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Abstract: The area of studies covers the north-eastern part of the Siberian craton (the Birekte terrain), Russia. The
influence of metasomatic and magmatic processes on the mantle lithosphere is studied based on results of analyses of
phlogopite- and phlogopite-amphibole-containing deep-seated xenoliths from kimberlites of the Kuoika field. In the
kimberlitic pipes, deep-seated xenoliths with mantle phlogopite- and phlogopite-amphibole mineralization are deve-
loped in two genetically different rock series: magnesian (Mg) pyroxenite-peridotite series (with magnesian composi-
tion of rocks and minerals) and phlogopite-ilmenite (Phl-Ilm) hyperbasite series (with ferrous types of rocks and
minerals). This paper is focused on issues of petrography and mineralogy of the xenoliths and describes the evidence
of metasomatic / magmatic genesis of phlogopite and amphibole. We report here the first data set of 40Ar/3%Ar age
determinations for phlogopite from the rocks of the magnesian pyroxenite-peridotite series and the ferrous Phl-Ilm
hyperbasite series.

The Mg series is represented by a continuous transition of rocks from Sp, Sp-Grt, Grt clinopyroxenite and ortopy-
roxenite to websterite and lherzolite. Many researchers consider it as a layered intrusion in the mantle [Ukhanov et al.,
1988; Solov’eva et al, 1994]. The mantle metasomatic phlogopite and amphibole are revealed in all petrographic types
of the rocks in this series and compose transverse veins and irregular patchs at grain boundaries of primary minerals.
At contacts of xenolith and its host kimberlite, grains of phlogopite and amphibole are often cut off, which gives an
evidence of the development of metasomatic phlogopite-amphibole mineralization in the rocks before its’ entraiment
into the kimberlite. In the xenoliths with exsolution pyroxene megacrystalls, comprising parallel plates of clino- and
orthopyroxene * garnet * spinel (former high-temperature pigeonite [Solov’eva et al., 1994]), the metasomatic phlo-
gopite-amphibole aggregate mainly replace laminar intergrowths of one of pyroxenes and garnet and also develops in
the re-crystallized fine-grained rock matrix. This suggests a considerable period of time between the crystallization of
rocks of the pyroxenite-peridotite series and the development of phlogopite-amphibole metasomatism.

The Phl-Ilm hyperbasites comprise a complex association of parageneses represented by garnet- and garnetless
pyroxenites, websterites, olivine websterites, orthopyroxenites, lherzolites and olivinites. A specific feature of this
series is high contents of K, Ti and Fe in the rocks and minerals. The content of phlogopite is widely variable, from a
few percent to 40-80 %. The content of ilmenite ranges from a few percent to 15 %, rarely to 30-40 %. Mica and il-
menite contents sharply decrease in garnetized xenolithes, where these two minerals, as soon as olivine and pyro-
xenes are replaced by garnet.

Euhedral, subhedral, sideronitic and porphyraceous structures in garnetless xenoliths suggest the primary mag-
matic genesis of the rocks. In the series of Phl-Ilm hyperbasites, a special type of parageneses is represented by
strongly deformed phlogopite-amphibole rocks with newly-formed chromite and relict resorbed ilmenite and clino-
pyroxene. Phl-Ilm rock series is also characterized by a variety of autometasomatic and metasomatic reaction struc-
tures. Garnet and phlogopite develop nearly simultaneously at the sub-solidus stage: garnet develops due to cooling of
the primary magmatic rocks, and phlogopite develops under the influence of residual rich in potassium and volatiles
fluids - melts. Phlogopite in the rocks of the Phl-Ilm series form porphyraceous plates, late intergranular xenomorphic
grains, porphyroblasts of the solidus stage and strongly deformed irregular plates in the phlogopite-amphibole rocks.
Amphibole occurs in garnetless parageneses and deformed phlogopite-amphibole rocks in amounts of a few percent
and up to 40-50%, respectively. Petrographically, the differentiated series of phlogopite-ilmenite hyperbasites be-
longs to mantle magmatites, except for younger deformed phlogopite-amphibole rocks from zones of deep faults.
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Unlike corresponding minerals in the Mg pyroxenite-peridotite series, minerals from the Phl-Ilm hyperbasites are
characterized by lower magnesium index (Mg#), considerably higher contents of TiO: and FeO, and lower contents of
Cr20s3 (Table). In diagrams Mg# - TiO2 and Mg# - Cr203, metasomatic phlogopite points from Mg series rocks are
significantly distant from points of mica from the phlogopite-ilmenite parageneses (Fig. 24). In the parageneses of the
Mg pyroxenite-peridotite series, phlogopite plates have homogenous compositions in contrast to zonal phlogopite in
the Phl-Ilm hyperbasites. In Phl-Amph metasomatites of the Mg series, amphibole is represented by typical pargasite,
and its chemical composition is sharply different from that of K-richterite from the deformed phlogopite-amphibole
rocks of the series of the Phl-Ilm hyperbasites (Table).

The 40Ar/3%Ar age in the range from 1640 to 1800 Ma (Fig. 25) is determined for phlogopite from the metasomatic
phlogopite-amphibole veinlets and intergranular reaction patches in the garnet olivine websterite of the Mg series.
For mica from the garnetless Phl-Ilm websterites, ages are 869 and 851 Ma (Fig. 25). Mica from the garnet-containing
Phl-Ilm lherzolites is much younger (608 and 495 Ma). The age of mica from the deformed phlogopite-amphibole rock
is 167 Ma, which is close to the age of kimberlites of the Kuoika field.

Metasomatic phlogopite (1640-1800 Ma) originated somewhat later than the Birekte terrain accretion to the Si-
berian craton (1.8-1.9 Ga) [Rosen, 2003], and its age determination may be explained by a partial loss of 40Ar in the
analysed medium. This age is also close to the late episode when the crust was formed in the Birekte block 1.8-2.1 Ga
ago [Nasdala et al., 2014], and corresponds to the time when radiogenic osmium was supplied into the mantle litho-
sphere from the subduction zone (1.7-2.2 Ga, according to [Pernet et al., 2015]). In analyses of minerals in the pyroxe-
nite-peridotite series from the Obnazhennaya pipe, data on the oxygen isotope geochemistry give evidence of an an-
cient subduction component (Fig. 26). It can be thus assumed that in the mantle lithosphere of the Birekte terrain,
phlogopite-amphibole metasomatism took place due to fluids-melts ascending from the subduction zone about 1.8 Ga
ago and correlates to the accretion of this block to the Siberian craton. The complex magmatic series of Phl-Ilm rocks
formed later than the Mg pyroxenite-peridotite series. The more ancient ages of phlogopite (869-851 Ma) from Phl-
IIm hyperbasites are somewhat higher than the most ancient dating of alkaline ultrabasic-carbonatite Tomtor massif
(800 Ga, according to [Entin et al., 1990]) and the time when the breakup of Rodinia began (825 Ga, according to [Li et
al,, 2008]). The difference may be explained by an advance occurrence of high-potassium, titanian, ferrous magmatites
in the mantle lithosphere of the Birekte block as compared to their appearance on the surface. Phlogopite from xeno-
liths with subsolidus garnetization is significantly younger in age (500-600 Ma), may be, due to a loss of radiogenic
argon caused by mica replacement. H20, K, Ba, F and Cl were abundantly released during the replacement and sup-
plied into the upper layers of the crust and mantle. The mantle high-potassium and high titanian Phl-Ilm series seems
comagmatic with the surficial potassium ultramafites and mafites of the Siberian Platform and associated with the
earlier episode of the Rodinia breakup.

Key words: Siberian craton, Birekte terrain, lithosphere mantle, mantle xenolith, magmatism, mantle metasomatism,
magnesian pyroxenite-peridotite series, ferrous Phl-Ilm hyperbasite series.
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AHHoTanusa: BBejgeHue. BiMsHUe MpoLeccoB MaHTUHHOrO MeTacoMaTH3Ma M MarMaTH3Ma Ha 3BOJIIOLUIO JIMTO-
cpepHOIl MaHTUM B CEBEPO-BOCTOYHOM BUpeKTHHCKOM TeppelHe CUGHPCKOro KpaToHA PacCMOTPEHO HA IIpUMepe
dusioronut- u psioronuT-aMmPub0ICOEPKALIUX ITTYOUHHBIX KCEHOJIUTOB U3 KUMGepuToB Kyolikckoro noJs (puc. 1).
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['1y6GHUHHBIE KCEHOJUTBI C MAHTUUHOH GJ1oronuToBod U ¢ioronut-aMmPpru6010BOH MUHepaIM3aLueld B KUMOEPJIUTO-
BbIX TPYOKax I0JIs1 pa3BUTHI B BYX F€HETUYECKH PA3HbIX CEPUSIX [TOPOJ: MarHe3uanbHOH (Mg) NUPOKCEHUT-NEepH-
JOTUTOBOM (C MarHesuaJibHbIM COCTAaBOM MOPOJ U MUHEPAJIOB) U B cepuu GpJIOronuT- uibMeHUTOBbIX (Phl-1lm) ru-
nep6a3uToB (C KeJe3UCThIM THUIIOM N10POJ, U MUHEpaJIOB). B HacTosLiell paGoTe yzaesnsieTcs 60Jblioe BHUMAaHKe NET-
porpaduu U MUHEpPaJIOTrUi KCEHOJUTOB C MAaHTUHHOU ¢J10ronuToBOM U duioronut-aMm¢epr6010BOM MUHEPATIU3ALUEH,
Y IPUBOJSITCS HOBBIE AaHHbIe N0 40Ar/39Ar Bo3pacTy ¢Jioronura.

MeToap!l ucciaegoBanuil. dioronut- u ¢pyoronut-amPpudoaICOAepKaLle MapareHe3nucbl KCEHOJUTOB ObLIH Jie-
TaJIbHO U3y4YeHbl B 00pa3lax U mindax. 3epHa MUHEPaIoB ObLIM POAHATU3UPOBAHbI HA COJlePXKaHHUsl IJIaBHBIX OK-
CH/I0B HAa PEHTTeHOBCKOM 3JIEKTPOHHO-30HJ0BOM MUKpoaHanu3saTtope JXA-8200 B UHcTuTyTe reoxumuu um. A.Il. Bu-
HorpagzoBa CO PAH (r. UpkyTck). AHa/IM3 U30TOMHOTO COCTaBa KUCJ0PO/JA B rpaHaTe BBINOJHEH B aHAJIUTUYECKOM
uentpe IBI'U IBO PAH (r. BraguBocTok) Ha Macc-ciekTpoMeTpe Finnigan MAT 252, [Ignatiev, Velivetskaya, 2004].
OnpegeneHde Bo3pacTta ¢uoronurta 49Ar/39Ar MeTozoM npousBeseHo B UHcTUuTyTe 3eMHoM kopbl CO PAH (r. Up-
KYTCK) C UCI0JIb30BaHUEM MYJIbTUKOJIJIEKTOPHOTr0 Macc-crekTpomeTpa Argus VI

Ierporpadus u MuHepasiorusa. MarHe3suanbHas (Mg) cepusi npeJCTaBjeHa HENPEPLIBHBIM NEPEX00M IIOPOJ
ot Sp, Sp-Grt, Grt KJIMHONMUPOKCEHUTOB, OPTONHMPOKCEHUTOB K BeGCTepHUTAM, OJIMBUHOBLIM BeGCTEPUTAM U JIePLOJIU-
TaM U paccMaTpUBaeTCs PsLOM HCCaeLoBaTesell KaK pacciaoeHHas WHTPYy3us B MaHTUU [Ukhanov et al, 1988;
Solov’eva et al, 1994]. ManTHtHas MeTacoMaTHdeckast GpJoronuT-aMmPpu600Basi MUHepaIU3allusa NPOsiBJIeHa BO BCeX
netporpaduyeckux TUIax MOPoJ CEPUU U Pa3BUTa B BUJEe CEKYILUX NPOXKU/IKOB U HelPaBUJIbHBIX Y4aCTKOB IO rpa-
HHLAM 3epeH NMepBUYHBIX MUHepaJoB (puc. 4, 5). B KceHomMTax ¢ MerakpucTa/uIaMH MUPOKCEHOB, COCTOSIIINX U3
napaJiie/IbHbIX IJIACTUHOK KJIMHO- U OPTONMPOKCEHA * rpaHaTa + MNUHeJ U (CTPYKTYpPhI pacnaja BbICOKOTeMIIepa-
TypHOTO MKOHUTA [Solov’eva et al, 1994]), MeTacomaTuiecku ¢uoronuT-aMPuO0JOBLINA arperaT pa3BUBaeTCs
NPENMYILIeCTBEHHO MO MJACTUHYATBIM BPOCTKAM OJHOTO M3 MHPOKCEHOB W IpaHaTa U B NePEKPUCTA/IN30BAaHHOM
MeJIKO3epHHUCTON MaTpHLe MopoJ. ITO YKa3bIBaeT HAa 3HAYUTEIbHBIA HHTEPBAJ BpeMeH! MeX/Ay KpHCTalIn3anyen
NOPOJ, MHPOKCEHUT-NEPUOTUTOBOM CeprH U pa3BUTHeEM dioronut-aMm$pr600BOro MeTacoMaTH3Ma.

