® contain above average

Cr,0Os; (4 wt. %), whereas eclogites contain some purderwimost free of any
admixtures.
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Chrome spinel

Chrome spinel occurs in rare spinel-bearing anarokr spinel harzburgite
and dunite nodules and in pyrope peridotite noduleShrome spinel generally
shows a continuous €r AI*" isomorphous series, from Mg-picotite from a
spinel-pyroxene B facies nodule to Mg-chromitesCofcohesite subfacies (Table
7), and is characterized by a low FiContent (not more than 0.8 wt. %). A
similar composition is characteristic of chromengpifrom zones of fusion in
ultramafic nodules. At the same time, high-Cr oheospinels from pyrope-
phlogopite wehrlites and phlogopite-clinopyroxenetasomatites features a lower
than average AD; content (not more than 5 wt. %) and above aveFag@ (25
wt. %) and, particularly, Ti@contents (up to 3 wt. %). A similar compositien i
characteristic of chrome spinel from pyrope kelyishrims, which might be
evidence that the three last mentioned chrome lspamities formed as a result of
relatively late, secondary processes.

Phlogopite
Phlogopite is abundant in Grib pipe nodules, whéreoccurs as isolated
megacrysts and in association with primary mingpAbses of the pyrope
peridotites, pyroxenites and eclogites. In additigghlogopite occurs as a
“superimposed”, metasomatic mineral, which replabesprimary mineralogy of
the nodules and thus plays the role of a rock-fogmineral in olivine-phlogopite
and clinopyroxenite-phlogopite rocks (metasoma®ites The overwhelming
majority of phlogopite xenocrysts and megacrysts @raracterized by moderate
Al,O3 (11-14 wt. %), TiQ (0.3-1 wt. %) and GO; contents (up to 1 wt. %), being
similar in composition to primary phlogopite frorhekzolites and megacrysts
(Table 8, figures 10, 11) [1,4,11]. A similar coosgiion is also characteristic of
phlogopite from the pyrope-phlogopite pyroxenite@spsterites and wehrlites, and
from olivine-phlogopite and clinopyroxene-phlog@pitrocks (presumably
metasomatites), which are — in this respect — aimbd primary rocks rather than to
metasomatic ones. Phlogopite from rutile-phlogopitetasomatites and from
phlogopite-clinopyroxenite metasomatites in asgmria with Fe-diopside is
characterized by comparatively higher Ji@nd CpO; contents, which may
suggest a secondary nature. The undoubtedly sagoptlogopites from zones of
fusion in the nodules and from kelyphitic rims oyrqpes, are characterized by
high TiO, and CgO; contents (up to 3.2 wt. %)Eclogitic phlogopite has above
average TiQ (2.2 wt. %) and moderate £); contents (0.7 wt. %), whereas mica
from samples of eclogite-like rocks is high-Ti (5v& % TiO,) and Cr-free
phlogopite.
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Fig. 10. Compositional variation,

A203 (t. %) ‘ ‘ Al,O3 versus TiQ of phlogopite
22 X Clinopymrenephiogopierosks  from Grib pipemantle nodules
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TEMPERATURE - PRESSURE FORMATION PARAMETERS OF
MANTLE NODULES

To calculate the Temperature - Presg{ie) formation parameters for the
mantle xenoliths being studied, we utilized minetadmistry data obtained for the
two mineral associations that are most abundantiiferent nodule types:
clinopyroxene + garnet (Cpx + Ga) and orthopyroxergarnet (Opx + Ga). For
the Cpx + Ga association, temperature values wetermdined by a NS94T
thermometer, and pressure values were obtained @siNS94P barometer [12],
both modified for peridotites and eclogites. Hoe Opx + Ga paragenesis, we
used a NI92T thermometer and a NI92P barometee dlite good convergence
of the results obtained by different methods aralftitt that these results are not
contradictory to the petrological characteristi€$he analyzed xenoliths, confirms
the validity of using these methods.

Among Mg-Al series ultramafic rocks, garnetizedngbiperidotites of the C1
spinel-pyrope subfacies are characterized by twedbformation temperature and
pressure values (713, 22.6 kbar), and peridotites of the €desite subfacies have
the highest TP parameters (1284 49 kbar) (Fig. 12). Most of the pyrope
peridotites and various pyrope clinopyroxenites amthsterites formed within an
800-1150C temperature range and 25-45 kbar pressure rarfge-Ti series
ilmenite peridotites are generally characterizedrddgtively high TP parameters
(1000-1250C and 40-53 kbar), much like that found for combirrecks from
“hot” contact zones (see section 7.3), which oaraadly feature certain mineral
associations that appear to be ‘in equilibriurm. phrticular, in the aforementioned
pyrope-ilmenite |herzolite sample (# 106/464), px + Ga and Cpx + Ga
associations show very dissimilar formation paramset737C, 29.9 kbar and
1206°C, 49.9 kbar, respectively), which highlights thetasomatic nature of this
rock. At the same time, the abundant clinopyroxemegopite “matasomatites”
(some of them containing pyrope) are characterizgdnoderate TP formation
parameters (94%&, 33.9 kbar) typical of the grospydite depth sulds [24].
Eclogite series rocks also differ in formation ctiotis. Group B eclogites [2,25]
have the highest TP parameters ({7 ®4 kbar); TP ranges of Group A eclogites
are 900-108TC, 27-44 kbar; lastly, TP parameters of the exathieeogite-like
rocks vary between 838-873, 28.5-29.7 kbar. In general, the variation of PT
parameters for different types of examined mantielutes is quite closely
approximated by a 42-43 mW/reonductive geotherm [13].

DISCUSSION

The Grib pipe contains a large variety of deepeskatenoliths, including
rather large xenoliths with weak secondary alterati Direct petrological
examination of such xenoliths, together with a tugth analysis of their mineral
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chemistry, would make for a more unbiased and l@etadetermination of the
structural and compositional features of difféigneous rock and, consequently,

600 700 800 900 1000 1100 1200 1300 1400 1500

D 1 | 1 | 1 | 1 | 1 | L | 1 | 1 | 1 TOC
] Cpx+Gar NS94T NS94P
O Pyrope peridotite
10 — limenite peridotite
Clinopyroxene-phlogopite rock
Te--.. 4= Eclogite and eclogite-like rocks
20 7 Tl T . Opx+Gar NIG2T NIg2P
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E ® Pyrope peridotite
.l = A limenite peridotite
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40
50 P .50
i ++ . Gfap;,%
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\\_ "\ \\.
a 35 mw/m> 40 45
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Fig. 12. Temperatures and Pressures of equilibration ab@rpe mantle nodules,
calculated using the Nikitina and Simakov (1994)yitmometer and barometer, and Nikitina and
Ivanov (1992) thermometer and barometer. Diamoraphite curve after Kennedy and
Kennedy (1976); conductive geotherm curves aftda€loand Chapman (1977).

facilitate a more reliable interpretation of théarmation, transformation and
relationship features.

Indications of igneous rock origin

Ultramafic xenoliths present in the Grib pipe acenthated by nodules of the
Mg-Al igneous rock series (after Marakushev, 1984&ious pyrope peridotites
and pyroxenites of the grospydite and coesite dsptifacies (“¢’ and “C;”",
[24]), whereas nodules of chrome spinel-bearingamiafic rocks of the same
facies are very rare (dunites and harzburgites)palyd nodules of typical low-
pressure spinel peridotites are few. These rogedyshow allotriomorphic,
hypidiomorphic, protogranular and, rarely, mosadcghyroblastic textures, which
may infer an igneous origin and dissimilar degreemetamorphism. Moreover,
complex rocks of this type (peridotites and pyraotes), with characteristic
parallel-banded structures, resemble fragmentgra&aus rocks of cumulus origin,
typically formed in layered intrusions. In addiidhere are rare garnetized spinel
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(chrome spinel) lherzolite nodules, with chromenspireplaced by pyrope, either
related to an increase in pressure (during sinkihgdividual rock masses) or,
more likely, due to cooling at a constant pres$8fe The bulk of mantle within a

depth range of 70 and 130 km beneath the Grib qgpsists of pyrope peridotites
with varying degree of metamorphism, probably, aigmatic origin.

Two groups of rocks with apparently distinct forroat conditions can be
identified among the Fe-Ti ultramafic igneous raseies [10]. Most of these
rocks are ilmenite- and pyrope-ilmenite-bearing r@noarely, peculiar rutile-,
pyrope-rutile- and ilmenite-rutile-bearing) duniteeridotites and pyroxenites with
allotriomorphic, hypidiomorphic to sideronitic andh some cases, mosaic-
porphyroblastic textures, which (much like for th@dules of Mg-Al series rocks)
is an indication of their probable igneous origemd dissimilar degrees of
metamorphism. In general, these rocks are of hentemperature and higher-
pressure origin than the pyrope peridotites (agogrdo our calculations: 1000-
1250°C and 40-53 kbar). This is in good agreement téhrelationships of rocks
representing these two series in unique complek sanples (see section 7.3)
bearing evidence of “hot” contact metasomatic actaf an ilmenite-pyrope
clinopyroxenite intrusion on a pyrope wehrlite mfsswing to which banded
pyrope-clinopyroxene rocks with varying mineral ch&try (“skarnoids” of a sort)
formed in the ‘contact-zone’. In this unique casee are dealing with a
manifestation of high-gradient, contact metasomagjglacement. Much more
frequently, the process of Fe-Ti metasomatism reatsf itself as partial
transformation of pyrope peridotites (in the forrh a gradual replacement of
purplish-red pyrope by orange pyrope, or a co-erist of purplish-red and orange
pyrope in different zones within a single samplap to almost complete
replacement of pyrope peridotites by ilmenite asgmn minerals, with only rare
relicts of violet pyrope and enstatite preservétbmplete replacement results in
the formation of pyrope-ilmenite peridotites and rg¥enites (essentially,
metasomatites with a set of minerals typical ofeimte peridotites), which may be
considered as the second group of ilmenite rocksclwformed as a result of
metasomatic action of igneous ilmenite peridot{ferst group) on host rocks (i.e.,
as a result of their slow, homogeneous “steamingX)characteristic (indicative)
feature of these rocks is the presence of veiiMet-and poikilitic textural
elements. On the basis of our calculated TP pdams)e pyrope-ilmenite
peridotites must be widespread at depths of ~120kibh

Mantle metasomatism

The abundance of various clinopyroxene-phlogomtejne-phlogopite and
phlogopite rocks may be evidence of intense mamgrous-calc-alkali (K-Ca)
metasomatism in deep-seated substrate rocks patetite Grib pipe kimberlites.
However, the lack of any visible evidence of replaent of undoubtedly primary
mantle rock minerals by the above listed phases,ptiesence of characteristic
deformed clinopyroxene and phlogopite grains witliciure bands or “pseudo-
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twinning” along tree cleavage joint systems, andaral chemical peculiarities of
these rocks (clinopyroxene, phlogopite and pyrageadl identical in composition
to respective primary minerals), indicates thakeast many of such olivine- and
clinopyroxene-phlogopite rocks may be of primaryagmatic, rather than
metasomatic, origin. Rocks of this type could héwened from residual melts
(enriched by volatiles) as vein-like bodies, simila pegmatite and lamprophyre
formations (bodies) in the apical parts of intrmsio On the basis of the calculated
TP parameters (946, 33.9 kbar), clinopyroxene-phlogopite pyrope-eamng
rocks of this type, likely formed at a depth of 81019 km, in the zone of the
grospydite depth subfacies. The as-yet single chsa sharp, “cold” contact
(interface) between a rock of this type and a pgrg@eridotite confirms the
assumption about their vein-type (intrusive) origdm the other hand, the essential
minerals of this vein somewhat differ in compositimom respective minerals in
typical clinopyroxene-phlogopite rocks (higher-Fedalower-Cr clinopyroxene,
and higher-Ct and higher-Ti phlogopite), and heticere is justification in
classifying this rock as a distinct variety. Netetess, the fact that the contact of
two mantle rocks can be so sharp, crossing andl*cisl interesting and indicative
by itself.

At the same time, there is strong evidence in sappiohydrous-calc-alkali
(K-Ca) metasomatism (with the prevailing developtmehsmall phlogopite and
clinopyroxene segregations) in different rock typaspyrope-bearing and chrome
spinel peridotites, pyrope-ilmenite peridotites,logites, and even in the
aforementioned clinopyroxene-phlogopite rocks).ru@tral features of mineral
aggregates formed as a result of this processt tb&tionships with primary
minerals (gradual replacement of primary xenolitmimerals by an aggregate of
neogenic phlogopite and clinopyroxene in “zonesusfon” and by phlogopite in
kelyphitic rims) and their compositional featuresambiguously indicate that this
metasomatism is superimposed, and, thus, its agulhetasomatic minerals,
secondary.

Signs of well-defined, superimposed metasomatiogipitization of this
type are also evident in mantle rock xenoliths i(jmites of the B, € and G
facies) from kimberlite pipes of the Zolotitsky aRdchuga pipe groups of Zimny
Bereg. However, much more widespread in thesesmpe hydrous-alkali (K-Na)
metasomatic processes manifested as superimposetibatization (gradual
replacement of diopside and pyrope by Cr-pargasitd) is noteworthy that, to
date, there is no indications of this kind of hygsesodic metasomatism found in
any of the Grib pipe xenoliths (probably, mantlek® beneath the Grib pipe were
not affected by this type of metasomatic amphilatian).

Eclogitic series rocks and other mafic rocks

Together with xenoliths of various ultramafic rokes in the Grib pipe, are
abundant nodules of mafic rocks with differing argyand formation conditions.
Most widespread are eclogite-like rocks gradingcbynposition into granulites.
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These rocks probably make up the horizons of logvast and, partially, upper
mantle zones (on the basis of the calculated Ténpeters of 838-87& and 28.5-
29.7 kbar). The “black series” gabbroic rocks\joke websterites) might also be
related to these rock types. Eclogite xenoliths @so rather diversified: along
with the most abundant Group A eclogites [2], whicbmmonly occur as
interlayers in ultramafic rock massifs, there areudp B eclogites (characteristic of
magmatized gneissic complexes) and Group C eckdiypically forming zones
and lenses within Alpine-type metamorphic rock ctaxes, e.g., glaucophane-
schists). Xenoliths of Group C eclogites may fiiterpreted as fragments of old
oceanic crust, subducted under a continental ptatf8] (i.e., as crustal fragments
from the subduction zone of the Russian contingai&dform).

Megacrysts

The diversity of megacrysts, which are widespreadthe Grib pipe,
corresponds well with the diversity of mantle roaknolith types present. The
most abundant, ilmenite, rutile and Ti-pyrope megsis are similar in
composition to respective minerals from ilmenitedamutile peridotites;
clinopyroxene, orthopyroxene and olivine megacrgséssimilar in composition to
respective minerals from ilmenite-bearing and datdic pyrope peridotites; lastly,
chrome-diopside and phlogopite megacrysts are a@imih composition to
corresponding minerals from the clinopyroxene-pbfmte metasomatic (?) rocks.
Even in the case of Group C eclogites, which ang vare in the Grib pipe,
megacrystic analogues were found in our collect@rsingle omphacite-jadeite
megacryst of size 6 cm).  Accordingly, it is diffit to draw a dividing line
between xenocrysts and megacrysts in the Gribnoiges. It is likely, therefore,
that minerals of deep-seated inclusions and resgechinerals occurring as
individual grains in kimberlite matrix are relate different degrees of
disintegration and melting (fusion) of the deeptseéaocks.

Distinctions from xenoliths occurring in other Zimny Bereg pipes

The distribution of different deep-seated xenohtarieties in Grib pipe
kimberlites is shown in figure 13. The set of nlambck varieties present in the
Grib pipe is very distinct from that typical of thlemberlite pipes of the
Lomonosov deposit (Al-series Zimny Bereg kimbesl)tebeing most similar to
that of pipe Anomaly-688, in the Pachuga pipe gr{feg-Ti series Zimny Bereg
kimberlites). The Grib pipe differs from the Lonasov deposit pipes not only
because it contains xenoliths of ilmenite and eupleridotites, clinopyroxene-
phlogopite rocks (“metasomatites” ?), eclogiteq] aarious megacrysts (rarely if
at all occurring in Lomonosov deposit kimberlitegyt also in the essential
characteristics of generally common-type ilmenreef ultramafic rocks. In
contrast to the Lomonosov deposit, the Grib pipedmninated by pyrope
peridotites, with a complete absence gspinel- and chrome spinel-bearing
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Fig. 13. Distribution of various mantle
nodules in the kimberlites of the Zimny Bereg
A area: A - Grib pipe; B - Anomaly-688 pipe; C
- name M. Lomonosov deposit pipes.

1 — dunites, 2-10 — ultramafic rocks of
the Mg-Al-series (Marakushev, 1984): 2 -
spinel-pyroxene "B" facies, 3 - spinel-pyropic
"C1" subfacies, 4 - pyrope clinopyroxenites,
g 5,6 - grospydite "C2" subfacies, 7,8 - coesite
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peridotites, i.e., the relationships between pysoparing and chrome spinel rock
varieties are directly opposed.

As regards kimberlites of the Pachuga group of ipee Grib kimberlites
differ from them in mantle material characteristiggantitatively (with the greater
diversity of mantle xenoliths reflecting their greaabundance and larger size),
and by the fact that they are characterized bybandance of clinopyroxenites and
clinopyroxene-phlogopite rocks, and the presenceutie, deformed phlogopite,
clinopyroxene and orthopyroxene megacrysts. Tlsgce of rutile in a variety
of occurrence modes (as megacrysts, as a rocksigrmineral in peridotites and
as an accessory mineral in various deep-seated)rapkears to be one of the most
spectacular and interesting mantle material featofethe Grib pipe. However,
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this may simply be a mantle substrate featureunajue to this pipe: indeed, in all
Fe-Ti series kimberlite pipes and sills of Zimnyr&g (the Grib pipe, pipes

Anomaly-688, 693, 751, 748 and 734) idiomorphic rgieeysts of second

generation olivine (crystallized from kimberlite I)equite commonly contain

microinclusions of rutile crystals. At the sammdi in all Zimny Bereg Fe-Ti

series picrites and kimpicrites all inclusions liviae phenocrysts are opaque Ti-
chrome spinels, whereas in the olivine phenocrgétZimny Bereg Al-series

kimberlites and melilitites all inclusions are bmwaluminous chrome spinels.
The presence of rutile microinclusions in olivinBepocrysts may be indirect
evidence for the existence of rutile peridotitegsha mantle substrate of the local
Fe-Ti series kimberlite pipes.

Another spectacular and, probably, fundamentaufeaaf the Grib pipe is the
lack of any evidence of mantle metasomatic ampladtbn of peridotites, which
Is so typical of nodules from the Lomonosov depasitl pipes of the Pachuga
group, where the overwhelming majority of diamoraie rounded, “dissolved”
crystals of “Uralian-type” [28]. There is reasanduggest that the absence of any
ingress of the highly active, dissolving sodic cament into the kimberlitic melt
of the Grib pipe could make for the preservatiorflat-faced octahedral habit in
the majority of diamond crystals occurring in thipe.

CONCLUSIONS

The Grib pipe xenoliths are dominated by nodulesvafious pyrope
peridotites and pyroxenites of different depth daci whereas chrome spinel
ultramafic xenoliths are few. Rather abundanteiegite-like rocks and Group
A, Group B and, more rarely, Group C eclogites. ofug Fe-Ti series ultramafic
rocks, peculiar ilmenite-rutile and pyrope-rutiteck varieties are present together
with more typical ilmenite-bearing and pyrope-ilnterrocks. A peculiar feature
of the Grib pipe is the presence of rutile megasryaong with “ordinary”
megacrysts of ilmenite, garnet, phlogopite, pyra@seand olivine. The abundance
of various clinopyroxene-phlogopite and phlogopdeks may either be evidence
of mantle hydrous-calc-alkali (K-Ca) metasomatismad crystallization from
volatile-rich residual melts. The presence of dbifeed nodules of combined
rocks is an indication of a complex, multistagetdng of mantle substrate
formation, including cumulus-type magma segregatdevelopment of vein-type
metasomatic domains, and intrusive rock relatiggshesulting in the formation of
zones of “hot” contact metasomatism (“skarnoiddfy.general, the variation of TP
formation parameters for the examined nodules nbua peridotites and eclogites
is quite well approximated by a 42-43 m\W/oonductive geotherm.

The set of mantle rock varieties present in thd @ipe is very distinct from
that characteristic of kimberlite pipes of the Lameov deposit (Zimny Bereg Al-
series kimberlites), being most similar to thatpgie An-688 from the Pachuga
group (Zimny Bereg Fe-Ti series kimberlites). T®&ab pipe differs from pipe
An-688 by its higher mantle nodule content and dlamce of clinopyroxenites,
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clinopyroxene-phlogopite rocks and megacrysts wioplyroxene, orthopyroxene,
deformed phlogopite and rutile.

In general, based on the essential varieties otlmaanoliths, their large size
and high concentration in rock samples, the predande of pyrope rock varieties
among the xenoliths, and taking into account thechemical and Nd-Sr
characteristics of the rocks themselves, the Gpb gimberlites can be classified
with the Fe-Ti series Zimny Bereg kimberlites, sanito Group 1 South African
kimberlites and diamondiferous kimberlites of thmuthern fields of the Yakutian
diamond province (excluding the Nakyn field). Tireedominance of flat-faced
octahedra among the diamonds is another commouréetitat the kimberlites of
the Grib pipe and Yakutian kimberlites share.

The petrographic and mineralogical examination oéntle xenoliths
performed in this study enable us to approximagesthucture and composition of
the upper mantle beneath the Grib pipe and to iigeifie formation peculiarities
of, and relationships between, different mantlekrdgpes, i.e., to create a
necessary factual basis (framework) and develogsg® of working hypotheses
for further, more detailed investigation.

This study was supported by the Russian Foundé&dioBasic Research,
grant 01-05-64257.
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A problem of relation between kimberlite formatiand mantle plumes was
examined for kimberlite fields of the Yakutian Kiettite Province, South Africa,
and provinces of Lesotho and Wood Guinea. The datalincludes original 6997
bulk rock compositions of Yakutian kimberlites, agell as 169 bulk rock
compositions of African unaltered kimberlites froiiterature sources. The
petrochemical populational model, earlier dvelopgdthe authors, was used as an
methodological approach. As a result of conductegstigation, it was established
that the infiltration of mantle plumes in lithosples a principal requirement for the
beginning of selective melting of mantle peridatiteand generation of
protokimberlite melts. The melting of lithosphereks takes place at gradual uplift
of magma generation zones. Intrusive bodies witthi@ kimberlite fields were
formed successively from those which were generétenh the deepest melts to
those which were generated from the least deepsméhie kimberlite fields are
usually zonal. The deepest kimberlites are suceglgssurrounded by zones of less
deep kimberlites. The least deep rocks are nahoahdaries of kimberlite fields.
The kimberlite fields differ in their sets of chemal rock types, or differ in
lithosphere thickness under these fields. For glagation of originating of linear
elongation of the fields in the Yakutian KimberlReovince, the hypothesis on plate
motion above a hot spot is attracted.

INTRODUCTION

Mantle plumes represent rather narrow columns atduke substance, rising
from mantle depths. The proposed dimensions of ptumange up to thousand
kilometers. The connection of genesis of diamomdife kimberlites with mantle
plumes is recognized by all researchers. Three thgses are the most actual:
differentiation, xenogenic hypothesis and selectinelting. According to
differentiation hypothesis (for example, in intexfation by V.A. Milashev [8]),
kimberlite and picrite melts originated in risingnvective streams of heated and
decompressed substratum at a depth, where temperafucomposing garnet
peridotites becomes equal to temperature of thesftimg at corresponding
pressure. Following this hypothesis, the kimbeslitean be represented as
differentiates of these melts, or as the most reghdirt of these melts, saturated by
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fluids. The adherents of the considered hypothbsbkeve that a source of
diamonds in kimberlites is the astenosphere. Th@genic hypothesis explains
genesis of diamonds, rather than kimberlites. Agiogr to this hypothesis, the
important source of information on diamonds genasesmantle rocks, containing
diamonds. Let's remember an essence of the xerolygoothesis by Taylor et al.:
"the majority of diamonds are produced from kimivesl but it reflects only how
diamonds were transported to the surface. Mantkstan which diamonds really
grew (peridotites and eclogites), were mostly dgoosed by turbulent fluid flow
in kimberlite magma, whereby diamonds were liberabe them" [16]. The
differentiation and xenogenic hypotheses ignore pietaly mineralogical and
chemical peculiarities of kimberlites. Moreoverorfr the xenogenic hypothesis
follows that the primary mineralogical and chemigaculiarities kimberlites
cannot be ascertained as a result of intensiveanonation of kimberlite melts by
desintegrated lithosphere rocks. However, this s the case. The kimberlite
compositions, as well as all other magmatic roae be surely determined.
Furthermore, it is possible to trace evolutionaiations of chemical compositions
of kimberlites in connection with change of coraligs of kimberlite melts
generation. The connection between kimberlite caitipms and conditions of
their melts generation fits nicely in hypothesissmtective melting lithosphere at
saturation of peridotites by fluids of mantle pluané&his hypothesis is based on
physico-chemical experiments, which have shown thatmelting of peridotite,
saturated by carbonic acid, proceeds as successdleng of clinopyroxene-
olivine, orthopyroxene-olivine and orthopyroxenesga-olivine cotectics. The
melting of clinopyroxene-olivine cotectics givessai the basic mass of
protokimberlite melts, the crystallization of whigksults in the formation of rocks,
mainly containing variable amounts of magmatic italand olivine. Despite that
the presence of magmatic calcite in kimberlites @ascribed in detail by Scott
[14], Vasilenko et al. [18], many researchers ohenalogy and geochemistry of
kimberlites ignore this fact. As a consequenceir thorks are separated from
actual properties of kimberlites. Over a long tithe authors of the present work
examined chemical peculiarities of kimberlites fraffferent provinces, using
hundreds and thousands bulk rock analyses. As alt,rabe petrochemical
populational model of kimberlite formation was farated [19]. On the basis of
this model, many characteristic features of stmectand petrology of kimberlites
were detected, including phenomenon of verticalalinh of compositions of
kimberlite bodies for separate kimberlite field$is phenomenon is described in
the present work for the first time.

