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FOREWORD

The fact is well accepted that alkaline rocks repn¢ unique formations on the
Earth. They have been long attractive for reseaettause large Nb, Ta, Zr, Y, TR, Cu
and P deposits, gemstones of charoite, Cr-diopdidejte are associated with them. For
instance, in Australia diamonds are recovered nmplaites. The complicated processes
of their formation provoked scientific disputeslisgoing on. The newly developed
analytical methods and techniques provided abundémation on the composition of
alkaline rocks. The data on geochemistry of isadopmnfirm the evidence on the mantle
sources of the substance of alkaline rocks. The ocemcepts of plume tectonics are
applied by scientists when studying alkaline roakdhe deep-seated geodynamics of the
Earth is interpreted based on these data.Theseleptebwere discussed at the
international workshops held in 2001 at the In&itof Geochemistry in Irkutsk; in 2002
at the Far-East Geological Institute, Vladivostiok2003 at the Institute of Tectonics and
Geophysics in Khabarovsk, in 2004 at Geologicatitute in Ulan-Ude, in 200%t the
Institute of Volcanology and Seismology in Petrdpask-Kamchatsky), in 2006 in
TSNIGRI JC “ALROSA” in Mirny, in 2007 in Irkutsk ahNaples (Italy) in 2008 at the
Far-East Geological Institute, Vladivostok, in 200&s held at the Mineralogical
Institute, Uralian Branch, in Miass. The materialsthe 10" periodic workshop are
presented in this volume. The fundamental problemsleep-seated magmatism are
discussed.The fugacity of oxygen is one of the rpairameters responsible for the Earth
and other planets evolution. It controls the betyawiof some elements in the processes
of protoplanetary nebula condensation, planetsetiocr and formation of their metallic
cores. The red-ox reactions with participation bé tdeep material determined the
primary atmosphere composition and, supposedlyeplaan important part in life’s
origin. Based on the paragenetic analysis of mise(magnetite, ilmenite, titanite,
pyroxene) temperature and red-ox conditions of klinybiny alkaline massif rocks
crystallization were estimated. Particular attemti@s been given to the study of the melt
inclusions. Mean compositions of the basitic magmad the sources of island arches
and active continental margins have been calculaied the data on the chemical
composition, volatile components and trace elemesftsmagmatic melts of the
Kuraminskiy ore area have been obtained based eeviudence derived from the melt
inclusions study. The chemical compositions, casteri volatile components and rare
elements of melts of some Kamchatka volcanoes i@ gOn kimberlites themes, the
first data on the three new diatremes of Nionokdf@f the Onega peninsula have been
reported. Unusual xenolyths of mica-bearing rocksl ajarnet piroxenites of the
Udachnaya pipe have been described. New data ammaerals in Yakutian diamonds
are given. The geochemical features of lamprophgfeSikhote-Alin and Bielorussia
have been discussed.

The book might present interest to spestmliinvolved in petrological and
geochemical investigations as well as those stgdyieep alkaline and kimberlite
magmatism.

Chairman of Organizing Committee,
Chief Editor Dr. N.V. Vladykin
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Carbonatites, isotopes and mantle plumes - some camnts

Keith Bell
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Carleton University,Ottawa, Ontario,Canada, Em&ib@magma.ca

ABSTRACT

Carbonatitic parental melts have low viscositied bow dihedral wetting angles and
therefore they become interconnected at very lovit fingctions in the mantle and can
migrate to the Earth’s surface rapidly. AlthougHumpetrically insignificant, the ease with
which carbonatites can be identified (high REE &ndabundances, light REE enrichment,
isotope signatures) present a simple and uniqueofvdgcumenting mantle instabilities that
might include plume/hot spot activity, slab rollekamajor rifting/translithospheric faulting,
and lithospheric delamination. Some carbonatitepe@ally those of the Cape Verdes and
the Canary Islands, provide robust evidence fomplunvolvement. Others carbonatites are
associated, both spatially and temporally, wittoddasalts, e.g. Deccan, Parand-Etendeka,
Siberian, and Keeweenawan LIPs (large igneous pecesg) events. Other carbonatites are
considered to be plume-related because of theitiabpdistribution, age, and isotopic
chemistry even though they are not associated flatd basalts, e.g. East Africa, and the
Kola Peninsula, Russia. Further evidence for cabt@aplume involvement is the similarity
of Hf, Nd, Pb and Sr isotopic data between mostngocarbonatites and OIBs, and their
primitive noble gas signatures (Ar, Ne, Xe). Theioiared model involves melting of
entrained material in the upper, volatile-rich past plumes below a thickened lithosphere.
Such a model might also be extended to includesratikimberlitic affinity and the wide
diversity of alkaline silicate rocks commonly assted with carbonatites.

INTRODUCTION

Although they are among the most volumetricallyigngicant of igneous
rocks found at the Earth's surface, carbonatitesige unrivalled insights into the
chemical evolution of the sub-continental upper tieanThe high Sr, Nd and in
some cases Pb abundances of carbonatites provigigeyorobes into the mantle,
and because they extend back into the Archeandaeybe used to monitor the
secular evolution of the mantle over much of thetlEs history. Whether
carbonatitic melts are primary or whether theydeaved from carbonated silicate
melts was contested for many years, but recentese& has shown that
carbonatites can be generated by a variety of psaseinvolving both primary and
differentiated melts [9, 53 and reference therein].

Carbonatitic melts are unusual. Not only are thegnaically reactive but they
differ from most other magmas because of theireemély low viscosity. Measured
apparent viscosities of aphyric natrocarbonatitedtenfrom Oldoinyo Lengai, the
only active carbonatite volcano, are more than r@eroof magnitude lower than
the most fluid basaltic melt [55]. With such lowsgosities, melts can separate
from regions as thick as 100 km in only a few railliyears, even at small melt
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fractions [51]. At melt fractions <0.05 wt %, caraditic melts can become
interconnected in carbonated olivine-rich mantléhvgrain sizes of the order of 1
mm [52]. Estimates of ascent rates based on flom-talculations suggest rapid
migration (20-65m/s) to the surface [29].

Small degrees of partial melting of carbonated teaherzolite can generate
carbonatitic as well as alkali silicate liquids ttHee very close to the mantle
solidus. Such melts, if they escape, can providesisee indicators of
perturbations in the mantle brought about by preegsuch mantle upwellings
(plumes/hotspots/hot fingers/diapiric upwellingpntnental fragmentation, slab
roll back and lithospheric delamination. Whethetboaatitic melts reach the crust
depends on the velocity of migration and whetheytburvive interaction with
other mantle phases without undergoing "chemicatidg14]. Reaction between
mantle wall-rock and carbonatitic melts can siguaifitly alter the overall
chemistry of the mantle and even the melt itsetirdumetasomatism.