Phl-Ilm runep6asuTe! Takke 06pa3yoT CJIOXKHYIO acCOLMALMIO TapareHe3ucoB, npejcraBaeHHbix Phl-Ilm rpana-
TOBBIMU M 0€3rpaHATOBBIMH NHPOKCEHUTAMH, BeOCTEPUTAMH, OJIMBUHOBBIMU BeOCTEPUTAMH, OPTOIUPOKCEHUTAMH,
JIEPIOJIUTAMU U OJIUBHUHUTAMH. XapaKTepPHOW 0COGEHHOCThIO CEPUU SBJSAIOTCSA BbicOKUe cofiepkanus K, Ti, Fe B mo-
poJaax u MuHepaJsax. ComepkaHue GJIOronUTa B MOPOAaX LIMPOKO BapbUPYETCs — OT NEPBBIX NMPoLeHTOB A0 40-80 %,
WJIbMEHUTA — OT NepBbIX A0 15 %, pexxe 1o 30-40 %. KosimyecTBO C/I10/ibI M MJIbMEHUTA PE3KO YMEHbIIAeTCs B Ipa-
HaTHU3UPOBAaHHBIX KCEHOJIUTAX, B KOTOPBIX 'PaHAT MHTEHCHBHO 3aMelaeT 3TH MUHepaJIbl, a TAKXe NIepBUYHBIE CH-
nvKaThl. [laHHgMOMOpPPHO3EpHHUCTEIE, TUITUAHOMOPPHO3EPHUCTDIE, CUAEPOHUTOBBIE U TOPPUPOBUHBIE CTPYKTYPhI
B HErpaHAaTU3MPOBAHHBIX KCEHOJIMTAX YKA3bIBAIOT HAa NMEePBUYHBIA MarMaTU4YecKuil reHe3uc nopoj. [us nopon ce-
pHUU XapaKTePHO TaKXXe Pa3HO0Opa3ue aBTOMETaCOMAaTUYECKUX U MeTAaCOMAaTHYECKUX CTPYKTYp. ['paHat u ¢Jioronut
pa3BUBAIOTCS HAa CyOCOJIM/YCHOM 3Tarne 6JIM3K0 0OJHOBPEMEHHO: NTePBbIH 3a CYET OXJIAXKAEHUs [IePBUYHBIX MarMaTH-
yeckux nopoj (puc. 11, 12, 14), a BTOpoii npu Bo3JeHCTBUM Ha HUX OCTATOYHBIX QJIIOMA0B-PACIIABOB, 06OralleH-
HBIX KasineM U JieTyduMH (puc. 8). Oco6biil Tun napareHe3suncoB B cepurt Phl-Ilm runep6a3uToB npesCcTaBasiioT CUIIb-
HO AedpopMHUpOBaHHbIe GJIOronuT-aM¢pU60/I0BbIE TOPOJEl C HOBOOGPA30BAHHBIM XPOMHUTOM U C PEJIMKTOBBIMU pe-
30p6UPOBAHHBIMU WJIBMEHUTOM M KJIHMHONUpOKceHOM (puc. 21-23). lubdepeHurpoBaHHas cepust GpJOTONUT-UIb-
MEHHUTOBBIX IMIep6a3UTOB M0 NeTporpadpuyecKuM NprU3HAKaM OTHOCUTCA K MAHTHHHBIM MarMaTHTaM, 3a UCKJII0Ye-
HUeM GoJiee MO3AHUX JeOPMUPOBAHHLIX GpJIOronUT-aMPpr60I0BBIX HOPOJ U3 30H IVTyGUHHBIX PAa3JIOMOB.

B oT/in4YMe OT COOTBETCTBYIOIIUX MUHEPaIOB Mg NUPOKCEHUT-TNIePUJOTUTOBON cepuu, MUHepasbl U3 Phl-Ilm ru-
nep6asuTOB UMEIOT 3HAYUTEbHO MEHBIIYI0 MarHe3uanbHOCTh (Mg#) U cofepkaT cyuecTBeHHO 6osblie TiOz, FeO u
MeHb1e Crz03 (Tabsanna). Touku MeTacoMaTH4eCKUX GJIOronuTOB U3 Mopos Mg cepuu Ha fuarpammax Mg# - TiO2 u
Mg# - Cr203 cyliecTBEeHHO OT/eJIEHbI OT MOJIA TOYEK CJII0J U3 GJIOrONUT-UIbMEHUTOBBIX NapareHe3ucoB (puc. 24).
Amoubos, npeacrasaeHHbii B Phl-Amph MeTacomatuTax Mg cepyy TUIMYHBIM NAPracUTOM 10 XUMUYECKOMY COCTa-
By pe3ko oTsinyaetcs oT K-puxrepura u3 psedopMupoBaHHBIX ¢uioronut-aMm$prb6osoBeix nopos cepuu Phl-Ilm ru-
nep6a3uToB (TabsuIa).

40Ar/39Ar gaTMpoBaHUe CAWABL 40Ar/39Ar Bo3pacT ¢Jioronuta U3 MeTacOMaTHYECKUX QJIOTOMUT-aMpu60JI0-
BbIX NPOXKUJIKOB M MeX3epPHOBBIX PeaKLHOHHbIX 060c06/IeHUH B IPAaHATOBOM OJIMBUHOBOM BebGcTepute Mg cepuu
BapbupyeTcs B npezesnax 1640-1800 muH Jet (puc. 25). Citogbl u3 HerpaHaTu3upoBaHHbIX Phl-Ilm Be6GcTepuToB
nokasaJsid Bo3pacT 869 u 851 muH JieT (puc. 25). B rpaHaTusupoBaHsbix Phl-Ilm seprjosmrax Bo3pacT ciroj, 3HaYU-
TeJibHO MeHble (608 u 495 muH JieT). Citoa U3 AebopMHUpOBaHHOU (uioronuT-aMPH60JI0BON MOPOAbI MOKa3aaa
BO3pacT 167 MJIH JieT, 6JIU3KHUH Bo3pacTy KUM6epiuToB Kyoiikckoro moJis.

Jluckyccusi U pe3ysbTaThl. Bo3pact MeTacomaTudeckoro ¢soronura (1640-1800 MJIH JIeT) HECKOJIBKO HIKe
BO3pacTa npucoejuHeHus1 bupektuHckoro TeppeiiHa k Cubupckomy kpatony (1.8-1.9 mutH et [Rosen, 2003]), 4To,
BO3MO’KHO, 06'bsSICHSIETCS YaCTUYHOH noTepei 40Ar B aHa/iM3upyeMoi catoze. C Apyroi CTOPOHBL, 3TO 3HaYeHUE GIU3-
KO UHTepBaJy Mo3JHero snusofa ¢popMupoBaHus Kopbl B bupektuHckoM 6Jioke 1.8-2.1 muppg et [Nasdala et al,
2014] v COOTBETCTBYET BpPEMEHH NPUBHOCA PAZMOTEHHOI0 OCMHS B MAaHTHUHHYIO JIUTOCHEPY W3 30HBI CYyOAYKLUU
(1.7-2.2 net [Pernet-Fisher et al, 2015]). 'eoxuMusi U30TONOB KUCJIOPOJA B MOPOJAAX NEPUJOTUT-TUPOKCEHUTOBOMN
cepuu u3 Tpy6ku OGHaXKEHHAs TAKXKE CBU/IETE/IBCTBYET O IPUCYTCTBUHU B HUX JIpeBHEN Cy6yKIIMOHHOW KOMIIOHEH-
Thl (pUc. 26). ITO NO3BOJISIET NPEANOJIOXKUTb, YTO MAHTUHHBIA dJioronuT-aMpu60J10BbI METACOMATU3M B JIUTO-
chepHOl MaHTHUM BUPEKTHHCKOro TeppeiiHa oCylecTBIsICS QJIIOUAAMH — PaclylaBaMH, MOCTYNaBIIMMH U3 30HBI
Cy6yKIMM TpUMepHO 1.8 MJIpA JeT Ha3a/, U COOTBETCTBYET 3MHU30/ly NPUCOEJUHEHUS 3TOro 610Ka K CUGHPCKOMY
KpaToHy.

CnoxxHast MarmMatuueckas cepus Phl-Ilm nopopg siBnsieTcst 60s1ee nos3HeH o cpaBHEHUIO ¢ Mg MMPOKCEHUT-TIEPH-
ZOoTUTOBOMU cepuel. [lpeBHUI Bo3pacT ¢uioronuta (869-851 muH Jiet) u3 Phl-Ilm runep6asuToB HECKOJIBKO NpPEBBI-
maetT HauboJsiee JpeBHHE AATHUPOBKH IEJOYHOrO YJbTPAOCHOBHOrO - Kap6oHaTHUTOBOro TOMTOPCKOro MaccuBa
(800 muiH neT [Entin et al, 1990]) u BpeMs Havyaja pacnaja cynepkoHTHHeHTa Poguuus (825 muH Jset [Li et al,
2008]). 3Ta pa3HULA MOXKET 6bITh 06'bSICHEHA ONEPEXKAIOIUM NPOsIBJIEHHEM BbICOKOKAIMEBBIX, TATAHUCTHIX, XKeJle-
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3UCTbIX MarMaTUTOB B MaHTUHHOM JiuTocdepe BupeKkTHHCKOro 6J10Ka 10 CPAaBHEHUIO C UX POsIBJIeHHEM Ha NTOBepX-
HOCTU. PJIOronuT U3 KCEHOJUTOB C Cy6CONHUAYCHON rpaHaTU3aLMell OKa3bIBaeT CyleCTBEHHO MeHblINe 3HaYeHHUs
Bo3pacTa (500-600 MJH J1eT), BepOsAITHO, U3-3a IOTEPH PaAUOreHHOT0 aproHa Mpy 3aMellleHUH CJ0/bl. DTOT IpoLecc
BBICBO6OX a1 6osblioe KoandecTBO H20, K, Ba, F u Cl, noctynaBimux B BepxHUe FOPU30HTHI KOPbl U MaHTUU. MaH-
TUIHasl BbICOKOKa/ueBas U BblcokoTUTaHUcTas Phl-Ilm cepus, no-BuanMoMy, KoMarMaTu4Ha MOBEPXHOCTHBIM Ka-
JIieBBIM yabTpaMaduTaM U MapuTaM Ha CubUpCcKoi naaTdopMe U CBsI3aHA C PAHHUM 3MIU30/0M PacKoJa CynepKoH-
TUHeHTa Poaunus.

I'maBHBIe BBIBOABL. 1. PaccMoTpeHHble ¢ioronuTcofepaliie cepud KCEHOJMTOB U3 KUMOGEpJUTOBBIX TPYOOK
Kyolikckoro noJsis nprHajiexaT K pa3HbIM FreHeTUYeCKUM 06pa30BaHUSAM U K pa3HbIM 3TanaM 3BOJIIOLUU JUTOChep-
HOW MaHTHUU BupekTuHckoro TeppeitHa. 2. Phl-Amph MeTacomaTusM pa3BuBaeTcsl 0 OPOJAAM CJ0KHOM MarHesu-
aJIbHOM MUPOKCEHUT-NEPUAOTUTOBOM CepUM KCEHOJUTOB, UMeeT reOXMMUYEeCKHe YepThl 30Hbl CYOAYKIMHU U Map-
KUpYyeT 3Tal, CBA3aHHBIM C NpucoefrMHeHWeM BUPEKTMHCKOro KOHTMHEHTaIbHOro 6j0ka kK CH6UPCKOMY KpaTOHY
~1.8-1.9 mapp sieT. 3. CinoxkHast xese3uctas cepus Phl-Ilm runep6asuToB OTHOCUTCS K TUIUYHBIM MaHTUUHBIM Ka-
JINEeBBIM YJIbTPAOCHOBHBIM — OCHOBHBIM MarmaTuTaM. Hayaso ¢popmupoBaHus mMarmatudeckoit cepuu Phl-Ilm ru-
nep6a3suToOB B MaHTUHHOM snTocdepe BrupekTuHckoro TepperHa (~869-851 MJIH JieT), BO3MOXHO, COOTBETCTBYET

caMOMy paHHeMy 3Tally pacnajia CynepKkoHTHHeHTa PoguHus.