PETROCHEMICAL POPULATIONAL MODEL

A base for constructing of this model were the Itesof detailed investigations of
chemical compositions of Yakutian diamondiferous mierlites. These
investigations were conducted with a wide use othows of mathematical
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statistics on the basis of system approach [19]a Assult, it has become possible
to establish reliably positions of principal angglementary minima of empirical
distributions, which divide the statistical samglimcluding 1100 analyses into
taxons of three-level hierarchy, and to propose @leh of classification of
kimberlites. Based on this model, each sample destrby silicate analysis,
obtains three-level taxonomic characteristic, whinds a particular petrological
sense. Petrochemical populations were distinguistseethxons of the first rank.
The term “population” was chosen by us as an inofe@bjective existence of 7
kimberlite groups, independent of the researchdr@munded among themselves
by principal minima of empirical distributions. @n¥ populations of kimberlites
are known. The average compositions of the pomuiatranked in TiQand KO
contents, form a complete succession of bulk cortipos from minimum up to
maximal values of TiQ that, according to the experimental data, redlect
decreasing depths, where these populations wereragjed. The baric nature of
this succession is confirmed also by a series alloggc observations. Each
distinguished population originates only at a aertaepth level, and all
populations series (from 1 up to 7 populations)rati@rize a whole range of
formation of kimberlite melts. Taxon of the seconadk in the populational model
was named as variety. The kimberlite populatiores subdivided into varieties
with successively varying contents of CaO and MgQich inversely correlated
each other. The formation of populations beginsfroelting of calcite varieties,
which give place to more magnesian varieties witbreasing temperature of
melting. All varieties related to the same popolatare characterized by close
contents of TiQ. The considered model describes variation of knitbemelt
compositions depending on thermodynamic conditiohgheir formation and
peculiarities of clinopyroxene composition in suagim at different pressures. As
clinopyroxene is present at all peridotites, kintikermelts are characterized by
similar compositions and can differ only in volunwsselective smeltings at close
values of P-T conditions. Just these circumstamea® stipulated proximity of
kimberlite compositions from different regions.fihgments of subducted oceanic
lithosphere are present in magma generation zémegompositions of kimberlite
varieties will be remarkable for higher contents paftassium (at presence of
pyroxenite xenoliths) and sodium (at presence dbgi#e xenoliths). These
primary peculiarities of kimberlites, as well asyasther features, form the third
taxonomic level of the model, i.e. variations ofrigdes. For practical using,
including for petrochemical mapping of kimberlitatlemes and kimberlite fields,
the authors propose the classification scheme éraplBased on this scheme, the
petrochemical populational models were construfe&imberlite diatremes from
different regions. These models represent averaggpasitions of varieties or their
variations for each population of the kimberlitésund in the same pipe. The
petrochemical mapping of many imberlite bodies gisive hierarchical scheme
(Table 1), has shown that within the diatrethesassemblages of chemical rock

98



Plumes and problems of deep sources of alkalinenmaigm

“JUJUOD WNIPOS AQ Jaquunu UOIBLIBA B SI W ‘JUdjuod wnissejod Aq 1aquinu UonieLIBA B SI | ‘Idquinu AJ3LIBA
e sty ‘Joqunu uone[ndod e s1 y atoym ‘wry Y enuuoy [euonisod-1noj Aq passaidxa oq ued sIsA[eur 2)1[19quLY JO J1ISLIOJORIBYD UOIIBIIJISSE[)

SOIJOLIBA JO SUONJELIEA OJUI UOISIAIPANS [OAJ] €

%M
0S'0< Q%N — T 91 (0S'0> QN — [ :SuoneleA wnipos Jo Surysmsunsyq g 'O Jo % 07'z-02' 1 — (¢) ouAydidwe| + sudydordweqns
ODJ0 0% IM 617 1-SL°0 — (7) snodoedrw o4 m L (>0 — () suoneLea diseqen| :suoneuea wnissejod jo Surysmsunsi vy

"(QUIN-SA) soIaqUILY uBISAUTEW — (Z1-01)X <(qUId]) sapIaquuny — (6-£)X H(qUiy-e)) SA[I2qUILY d11NRU0qIEd — (9-6)T
{(q1D) sameuoqIed ANIqUIY — ($-1)T :$dNOIZ SUIMO[[0] 2} OIUI PAIUN dq ULD SANILIBA Y |

Cl Il 0l 6 8 L 9 S ¥ 3 C [ Jquinu A)RLIBA
Q10> 810 £e0 9¢€°0 6£°0 850 £8°0 171 9L°1 0s'C I8¢ 0¥'9 (*+03 ***uroay)
g0 ¢eo0 80 LSO 80 | 0T1 SL'1 6V'C | 08¢ 6£9 | 0T°8< | OIIN/QED Jo sonjea Aiepunog
0'0e< 0'0¢> ZQIS JO S)uduod Alepunog
OSIA/OQBD U LIS 21k SUONEIIpUI [ENWAYI0dA) Y I, "SIN)ILIBA 0)UI UOISIAIPQNS “[9AI] T
L 9 ¢ 17 € T I Jqunu uopendog
08'C-1T°C 0T'C-18°1 08°1-1'1 07 1-10°1 00°1-19°0 09°0-1+°0 70> sanjea Arepunog

*TOLL SI uonedpur [edrudyd0dA)y 3y I, ‘suonemndod 0) ur uoISIAIpgNS ‘[PAJ] |

$Y204 21142quiLy Jo uoypIfissn]d [p21udy0.42d o dwayss [ 2]quf

99



Ashchepkov 1.V, Vladykin N.V., Logvinova A.M. et al

compositions, named as populations, are mappeerésal dike-like bodies. The
diatremes are usually composed of several popukti@presented in successively
varying volumes. It is possible to distinguish mlodapulations (occupying the
dominant volumes in the diatreme) and submodal jatipus, immediately
adjoining to modal ones. The such approach alloweedeveal peculiarities of
compositions of kimberlite bodies within the diet kimberlite fields in the
Yakutian and South African Provinces.

Yakutian Kimberlite Province. The province occupies a northeast part of
the Siberian Platform (Fig. 1). The province exgenfbr 1500 km from
Malobotuobinsky region on the south to nearly beaabf Laptev Sea on the north,
and for 850 km west-to-east. The Yakutian KimberlRrovince is generally
subdivided into Vilyui and Anabar-Olenek subprowacWithin the subprovinces
kimberlite bodies are distributed irregularly and grouped together in kimberlite
fields. All kimberlite fields in the Vilyui subpromce include diatremes with high
diamond grade. In fields of the Anabar-Olenek sabinice alkaline picrites occur
together with kimberlites. For petrochemical mapgpiof alkaline picrites we
constructed petrochemical model of these rocks IéTah As follows from the
considered model, alkaline picrites, similar to Kmaberlites, are subdivided into
populations. An indicator element for the populasioare the Ti@ contents.
Similar to the kimberlites, CaO and MgO contents iaversely proportional. The
increased Ti® contents are characteristic for more magnesiameti@s. The
described picrites differ from kimberlites in higheontents of TiQ total iron and
in lack of correlation between iron and titaniumheT last circumstance is
apparently explained by higher contents of picreitite and magnetite.

Petrochemical models of fields and populational swessions of diatremes

Within the Vilyui subprovince there are five kimbt fields: Nakyn, Mirny,
Alakit-Markhin, Daldyn and Verkhne-Muna.

Table 2. Petrochemical model of compositions of alkalingifgs from the Anabar and Olenek
field groups

Oxides Population

120 2((71) | 3(74)| 4@47) 541 6 (5
SiO, 23.68 | 27.61 | 27.15| 27.26 | 28.82 | 30.52
TiO> 1.10 | 3.03 | 365 | 414 | 490 | 6.84
Al ;O3 387 | 404 | 408 | 403 | 461 | 3.38
FeO3 1050 | 7.24 7.36 7.70 7.44 | 10.16
FeO 357 | 456 | 471 | 442 | 529 | 451
MgO 16.46 | 20.52 | 21.13 | 22.11 | 22.25 | 24.39
CaO 19.22 | 1499 | 1446 | 12.85| 11.32 | 7.16
Na,O 043 | 021 | 0.19 | 0.19 | 0.22 | 0.13
K.0 1.30 | 1.22 1.17 | 1.39 1.60 1.14
P05 153 | 0.74 | 084 | 0.75 | 0.62 | 0.39
LOI 19.50 | 16.00 | 15.11 | 1445 | 11.86 | 11.14

Note. * the number of analyses.
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Fig. 1. Location of kimberlite fields of the Yakutian kirlite province.

1 - Mirny, 2 - Nakyn, 3 - Alakit-Markha, 4 - Daldy® - Verkhne-Muna, 6 - Chomurdakh, 7
- Ogoner-Yuryakh, 8 - West Ukukit, 9 - East Ukuldt- Merchimden, 11 - Molodo, 12 - Toluop,
13 - Kuoik, 14 - Khorbusuon, 15 - Tomtor, 16 - igbkh, 17 - Yargin, 18 - Starorechenskoe, 19 -
Ary-Mastakh, 20 - Dyuken, 21 - Luchakan, 22 - Bidgn, 23 - Kuranakh, 24 - Anabar.

Nakyn field. Within this field the Botuobinskaya and Nyurbing&a
diatremes, spaced 3 kilometers apart, are loc&tedctures of these diatremes and
composing kimberlites are characterized by clos@aiity.

The petrochemical model (Table 3) suggests thdteaiees within the field
contain more than 9 % of the most plutonic and ndestondiferous kimberlites
of populations 1 and 2. The population successiodiairemes within the field
(Table 4) is not established in this case becafigbeosimilarity of population
compositions for Botuobinskaya and Nyurbinskaydrdiaes. The differences of
these diatremes are detected only in compositidngaoeties: Botuobinskaya
diatreme contains a greater amount of carbonatesrdt close location of these
diatremes and their compositional simiariallow to assume thatthey are
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Table 3.
Petrochemical populational model of kimberlitesnfirthe Nakyn field
(based on 889 analyses)
Population
1 | 2
Oxides Groups of varieties
Crb* Ca-kmb| Kmb | Mg-kmb Crb Ca-kmb| Kmb | Mg-kmb
(6.8)** (14.6) | (18.4) (6.0) (3.0) (13.8) | (20.3) (8.7)
SiO, 17.20 22.78 | 29.33 32.72 22.70 24.80 | 29.67 | 32.78
TiO> 0.32 0.35 0.35 0.37 0.44 0.45 0.47 0.49
Al,O3 4.07 3.78 3.32 3.29 5.59 4.53 3.66 3.38
Fe03 3.27 4.26 5.35 6.19 3.68 4.59 5.67 6.75
MgO 9.33 17.74 24.47 29.90 10.51 17.67 | 24.86 29.65
CaO 32.05 21.36 | 14.01 8.29 25.71 19.46 | 13.18 8.13
Na,O 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02
K-0 1.15 1.17 0.78 0.57 2.11 1.50 1.00 0.73
P05 0.48 0.43 0.40 0.39 0.45 0.52 0.52 0.50
LOI 32.18 28.73 | 22.03 18.12 28.73 23.70 | 21.02 | 17.37
Population
3 | 5 | 7
Oxides Groups of varieties
Crb Ca-kmb Kmb Mg-kmb Mg-kmb Mg-kmb
(0.2) (1.31) (2.2) (4.5) (0.2) (0.4)
SiO, 17.33 22.28 29.28 32.85 35.53 32.09
TiO> 0.73 0.73 0.67 0.68 1.42 2.61
Al ;O3 291 3.46 3.93 3.58 4.33 4.15
Fe03 3.43 5.63 6.17 6.77 7.90 6.63
MgO 5.64 17.96 24.76 31.78 29.35 28.00
CaO 36.81 21.67 13.17 6.94 6.38 8.97
Na,O 0.01 0.01 0.01 0.03 0.17 0.03
K-0 0.74 1.46 1.38 0.78 0.69 2.00
P.Os 0.99 1.03 0.79 0.65 0.47 2.31
LOI 31.69 25.55 20.12 15.85 13.62 13.27

Note. * Crb — kimberlite carbonatites, Ca-Kmb — carbditia kimberlites, Kmb - kimberlites,
Mg-kmb — magnesian kimberlites (see Table 1); *Fhe number in brackets is a relative
amount of analyses (%).

represented by rocks of the same kimberlite silhg on the pipes. This explains
the lack of evolutionary changing of compositionshe diatremes.

Mirny fied. Within the field the most examined diatremes are
Internationalnaya and Mir, which are the well knodeposits of diamonds. The
petrochemical populational model of the field sugigdahat kimberlites related to
all seven populations, occur here. A characterfstature of the field is the sharp
decrease of relative amounts of rocks relateddgtipulations 1 and 2, compared
to the Nakyn field. It should be noted that theagest abundance of kimberlites is
related to the population 2.
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Table4.

Succession of relative contents (%) of modal s in separate kimberlite bodies in fields
of Vilyui subprovince

Diatreme Population
1 | 2] 3 | 4 | 5 | 6 | 7
Nakyn field (889 analyses)
Nyurbinskaya 16%;, 31 | 12, 34
Botuobinskaya 27,17 | 22,24
Mirny field (704 analyses)
A-21 75
Mir 28 31 13
Amakinskaya 90
Taezhnaya 36 24
XXIII congress of 40 60
CPSU
Sputnik 46 46
Dachnaya 61 33
Internationalnaya 51 31
Alakit-Markha field (2987 analyses
Marshrutnaya 70
Kira 46 35
Baytakhskaya 68
Moskvichka 27 27
Lipa 30 30
Suvenir 33 33
Molodost' 40 30
Sytykanskaya 40 30
Komsomolskaya 48 30
Talisman 18 72
Markhinskaya 30 68
Magistralnaya 77
Snezhinka 70
Vostok 63
Makatoyskaya 15 61
Fineshtein 30 44
Yubileynaya 40 34
Krasnopresnenskaya 54 31
Aikhal 49 42
Alakitskaya 73 27
Verkhne-Muna feld (286 analyses
Poiskovaya 42
Legkaya 36 36
Novinka 25 38
Zapoliarnaya 52 26
325 years of Yakutia 25 75
Komsomolskaya- 29 37
Magnitnaya
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Table4. (end)
Diatreme Population
1 | 2 | 3] 4 | 5 | 6 | 7
Daldyn field (2071 analyses)
Molodezhnaya 30
Dal'naya 27 33
Geofizicheskaya 35 22
Zarnitsa 27 59
Yakutskaya 24 58
Leningradskaya 23 50
Ozernaya 91
Prognoznaya 4 81
Ireliakhskaya 56 35
Dolgozhdannaya 21 49
Udachnaya-East 27 51
Udachnaya-West 56 16
Geokhimicheskaya 18 75

Note. *Calcium kimberlites are shown in italics, kimbegt are shown by Roman type.

The population 5 is also modal in the field. Thecassion of diatremes in the
field, reflecting gradual variation of volumes obdal populations of kimberlites
(Table 4), suggests the individuality of diatrenmmpositions and their gradual
variation beginning with population 1 and endingthwipopulation 7. It is
remarkable that the Internationalnaya diatreme asonatthe greatest amount of
kimberlites related to population 1 in comparisothwhe other diatremes of the
subprovince. A typochemical indication of the Mirfigld is the higher relative
abundance of kimberlites related to population 2.

Alakit-Markha field. More than 20 intrusive bodies of kimberlites were
examined in this field. They include such known @®{s of diamonds as Aikhal,
Yubileinaya, Sytykanskaya diatremes. Diamond grHdbBese diatremes decreases
with increase in number of modal populations (cotgeof TiG). The
petrochemical model of the field allows to designat further decreasing (after
Nakyn and Mirny fields) of abundance of populatidnand 2 and a predominance
of kimberlites of populations 4 and 5 as the pdtemgical signs. The population
succession of intrusive bodies (Table 4) in seqge@fcgradual change of modal
and submodal populations them is present herelimieasure. It is remarkable
that the populations 1 and 2 are represented ihai#iatreme almost as much as
in Botuobinskaya and Nyurbinskaya diatremes in Nakyn field. The Alakit-
Markha field (Fig. 2) is a good example of zonatdbution of kimberlite bodies:
the bodies containing modal populations 1 and 2wels as population 3, are
surrounded by bodies with modal populations 4 anth& peripheral zones of the
field are composed of kimberlite bodies with mogalpulations 6 and 7. The
deepest kimberlites are located in the centerefithd. The least deep kimberlites
occur in the periphery of the field.
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Fig. 2. The schema of occurrence of modal populationsnabérlites in the Alakit-Markha field.

Zones of occurrence: 1 — populations 1+2; 2 — pagiah 3; 3 — populations 4+5; 4 —
populations 6+7; 5 - most probable directions feasching diatremes of productive kimberlites.

Symbols of diatremes: Al - Alakitskaya, Ai - AikHgil- Baytakhskaya, Db - Druzhba, F -
Fineshtein, Is - Iskorka, Kl - Kollektivhaya, Kom Komsomolskaya, Kr - Kira, Krp -
Krasnopresnenskaya, Ks - Kismet, Li - Lipa, Mg -gMaalnaya, Mkh - Markhinskaya, Mk -
Moskvichka, Mol - Molodost, Mr - Marshrutnaya, Niva, Ni - NIIGA, Nch - Nachalnaya, Od -
Odintsova, Ol - Olimpiyskaya, Oya - Oktyabrskaya ©OOzernaya, Pb - Pobeda, Ptr -
Podtrappovaya, Rg - Radiogeodezicheskaya, Sl utstAy Sm - Smezhnaya, Sn - Snezhinka, St -
Sytykanskaya, Sv - Svetlaya, Suv - Suvenir, Tdismian, Vs - Veselaya, Vst - Vostok, Yun -
Yunost ', Yub - Yubileinaya, Zr - Zarya,

Daldyn field. A major feature of this field is the presenceldd tvell known
diamond deposit, namely, the duplex diatreme Udaygdn According to the
petrochemical model, there are no kimberlites qiytation 1 in diatremes of the
field, and kimberlites of population 2 are foundat@maller extent. Kimberlites of
populations 4 and 5 are in abundance in the Dalfigid. The population
succession (Table 4) of intrusive bodies in thielflreanifests itself in full measure.
As in the case of the earlier considered fieldsyeétare no bodies with an identical
set of kimberlite populations. In this connectiargchange of modal population 3 in
Udachnaya-West diatreme for population 4 in Udaghstgast diatreme is rather
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remarkable. This fact allows to state that the Wdaya-East diatreme is
composed of less deep kimberlites, which were fdrnafter kimberlites of
Udachnaya-West.

Verkhne-Muna field. This field is lacking in kimberlites of populatidn and
kimberlites of population 2 are present in smalbgartion. The majority of
kimberlite compositions are related to populatid)s4 and 5. The population
succession of kimberlite bodies with gradual chamgemodal populations
proportions is expressed in full measure (Table Al). studied bodies are
characterized by individual sets of populations.

Let's consider the Kuranakh field (Anabar groupfields) and the West-
Ukukit field (Olenek group of fields) as represdivia examples of fields of the
Anabar-Olenek subprovince. The study of these diedfers in the methodical
attitude from descriptions of the fields of the yii subprovince, because the
intrusive bodies of the north subprovince are deedr by a few analyses.
However, and in these cases the key features diddiite fields are detected with
necessary completeness.

Kuranakh field. The deepest kimberlites here belong also to ptipuls.
Moreover, typochemical indications of the field atlee higher content of
kimberlites of populations 6 and 7 and the preseoicalkaline picrites. The
succession of intrusive bodies according to pomnabelonging of compositions
of a small quantity of samples (Table 5) displapge tsame regularities, as
succession of fields in the Vilyui subprovince. Tdlkaline picrites are sequential
to the succession of kimberlite bodies. It showddnbted that alkaline picrites can
occur together with kimberlites in separate bodisrsversitetskaya diatreme).

West-Ukukit field. A characteristic feature of petrochemical modelttu
field is the distinct predominance of kimberlites mopulation 7 and alkaline
picrites, with small amounts of kimberlites of ptgitons 3 and 6. A population
succession of intrusive bodies in the field (TabJeand an individuality of their
compositions in picritic part of the table are eegsed more distinctly and more
reliably, rather than in some kimberlite fieldsthe south of the province.

General regularities of evolution of average compasons of kimberlites

As follows from the aforecited data, the two dirests of evolution of
chemical compositions of kimberlites: within thelfis and between them are of
important value. The evolution of average compossgiof kimberlites between the
fields is well illustrated by Table 6. In the talthee fields are ranked according to
variations of proportions of populations 1 and 2.the Vilyui subprovince the
decrease of proportion of these populations is mpemied by increasing of
proportions of other populations. As a whole, tb&lt contents of populations 6
and 7 and alkaline picrites increase successively the Nakyn field to the West-
Ukukit field.
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Table 5. Distribution of bulk rock compositions throughdlie populations in separate bodies
of the Anabar-Olenek subprovince

Population
Kimberlite body | n* Kimberlites Picrites
1| 2] 3] 4] 5] 6| 7| 1] 2] 3 4 3

Kuranakh field (17 analyses)

A4

Los’

[EEN

Chita
Universitetskaya

[EEN

Komarov
Senkyu-North
Kuranakh

1
1 2 1

West-Ukukit field (43 analyses)

Senkyu-South
Malokuonapskaya

GNP NP AR
I Ll

An-72
An-22
An-23
An-19, 44, 68
Egientey
An-15
An-62n
An-46a, 53, 57, 6
An-45a, 62
An-64
An-11, 45, 54
Severnaya
Yuzhnaya
AN-65
An-48
An-18a, 46, 66
KEPPES
An-12
An-71
An-55
Ruslovaya
Omonos
Leningrad

|_\

RlRRP WM~

N

=

NRFRPIFRPIERPINRFPIRPWINNEPRPROINNPRARWNERPWNNPEP

N

[EEN

RlR|wk

[ —
H

[ERN

[ERN

1
2

Note. * number of analyses

It is remarkable that the succession from the Mifieyd up to the West-
Ukukit field coincides with a succession of geodnapposition of the fields in
meridional direction. The evolution of kimberliterapositions within the fields as
the succession of intrusive bodies depending oreasing numbers of their modal
populations remains in all the fields, independemttheir average compositions
and geographic position.
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Table 6. Relative abundance (%) of kimberlite populatiamshie fields

. Kimberlite population L
Field 1 > 3 4 5 5 4 Picrite
Nakyn 46 46 8 - 0.7 - 0.4 -
Mirny 12.7 26 16 12 20 9 7 -
Alakit-Markha 11 11 15 22 22 11 7.8 -
Daldyn - 9.2 16 17 26 14 11 -
Verkhne-Muna - 5 20 29 23 14 7 -
Kuranakh - - 11 15 21 21 15 15

West-Ukukit - - 7 5 2 7 12 67

The important characteristics of kimberlite fieldse also peculiarities of
compositions of kimberlite varieties. In this conohen, it should be marked that
the distributions of values of all examined anadyse coordinates population -
variety (Fig. 3) display nearly rectangular fornr felirny and Verkhne-Muna
fields. It means that the increase of numbers gufadions was not accompanied
by essential variation of a set of varieties. Thistridbution, similar to
parallelepiped in its appearance (Alakit-Markha Idfie suggests that the
compositions of variaties in populations becomeanoagnesian with increasing
the number of population. The distribution of comitions in the Daldyn field
displays an intermediate pattern. The distributipatterns for all studied
compositions of kimberlites from the Vilyui subpmee is characterized by
continuos decrease of carbonate varieties and gyosportions of magnesian
varieties in going from deeper populations to #ssp ones. Such distributions can
originate, if the extent depletion of lithospherzigotites increases from bottom to
top.

African kimberlites

The chemical compositions of African kimberlitesrer@escribed, using the
analyses published by the different authors. Thapositions of kimberlites with
contents Si@> 39 % were not used by virtue of the fact thatytlaee also
characterized by distorted contents of other oxidesulted from hypergene
processes.

South African Province. Here some kimberlite fields can be distinguished,
such as Pretoria, Kimberly and Jagersfontein. bhexd these fields the presence
of population successions of kimberlite bodies wakablished. The resemblance
of these successions allows to consider them yoiA$ shown from Table 7, the
population succession of kimberlite diatremes regsed in full measure.

Lesotho ProvinceBecause of small quantity of the collected aredysf
kimberlites, the province is considered as a whole presence of a population
succession here is expressed rather definitelyl¢Tab
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Table 7. Succession of relative proportions (%) of modalyations in some kimberlite bodies
of South Africa and Lesotho

Diatreme Population

1 | 2 | 3 ] 4] 5| 6| 7
South Africa (83 analyses)

Kalkfontein 100
Frank Smith 100
Kop’esfontein 50
Wesselton 25 70
Premier 37 29
New-Elands 67
Lion Hil 75
Yagersfontein 100
De Beers 25 68
Bultfo ntein 33 67
Ebeneiser 60
Snt.Augustin 67 33
Koffifontein 68
Dutoitspain 100
Loxtondal 100
Anomalia Nel 100
Finsh 17 71
Anomalia Ne2 100
Belsbank 60
Klipfontein 50
Lesotho (37 analyses)
Monastery 100
Thaba Putsoa 100
Pipe 200 60
Matsoku 100
Kao 50
Letseng-la-terae 29
Bytha-Buthe 50
Lemphane 40
Lighobong 67
Mothae 50

Note. The references of chemical compositions of Africamberlites used in the present work,
can be presented on special demand.