OIBs AND ISOTOPES

Are the isotopic compositions of carbonatites samito those found in
oceanic basalts? The isotopic data from OIBs shawthe mantle is isotopically
heterogeneous, and that such heterogeneities mustiave existed for substantial
periods of time. Several isotopic components hasenbidentified from OIBs,
including HIMU (mantle material with a high, timategrated U/Pb ratio), EMI
(enriched mantle 1), and EMII (enriched mantle Ryr further details the reader is
referred to Zindler and Hart [81], Hart [33] and fhb@ann, [39]. Another
component, with the acronym FOZO, is based on @megf convergence of
pseudo-linear arrays in Pb, Sr and Nd isotope spabg This component,
considered common to all OIBs, is not as well dadims some of the others. The
original definition of FOZO (“FOcus ZOne”) set byaH and co-workers involved
a component characterised by depleted Sr and Ndaary radiogenic Pb; it is
more primitive, yet depleted, than many of the bptmeantle components.
Subsequently defined by the point of convergencénefr arrays from oceanic
basalts and associated rocks in three-dimensisatpe ratio diagrams involving
EM1, EM2, HIMU and DMM, the various estimates ofisthcommon OIB
component show considerable differences e.g. FOBG]L FOZO 2[36], FOZO
3 [68]. The origin of FOZO is traditionally integted as a widespread plume
component common in OIB and located in the lowentiea[35, 36]. A recent
interpretation considers FOZO to be a ubiquitousymanent in the source of
MORB and OIB produced by the continuous recycling aging of unmodified,
oceanic crust [68]. A common component, virtuabientical to FOZO, is “C”,
which has been defined on the basis of the conuesgef MORB isotopic arrays
[31]. In contrast to OIBs, the isotopic data fromrmal mid-ocean ridge basalts
(MORBSs) are relatively uniform, reflecting the mastpleted of all the known
mantle sources (DMM, depleted MORB mantle) undagyioceanic regions.

6



Deep-seated magmatism, its sources and plumes

DMM rarely appears in isotopic arrays, but has f88r%°Sr, high***Nd/***Nd and
relatively low**®Pb/*Pb ratios.

All of the mantle heterogeneities reflected in OlBsve been attributed to
addition of crustal material by subduction, muchwiich is considerably old, and
may go back to at least 2 Ga but this idea has bballenged by Stracke et al.
[67]. If the isotopic heterogeneity in the mantleowever, is produced by
subducted material then it has been stored foriderable periods of time either
within the lowermost mantle or at the 660 km digcanty.

With the substantial isotopic data base that nost&xor carbonatites there is
no doubt of their mantle origin [6, 54], and thaamg young carbonatites (<200
Ma), especially those from East Africa, reflectdmyn mixing between HIMU and
EMI [6, 69, 10, 12]. Most young carbonatites candivided into two groups, one
corresponding to those that involve HIMU and EM#dhe other to a group of so-
called “Reference Carbonatites” that involve FOZ@l &IMU as end-members
[13]. The widespread nature of the “Reference Qaabtes” suggests that both
FOZO and HIMU are of world-wide distribution [13].

Defining plumes and their products solely on thsibaf isotopes, either
radiogenic or stable, is difficult. Although somkipes may contain a dominant
HIMU or EMI component or high’He/He ratios, more typically there is a
significant isotopic variation either within thensa group of islands or even within
the same island, and this requires isotopic he&zr@ity in the upwellings plume
[20]. Both the Hawaiian and the Icelandic plumes good examples. Isotopic
trends from individual volcanoes in Hawaii or laalia based on He, Hf, Sr, Nd, Pb
and Os isotopic data require the presence of igthyp distinct end-members [40,
16, 1]. It thus appears that there is no such thisi@ “pure” plume component.
Instead, plumes are isotopically and chemicallyetogfeneous, perhaps even
zoned, carrying with them entrained material froarious mantle depths (i.e.
different source regions). As a consequence oftlobservations, it appears that
the isotopic composition of plumes can change timie, depending on the type of
material entrapped within the plume or the degffeateraction of the plume with
continental lithosphere. For a detailed review t8 ©omponents, their association
with plumes, and melting relationships, the reasleeferred to Kogiso [42].

CARBONATITES ASSOCIATED WITH KNOWN LIPs

More than 30 active hotspots are now documentel] &l in the geological
record (back to 3.5 Ga) at least 200 potentialgzplames are recognized [24, 25,
27, and reference therein). Some hotspots and glameassociated with alkaline
rocks and carbonatites, while others are not. [liki'ge igneous provinces) marked
by continental flood basalts and giant, radiatiggedswarms [58, 23] are perhaps
the best markers of plume activity, indicating $ite of arrival of plumes within
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the continental crust and subsequent melting ompliheads. Some flood
basalts are associated with carbonatites and iadkaticks, including the Parana
(Brazil), Etendeka (southwest Africa), Keeweenaw@anada,) as well as the
Siberian and Deccan (India) flood basalts. Ernst Bell [26] have cited and
discussed several examples of carbonatite-LIP &dgmts. One example is
discussed below in detail.

Several models relate the Deccan flood basaltadi&lto the Réunion plume
[56]. The main period of basaltic activity at ca. 65 8 marked the first major,
surface expression of the Réunion plume on theamdub-continent, with
outpourings that might have taken place over a ghort time interval, perhaps <
1 Ma [18]. Alkaline volcanism both preceded anddwakd the relatively short-
lived outpourings of the Deccan flood basalts f.Amba Dongar, the Deccan
flood basalts were cut by carbonatites [75, 63,d&¢d at 65 0.3 Ma which is an
event essentially co-eval with Deccan volcanism.[®h the basis of Pb isotope
ratios, Simonetti et al. [63] proposed that theboaatites at Amba Dongar were
petrogenetically linked to the Réunion plume. Thedel was later modified to
include plume-lithosphere interaction for the gatien of the carbonatites and
alkaline rocks from Bhuj, Barmer and Mundwara [6AL least three mantle
sources were involved in the formation of the Deccarbonatites and related
alkaline silicate rocks, [64], i.e. continentalhbisphere, asthenosphere and the
Réunion plume.

One way of viewing the isotopic data from flood &lésand carbonatites is to
relate them to the mantle plane described by théetrend-members HIMU, EMI
and DMM in two-dimensional space. The plane canldygicted as a straight line
by combining ***Nd/**Nd and **Pbf%*Pb values into a term plotted against
8'Srfosr [80]. f(Nd,Pb) [after 80] = f(*Nd/*Nd)* +(°PbF*Pb)]*? x {sin[arc
tan ((*Nd/ANd)/ (PPbF*Pb)] + 0.000064]}. The equation for the mantle plan
as given by Tilton et al. (1998) is: -0.4288%¢£°Sr) - 1.358437(*Nd/**/Nd) —
8.75115x 10 (**PbF*Pb) + 1 = 0. Such an approach is useful not only i
assessing the data in terms of the mantle planet lmain be used to assess the
possible role that the three mantle end-members masg had in producing the
isotope data from the carbonatites, the flood &sald the plume basalts.

Most of the data from the flood basalts form a @ging array towards
HIMU and the data points from Réunion, and allteé flood basalt data lie well
above the mantle plane (see Fig. 14, [5]). The &W8rF°Sr ratios are shown by
the data from Reéunion that cluster close to the HIdé&ction of the projection of
the mantle plane while the two carbonatites, Amloadar and Barmer, although
isotopically quite different from one another, daerwith the data from the flood
basalts. The isotopic findings are consistent gl involvement of HIMU and
EMI plus an additional old, enriched, source.