KioueBble cinoBa: CubUpckuil KpaToH, BUpeKTHHCKNH TeppelH, muTocdepHas MaHTHs, MAHTHHHbBIE KCEHOJIUTBI,
MarmMaTusM, MaHTUHHbBIA MeTacoMaTH3M, MarHe3uasbHast TMPOKCEHUT-NIEPUA0TUTOBAs Cepus,
cepusi )KeJIe3UCTbIX GJIOrONUT-UIbMEHUTOBBIX THIIEPOA3ZUTOB.

1. INTRODUCTION

The Birekte terrain is located in the north-eastern
part of the Siberian craton. The geotectonic regional
partition suggest that it was formed not later than 2.4
Ga ago (Fig. 1) [Rosen, 2003]. The composition and
structure of the mantle lithosphere of this block were
mainly discovered by studies of deep-seated xenoliths
from the Upper Jurassic-Lower Cretaceous Kuoika
kimberlite field [Ukhanov et al., 1988; Solov’eva et al,
1994; Howarth et al,, 2014]. It has been noted in many
publications that the mantle lithosphere in the north-
eastern part of the Siberian craton is significantly dif-
ferent from that of its central part in terms of both
thickness and composition [Pokhilenko et al., 1999].

Our study is focused on deep-seated xenoliths with
mantle phlogopite- and phlogopite-amphibole minera-
lization which are found in kimberlite pipes of the
Kuoika field (Obnazhennaya, Slyudyanka, Pyatnitsa
pipes). The occurrence of primary phlogopite and am-
phibole in deep-seated xenoliths is generally viewed as
a result of different-aged processes of mantle metaso-
matism [Menzies, Hawkesworth, 1987]. It is remarkable
that primary phlogopite in deep-seated xenoliths may
be of magmatic genesis [Solovieva et al., 1997].

According to [Garanin et al, 1985; Ukhanov et al,
1988], phlogopite- and phlogopite-amphibole minerali-
zation was discovered in two series of deep-seated
xenoliths from the Obnazhennaya pipe (Kuoika field),
specifically the Mg pyroxenite-peridotite series and the
series of Phl-Ilm hyperbasites with a higher Fe content.
Nevertheless, phlogopite- and phlogopite-amphibole
mantle parageneses remain poorly studied in terms of
both composition and time of their occurrence in the

mantle lithosphere in the north-eastern block of the
Siberian craton. This paper is focused on issues of pe-
trography and mineralogy of the xenoliths and the evi-
dences of metasomatic/magmatic genesis of mantle
phlogopite and amphibole. We report here the first da-
ta of 40Ar/39Ar age determinations for phlogopite from
the rocks of the magnesian pyroxenite-peridotite series
and the ferrous Phl-Ilm hyperbasite series. Results of
our studies reveal the genesis of phlogopite- and
phlogopite-amphibole mantle mineralization and its
relationships with evolution stages of the mantle litho-
sphere in the north-eastern block of the Siberian cra-
ton.

2. RESEARCH METHODS

Detailed studies of phlogopite and phlogopite- am-
phibole xenoliths are conducted using rock samples
and thin sections. The mantle genesis of mica and am-
phibole is determined by a number of signs, such as the
development of these minerals in a xenolith regardless
of a distance to kimberlite, cut-off of phlogopite plates
and amphibole grains by the xenolith contact, the com-
position of phlogopite etc. The fine-grained mica filling
the cracks coming from the kimberlite into the xenolith
is not considered as pre-kimberlite/mantle one. Grains
of minerals are analysed for the main oxides. The ana-
lyses were taken using Electron Probe Microanalyzer
JXA-8200 at the Vinogradov Institute of Geochemistry,
Irkutsk. The isotopes of oxigen were analysed for gar-
net. We use results of analyses conducted at the Analy-
tical Centre of the Far East Geological Institute, Far East
Branch of RAS, using the fluorination BrFs method
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Fig. 1. Schematic map of ancient terrains and kimberlitic fields in the Siberian craton with the authors’ modification.

The legend is given in the figure. The craton and the kimberlitic fields are contoured according to [Khar'kiv et al., 1998], terrains of the
Siberian craton according to [Rosen, 2003], and the Anabar crystalline shield according to [Parfenov, Kuzmin, 2001].

Puc. 1. CxeMa pacnoJioxeHHUs IPeBHUX TePPeHOB U KUMGEPJHUTOBBIX noJied Ha CUOUPCKOM KpaTOHe C HEKOTOPBIMU M3-

MEHEHHWAMH aBTOPOB CTATbH.

YcoBHBIE 0603HAYEHHUsI TPUBE/IEHbl HAa pUcyHKe. KOHTYphI KpaToHa M KUMOepJIUTOBEBIe 10Jis1 HaHeceHkbI 1o [Khar'kiv et al.,, 1998]; Tep-
pelinbl CUOGHUPCKOro KpaToHa - 1o [Rosen, 2003]; AHabapcKkuil KpUCTa/UTMYeCKUH WUT - 1o [Parfenov, Kuzmin, 2001].

[Ignatiev, Velivetskaya, 2004]. The weight of mineral
fractions for analysis ranges from 1 to 2 mg, precision
of the method (106) amounts to 0.1 %o (n=5). Measure-
ments (6180) were conducted with a Finnigan MAT 252
isotope mass spectrometer (IRMS). The repeatability of
measurements 6180 for samples amounts to 0.1 %so.
Dating of phlogopites by %0Ar/3°Ar method was per-
formed at the Institute of the Earth's Crust, SB RAS;
an Argus VI multi-collector mass spectrometer and
a high-vacuum oven (dual vacuum, heating above
1700 °C) were used. Mica samples (15-30 mg) were
wrapped in an aluminium foil and put into a glass
ampoule together with BERN4M standards (assumed

age of 18.885+0.097 Ma). The glass ampoule was irra-
diated in a VVR-K nuclear reactor in Tomsk. Radiation

parameters were similar to those reported in [Travin et
al., 2009].

3. PETROGRAPHY AND MINERALOGY

3.1. PHLOGOPITE-AMPHIBOLE PARAGENESES IN THE MAGNESIAN
PYROXENITE-PERIDOTITE SERIES OF THE XENOLITHS

The Mg pyroxenite-peridotite series of the xenoliths is
represented by a continuous transition of rocks from
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Sp, Sp-Grt, Grt clinopyroxenites and ortopyroxenites to
Sp, Sp-Grt, Grt websterites, olivine websterites and
lherzolites [Ukhanov et al., 1988; Solov’eva et al., 1994].
The mantle metasomatic phlogopite and amphibole are
revealed in all the petrographic types of the rocks in
nearly every twentieth xenoliths and typically are
composed of transverse veins and veinlet aggregates at
grain boundaries of primary minerals. In metasomatic
area amphibole predominates. At contacts of xenolith
and host kimberlite, grains of phlogopite and amphi-
bole are often cut off, which gives an evidence of the
development of metasomatic phlogopite-amphibole
mineralization before xenolith entrainment by the kim-
berlite. In the exsolution pyroxene megacrystalls (for-
mer high-temperature pigeonite [Soloveva et al,
1994]), comprising parallel plates of clino- and ortho-
pyroxene * garnet * spinel, the metasomatic phlogo-
pite-amphibole aggregate mainly replace laminar in-
tergrowths of one of pyroxenes and garnet (Fig. 2). The
abundant development of metasomatic amphibole is
observed from the contact with cutting phlogopite-
amphibole veinlets (Fig. 3-5). Grains of olivine, garnet
and clinopyroxene are intensively resorbed at the
boundaries with the veinlets. Small amphibole grains
are developed from the veinlet into the grains of clino-
pyroxene (Fig. 3, B). In veinlet selvages, clinopyroxene
remains as small irregular relics (Fig. 3, C). Garnet is
replaced by phlogopite at the contact with the phlogo-
pite infill of the veinlets (Fig. 4, 4, B). In the phlogopite-
amphibole parts of the veinlets, the texture is close to
magmatic euhedral one (Fig. 4, C). The grains of pyro-
xene are filled by small crystals of metasomatic amphi-
bole (Fig. 5, A-D) which commonly have one or two
crystallographic direction.

The undoubted metasomatic character of the phlo-
gopite-amphibole mineralization in the xenoliths of the
magnesian pyroxenite-peridotite series and its deve-
lopment before xenoliths entrainment into the kimber-
lite melt suggest that this process is related to intensive
metasomatism of the mantle lithosphere in the north-
eastern part of the Siberian craton.

3.2. PHLOGOPITE AND PHLOGOPITE-AMPHIBOLE PARAGENESES
IN XENOLITHS OF THE FERROUS PHL-ILM SERIES OF
HYPERBASITES

The Phl-Ilm hyperbasites comprise a complex asso-
ciation of parageneses represented by garnet- and
garnetless pyroxenites, websterites, olivine webste-
rites, orthopyroxenites, lherzolites and olivinites. High
contents of K, Ti and Fe in the rocks and minerals are
typical of this series [Garanin et al, 1985; Ukhanov et
al, 1988]. The content of phlogopite is widely variable,
from a few percent to 40-80 %. The content of ilmenite
ranges from a few percent to 15 %, rarely to 30-40 %.
Mica and ilmenite contents sharply decrease in garne-

tized xenolithes, where these two minerals, as soon as
olivine and pyroxenes are replaced by garnet. Euhe-
dral, subhedral, sideronitic and porphyraceous tex-
tures in garnetless xenoliths are suggested the primary
magmatic genesis of the rocks. In the series of Phl-Ilm
hyperbasites, a special type of parageneses is repre-
sented by strongly deformed phlogopite-amphibole
rocks with newly-formed chromite and relict resorbed
ilmenite and clinopyroxene. The rocks of this series are
also characterized by numerous autometasomatic and
metasomatic reaction textures and wide ranges of
modal mineral compositions: 0-80 % Grt, 1-40 % IIm,
5-80 % Phl, 0-30 % Cpx, 10-70 % Opx, 0-40 % Ol, and
0.5-2.0 % Sulph. Amphibole occurs in garnetless para-
geneses and deformed phlogopite-amphibole rocks
(with the newly formed chromite) in amounts of a few
percent and up to 40-50 %, respectively.

The euhedral texture is essentially preserved in or-
thopyroxenites and partially websterites (Fig. 6, A).
These rocks are composed of regular prismatic crystals
of orthopyroxene which often have directive orienta-
tions. In olivine-containing xenoliths, large elongated
crystals of olivine also formed partly idiomorphic crys-
tals. Oval and round-shaped grains of olivine are often
included into the grains of orthopyroxene less than into
clinopyroxene without any traces of resorption (Fig. 6,
B). The exsolution lamellae of clinopyroxene are com-
monly found in orthopyroxene from 10 to 15 % (Fig. 6,
B). Besides, orthopyroxene contains numerous brow-
nish micro-inclusions (5-20 pum) of ilmenite (<1 %)
which are regularly oriented and translucent (Fig. 6, C,
D). Clinopyroxene- and ilmenite exsolution plates oc-
cupy central parts of orthopyroxene grains (almost 34
of the area) and are absent in the marginal zones. The
presence of the exsolution textures indicate an early
high-temperature stage in the evolution of the rocks.
[Imenite and phlogopite form xenomorphic grains be-
tween earlier silicates without any evident reaction
interrelations (Fig. 7, 4, B) and belong to the late stage
of magmatic crystallization. Inclusions of ilmenite in
phlogopite occur as thin cleavage-oriented plates (<1-5
um) in the central parts of the grains or as oval-shaped
blebs in the marginal parts (Fig. 7, 4, B). Rare regular
phlogopite flakes in orthopyroxene (Fig. 7, C, D) sug-
gest that small amounts of mica were crystallized in
some portions of the melt at the early magmatic stage.

In addition to evidence of typical magmatic genesis,
phlogopite shows metasomatic relationships with pri-
mary silicates. In both the garnet-containing and gar-
netless parageneses, phlogopite forms 'windows' with
abundant inclusions of small round-shaped grains of
ilmenite and pyroxenes being relics of substitution
(Fig. 8, A). Orthopyroxene crystals are grown through
small irregular phlogopite flakes of the common optical
orientation (Fig. 8, B, €). As shown in Fig. 9, 4, B,
orphopyroxene and clinopyroxene are intensively
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Fig. 2. The photomicrographs of thin section. Development of metasomatic Phl-Amph mineralization on orthopyroxene
exsolution plates inside the clinopyroxene megacrystal in megacrystalline garnet websterite.