Table 8. Relative abundance (%) of kimberlite populatiam&frican provinces

Province Population
1 2 3 4 5 6 7
South Africa(83)* - 9.6 18.0 13.2 15.7 13.2 29.(
Wood Guinea (48) - - 29.0 27.0 14.5 10.4 18.9
Lesotho (37) - - - 16.2 18.8 18.8 43.2

Note. * the quantity of analyses
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Fig. 3. Range of chemicalompositions of kimberlites of the Vilyui subpraen

The fields: 1 - Nakyn, 2 - Mirny, 3 — Alakit-Markhh- Daldyn, 5 — Verkhne-Muna, 6 - the
subprovince as a whole.
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Fig. 4. Range of chemical compositions of kimberlitehvefSouth African Province
(1), Lesotho (2) and Wood Guinea (3).

he important distinctions of kimberlites from Soulfrica, Lesotho and Wood
Guinea are seen in Table 8. They are the follomndSouth Africa there are no
kimberlites of population 1; populations 1 and 2 absent in Wood Guinea, and
there are no populations 1, 2 and 3 in Lesotho. sSEupiential lack of the deepest
populations is apparently connected with differdm¢kness of lithosphere under
separate blocks of the African continent. The dhstron patterns of kimberlite
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compositions in the diagram "population - varietiysplay different configuration
for the provinces (Fig. 4). For South African Prme this pattern coincides in
general with such distribution for the Vilyui subpmce of Yakutia (Fig. 3),

though it begins from population 2. The ranges wtrithutions of kimberlite

compositions from Lesotho and Wood Guinea are cheniaed by increasing of
carbonate varieties in less deep populations.

The comparison of distribution features of chemidatberlite compositions
between the kimberlite fields and between the emés of separate fields in the
Yakutian Province and in provinces of the Africamtnent suggests that they are
of the same type.

DISCUSSION

The petrological interpretation of obtained resudtdased on the thesis on
baric nature of distinguished series [19] of kinliberpopulations. The reliability
of this thesis is confirmed by experimental andlggic data, the presence of
strong correlation between diamond grade of kinmesrland petrochemical
indicators of these rocks formation depth. The majechanism of titanium
distribution in selective smeltings at differenpties is the distribution of titanium
in clinopyroxene of mantle peridotites. Experiméntaestigations [1, 2, 5, 13]
showed that titanium passes from clinopyroxene gsags garnet structure with
increasing pressure. In this case, at selectivaingebf clinopyroxene-olivine
cotectics the melt will be depleted in titanium.eTeequential realization of this
mechanism at depths of 150-230 km has stipulateginating a series of
kimberlite populations with different levels ofdrtium content. An estimate of
melting depths of kimberlites of 1-7 populationsalcalated using the
petrochemical barometer by Vaganov [17], showed {8t the depth interval of
150 to 230 km, which is located within the field ofystallization of natural
diamonds, is the most probable [15]. The other sypé alkaline picrites,
associated with kimberlites, were generated athdept less than 100 km [3, 12].

Based on the analysis of location of fields of diawhferous kimberlites and
picrites in the Yakutian Kimberlite Province relegito isopach lines of lithosphere
thickness, which was estimated from seismic da€g, [R was shown that the
lithosphere thickness under diamondiferous kimteeflelds exceeds 200 km, but
under fields with alkaline picrites decreases upl®® km. The considerable
lithosphere thickness under fields of diamondiferéumberlites is confirmed by
data on xenoliths and REE contents in garnets konberlites [4], showing that
the lithosphere thickness under the Daldyn ardharPalaeozoic can be estimated
approximately in 220-230 km.

The establishment of the statistical dependencewdsst chemical
composition of kimberlites and their diamond graf@] is important for
comprehension of kimberlite formation processess Work, in particular, showed
that diamond grade of kimberlites increases withirmmease in KO and MgO
contents and a decrease in J#Ad CaO contents. The contents of Jiake a
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Table 9. Diamond grade of kimberlite populations from Yeinaya pipe

Population 2 3 4 5 6
TiO, content, wt.% 0.53 0.83 1.20 1.53 2.01
Diamond grade, ct/10 t 8.38 4.39 3.92 3.24 2.60

major contribution to description of diamond gradariability. This is
harmonically coordinated with the thesis on de@dasontents of titanium in the
deepest populations. The existing opinion that ratks of diamond-pyrope
subfacies are uniformly saturated with diamondsfais from actual pattern.
Experimental works on diamond synthesis [10, 1KJg&st that the amount of
diamonds depends on kinetic activity of medium andleation rate. It is
reasonable that the kinetic activity of diamondnfation processes and diamond
grade of kimberlites increase with increasing pressThe effective evidence of
this statement is the diatribution of diamonds apylations of Yubileinaya pipe
(Table 9).

The above-mentioned arguments allow to considet tha population
analysis of kimberlites gives a possibility to restvuct kimberlite formation
conditions to a good approximation to real procgsse

Ensuring that the accepted methodology describeadracally connections
between different properties of kimberlites, letisalyze the obtained results
concerning distribution of populations of kimbegstin the fields and between
kimberlite fields. We were the first to establiste tpresence of vertical succession
of intrusive bodies from the deepest kimberlitesetss deep ones in each studied
field. This phenomenon is observed in differentarg and does not depend on a
number of the deepest population. It is possibkuspect with confidence, that the
bodies of the deepest kimberlites were the earimsusions, and the further
formation of kimberlite field proceeded as a resoita series of sequential
intrusions. In a closing stage the bodies of tlestleleep magmatic rocks were
intruded. In connection with the considered modeshould be noted that each
sequential intrusion could anneal rocks of the ioey intrusions. This should be
taken into account, when using the geochronologiatd.

The formation process of kimberlite fields procesdd vertical uplift of
magma generation zones and their growth laterediynfthe centers of originating
of the deepest populations (Fig. 2). Such phenonwndd take place on the
assumption of continuos inflow of energy and fluiiken deep sources. According
to interpretation by Letnikov [7]: "an energy padieh of deep fluid systems,
resulting in melting of rocks, is of decisive imfrrce for development of
magmatic systems, except for composition of initnaatrix... Fluid systems
separated as plumes from liquid Earth core arp@tial importance.”

Kimberlite fields are formed as a result of divergeise of mantle plume
fluids at depths up to 150-120 km. Investigationatialine picrites and other
mantle formations will allow, probably, to descritse existing connection between
kimberlites and alkaline basalts. The differencawieen separate fields is
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determined not by a qualitative change of mantlengls, but by depth, where
mantle plumes come into contact with lithosphenmgdodites. In this connection, it
IS important to trace petrochemical models of kirfitee fields in the Yakutian
Province from Mirny field to West-Ukukit field. Theuccession of these fields is
characterized by steady decreasing of proportiodeeper kimberlite populations
and increasing of proportion of less deep populatidhis can be a consequence
of a gradual decrease of lithosphere thickness Soathwest to northeast. Thus,
the relief of lithosphere bottom under kimberliteoyances determines a depth
interval for zones of generation of kimberlite metheir composition and diamond
grade in places, where fluids of mantle plumes pateethe lithosphere.

From the foundations of geodynamics, the numbenartle plumes should
be less than the number of kimberlite fields. Thexybarity of location of
kimberlite fields within the Siberian province cha explained by the hypothesis
on lithosphere plate motion over a hot spot duangeriod of approximately 240
millions years [6]. The palaeomagnetic data on éionoof the Siberian Platform
from the Middle Paleozoic to the Early Cretaceo8 do not contradict such
supposition. According to an opinion by Khramov, [@] the Early Cambrian the
Siberian Platform was located in the southern heh@se. From the Late
Cambrian up to the present the Siberian Platfors heen moving as a major
plate. Just this fact determined a steady lineaaragdter of distribution of
kimberlite fields, originated during a passing leé platform above a hot spot.

CONCLUSIONS

1. The infiltration of fluids of mantle plumes intithosphere is a principal
condition for the beginning of selective melting ofantle peridotites and
generating of protokimberlite melts.

2. The melting of lithosphere rocks proceeds adgmbuplift of magma generation
zones.

3. Within the kimberlite fields the intrusive bodigvere formed successively: the
deepest melts were the first to intrude and sulmsdtjuthey gave way to less
deep melts.

4. The kimberlite fields are usually zonal. Zondsthee deepest kimberlites are
successively surrounded by zones of less deep Kiibeise The least deep rocks
are natural borders of kimberlite fields.

5. The kimberlite fields differ in assemblages btmical types of rocks, if the
lithosphere thickness under these fields are d@iffer

6. The hypothesis on the plate moving over a hot san be used for explanation
of originating of the linear elongation of fields ithe Yakutian Kimberlite
Province.
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Experimental investigation of fluid-magmatic differentiation
of alkaline systems with the connection of carbon#e
genesis problem

Suk N.

Institute of Experimental mineralogy RAS, Chernogkd, Moscow district,
E-mail: suk@iem.ac.ru

Silicate-carbonate liquid immiscibility was expeamntally studied with application
to the modeling of carbonatite melt separation frimad silicate magmas. Main
attention was paid to modeling silicate-carbonatquidl immiscibility and
partitioning of REE, Ba, Sr, Nb and Ta between itheniscible phases af=1100
and 1256C andP=2 kbar. A wide field of initial melt layering intowo liquids —
silicate and carbonate — was estimated.TAfL100C a correlation between the
partition coefficients of rare earth elements (Ca, Y) and initial composition of the
system was observed. The partition coefficientsraok earth elements are also
temperature-dependent. Nb afial are mainly concentrated in the silicate melt, but
Ba and Sr —in carbonate one.

There is a heterogeneity in experimental carbomaig salt-carbonate (phosphate-,
fluoride-, chloride-, sulfate-carbonate) melts whis likely to suggest that the salt
phase may undergo further evolution after its sdpar from silicate melt. The
experimentally observed regularities are consisteitth those revealed in natural
carbonatite complexes.

INTRODUCTION

The layering intrusive complexes (including carlides are the products of
complicated evolution of heterogeneous fluid-magmnatystems, containing
aluminosilicate melt and fluid phase, which cams$farm into high concentrated
salt liquid. Carbonate complexes represent theldtoagmatic systems, in which
high concentrated salt melt, separating from alosilicate melt, can directly form
own nonsilicate rocks (carbonatites).

The geochemical characteristics of natural carbienabmplexes revealed a
close relationship between deposits and ore oaucere of rare and rare earth
element and complex REE-Y-Nb deposits with introsicof carbonatite type,
which can be exemplified by the Tomtor layered nfass Siberia and ore
occurrences of barium-strontium carbonatites interesTransbaikalia. Thus an
urgent task is the investigation of genesis of cadbites and associated rocks.
Furthermore, the specific geochemistry of carboestiesults in the occurrence of
apatite, sulfides, phlogopite and other accessongrals in them. For instance, in
the Tomtor massif apatite-polycarbonate eruptikesliand pipes and tuff-lavas of
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phosphate compositions were found [7]. These faatgest the enrichment of
late-stage carbonatites in fluid (salt) componefpfosphorus, sulfur and,
probably, halogens).

In western Transbaikalia the barium-strontium cadiibe occurrences were
found. They associate with basic alkaline silicatecks (shonkinites and
peralkaline syenites) of the high-alkali ultrapstasseries (N#/K,0=0.3-0.4).
The isotopic signatures of carbonatites and shaekirfrom the Khalyutinskoe
field suggest a single mantle source and probadetg relationships, which are
supported by a number of common geochemical chersiits and similar ages of
rock formation [14]. The carbonatites build up dikeend covers containing lenses
and bands of barytocelestite and strontium-beabagte, which show sharp
boundaries with the carbonate matrix resemblingndaues between immiscible
liquids. The isotopic and geochemical systematicgsadoonatites and their country
rocks from this region rule out the metasomatieniation of the carbonatites at the
expense of limestones and silicate rocks. Moreogepchemical and REE
characteristics including Eu/Eu* suggest that thdoonatites are products of liquid
immiscibility rather that the crystallization diffentiation of alkaline basic rocks
[14]. This allows us to suppose that these carlitesatvere formed at an early
stage within a parental magma reservoir through separation into immiscible
silicate and carbonate-sulfate phases. The lattetixed in turn and produced
carbonate and sulfate liquids.

Such melt layering was described also in the araatbite-bearing alkaline
complex Mushugai-Khuduk in southern Mongolia, whibelongs to a Late
Mesozoic volcanoplutonic association of potasskalale and subalkaline rocks
and carbonatites [1]. The thermometric investigatb magmatic inclusions in the
minerals of the complex revealed the presence ofitiniscible phases in a single
inclusion. The sharp boundary between them is aithe of silicate-salt liquid
immiscibility and suggests the formation of theieerof rocks studied under
conditions of silicate-phosphate-carbonate liguuniscibility. The data obtained
from the investigation of inclusions of salt melttemonstrated that the
differentiation of alkaline magmas may produce oy phosphate and carbonate
melts but also sulfate melts with elevated conegiatns of fluorine and chlorine.
The high homogenization temperatures (£2)0of melt inclusions (silicate-
phosphate, phosphate-carbonate, and silicate-subapport the separation of the
salt melts during early stages of alkaline magmaiig.

These facts witness about formation of layered araabte complexes under
high fluid saturation conditions, i.e. enrich oeth by different salt components,
which during the origin of liquid immiscibility caseparate from foid silicate
magmas forming high concentrated salt phase.

The possible significance of liquid immiscibilityorf the formation of
carbonatites and related rocks was pointed outruynaber of authors [11, 12, 16].
These experimental investigations demonstrateceiiidence of a wide field of
liquid immiscibility of carbonate and silicate nglat various temperatures and
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pressures [8, 10], but experiments were mainlyi@drout at too high TP
parameters (up to 15 kbar).

We have experimentally studied the silicate-carbonzelt layering modeling
the carbonatite melt separation from foid silica@agmas at real parameters
(T=1100 and 125 and P=2 kbar which corresponds to the superliguiggion
of the systems considered). Special emphasize l@aasgon the character of some
ore element (such as REE, Nb, Ta, Ba and Sr) loligioin between immiscible
phases. The influence of added fluid componentsqpimate, halogenides, sulfate)
on the silicate-carbonate immiscibility and disiion of ore elements between
immiscible phases has been also studied.

EXPERIMENTAL METHOD

The experiments were carried out in a high gasspresvessel in sealed
platinum capsules (3 mm in diameter) at a durattbn6 h with subsequent
quenching at an average rate of ZD@in. Dry systems were investigated. The
initial mixtures consisted of natural minerals {&b diopside, and potassium
feldspar) with addition of sodium carbonate {8&s), its mixture with calcite
(NaCO; + CaCQ) and (or) potassium carbonat&,(O3z), and, in some
experiments, chloride (NaCl), fluoride (NaF), phiespus salt (NaP¢) or sulfate
(NaSQ,). Ore elements were introduced as oxidegObaCeQ, Y,0s, Nb,Os,
Ta,0Os and barium and strontium as carbonates Ba@@l SrCQ. The initial
charge was 100 mg in weight and was preliminargddatT=100C for 18-20 h.
The experimental samples were analyzed on a Caméiay microanalyzer with
an energy-dispersive system Link. Carbon was natyaad on the microprobe,
and the totals of the chemical analyses deviata t00%.

EXPERIMENTAL RESULTS

Silicate-carbonate systems

The experimental investigation of silicate-carbensystems ar=1100 and
1250C andP=2 kbar shows the wide field of liquid immiscibyitvith separation
of starting materials into two phases — silicatd earbonate [13, 15]. The silicate
liquid quenches into homogeneous glass in contastarbonate phase, which
forms a finely dispersed microcrystalline quenchgragate. Both carbonate
droplets in a silicate matrix and silicate droplatsa carbonate matrix were
observed. Sharp phase boundaries between theaneltemarkable (Fig. 1). In the
potassium-rich systems, the silicate melt coexgstmth carbonate liquid shows
Na,O/K,0=0.27-0.34. The obtained carbonate liquids (Tdbhlphase Il) showed
heterogeneities in the form of separation into laltka(mainly, sodic) and calc-
alkaline (mainly, calcic) fractions (Table 1, phai$ and V). Such fractions were
observed in all experiments, but they were diffictd analyze and their
compositions were determined only in some $asapThe heterogeneity can be
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Table 1. Compositions of phases (wt %) in immiscible cadtersilicate melt systems.
(I - silicate melt; 1l - carbonate melt; 11l - calgm-rich carbonate phase; IV - sodium-rich
carbonate phase). 1-57=1250°C, P=2 kbar; 6-18 - T=1100C, P=2 kbar.

N SiO, AlLO; MgO FeO NgO K,O CaO La0; CeOs; Y,03 Nb,Os Ta,0Os Summy
1 | |47.09 6.53 6.440.05 15.540.08 5.221.29 159 5.23 - - 89.p6
1] 2.50 0.44 1.380.12 24.520.36 11.490.74 0.73 0.61 - - 42.B9
2 1]137.10 4.78 5.490.02 12.630.06 18.641.38 1.92 3.16 - - 85.18
1] 2.330.01 1.680.00 21.270.10 26.820.42 0.62 0.70 - - 53.p5
3 | 140.40 0.60 12.960.02 10.870.13 12.901.24 1.04 253 185 1.79 86|33
1] 2.22 0.02 1.870.08 22.160.15 19.210.55 0.28 0.11 0.28 0.20 47|13
4 1 131.06 3.71 5.080.20 9.520.07 24.611.03 143 232 121 217 8241
11 1.930.14 0.850.00 20.410.11 31.800.51 056 0.36 0.21 0.24 57|12
5 1 134.62 4.16 5.410.16 9.910.06 22.561.07 1.17 2.27 193 1.85 85|17
1] 1.18 0.09 0.860.14 21.760.14 27.930.21 0.06 0.06 0.02 0.26 52|71
6 | |51.4510.27 4.04 0.09 17.040.19 5.040.84 1.38 - - - 90.34
1] 1.66 042 2.170.09 28.270.19 16.551.13 1.54 - - - 52.02
M} 0.65 0.17 2.17 0.05 14.660.14 22.121.72 2.27 - - - 43.95
V| 0.75 0.12 1.880.11 34.970.16 9.930.46 0.66 - - - 49.04
7 1 150.29 8.18 6.62 0.16 16.110.13 7.800.91 1.32 - - - 91.%2
] 0.60 0.18 5.26 0.10 19.290.22 19.702.14 2.35 - - - 49.84
j 1.14 0.80 5.97 0.26 12.850.36 17.953.62 3.17 - - - 46.{2
V| 0.48 0.20 0.850.00 37.680.03 7.280.56 0.62 - - - 47.10
8 | |47.60 5.47 8.67 0.29 15.800.14 10.220.89 0.87 - - - 89.95
] 041 0.03 4.300.00 24.090.18 25.171.21 0.91 - - - 56.30
M} 0.26 0.21 4.750.00 15.990.18 23.051.95 1.47 - - - 47.86
V| 054 0.29 0.230.22 28.760.13 0.650.00 0.00 - - - 30.82
O | |42.60 6.70 5.41 052 12.810.45 8.560.82 1.22 - - - 79.09
] 0.27 0.09 2.420.18 19.050.13 18.791.55 1.45 - - - 43.93
101 |42.48 5.06 6.87 0.81 13.440.43 11.320.52 1.68 - - - 82.61
] 050 0.32 2.97 0.26 16.630.13 18.301.16 1.78 - - - 42.05
111 |41.13 4.02 3.89 0.07 9.990.10 14.011.04 166 3.96 - - 79.87
] 1.24 0.01 0.900.04 17.620.11 28.190.41 0.44 0.73 - - 49.69
121 |45.06 0.77 13.06 0.15 10.430.09 9.700.81 1.28 2.77 - - 84.112
] 1.45 0.06 1.850.06 11.160.17 21.260.73 0.66 0.23 - - 37.p3
13 1]28.05 566 2.010.14 9.50 0.15 31.681.26 2.11 - - - 80.%6
I 0.78 0.10 0.21 0.11 10.950.22 38.210.18 0.24 - - - 51.90
14 1]47.08 0.86 13.37 0.20 11.200.24 11.53 - - - 2.10 2.26 88.%4
1] 0.36 0.08 2.04 0.01 20.890.27 27.48 - - - 0.00 0.06 51.19
15 1]47.93 2.30 10.16 0.06 14.200.11 14.67 - - - 145 1.64 92.%2
Il 0.50 0.21 0.940.14 14.360.29 17.86 - - - 0.18 0.38 34.%6
16 | | 47.13 3.7511.28 0.07 11.490.17 14.99 - - - 149 1.36 91.73
1] 0.56 0.00 3.06 0.00 25.200.15 32.92 - - - 0.00 0.00 61.%9
17 1127.36 2.96 5.77 0.04 7.360.07 36.761.68 3.02 - - - 85.(2
I} 1.38 0.05 0.11 0.00 7.560.10 31.400.00 0.05 - - - 40.65
18 1]126.46 4.46 2.48 0.01 8.100.09 38.54 - - - 149 151 83.14
I 5.10 0.37 0.87 0.07 6.850.08 37.33 - - - 0.40 0.37 5144

Note. The experimental samples were analyzed on a Camgbay microanalyzer with an
energy-dispersive system Link, IEM RAS, in 1998200
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(@) 15kV x400 10p  (b) 15KV x 200 100 c) 15KV x 200 100 p

Fig. 1. Liquid immiscibility in the carbonate-silicate $gms (a) and in sulfate-carbonate-
silicate systems (b, ¢) af=125FC and P = 2 kbar.

Na,O+K,;0

SiO;+AL O3 CaO+MgO

Fig. 2. Experimental results on silicate-carbonate liguitmiscibility, wt %.
1 - silicate-carbonate systems of sodium speciidimaat 7=1100°C and P=2 kbar [15];
2 - silicate-carbonate systems of sodium specitdinaat T=1256C and P = 2 kbar [15]; and
(3) silicate-carbonate systems of potassium spigaiidn at T=1256C and P = 2 kbar. The tie-
lines connect compositions of coexisting phases.

observed in photomicrographs (Fig. 1) within lasggregations of carbonate melt.
It can be supposed that this heterogeneity occunredliquid state as a result of
immiscibility of alkalic and calcic carbonate me#ted was subsequently affected
by the processes of quench crystallization. Becatitiee heterogeneity of the salt
phase in this case and in more complex systemsoitgosition was analyzed in
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the small droplets (no larger than 10-20 um), whagpeared to be most
homogeneous. Figure 2 shows liquid immiscibilitglds in silicate-carbonate
systems aff=1100 and 125@ andP=2 kbar. The liquid immiscibility field is

somewhat wider at 1100 as compared with that of 1280 however, at high
calcium contents it is probably cut by the calcigmd calcium silicate
crystallization field. This obscures the proces$diquid immiscibility in these

systems. Experiments in the potassium-rich systehasved a narrower liquid
immiscibility field in comparison with the sodiuneh systems.

The investigation of rare earth element partitigninetween immiscible
carbonate and silicate phases in the systems dtadid=1100C and P=2 kbar
demonstrates that the character of their extractiepends on the initial melt
composition [13, 15]. In alkalic silicate-carbonatestems, rare earth elements (La
and Ce) are accumulated in carbonate phases, treetition coefficients
(K=CRFE/CT5,) are greater than one (Fig. 3). Moreover, theypaedominantly
concentrated in the calcium-rich varieties of cadie phases, whereas the
sodium-rich fractions are essentially free of reaeth elements (Fig. 3, Tabl. 1). In
the lime silicate-carbonate systems rare earht eslésnare accumulated in the
silicate melt, which is also calcium-rich in thesgstems. The silicate melt also
concentrates Nb and Ta.

E Y
[
-
)
N
o
w

e La;03
o Ce203

REE in silicate phase, wt %
REE in Na-carbonate fraction, wt %

REE in carbonate phase, wt % REE in Ca-carbonate fraction, wt %

Fig. 3. Partition coefficients (K=GarbonaidCsilicate) Of rare earth elements between silicate and
carbonate melts (a) and between Na-carbonate andathonate fractions (b) af’=1100°C
and P=2 kbar.
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The experimental study of REE (La, Ce, Y), Nb, Tatitioning between
immiscible carbonate and silicate phases at T=22%M0d P=2 kbar demonstrated
their predominant concentration in silicate melalil 1). Figure 4a shows REE
partition coefficients , which are lower than orteo, there is revealed the
dependence of the character of rare earth paitiioon temperature: an increase
from 1100 to 125C results in the redistribution of rare eath eletmémo silicate
phase.

The investigation of distribution of Ba and Sr beém immiscible carbonate
and silicate phases shows that these elements@rmalated in carbonate phases:
their partition coefficients (K=£4Cs)) are greater than one (Tabl. 2). They are
likely to depend on initial composition of the ssis. The tendency of increase of
Ba and Sr partition coefficients in potassium-risystems is observed. These
elements are predominantly concentrated in theuwalcich fractions of carbonate
phases as compared with sodium ones (Tabl. 2).

Table2. Compositions of phases (wt %) in immiscible seifzearing carbonate-silicate melt
systems (I - silicate melt; Il - salt melt; licalcium-rich phase; IV - sodium-rich phase; V —
potassium-rich phaseJ=1250’C, P=2 kbar.