On the basis of the isotopic data from India, ab asefrom South Africa and
Brazil, it seems that carbonatites are neither ugusor extreme when compared
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to the Sr, Nd and Pb isotopic compositions of flbadalts. Although the data
from Réunion and the carbonatites show little arithere are enough isotopic
characteristics in common between the carbonadnesthe flood basalts to argue
for similar source involvementsThe isotopic ratios from the Amba Dongar
carbonatite and some of the flood basalts reqbreartvolvement of a component
more enriched than HIMU, and EMI, that might wiedl related to the DUPAL
anomaly, a Pb and Sr isotope mantle anomaly emgrthe southern hemisphere
[32], or by enriched continental lithosphere [64].

There are no compelling arguments, as far as titege data are concerned,
to conclude that the carbonatites from India, ai a®& Brazil and Namibia [5]
were generated from sources other than those @ragrgted many of the flood
basalts. Isotopic similarities to some of the nysmitive flood basalts, coupled
with the close spatial and temporal relationshgs, consistent with a model for
carbonatite generation that involves partial mgltof source material associated
with the flood basalts. Furthermore, these soutaesbe related to mantle plumes.

CARBONATITES ASSOCIATED WITH KNOWN PLUMES

Although carbonatites are very rare in oceanicremvnents, the Cape Verdes
and the Canary Islands off the west coast of Afiaca prime candidates for
understanding plume-related carbonatites. Geograpariations of isotopically
distinct components in the magma sources on a sgfatt00 to 200 km are
observed [30], which are similar in size to thostineated for other oceanic
islands. The seminal study of the Cape Verde dsigB0] not only related the
magmatic products to plume activity but attempteddlate the magmatism to
variable degrees of partial melting, spatial dmttion within the plume itself and
scale lengths of melting within the mantRequirements involved three isotope
components [30], a HIMU, an EM component, and amtefimediate HIMU”
component each one marking the involvement of khffe mantle “sources”.
Attempts to interpret the origin of the differentagmatic products to plume
geometry placed the earliest lavas and also thenbast intrusive rocks, including
carbonatites, to the cooler, marginal areas of ghane, whereas later lavas
(EM£HIMU £DMM) involving higher degree of partial melting wee interpreted
to be generated near the proposed plume center [BOWas thought that the
geographic age and geophysical constraints as agelthe trace element and
isotope variations were due to variable partialtimglof a heterogeneous plume
(HIMU + depleted mantle) in the northern Cape Verdend mixing of plume-
derived melts with lithospheric melts (EM) in theuthern Cape Verdes. An
alternative explanation also involved mixing at gheme margins, but between an
EM plume and low degree partial melts derived frmirained pre-existing HIMU
components in a heterogeneous DM + HIMU upper rearwWith progressive
melting, the effect of the HIMU component seemd&we played a diminishing
role.
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Subsequent studies of the Cape Verde and Canaunydksl[37, 38, 21] all
supported the heterogeneous nature of the mantteesband in all of these studies
HIMU played an important and consistent role esgcduring the generation of
the calciocarbonatites [38]. This component wasibatied to the melting of
recycled, carbonated oceanic crust (eclogite) witecycling age of ~1.6 Ga [38].
Compared with the Cape Verde calciocarbonatites)dhs radiogenic Nd and Pb
isotopic ratios and the negatiu&/4 of the magnesiocarbonatites require a separate
mantle component, perhaps recycled subcontineatitasphere.

In earlier studies, continental carbonatites wéraught to be isotopically
much more variable than oceanic, and this wadated by Hoernle et al. [38] to
the involvement of additional enriched componentsind) generatation of the
continental carbonatites. One of the key ingrediemtthe Hoernle et al. model is
Phanerozoic through to Proterozoic marine carbsnéteay. limestone) that are
recycled either by metasomatisng the lithospherdatia or by subducting slabs of
oceanic crust + marine carbonates into the deeptlenavhere they can be
tranported back to the surface by plume activityowdver, this idea that
continental carbonatites show much greater vanatio radiogenic isotopic
composition than do their oceanic carbonatiteansa®ot to hold in the light of the
considerable amount of new isotopic data. In boteaoic and continental
carbonatites HIMU certainly plays an important ra@kng with an enriched
component.

The much simpler model proposed by de Agnacio.gR4a] for the alkaline-
carbonatite association of Fuerteventura, Candands, requires only two main
components, one a deep-seated, FOZO componenth warcaccount for Sr and
Nd compositions, and a HIMU component that can arplhe Pb compositions.
Fuerteventura, it should be noted, is one of tloesil of oceanic islands, and has
been active for the last 80 Ma, a time range coaiparto the entire age span of
the Hawaii island - Emperor seamount chain [49krEeventura also contains the
oldest known oceanic carbonatite (ca. 60 Maleterogeneous mantle plume with
a deep-seated (FOZO) signature that mixed with HI&tUa very specific time
(around 25 Ma), forms the basis of the de Ignatial.emodel for the evolution of
Fuerteventura

INFERRED PLUMES

Some carbonatites of continental setting have battmbuted to plume
activity in spite of the fact that they are neitlspatially nor temporally associated
with continental flood basalts. Among the best knawe those of East Africa and
the Kola Alkaline Province.

Most of the East African carbonatite complexesyanenger than 120 Ma, and
all are associated with nephelinites and phonglibegheir plutonic equivalents.
The isotope systematics from these complexes amarkably simple, and well-
behaved given that these carbonatite complexesfcaned over an extensive
geographic region. Sr and Nd isotope ratios defiree so-called East African
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Carbonatite Line (EACL), a linear arrray involviogly HIMU and EMI [6]. With
the addition of Pb to the isotopic data base, #imestwo-end members were
involved in generating a series of binary mixingvas [12]. This simple result
from the EACL may have more general applicatione Tmilarity of these
findings to the LoNd array of Hart et al. [34] dedd by basalts from Tubuaii, St.
Helena, New England Seamounts, Comores, San Fetixtlae Walvis Ridge
suggests that HIMU-EM1 mixing is a widespread pssoguring the production of
a range of magmatic products of quite differentnaical compositions.

The EACL was attributed to the mixing in differgmtoportions of the two
mantle components, HIMU and EMI, and this obseoratwas subsequently
incorporated by Bell and Simonetti [10] into a mbtat involved interaction
between a HIMU plume and enriched lithosphere (ENHpwever, the latest
interpretation of the data involves melting of atenegeneous, “streaky” or
“marble-like” mantle, but still within the framewloof a plume model [11].

The voluminous outpourings of plateau phonolitd®e three-dimensional
geophysical data, crustal uplift as reflected ia Kenya Dome, and the marked
zonal arrangement of alkalic rocks, carbonatited alkali basalts [47, 48] is
consistent with plume-related activity. This vasgp-domed magmatic province,
1000 km across, with central and peripheral zowes, considered by Le Bas [48]
to reflect an upwelling from a deep mantle soumkhough the carbonatites
require mixing between HIMU and EMI, one additiomabntle component is
needed, such as DMM or PREMA, to help explain soddpe systematics of some
of the associated silicate rocks [8, 10]. A simiequirement was also proposed by
Gerlach et al. [30] for the silicate rocks of thap€& Verde archipelago.

Bell and Tilton [12] restricted the HIMU and EMI mponents to the sub-
lithospheric mantle but located at deep-seateddeperhaps the lower 1000 km. It
was recognized, too, that such signatures areestticted to East Africa. Many
young, continental carbonatites of world-wide dlsttion require both HIMU and
EMI [69], although others require the involvemehF®ZO instead of EM1. Bell
and Tilton [13] thought it unlikely that metasonsati of the lithosphere (a possible
mechanism for generating EMI), could be so unifgrmidespread, not only in
East Africa, but elsewhere on Earth and that suslgm@ature could be preserved
within the lithosphere for long periods of time.