A - garnet and orphopyroxene exsolution plates inside the clinopyroxene megacrystal. Garnet is also developed in the form of isometric
grains; B, C - fine-grained aggregate of Amph with rare plates of Phl, replacing mainly orphopyroxene exsolution plates. Images in crossed
nicols.

Puc. 2. Pa3BuTtue Metacomatuyeckod Phl-Amph MuHepannsanuu no mjiacTUHKaM paciajia OpTONHUPOKCeHa BHYTPH Mera-
KpHCTaJLJIa KJIMHOMUPOKCEHA B METAKPUCTAJIMYECKOM TPAaHATOBOM BeGCTEPHUTE.

A - JIAaCTUHKM pacnajia rpaHaTa U OPTONHUPOKCEHA B MeraKpUcTasle KIMHONUPOKCEHa, FPaHaT Pa3BUT TaKXkKe B BHUJe U30METPUYHBIX
3epeH; B, C - MesIKO3epHUCTBIN arperaT Amph ¢ peakuMu niactuHkaMy Phl, pasBuBarouuiics nperMyiiecTBeHHO MO IJIACTHHKAM pac-
najZia opTonupokceHa. PoTo UL B X HUKOJIAX.

317



L.V. Solov’eva et al.: Metasomatic and magmatic processes in the mantle lithosphere...

EE

;
ole v

3 5 L Tred R 8.
!‘\"? b X

Fig. 3. The photomicrographs of thin section. Amphibole veinlets with rare phlogopite plates in Grt olivine websterite (sam-
ple 74-817).

A - resorption of the olivine grain at the contact with the amphibole veinlet; B - oriented elongated crystals of amphibole developing in
the clinopyroxene grain from the boundary of the amphibole veinlet; C - relics of the clinopyroxene grain in selvage of the amphibole
veinlet. Images in crossed nicols.

Puc. 3. AM$u60/10Bble TPOXKUJIKH C peAIKUMU IJIacTUHKaMHU dJioronuTa B Grt oJ1lMBUHOBOM BebcTepuTe (06p. 74-817).

A - pe30op61usi 3epHa OJIMBUHA HAa KOHTAKTe C aM$HG0J0BbIM IPOXKHUIKOM; B — OpUEeHTUPOBaHHbIE YAJUHEHHbIE KPUCTaLIbI aMbu6013a,
pa3BUBaIOLIMECS B 3epHE KJIMHOMUPOKCEHA OT rPaHHUIbl aMbUO0J0BOTO MPOXKUIIKA; C — PEJIMKThI 3ePEH KIMHOMUPOKCEHA B 30/1b6aHAAX
aM$r600BOT0 NPOXKUIKA. POTO LLI. B X HUKOJISIX.
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Fig. 4. A, B - the photomicrographs of thin section. Resorption of the garnet grain by phlogopite at the boundary with the
phlogopite-amphibole veinlet; C - the area of the phlogopite-amphibole veinlet with dominating phlogopite.

Cross-sections of regular amphibole crystals are visible. Sample 74-817. Images: 4, C - without an analyzer; B - in crossed nicols.

Puc. 4. A, B - pe3op61yd 3epHa rpaHaTta ¢pJIOrONMTOM Ha IpaHule ¢ GJOTONUT-aMPUBOTOBBIM MPOXKHUIKOM; C — yIaCTOK
¢dutoronuT-aMm¢pub60JI0BOTO MPOXKHUIIKA C TpeobIaZaHreM GpIoronuTa.

BuiHBI ceyeHHUst NPaBUIbHBIX KPUCTANLIOB aMmpubosta. 06p. 74-817. Poto uut.: 4, € - 6e3 aHaIM3aTOPa; B - B X HUKOJISX.
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Fig. 5. The photomicrographs of thin section. The abundant development of metasomatic amphibole in clinopyroxene
grains.

A - small elongated crystals of amphibole in the clinopyroxene grain (Cpx - cross-section with transversal cleavage and yellow interfe-
rence colour); B - drop-like grains of amphibole (white interference colour) which have single crystallographic orientation in the clinopy-
roxene grain (blue interference colour). C - elongated crystals of amphibole with similar spatial and crystallographic orientation in differ-
ent grains of clinopyroxene. D - small grains of amphibole crossing different grains of clinopyroxene in two mutually perpendicular direc-
tions. Sample 74-817. Images in crossed nicols.

Puc. 5. MaccoBoe pa3BUTHE METACOMATHUYIECKOI'0 aM(l)I/I6OJ'Ia B 3€pHax KJIMHOIMMUPOKCEHaA.

A - MesKue yJJIMHEHHble KpUCTa/lJIbl aMpu6oJa B 3epHe KJIMHONUpPOKceHa (Cpx - paspes c nepeceKawolleldcss CHAHHOCTBIO U C XKeJTOH
HHTepdEepeHLIHOHHOM OKpacKoii); B - KalieBUHbIe 3epHa aMmbuboia (6esiast HHTepPepeHMOHHAsI OKpacKa), UMelIIe eAUHYI0 ONTHYe-
CKYI0 OPUEHTHPOBKY B 3epHe KJIMHOMHMPOKCEHA — CUHSs UHTepdepeHIIMOHHAs OKpacKa; C — yAJMHEHHbIe KpUCTa/Ibl aMbuboia ¢ OAHHA-
KOBOM ITPOCTPAHCTBEHHOM U ONTHYECKON OPHEHTHPOBKOW B Pa3HbIX 3€pHaX KJIMHOMUPOKCeHa. D — MeJikue 3epHa aM¢u60.1a, Nepecekaro-

replaced by phlogopite, and clinopyroxene is reaction-
nary developing at the earlier grain of orphopyroxene.
In many cases, reaction phlogopite develops in the
form of palmate porphyroblasts with inclusion of py-
roxene and olivine relics (Fig. 9, C, D). Small zonal
plates occuring in fractures of the rocks in the paragen-
esis with carbonate belong to the later stage and are
associated with the influence of the kimberlitic melt on
the xenolith (Fig. 10, 4, B).

1K€ pasHble 3epHa KJMHONHUPOKCEHA M0 IBYM B3aMMHO NePIeHAUKYJ/IsIPHBIM Hanpas/ieHussM. 06p. 74-817. ®oTo 11 B X HUKOJISX.

The most complex relationships are revealed
between phlogopite and garnet. The development of
garnet at the subsolidus stage is evidenced by the fact
that garnet inventively replaced minerals of the prima-
ry paragenesis, including phlogopite. In some xenoliths,
garnet is dominant, and its content may exceed 80 %.
Garnet grains are filled by relics of substituted minerals
of the earlier paragenesis, such as O], Opx, Cpx, [Im
and Phl (Fig. 11, A4, B), and have a typical sieve-like
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A, C, D - without an analyzer; B - in crossed nicols.

fabric in the crossed nicols (Fig. 11, B). In the rocks,
garnet forms gatherings of round-shaped grains with
partial faceting, which are mainly associated with clus-
ters of phlogopite grains. Phlogopite relics are con-
tained in the garnet grains as irregular-shaped or
ribbon-shaped inclusions connected with the phlogo-
pite rim at the margins of the garnet grains (Fig. 12, 4,
B). Figure 13 shows the replacement of the orphopy-
roxene grain by the phlogopite plate; the orphopyro-
xene grain is surrounded by garnet that is reactionary
replacing orphopyroxene. Amounts of ilmenite and

Fig. 6. The photomicrographs of thin section. Relationships between minerals in Phl-Ilm hyperbasites.

A - euhedral texture formed by prismatic crystals of orthopyroxene which are separated by irregular-shaped oval grains of ilmenite; B -
roundish olivine inclusions in the orthopyroxene grain (homoaxial pseudomorphs). Clinopyroxene exsolution textures are visible in or-
thopyroxene (parallel light-coloured strips); C, D - submicroscopic structures of ilmenite exsolution textures in orthopyroxene. Images:

Puc. 6. BzauMmooTHomeHust MuHepaJoB B Phl-Ilm runep6asuTrax.

A - nanuguoMopdHO3epHUCTASA CTPYKTYPa, 06pa30BaHHAA NPU3MATHYECKUMHU KPUCTA/JIAMU OPTONMPOKCEHA, MeXAY KOTOPBIMHU pacIo-
JIO}KEHBI HellpaBUJIbHbIE OBaJIbHbIE 3epHA WIbMEHUTA; B — OKpyTJible BK/IIOYEHHUS OJIMBUHA B 3epHE OPTOIIMPOKCeHA (roMooceBble TICeB-
JoMopdo3bl). B opronupokceHe BUAHBI CTPYKTYPBI pacnaja KJIMHONHMPOKCeHa (mapasjiesibHble CBeTJible NMos0CcKu); G D — cy6MHUKpO-
CKONUYEeCKHE CTPYKTYPbI pacnaja UibMeHHUTa B opTonupokceHe. PoTo uu1.: 4, G, D - 6e3 aHannusaTopa; B — B x HUKOJ/AX.

phlogopite are significantly decreased in the garnetiza-
tion areas, to suggest the preferred development of
garnet on these minerals. Numerous small-sized roun-
dish and semi-faceted hexagonal crystals of pyroxenes,
ilmenite and rare phlogopite (Fig. 14, 4, B, C) fill the
central parts of garnet grains, while the rim of the
grains remains free of inclusions. Relict grains of clino-
pyroxene and orthopyroxene in garnet are often cha-
racterized by single extinction to evidence their prima-
ry belonging to the same grain. The pseudo-hexagonal
faceting of the inclusions is due to the effect of garnet
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Fig. 7. The photomicrographs of thin section. Relationships between minerals in Phl-Ilm hyperbasites.

A, B - irregular palmate plates of phlogopite and smaller irregular grains of ilmenite between grains of idiomorphic orthopyroxene. Thin
(=5 um) elongated ilmenite lamellae are present in the phlogopite plates. Larger oval ilmenite grains are associated with margins of the
plates; C, D - small regular Phl platelets in the orthopyroxene grain. Images: 4, C - without analyzer; B, D - in crossed nicols.

Puc. 7. BzaumooTHomeHus: MuHepasioB B Phl-Ilm runep6asuTax.

A, B - HemnpaBW/IbHbIE JIaMyaThle IJIACTUHKYU ¢JioronuTa U 6ojiee MeJKHMe HelpaBU/IbHble 3epHA WIbBMEHHUTA MeXAy 3epHaMu HUJUO-
MOpQHOro OpTONUpPOKCceHa. B miacTuHKkax ¢JioronuTa oTMevyalTcs TOHKHe (S5 MKM) JUIMHHBIE IUIACTUHKY WibMeHHUTAa. K Kpasm mia-
CTHHOK NpUypoYeHbl 60siee KpYNHble OBaJbHbIe 3epHA WiIbMeHNTA; C, D - npaBu/ibHble MeJikue macTuHku Phl B 3epre Opx. ®oTo nur.:

A, C - 6e3 aHanu3artopa; B, D - B x HUKOJISAX.

crystallographic structure.

It should be noted also that evidences of the de-
velopment of phogopite on garnet are revealed in the
garnetized rocks. The boundary between large irregu-
lar mica plates and garnet grains has often resorption
character (Fig. 15, 4, B). The two minerals often form
mutual gulf-shaped boundaries. Roundish inclusions of
ilmenite and silicates are visible in garnet. In the centre
of the mica flakes there are thin ilmenite platelets, in
the margins the ilmenite form roundish inclusions (Fig.
15, B). Resorbed garnet relics, that may have been sep-
arated from a larger grain, occur in phlogopite (Fig. 16,

A, B). Inclusions of garnet grains in the phlogopite plate
(Fig. 16, C, D) can also be explained by replacing of
garnet by phlogopite, though such a conclusion is am-
biguous. As evidenced by the above-described obser-
vations, relationships between phlogopitization and
garnetization are complicated. Obviously, both pro-
cesses took place at the late stage of rock crystalliza-
tion and, most probably, at the subsolidus stage when
the major part of the minerals was crystallized. The
leading role of temperature drop in the development of
phlogopite and garnet is suggested by relatively weak
signs of deformation, such as insignificantly bending of
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Fig. 8. The photomicrographs of thin section. The character of the metasomatic phlogopite development.

A - metasomatic phlogopite forms 'windows' in the rocks. The large mica plate contains abundant relics of olivine and pyroxenes and re-
sorbed grains of ilmenite (black); B, C - intensive phlogopitization of orthopyroxene grains: phlogopite develops in the form of irregular
plates with the single crystallographic orientation. Images: A - without an analyzer; B, C - in crossed nicols.