N SiIO, Al O3 MgO FeO Na,O K,O CaO SO BaO SrO Summa
1 | 4959 661 538 0.05 566 20.761.85 - 1.13 0.01 91.04
I 085 0.02 0.88 0.06 32.7613.90 6.47 - 3.72 250 61.16
036 0.09 206 0.06 10.6x21.42 16.02 - 452 591 61.09
IV 098 0.21 230 0.22 23.320.52 3.15 - 289 115 54.81
2 | 4859 6.17 470 0.02 6.35 18.721.70 - 0.97 0.04 87.26
I 243 0.19 1.17 0.07 9.91 18.571.33 577 494  54.38

3 | 4927 594 520 0.05 7.08 16.101.89 051 0.60 0.20 86.84
I 115 0.08 1.23 0.04 16.825.77 9.73 6.58 2.70 4.23  58.33
(- 0.33 0.00 093 0.06 13.2620.03 1553 3.80 2.05 6.19 62.18
Iv 0.03 001 119 0.00 41.128.07 1.79 1.04 085 0.84 5494
vV 017 000 0.16 0.10 3.40 46.93.00 36.61 0.24 0.30 87.91

4 | 4772 578 594 0.08 7.38 17.88255 054 148 0.25 89.6(
I 136 0.09 1.05 0.04 11421405 11.79 2.61 6.85 6.16 55.42
022 0.03 038 0.04 11.487.86 19.79 1.72 3.82 936 64.70
Iv 201 0.09 103 0.03 20.547.27 161 1578 2.33 0.89 71.61

5 | 3434 508 493 0.05 533 12537.73 - 258 057 83.14
I 55 008 166 0.10 7.72 12.9@7.18 - 446 2.23 61.97
i 7.07 016 232 0.00 215 490 3546- 748 3.88 63.42
IV 239 006 066 0.00 791 1592386 - 227 133 54.46

6 | 4459 553 6.82 0.05 12.691.20 5.44 - 395 3.07 83.34
I 093 004 095 0.05 26.861.06 7.75 - 6.12 6.97 50.73
032 0.05 110 0.06 11.202.38 15.39 - 11.02 13.86 55.38
IV 0.06 001 172 0.10 38.551.04 3.94 - 0.22 116 46.8(

7 1 5163 698 7.06 0.07 12.620.0/ 573 083 394 232 91.2p

I 1.7v8 019 058 0.08 12.350.24 862 7.87 8.26 8.77 48.7
i 1.06 0.05 1.10 0.10 23.120.87 9.73 7.77 14.3111.01 69.12
IV 0.18 0.00 0.53 0.04 43.500.88 3.95 13.79 0.24 0.97 64.08

T=
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Table 2. (end)

N SiQ, Alb,O; MgO FeO Na,O K,O CaO SO; BaO SrO Summa
8 | |49.66 6.37 7.13 0.05 14.32 0.07 5.00 - 3.98 2.01 88J59
11089 010 117 0.02 26.21 0.11 9.07 - 9.77 7.77 155

I | 0.72 0.09 1.72 0.06 1585 0.12 12.63- 15.22 12.17 58.58
Iv]059 011 227 0.05 31.61 0.13 7.80 - 1.28 2.19 0316

9 | |29.35 3.72 487 0.05 10.09 0.07 21.72 - 436 3.12 77.35

h]618 017 158 0.06 1342 0.12 26.11- 458 4.78 57.00
1546 013 189 0.03 212 0.03 29.50 - 13.40 10.46 63.02
IV 1185 0.13 0.87 0.02 1550 0.16 28.85- 215 3.59 53.12

10 | |30.03 3.74 499 0.00 9.60 1.09 21.01 - 3.16 3.03 76.65
nmi| 727 034 187 0.00 1298 191 25.12- 3.56 450 57.55
11221 0.71 3.13 0.06 294 0.37 27.36 - 10.01 8.06 64.85
IV]246 0.04 0.74 0.05 1216 231 27.68- 1.78 3.89 51.11

11 | |4589 493 6.82 0.15 1518 0.12 16.8®©.89 161 140 93.85
1082 001 087 0.02 2235 040 22240.36 292 399 63.98
] 066 005 154 0.09 23.05 0.23 22.98.13 289 3.76 63.38
Iv]1021 0.03 0.87 0.02 40.17 033 749 234290 164 75.08

12 | |56.33 4.88 8.17 0.12 18.04 1.18 4.15 046 214 0.71 96}18
| 017 002 381 0.04 1740 136 16.82.62 11.16 8.35 61.79
IV]005 003 155 0.02 4435 0.57 5.05 12.7623 193 67.53

Note. The experimental samples were analyzed on a Camgklay microanalyzer with an
energy-dispersive system Link, IEM RAS, in 200@®200

Phosphate-carbonate-silicate systems

The influence of phosphorus on the silicate-carbohquid immiscibility and
distribution of ore metals between immiscible pisaisesuccessful illustrated [15]
by our experimental results at T=1260and P=2 kbar with addition of phosphorus
salt NaPQ (8 and 15 wt.%, which correspond to 5.6 and 1@.46 P,Os) into
silicate-carbonate systems studied. In the compasit range studied , the
addition of phosphorus does not affect significatite extent of silicate-carbonate
liquid immiscibility. However, there is probablysfight increase in compositional
contrast between the coexisting phases. The saliepim the systems studied has
phosphate-carbonate composition (Tabl. 3). Thatioar coefficients of rare earth
elements between immiscible phases increase withi@u of phosphate into the
system (Fig. 4). In alkaline systems we can obsemeen their predominant
concentration in the salt mek*%1). An increase of the phosphorus content in the
system resulted in the appearance of a heterogeneithe salt phase, which is
manifested in the presence of areas with carbosmadephosphate compositions.
The phosphate phase is more effective in REE caratery and significantly
enriched in rare earth elements as compared wehcénbonate phase (Fig 4c).
Thus, the experiments show that phosphorus proraotéeearth element extraction
by salt melts in the systems studied.
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Fig. 4. Partition coefficients (K=GarbonatdCsiiicate) Of rare earth elements between silicate and
carbonate melts (a), between silicate and salt gphate-carbonate) melts (b) and between
carbonate and phosphate phases (c)

at T=1250C and P = 2 kbar. 1 — L#3; 2 — CeOs; 3 — Y,0s.

Fluoride-carbonate-silicate systems

The influence of fluorine on the silicate-carbonadgiid immiscibility was
studied at T=125C and P=2 kbar by addition of sodium fluoride (Na#}p the
system [15]. The separated salt phase had a caebfhmaride composition and
formed either a separate layer or droplets ina#ianelt. The compositions of the
immiscible phases are shown in Table 4. Similaphosphorus, the addition of
fluoride into the system results in an increaséhm partition coefficients of rare
earth elements between immiscible liquids in thalad systems (Tabl. 4, an. 3, 4).
The salt liquid is heterogeneous and consists @hsaof carbonate and fluoride
compositions. It is suggested that the heterogerditthe salt phases in the
phosphate-carbonate-silicate and fluoride-carbesiitaite systems existed in the
liquid state and was subsequently quenched. Thesipported by the fact that in
these systems, very small (up to 10-15 pm) indidiroplets compositionally
corresponding to carbonate melts were sometimesradd in the silicate phase.
The fluoride phase is significantly enriched ineraarth elements in comparison
with the carbonate phase (Tabl. 4). Thus, we carclade that the addition of
fluorine to the silicate-carbonate system also i@ rare earth element
extraction by salt melts.

Chloride-carbonate-silicate systems

The influence of chlorine on silicate-carbonate isuibility was studied at
T=1100C and P=2 kbar by introduction of sodium chloridéaCl) into the
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systems [15]. The separation of chloride-carbohgteds from silicate melts was
observed in these systems. The salt phase forryea ila the upper portion of the
sample and droplets in silicate melt. The salt itlqus compositionally
heterogeneous and separates into chloride (Na® wihor Ca and Mg) and
carbonate fractions. The compositions of the phasesshown in Table 5. Rare
earth elements, niobium and tantalum are predortiinactcumulated in the
silicate melt. However, there is a slight increaséhe concentration of rare earth
elements in carbonate phases in comparison withridiel ones. Thus, the presence
of chlorine does not promote the extraction of e@lements by salt melts.
Moreover, in alkaline systems at 12Q0the addition of chlorine results in the
depletion of salt phases in rare earth elementschware concentrated in the
silicate melt. This is in contrast to rare eartenents extraction by carbonate
liquids in pure silicate-carbonate systems.

Table 5. Compositions of phases (wt %) in immiscible cadtersilicate melt systems with
chlorine. (I - silicate melt; Il — chloride-carbote phase; Il - carbonate phase)
T=1100C, P=2 kbar.
N Sio, AI203MgO FeO |[Na,O | K,O | CaO| CI La,O3| Ce0{ Y,03/Nb,Os| Ta,Os| Summg

[140.2] 0.81| 10.71 0.22|15.09 0.11|13.51j1.22 | 0.64| 1.44, - |2.26|1.16 | 87.36
1111 0.210.01|1.70| 0.01}29.23 0.16|18.8213.90 0.12| 0.18| - | 0.02|0.22 | 64.62
I11']0.35/ 0.04] 2.62| 0.02|124.03 0.20|16.731.34 | 0.16/ 0.41| - |0.09]0.23 | 46.22

[131.5]3.57|1.94| 0.03/9.01 | 0.11|22.131.54 | 2.52| 2.73| - |3.93|4.19 | 83.27
2111 0.91| 0.10| 0.33| 0.00{18.46 0.1234.8210.19 0.00| 0.11| - |0.00|0.01 | 65.05
I11'10.59]0.15| 0.24| 0.08|22.08 0.16|28.420.90 | 0.54/ 0.49] - |10.00| 0.10 | 53.75

[150.84 5.70| 8.84| 0.21|9.79 | 0.06|11.051.35 | 1.15| 1.41| - |2.21|1.88 |94.49
31111 0.21] 0.03| 3.61| 0.01]29.83 0.27]|22.481.33 | 0.53| 0.57| - | 0.00| 0.00 | 58.87

142.3{ 0.73]| 11.9¢ 0.49|12.79 0.03|16.631.22 | 0.70| 1.38| 1.39| - - | 89.72
4111 0.70| 0.24| 1.12| 0.13|17.69 0.28|7.46 |17.69 0.00| 0.04| 0.00| - - | 45.31
I1111.85/0.20| 2.79/ 0.01|18.73 0.40|17.11]3.71 | 0.28| 0.37| 0.05| - - | 45.50

]149.416.14| 7.93| 0.18|9.19 | 0.08|10.37/1.07 | 0.98| 1.72| 2.20| - - | 89.29
51| 1.39| 0.63| 1.34| 0.34/18.74 0.31|6.64 |10.33 0.26| 0.24| 0.10| - - | 40.22
11 1.11] 0.41| 3.26| 0.27|11.77 0.28|20.541.19 | 0.98| 1.45| 0.87| - - |42.13

Note. The phase of NaCl occurs in all experiments. Hpeemental samples were analyzed on
a Camebax X-ray microanalyzer with an energy-dispprersystem Link, IEM RAS, in 1998-2000.

Sulfate-carbonate-silicate systems

Separation into silicate and salt phases was obdanvthe systems studied,
and the salt phase has a sulfate-carbonate comgpoGiiabl. 2). In the potassium-
rich systems, the silicate melt shows,84,0=0.41-0.44. Both in sodium-rich
and potassium-rich systems, salt melts are enrighédrium and strontium, and
their partition coefficients are again higher i ghotassium-bearing systems. The
salt melts are heterogeneous, which is manifestethe coexistence of phases
enriched in calcium and sodium or sodium and patassMore calcic phases
show elevated contents of barium and strontiunomgarison with alkaline richer
phases, which are enriched in sulfur (Tabl. 2).
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DISCUSSION

Since the pioneering studies of Wyllie and Tutflé][ Koster van Groos and
Wyllie [11, 12] and Freestone and Hamilton [8],aber of authors investigated
liquid immiscibility in carbonate-silicate systembBhis work revealed the role of
carbon dioxide pressure, which stabilizes carbomegits and expands the range of
their immiscibility with silicate melts. The septiom of carbonatite melts at high
pressure was experimentally studied at P=5 kbardhd at P=15 kbar [2]. The
comparison of previous experimental results with experimental data suggests
that the immiscibility field expands slightly atcreasing pressure and decreasing
temperature.

Our experimental results on REE partitioning betwaemiscible liquids in
alkalic systems aT=1100C and P=2 kbar demonstrate the extraction of these
elements by carbonate melts. This allows us to lodecthat the carbonatite
deposits of rare earth elements could be formedcannection with alkalic
(agpaitic) magmatism only. The results on the paning of barium and strontium
between immiscible phases in the systems studiescampatible with those
revealed in natural carbonatite complexes, whereiufda-strontium ore
occurrences are directly related to carbonatimsexample, in the Khalyutinskoe
barium-strontium ore occurrence in western Trarkstia [14], which is related to
carbonatites enriched in sulfate sulfur.

The heterogeneity of carbonate and salt-carbof@tesphate-, fluoride-,
chloride- or sulfate-carbonate) liquids that wasseslsed in the experimental
products suggests the possibility of a further etroh of the salt phase after its
separation from silicate melt. It can be supposatl the calcium-alkali separation
of melts occurred in a liquid state or originatgmbm a temperature decrease. The
alkaline-lime separation of carbonate melts propgthyed a certain role in the
formation of carbonatites in intrusive ijolite-ueti complexes, where they are
represented by calcite and dolomite types. During ¢mplacement of them
alkaline carbonates probably migrated with fluidithe enclosing rocks, which
were affected by alkaline metasomatism (fenitizgtid-or instance, the sodium-
bearing carbonate mineral burbankite was found he tarbonatites of the
Khibinskii massif, which allows one to suggest dpgpearance of alkalic carbonate
liquid at the final stages of the formation of debonatite complex in this massif
[6]. In the Khalyutinskii ore occurrence, it hasebereported [9] about the
separation of carbonate melt into two phases, dénvehach contained phosphorus
and fluorine and the other was represented by oatbesulfate melt. The
concentrations of Ba, Sr, Ca, and sulfate sulfom&d positive correlations at the
analysis of their distribution in calcic and alkatiarbonate phases.

The comparison of our experimental results withuratobjects shows that
the compositions of carbonate phases in experimantthe highest agpaitic
coefficient of initial melt are corresponded to tt@mpositions of the carbonatite
lavas of Oldoinyo Lengai (Tanzania), and the contjpos of silicate phases are
comparable with silicate lavas and nephelinitesnftbe same volcano [4, 5] and
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urtites, ijolites and nephelinites from differenariconatite complexes [10]. In

addition, the compositions of extrusive carbonatié Oldoinyo Lengai volcano

are comparable with lime fractions of the experitakcarbonate phases. Calc-
alkalic carbonate magmas chemically similar to expental melts could retain

their primary composition only in volcanic enviroants at a rapid eruption and
guenching on the surface.

Our results on the partitioning of rare earth eletmebetween silicate and
carbonate phases at 1200and 2 kbar in alkaline systems (partition coéffits
are from 1.5 to 2.5) are consistent with the datahe rocks of natural carbonatite
complexes. For example, similar estimates of REHitjpm coefficients were
obtained from carbonatite droplets and lamproplisoe Callander Bay, Ontario
(partition coefficients are 2-3) and carbonatited aoexisting ijolites ( K=2.1) of
Seabrook Lake, Ontario [3].

The results of investigation of phosphate-carborsaté fluoride-carbonate
systems can be applied for the explanation of vtk apatite mineralization in
carbonatite-type deposits.

Thus, our study supports the significance of d#ezarbonate liquid
immiscibility in the formation of carbonatite dejiss distinguishing geochemical
factors favorable or unfavorable for the developnoémineralization, which must
be taken into account at the construction of gemabdels. Thus, the experimental
systems studied can be regarded as a simplifieceihfod the formation of ore-
bearing carbonatite complexes associating withagg igneous rocks of sodic and
potassic series.

This study was financially supported by the Ruskaumndation for Basic
Research, projectdeNe 97-05-64158, 99-05-64435 and 01-05-64839.
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“Benstonite-Ba-Sr carbonatites are found onlywa sites in the world: the Murun

massif in Siberia and South India. The specifidUdea about those carbonatites is
high BaO (20-35%) and SrO (to 10% in the Murun oadiites) concentrations.

They contain the following minerals: high-temperatuBa, Ca, Sr-carbonate
benstonite (which decomposes into 12 mineral ph§8ksK-Fsp, pyroxene and

amphibole. We take “benstonite” in inverted commas,the decomposed mineral
has not been found in carbonatites. “ Benstoniggbanatites are natural ore for Ba
and Sr found as carbonates. These carbonatitdtyjaiith calcite varieties occur in

K-alkaline complexes of Siberia and South Indiawdwer, carbonatites of South
India and Siberia are different in terms of theroloal composition. In South India

(Tamil Nadu area), carbonatites are found in theba@line massifs: Samalpatti,
Koratti, Elagiri. All carbonatite varieties (calejt calcite-dolomite, dolomite,

ankerite) occur here. “Benstonite” carbonatitesdiséributed only in the Samalpatti
massif as a small dyke. In the Murun massif carbmsaare separated from the
silicate rocks and occur as a residual silicatbaaate complex. It comprises
microclinites, pyroxene-microclines, quartz-micinelpyroxene-calcites, which

contain calcite carbonatites and charoite rocksdmeiren and dykes. Benstonite
carbonatites form a horizontal body of 40 m thiokthe southwestern part of the
complex. Benstonite and calcite carbonatites ofalrehd Siberia are different in
terms of TR contents and TR spectrum. The datadarid Sr isotopes indicate that
carbonatites of both areas formed from an enrick&1 source. The Indian

carbonatites crystallized in the mesoabyssal {daithe earth’s crust, while Siberian
ones formed in the near-surface area and effuséideoBarth’s surface.

INTRODUCTION

The “benstonite” carbonatites were firstly disceacerin the South India
(Tamil Nadu complex) by E. I. Semenov [7] as scaooeurrences. Similar
carbonatites were found later in the ultra-potasdilurun massif as a large veined
body up to 30 m thick [15]. That discovery aledwdistinguishing a specific type
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Dell Q Fig.1. Location of alkaline massifs of South India.
®

INDIA of high-Ba and high-Sr carbonatites. These
carbonatites formed jointly with unique charoite
rocks: a residual silicate carbonate melt-fluid
delaminated in the near-surface conditions of
crystallization. We were hoping to find the chagoit
rocks together with “benstonite” carbonatites of
South India. However, the studies of those

carbonatites showed that they were crystallized
O from carbonatite magma differentiation at a greater
depth. At present “benstonite” carbonatites in
Russia find application in the steel industry, thhe present study is of great
importance for the South India, as the steel fgctorSalem city is located in 50
km away from those alkaline massifs.

GEOLOGIC STRUCTURE OF MASSIFS ALKALINE PROVINCE
TAMIL NADU

The Proterozoic alkaline province Tamil Nadu in tBeuth India (Fig.1)
occurs in the rift zone and is located along a mamrtheast lineament [9]. The
province includes main massifs (Elagiri, Samalpatioratti) and smaller
occurrences of alkaline rocks. The Proterozoiclakacomplex (720-800 Ma) [6]
iIs emplaced within the gneiss terrain and cutsRtwerozoic gneisses. Massifs
stretch as a chain from the northeast to soutteastare located at a distance of
10-25 km from each other. The northernmost masdtiagiri.

Elagiri Massif

The massif (14 x 10 km) cuts biotite-amphibole gees (Fig.2). It mainly
contains leucocratic syenites, in cases pegmaitadanes. Small pyroxenite and
peridotite outcrops are found in the south. Shatkiand pyroxenite dykes occur
in the north near-contact part. Carbonatites atend in the center as a small
outcrop.

Koratti Massif

The massif (22 x 10 km) stretches from the norttheéosouth. The northwest
site is sometimes described as a separate occer{&@svathur). The massif is
composed mainly of different syenites (pyroxenetit@, amphibole). The texture
of rocks varies from porphyritic to coarse-graimegcocratic. The oldest rocks are
pyroxenites, feld spar pyroxenites and biotite pgrotes in the carbonatite
occurrence. They occur in the west and senttocontacts as elongated bodies,
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Fig. 2. Geologic scheme of Elagiri massif: Fig. 3. Geological scheme of Koratti massif

1-dunites, 2- pyroxenites, 3-pyroxenite dykes, (Sevathur site).
4- carbonatites, 5- hosting rocks. 1 - pyroxenites, 2- syenites, 3- carbonatites,
4- hosting rocks.

and are scarce in the center (Fig.3). Carbonaditeslistributed in the north-west
(Sevathur site) as a big body (100 x 800 m). Thdybmcludes dolomite and
ankerite carbonatites with calcite carbonatite ifessy occurrences. In the south of
the Sevathur occurrence sevites form separate $adipyroxenites. The biotite
pyroxenites are abundant in the carbonatite ocooere

Samalpatti Massif

It is the most differentiated massif of Tamil Nadlkaline province. The
massif is 20 x 12 km in size, it slightly elongabesn the north-east to south-west.
It cuts amphibole gneisses. The most ancient rawgiside altered dunites and
peridotites. These rocks occur as large relicsymoxenites in the southeast and
west. Pyroxenites compose 1/3 of the massif. Theyaund as a semi-ring in the
west, south and east (Fig.4). Syenites (alkalirtereapheline) are distributed in the
central part and occupy 2/3 of the massif's ar@athe south-west nepheline
syenites are enriched in garnet and pectolite. dflee of alkaline granite-
pegmatites with alkaline amphibole and quartz cits nepheline syenites.
Pyroxenites of the north part contain syenite-pdgasadykes. Carbonatites occur
in different parts of the massif. They have speaiames. Benstonite carbonatites
are found in the east [7,9]. They are emplacedimiflyenites (Gorgipatti) as a
block pile of stones in the garden (the Indiaolggists say that they form a small
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Fig. 4. Geological scheme of Samalpatti massif

1-Dunites, peridotites, 2- pyroxenites, 3- sy&g)it4-syenite-pegmatites, 5- carbonatit@s (
benstonite carbonatite€'B), 6- hosting rocks.

Fig.5. Photo of carbonatite breccia.

g dyke). A bedrock outcrop of

# marbles (2x 3 m), containing blue
calcite, garnet, wollastonite is
| found close by. Similar scarnoids
.1 occur on the contact of syenites
and marbles in the northern part
(Table 3, analyses N 40-47). The
south part of the massif contains
bedrock outcrops of carbonatite
: M 5 _ r breccia (Fig. 5) composed of
syenite xenoliths cemented by sevites. Another araatite dyke of calcite

composition is found as well. The central partho$ dyke contains large dolomite
phenocrysts (to 2 cm). This carbonatite is crogsefiner-grained carbonatite of
the ankerite composition. The massif's western parttains carbonatite dykes,
enriched in alkaline amphibole and biotite (to 4845. Pyroxenites are cut by
veined albitite bodies. So, alkaline massifs of TaMadu are significantly

different from the magmatism of the Murun volcaplotonic complex [12,14,15].
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GEOLOGY AND MAGMATISM OF THE MURUN-MASSIF

The Murun volcanic-plutonic complex is localized time northeast of the
Irkutsk Region, this is the largest alkaline massifthe West Aldan province.
Space surveys have revealed a circular structuteeirpluton area. The complex
includes two exposures of the Murun Massif the’'®#wli (Large) Murun and
Malyi (Small) Murun Massifs, separated by a shatkbead of country rocks, and
a few small trachyte outcrops at the northern, @restand southern exocontacts of
the massif. The intrusion of the complex proceededhe intersection of two
regional faults of Precambrian age during the Megomagmatic activity. The
complex is 150 ki in area. Its western part is made up of K-Na-nkpbe
alkaline, and quartz syenites of the Bol'shoi MuMassif, and its eastern part, of
ultrapotassic rocks of the Malyi Murun Massif. Belowe will discuss the Malyi
Murun exposure of the Murun volcanoplutonic complgated to 145-120 Ma [4].
There are virtually no bedrocks in the Malyi Muriassif. At the same time,
there are serious hydrothermal transformationsoimeéant tectonic zones as well
as surficial weathering and intense horizontal fisnge of rocks. Therefore, it is
impossible to reliably depict the massif structune a geological map. This
structure is schematically shown in Fig. 6. We coghpnsively studied the cores
from more than 100 boreholes (both new and easledied) and proposed a
scheme of magmatism that proceeded in the Malyuddassif [10,12,14].

The early phase makes up the northeastern part of the massifqthe
called Mart geophysical anomaly). It includes tbkofving rocks:

(1) Cumulose formations: olivine-spinel rock segtamns with zones of
melilite-bearing olivine-pyroxene-phlogopite-momtiite rocks, which occur as
xenoliths in biotite pyroxenites. According to davé thermobarogeochemical
studies [2], these rocks underwent crystallizaaoh = 1500-1200C. It is not ruled
out that the olivine-spinel rocks are mantle xethali

(2) Layered complex of ultrabasic ultrapotassicksocomposed of Bt-
pyroxenites (Ap + Bt + Py), olivine lamproites (®IBt + Py + Psdlc + Fsp), K-
jjolites (Gr + Bt + Py + Ks), leucitic fergusiteBgdIc + Bt + Py), and shonkinites
(Fsp + Bt + Py). (Designations: Ap - apatite, Bbietite, Py - pyroxene, Ol -
olivine, Psdlc -pseudoleucite, Fsp - K-feldspar-@arnet, Ks - kalsilite.)

The maj or phase occupies the central part of the massif. It is enap of
a horizontally layered complex of various pseudailie; Fsp-kalsilitic, and Bt-Py-
bearing K-feldspathic syenites, whose crystall@atierminated in the formation
of quartz syenites and dykes and stocks of alkadnites. The pseudoleucitic
syenites gynnyri t es) in the northeast of the massif form a large bodyless
than 600 m in thickness.

The vol cani ¢ phase composes the central and northern parts of the
massif. This is a layered flow of leucitic melaphbbtes, leucitites, and leucitic
lamproites [13] with zones of their tufflavas andf tbreccias. The dyke complex
of this phase is formed by leucitic tinguaites,hterite-sanidine lamproites,
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trachyte-porphyries, syenite-porphyries, and ayth Iujavrites. The effused
volcanic phase might be

m = B B B B 62 6
En Em 11 Eﬂmﬂ

Fig. 6. Schematic geologic structure of the Murun Massif.

Country rocksd — Archean granite-gneisse&— Proterozoic quartz sandston&s;- dolomites.
Intrusive rocks#4 — layered complex of Bt-pyroxenit&s; pseudoleucitic syenite®— nephelite
syenitesy — alkali syenite8 — effusive complex of leucite and sanidine lanmps)® —
aegirinites,10 — alkali and quartz syenite$1 — alkali granites12 - rocks of the charoite
complex13 — faults, BC — site of occurrence of “benstoniteirtbonatites.

the upper part of a volcanoplutonic complex whokxlbis subsided along the
faults to the hypsometric level of the major phaskich crystallized in magma
chamber. This is suggested from the similar petosbal characteristics of rocks
of the volcanic and intrusive phases.