One of the best examples of plume-related, alkala&-carbonatite activity
is the extensive igneous province of the Kola Paray eastern part of the Baltic
Shield. Considered to be the largest alkaline pi¥ion Earth, the Kola event
covers a wide tract of ground that extends fromsimares of the White Sea north
towards the Barents Sea and west into Finland.é®eviof the geology and the
various models proposed for the Kola Alkaline Pnoei (KAP) are given in
Verhulst et al. [74], Zaitsev and Wall [79 and refeces therein] and Downes et al.
[22]. The KAP includes the Kovdor and Turiy carbbies as well as the Sokli
carbonatite, one of the largest known. On the bafsi®ble gas data, Marty et al.
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[50] was one of the first to point out the importarof plume components in the
generation of the Kola carbonatites.

In addition to the noble gas data (see later dsgon}, additional support for a
plume origin for the KAP is marked by the shortsepie during which magmatism
took place; the period from 360 to 380 Ma seemsoteer most of the alkaline and
carbonatitic magmatism in Kola [44, 79, 22]. Whetlilee KAP was associated
with flood basalt activity remains unclear, but remts of flood basalts along the
northeastern coast, normally attributed to the oygeaf the Barents Sea during the
late Proterozoic, may be Devonian in age and henag represent LIP-type
magmatism [65, 26].

Carbonatites in the Kola Peninsula involved mardteirces with quite
different isotopic compositions. For a review o€ tisotope systematics and the
geochronlogy the reader is referred to Bell andHRuk[9] and Rukhlov and Bell
[60]. Kramm [43] was first to point out a near-larearray of Nd and Sr isotope
data from several of the Kola carbonatites thatattebuted to binary mixing
involving an enriched end-member (the supposed Dianoequivalent of EMI)
and a second with a depleted isotope signaturatieslty correlated with an end-
member similar in isotopic composition to some loé tCanadian carbonatites.
Subsequent data showed that binary mixing was fiogrft as an explanation, and
that at least three end-members were needed @&l IHf, Sr and Nd data from
some rare-metal deposits in Kola also indicateptiesence of more than one end-
member, consistent with the findings from the cadies [41].

THE NOBLE GAS STORY FOR CARBONATITES

Although the amount of noble gas data from carbtesats somewhat sparse,
some of the Ar, Xe, and Ne data indicate a relgtiygimitive mantle source.
Noble gas data from Canadian (Borden, Prairie Lakel) Brazilian (Jacupiranga)
carbonatites support the view that carbonatitictsnate deep-seated, and probably
plume-related [61]. Exces§’Xe in carbonatites, along witi°Ne*Ne and
“INef’Ne ratios [61] further constrain the origin of camatites, and perhaps the
sources of HIMU and EMI. The primordi&®Xe/***Xe signature in carbonatites,
comparable to those in diamonds, is presumably doomly in the deeper and
hence more primitive parts of the mantle. If theboa in carbonatites is related to
subducted materials then the subducted material hay® exchanged gases with
those residing in the deep mantle. Sasada et &l itade the interesting
observation that carbonatites of different age hquée different Sr and Nd
signatures, reflecting both enriched and depletmatces, yet their?*Xe/*’Xe
ratios (>7) and®Ar/*°Ar ratios are similar. This suggests derivatiorSofand Nd
from different mantle sources, yet a common sotocéhe primitive volatiles.

Noble gases from Kola carbonatites also show ariboibn from a deep
plume source [50, 19, and 71]. Measured abundaoicéde and’He indicate a
large excess oHe and fluids extracted from the carbonatites sfideHe ratios
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down to 38,000, which are lower than those of MORBd in the range of ratios
observed irfHe-rich OIBs related to mantle plumes. In additifhle/’Ne ratios
are much higher than those in the atmosphere imgplthe occurrence of solar-
type Ne in the carbonatite source. The ultrabasicadkaline rocks from Kola and
associated carbonatites thus contain a contribdtaon a source that has a lower
time-integrated  (U+ThJHe, *Ne) and “°K/*°Ar ratios than those of the
asthenosphere, the sub-continental lithospherdhtandontinental crust, indicating
a source deeper than the convecting mantle thatisddMORB magmas [50].

Even N from the Lesnaya Varaka, Kovdor and Seblyarbonatites of the
Kola Peninsula [19] indicate a source more enricimeteavy nitrogen than the
Earth's surface and the shallow mantle. These mafaire either a source deep
within the mantle that was either contaminated lbgamic crust or the N was
affected during core formation by metal-silicatetipianing.

Tolstikhin et al. [71] also worked with carbonasiteind their findings agree,
in part, with those of Marty et al. [50]. Includegnong these are lofHe/He
values well below the mean ratio in mid-ocean ritdgsalts, a regression line for
Nef’Ne versus?NefNe which is indistinguishable from those typical of
plumes, such as Loihi (Hawaii), an inferred sousita a“*°’Ar/*°Ar ratio of about
4000 which is 10 times lower than that of the MO&®Irce end-member and an
estimated He”Ne)PRIM of about 10, a value that approaches ter satio
implying a non-fractionated solar-like rare gagerat within a plume source.

MULTIPLE CARBONATITE EMPLACEMENTS

The main criticism leveled against possible plumearses for carbonatites has
been the repeated carbonatite activity over thasah millions of years within
the same crustal segment e.g. Greenland. BaileB][has argued vehemently
against any plume involvement citing as evideneelticalization of activity by
old lesions in the lithosphere, the plate-wide $yonicity and the repetition of
carbonatite activity.

The large amount of isotopic data, both radiogamd non-radiogenic, from
carbonatites, suggests derivation from a mantlecgooonsiderably deeper than
the lithosphere. Of the features cited by BaileydRas arguments against plume
activity, many are actually compatible with a plumedel. Any impacting plume
would certainly take advantage of lithospheric wessses, would be associated
with continental rifting and would be involved irorcentrating volatiles and
incompatible elements during upward migration. @itlee estimated size of many
plume heads (up to 2000 km in diameter), it is gpshnot too surprising that
carbonatites are synchronous over considerabls jgdrplate regions e.g. Kola
alkaline province, and its possible broader distidn in the eastern and southern
parts of the East European craton [26].
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Repeated episodes of carbonatitic activity in &icted areas such as that in
Greenland [46] implies one of the following: i. tithe source for the carbonated
melts was attached (or became attached) to thesptrere and was carried along
with the lithosphere during plate migration, or iithat the same points of
weaknesses, such as persistent tranlithosphetis,fawere preferentially favoured
for transport of carbonated melts through the §fiteere. Reactivation of a fossil
plume-head, as another alternative, has been prdpmg Toyoda et al. [72] for
some Brazilian carbonatites and by Black and Lieg¢tb] for localization of
alkaline magmatism in Africa.

Repeated magmatism impinging at the same spoteokdrth's surface can be
accommodated within a plume model providing tha theaknesses within the
lithosphere remain unhealed. Plumes are not racdated, phenomena but are
numerous and widespread, and have occurred repedtedughout most of the
Earth’s history [24 and references therein].