Puc. 8. XapakTep pa3BUTHUS METACOMATHUYECKOTO GJIOTOIHUTA.

A - 3amoJiHeHUe MeTacoMaTUYeCKUM (QJIOTOMUTOM Y4aCTKOB, CBOEOOPAa3HbIX «OKOH» B Mopoje. KpylHas mjiacTUHKA CAIAbl COAEPXKUT
0OUJIbHBIE PEJIUKThI OJIMBUHA, IUPOKCEHOB U Pe30pOUPOBAHHBIX 3epeH WiIbMeHUTa (YepHoe); B, C - UHTeHCUBHAs GJIOrONUTHU3aLUS 3€-
peH OpTONHUpOKCceHa: GpJIOTONUT Pa3BUBAETCS B BUJEe HENMPABUJbHBIX IJIACTUHOK C €JUHOM ONTHUYECKOH OpUEHTUPOBKOH. POTO 1LI.:
A - 6e3 aHanu3aTopa; B, C - B x HUKOJISIX.
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Fig. 9. The photomicrographs of thin section. Reaction development of phlogopite on primary minerals.

A, B - the irregular plate of phlogopite, corroding the grains of orthopyroxene and clinopyroxene; B - clinopyroxene develops on orthopy-
roxene and is replaced by Phl; C, D - unregular porphyroblastic plate of phlogopite contains relics of replaced grains of orthopyroxene and

olivine. Images: 4, B, D - in crossed nicols; C - without an analyzer.

Puc. 9. PeakiuoHHOe pa3BUTHE (JIOTOMUTA 110 TEPBUYHBIM MUHEPAIAM.

A, B - HenpaBUJIbHAA IJIACTHMHKA QJIOTONNTA, pa3bearolias 3epHa OPTONHMPOKCEHA U KIMHONMUPOKCEHa; B — KIMHONUPOKCeH, pa3BUBalo-
IMHACA 10 OPTONHUPOKCEHY U 3aMelnaroiuics Phl. B sepHe Cpx u B niactuHke Phl coxpanuince 0JHHAKOBO racHyllHe PeJIUKThI 3epeH
Opx; C, D - HenpaBuibHas nopdupobiacTuyecKas IacTHHKa GJIOrONNTA, CoAepKaLlas PeJIMKThI 3aMellleHHbIX 3€PEH OPTONHUPOKCEHA U
0JIMBUHA, /1B PAa3006IEHHBIX PEJUKTA KOTOPOTO UMEIOT OAUHAKOBYIO ONTUYECKY0 OpUEHTUPOBKY. PoTo ut.: 4, B, D - B x HUKOAX; C -

6e3 dHaJIM3aTopa.

phlogopite plates and slightly undulate extinction of
olivine. Phlogopite seems to be formed in the latest
magmatic stage from rich in potassium and volatiles
residual melts, and later from fluids during autometa-
somatism. Relationships between garnet and phlogo-
pite are complicated as phlogopitization and garnetiza-
tion developed almost simultaneously with some ad-
vance occurrences of one process in local areas. Resi-
dual melt-fluids rich in potassium and volatile com-
ponents are evidenced by the Phl-Ilm garnetless para-
geneses with high contents of phlogopite and ilmenite

(30-80 % and 15-40 %, respectively). Phlogopite oc-
curs in large porphyraceous plates and fine platelets of
the second generation in the fine-grained matrix (Fig.
17, 18). Sometimes ilmenite grains have ideal facets and
belong to the matrix paragenesis (Fig. 18, A). The spe-
cific features of porphyraceous phlogopite I are ilme-
nite thin regularly-oriented lamellae in the centre and
larger roundish ilmenite grains in the marginal zones
(Fig. 19, A, B). The outside rims of phlogopite I and the
platelets in the matrix are more intensely brown-co-
loured (Fig. 20, A-E). In rare cases, garnet occurs in the
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nets might have formed at the late stages of crystalliza-
tion of the melt portions located in the zone of garnet
facies. This can be suggested from rare xenoliths of

Fig. 10. The photomicrographs of thin section. Late para-
genesis of phlogopite with carbonate, which develops
along the fractures in the rock.

Regular phlogopite platelets grow on the fracture wall. Phlogo-
pite is almost colourless in narrow rims of the plates. Images:
A - without an analyzer; B - in crossed nicols.

Fig. 11. The photomicrographs of thin section. The abun-
Puc. 10. [lo3gHuil mapareHe3uc ¢Joronura ¢ Kap6oHa- dant development of garnet in the xenolith of the Phl-Ilm
TOM, pa3BUBAIOLIUICA IO TPEUIMHKAM B IIOPO/IE. garnetized lherzolite.

[IpaBu/IbHBIE TJACTUHKK (JIOrONMTA HApPACTalT HA CTEHKY
TPELVHKHU. B y3KuX Kpasfx naacTUHOK QJIOTONUT No4TH GeclBe-
TeH. PoTo m.: A - 6e3 aHanu3aTOPa; B — B X HUKOJIAX.

form of accessory strongly resorbed grains. The garnet
grain is filled in with abundant inclusions of roundish
ilmenite grains that are relics of substitution (Fig. 20).
The garnet grain seem to be trapped by the melts from
the earlier crystallized intrusive phase. The sieve-like
structure of the garnet grains with abundant pseudo-
hexagonal and isometric relics of pyroxenes, ilmenite
and, in some cases, phlogopite suggests that garnet de-
veloped mainly in the solid rock after crystallization of
all the magmatic minerals. Quite possibly, a part of gar-

Numerous relics of minerals of the early paragenesis, such as oli-
vine, pyroxenes, ilmenite and phlogopite, are present inside the
garnet grains. Images: A - without analyzer; B - in crossed nicols.
The separate grains of garnet (black) with thin light-coloured
margins are visible. Irregular silicates relics are coloured in dif-
ferent interference colours and included in garnet or located at
the boundaries of the garnet grains.

Puc. 11. MaccoBoe pasBuTHe rpaHaTa B KceHosiuTe Phl-
[Im rpaHaTU3UPOBAHHOTO JIEPLOJIUTA.

BHyTpM 3epeH rpaHaTa COXpPaHHUJIMCh MHOTOYHUCJIEHHbIE PeJIUK-
Thl MHHEpaJIOB paHHero napareHesuca — OJIMBHHA, TUPOKCEHOB,
nibMeHUTa U ¢soronurta. Porto uut: A - 6e3 aHanusaropa; B -
B X HHUKOJAX. BUAHBI OTAe/bHble 3epHa rpaHaTa (4epHoe),
OKalMJIeHHble TOHKHMH CBeTJIbLIMH KalMaMu. HempaBuJbHble
PEJIMKTBl CUJIMKATOB OKpalleHbl B pa3Hble HHTepdepeHIHOH-
Hble [[BeTa U BKJIIOYEHBI B TPaHAT UJIM PACloJIOXKeHbl Ha 'PaHHU-
I1aX ero 3epeH.
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Fig. 12. The photomicrographs of thin section. Polycrystal-
line aggregate composed of garnet regular grains in the
Phl-Ilm garnetized lherzolite (4, B).

Garnet mainly developed on phlogopite which ribbon-shaped rel-
ics are connected with the external rim. Phlogopite in garnet and
the rim have single crystallographic orientations. Besides phlog-
opite, roundish relics of ilmenite (black) and silicates are visible
in the garnet grains. Image (A4) shows larger elongated ilmenite
grains which were 'forced out' to the margins of the garnet
grains. Images without an analyzer.

Puc. 12. [ToMKpUCTAIMYECKUN arperaT U3 NpaBUJIbHBIX
3epeH rpaHata B Phl-Ilm rpaHaTusupoBaHHOM JIEPIOIUTE
(4, B).

['paHaT pa3BUT NPEUMYLIECTBEHHO N0 GJIOTOMUTY, OT KOTOPOTO
OCTaJIMCh JIEHTOBU/IHbIE PEJIUKTHI, COEJUHSIOLINECS C BHEIIHEH
kaliMoll. PyioronuT B rpaHaTe U KaiiMa UMeIOT OJJMHAKOBYIO OII-
TUYECKYI0 OPUEHTUPOBKY U 10 'PaHaTU3aLMK COCTABJISJIN €/jU-
Hoe 3epHO. KpoMe ¢sioronuTa B 3epHax rpaHaTa BUJHbI OKpYT-
Jible PEJIMKThI WIbMeHUTA (YepHoe) U cuIuKaToB. Ha (A) BUAHBI
GoJiee KpyNHble YAJUHEHHblE 3€pHA WJIbMEHHTA, «BbITECHEH-
Hble» Ha Kpas 3epeH rpaHarta. ®oTo 1. 6e3 aHau3aTopa.

orthopyroxenites with very insignificant quantities of
phlogopite, wherein garnet forms small regular-shaped
grains between the grains of orthopyroxene and does
not contain any substitution relics of other minerals.

The deformed phlogopite-amphibole rocks contain
regular-shaped microcrystals (5-50 pm) of titanian
chromite and resorbed relict grains of ilmenite (3-7 %)
and clinopyroxene (<5 %) (Fig. 21, 4, B). Particular tex-
ture features evidence that the rocks were formed un-
der conditions of strong deformation. Elongated pris-
matic amphibole crystals form narrow rosettes inter-
grown with strongly deformed irregular-shaped plates
of phlogopite (Fig. 22, A-E). The amphibole crystals are
often bended. Inside the phlogopite grains, they look
like torn-off relics. Cross-sections of phlogopite re-
semble a torchs or a quadrangular stars with sharp
torn-off edges (Fig. 22, C, D; Fig. 23, A). The phlogopite
plates are strongly deformed and dissected into blocks
of various orientations that are healed by a fine-grai-
ned aggregate of more intensively coloured mica (Fig.
23, A-D). The ilmenite inclusions are lacking in the
phlogopite. In the rocks, ilmenite occurs as elongated
irregular-shaped grains with serrated edges indicating
its dissolution (Fig. 21, A, B). Aggregates of prismatic
amphibole are associated with micrograins of titanian
chromite. Specific textures and mineral compositions
of the deformed phlogopite-amphibole rocks suggest

Fig. 13. The photomicrographs of thin section. The irregu-
lar Phl plate developing on the Opx grain that is surroun-
ded by growing garnet grain.

Central parts of the Grt grain contain relics of ilmenite (black
points). At the right of the image, a gulf-like extension of the gar-
net cuts the large grain of ilmenite. Image without an analyzer.

Puc. 13. HenpaBusibHas miaactuHka Phl, pasBuBarmascsa
no 3epHy Opx, OKpy>keHHOMY 3epHaMHM pa3pacTarolierocs
rpaHaTa.

LleHTpasbHBle YacTH 3epeH Grt UcnempeHbl YePHBIMU TOYKaMHU
(pesnukTel Ilm). B mpaBoii yacTu ¢oTO BUJHO, KaK 3aIMBO0Gpa3s-
HOe NpOJOJDKeHHe 3epHa I'paHaTa pacuyeHseT KPYIMHOoe 3epHO
uibMeHuTa. PoTo 11, Ge3 aHasM3aTopa.
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Fig. 14. The photomicrographs of thin section. The garnet porphyroblast has regular crystallographic facets and develops
on the orthopyroxene grain in the Phl-Ilm garnetized websterite.

A, B - inside garnet, visible are numerous semi-faceted pyroxene grains, small roundish grains of ilmenite and a hexagonal platelets of
phlogopite. In external zone of the garnet porphyroblast, inclusions of relics of other minerals are lacking. In the rock large grains of ilme-
nite are irregularly shaped. B - small regular platelets of phlogopite in the garnet porphyroblast. Images (B) and (C) show zoomed-up are-
as given in image (A). Images without an analyzer.

Puc. 14. llopoupo6aacT rpaHaTa, UME LMK NPaBUIbHYI0 KPUCTAIOrPadHUUeCcKyI0 OrpaHKy U pa3BUBAKOLIMICA M0 3€pHY
opTonupokceHa B Phl-Ilm rpaHaTu3upoBaHHOM BeGCTEPUTE.

A, B - BHyTpH rpaHaTa BU/JHbl MHOTOYHCJIEHHBIE T10JIyOrPAaHEHHbIE 3epHA NUPOKCEHOB, OKPYTJIble MeJIKHE 3epHA UJIbMEHUTA U reKcaro-
HaJIbHasl IIaCTHHKaA ¢Jioronura. Bo BHelHel 30He nopoupobiacTa rpaHaTa BKJAOYEHHUS PEJUKTOB APYTUX MUHEPAJIOB OTCYTCTBYIOT.
KpynHble 3epHa UJIbMEHUTA B IOPOJiEe UMEIOT OOBIYHO HENMPABU/IbHYO GOpMy U pa3Mepbl. C — MeJIKHe NPaBU/bHbIE IJIACTUHKHU GJI0T0-
nuTa B nopdupobsacte rpaHaTta. B u C - yBesimueHHble yyacTku (4). PoTo 1. 6e3 aHaM3aTopa.
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tized lherzolite.