The late phasecrystallized from a residual fluxed melt. It oces the
southeastern part of the massif, 10°kmarea, and is made up of a banded layered
complex of potassic silicate-carbonate rocks wiiacin 1 to 20-30 m wide bands
[10,12,14]:

(1) white microgranular K-feldspathic rocks consigt of K-feldspar with
minor admixtures of pyroxene and tinaksite;

(2) quartz-calcite-pyroxene-microcline rocks withalate contents varying
from 5 to 20%;
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(3) pyroxene-K-feldspathic rocks with widely vargincontents of both
components. The rocks have diverse structures extdrés: banded, spherolitic
(for pyroxene), equigranular, fine- and coarsegdi etc.;

(4) essentially pyroxene rocks, which seem to bspecific case of the
previous rocks enriched in pyroxene.

This layered banded substrate contains carbonaditéscharoite (silicate)
rocks, which are represented by veined bodies eslykeins, sill-like formations
(horizontal dykes), and schlieric bodies havingsharp contacts with the silicate-
carbonate rocks. The latter form a block subsidéative to the major-phase rocks
along the feathering faults.

In tectonic zones and fractures, all the above gatkre subjected to intense
sulfidization and quartzing at the hydrothermabstaf the massif formation. The
hydrothermal processes gave rise to all Cu, Au, BgTh, Mo, Pb, Nb, and Ti
shows (in bornite, thorite, galenite, sphaleritelyhdenite, brookite, etc.)

The chemical composition of silicate rocks of therlyth Massif is given in
(tabl. 1). The petrochemical and geochemical charatics of the massif rocks are
presented in Fig.7,8. As seen from the binary andary correlation diagrams of
petrochemical components, there is a single cormposirend for all rocks, i.e.,
the rocks of the complex are homodromous. We hasediscovered a complete
series of differentiates in the potassic rocks fudtrabasic-alkaline through basic
and normal to acid ones (alkali granites). Thiseseis the result of differentiation
processes and magmatic segregation, which are ywileloped in all rocks of
the complex [12,14]. The intense differentiation swéavored by a broad
temperature range (1500-700C) in which crystallrafrom early to late phase
took place [2]. Study of the composition of meltlusions in the early rocks [3]
showed that the parental magmas from which thesrockstallized correspond to
basaltoids and are similar to lamproitic magmase @aochemistry of Sr, Nd, O,
C, and Pb isotopes [12] testifies to a deep-levahtie source of matter for the
magma that gave rise to the Murun rock complex.

CARBONATITE OCCURRENCES OF THE MALYI MURUN MASSIF

The compositional spectrum of the massif carboesid rather diverse but is
limited to K-series. We have recognized six vaeef these rocks [12,15]:

1. Calcite carbonatites the most widespread variety. They are preseall at
sites of silicate-carbonate rocks but the Yuzhriyouthern) one, where only
“benstonite” carbonatites have been found. Calmatdonatites occur as elongate
(3 x 10 m) schlieren in silicate-carbonate rocker@fnoi site) as well as veins and
horizontal bodies 1 to 30 m thick and up to 1 kmgloThe carbonatites are
composed of calcite, K-feldspar, pyroxene, andsnmaller amounts, quartz. The
secondary and accessory minerals are charoiteglppectinaksite, thorite, dellaite
sulfides, etc. Also, all compositions intermedidtetween calcite and charoite
rocks occur.
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Fig. 8. Spectra of major and trace elements in the Mur@s$if rocks
(normalized by clarke in syenites).

1 — silicate rocks2 — silicate-carbonate rocks of the charoite complebements are arranged
in order of increasing ionic radius.

2. “Benstonite” carbonatites, next in abundance after calcite varieties. These
carbonatites have been found in a large amourtteatrtizhnyi site only, where
they form a large 30 m thick body. They consistlménstonite”, pyroxene, K-
feldspar, and, occasionally, K-richterite. Them®&tary and accessory minerals re
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quartz, charoite, sphene, wadeite, sulfides, aa@]y, apatite. These carbonatites
will be considered in detail below. No intermedgatbetween calcite and
“benstonite” carbonatites have been found in thaybo

3. Calcite veins with quartz-benstonite core and calcite-
benstonite carbonatites of the stockwork zone. Tihey a 2 m thick and 10 m
long veined body at the Korennoi site. The bodynade up of calcite, tinaksite,
pyroxene, K-feldspar, and quartz. In the vein cargives way to macroblock
quartz with large “benstonite” crystals up to 10 emsize. In places, these
intergrowths look like graphic. The thickness oé thuartz core is about 20 cm.
The stockwork zone of calcite-“benstonite” carbdeathas been discovered 500
m east of the Korennoi site, in the core from BH-tilled at the Andreevskii site
at a depth of 20<196>60 m. Alkali syenites arebyuabundant meeting 1<196>10
cm wide veinlets of leucocratic carbonatite. Theboaatites are composed of
calcite, “benstonite”, and K-feldspar. In placesrgiene occurs. The thickest
veinlets have a chill zone made up of an extreniglg-grained microcline-
“benstonite” aggregate.

4. Carbonatite veins conposed of graphic quartz-
calcite intergrowths. The major minerals are quartz and calcite, which
form graphic intergrowths throughout the carboeatibdy. They can be both
coarse- and fine-grained. Sometimes, rounded gualtite aggregates occur in
the calcite mass. The secondary minerals are pyegxK-feldspar, richterite,
sphene, and sulfides (the latter are present argelamount). These carbonatites
are widespread in the silicate-carbonate rock cermpind cut the older calcite
carbonatites.

5. Calcite carbonatites wth |epidonelane and
magnet i t e. These varieties have been found as veinlets W@Otom thick in
syenites of the core from BH-107. The veinlets esenposed of fine-grained
calcite and larger lepidomelarend magnetite segregations. Some of them contain
fluorite (up to 20%).

6. Pyroxene-phl ogopite-calcite carbonatites have been
discovered in country rocks at the southern ex@urdf the Murun Massif, in the
cores from BH-1026 and BH-1052. They consist ofafeld calcite imparting a
trachytoid texture to the rocks as well as pyroxéeieaferriphlogopite, and quartz.
The accessory minerals are apatite, brown ziraath jlenenite (geikielite). The 20-
30 m thick carbonatite body cuts the host gneidsethe upper part, it gives way
to an eruptive breccia of rounded tetraferriphlogsg-feldspar “xenoliths”
cemented with calcite aggregate.

All the above carbonatite varieties are concerdratethe southeast of the
massif (the area of the charoite deposit) in thease-carbonate rock complex and
around it. Moreover, in the northeast of the magsithe Mart anomaly region, we
have discovered a large block of charoite-calamieks having no analogs among
the rocks of the carbonatite complex; the coremfsmme boreholes here contain
small veinlets of calcite and -calcite-barite cadiges. Note that calcite-
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tetraferriphlogopite-K-richterite rocks are alsonsmlered carbonatites by some
researchers Others [4] assign these rocks to sldaveloped after dolomites of
the roof pendant of the massif above the silicar®a@nate rock complex. Despite
the great thickness of the rocks (more than 400longathe core), they are

persistent in composition and are characterizedity banding (monomineral

bands of K-richterite-asbestos and tetraferriphpitgd and lack of less altered
dolomite relics. Perhaps, these rocks might be idersd metasomatic

carbonatites(?) as they differ little from carbatesgt in mineral and trace-element
compositions.

GEOLOGIC OCCURRENCE OF “BENSTONITE” BA-SR-
CARBONATITES MURUN MASSIF

In the earlier works, “benstonite” carbonatitesrfdun deluvial rock debris
were described, and the structure of the carbenlatitly itself was interpolated in
depth in different ways. The geologic occurrenceabonatites was revised after
examining the cores from six boreholes drilled b$asnovgeologiya Enterprise
team under the supervision of I.I. Tsaruk in 1938th the parameters of the body
itself and the specifics of its internal structwere studied [15].

“Benstonite” carbonatites are the oldest membersthef Malyi Murun
carbonatite family. They have been found solelthatYuzhnyi site in the western
part of the silicate-carbonate (charoite-carboepntiock occurrence. They also
occur in small amounts in other types of Murun oadiites (see the description of
carbonatites above). Carbonatites make up a haakeril-like dyke body that
intruded along the contact between quartz sandst(rese) and older pyroxene-
feldspathic rocks (roof) of the silicate-carbonpl®se of the charoite-carbonatite
complex (fenites, according to [4]). The latterk®are strongly crushed, cemented
with carbonatite matter, and cut by small carbaeaibngues branching off the
body. The carbonatite body reaches 30 m in thickr€sy. 9). Its horizontal
bedding with a distinct rhythmic layering of carlatites into leucocratic and
melanocratic bands is in conformity with the hontal dips and strikes of the
most abundant calcite carbonatites. In the westimnie east, the body is cut by
later tectonic zones and appears to be subsiddding from the outcrops of
quartz sandstones at its base. Analogous sandsitstesccur at a hypsometrically
higher level and are a host-rock bulkhead betwkerBbl'shoi Murun and Malyi
Murun Massifs west of the Yuzhnyi site. In additimnpyroxene-feldspathic rock
xenoliths, the near-roof part of the carbonatitelyodears fine and coarse sill
clastics of richterite-sanidine lamproites and ¢tpiasandstone relics. The
carbonatite body itself is brecciated by a larggaieic zone (and is subjected to
quartzing. The small carbonatite outcrop is culibg veinlets of charoite rocks.

The internal structure of the carbonatite bodyatber intricate and cannot be
shown schematically. The body consists of rhythflyicalternating horizontal
beds of differently melanocratic rocks and thewdils. The major rock-forming
minerals here are white-gray microcline, dark-gregnoxene, and light-yellow
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disintegrated benstonite. The bands (rhythms) ammposed of one or two
minerals. These are most commonly microcline, nalome-“benstonite”,
pyroxene, and pyroxene-“benstonite” beds withiektiess of 2-5 cm and, locally,
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Fig. 9. Schematic structure of the site of “benstonitett@natite occurrence.

1 — quartz sandstone®,— Fsp-Py rocks of the charoite compl&x; “besntonite” carbonatites,
4 — faults &) and tectonic crush zonds)( 5 — ditchesp — locality and number of borehole.

up to 50 cm. The size and morphology of the bedsbeaestimated from the photo
in Fig. 6 showing bands of rounded microcline gsaiwhite), aggregates of
pyroxene crystals and their spherolites (black)d athe groundmass of
disintegrated benstonite (gray) hosting microclamel pyroxene bands and their
segregations. The left sample in Fig. 6 containky ¢erge microcline crystal
aggregates in the “benstonite” mass. The sectiadhetarbonatite body includes
up to 100-150 beds of different compositions. Therocline intercalations are
composed of faceted crystals 0.5-1 cm in size hanl aggregates which form 1-2
cm bands in the “benstonite” mass. The crystals thed fragments are evenly
dispersed in the carbonate substance. The pyroxdeecalations consist of
ingrown aggregates of elongate crystals that faroomplete “suns”. There are
also bands formed by sticked complete spherolitgsymxene composition. The
bands are 1 to 10 cm thick. These intercalatiorss lzands also occur in the e
“benstonite” mass. Moreover, the latter containsdsaconsisting of “benstonite”
only, which sometimes reach 20-30 cm in thickn&ghene segregations are most
often localized among pyroxene accumulations, aadeite occurs as grains in the
carbonate mass. The silicate-to-carbonate ratibencarbonatites varies within a
small site from 5 to 95%. Silicate minerals cryis&tal somewhat earlier than
carbonate ones and therefore often form facetestaltsyand their aggregates. The
real structure of the body is difficult to depictdause of the small sizes of the
bands, but we can evaluate the relative quantdfesiicrocline, pyroxene, and
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carbonate, which shows variations in concentrat@minBa, Sr, K, and Na in the
recognized blocks of the carbonatite body. As Kcancentrated mainly in
microcline, Na in pyroxene, and Ba and Sr in deggnated benstonite, the contents
of these elements can provide information on theuwmts of the minerals.

CHEMICAL COMPOSITION OF BA-SR-ORE - “BENSTONITE”
CARBONATITES

The Ba-Sr-ore is represented by a horizontallykistgi veined body of
“benstonite” carbonatite up to 30 m thick and 1 long. It is exposed by six
boreholes to a depth of 40 m. The orebody has s@nacts with the host rocks:
with quartz sandstones in the base and with micreqgyroxene rocks of the
charoite complex in the roof. It is subjected togmatic segregation and consists
of bands of “benstonite”, “benstonite”-microclin@nd pyroxene-microcline-
“benstonite” compositions. In places, nearly monwemal (pyroxene and
microcline) bands 2 to 10 cm in thickness occure $action of the body contains
more than a hundred bands of variable composittberefore, on mapping
boreholes, blocks were recognized by a predomilemocratic or melanocratic
component.

The major rock-forming minerals in there are “benstonite”,
microcline, and pyroxene.

According to chemical composition (Table e 33), “benstonite” is
Ba,Sr,Ca-carbonate disintegrated into several oateo phases: barytocalcite,
calcite, strontianite, and, to a lesser degreetebi&].

Microcline is represented by its potassdety only, which is specific
for all feldspars of the massif. Sometimes, miared from “benstonite”
carbonatites have elevated contents of BaO up2®%1which may be due to the
presence of “benstonite” microinclusions. Pyroxesfepersistent composition
contains 50% aegirine (Na-Fe), 25% diopside (Ca;Magd 25% hedenbergite
(Ca-Fe) end-members.

The chemical composition of carbonatites is givenTable 2. All its
variations depend on the content of the above thhv&ger minerals. Runs 151 and
157 for 30 kg samples characterize the average asitigns of the major
carbonatite varieties - leucocratic and melanocratin 33 is the analysis of pure
“penstonite”, and run 143 is analytical data folcita carbonatite given for
comparison. The other runs characterize samplé#fefently melanocratic rocks
from different parts of the carbonatite body. Thesre carried out for carbonatites
from the borehole cores (the numerator shows thehote number, and the
denominator, the depth of sampling). Analyzing gl of 180 runs, we have
revealed a distinct direct correlation between Bd &r concentrations. This also
confirms that “benstonite” is the major carrierBd and Sr in the carbonatite and
indicates stable crystallization conditions expeelsas constant concentrations of
Ba and Sr in the mineral despite the disintegratibthe initial benstonite. Runs
4/47a and 44/31a revealed fine veinlet tonguekamabove-carbonatite host rocks.
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The elevated Si and Ti contents in the tongue cwtites evidence a

predominance of microcline, tinaxite, and, tossts degree, “benstonite” silicates
Table 2.Chemical Composition of «Benstonite» Carbonaties’) of the Murun

Component 151 157 141/3 141/8 3/15 1/ 30 6/32 1/33

Si Q2 28.90 16.55 31.92 9.07 37.64 36.82 32.87 30.08
Ti O2 0. 64 0.28 0. 30 0. 08 0.24 0. 47 0. 66 0.42
Al 2C3 1.00 3. 20 1.90 2.10 3.93 2.94 2.07 2.65
Fe2(3 8. 98 1.39 7.10 0. 26 7.69 9.85 10.43 8. 22
FeO 2.87 0.72 3.02 0.10 2.96 2.87 2.60 1.98
MhO 0.22 0. 05 0. 22 0. 03 0. 22 0.22 0. 22 0.18
MyO 1.33 0.41 3.11 0.01 2.35 1.82 1.56 1.29
CaO 15.67 20.10 17.49 21.12 14.15 12.59 14.46 14.25
BaO 15.96 23.80 13.72 29.40 10.85 11.77 14.09 16.98
SroO 3.76 5. 93 3.18 7.23 2.60 3. 27 3. 43 4. 45
K20 1.11 3. 06 1.85 1.90 3.93 2.91 1.93 2. 67
Na20 3. 86 0.51 2.75 0.35 2.73 3. 66 3.65 3. 04
F 0.02 0.10 0.01 0.01 0. 05 0. 07 0. 05 0.10
ca2 15.24 23.42 12.88 28.35 10.68 10.12 10.79 13.46
P2Co 0. 07 0. 30 0. 56 0.10 0. 23 0.74 0.76 0. 38
S 0.12 0.23 0.11 0.12 0.10 0.15 0.11 0.12

Total 99. 75 100. 05 100.12 100.23 100.20 100.27 100. 33 100. 27

Si Q2 62.19 55.00 26.27 22.46 16.19 6. 02 0.21 6. 83
Ti O2 1.15 1.69 0.22 0. 30 0. 88 0. 20 0.15 0.14
Al 2C3 2.33 2.80 4. 09 4.10 2.35 0. 88 0. 22 1.03
Fe2(3 4.49 5.94 4. 31 2.96 2.50 0. 49 0.12 0.74
FeO 0. 27 0. 45 1.17 0. 63 1.00 0.10 0.12 0. 50
MhO 0. 22 0. 23 0.10 0. 06 0. 06 0. 03 0. 07 0.10
MyO 1.33 1.28 0.91 0. 85 0. 89 0. 28 0.14 0. 09
CaO 6. 65 6.87 15.36 16.19 19.54 21.67 28.16 46.86
BaO 7.38 8.54 19.99 23.03 26.67 33.29 37.00 1.06
SrO 1.77 2. 17 5.61 6. 52 7.11 10.99 9.57 3.94
K20 3.38 3. 80 4.17 3.91 2.19 0. 84 0.14 1.01
Na20 1.95 2.43 1.49 0. 93 0.87 0. 37 0. 37 0. 34
F 0.02 0. 03 0. 05 0.10 0.12 0.15 0.01 0. 04
co2 6. 59 8.22 15.67 17.51 19.36 19.89 23.96 36.97
P2Co 0. 57 0. 05 0. 44 0.60 0. 65 4. 29 0. 03 0. 05
S 0. 20 0.25 0.16 0. 08 0.10 0.10 0.10 0.10

Total 100.49 99.69 100.43 100.17 100.48 99.41 100.25 99.80

Note. Averaged samples (20 kg) of Ba-Sr-carbonatited: 45nelanocratic, 157 — leucocratic.

Ore lump samples: 141/3 — melanocratic carbonalfit],/8 — leucocratic carbonatite, 33 — pure
“benstonite”; 143 — calcite carbonatite; other satlap: numerator — borehole number,

denominator — depth of sampling, m; 4/47a and 4/31silicate-carbonate rocks from fine

veinlets (tongues from “benstonite” carbonatiteBata of chemical and photometric analyses
(analysts L.N. Matveeva and A.L. Finkel'shteintitote of Geochemistry, Irkutsk, 1990-95). The
total of components is given without conversiok aind S.
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in them. Such constant high concentrations of B& @nin carbonate form were
not earlier found in other carbonatites; therefateis reasonable to separate
“benstonite” carbonatites into an individual tydecarbonate rocks.

As for trace elements the Ba-Sr-carbonastesrich in V and Cu, which
occur in sulfide form. The concentrations of thesements exceed those in the
calcite carbonatites (run 143). The “benstonite”rboaatites have low
concentrations of typical elements Nb, Ta, Zr, afidppm): Nb = 5-10, Ta << 1,
Zr = 165-300, and Hf = 2.5-3.6 (data of chemicadetpal analysis after the
element concentration). The calcite carbonatitesadso poor in these elements:
Nb =5, Ta<< 1, Zr=115, and Hf = 1.3.

The spectrum TR is dominated by LREE. A minor fi@etion of Eu is
observed, which is due to the predominance of iagemrocesses over
crystallization differentiation of mineral phaséthe REE patterns of barium-
strontium and calcite carbonatites differ insigeafitly. In general, “benstonite”
carbonatites are a unique natural Ba-Sr-carbonaethat can be used without
dressing for oreing down in steel industry.

CHEMICAL AND MINERAL COMPOSITION OF SOUTH INDIAN
CARBONATITES

Calcite,calcite-dolomite, dolomite, ankerite ande dypes of “benstonite”
carbonatites are found in Tamil Nadu (South Indiag. ore variety is distributed in
the Murun massif as well [15].

The chemical composition of ‘benstonite” Ba-Sr«2abonatites is given in
Table 3. As the crystallization temperature of ‘ftenite” is high (840-6500C)
[5,11]when the rock cools down the mineral is aeposed into several (to 12)
phases [8]. The primary non-decomposed “benstongaiot available in these
carbonatites. Thus, we take the name of carboratitebenstonites in inverted
commas. The hydrothermal benstonite from Arkanghsdntains 1.7% of MgO
and only 4% of SrO. The “benstonites” of India addrun massif doesn’t contain
any MgO. The Murun and Indian “benstonites” ardedédnt in terms of SrO and
TR203 concentrations. The Indian mineral contamgau1.8% of SrO and 4.5%
of Tr203, while carbonatites proper exhibit frono13.5% of TR203 (table 3) and
from 0.2 to 1.3% of SrO. The bulk composition o tMurun” benstonite” (Table
1, analysis N 33) shows 10 % of SrO and no TR203.

BaO and SrO contents vary significantly dependorg abundances of
microcline and pyroxene (diopside-egirine-hedenib&)ig “benstonite”
carbonatites. However, there is a clear linearetation between Ba and Sr [15].
BaO concentrations in Murun microcline are insigaift (to 0.5%). A clear
correlation between Ba and Sr in carbonatites atdit that the main concentrator
of these elements is “benstonite”. Indian “bende” carbonatites don’t exhibit
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s Cal

FeO+Fe203 MgO

Fig. 10. Plot of ternary element correlation in carbonasite

clear correlation between Ba and Sr contents, @sélcond concentrator of these
elements is microcline, containing up to 5% of HaD

On diagrams of ternary correlation of rock-formingilements the
“benstonite” carbonatites form composition trendifferent from those of calcite,
dolomite and ankerite carbonatites (Fig. 10).

The mineral composition of “benstonite” carboretits rather simple. In
addition to carbonate the rock-forming mineraldude pyroxene-egirine (50%)-
diopside (25%)- hedenbergite (25%) and in caseaspm microcline, containing
to 5 % of BaO in Indian carbonatites. Alkaline aniyothes (K-richterite on the
Murun and arfvedsonite in India) are scarce.

Other carbonatite varieties of India and Muruntamroughly described in [9].

Alkaline massifs (Salamatti and Koratti (Seratlsite) contain abundant
calcite, calcite-dolomite carbonatites, which aut loy ankerite carbonatites. All
transition varieties between Ca, Mg and Fe carli@satre distinguished in terms
of the chemical composition(Table 3). In cases 18phtti calcite carbonatites
contain abundant alkaline amphibole of arfvedsendieterite series, while these
carbonatites from Derethur site (Koratti massifiiteon pyroxene, mica, magnetite
and apatite. These minerals form bands in calcaebanatites, indicating
significant magmatic layering in carbonatites. Thearbonatites contain separated
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layers (to 20 cm thick) of micaceous-apatite-maiggmeomposition ( nelsonites) .
These rocks contain up to 20% ok,

On triangle diagrams of carbonatites compositiig.( 10) there is a
complete trend of compositions between calcite an#erite carbonatites. In
composition carbonates correspond to calcite, keteadolomite, Fe-dolomite
and ankerire. Structures of dolomite decay in taland Fe-calcite are found. In
cases ankerire corks contain abundant albite asmnificant microcline and
amphibole. Silicate-carbonate rocks originate wbarbonatites contain abundant
amphibole or albite.

RARE EARTH ELEMENTS IN CARBONATITES
PROVINCE TAMIL NADU

TR,O3; concentrations in carbonatites are given in Taldle Total
concentrations of rare earth elements vary frorh @0.5%.

The highest TRO; contents are found in “benstonite’ carbonatitesl an
apatite-magnetite bands in calcite carbonatites. |€ast TRO; concentrations are
typical of near-contact carbonate scarns.

Spectra of rare-earth elements are given on Fig.They are similar of
carbonatites with different composition, have ailsimnclination of plots and are
different only in total TRO; concentrations. All carbonatite types exhibit altres
complete absence of Eu fractionation. It indicalbesgenetic similarity of all types
of Tamil Nadu carbonatitesnkerite
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Fig. 11. TR spectra in south Indian carbonatites.
1-near-contact scarns; carbonatites: 2 - beng®ni3 - calcite, 4 —
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GEOCHEMISTRY OF SR AND ND ISOTOPES IN CARBONATITES

Geochemistry of isotopes in carbonatites of Souathial and Murun massif
were considered earlier in [6,9]. Additional date Serathur calcite and calcite-
dolomite carbonatites are presented in Table 5 Berathur and Murun
carbonatites are characterized by negative Ndapssr ratio isotope values very
from 0.705 to 0.709.

Earlier, we studied the geochemistry of Sr, NdOC.and Pb isotopes in the
Murun Massif rocks [12, 14]. As seen from the cardoaygen isotope diagram,
the composition points of the massif carbonatigdsifito the mantle square. The
points of Pb isotopes form a field near the fieldhee USA lamproites [14]. The
age of the mantle substratum from which the Murumgma melted out was
calculated from Pb isotopes in galenites - 3.2 T2a1[4]. According to the isotope
ratios of Nd and Sr, the Murun Massif silicates aadbonatites fall into the field
of enriched mantle EM-1 and have the greatest gsatiidEepsilonNd among all
alkaline rocks (Fig. 12). As Figure shows Southidndand Murun carbonatites
originated from the enriched EM-1 mantle sourcas Itharacteristic of alkaline
carbonatite complexes, originated in rift zonesw€ient shields. These ratios are
nearly equal for the silicates and carbonatitesichiindicates that these rocks
were generated from the same parental magma.

18
elid

6.5 |

875r-8635r |
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Fig. 12. Nd-Sr isotope diagram for carbonatites.

Massifs:1 — Murun,2 — Khani,3 — Darai-Pioz,4, 5 — Mongolian provincef — Sayan
province, Guli, and Kola carbonatites, 7- Southiémdcarbonatites. DPM — depleted mantle,
EM-1 and EM-2 - enriched mantle. Black line showse t mantle sequence.
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CONCLUSIONS

1. Potassic alkaline complexes of South India (Tanat®) and Murun
(South West Aldan) are significantly different irerms of crystallization
conditions. The Murun massif was crystallized cldsethe surface, while the
South Indian one originated in hypomesoabyssalitond. Thus, leucite syenites
were crystallized on the Murun while microcline sies originated in the South
India.