DISCUSSIONS AND CONCLUSIONS

Carbonatites clearly provide valuable insights imtantle evolution that few
other rocks offer. Carbonatites occur in variowgdeic environments, and are not
solely restricted to rift zones. This point was &e@mzed by Woolley and
Kjarsgaard [77]. Less than half of all known caraiies occur in or are associated
with graben structures, and many others are adedclaith major faulting and
updoming. It is tempting to relate these tectomzi®nments and their associated
magmatism to plume activity. The typical assocratigth flood basalts, and more
broadly with LIPs also supports a plume origindarbontatites, reflecting perhaps
different evolutionary pathways in a single magmatiocess/system.

There are two alternatives to generating meltscstsn with plume activity.
Melts can be generated either within the plumdfjtsesolving both primitive and
entrained material, or within the overlying mantlg decompression melting
induced by the forceful emplacement of the plumadheluring lithospheric
thinning and/or by lowering of the mantle solidysthe introduction of volatiles
into the overlying mantle. Modelling of melting Wih the Hawaiian plume
depends on the volatile contents of the plume dedtémperature distribution
across its boundaries [78]. At the outer portiohamy major mantle upwelling,
volatile-rich melts are carried towards the C-Hdlidis with release of vapour at
depths of about 75-85 km that may generate crac{ei lithosphere accompanied
by the escape of low-melt, volatile-rich melts. kitg degrees of partial melting
nearer the plume axis will generate more silicarsaed melts. Implied in this
model is a symmetrical distribution of rock typeghwthe more silica-enriched,
rocks in the centre and the small volume, moretitelach rocks at the margins.
On the basis of the isotopic data from carbonat#tied what is known about
plumes, a general model can be formulated in warcksotopically heterogeneous
plume with volatile-rich portions and high @@8,0 ratios undergoes discrete
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partial melting generating low volume, low degreelts) that are isotopically
different. Such low volume melts might also be gatexl above the plume during
its initial impingement on the lithosphere [26].

Examples of low-volume, isotopically-distinct melire found within
individual East African complexes including Shon#¥dB], Napak [62], and
Oldoinyo Lengai [7, 10]. The scale of melting imsstent with the 25 to 50 km
distances proposed for source regions involvedemegating the individual shield
volcanoes above the active Hawaiian plume [28].

Owing to a substantial increase in viscosity widptt, entrainment of deep-
mantle material is to be expected in plume hea@§ |2 a continuous supply of
material from a hot source is assumed, then a Ispiperoidal plume head first
rises and adjacent mantle melts become incorpormatedhe plume [17]. Because
the temperature of the conduit is appreciably highan that of the plume head, its
composition approximates that of the boundary layem which the plume
originates. Once at the top of the plume headctmuit material flows radially
and forms a thin sheet with a large surface arbéa. domposition of the plume
head becomes compositionally and thermally zonedkeeping with what is
known of the of the Hawaiian and Iceland plumes, [88]. Assuming that the
starting material is OIB-type mantle then the plunead should be zoned with
layers of enriched OIB-type mantle separating negjiof entrained, normal mantle
[17]. Partial melting of isotopically distinct rems within a plume on a scale
greater than the heterogeneities might explain somte isotopic differences
observed from many carbonatite complexes. Estimagsed on inter-shield
geochemical differences among Hawaiian volcanoast o melt production
regions similar in size to those estimated for ¢berce variations [28]. On the
basis of He isotopic data, the melting zone ofHlagvaiian plume is considered to
be < 40 km in radius [45].

Returning to the concerns expressed about the matib®plume relationship
and the repeated incursions of carbonatitic meits the same portions of the
Earth's crust over periods of time considerablygérthan the average life span of
a mantle plume, such localized incursions might reated to mechanical
weaknesses within the sub-continental lithosphehech once established remain
active as “chemical-free pathways” for low viscgsiielts.

It might be unwise to attribute all carbonatitesptame activity given that
some carbonatites are probably related to othastgh mantle upwellings, such as
those associated with extension at continental msrd¢arge-scale overturns, slab
break-off and crustal delamination. Establishirggtiof criteria that could be used
to separate one group of carbonatites from therotbguires a thorough evaluation
of ages, field relationships, petrology, geochemiahd mineralogy in those areas
where plume impingement is generally accepted saglihe Cape Verde and
Canary Islands.
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In summary, the following featuress of carbonatiége consistent with a
plume model:

I. the similarity of isotopic signatures betwe@lBs and many carbonatites,

ii. the primitive nature of the noble gas datanfreome carbonatites,

ii. the association of carbonatites with known ks (Cape Verde and
Canary Islands) and

Iv. the temporal and spatial relationships of s@eamdonatites to LIPs.

The vertical and lateral stratification of plumeals, the thermal effects of
three-dimensional flow, and the ability of the upparts of the plume to distribute
and retain volatile-rich materials are all featuraportant to our understanding of
the generation of carbonated melts. The extrenmlydegrees of partial melting
required to generate melts of alkaline and carbimaiffinity probably reflect
magma generation from the cooler parts of a plurhere volatiles have been
retained in quantities sufficient to generate cadtibic and alkaline magmatism.
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ABSTRACT

Based on the generalization of data on melt irmhgsand quenched glasses, the average
compositions of subduction (island arc and actor@icental margin settings) basic magmas were
estimated. The main geochemical features of theageecomposition of these magmas are
significant depletion in Nb and Ta, less signiftcdapletion in Ti, Zr, and Sm, and enrichment in
Cl, H20, F, and P in the primitive mantle normalipatterns. The average normalized contents of
moderately incompatible HREE in these magmas ase db those in the basic magmas of other
geodynamic settings. Subduction basic magmas extagative correlation of Li, Y, Dy, Er, Yb,
Lu, and Ti contents with MgO content. Most of inqaatible elements (Nb, Ta, U, Th, LREE) no
correlate with MgO, but correlate with each othed &20. Variations in element contents are
related to crystallization differentiation, magmaxing, and possibly, participation of several
sources. The water content in the island arc lvaagmas varies from almost zero value to more
than 6 wt %. Most compositions are characterizedidgk negative correlation between H20 and
MgO contents, but some compositions define a negatirrelation close to that in magmas of mid
ocean ridges (MOR). Considered magmas demonstssitecdpositive correlation between MgO
content and homogenization temperature, practiclyciding with those of MOR magmas.
Modeling of phase equilibria revealed widening ystallization field of olivine in the magmas of
subduction zones compared to MOR magmas. This eaeléited to the high water content in
subduction magmas. Simultaneous liquidus crysiditim of olivine and clinopyroxene in
subduction magmas occur at pressure approximatkhab higher than that of MOR magmas.
Based on the average ratios of trace element to K@@ent, we determined the average
compositions for subduction magma sources. Reltivkepleted mantle, they are enriched in all
incompatible elements, with positive anomalies ofRb, Ba, B, Pb, Cl, H20, F, and S, and
negative anomalies of Th, K, Be, Nb, Ta, Li, Nd, Bbd Ti. A general elevated content of
incompatible elements indicates a reworking ofrtieis of mantle wedge by fluids and melts that
were released from the upper layers of subducée. pl
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INTRODUCTION

It is considered that the basic and ulltrabasic magyof island arcs (IA) and
active continental margins (ACM) are formed in nanvedge metasomatized
byfluids or melts that were released from subducteshnic lithosphere [3]. This
explains the water enrichment of these magmas glisaw their elevated oxidation
state and some specifics in the behavior of treeraents (for instance, Nb, Ti, and
Zr). Kelemen and others [23] estimated the aveiageents of major and ome
trace elements in the basic and intermediate rotlkssibduction zone in the light
of problems of magma formation in island arc systeAt the same time, it is
known that the average compositions of mantle magarad source of IA and
ACM have not been considered in detail. In thisguae attempted to estimate
these compositions using data on the melt inclgsiorthe minerals and quenched
glasses of the rocks. The advantage of this apbrizaihe possibility to study the
behavior of volatiies and perfectly mobile compasenwhich cannot be
determined from the rock composition [23].