3aTopa.

their formation under conditions of intensive stress,
possibly, in the root parts of deep faults.

The described petrographic features of the ilmenite-
phlogopite parageneses in the deep-seated xenoliths
from the kimberlites of the Kuoika field are the basis

328

Fig. 15. The photomicrographs of thin section. Reaction boundaries between garnet and phlogopite in the Phl-Ilm garne-

Grains of both minerals are irregularly shaped and have gulf-like mutual boundaries. Relics of ilmenite and silicates are visible in garnet in
images (A) and (B). In central parts of the phlogopite plate, long thin ilmenite lamellae are oriented along cleavage; at the boundary of the
plate, they change to larger oval grains (B). Images without an analyzer.

Puc. 15. PeakiHOHHBIE IPaHHULbI MEXAY IPAHATOM U IJIACTUHKAMU ¢uioronrTta B Phl-Ilm rpaHaTH3upoBaHHOM JIEPLOJIUTE.

(DOpMLI 3€peH TOro U Apyroro MUHepaJsa HelnpaBUJIbHbIE, C 3aJ'II/IB006pa3HLIMI/I B3aWMMHBIMH BXOXAEHUAMMU. B rpaHaTe BUAHBI OKpYyTJible
PEJIMKTbI UWJIbMEHUTA U CUJIUKATOB [A, B) B LHEeHTPaJIbHbIX YaCTAX IIJIACTUHOK Cl)J'IOI‘Ol'II/ITa M0 CAaHOCTH OpUEHTUPOBaHbl TOHKHE AJINH-
Hbl€ IIJIACTUHKU UJIBMEHHWUTA, KOTOPble CMEHAKTCA Ha rpaHUlie 3epHa Gosiee KPYIIHBIMH OBaJIbHbBIMU 3€pHAMH (B) doTo 11 6€3 aHaIH-

for the following conclusions:

1. The xenoliths of the Phl- Ilm hyperbasites are
pieces of the complex mantle magmatic complex cha-
racterised by ubiquitous subsolidus metasomatic pro-
cesses. The primary magmatic origin of the series is
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Fig. 16. The photomicrographs of thin section. Reaction relationships between garnet and phlogopite in the Phl-Ilm garne-
tized clinopyroxenite.

Images (A4) and (B) show that the resorbed part of the clinopyroxene crystal and small grains of garnet (possibly, separated from a larger
grain) are present in the phlogopite plate. Boundaries between mica and clinopyroxene and garnet have reaction character. Images (C)
and (D) show isometric grains of garnet in phlogopite plate. In this case, it is impossible to unambiguously determine either phlogopite
developed later than garnet or vice versa. Images: 4, C - without an analyzer; B, D - in crossed nicols.

Puc. 16. PeakniioHHble B3aUMOOTHOUIEHUS MeXAy rpaHaToM U ¢uoronutoM B Phl-Ilm rpaHaTH3npoBaHHOM KJHHOIU-
POKCEHHUTE.

(A, B) B nacTuHKe ¢JioronuTa HaXxoAATCA pe30pOUpOBaHHAsA YacTb KPUCTa/JIa KJIMHOIMPOKCEHA M MeJIKHe 3epHa PaHaTa, BO3MOXHO,
OTZleJIeHHbIEe OT 60Jiee KPYyMHOro 3epHa. ['paHuUIIbl C/T10b] C K/IMHONMPOKCEHOM M FPaHAaTOM MMEIOT PeaKLMOHHbIN XapakTep. (C, D) uso-
MeTpHYHbIE 3epHA I'PaHaTa B IVIACTUHKaX ¢JioronuTta. Pa3obiieHHble MJIACTUHKY $JIOrONUTA NPUHAJJIEXKAT eJUHOMY 3epHY, O 4YeM CBH-
JleTeJIbCTBYeT UX OJJMHAKOBOE NoracaHue. B 1aHHOM ci1y4yae Heslb3s OHO3HAYHO CYAUTH 0 60Jiee MO3JHEM Pa3BUTHUH GJIOrONUTA MO OT-
HOILIEHUIO K IPaHaTy WM Hao6opoT. PoTto uur.: 4, € - 6e3 aHanusaTopa; B, D - B x HUKOJISAX.

confirmed by the magmatic sequence of crystallization
of the minerals (olivine - orthopyroxene - clinopyro-
xene with late phlogopite and ilmenite) and the pre-
sence of typical magmatic (euhedral, subhedral, sidero-
nitic and porphyraceous) structures.

2. The intensive substitution of the minerals by
phlogopite took place, most probably, at the subsolidus
stage during the process of autometasomatism when

the early intrusive phases were affected by late melts
rich in potassium and volatiles. The complex morpho-
logical relationships between phlogopite and garnet
developing at the given stage suggest their simulta-
neous occurrence with the advance development of
either phlogopitization or garnetization in the local
areas of the rocks.

3. The next evolution stage of the Phl-Ilm series
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Fig. 17. The photomicrographs of thin section. Porphyrous phlogopite plates in the garnetless Phl-Ilm websterite.

A - the matrix contains small prismatic grains of pyroxenes (mainly orthopyroxene) and oval grains of ilmenite. B and C -regular plates of
phlogopite. Thin transparent lamellae of ilmenite are located along cleavage in mice (B). Larger elongated and isometric grains of ilmenite
with oval-shaped boundaries tend to be located at the marginal zones of the mica plates (4, B). Images without an analyzer.

Puc. 17. llopdupoBuHas cTpykTypa B 6e3rpaHaToBomM Phl-Ilm Be6cTepuTe.

A - B Opo/ie IPUCYTCTBYIOT MeJIKHE NPU3MaTHYECKUe 3epHAa NUPOKCEHOB (IPEUMYILECTBEHHO OPTONMPOKCEH) U OBaJIbHbIE, H30MET-
pUYHBIE 3epHa WiIbMeHUTA. B U C - npaBU/bHble BKpAlJIEHHUKH dJioronuTa. [1o cnaifHOCTH B C/110/ie PacHoJIaraloTcsi TOHKHE NPOCBeYH-
BawoLIMe MJIACTUHKU UibMeHUTa (B). Bosiee KpynHble yIMHEHHbIE U H30METPUYHbIE 3ePHA UJIBMEHUTA C OBaJIbHBIMU OIPaHUYEHUSMU
TATOTEIOT K KPaeBbIM 30HaM IJIACTUHOK CJ0Abl (4, B). ®oTo 1. 6€3 aHau3aropa.
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Fig. 18. The photomicrographs of thin section. Porphyrous texture in the Phl-Ilm olivine websterite.

A - regularly-faceted plates of Phl |, flakes of Phl II and an ideally faceted grain of ilmenite are visible. Late serpentine and carbonate are
developed in the rock matrix. (B) The grain of strongly resorbed garnet that is surrounded by the Phl Il reaction rim. In garnet numerous
roundish grains of ilmenite are relics of replacing during garnetization. Garnet possibly was caught of the residual high-potassium melt
from the earlier intrusive phase. In the rock matrix, irregular grains of ilmenite are resorbed with later processes, including serpentization
and carbonitization. Images without an analyzer.

Puc. 18. llopdupoBuHas crpykrypa B Phl-Ilm onrBuHOBOM BeGcTepuTe.

A - BUAHBI NpPaBUJbHO OorpaHeHHble BKpamsieHHUKHU Phl [, miactuuku ¢uoronuta Il (Phl 1) u ujeanbHo orpaHeHHbIM BKpaIJeHHUK
WJIbMEHHUTA. B MaTpulie nopoabl pa3BUTHI MO3/JHUE CEPIIEHTHH U KapOoHAT. B - «BKpalJIeHHUK» CUJIbHO Pe30pOUPOBAHHOrO I'paHara,
OKPY’KEHHOTO peaklMOHHOH KaiMoii us Phl II. B rpaHaTe BUAHBI MHOI'OYHUCJIEHHbIE OKPYTJIble 3€pPHA UJIbMEHUTA, SBJSIOILHUECS PETUK-
TaMM 3aMeLleHUs Py rpaHaTU3anui. [1o-BUAMMOMY, rpaHaT MoNasl B OCTATOYHbIA BICOKO-Ka/IMeBbIH pacnJiaB U3 6oJiee paHHEH HHTPY-
3UBHOM ¢a3bl. HempaBubHbIE 3epHa UJIBMEHUTA B MaTpHIle pe30p6HpoBaHbl Gosiee NO3AHUMHU NpoLeccaMu (cepreHTUHU3aLus, Kap6o-
HaTuszanus). PoTo 11 6e3 aHaaIU3aTOpPA.
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Fig. 19. The photomicrographs of thin section. Oriented thin lamllae of ilmenite in porphyrous phlogopite.

Larger oval-shaped ilmenite grains tend to be located at the margins of the phlogopite plates. Images: A - without an analyzer; B - in
crossed nicols.

Puc. 19. OpueHTUPOBAaHHOE MOJIO)KEHHE TOHKUX IJIACTUHOK UJIbMEHUTA B NOPPUPOBUHBIX BKpAIlJIeHHUKaX GJIOrONUTA.

K KpasM BKpPaIllJIEeHHUKOB TATOTEIOT 6oJsiee KpyIHbI€ OBaJIbHbI€ 3€pHA UWJIbMEHHTA. doTo m1.: A - 6€3 dHaJ/JIn3aTopa, B - B x HUKOJISIX.

corresponds to the development of the deformation It is most probable than these rocks developed on the
zones which led to the formation of specific deformed  rocks of the Phl-Ilm series in the root parts of the deep
phlogopite-amphibole parageneses with titanian chro-  fault zones.

mite and resorbed relics of clinopyroxene and ilmenite. Representative compositions of minerals from two

332



Fig. 20. The photomicrographs of thin section. Zonal por-
phyrous plates of phlogopite (Phl I).

In images (A4) and (C) the marginal zones are more intensely red
and differs by a change in the interference colour (B, D, E). In
image (E), it is clearly visible that porphyrous phlogopite plate
was deformed after crystallization of the rocks. Image: 4, C -
without an analyzer; B, D, E - in crossed nicols.

Puc. 20. 3oHasbHble BKpanieHHUKU ¢ioronuta (PhlI).

Ha cuumkax (4) u (C), cienaHHbIX 6e3 aHAJIM3aToOpa, BUAHA 60-
Jlee UHTEHCHBHO-PbKas OKPACKa BHEIIHUX 30H. BHelIHAA Kai-
Ma OT/IMYAETCsl U 0 U3MEHEHUIO HHTePEPEHIIMOHHOM OKPACKU
(B, D, E). Ha doTo (E) yeTko BUJHA AedopMaL sl BKpallJIeHHUKA,
NPOUCXOAUBIIAsS YKe OC/Ie KpUcTanusanuu nopoy. ®oto mun.:
A, C - 6e3 a"anuzaropa; B, D, E - B x HUKOJISIX.
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333



L.V. Solov’eva et al.: Metasomatic and magmatic processes in the mantle lithosphere...

Fig. 21. The photomicrographs of thin section. General texture of the deformed phlogopite-amphibole rocks.

The ragged edges of the phlogopite plates and ilmenite grains are visible. The rocks also contain elongated partially bended crystals of
monoclinal amphibole. Images: A without an analyzer; B - in crossed nicols.

Puc. 21. O61uiil BUA CTPYKTYPHI B lebOpMUPOBAHHBIX GJIOrONUT-aMPpUO0I0BBIX TOPOJAX.

BI/I,ELHbI COBEpLIEeHHO HellpaBUJIbHbIE, C «O60pBaHHbIMI/l» KpadgMH NJIaCTUHKH (bHOFOHI/ITa " 3epHa WJIbMEHUTa C U3'beJ€eHHbIMH, 333y6-
PE€HHbBIMU KOHTYpaMH. OcTanbHOE BbINOJHEHUE nopoabl COCTOUT M3 YAJIMHEHHbIX YaCTUYHO U3O0THYTbhIX KPUCTAJ/IJIOB MOHOKJIMHHOI'O

amdu6osaa. PoTo un1.: A - 6e3 aHaIU3aTOPa; B - B X HUKOJISX.

xenoliths of the Mg series with metasomatic phlogopite
and amphibole and five xenoliths of the Phl-Ilm series
of hyperbasites are given in Table. The main rock-
forming minerals in the metasomatically altered xeno-

liths of the Mg series are not significantly different
from the corresponding minerals from xenoliths that
do not contain any metasomatic minerals [Solov’eva et
al., 1994]. This observation may indirectly suggest that



amphibole rosettes in intergrowths with irregular-shaped
grains of phlogopite (A-E).