2. Both complexes exhibit a unique type of “benstdntarbonatites,
most likely having different genesis. The magmadaigering is abundant on the
Murun massif. “Benstonite” carbonatites originatenim layering of the residual
silicate-carbonate melt-fluid during an early stajearbonate formation. On the
Samalpatti massif the “benstonite” carbonatitesnft from differentiation of the
carbonatitic liquid.

3. In terms of the chemical composition the South dndihibits a
complete series of carbonatites, markedly Ca-catites (calcite), Ca-Mg-
carbonatites (dolomite); Ca-Mg-Fe-carbonatite (aitde and Ba-Sr-carbonatite
(“benstonite). Carbonatites, enriched with silicateerals (over 50%), alkaline
ampbibole, albite, microcline, mica are also obsdrvin addition, the apatite-
magnetite (with mica) rocks (nelsonites) are dgiished among mesocratic
calcite carbonatites. Intermediate (in compositiarponatites are also found.

4. TR spectra of the South Indian carbonatites exhditsimilar
inclination of plots. They do not show Eu fractiina. It indicates a genetic
similarity of carbonatites of the region.

5. Isotope ratios and Nd epsilon in south Indian anduv carbonatites
indicate the deep sources from the EM-1 enricheutlma
6. “Benstonite” carbonatites are native ore for Ba &rdfound as

carbonates and can be used without enrichmeneistel industry.

Research was perfomed under a support of Russiandation of Basic
Research, grantd2 03-05-64146 and Integration Projects of R¥5-2-1, SB
RASM 67.
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Kovdor apatite-francolite* deposit as an example
of explosive and phreatomagmatic endogenous actiyit
in the ultramafic-alkaline and carbonatite complex
(Kola Peninsula, Russia)

Krasnova N.I.

Research Inst. of the Earth’s Crust, SPbSU, Ru&8@034, St-Petersburg, University Emb. 7/9,
E-mail: krasnova@aa5709.spb.edu

Francolite-bearing rocks in Kovdor ultramafic-alka and phoscorite-carbonatite
complex form a system of structurally complex vigke- bodies extended as a semi-
circular zone 3.5 km long. These bodies pinch odeaths of 70-100 m and in some
funnel-shaped depressions — about 200 m from th#h'Eaurface. During the last
stage of phreatomagmatic endogenous activity in Kwvdor complex, the
accumulating volatile phases enriched in F, P an® ldomponents led to the
transformation of calcite to francolite. The educssmibon dioxide gave rise to
explosions, which took place locally along the sergular breaks. The francolite
rocks were formed at least in three stages, eacWwhaéh was accompanied by
brecciation of surrounding rocks and cementationthafir fragments by various
francolite generations under hydrothermal condgiowhile calcite, dolomite and
apatite from most phoscorites and carbonatites stimwvlow 8’Srf°Sr ratios =
0.7032-0.7039, that indicate their origin from thentle source, this ratio for
francolite is about 0.7059-0.7061, which pointsctastal contamination during the
formation of francolite-apatite rocks.

INTRODUCTION

Francolite-apatite or francolite-magnetite rock® arot very common in
carbonatite-bearing complexes and only about 15uroemsces were reported
worldwide, which were described in some detail. Timnest investigated of them
are located on the Baltic shield: Sokli (Finlandpvdor and Vuoriyarvi (Russia);
the others — at Siberian platform and in adjaceeas (Russia): Guli, Dalbykha,
Essei, Yraas, Tomtor, Tatarskoye Il, Chuktukonskayel Belaya Zima; some
occurrences are known in South Africa — Bukusu 8okulu (Uganda), Tundulu
(Malawi), Glenover (R.S.A.) and in Brazil — Angiccomplex. One of the
difficulties for the researchers is the inadequatyhomenclature of the apatite
group of minerals: often fluorapatite and carborfaterapatite (= francolite) are
not differentiated and both are called apatite. HEmebiguous ternsecondary
phosphates also used for description of rock-forming medein some of these
complexes. The data on the apatite compositioruéetly are incomplete due to
application of the microprobe analytical methodusable for determination of
carbon, hydrogen and sometimes fluorine. In additibe homenclature based on
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the rule of 50 % boundary between fluorapatite @atbonate apatite varieties does
not reflect the natural mineral diversity. Therefathe ternfrancolite will be used
for carbonate fluorapatite with a different €@ontent. This mineral occurs in
colloform, microgranular or spherulitic and radidibrous kidney-shaped
aggregates; compared to fluorapatite its refradtinkexes are lowerm = 1.620-
1.628,6 = 1.615-1.621 and in the contrary higler ¢ = 0.004-0.007.

The paper provides the geological and mineralogaedcription of the
Kovdor apatite-francolite deposit, which is the tbegposed and investigated
worldwide.

LOCATION AND GEOLOGY

The apatite-francolite deposit is located in thetlseastern part of the Kovdor
alkaline-ultrabasic intrusion, the Kola Alkalinedvimce [8]. This deposit was
explored and investigated during the period frordQLéb 1977, but it has not been
as yet mined because the dressing of these phagphores requires a special
concentrating mill. The dressing technology of Kevdor francolite-bearing rocks
seems to be similar to that of Sokli phosphorus,oas was shown earlier [17].
These ores both in Kovdor and Sokli could beensdiasl as a new phosphorus
ore type with such good characteristics as a loansum, rare earth elements and
magnesium content and they undoubtedly could Wesediin future as a raw
material for the fertiliser production. This seefeasible in case of united efforts
of Russia and Finland and only after the constoactif the railway road between
Kovdor and Sokili.

Many types of holes were drilled and trenches werade during the
exploration of the Kovdor francolite deposit ane@réfore this deposit could be
considered as the best investigated. The resowfcapatite-francolite ores are
estimated at approximately 100 million tons inchgdbO million tons of ores with
the BOs content 15-20 wt. % and 50 million tons of oreshvihe BOs content 5-
10%. The apatite-francolite ores were first destiby N.A. Volotovskaya [20],
and also were investigated by other geologist6,[8, 9, 11, 13, 14].

The deposit lies in country rocks composed by &mitjolites, jacupirangites
(clinopyroxenites) and calcite carbonatites. Thenéolite-bearing rocks form a
system of a structurally complex vein-like bodiesupying a semi-circular zone
35 km long (Fig. 1). These bodies are 15-20 to 3G0-m thick and they pinch out
at depths of 70-100 m and in some funnel-shapededsipns — at about 200 m
from the surface (Fig. 1, 2). At depth the mouththese funnel-shaped bodies are
not connected with each other. The lying conta¢hefbodies dips at low angles to
the centre of the semi-circular system of fractuwestrolling their arrangement.
The common focus of these conical fractures liesdepth of approximately 200-
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Fig. 1. Geological structural map of the Kovdor apatiterfcalite deposit
(prepared by the author, using data of Kovdor Ggaal Exploration Group).

1 — apatite-francolite rocks, dismembered accordmghe bedding depth of the francolite
bodies foot: a) more than +300 m, b) from +200 aptB00 m, c) less than +200 m; 2 — calcite
carbonatites; 3 — magnetite phoscorites; 4 — apdtitrsterite rocks; 5 — ijolites; 6 — fenites; 7 —
geologic boundaries; 8 — isolines of the foot ahfrolite bodies (meter above the see level); 9 —
boundary of blocks, shown on Fig. 2 and the nunab@rofiles; 10 — projection of the boundary
of apatite-francolite bodies a) on the surface,dm) the depth; 11 — index of the individual
funnels; 12 — number of blocks; 13 — zones of sddtation; 14 — the mining pit boundaries a)
recent, b) projecting.

250 m to the Southeast from the main stockworkroalof the phoscorite deposit.
Noteworthy that in Kovdor one can see a graduaingiof the common focus of
the conical fractures controlling the emplacemdrthe calcitic carbonatites — at a
distance of about 2 km, that of dolomite carboeatltes at 1.5-1.3 km and at least
of the mentioned bodies of francolite rocks — &@-260 m from the surface [7].

The bodies of francolite-bearing rocks are oftefateel to the hanging
contacts of carbonatites, but some of them occuongmfenites, ijolites,
jacupirangites and magnetite phoscorites. Theimtatf francolite-bearing rocks

in magnetite ores (with sky-blue francolite) mow completely worked
out. The
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morphology of the apatite-francolite deposit reskmithe semi-circular thick lace
collar with some carrot- or cone-like pipes (hopaverlaying different country
rocks. Zones of rock silication are located near ttho of these cone-like pipes
(Fig. 2), under which the fenitized granitic pegnest were found in cores. The
bodies of francolite-bearing rocks are similar image to extrusions and they
exhibit tuff- or breccia-like textures.

TYPE OF FRANCOLITE-BEARING ROCKS

Among the diversity of francolite-bearing rockslésling varieties may be
distinguished: 1) host rocks replaced by francdbitdcite carbonatites and calcite-
bearing phoscorites) or cut by thin francolite Vetis (fenites, ijolites and
clinopyroxenites); 2) francolite-vermiculite loosecks; 3) — massive apatite-
francolite brecciform rocks; 4) — vermiculite-psilelane brecciform rocks.

Some clear evidence of replacement of calcite @andolite shows the
presence of shadowy relics of rhombohedral caldg@avage (grating on Fig. 3)
sometimes preserved in fine-grained francolite eggte, as it was described by
Kurbatova and Gannibal [9]. This grating locallyalso discernible on a weathered
surface of porous francolitized carbonatite. At tunenel mouth calcite carbonatite
was transformed to a brown felt-like aggregate lofysotil-asbest with limonite
and wad. Not-cemented residual stable mineral grémagnetite, apatite, and
baddeleyite) were found in this funnel mouth anel dther carbonatite fragments
were very extensively leached out from the surtaedlooked like @umice-stone.

A remarkable outcrop was found in the upper parthef apatite-magnetite
open-pit mine. Here the zone of carbonatite repldnefrancolite stretches along
the calcite carbonatite vein (Fig. 4). There aresmgns of brecciation in this
francolite-bearing rock and the size and the pattémagnetite, apatite and mica
grains or their aggregates are similar to thahefdarbonatite. The colour of both
rocks does not differ greatly — the zone of frari@ation is much yellow than
carbonatite. The shadowy relics of calcite cleavagepreserved in francolitized
carbonatite, which supports the metasomatic orgithis rock [5]. The zone of
zeolitization and halloysitization of host ijolitexccur mainly near the hanging
contact of the francolite vein.

Francolitized magnetite rocks lie only within thieggcorite deposit and they
are mainly worked out. These rocks exhibit cavesngtaucture caused by leaching
of calcite and partly, by forsterite alteration gweots. The inner lining of the
caverns is incrusted with kidney-shaped aggregateBancolite. A system of
branching francolite veinlets, cutting all primarynerals, is very common in this
type of rocks. Forsterite in the francolitizatioones is replaced by earthy brown
aggregate containing hydrochlorite, montmorillondgad iron hydroxides and,
locally, by antigorite (sungulite). Phlogopite atedra-ferriphlogopite are altered
into vermiculite, and magnetite was first repladegl hematite and, later, by
limonite.
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Fig. 3. Shadowy relics of rhombohedral cleavage of cal@tgirely replaced
by microgranular francolite aggregate (light colad) in francolitized calcite-forsterite-
magnetite phoscorite.

Fo — forsterite, Mag — magnetite, Vrm - vermiculi®ghotomicrographs of a thin section
(width of field of view is 6.4 mm). Plane-polarideght.

Fig. 4. Veins of calcite carbonatites () cut coarse-grained ijolite, which is also cut by
thin hydro-biotite veinlets (2). The upper parttbé carbonatite vein is completely altered to
apatite-francolite massive (partly porous) rockaicolitized carbonatite — 1). Zone of ijolite is
zeolitized near the hanging contact with franceétl carbonatite (dotted zone — 3).

The francolitized ijolites, jacupirangites (clinapyenites) and fenites are
represented by brecciated rocks cut by a systemhinfbranching francolite or
chabasite-francolite veinlets (locally with fineage vermiculite). The @5 content
in this type of francolite poor ores is less tha8 wt. %. Many caverns incrusted
with the kidney-shaped aggregates of francoliteunae these rocks in zones of
intense brecciation. Nepheline of ijolites or wditat first is replaced by cancrinite,
and then by natrolite and chabasite and finalljh&Noysite.

The francolite-vermiculite loose not unigranularfeable rocks are common
in this deposit. Some stratification and streans-li&xture subparallel to the bodies'
contacts is typical of this type of rocks. The sfiGation caused by alternation of
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pale-coloured and dark-coloured brown limonite-bregpor black pyrolusite- and
wad-bearing layers. Some fragments of all typesoahtry rocks including calcite
carbonatites modified to various degrees could dmend in these francolite-
vermiculite rocks.

Brecciform apatite-francolite massive rocks fill upins, whose location is
controlled by breaks stretching from the funnelsithe or wedging outlines of the
francolite bodies (Fig. 1, 2). Some apatite-frartedbodies do not reach the Earth
surface. The highest content of both francolié eelict apatite occur mainly near
the hopper mouths but not close to the surfacesd weecciform rocks cross the
primary stratification of the earliest francolitermiculite loose rocks. Apatite-
francolite massive rocks also contain many anguéaments of all earlier formed
rocks or their relict minerals, mainly magnetitepatte, vermiculite and
baddeleyite (Fig. 5-7). The fragments of calcitdboaatites and calcite grains can
be found occasionally in these apatite-francobieks.

The veins of vermiculite-psilomelane brecciform kowith carbonatite
fragments crosscut the loose francolite-vermicubiek types and thin psilomelane
stringers cut locally apatite-francolite breccias.

So we can distinguish at least three francolitaibgaock types of different
age: 1 — francolite-vermiculite loose rocks; 2 —sei@e apatite-francolite
brecciform rocks; 3 — vermiculite-psilomelane brémen rocks. All types of
francolitized host rocks formed concurrently wikie templacement of rocks of the
first or second rock type. Table 1 shows the chahtomposition of the first two
rock types. Massive francolite-bearing rocks amchied mainly in phosphorus —
P,0s concentration is above 20 wt. %. Loose francdigering rocks have lower
P,0s content (8 to 20 wt. %) and are enriched in,Si@gO and HO primary due
to the presence of vermiculite.

MINERALOGY

Relict minerals from various types of country roa& well as minerals of
francolitization and the weathering stages arecglpof all the francolite-bearing
rocks (Tab. 2). Relict minerals occur as fragmaitgrains or their aggregates.
The formation of francolite and some associatedenails is attributed to a low
temperature hydrothermal process known as the dtdization stage. Some
minerals primarily crystallised together with frafite and lately could occur at the
weathering stage. It is very difficult to preciselgtinguish between hydrothermal
and exogenous minerals.

Francolite assigned to four generations is the mostmon mineral of the
francolite-bearing rocks. The first generation nicolite Fr-1 is represented by
homoaxial pseudomorphs surrounding apatite grains i€ 0.05-0.1 mm thick;
Fig. 6). Francolite of second generationF~2 (and partly C@OH-F-apatite)
forms fine-grained aggregates, which compose moaa 60 % of the apatite-
francolite breccia matrix (Fig. 5-7). These @g@tes often are dark and even
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Table 2. Mineral composition of francolite-bearing rocks

Francolitized rocks
Rocks Fenites ljolites, melteigites Phoscon_tes,
carbonatites
Main: microcline, nepheline, aegirine-
c albite, oligoclase, phe , 49 magnetite apatite,
o 7 i augite, diopside, - -
£ aegirine-augite, . o forsterite, calcite
S C phlogopite, biotite
S aegirine
° Secondary: Hastingsite, cancrinite, phlogopite, tetra-
3 nepheline, biotite, | wollastonite, sodalite| ferriphlogopite, chlorite,
E richterite, quartz, K-feldspar, zeolites | dolomite, clinohumite,
f © calcite (natrolite, chabasite)| richterite, serpentine,
[ o N i
© = Accessory: titanite, apatite, titanite, b‘?‘dd‘?'e |t§epyrochlpre,
- . . zirkelite, zircon, spinel,
apatite schorlomite . . :
o iimenite, hematite
Sl o Main: francolite, vermiculitechabasite Francolite vermiculite
g g hydrophlogopite
Zls¢g lizardite, nontronite,
g2 Secondary: hydrophlogopitevermiculite, montmorlllonlte, calcite,
S = : ot ) collinsite, secondary
=5 chlorite, montmorillonite, nontronite, . .
o 2 : . . hydrochlorite, malachite
o= halloysite, hydrochlorite (?), crandallite, AT o
O secondary calcite, iron hydroxides, quartz vivianite, hemat|t_e, Iron
= = ' ' and Mn- hydroxides,
© barite, pseudomalachitg

14

Note. The underlined minerals are expected to be udlizga complex ore dressing.

Fig. 5. Sharp contact of brecciform apatite-francolitenveith fenite (1).

The vein shows fragments of francolite-vermiculdek (2), apatite (3), vermiculite (4),
forsterite (5), and magnetite (black isodiametri@igs). Photomicrographs of a thin section

(width of field of view is 2.2 mm). Plane-polaridigght.
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Fig. 6. Homo-axial pseudomorphs of francolite-1 (Fr-1)eafapatite (Ap) in brecciform
apatite-francolite rock with grains of relict miras: baddeleyite (Bd), vermiculite (Vrm) and
magnetite (black isodiametric grains) cemented naydolite-2 (Fr-2). Photomicrograph of a
thin section (width of field of view is 1 mm). Gyed polars.

Fig. 7. Typical brecciform apatite-francolite rock withajns of relict minerals: apatite
(Ap), vermiculite (Vrm) and magnetite (black isaode&tric grains) in francolite-2 (Fr-2) matrix.
The caverns in the rock are filled by kidney-likgthmic zoned aggregate of francolite-3 (Fr-3).
Photomicrograph of thin section (width of fielduédw is 6 mm). Plane-polarised light.

opaque due to the presence of fine-grained limoaité manganese hydroxide
impurities; the latter sometimes form dendritesctSapatites seem to be similar to
those referred asbrown hydroxyl fluorapatitesassociated with dolomite
carbonatites [8].

The third best-known francolite generati¢in-3 forms zonal crust- and
kidney-like aggregates (Fig. 7), spherolites anthlgés. Thin micro-zones differ
from each other in a content of fluorine and carldarxide hence their optical
constants are different. The transparent zonesito#t4.5 mass % of F and about
3 % of CQ, and opaque, slightly weathered zones contain %46 F and 1.30 %
of CO,. Francolite of the third generation is usually tehand a rare sky-blue
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colour of this mineral is caused by copper impufity14-0.55 wt. %). The crust of
small chabasite crystals locally covers the surtddeancolite-3.

The fourth francolite generatidfr-4 occurs as the porcelain-like aggregates,
filling caverns or axial zones of veinlets growiager francolite 3. Francolite-4 is
opaque and white or pale yellow in colour. Frarieedi can also lining the bottom
of some caverns and its zoning here is paralléde¢ovater level.

The chemical composition of francolite 3 and 4 viagestigated by many
authors [4, 8, 10]. These data show that contehi&@s (37.43 — 40.00 wt. %),
CaO (53.00 — 55.35%), SrO (0.02 — 0.25%), Mg0 (6-10.50%), HO (1.13 —
2.32%), F (1.55 — 3.28%) and Q.75 — 3.61 wt. %) are relatively constant. Our
analyses revealed an inversely proportional depewddetween the refractive
index (@, Fig.8) and cell dimensiomd, Fig. 9) and the C&concentration (Tab. 3).

Table 3. Refractive indexes, cell dimensions (A) and F @@ content (wt. %) in various zones
of francolite kidney-like aggregates

Type of
# francolite @ ¢ % Co F €0,
1 | Transparent 1.626 1.617 9.353| 6.894 4.3 3.10
2 |Non-transparent| 1.606 1.603 9.356 6.892 3.3 2.26
3 | White, matt 1.623 1.617 9.369 6.881 0.45 1.32
CO2wt. %
francolite = carbonate
51 fluorapatite
.- X
4 // ’ | 1
l\. - u | ' III
\ ] - [ ] ,
31 :
\\ ] l’
2- ~ X - ., brown hydroxy-
Tt fluorapatite
x/ % " .
14 ~-7 fluorapatite
T
0 o 0)0)e!
1 1 I I | | | | | | | I | |
1.620 1.624 1.628 1.632 1.636 1.640 1.644 ()

Fig. 8. Refractive index» minerals of apatite group from Kovdor phoscoritelapatite-
francolite deposits versus G©@ontent.
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Fig. 9. a, of apatite group minerals from Kovdor phoscoritelapatite-francolite deposits
versus CQ@content.

It is remarkable that fluorine content in apatitéshe phoscorite-carbonatite
rock series increases from 0.87-0.97 wt. % in l{dest apatite-forsterite rocks to
the 1.77-2.08 % in younger dolomite carbonatitésorihe content in francolites
gradually increases faster considerably — to 23w4. % [12].

PETROGENETIC MODEL

Different hypotheses were proposed to explain genwsfrancolite deposit
[1, 2, 3,8, 6, 10, 14, 15, 16, 18, 19, 22]. Despitnumerous genetic models many
problems dealing with the francolite rock formati@main to be resolved.

Following statements made in this paper shouldakert into consideration to
highlight on the origin of apatite-francolite defios

1. Francolite-bearing rocks are genetically related alkaline-ultrabasic
intrusions and in all known deposits they followth& formation of carbonatites
and are associated with carbonatite bodies.

2. Francolite-bearing rocks sink to depths of 1QL%®m (rarely to 200m).
Bodies of these rocks are vein-, funnel-, mushrdige-or bed-like in shape
branching downwards. These bodies in Kovdor aratedlto a system of semi-
circular faults very typical of the central typetrirsions. The morphology of
francolite-bearing bodies is similar to that offthafeccias, agglomerates and zones
of alumstone-bearing rocks located in the viciwityolcanoes [23].

166



Plumes and problems of deep sources of alkalinenmaigm

3. Breccia and cavernous texture, crustified censtnictures are typical
features of francolite-bearing rocks.

4. No signs of karst formation have been foundh& ¢ountry carbonatites
bedding or surrounding the francolite bodies; |&aglof carbonate substance and
subsequent redeposition, as lime tuffs have nomh beported from rocks of this
deposit.

5. All the minerals associated with francolite (#es, crandallite, antigorite,
vermiculite, montmorillonite, halloysite, hydroxslef iron and manganese etc.)
could form at low-temperature conditions. It is erkable that the process of rock
silication is developed near the mouths of two aper-shaped francolite bodies
located in fenites.

6. The various types of francolite-bearing rocksem®rmed at least in three
stages accompanied by the repeated rock brecciatidncrushing followed by
cementation of the fragments by francolite of dé#f& generations.

7. According to Zaitsev and Bell [21] all calcitellomites and apatites from
most rocks of Kovdor UAPC complex show the |18rF°Sr ratios = 0.7032-
0.7039, suggesting their origin from the mantlerseuOn the contrary, this ratio =
0.7059-0.7061 for francolite from the apatite-fralite rocks of the latest
formation stage seems to point to the crustal comation.

All the above data and considerations lead to sstgbe following scheme of
apatite-francolite deposit formation illustrated Byg. 10. The volatile phases F,
HsPO, and some bD accumulated at the last stages of endogenous at@gm
carbonatite formation has transformed calcite tandolite (first and second
generations in francolitized carbonatites). A ploleschemical reaction is:

5CaCQ + 3HPO, +HF - Ca(P0Oy);3 (OH,F) + 5HO + 5CO2.

The released carbon dioxide caused explosions,hwtoick place in some
local sites along semicircular breaks to which meudf the funnel-shaped bodies
are related now. The strongest explosions probatlyd take place when volatile
emanations reached the level of the ground watse.tdn this case, the surface
water undoubtedly was enriched in acidic componamig this solutions could
boil. Both volatile and these hydrothermal solutidransformed the country rocks
surrounding these hot pipes and this process gseda the development of low-
temperature mineral associations. The compositionak fragments in francolite-
bearing breccias was fully controlled by that afrsunding country rocks.

In this funnel-shaped bodies the stable residualemals of carbonatites
(magnetite, apatite and baddeleyite) were accueulladue to the calcite
dissolution and, therefore apatite-francolite bi@egot enriched in these minerals.
The cementation of all the rock and mineral fragmeaffected by phosphorous
hydrothermal low-temperature (< 150-280) solutions. These solutions probably
were strongly supersaturated and became colloltlas. this process, which is
responsible for the formation of the massive apdtancolite brecciform rocks.
Light mineral particles could been transported miyrthe explosions for a long
distance whereas the lack of hydrothermal salgtmaused the formation of loose
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Fig. 10. Schematic diagram of Kovdor apatite-francolite lggacal section.

1 — vermiculite-psilomelane brecciform veins; 2 patite-francolite brecciform massive
rocks; 3 — francolite and chabasite-francolite \eis; 4 — francolite-vermiculite loose rocks; 5 —
limonite-rich loose rocks; 6 — francolitized cakeitarbonatite; 7 — zone of ijolite zeolitization; 8
— calcitic carbonatite; 9 — ijolite; 10 — fenitel}- ground water table.

or poorly cemented francolite-vermiculite rocks. iMastages of rock brecciation
were accompanied by cementation of all the earhgrerals and rock types by
different francolite generations. The latest fracsi of hydrothermal solutions were
enriched in iron and manganese. The process rabporier the formation of
francolite deposit resembles in emplacement ofggtbreagmatic eruptive centres,
often located near the volcanic edifices (Fig. 11).

The source of P, F, partly,8, and Fe, Mn seems to be of deep-seated origin
similar to that of ore- and carbonatite-forminguids. The greater part of,8 is
ground water, as indirect evidenced by I[8rf°Sr ratios in francolite samples.
The part of Fe and Mn hydroxides, montmorillonktgdro-chlorite, malachite etc.
could be formed due to the exogenous processeerysdifficult to distinguish
between exogenous minerals and those formed athtlaeothermal stage.
Unfortunately, the age of this francolite minerafisn has not been defined as yet.

Thus, the francolite-bearing rocks of Kovdor compteuld be regarded as a
multistage polygenetic formation similar to hydretimal explosive breccias or
rocks of the phreatomagmatic eruptive origin. kesy likely to find some analogy
in the genesis of other francolite deposits fotanse in Sokli (Finland), Glenover
(Transvaal, South Africa), Bukusu and Sukulu (Uggndundululu (Malawi) etc.