In this paper, the IA and ACM magmas are considéogéther and will be
termed as “subduction” magmas, because their diffeys are insignificant. At
present, a great body of melt inclusion data hasnb&ccumulated, including
determinations of volatiles and numerous trace etdsma Our data base of
compositions of melt inclusions [45] includes mtran 480000 determinations for
73 elements, which will be used in this paper.hiis tvork, we do not distinguish
petrochemical series (tholeiitic, calc_alkalineg athers), but consider all entity of
compositions together. More detailed analysiseéssihbject of future studies.

APPROACH TO THE SOLUTION OF THE PROBLEM

The factual base for this study is the data setahpositions of melt
inclusions from phenocryst minerals and quenchexbsgls of the rocks from
subduction settings [45]. Based on these data, wleulated the average
composition of basic magmas that are formed in leasubduction zones. The
contents of rock-forming components of magmas waleulated as arithmetic
mean compositions, while that of trace elementgemsnetric mean, because they
define a lognormal distribution [32].

The average contents of incompatible elements ignmaasources could be
estimated from their ratios to the average comémiement, whose concentration
in the suprasubduction zones are known. In theiqus\studies [31, 33, 34, 29], it
was demonstrated by the example of midocean ridy&3R) and within-plate
geodynamic settings that ratios of highly incomglatelements t&20 content in
basic magmas and their sources are close. Moreaaecaontents of ratios of
elements to K20 in source with allowance for dd#fsce in degree of
incompatibility can be determined using equations:

logl“*° /Cy)= log(C*° /C)
— (D**° — D)log(1 — M), (1)
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where Co**° and G are concentrations 20 and any incompatible element in

source (mantle), '&° and C are contents of these elements in magmeedefriom
this source, I¥° and D are the crystal/melt bulk partition coefiti forK20 and
incompatible element, (1 — M) is degree of meltiofj source or magma
differentiation. D was taken to be constant andaéjto values estimated for MOR
magmas in the paper [68]. The averd{& content in mantle of subduction
settings is unknown. How ever, one can suggesttfgt]the content of moderately
incompatible Dy in all types of mantle is closeit® average content in depleted
mantle (0.531 ppm).Thus, using equation

C=G(l-My, (2)
we can estimate the melting degree for the avetag®osition of basic magmas
from Dy content, and then, the average K20 contentantle of subduction
settings. The average contents of other incomgagbl#ments in source of basic
subduction magmas can be calculated using equdijon

As was shown earlier [32], in spite of the allowanfor differences in
incompatibility of trace elements, the describeacpdure seems to be valid for the
most incompatible elements having bulk partitioef@oient less than 0.05. The
average contents of elements with D > 0.05 (T PY, and HREE) in source are
better to determine from their ratios to Dy with-[1).8 [68].

This approach was used for estimating mantle coitipes of MOR, oceanic
islands, and withinplate oceanic settings [33,2Z84,30], suggesting that D values
for basic magmas of these settings are close tseti® MOR magmas. This
assumption is based on the relative stability ofieral composition of mantle
sources. Under subduction settings, the mineralposition of mantle could be
modified owing to influx of components releasednireubducted plate. However,
these changes concern mainly trace elements, whgdition coefficients of
major rock-forming components remain unchanged.

COMPOSITIONS OF SUBDUCTION BASIC MAGMAS

Unlike MOR and within-plate oceanic settings, théduction magmatic
complexes contain significant amounts of felsic artdrmediate rocks (Fig. 1). In
this paper, we consider mainly compositions wit®3Sicontent less than or equal
54 wt %, which corresponds to the boundary of its fnaximum in the histogram
(Fig. 1a). For sake of brevity, these magmas wemméd basic magmas, though
some of them have intermediate and ultrabasic ceipos. The second
maximum in the histogram corresponds to felsic magrwhich were discussed by
us previously in relation with the problem of fortnoa of agpaitic melts [28].
Intermediate (andesitic) magmas play subordinate mo subduction settings,
which is reflected in the presence of the corredpmnminimum in the histogram
(Fig. 1), though andesites play significant, ocmaslly predominant role among
the 1A and ACM rocks [14]. This paradox was notgaduls previously [44; 62] and
explained by the fact that most andesites are atmubcks that crystallized from
felsic magmas.
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Fig. 1.Histogram of SiO, (a) and MgO (b) contents (wt %) in the subductiormagmas
(10385 determinations on melt inclusions and quenel glasses from the rocks).

A set of data on IA and ACM includes analyses fhi papers. Below, we
list only those works that report more tha@0 lanalyses of melt inclusions or
guenched glasses. During 1992—-2004, there wereebedgn of such works: 2, 64,
58, 11, 59, 60, 61, 65, 12, 16, 21. Fourteen wanrke published for the last five
years (2005-2009): 7, 67, 8, 37, 38, 43, 24, 47, 20, 39, 48, 56, 51. The
geographical distribution of objects representeddata set (modern subduction
settings and their paleoanalogues) is shown inZig.

The average composition of subduction basic magsnaegpresented in Table
1, while Fig. 3 demonstrates spider-diagrams foompatible elements, including
volatile components (H20, CI, F, B, and S). For panson, this diagram also
shows the average compositions of basic magmas ORMnd within-plate
continental settings from our previous papers [B8, 29, 30]. As for magmatic
rocks, the main geochemical feature of subducticegmmas of intermediate
composition is deep negative Nb—Ta anomaly, and kgnificant negative
anomalies of Ti, Zr, and Hf. The contents of Nb, dad most moderately
incompatible elements in them are lower than the$dOR magmas. In general,
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Average contents of major (wt %), HO (wt %), volatiles and trace elements (ppm) in the
basic ultrabasic mag-matic melts (Si@=40-54 wt %) of island arcs and active continental
margins