Images (C) and (D) show a typical torch-like form of phlogopite,
bended cleavage of mica and elongated crystals of amphibole. (E)
The initially single phlogopite plate was granulated into several
small platelets. Images: 4, C, E - without an analyzer; B, D - in
crossed nicols.

Puc. 22. Po3eTKH MOHOKJMHHOTO aM$H60J1a B CPOCTKAX C
HenpaBUJIbHBIMU 3epHaMu ¢Jioronura (A-E).

Ha cuumkax (C) u (D) BujHa xapakTepHas ¢akesnoobpasHas
¢dopma ¢sroronuTa, a TakKe U3rud CMANHOCTH CIIOABI U yAIU-
HEHHBIX KPUCTa/JI0B aMdubosa. E - U3HAYaJbHO eJiMHas IJa-
CTUHKA (JIOronuTa rpaHyJIMPOBaHA HAa HECKOJIbKO OoJjiee MeJl-
kux. orto un.: 4, €, E - 6e3 aHanusatopa; B, D - B x HUKOJISIX.
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Fig. 23. The photomicrographs of thin section. Deformation of phlogopite plates.

A - general view of the plates in the rock. Images (B, C, D) show that the phlogopite plates were granulated into blocks of various orienta-
tions, which are separated by the fine-grained mica aggregate. The latter contains a few larger regular-shaped recrystallized platelets.

Images in crossed nicols.

Puc. 23. XapakTep gedopManyu miacTUHOK GJIOrONUTA.

A - 06U BUA IJIACTUHOK B nopoge. [Ipu 6osiee cuibHOM yBesnndeHUH BUAHO (B, C, D), KaK IVIaCTUHKH CJIIOJbI TPaHYJIUPYIOTCS Ha
pa3HOOpPHEHTHUPOBAHHbIE BJIOKH, pa3/Je/ieHHble MeJKOYeLlyHYaThIM CJAI0SHBIM arperaToM. B nocieHeM nosiBasitoTcs 60siee KpynHble
NpaBUJIbHbIE IEPEKPUCTANIIN30BaHHbIE JIACTUHKU POTO 1L B X HUKOJISX.

the entire magnesian pyroxenite-peridotite series was
subject to metasomatic modification, and the process
took place with chemical reequilibration of primary
and newly-formed minerals. This assumption is sup-
ported by the lack of zonation in the crystals of phlo-
gopite and amphibole. Unlike the corresponding mi-
nerals in the Phl-Ilm series of hyperbasites, the main
minerals in the Mg series are characterized by the
higher magnesium index (Mg#), considerably lower
contents of TiO2, FeO and higher contents of Cr;03
(Table).

In diagrams Mg# - TiO, and Mg# - Cr;03, meta-
somatic phlogopite points from rocks of the Mg series

are significantly distant from the field of points of mica
from the phlogopite-ilmenite parageneses (Fig. 24, 4,
B). The metasomatic phlogopite from rocks of the Mg
series contains more chrome oxide, less titanium oxide
and have significantly higher contents of magnesium.
Within the parageneses of the Phl-Ilm series, the lowest
magnesium contents and the highest titanium contents
are typical of mica from the deformed phlogopite-
amphibole rocks. The phlogopite flakes from these
rocks have either high or low contents of chrome. In
the more intensively coloured marginal rims of the
phlogopite plates, especially in the large porphyrious
ones, the Mg content is lower, while the content of
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Chemical compositions of minerals in deep-seated xenoliths with phlogopite and phlogopite-amphibole
mineralization in the Obnazhennaya kimberlitic pipe

XUMHMYECKHIl COCTAaB MHHEPAJIOB B IVIyGMHHBIX KCEHOJIUTAX C (JIOTONUTOBOI U ¢JIOronuT-aMm¢Ppu6010B0ii
MHUHepa/u3anueil B KUMGepPJIUTOBOM TPy6Ke OGHaXKeHHas

Sample 74-817 74-296a 7-365

Mineral (0)1 Opx Cpx Grt Phl Amph Opx Phl Amph (0]} Opx Cpx
SiO2 40.39 57.06 54.16 41.97 39.31 47.28 57.24 39.06 46.97 39.83 56.02 54.72
TiO2 0.04 0.19 0.08 0.46 0.59 0.04 0.50 0.42 0.19 0.35
Al203 0.93 3.57 22.72 14.89 9.79 1.34 15.05 10.83 0.04 1.24 2.67
Cr203 0.14 0.89 1.21 0.69 0.59 0.34 0.90 1.81 0.02 0.22 0.78
FeO 7.38 4.54 2.71 8.23 3.14 3.32 5.25 3.00 3.56 14.58 8.88 5.16
MnO 0.06 0.05 0.08 0.31 0.04 0.04 0.11 0.02 0.08 0.14 0.14 0.12
MgO 5132 36.75 15.41 21.59 25.31 20.44 36.08 25.20 20.23 45.90 32.32 16.22
Ca0 0.22 19.97 4.21 8.91 8.71 0.04 0.82 18.32
Naz0 0.05 3.06 0.02 1.09 5.34 2.00 5.10 0.227 2.42
K20 9.52 1.21 6.63 0.37 0.020 0.01
NiO 0.45 0.14 0.12 0.05 0.02 0.18 0.08 0.26

Sro 0.16

BaO 0.06 0.76 0.04 2.78

F 0.11 0.05 0.10 0.06 0.07

Cl 0.03 0.03

Total 99.73 100.02 100.07 100.47 95.38 97.65 100.42 92.70 98.16 100.80 100.08 100.78
Mg# 92.52 93.50 91.02 82.37 93.48 91.65 92.4 93.7 91.0 84.9 86.6 84.9
Sample 7-365 0-42-87 0-22-87

Mineral Grt Phl1 Phl Il IIm I IIm II Cpx Phl IIm Opx Cpx Phl IIm
SiO2 41.57 39.93 39.70 0.00 0.04 54.26 40.94 0.03 55.602 54.60 42.06 0.00
TiO2 0.64 1.88 2.82 51.06 42.16 0.16 0.90 50.48 0.05 0.31 1.24 50.09
Al203 20.79 12.83 12.77 0.88 0.66 0.96 11.53 0.08 0.095 0.94 11.29 0.11
Cr203 1.35 0.47 0.51 2.30 2.06 0.67 0.09 0.87 0.063 0.56 0.13 0.83
FeO 12.12 6.14 6.29 33.37 44.15 5.32 6.07 38.20 9.671 5.45 6.04 39.02
MnO 0.41 0.03 0.02 0.18 0.65 0.11 0.02 0.35 0.237 0.13 0.01 0.35
MgO 17.88 22.53 21.34 11.80 5.96 15.82 24.96 10.05 34.053 16.11 24.83 9.74
Ca0 5.03 0.04 0.25 20.10 0.01 0.36 20.15 0.02
Naz0 0.09 0.21 0.31 2.496 0.23 0.105 2.17 0.27

K20 0.01 10.47 10.46 0.01 10.58 10.55

NiO

Sro 0.032 0.002

BaO 0.352 0.131 0.134

F 0.162 0.268 0.332 0.418

Cl 0.048 0.011

Total 99.89 94.68 94.86 99.58 95.93 99.90 95.78 100.08 100.24 100.40 96.98 100.16
Mg# 72.4 86.7 85.8 38.6 19.4 84.1 88.0 31.9 86.2 84.1 88.0 30.8
Sample 7-371

Mineral (0] Phlc Phir Phir1 IIm Amph

SiO2 38.37 39.99 39.46 38.79 0.07 55.93

TiO2 0.00 1.01 3.02 4.02 52.77 0.16

Al203 0.00 13.07 13.17 13.26 0.68 1.06

Crz203 0.00 0.49 1.12 0.58 1.83 0.37

FeO 20.42 5.86 6.04 5.91 32.24 2.41

MnO 0.18 0.01 0.02 0.04 0.25 0.05

MgO 41.78 22.67 22.05 21.46 11.97 22.60

Ca0 0.05 0.03 6.73

Naz0 0.80 0.37 0.32 5.56

K20 9.65 9.40 10.47 3.14

NiO 0.072

Sro 0.015 0.023 0.03

BaO 0.129 0.064 0.065 0.05

337
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End of Table

OKoOH4YaHUEe TabJuIbl

Sample 7-371

Mineral (0)1 Phlc Phlr Phir1 IIm Amph
F 0.321 0.173 0.236 0.33
Cl 0.015 0.013 0.016

Total 100.87 94.02 94.93 95.14 99.84 98.41
Mg# 78.5 87.3 86.7 86.6 39.8 94.3

N o t e. Mg series: sample 74-817 - Grt olivine websterite with Phl-Amph metasomatic veinlets; sample 74-296a - megacrystalline Grt
orthopyroxenite with metasomatic Phl-Amph mineralization. Series of Phl-Ilm hyperbasites: sample 7-365 - Phl-Ilm garnetized lherzolite;
sample 0-42 /87 - porphirous Phl-Ilm websterite; sample 0-22/87 - porphirous Phl-Ilm olivine websterite; sample 7-371 - deformed Phl-

Amph rocks with accessory Ti-chromite and relict [lm.

[Ipu™edaHu e Mgcepus: o6p. 74-817 - Grt 0JIMBUHOBBIN Be6CTEPUT C METACOMAaTUYECKUMHU NpoxkuakaMu Phl u Amph; o6p. 74-296a
- Merakpucrayinyeckuit Grt opTonupoKkceHUT ¢ MeTacoMaTudeckoil Phl - Amph muHepanusanueit. Cepus Phl-Ilm runep6asurtos: o6p. 7-
365 - Phl-Ilm rpaHaTH3upoBaHHBIN JIepL0AUT; 06p. 0-42/87 - nopdupoBuaHblit Phl-1lm Be6cTepuT; 06p. 0-22/87 - nopdupoBuHbiil Phl-
IIm oiMBHUHOBBIN Be6CTEPUT; 06p. 7-371 - nedopmupoBanHas Phl-Amph nopoga c akueccopabiM Ti-XpoMUTOM U C peIUKTOBBIM [lm.

titanium is higher as compared to those in the central
parts (Fig. 24). A possible cause might be that exsolu-
tion textures of ilmenite precipitated in the centre of
phlogopite grains, and this process was accompanied
by depletion by titanium oxide and ferrum oxide. At the
margins of the large phlogopite plates, ilmenite exso-

> > HeO
AW N =

TiO,, wt.%

in the matrix (solid symbols).

pui.

lution lamellae are lacking and changed by larger iso-
metric grains. This suggests that the main portion of
ilmenite precipitated from the melt at the latest stages
of crystallization simultaneously with the growth of the
late rims on phlogopite and of small mica flakes of the
second generation.
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Fig. 24. Mg# vs. TiO, and Mg# vs. Cr203 in phlogopites from rocks of the Mg pyroxenite-peridotite and Phl-Ilm series.

1 - metasomatic phlogopite from the rocks of the Mg series; 2 - phlogopite from garnetless and garnetized Phl-Ilm hyperbasites;
3 - phlogopite from porphyrous garnetless Phl-Ilm hyperbasites; 4 - phlogopite from deformed phlogopite-amphibole rocks with newly-
formed chromite. Arrow tips refer to compositions of phlogopite from the marginal zones of porphyrous plates or from smaller platelets

Puc. 24. CootHouienue Mg# - TiO, u Mg# - Cr,03 Bo ¢Jioronute us noposa Mg nupokceHUT-nepuaoTuToBoM U Phl-Ilm ce-

1 - MeTacoMaTu4ecKkuit ¢pyioronuT u3 nopoj Mg cepuy; 2 — G1oronuT M3 6e3rpaHaTOBbIX U rpaHaToBbIX Phl-Ilm runep6asuTos; 3 - ¢uio-
ronut u3 nopoupoBUHbIX 6e3rpaHaToBbiX Phl-Ilm runep6asutos; 4 - ¢yoronut us AedopMUpPOBaHHBIX GJIOrONUT-aMPUO0I0BBIX MO-
po/Ji ¢ HOBOOGPA30BaHHBIM XPOMUTOM W PEJMKTOBBIMU UJIBMEHHUTOM, KJIMHONMUPOKCEHOM. OKOHYaHHE CTPEJIOK 03HAYaeT cocTaB $Jioro-
[MTa U3 KpaeBbIX 30H MOPHUPOBUAHBIX BblJieJIeHUH (JIOrONUTA UK U3 MEJIKUX IJIACTUHOK B MaTpHIe (3a/1UThle 3HAYKH).