168



Plumes and problems of deep sources of alkalinenmaigm

Fig. 11. Outcrop of a small lacustrine basin filled by fiereatomagmatic ash-tuff and
accretionary lapilli deposits, Rionero area, the.Multure Volcano, Italy.
The outcrop is 12 m high.
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Ultrapotassic rhyolites of Southern Kamchatka :
geochemical and petrological evidence

Perepelov. A.B, AntipinV.S. !, Kablukov A.V. !, Filosofova T.M.?

Ynstitute of Geochemistry SB RAS, Irkutsk, Rugsimail: region@igc.irk.ru
?|nstitute of Volcanology FEB RAS, Petropavlovsk-Kaatsky, Russia

The calculations of geothermometers show the digsttion temperatures of albite,
occurring as phenocrysts along with Kfs and Plyaoy from 774 to 554C. The
calculated mass balance points out that UPR mighe liormed after fractionation
from highly potassic rhyolites Ab ( ~ 28,2-33,7%),(~ 0-0,5%), Mgt (~ 0-0,8%),
Ap (~ 0,2-0,3%), llm (~ 0-0,3%). Thus, albite represetite main mineral phase
involved in differentiation process.

Plotting within coordinates #O-SiO, with the trends of composition displacement,
while Ab, An, Cpx, Mgt, Bt and Kfs were fractionag displays similar results.
Crystallization differentiaton  with albite involde is the main mechanism
responsible for UPR formation.

INTRODUCTION

Ultra-potassic rhyolites (UPR) represent fairlgsiic magmatic formations.
They show anomalously high concentrations of silextid (SiQ to 80-81%) and
K,O (from 5-6 to 9-11%). These rocks are depletetNaO (1-2 mass %) and
some other petrogenic and rare lithophyle companditie ratios KO/N&O vary
from 2-5 to 25-35. UPR are found in different gepdal units and geodynamic
settings and have an exclusively wide age rangerafation within Proterozoic
sequences of the Voronezhsky crystalline massif @méy Peninsula, in the
Paleozoic magmatic formations of the Urals, Kaz&kinsMiddle Asia, Rudny
Altay, within Mesozoic depressions of Trans-Baikayimorye, Caucasus,
Mongolia, in the Okhotsk-Chukotka volcanic belt Yhare hosted by the
geological units of South and North America, Eastrdpe and elsewhere.
Common features of the geological and petrogeséditis of UPR are as follows.

Such rocks are normally derived in the geologicalsuin the end of volcanic
activity or at the late stages of their developm#&\yihile forming, they approach
the subsequent post-magmatic processes; UPR makehyolcanic bodies and
dykes; produce lava flows fairly seldom; associtesely within the structures
with the other types of acid volcanic rocks. Asa®ls the pattern of petrogenetic
indicator elements distribution UPR display comnfieatures with every concrete
magmatic rock series.

The existing models of UPR formation may be coneerily divided into:
(i) magmatic and (i) amagmatic. The latter argoesible for high concentrations
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of KO in UPR by post-magmatic adularization of primamglassy matrix of
rhyolites of the calc-alkaline series, polar radisttion of potassium and sodium
in the zone of catagenesis resulting from low-Tiaeg metamorphism or ion-
exchange interaction of glassy matrix of volcangth the fluids of endogenous
and exogenous origin. The magmatic model accoumtshe UPR origin due to
partial melting of K-enriched crystalline substaméehe crust, and concentration
of acid magmaic melts of potassium which are derivy differentiation or
liquation separation of acid melts of the normaleseinto sodium and potassium
phases. The petrological and geochemical linevideace on this rock type were
earlier reported by some authors, e.g. Fromberg [3]

When developing the models of formation of ultr@ssic rhyolites, as
magmatic formations, the important task was posestarch the main petrogenetic
factors in the evolution of acid melts leading tornfiation of fairly stable
petrogenetic type of UPR irrespective of the plaicee, geological setting of their
origination and the type of parent magmas, whigcgndition inheritance of UPR
with the evidence of associated rocks.

UPR of the island arc system of Kamchatka have Isettted as the study
object characterizing ultrapotassic rhyolites oé tlocean-continent” transition
zones. Any mineralogical or geochemical investmeai of these formations have
not been accomplished so far, and the ultra-patassid rocks have not been
discovered within magmatic formations in the regids an exception, we may
refer to Volynets and Flerov [10] who earlier hadrid pegmatoid quartz feldspar
veins amongst Paleogene assemblages of gabbrdesy@ahyandesites (Central
Kamchatka) similar to UPR in chemical compositiBn®=8,56%).

GEOLOGICAL SETTING, MINERALOGICAL AND
PETROGRAPHIC TRAITS OF ULTRAPOTASSIC RHYOLITES

Ultrapotassic rhyolites represent a rare petrogemgbte within the rocks of
magmatic formations of the recent island systerKarinchatka. Such formations
are now distributed locally within the Neogene-Quaary volcanic belt lying in
the northern part of Southern Kamchatka. Strudiyréhe UPR are distributed
through the Malko-Petropavilovsk zone of transcurfanlt dislocations, near its
southern flank (Fig. 1). The magmatism of this z&émeugh the entire time span
of formation of island arc volcanogenic sequencemfOligocene to Holocene,
along with predominance of moderately potassic sypkerocks, are also typified
by development of highly-potassic (HP) volcanicieerdifferentiated from HP
basalts to HP rhyolites [2, 6, 7]. In this connewti the available type of
petrochemical zonation of island arc volcanism imitthe transverse zone is
disturbed due to distribution of HP rocks in thental part of island arc.

Geological survey revealed UPR within the Neogesleanogenic sequences
on the left bank of the Bannaya river midstneln 1987, these formations were
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, m. Suchugan

Fig. 1. Scheme of geological cross-section of ultra-potadsyolites (southern slope —
Suchugan Mt, left side of Bannaya river, Southemmkhatka).

On the map: star shows location of ultra-potassigalites in volcanic belts of Kamchatka,
MP — conventional boundaries of Malko-Petropavloxske of fault dislocations.

Legend: 1 - tuff-sedimentary sequence of the Paskyu suite (Pg3-N1), 2 -—
volcanogenic-sedimentary sequence of the Berjogomsike (N), 3 — dykes of ultra-potassic
rhyolites (N), 4 — fault.

studied in terms of project “Geochemistry of HPocaslism of Kamchatka” at the
Institute of Geochemistry, Irkutsk. UPR make up tame subparallel dykes of
steep occurrence striking northeast, their thicknesying from 3 to 10 meters on
the southwestern slopes of Suchugan Mt (Fig. 1¢. dykes have been dated from
geological data to be Pliocene. They cut the ratkhe tuff-sedimentary sequence
of the Upper Oligocene — Lower Miocene Paratunskyes(Pg — N;) which
consist of tuffites, tuffs, tuff-breccias, tuff tslones, argillites, sandstones and
conglomerates and volcanogenic-sedimentary sequente Upper Oligocene —
Middle Miocene Berezovsky suite {N andesites, andesite-dacites, dacites,
rhyolites and their tuffs, tuff breccias, ignimlest tuffites, tuffogenic sandstones
and siltstones and conglomerates). Younger volamogormations are referred
to the Pliocene Alney series and Quaternary votcanits. The lava-pyroclastic
sequences of the Alney series, NMonsist of basalts, andesite-basalts, andesites
and their tuffs, tuff breccias, lying ubiquitousBs nappe outliers or eroded
volcanic chambers. Numerous extrusions of HP daaied rhyolites, reaching
300-400 m in diameter, cut volcanogenic sequendesh® Paratunsky and
Berezovsky suites and show themselves at thedtage of formation of the Alney
series. UPR occur in a close spatial position WiEhrhyolites, however no direct
geological relationships have been found. Theedb®xtrusive body of HP
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rhyolites is located about 300 m from ultrapotassik dykes. The UPR dykes are
cut by the fault with oblique displacement of rocssubvolcanic body for 2-2.5
m (Fig. 1). Even if in this paper the age of UPRSolith Kamchatka is accepted to
be Pliocene, their age is to be checked. It is kndhat albite-bearing acid
magmatic rocks and albite-porphyries of the adjatemitories of the South-East
Kamchatka belong to volcanogenic sequences of-NPgage interval of
formation [6].

UPR are white milky, white-yellowish rhyolite ponpies with block-like
separations. They are hosted by the lavas of almbagded andesite basalts and
tuffs of similar composition. In the dyke bodieg ttocks do not bear any traces of
propilitization, however in deluvial piles such \aies are the case.

UPR include porphyry structures. The porphyry amie-fijrained mass,
composed of microlites of Na-sanidine (Fsp), sa@d{Kfs) and quartz (Qtz)
containse idiomorphic phenocrysts, clasts and intire of albite crystals (Ab),
Fsp, Kfs and Qz of 2-3 mm size (Table 1). The dakr minerals are represented
by fine single crystals of mica, ore minerals anthite are accessory. Inclusions of
quartz consist of clasts and idiomorphic graingnaferal, often resorbed through
cracks. There are also traces of dissolution anlfingeof large phenocrysts of
quartz with formation of “shirt” from crystallizedlass and “filling in” of glass
into crystals. In places quartz encloses tiny fesorcrystals of Kfs and Fsp
looking as perthite. Some grains show sectoriahgethe agglomerate ingrowths
of fine quartz grains of lenticular shape, appe&pias the late generation of this
mineral, are present.

The K-Na feldspars of UPR may be subdivided inte¢hgenerations: large
phenocrysts and subphenocrysts Kfs (& — Orgs9974; - phenocrysts and
subphenocrysts Fsp (Ady.335— Oke.s669 Often being in aggregate with Qtz; and
microlites Kfs (A 1.7.4— Onyy5.97.9, Making up (along with quartz) the fine-grained
the bulk rock (Fig. 2). Subphenocrysts Fsp areadiesed in aggregates with
albite.

Albite, being idiomorphic at the level of subphenmts and large
phenocrysts, is saturated in inclusions of magngéss. Those albites, which are
“saturated” in glass, are available in aggregatiéls evystals Fsp (Afs.s.1— Abgs g
94.9)- Albite, forming aggregates with Kfs have pur&tiean” compositions (Af—
ADbgg 7.99 3.

The petrographic observations indicate that foromatf feldspar and quartz
phenocrysts for UPR are arranged as follows: Hgxb-+ Fsp) - (Ab+Kfs+Qtz) -
(Kfs+Qtz). It is confirmed by the fact that Fspaggregate with “pure” San are not
discovered. The process is completed in the budk mass as aggregates of small
crystals.

Orthite, its composition not defined, forms shaismatic separations with
grain size 0.05-0.1 mm, found in aggregates with & small inclusions in Kfs
and albite, as well as tiny separations in the botk mass. It remarkable that rare
and small grains of orthite are often confit@the boundaries of quartz and Kfs
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Fig. 2. Compositions of feldspars of highly- and
ultra-potassic rhyolites (HPR and UPR) on the
plot Ab-An-Or.

1 — points of HPR compositions, 2 — the
same for UPR. Lines with arrows indicate the
evolutionary trends for feldspar compositions:
black lines — for HPR, gray — for UPR. The
evolutionry trend with question mark denotes
the tendency for increase of albite and decrease
of orthoclase components in the marginal zones
92 <Q>—&xmo \ An Of oligoclase phenocrysts from HPR.

Ab A.-‘.

aggregates, in places this mineral fills thinerstitial zones between phenocrysts
and subphenocrysts of feldspars and quartz. Theu@ingd orthite, as well as rare
and small separations of ore mineral (magnetitegnite?) are not abundant.
Besides, at the microlevel among UPR mineral coraptmthe method ICP-MS
detected minerals bearing Ca, La, Ce and minor ateaf Si, Fe, Mn.

Thus, the principal mineralogical features of URR presence of plentiful
phenocrysts of magmatic Ab and Kfs, as well as ssmg orthite with extremely
small distribution of dark color minerals.

The HP rhyolites associated with UPR are dominateacid Pl (oligoclase
ANio1200— Abrog774 rarely andesine A zss— Absgaes) and less widespread
are labradorite (%.3-68.0Ab30.1-44.a and bitovnite (Al?o_l_glj— Ab17.6-28.a (F|g 2)
K-Na feldspars in HP rhyolites contain Fsp bothtlteg level of phenocrysts
(Ab32.1_37_1— Or61.9_69_§, as well as micr0|ytes (AQ7-54.8_ Or41_1_48_}. MinOlyteS in
HP rhyolites contain triple feldspars (4RQOr,;5 and Na-sanidines enriched in
potassium (AB 1043 — OFsersd. It should be marked that in evolving of
oligoclase compositions from central to marginahe® of phenocrysts in HP
rhyolites there is a tendency towards reducingomftse and increase of albite
component (Fig. 2, Table 1). Ferruginous biotitB$) @nd rare clinopyroxenes
(Cpx) of augite composition are less abundant,avAib and “pure” sanidines are
not discovered. Among other mineralogical featureslP rhyolites it is necessary
to mark increased contents of MnO in ilmenite atehtum magnetite (to 4.7%),
as well as presence of accessory sphene or inckisibthis mineral in feldspars.
Compositions of magmatic glass from HP rhyolitesndestrate redistribution of
alkaline components in the residual melt in favdr pmtassium (Table 1).
Structures of HP rhyolites vary from perlite toessally porphyric depending on
the facial type of rocks (dykes, central and maalimones of extrusions).
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GEOCHEMISTRY OF ULTRAPOTASSIC AND HIGHLY POTASSIC
RHYOLITES

Ultrapotassic rhyolites (Table 2) represent siliscltagmatic formations
(sample # BT-1103: Si@78.60%; kO=7.54%) with extremely low Ti, Fe, Mg,

P, Na and besides, essentially impoverished inS8aZr and rare-earth elements
(REE). HP-rhyolites show higher contents 0f@J, N&O, MgO, FeO, as well as
Ba and Sr. It should marked that any noticeablaesabf volatiles (F, B) and water
are observed. Position of point for UPR compositmm diagram KO-SIiO,
demonstrate its separation from the evolutionariesef dacites and rhyolites of
Neogene volcanogenic sequences in the study rediothe points of rock
compositions in the series “dacites-rhyolites” proel a general trend of potassium
content increase with increasing their silicic acahcentration in the field of HP
series, at the UPR level the potassium alkalimtyeases. However, there are no
any changes of K/Rb ratio values (Table 2). Ondttrary, in the acid volcanic
rocks of the region some rhyolite varieties disptaguction of alkalinity with
formation of the group of compositions lying beltive main trend of composition
evolution on the plot KO-SIO, (Fig. 3).

10

le1 % 2-—>304 45276

Ab, 40%

8 - __ Ultrapotassic rhyolite A*/\
4 ”,,1” | 30%

X71 vy T '| . A AA
N T [ | 20% 48 An,,, 30%
-FR | | A
E°7 I ! I 10%

- I ! I
541V | : e @O Met, 5%
2 J— o] Akl _@g e 5
4 +---"" I~ JK-dacite_ | |

i () 0
,/ Bt, 10%
IR L © .:.) ¢ .',.“_b_.__.__—\
3 1 9 - ~" " HiK-rhyolite . 30

SiO,, mas.%
T T T T

62 64 66 68 70 72 74 76 78 80

Fig. 3. Classification diagram pO-SiG for dacites and rhyolites of Neogene
volcanogenic sequences of Malko-Petropavlovsk abtransverse fault dislocations
(Southern Kamchatka).

Designations: 1 — points of highly-potassic dacigesd rhyolites, 2 — point of UPR
composition, 3 — conventional trends of evolutidracid volcanic rock compositions, 4 — UPR
composition calculated for fractionation of minesgBiQ=75 wt.%, KO=4,5 wt %), 5 — trends
of UPR composition evolution (4) in fractionatingjor rock-forming minerals (the plot shows
abbreviation of minerals and calculated per cenacfions of their fractionation). The

composition fields of rock series: | — low-potas$ie- moderately potassic, Il — highly-potassic,
IV — subalkaline shoshonite-latite, V —potassicabiie series. Vertical lines represent the
boundary of rock composition fields.
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The plots of normalized distribution of rare-eaglements for rhyolites
studied are characterized by a significant Eu mummThe ultrapotassic rhyolites
have the deepest Eu-minima (Eu/Eu*=0.19) agaiist(Eu/Eu*=0.28-0.46). The
most significant degree of differentiation of uficdassic rhyolites relative to HP
rhyolites is also indicated by the low summary eontREE (REE=47.72 ppm,
against 107.43-121.33 ppm in HP rhyolites). Oneukhalso mark a fairly high
degree of REE fractionation in rhyolites (La/Yb=4% for UPR and 8.01-11.87 for
HP rhyolites). When analyzing the plots of disttibo of normalized REE
concentrations it was found that HREE contentsltrajpotassic and HP rhyolites
Is significantly lower than in moderately potassitomparison of plots for HP
rhyolites and moderately potassic rhyolites of Khatka indicates that the degree
of REE fractionation in the latter is lower thanhighly potassic (La/Yb = 2.6-
5.7) with low values of Eu minima (Eu/Eu*=0.26-0)8Zhe sums of rare earths in
moderately potassic rhyolites ranges from 46.1-43ppm, i.e. they are
comparable with such for UPR and HP rhyolites.

The main feature of UPR, expressed in the disiobubdf petrogenic and rare
elements is their extremely high degree of diffédegion, while their specifics in
general corresponds to rhyolites of highly-potassitc-alkaline series of island
arcs.

TEMPERATURES OF FELDSPAR CRYSTALLIZATION OF
ULTRAPOTASSIC AND HIGHLY POTASSIC RHYOLITES

Experimental geothermometers may be used to véreEyttemperature regime
of crystallization in rhyolites of the main rockrfoing minerals, namely
feldspars, defined from petrographic observatiand relative estimation of the
temperature regime. Some specifics have been exleml estimating the
temperatures of feldspar crystallization for highBnd ultra- potassic rhyolite
melts. They will be considered in developingthe model of UPR
formation. Well-known constructions by Kudo and Weéi] and Stermer [9] are
chosen as alternative and supplementing edclr geothermometers. The first
method is applied to evaluate the temperatureysitallization of feldspars of Ca-
Na series (plagioclase) as well as anorthoclaseAarblearing Na-sanidines from
the magmatic melt of known composition. The otheethnod provides the
opportunity to calculate the temperatures of jantstallization of plagioclases
with potassium feldspars. For a correct correlatbrcalculated temperatures of
crystallization of all investigated rock compositsothe value of total pressure is
accepted to be equal to 1 kb. Such a value of press commonly used in
modeling of low-depth magmatic systems. Similantyevaluating crystallization
temperature obtained in the calculations indicafaidy good agreement of the
geothermometers (Table 3).

According to calculations (Table 3, Fig. 4), plagase is crystallized in HP
rhyolites as phenocrysts at'T-1190-967 (microlytes because of a high dispersion
of calculated temperature are not considered). diditan to plagioclases,
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anorthoclases and triple feldspars show up in tk within the temperature range
975-988C. Further, when temperatures are dropping, wiienrange 916-842C

crystallization proceeds jointly between Pl pbamysts of oligoclase composition
Table 3. Results of temperaturé C) calculation on feldspars from HP and
UP rhyolites of Southern Kamchatka

Compositions Compositions
for calculation, | BT-1121 | BT-1120.1 | for calculation, | BT-1103
sample # sample #
888-916 884-912 776-799
PI-Fsp 897 894 Ab-Fsp 791
1077-
PR | 1100 | ST |y | 532576
1144
857-890 798-843 172-776
Fsp-R* 878 819 Ab-R* 774

Note. Tthe calculation of C for PI-R*, Fsp-R*, Ab-R* (mineral-rock pairs, Rock) are made
(Kudo and Weill, 1970). The calculation of’CTfor PI-Fsp, Ab-Fsp, Ab-Kfs (mineral-mineral
pairs) are made by (Stermer, 1975). The numerattine calculated temperatures interval, the
denominator is the mean for intervals.

and Fsp. As soon as the system approaches the regomgerange 890-79€,
crystallization of plagioclase comes to an end Bsd (Na-sanidines) may serve
the only crystallizing phase of feldspar phenoisyslowever, within the interval
T=871-878°C crystallization of high Ab is feasible. The cdhiion show that
within the range 776-799C Ab and Fsp phenocrysts may be crystallized jpintl
starting from he temperature interval 733-7%® crystallization of Fsp should
cease. Only at the level T=532-786 association of Ab-Kfs phenocrysts may be
formed, which is observed in ultrapotassic rhyolite

Thus, within the interval of average temperaturesnf744 to 544C albite
could be the dominant crystallization phase ofdpéis in the UPR melt.

ULTRAPOTASSIC RHYOLITES OF KAMCHATKA RESULTING
FROM CRYSTALLIZATION DIFFERENTIATION OF MELTS WITH
ALBITE INVOLVED

Participation of albite in formation of volcanicals was shown earlier for
ongonites [4], in which the temperatures of minemgistallization varied from
~750 to 550°C. An effort was made to define the compositiohsJBR from
compositions of highly-potassic rhyodacites andlitgs by mass balance method.
The calculation required application of the reampositions of minerals from
rhyolites (Table 2). The results of calculationsnpaut that in highly potassic
rhyodacites and rhyolites the UPR rhyolite is chted with minimum
discrepancies. It follows from calculations thatasbing UPR requires removal of

181



Perepelov. A.B., AntipinV.S., Kablukov A.V., Fifosa T.M.

Ab (~ 28,2 - 33,7%), and insignificant amount®if (~ 0 - 0,5%), Mt (~ 0 -0,8%),
Ap (~ 0,2 - 0,3%), llm (~ 0 - 0,3%) (Table 4).

Thus, albite is the main mineral phase involved tire process of
Fractionation of these msmals with transition to the UPR

differentiation
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Fig. 4. Calculated temperatures of
crystallization PI, Ab, Fsp Kfs
in UPR at P=PHO=1 kb.

Designations: 1, 4, 5 — calculated
temperatures of crystallization PI,
anorthosites and Fsp (1), as well as Ab from
HPR (4) and UPR (5) melts after
geothermometer [5]. 2, 3 —temperatures of
joint crystallization of feldspar phenocrysts
calculated after geothermometer [9] for HPR
(2) and UPR (3). Solvus curves on the
diagram: 1 - low Ab-Kfs, 2 - high Ab-Kfs after
(Senderov, 1990), 3 — conventional curve for
system of HPR. Composition fieldg:Ab —
low albite, B-Ab —high albite. Connodes (6, 7)
unite compositions of co-existing feldspars for
UPR (6) and UPR (7) °C thresholds: ~875
°C - possible initial temperature Ab from
HPR melt, ~774— the same from UPR melt
after [5], ~554C — temperature of joint crys-
ta-lization Ab and Kfs in UPR melt after [9].

Table 4. Calculating the model of UPR formation in crystadiiion differentiation of HPR by
mass balance (Southern Kamchatka)

Initial compositions of melts and minerals

Initial melts BT-1120.1 BT-1121n* BT-1120.2 BT-1113 BT-1100
SiO; 73,14 75,21 75,33 75,37 76,13
Number of minerals involved in differentiation
Ab (Abgg L1 7) 31,76 33,73 29,21 28,19 27,29
Pl (Anyg dOrg 3) 0,49 0,00 0,00 0,00 0,00
Cpx 1,88 3,78 1,61 0,92 2,24
Mt 0,76 0,00 0,00 0,00 0,00
Ap 0,24 0,29 0,00 0,03 0,00
[Im 0,28 0,00 0,31 0,00 0,00
Sum 35,41 37,80 31,13 29,14 29,53
Compositions and conventional volumes of residual efis
Melt (Rock) BT-1103 BT-1103 BT-1103 BT-1103 BT-1103
V (%) 64,25 64,20 69,67 71,10 71,83
S* 0,41 3,88 1,22 0,79 2,87

Note. In calculations HPR compositions are used as ahitinelts. B7-1121n* — perlite
composition,B7-1121 is calculated for water-devoid variant. Corspions of minerals from
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rocks (Table 1): BT-1121 (Cpx, Pl — sub-phenocjy®3- 1103 (Ab - phenocryst), BT-1120.1
(Mt, Ilm —microlites). Apatite composition is calated from the ideal formula. V (%) — sum of
components (residual melt volume in mass% fromritial melt volume, S* - mran quadratic
deviation from differences of oxides between ihaiad calculated compositions (at S < 1 —
satisfactory solution). Calculations were fulfilledth the program «Crystal» applied [8].
composition causes sharp increasekigD content and decrease in BiA\lLO; ,
FeO, MgO, Ca0, NaO u P,Os on the background of silicic acid content inceeas
Calculations were made with "Crystal" program égaizhko, 1996) applied, and
by the mass balance method for melts. Constuctartbe diagram pO-SiO, with
shift of compositions in fractionatioAb, An, Cpx, Mgt, Bt and Kfs (Fig. 4)
display similar results. Only in fractionation ~ 3¢ Ab UPR may originate. The
mean composition of HPR was accepted as initial.
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Jurassic meymechite-picrite complexes of Primorye,
Russia: comparative study with komatiite and Japarse
picrite suites
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Peculiar ultrabasic volcanic rocks representedawa lflows, pyroclastic rocks, diatremes, and
subvolcanic intrusions were found in northern S#ébgRussia) in 1939, and were named
meymechite. Recent studies established that meytaeshwidespread in the Sikhote-Alin
Mountains (Primorye, Russia) and Japan. The meyiteegppears to be a member of an alkaline
suite including various alkaline basalts, picripgonolite, hawaiite and trachyte as well as the
ultrabasic rocks. The meymechite is often assobable 2. Average compositions of
meymechites, picrites and komatiitest with dunite-pyroxenite-syenite-carbonatite cterp
bearing Fe-Ti and rare-metal deposits. Fine-grathachonds (carbonado) were found as placers
in the area of potassium-rich diatremes. All th@symechite suites are hosted by Jurassic chert-
volcanic formation, and K-Ar ages of the youngegtusions and diatremes are 152-159 Ma.
The meymechite is composed of large (up to 30 mimine (Fay.15) phenocrysts, small grains
of Ti-rich Cr-spinel and variolitic Ti-augite grodmass, which grades into dark glass at pillow
rim. More crystallized subvolcanic rocks containepbcrysts of high-Ti, Cr-bearing augite,
kaersutite and phlogopite with the groundmass iiteeand Ti-magnetite. The geochemical
features of the "alkaline" ultrabasic rocks (meyhie) as compared with the "tholeiitic" analog
(komatiite) are a higher Ti-content at the samé/igeratio and enrichment in lithophile elements
(Zr, Sr, Ba, Rb, K, U) and volatiles (F, P). Spsate high-Ti and enriched in iron in the alkaline
suite. These data indicate that the meymechitet@iczomplexes of Primorye and Japan
represent an alkaline analog of the komatiite cemgs.