20 =0 Mg = 10
Components
" n
510 2485 50.76 452 49.51
+3.053/—2.86 +3.20/=3.00
Ty, 2431 1.00 436 0.53
+0 80/ —0.44 +0.54/—-0.27
Al Oy 2419 15,82 423 12.61
+3.24/-2.69 +3.26/-2.59
Fel) 2433 .00 423 8.25
+3.21/-2.36 +1.92/—1.56
M 1872 017 271 015
+0.12/—0.07 +0.08/—0.05
MaO 2437 6.32 452 11.92
+4.66/—2.68 +2.30/—1.93
Cady 2419 10,18 423 11.83
+3.50/—2.60 +3.01/-2.40
Ma, O 2419 2.54 423 1.56
+1.50/-0.94 +0.79/—0.53
KO 2434 076 423 0.38
+1.04/—0.44 +.68/—0.24
PO 2002 0.21 299 .11
+0.353/-0013 +0.22/—0.07
HOr 1089 1.80 172 1.6
+1.51/-0.82 +0.79/—0.53
Cl 1356 Q90 143 1010
+&70/— 460 +1260/—560
F 462 70 75 360
+770/—250 +610,/—230
S 1129 1220 133 1610
+1470/—670 +a60,/—560
O 239 430 8 1250
+ 1670/ —5340 +9970/—1130
Total 9586 98,92
T.”C 722 L 180 140 1267
+101,/-93 +64/—61
Li 434 606 46 4,58
+4.48/-2.57 +2.76/—1.72
Be 292 0.55 41 0.52
+0.28/—018 +0.31/—=0.20
B 494 11.97 33 12.67
+83.92/-5.11 +6.10/—4.12
Sc 17 32.6 12 35.2
+21.3/-129 +29.0/—-159
W 213 317 24 270
+93/-72 +51/—43
Cr 459 232 182 432
+656/—171 +454,/-221
Co 23 452 - -
+28.1/—17.8
Mi 57 654 - -
+157/—46.2
Eb 201 13.1 45 11.6
+327/-9.3 +287/-8.3
St 510 L] 99 286
+A35/—177 +386/— 164
b 4 630 19.9 122 15.6
+8.0/ =57 +5.8/—4.2

Table.1 Contd.
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Components i it
" n
Zr 626 .3 112 44.7
+57.6/=230.4 +40.9/-21.3
Mh 550 1.57 100 1.13
+1.89/—0.86 +1.58/~0.66
Cs 117 079 28 .62
+2.66/—0.61 +0.72/—0.33
Ba 643 212 103 1534
+ 202/ -123 +252/—106
La 583 .07 122 4.35
+6.96/—3.24 +5.70/—2.47
493 13.5 99 9.62
+16.4/—7.4 +12.82/-5.50
Pr 113 1.89 24 1.48
+ 165/ —0.88 +1.67/—0.78
Md 424 10,14 ] 7.0
+3.74/—4.70 +7.14/-3.54
Sm 434 273 111 211
+L66/—1.03 +1.63/-0.92
Eun 404 1.04 20 0.97
+0.56/=0.36 +1.05/=0.50
Gd 249 3.35 6l 3.17
+1.72/~1.16 +2.13/—1.28
Tb 54 0.53 8 .42
+0.11/=0.109 +0.08/—0.06
Dy 3938 3.30 04 2.53
+1.28/-092 +1.12/-0.78
Ho 5l 077 8 0.57
+0.26/=0.20 +0.11/=0.10
Er 398 1.99 04 1.40
+0.76/—0.55 +0.61/—0.43
Tm 76 0.28 24 023
+0.12/-0.08 +0.05/-0.04
Yh 445 1.89 112 1.42
+0.80/—0.56 +0.56/—0.40
Lu &2 0.38 9 0.24
+0.22/-0.14 +0.06/=0.05
Hf 202 1.74 74 1.22
+1.02/—0.64 +0.43/-0.32
Ta 99 0.24 16 0.15
+0.36/—0.14 +0.24/—0.09
Pb 259 2.17 46 1.75
+248/—1.18 +2.03/—0.94
Th 471 0.62 78 .58
+0.66/—0.32 +0.79/-0.34
u 330 0.35 62 0.28
+0.42/-0.19 +0.25/-0.13

Note: The table lists average geometrical mean, th&dsmce interval (first numeral is plus to the aage
values, and second numeral is minus of the avevagee) corresponds to standard deviation of the
logarithms of concentrations.is the number of analyseR’C is the temperature of homogenization of melt
inclusions.

melts from inclusions are somewhat depleted in nmuatible elements as
compared to rock compositions, which is presumadligted to the higher average
degree of rock differentiation. In addition, compiosis of magmas are

27



V. |. Kovalenko, V. B. Naumov, A. V. Girnis

characterized by more significant negative Nb ahdafomalies as compared to
the rock compositions. The reason of anomalousetiepl of the melts is unclear
yet.

100

10

Rock/Primitive mantle

1
RbBaTh U K Be B NbTa La Ce Pb ClH;O0Sr LiNd P F Zr HfSm Ti Gd § Dy Y ¥Yb Lu

Fig. 3.Abundances of incompatible trace and volatile comptents normalized to primitive

mantle [46] for average compositions of (1) basic agmas (SiQ < 54 wt %) and (2)

primitive magmas (MgO > 10 wt %) of subduction seihgs. Average compositions of the

melts of mid-ocean ridges (3) and (4) within-plateontinental areas, as well as average

composition of basic rocks of oceanic (5) and (6ptinental island arcs are shown for
comparison [23].

Other important geochemical feature of subductiasi®omagmas, which was
revealed only from melt inclusions, is positive arabes of Cl, H20, F, and P
(Fig. 3). An elevated content of H20 in subductimsic magmas was supposed
from many indirect evidence, in particular, frone thresence of hydrous minerals
(amphiboles, biotite), and abundance of pyroclastoks. Melt inclusions provide
direct evidence for high contents of H20O, CI, anth Subduction basic magmas
(Fig. 3). High H20 content in such magmas was knbram melt inclusions in the
rocks from separate regions of IA and ACM. Meltlustons with water content
more than 5.5 wt % were found in olivines, plagises, and clinopyroxenes [57,
50, 49, 54, 15, 39, 63, 6 and others). At the same, some subduction magmas
contain no more than 0.3 wt % H20. Such inclusiargse found in olivines,
plagioclases, and clinopyroxenes [1, 57, 42, 456926, 13, 17, 47, 39, 36]. The
spidergrams (Fig, 3) demonstrate positive Cl, H2@j F anomalies for average
composition of subduction basic magmas, which eugis that, in general, melts of
IA and ACM were enriched in volatiles.
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Fig. 4. Variations of K,O versus MgO (wt %) in subduction (a) and MOR magma (b).
Numbers in Fig. 4a: (3) average composition of sulbttion magmas at MgO = 10 wt %, (4)
the same for minimal contents of KO and some other incompatible elements; (5) the sam

for maximal contents of K;O and other incompatible elementsn is the number of
compositions in our data base. The compositions etibduction magmas with MgO
contents > 1 wt % and < 1 wt % are separated by dagd line. Trends of linear correlation
were calculated for compositions with MgO > 1 wt %.
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The third geochemical feature of compositions dfdsiction basic magmas is
relatively low average contents of moderatelyompatible HREE (Fig. 3), which
appeared to be close for basic magmas of all gesdynsettings. This served as
evidence for assumption of comparatively constamitents of these elements in
all types of mantle. Sulfur can be also ascribettht®group of elements (Fig. 3).