By its chemical composition, amphibole represented
by typical pargasite in the Phl-Amph metasomatites of
the Mg series (Table) [Ukhanov et al., 1988]) is obvious-
ly different from K-richterite from the deformed phlo-
gopite-amphibole rocks. The latter has significantly
larger contents of SiO; and K0 and several-fold lower
contents of Cr203 and Al;0s.

[Imenites from the Phl-Ilm parageneses of all the
three groups have high contents of Mg0O (9.7-12 %),
except the late micrograin in the cavern in the garnet
grain (6 %). All the ilmenites listed in Table 1 differ
from ilmenites of the ultrabasic diamond paragenesis
with the lower content of TiO; [Patrin et al., 2004]. The
micrograin from the cavern in the garnet grain contains
more MnO and less TiO» as compared to other analysed
ilmenites. Considering the content of the main oxides,
the relict resorbed ilmenite from the deformed phlogo-
pite-amphibole rocks (7-371) is similar to IIm I from
the garnetized Phl-Ilm lherzolite (7-365). [lmenite from
garnetless Phl-Ilm websterites (0-42/87 and 0-22/87)
contains significantly less Cr.03 and more FeO as com-
pared to ilmenite from the garnetized Phl-Ilm lherzolite
(7-365). Due to high contents of phlogopite and ilme-
nite and higher contents of Fe in silicates, the Phl-Ilm
hyperbasites from the pipes of the Kuoika field belong
to high-potassium, titanian and ferrous basites-ultra-
basites.

4, 40AR/39AR DATING OF MICA

Results of 40Ar/39Ar dating for mica from the phlog-
opite-containing xenoliths of the Mg pyroxenite-pe-
ridotite and Phl-Ilm series are given in Fig. 25. Ac-
cording to the 4°Ar/3%Ar method, ages of phlogopites
from the metasomatic inclusions and veins in the
garnet olivine websterite (74-817) range from ~1640
to 1800 Ma. Mica from the garnetless Phl-Ilm parage-
neses (0-22/87 and 0-42/87) has similar ages for
high-temperature stages (~869 and 851 Ma, respec-
tively) (Fig. 25). Phlogopite from the garnetized Phl-Ilm
lherzolites (12/7 and 7-365) has significantly younger
ages, ~608 and 495 Ma, respectively. Mica from the
deformed phlogopite-amphibole rocks SI-3 has an ap-
proximate age of 167 Ma, which is close to the age of
kimberlites of the Kuoika field [Howarth et al., 2014].

5. DISCUSSION AND RESULTS

The age determinations for mica confirm the con-
clusion based on the data on petrography, mineralogy
and chemistry of the minerals: the phlogopite and
phlogopite-amphibole parageneses of the Mg pyroxe-
nite-peridotite and the Phl-Ilm basite-ultrabasite series
are represented by two discrete mantle rock associa-
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tions in the mantle lithosphere of the Birekte terrain.
Xenoliths with the combined presence of minerals of
both series are lacking.

The specific features, such as the cumulative type
of banding, high temperatures (1250-1500 °C) of the
start of crystallization of exsolution megacrystals of
pyroxenes, the presence of deformed globules of sul-
phides and others, give grounds to consider the Mg py-
roxenite-peridotite series as the layered intrusion in
the mantle [Ukhanov et al, 1988; Solov’eva et al, 1994].
The average chemical composition of the rocks in this
series is close to that of the Al-undepleted komatiites
[Solov’eva et al, 1994]. For four crystals of zircon from
kimberlites of the Rubin pipe (Kuoika filed), ages de-
termined by the SHRIMP method fall into two groups,
1.8-2.1 (~1.95 Ga in average) and 2.3-2.6 Ga (~2.4 Ga
in average) [Nasdala et al., 2014]. In the opinion of the
authors, the above-mentioned ranges reflect the main
evolution stages of the crust in the Birekte block. The
average most ancient age (~2.4 Ga) is actually similar
to the formation time of the Birekte terrain (~2.4 Ga),
according to [Rosen, 2003]. In the first approximation,
this age can be viewed as the formation time of the lay-
ered magmatic Mg series in the mantle. The average
age of 1.9 Ga corresponds, according to [Rosen, 2003],
to the accretion time of the Birekte terrain to the Sibe-
rian craton (~1.8-1.9 Ga). The estimated 4°Ar/39Ar age
of metasomatic phlogopite from the xenolith in the
Mg series (~1.64-1.8 Ga) is close to the latest event.
The lower age of mica may be due to a partial loss of
40Ar. The rocks of the Mg series from the Obnazhenna-
ya pipe have another particular feature: values of §180
in garnets and clinopyroxenes from peridotites, web-
sterites and garnet clinopyroxenites have a considera-
ble admixture of subduction oxygen (Fig. 26 [Taylor et
al., 2003, 2005]). It can thus be assumed that at some
stage, the mantle lithosphere substance under the Bi-
rekte block was subject to fluid-melt metasomatism in
the subduction zone. According to [Pernet-Fisher et al.,
2015], radiogenic osmium was supplied into the mantle
lithosphere of the Birekte block by sulphur-rich fluids
from the subduction zone between 1.7 and 2.2 Ga, and
this period correlates with the age of phlogopite from
the phlogopite-amphibole metasomatites (1.64-1.8
Ga). As noted in the petrographic description, the
phlogopite-amphibole veinlets have a typical magmatic
euhedral texture, i.e. they might have crystallised from
the melts. Based on the reviewed data, it can be sug-
gested that in the mantle lithosphere of the Birekte ter-
rain, phlogopite-amphibole metasomatism of the rocks
of the magnesian pyroxenite-peridotite series was re-
sulted by fluids-melts ascending from the subduction
zone.

This assumption does not contradict to the data on
the mantle pyroxenites containing graphite and the
lower-crust metabasite granulites from the kimberlitic
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Fig. 25. Ages of phlogopite (according to the 4°Ar/3°Ar method) in xenoliths of the Mg pyroxenite-peridotite series (sample
74-817) and the Phl- Ilm series (sample 0-22/87 and 0-42/87 - garnetless Phl-Ilm hyperbasites; 12-7 and 7-365 - intensive
garnetized Phl-Ilm lherzolites; sample SI-3 - deformed Phl-Amph rock). Mineral compositions of samples 74-817, 0-22/87,

0-42/87 and 7-365 are given in Table.

Puc. 25. Bo3pact ¢sioronuTos, nosydeHHbIH MeTonoM 40Ar/39Ar naTUpoBaHUs B KCEHOJMTaX Mg MUPOKCEHUT-TIePUA0-
TUTOBOU cepuu (06p. 74-817) u Phl- Ilm cepuu (06p. 0-22/87, 0-42/87 - 6e3rpanaroBble Phl-Ilm runep6asutsr; 12-7 u
7-365 - UHTEHCUBHO I'paHaTu3supoBaHHble Phl-Ilm nepronuTsr; 06p. Cia-3 - sedopmuposanHas Phl-Amph nopoga). Coctas
MUHepaJsoB U3 ob6pa3uos 74-817, 0-22/87, 0-42 /87, 7-365 npuBejieH B Tab/Iu1e.

pipes of the Kuoika field. In the deep-seated xenoliths
from the Obnazhennaya and Slyudyanka kimberlitic
pipes, graphite-bearing orthopyroxenites and webste-
rites are found, which are viewed as crystal cumulative
rocks in boninite dykes with the biogenic matter added
under island-arc conditions, as suggested by studies of
oxygen and sulphur isotopes and bulk rock geochemis-
try [Solov’eva et al., 2010]. By their geochemical charac-
teristics, the xenoliths of basite granulites from the
pipes of the Kuoika field (which are representing the
lower crust in the Birekte terrain) are determined as

result of fractional crystallization of the island-arc
low-potassium tholeiites [Solov’eva et al., 2004]. There-
fore, it can be assumed that the accretion of the Birekte
microcontinent/terrain to the Siberian craton, being a
larger continental block, took place about 1.8 Ga ago
in the subduction zone.

The Phl-Ilm parageneses of the xenoliths represent
the differentiated magmatic series with ubiquitous
processes of subsolidus garnetization and autometa-
somatic phlogopitization. According to results of the
whole-rock chemical analyses, the rocks of this series
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(Obnazhennaya pipe) and coarse-grained and deformed peridotites and megacrysts (Udachnaya pipe). The range of mantle

‘ Fig. 26. Cr203 vs. 180 and Al,;03 vs. 180 in garnet from peridotites and pyroxenites of the Mg series, from Phl-Ilm lherzolite

values for garnet is shown by the blue strip.

jauTa (Tpybka OGHaXKeHHas1) U U3 3epPHUCTDIX, AeHOPMUPOBAHHBIX IEPUJOTUTOB U METAKPUCTOB TPYOKH Y jauHas. ['onyb6as

‘ Puc. 26. CootHourenue Cr,03 - 180 u Al;03 - 180 B rpaHaTe U3 NepUJOTUTOB U NUPOKCEHUTOB Mg cepuy, u3 Phl-Ilm nepijo-

1oJioca — xana3oH MaHTUMHBIX 3Ha4eHUH /1 FpaHaTa.

can be classified as high-potassium basites and ultra-
basites. The most ancient ages of phlogopites in this
series (869 and 851 Ma) belong to the Upper Protero-
zoic and are close to the early age of the alkali-
ultrabasic carbonatite Tomtor pluton-volcano (800 Ma,
[Entin et al., 1990]). The younger ages of phlogopite in
the garnetized parageneses (608 and 495 Ma, samples
12-7 and 7/365) may be related to the loss of radiogen-
ic 0Ar due to its substitution by garnet. During this
process, H20, K, Ba, F and Cl were supplied into the up-
per layers of the crust and mantle. The age of phlogo-
pite in xenolith SI-307 (167 Ma), which is close to the
age of the kimberlites of the Kuoika field, may reflect
the influence of the kimberlitic melt.

In this context, the entire complex series of the Phl-
[Im parageneses from the xenoliths in kimberlites of
the Kuoika field can be considered as the high-potas-
sium mantle rocks being deep sources of high-potas-
sium magmatites on the surface. The latter may include
the complex long-term alkali ultrabasic-carbonatite
Tomtor pluton-volcano as well as the series of dykes
and sub-effusive K-basites and lamproites [Shpunt,
Shamshina, 1989; Kiselev et al., 2012]. Besides, it is not
improbable that the intensively deformed phlogopite-

amphibole rocks, that mark the deep weakened zones
in the mantle lithosphere, guided the alkali potassium
magma to the surface. According to [Li et al., 2008],
the formation of Rodinia to its maximum size took
place between 1000 and 900 Ma, and the first major
episode of its breakup due to the plume impact oc-
curred 825 Ma ago. Although the ages of phlogopite
from the Phl-Ilm websterites (869 and 851 Ma) are by
45, 25 Ma larger than the initial stage of Rodinia
breakup according to [Li et al, 2008], it can be assumed
that the formation of the high-potassium, titanian and
ferrous magmatites in the mantle took place in advance
of their occurrence on the surface. In the Siberian cra-
ton, the Rodinia breakup was accompanied by magma-
tism due to the impact of the Upper Proterozoic plume
[Lietal, 2008].

Thus, the Phl-Amph metasomatites developed in the
mantle lithosphere of the Birekte block on the rocks of
the early magmatic Mg pyroxenite-peridotite series are
markers of the stage related to the accretion of this
block to the Siberian craton (~1.8-1.9 Ga). In the man-
tle lithosphere of the Birekte terrain, the magmatic se-
ries of the Phl-Ilm hyperbasites occurred much later
(~869-851 Ma) corresponding to the start of Rodinia
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breakup [Li et al, 2008]. The deformed phlogopite-
amphibole rocks were formed as metasomatites of the
deep fault zones drained the upper mantle.

6. MAIN CONCLUSIONS

1. The petrographic, chemical and geochemical
features of discussed phlogopite and phlogopite-am-
phibole xenoliths from the kimberlitic pipes of the
Kuoika field (i.e. the north-eastern part of the Siberian
craton) are evidence of different stages in the evolution
of the mantle lithosphere of the Birekte terrain.

2. The Phl-Amph metasomatites develop on the
rocks of the complex Mg pyroxenite-peridotite series of
the xenoliths, belonging to the ancient layered mantle
intrusion. In the rocks of this series, the Phl-Amph
metasomatism gave geochemical features of the sub-
duction zone and marked the stage related to the accre-
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