INTRODUCTION

Viljioen and Viljioen [42-43] introduced a new terfikomatiite" for the
unusual ultrabasic rocks with volcanic texture @liph they were known there
since start of the JDcentury [44]. As far back as 1943 [19], howeverKV
Kotul skiy proposed a term "meymechitddr the subvolcanic olivine-rich rocks
from the river Maymecha (Northern Siberia, RussiBl)e later investigations
showed that this area is a new, vast province kdliae magmatism including
various ultrabasic volcanics, alkali-ultrabasiagrintrusions, kimberlite pipes and
carbonatite. For a long time, these data were umnknfor the foreign specialists,
and it seemed that the Siberian province was auenagea of alkaline ultrabasic
volcanism. However, the subsequent study showedultrabasic volcanics are

" In English publications, one can find other traiesétions (meimechite, maimechite), though
they designate the same rock.
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widespread in the East-Asian margin [28-29, 26]taided descriptions of the
Siberian volcanics appeared recently in EnglishJ§1So we hope that these
volcanics will be found worldwide in future. Ternoilmgy for alkali-ultrabasic
volcanic rocks is not well established, and in tp@per we use the terms
meymechite and picrite as volcanic analogs of alkaWwehrlite (CaO, Al;
bellow 6 wt.%) and clinopyroxenite (AD;— 6-10 wt.%), respectively [32].

S. A. Shcheka first found ultrabasic volcanic rofiksn Primorye in 1958, a
minor pipe-like body near village Ariadnoe in Miédbikhote-Alin [27]. The rock
consisting of kaersutite, biotite, olivine and iimte and including large (up 0,5 m)
blocks of wehrlite was named "subalkaline peri@dtiin 1964, Zimin et al. [48]
have found a pebble of olivine-rich porphyritic konamed meymechite in the
Northern Sikhote-Alin(River Katen). Any special attention was not paidhese
findings at that time. After 1977 [28-29, 27, 4Bfwever, it was established that
ultrabasic volcanics and associated rocks are widad over the Sikhote-Alin
Mountains and in the adjacent areas. It was rede#iat the volcanics are
accompanied by the ring dunite-pyroxenite intrusiamh Au-Pt-ilmenite deposits
and diamond occurrences as placers.

Sameshima [25] made the first report of the ultsabaolcanic rocks in Japan
from the Pacific coast near Shizuoka City. Latexythwvere described from other
places of Central Japan [36-38, 15]. Ultrabasicetwigs of the rocks were named
"picrite basalt", "ultrabasic picrite basalt" andea "meymechite" [37]. Taking into
account similarity of the most pre-Cenozoic geatadistructures of Japan and
Primorye, it may be supposed that ultrabasic vatcaocks are widespread in
Japan and deserve more detailed investigation.

GEOLOGICAL SETTING

The general regularity of geological position ofe timeymechite-picrite
complex in Primorye is its coincidence with thealsic clay-chert formations
which outcrop at the most lifted portion of the Geoic-Mesozoic sequence along
the Central Fault of the Sikhote-AlifFig. 1). The volcanic zones adjoin to the
Central Fault under angle 60°7l accordance with strike of the Jurassic host
beds. Thick Cenozoic-Upper Cretaceous formationgercthe eastern margin of
Primorye, and the meymechite-picrite rocks cropioutire eroded "windows" of
the Lower Mesozoic formations. Along the eastewmte sof the Khanka massif
occurrences of the meymechite-picrite complex aralsned with outcrops of the
stockpiled Devonian ophiolite complex [31].

Observation of the Jurassic cross-sections fronthstmunorth of the Sikhote-
Alin" range (Fig. 2) shows that the meymechite-picriddcanics appear at the
lowermost parts of the sections and extend to gperumost parts of the Jurassic
sequence, where they are covered by ltbaver Cretaceous sedimentary
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Fig. 1. Location map of the meymechite-picrite compleRrimorye.

Compiled by A.A. Vrzhosek. 1 - Khanka crystalliressif; 2 - Late Paleozoic zone; 3 -
Mesozoic zone; 4 — volcanic area of the Jurassicarm-chert series; 5-7 - alkali-ultrabasic
complex: 5 - diatremes, 6 - meymechite subvolcdmudies; 7 - dunite-pyroxenite ring

intrusions; 8 - diamond occurence at the placer: general faults. Roman numerals show
location of the studied area: | to V- Fig. 2; VIFig. 3.
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Fig. 2. Correlation of Jurassic cross-sections of the 8ikbAlin Mountains.

See Fig. 1 for location. 1 - massive lava; 2 - ghtic lava; 3 - autobrecciated lava; 4 -
agglomerate tuff; 5 - tuff; 6 - sandstone; 7 -gdhe; 8 - siliceous mudstone, siltstone, 9 - ¢hert
10 - limestone.

formations enclosing sills of the Apt-Albian traddasalt (110-112 Ma, K-Ar
method, whole rock, our data). The K-Ar data of xtstng kaersutite and Ti-
biotite from the latest picrite pipes and from theg intrusion near village
Ariadnoe show a short age interval - 152-159 M&®{157 and 157-152 Ma).

Some lateral change of the Jurassic formation dserged from south to
north of the Sikhote-Alin(as same as to northward from Khanka massif) (Big.
A portion of the volcanics and cherts increasesthis direction as well as
continental sediments are replaced by shallow-wataine sediments. The proper
changes are also seen in composition of the magneatnplex. Picrites and
leucocratic basaltoids (phonolite, trachyte) wiylerste (carbonatite) - pyroxenite
ring bodies (villages Koksharovka, Ariadnoe) neargm of the Khanka massif to
northward grade into meymechite and non-differéedialunite-wehrlite intrusions
(rivers Katen, Aniuy).

The most typical area of the meymechite-picrite magsm is shown on
Fig. 3. All the mapped series extencbngl NE direction and are broken by
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Fig. 3. Geological map of the typical area of meymechiteie magmatism.

1 - Quaternary sediments; 2-6 - Jurassic formati®dn:dark grey sandstone, mudstone; 3 -
chert; 4 - chert with layers of mudstone and voican5 - mudstone with layers of chert and
volcanics; 6 - siltstones with layers of mudstomal ahert; 7 - Upper Permian sandstone;
8- meymechite, picrite, alkaline basalts; 9 - weharl dunite, pyroxenite, serpentinite (not
divided).

numerous faults so the blocks are in fault contd¢W part of the area adjacent to
the Khanka massif is composed of terrigenous Upparmian block

unconformably covered by various levels of the Upjearassic series of black
mudstone and sandstone. The SE part of the areharscterized by siliceous
cross-section composed of alternation of light thed dark mudstone. The base
of the siliceous sequence outcropped at the toandiclinal rise is dated by

Radiolarians as Middle Jurassic. To the upperniostseries is covered by chert-
rich series of the Upper Jurassic age. The volaartks represented by alternation
of picrite, alkaline basalt and sills of meymechateclosed in the various lower
levels of the sequence and are cut by linear clirgenite-wehrlite intrusions.
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Marginal parts of the intrusions are composed @angh-textured clinopyroxenite
and the volcanics are transformed into pyroxenefietses.

Finally, it is necessary to note that the Juratsiggenous rocks associated
with the volcanics are represented by both greywarid arkose varieties that may
be indication of their formation at the slope ot tKhanka massif and onto
stockpiled ophiolites.

Occurrences of rocks of the meymechite-picrite demm Japan are mostly
concentrated in Circum-lzu Massif (Setogawa, KoketaMineoka belts) on the
Pacific coast of Central Japan [25, 36, 38, 351@b-The alkaline basic-ultrabasic
volcanics close in details to Sikhote-Aliones are represented here by quenched
pillow lavas (Mineoka belt), dikes and sills (Sedag belt) or small mass enclosed
by greenish sandstone (Kobotoke belt). The meyneemd picrite are associated
here with Hawaii-type basalt. In all places theg &osted by fresh Paleogene
sandstone and mudstone and considered to be obgeale age but some data
contradict this opinion. Ishida et al. [15] havaetbthat the Paleogene sandstone
and mudstone "have clasts derived from picrite Ibasa related rocks". The most
volcanics are metamorphosed in greenschist facidscaushed at the marginal
sides of the bodies. Observations of S.V. Vysotskiging geological excursion at
the Mineoka belt showed that the peridotite and mmesghite occur as olistolith
within Paleogene matrix. So, it may be supposetithigbasic volcanics in Japan
are older and may belong to the Jurassic chertreadary formation of the
Mikabu belt [18] where that kind of rocks was knolafore [13]. According to its
composition and structure of cross-section and adidtarian fauna this belt is
identical to Primorye Jurassic formation.

The meymechite-picrite volcanics in Primorye werespmably forming in
submarine behavior. This is supported by both alaggassociation of lava with
marine sediments and by presence of pillow-lavé& wyecific quench crusts and
by widespread occurrence of autobrecciated lavahgatbclastite. In addition, in
the northern areas (Rivers Bikin, Khor and Aniwglcanic activity took place in
more deep conditions at the same time with thel®skalkater and subaerial
volcanism in the southern areas. The latter isadtaristic of the meymechite-
picrite occurrences associated with the outcrog3abdozoic ophiolite closer to the
boundary of the Khanka massif. However, constitsiesit the volcanic cross-
section are kept constant over the Sikhote-Alountains. They include psephite
vitroclastic tuff and autobrecciated lava intertadbwith hyaloclastite, tuffaceous
conglomerate and aphyric picrite lava. Above théss,observed an intercalation
of leucocratic and melanocratic (partly picritidkaline basalts. They are covered
by porphyritic lava of picrite basalt with large gtocrysts of Ti-augite. The
uppermost of the section is composed of fluidakif@clava and picrite basalt
enriched in kaersutite. Intercalation of the volcawcks with tuffaceous siltstone,
sandstone, clay and chert-clay shales is oftenrobde Upward the section,
numerous sills of meymechite and subvolcanic bodiesliabase, gabbro and
peridotite are often observed. A thickness of tleymmechite and picrite sills is not
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more than fifty meters and length is about somedhents of meters. In the some
area, the explosive picrite and alkaline basalepiare present, and they are
located within or outside the volcanic series. Daéen of the pipes ranges from 0.4
m to some tens of meters. Recently |.P. Voinova Y&l Prihod’ko [45] have
found meymechite pipes which are located near Aniyetamorphic block hosted
by Mesozoic formation.

Intrusive member of the complex is representedamykinds of massifs [27].
The first one occurs as small (2-3 - 15%mlongated bodies differentiated from
dunite (in interiors) through wehrlite to clinopyenite and gabbro sometimes cut
by syenite and carbonatite. They are closer t&tinnka massif and are hosted by
black shales and cherts and, at the same timentaueled by the final explosive
picrite pipes. They usually bear ores. Gabbro amdxenite include iron-titanium
deposits with gold and platinum mineralization, aikialine rocks contain REE
mineralization. It is established that Fe-Ti minefathe massifs emplaced in black
shales and cherts (enriched in organic matteijnenite while the ore mineral of
massifs hosted by rocks lack in organic matter iigndgnetite. Rich ilmenite
placers with commercial content of gold and platiraccompany the massifs.

Large (up to 15 km) elongated massifs are placedbloanic and siliceous
bedrocks. They are not differentiated and compa$eaehrlite with dunite lenses
penetrated by numerous veins of pegmatitic, metasomclinopyroxenite.
According to bulk chemistry, the massifs are anrusive analog of the
meymechite.

PETROLOGY, MINERALOGY AND GEOCHEMISTRY

According to petrological-mineralogical and geocheh characteristics,
meymechite-picrite complexes in Primorye and Jagsemble, and they will be
described together. Typical rocks of the complexes meymechite and picrite,
although melanocratic alkaline basalt prevailsatume.

The meymechite is easily recognized on weatherddaidue to presence of
light grey, well-shaped tablets of olivine withiraret interstitial material. The
resemblance of olivine tablets to plagioclase oftesults in confusion of
meymechite and porphyric basalt by mapping geadisgiBhe olivine-rich rocks
are sometimes similar to intrusive peridotites, ahd marginal facies of the
subvolcanic intrusions is composed of peridotitehwvell-shaped olivine grains.
However, presence of fibrous laths of Ti-augite dmebrsutite as well as of
rounded glass inclusions in olivine allows us tatidguish meymechite from
peridotite.

The meymechite is coarse-porphyritic rock (Figcdinposed of large (from
5-8 up to 30 mm) well-faceted tablets of olivinehigh sometimes show a clear
lineation. Large (8-30 mm) individuals are distirgiied among the granular (3-5
mm) olivine aggregate. An olivine content rangeshimi 70-85 vol.%. Opaque
rhombic inclusions in olivine and in matrix are megented by spinel. At the lava
and pyroclastic varieties small (0,5-1 mm) ¢dbbf Ti-augite appear among the
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Fig. 4. Typical microscopic texture of meymechite. Oliyphenocrysts are rimmed by
serpentine. Open polar.

phenocrysts as same as kaersutite and Ti-phlogepitesubvolcanic bodies. The

phenocrysts are surrounded by fine-grained fibroatix consisting of fine lathes

of Ti-augite, Ti-magnetite, ilmenite and various aqtities of glass. In the

subvolcanic bodies, Ti-augite and glass are comilylatisplaced with kaersutite

and phlogopite. The Ti-augite and kaersutite latr@gelope olivine phenocrysts.
The glass content depends on crystallization degneereaches maximum at the
pillow crusts. A disarranged fibrous aggregate padgite in such areas has the
spinifex-like texture.

The picrite differs from the meymechite by dispiaesat of olivine with large
(up to 30 mm) Ti-augite phenocrysts within fibrousspinifex-like groundmass.
The last is highly porous that is characteristi@lbfrocks of the complex. The Ti-
augite phenocrysts show a multiply zoning.

The picrite breccia of the explosive pipes diffemn the volcanic picrite by
the presence of the giant (up to 70 mm) crystalkasrsutite, Ti-phlogopite,
megacrysts (8-12 mm) of olivine, magnetite, andagyroxene, large (up to 0.5
m) inclusions of wehrlite and host rocks. The gmass contains calcite, which
may be considered to be magmatic.

Among the alkaline basalts melanocratic varietiesmevail but leucocratic
ones (phonolite, trachyte) appear near boundaty Kitanka massif. The specific
feature of the rocks at such areas is widespreadr@nce of globular varieties in
which glassy spheres are included in glassy groasdmThe globules and the
matrix are distinctly different in chemistry (eig. K and Na), indicating liquid
immiscibility [30].

Compositions of the magmatic minerals from Primaaged Japan are same
(Table 1). The liquidus olivine is characted by the elevated Ca-content with
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trace amounts of Al, Ti, Cr as usual and Fa cortéd0-15 atomic per cent. Even
the largest (up 15 mm) phenocrysts do not show osiipnal zoning. The solidus
olivine in matrix is more ferrous (up to 22% Fahelspinel is enriched in titanium
with high Cr# and Fe# and in contrast to olivinewh transition to high Ti-
magnetite at the grain margins (TableNés 14, 17). The same transition (from
chromium to high Ti) is characteristic of clinopyame. In the extrusive picrites it
Is observed multiply intercalation of Cr and Ti esnwithin the large phenocrysts
of clinopyroxene. High Ti-content is characteristichornblende and mica from
the subvolcanic bodies. In addition, Al in thesaenals occupies an Alposition,
and kaersutite is enriched in potassium. Elevatgdakld Mn content characterize
ilmenite and magnetite from the matrix of the morgstallized rocks at the same
time. The magnetite is close to ulvospinel (inahgdup to 25 wt.% Tig).

According to chemical composition (Table 2), theymechite corresponds to
wehrlite, whereas picrite corresponds to clinoperate, and transitional varieties
between them are absent. The higher alkalinithefrocks is emphasized by their
high Ti-content and by coherent with alkalis minelements (Table 3) and
volatiles. Picrite of the explosive pipes are ulsuahriched in potassium. It would
be noted that’Sr°Sr ratio is the same in melanocratic and leucacrattks as
well as in globule-groundmass pair or in carboeaptroving a unity of their initial

magma source [30].
Table 3. Trace elements abundancies (ppm) in the meymedamnte komatiites

Alkaline suite Tholeiitic suite

1(12) 2 (42) 3(7) 4 (30)
Cr 2000 3095 2996 3190
Ni 1300 2115 1530 1931
Co 120 142 103 108
Y, 86 170 120 92
Zr 60 140 15 23
Sr 35 350 19 26
Rb 12 12 0,7 0,9
Ba 40 195 4,7 7
Nb 14 24 1,2 2,0
U 0,26 0,9* 0,03* 0,03*
F 300 420* < 100* < 100*
P 440 960 160 110

87Sy/%%sr initial | 0,7036-0,704Q 0,7031-0,7037 0,7015-0,7025 0,7005-0,7015

Notes. 1 - Sikhote-Alin 2 - Maymecha-Kotuy region [41]; 3 - Western Aatix [20, 8]; 4 -
Southern Africa [33, 17, 8]. Numerals in bracketmalysis number.* -author’s data.
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DISCUSSION

Geochemical analyses (Tables 2 and 3) show thattagma types, tholeiitic
and alkaline, are clearly distinguished. A low pampalkaline content and a heavy
alteration masks an alkalinity difference betwedtrabasic members of the
complexes, and therefore it is revealed using soareslations of the coherent
elements. The most favorable indicator of this istual change of Fe/(Mg+Fe)
ratio and Ti content (Fig. 5). This demonstratest the points of all rocks either
from the Precambrian komatiite complexes or pdrtyn the younger ones of the
Pacific belt (Kamchatka, Olyutorsky gulf, SolomondaNew Hebrides Islands)
form a single trend slightly inclined towards Fe/lsigs as distinct from one of the
rocks of the alkaline complexes (Primorye, Sakhafid Japan). The steepest angle
shows a differentiation trend of the alkaline coexgls of Siberian platform,
including kimberlite. Trend of the ophiolite ultrakic rocks coincides with the
komatiite one. Above difference between two magypes is outlined by isotopic
and trace element data (Table 3) - the rocks @liakk suite are richer in Zr, U, Sr,
Ba and Rb as compared with the tholeiitic analogs.

v

Tid,wty,

40

30+

20t

1o+

I-E/(Fe*Mg) aty
Fig. 5. TiO, vs. Fe/(Fe + Mg) plot for the bulk rock composiiso

Oblique crosses - lavas and subvolcanic bodiesingles - intrusions, both from the
tholeiitic suite; others - from the alkaline suitgght crosses - lavas, circles - diatremes, sqsare
- subvolcanic bodies, rhombs - intrusions. Thedisaow trends of chemical evolution of the
magmas: | - tholeiitic suite; II-IV - alkaline seit Il - Mesozoic-Cenozoic complexes of the
Pacific belt, Il - Maymecha-Kotuy region, IV - 8ian kimberlite.

A regular change in composition of liquidus phasésthe tholeiitic and

alkaline magmas is observed. Fe content of oliumplagioclase-free komatiites
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ranges from 8 up to 12% Fa and from alkaline meymes - 8-22%. Titanium
(0.01-0.05% TiQ), calcium (0.2-0.5% CaO), aluminum (0.01-0.04%@) and
chromium (0.01-0.70% @Ds) appear in the olivine of both complexes. Liquidus
pyroxenes from komatiite have a lower iron, titamiland aluminum content
together with slightly higher chromium content. Hower, most remarkable
difference between alkaline and tholeiitic membansl ultrabasic rocks of the
other complexes is shown by spinel compositiong. (). Komatiitic spinels from
both younger and older complexes fall on the phothe same areas as ones of
tholeiitic basalts and non-ophiolite ultrabasic kcwhereas the spinels from
alkaline analogs are mainly distributed within aesaof the lunar (marine) spinels,
I.e. they are enriched in chromium and titaniunthet same time. In addition,
trends of tholeiitic spinels in the "lava flows-swltcanic bodies-intrusive bodies"
sequence are parallel to Al-Cr axis, and Al incesas this order. On the other
hand, spinels from the rocks of alkaline suite famumber of individual fields
subparallel to Ti-Cr axis. Possibly this may be dwuerystallization of the spinel
from ultrabasic magma of basalt series (rich amitm).

Fig. 6. Compositions of

magmatic spinels from the
meymechite, komatiite and
other basic-ultrabasic

80r Co
associations.

1-4 - tholeiitic suite:
1 - komatiite of Canada
[1], Australia [22], Africa
[24]; 2 - zonal ultrabasic
intrusions of Alaska [14,

60fF

b 5]; 3 - meymechite of
Kamchatka [3]; 4 - high-
level intrusions of

Kamchatka. 5-11 - alkaline

suite: 5-6 - meymechite (5)

and associated high-level

intrusions (6) of

Maymecha-Kotuy  region
CrO2 [40]; 7 - meymechite of

Sikhote-Alin 8 -

Al 2 v3 4 =5 6 e7 8 =9 meymechite  of  Japan

[36,38, our data]; 9 - dikes of micaceous kimbeditof Canada [46, 21]. Areas of spinel
compositions are outlined: | - ophiolitic ultrabasiocks; 2 - gabbro-peridotite (non-ophiolitic)
intrusions and tholeiitic basalts; 3 - ultrabasmciusions in alkaline basalts and kimberlites; 4 -
lunar basalts; 5 - meymechites and picrites of &kAlin® and Japan; 6 - meymechites of
Maymecha-Kotuy region.

20F

10TiO,

Geochemical evolution of the meymechite (komatiite)agmas is
accompanied by a regular change of chemistry ineti@osing basalts [29]. The
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latter from Precambrian komatiite complexes areresgnted by typical low-
potassium island arc tholeiites with boninite affin On the contrary in all the
younger zones of komatiite magmatism (Chukotka, &zatka, Solomon and New
Hebrides Islands) a distinct enrichment of assedi&holeiitic basalts in potassium
is remarked. Both older (Precambrian) and youngeals are characterized by
low Ti-content, i.e. the complexes of tholeiiticdteuare the branches of divergent
evolution of a single deep magmatic chamber.

The basalts related to the alkaline meymechitdatpicomplexes (Primorye,
Sakhalin, New Zealand, Japan, and Maymecha-Kotgipmg are characterized by
a contrasting chemistry developed in coexistenceesdentially sodium and
potassium varieties, enriched in titanium [29, 26].

A number of specific types of ore deposits, whioh ot characteristic of the
other magmatic complexes, are related to meymeca#sociation. Besides
kimberlites, the diamonds were recently found impaoites, which are
undoubtedly a member of meymechite-picrite compl€kis is supported by
occurrence of "carbonado" (fine-grained diamonds)the Primorye placers.
Deposits of disseminated and schlieren ilmenits atethe differentiated gabbro-
peridotite intrusions are known in Primorye. In omtrusions both of tholeiitic
and alkaline suite the gold - platinum mineraliaatiare revealed. Alkaline
members (syenites) of the association carry amat mineralization. Hydrated
mica (vermiculite) is sometimes formed in zonesatialine metasomatism in
ultrabasic rocks. In contrast to the meymechite@ason the komatiitic intrusions
emplace gold and copper-nickel sulfide depositg.onl

All data above allow us to conclude that the meymteepicrite complex of
Primorye and Japan is alkaline analog of the kateatomplex. The higher
alkalinity of the meymechite-picrite complex is sad by specific volatiles (F, P)
participated in fusion and evolution of the meymeepicrite melts. There may be
some doubts that high magnesium content of the raelites is due to
accumulation of olivine crystals in picrite melttbexistence of giant mass of
subvolcanic dunite (Guli pluton at the Maymechaotregion) supports an
autonomy of olivine-rich melts.

CONCLUSIONS

(1) More than 100 occurrences of the meymechitatpisuite are found from
Primorye, and most of them are associated with Jamssic chert-volcanic
formation. They occur as pillow lavas, volcanic dmas and associated
subvolcanic plutons as well as diatremes.

(2) The meymechite-picrite suite of Primorye reskE®bin details to
ultrabasic volcanics reported from Japanese Mesaammil Cenozoic accretionary
complexes. They show common characteristics in -batk and mineral
chemistries, which are distinct from those of kart@(tholeiitic) suite. Generally
the rocks of the same bulk composition of both dengs are common in contents
of siderophile elements (Cr, Ni, Co, V) but diffarlithophile elements (Zr, Sr, Rb,
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Ba, U) abundances as well as by Sr-isotope ratad thay be explained by
enrichment of alkaline melts in F and P volatiles.

(3) The meymechite-picrite suite at the Primorypalaarea is less in T}O
contents of bulk rock, and also poorer in Ti ando€spinel than those of typical
meymechite at the Maymecha-Kotuy area of northaberta. Possibly this is
consistent with the different tectonic settingsleé two areas: the Circum-Pacific
orogenic belt and the margin of continental craton.

(4) The volcanics of both alkaline and tholeiitigites are accompanied by
ring dunite-pyroxenite intrusions with chromiteqotam and ilmenite deposits.
Although the komatiite volcanics bear sulphide GueNposits, fine-crystalline
diamonds are found in the Primorye placers in tihea aof potassium-rich
diatremes.

(5) Spinels of the meymechite-picrite suite arehrigoth in Ti and Cr
resembling to those from lunar (marine) basaltes€éhspinels are clearly different
from those of komatiite-basalt suite, and this rhaydue to deep mantle origin of
the meymechite-picrite melts.
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