In order to estimate the variations of incompatilttace elements in
subduction magmas and their reasons, we studiedlabons between contents of
MgO and various incompatible trace elements andoéeature. Figure 4 shows
variations of K20 versus MgO in basic magmas ofdsigbion zone (Fig. 4a) and
MOR (Fig. 4b), with known average contents of mpatible elements in source
[DM: 60 ppmK20 and 38.73 wt % MgO, and primitive mantle: 650 pR&O,
9.74 wt % MgO, (1 — M) = 0.08, D ~ 0 [0.0013 afféesB]. In spite of a large
scatter, data on considered geodynamic settingmededignificant correlation
between MgO and K20O. This dependence is descripegjbation logMgO= 0.77
— 0.18 logk20 (R2 = 0.16) for basic magmas (mettilusions and quenched
glasses) of subduction settings and logMgO= 0.2913 logK20 (R2 = 0.42) for
MOR magmas. Correlation coefficient for subducto@msic magmas is statistically
significant with probability more than 95% (n =2)28he close slopes of
regression lines for basic magmas of subductiorz@md MOR indicate that the
bulk partition coefficients for K20 are close taa®ver entire range of evolution
of basic magmas. Assuming that the MgO contentaar4primary subduction
melts equals that in similar MOR magmas (~10 wt &, K20 content in such
basic subduction magma will be about 560 ppm (Ea). An increase in K20
content with decreasing MgO corresponds to crystibn differentiation of
primary magma up to MgO content ~3 wt %. At thigele the slope of MgO-K20
correlation line sharply changes, which indicatesignificant change of bulk
partition distribution coefficient for K20 betweesolid phases and melts. This
drop is related to the appearance of K-bearingl gatiases (amphibole or biotite),
whose crystallization retards the accumulation @OKin the residual melt (Fig.
4a). In order to estimate K20 variations, Figur@emonstrates also minimal
(ellipse 4 in Fig. 4a) and maximal (ellipse 5 ig.Ha) contents of this component
in basic magmas at ~10 wt % MgO.

Proposed mechanism of differentiation of subductimesic magmas is
confirmed by correlation of F, Zr, Y, Yb, and Ti@®ntents with MgO (Fig. 5).
The contents of these components in the intermedsaid felsic subduction
magmas (MgO < 3%) decrease with decreasing MgO clwhndicates the
fractionation of their mineral carriers (amphiboleiotite, oxides). The most
incompatible trace elements (Nb, U, Th), which ateumulated in residual melts
with decreasing MgO content, show a significant ttecawithout notable
correlation with MgO (Fig. 6). At the same timegté are distinct correlations
(Figs. 7a, 7b) between contents of most incompaeldments including canonical
pairs (Nb-K20, Nb-U, Th-Ta, Nb—Zr, Nb-Th, CI-K2GhdaCe—Pb) [27]. The
presence of this correlation indicates that bulitifi@n coefficients of these
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Fig. 5.Variations of F, ClI, Zr, TiO,, Y, and Yb versus MgO (wt %) in the subduction bais
magmas.

elements are constant over entire interval of déwmiuof basic magmas for
subduction zone. In our opinion, the absence of c¢beelation of highly
incompatible elements with MgO, which is well exgsed in the basic magmas of
MOR, indicates transport of these elements in dadflphase and initial
heterogeneity of magma sources.

Single incompatible component, which is not cotesdawith contents of K20
and other incompatible elements, is water (Fig. T80 trends are observed for
subduction basic magmas in the MgO—-H20 diagramt idiosompositions show a
weak negative correlation at minimal water con{éetv wt %) and MgO content
more than 10 wt %; remained compositions defingsandt negative correlation
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with the lowest water content about 0.01 wt % amgiOvtontent about 10 wt %.

With decreasing MgO content, these trends convergking water content in

initial magmas to be hundredths percents (at wd.% K20), the H20 content of

1 wt % will be reached in the most differentiatedtgssic magmas. High K

subduction magmas are typically formed in the fbabnes of island arcs, and,
judging from figure, these magmas seem to be thmm normal subduction basic
magmas with K20 content no more than 2 wt %. Progas shown in the figure

could be related to the degassing of subductiomnc baagmas under subsurface
conditions or with different water contents in tiretial basic magmas. The

compositions of MOR magmas are shown for comparifiols seen that H20 —

MgO correlation observed for minimal water conteistxlose to those in MOR

magmas.
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Fig. 6.Variations of Nb, U, Th, and B versus MgO (wt %) n the subduction basic magmas.

ESTIMATION OF POSSILE CONDITIONS OF GENERATION OF
BASIC MAGMAS
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The MgO contents in the subduction-related basigmas correlate with
homogenization temperatures of melt inclusion (Big). The correlation lines of
temperature and MgO for subduction basic magma<lase to those for basic
magmas of MOR. The average compositions of basitsroEboth the settings are
also similar (Table 1). Insignificant differencas MgO contents (6.3 wt % for
subduction settings and 7.9 wt % for MOR) couldddated to the different degree
of crystallization differentiation. Most interesfjrare their differences in H20 and
K20 contents. This raises the question how obsediféerences could affect the
conditions of generations of primary magmas. Ineorth estimate the possible
effects related to the differences in compositiohsubduction and MOR basic

magmas, we simulated crystallization of average maagompositions using
COMAGMAT-3.57 program [5].

(a) 1
1072 - 107" =290
R=10.65
10-3 - 102
® W
E B
= 0
1074 1073
| 1 l 1
104 103 10-2 10! 103 1o 103 102
Ta, wt % Pb, wt %
®
=
8]
1 | ] | l |

0.01 0.1 1 10 0.01 0.1 1 10
K,0,wt% K;0,wt %

Fig. 7.Covariations of contents of highly incompatible eédments (Th-Ta, Ce-Pb, CI-KO, F-
K20, Fig. 7a), (Nb-KO, Nb—U, Nb—Th, Nb—Zr, Fig. 7b) in subduction basianagmas.
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Calculations were conducted for isobaric equilibriarystallization at oxygen
fugacity corresponding to the quartz—fayalite—matypenduffer and pressure up to
25 kbar, which is significantly higher than recormded maximum pressure of 12
kbar [5]. Since modeling is aimed at comparison rdar-liquidus equilibria of
compositionally close magmas, such a widening @sgure range will hardly lead
to significant errors. Taking into account that #werage compositions of magmas
correspond to variably differentiated melts, thegreadded by some-amount of
olivine up to MgO content in the melts of 8, 11dd® wt % and further modeling
was conducted with recalculated compositions.
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Fig. 7.Contd.

The calculation results are shown in Fig. 10. ibwdd be emphasized that
obtained diagrams are used to compare phase reaifcclose compositions, and,
in this respect, the results of modeling are rédiali\t the same time, certain
physicochemical parameters of phase equilibriumulshdoe used with some
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caution, because boundaries of phase fields syoghend on used models of
melt mineral equilibria. The examination of diagram Fig. 10 shows the
following:

1. Topology of phase diagrams is mainly determibgdmutual position of
crystallization fields of olivine (low pressure)dlinopyroxene (high pressure).
The liquidus line shows a sharp slope change in gbmt of simultaneous
crystallization of these two phases. Diagrams asenplicated by fields of
lowpressure plagioclase crystallization and ortmopgne for subduction magmas.
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Fig. 8.Covariations of K,O, MgO, and H,O in MOR magmas (I) and subduction basic
magmas
(1 + 1V).

2. Under conditions of liquidus olivine stabilitthe liquidus temperatures of
magmas of the considered settings practically cdénat the similar MgO
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contents. This denotes that decrease in meltingdeature owing to increase
of H20 content in subduction magmas is compenshyedmall change in the
contents of other components (Al, Ti, Ca).

3. Olivine crystallization fields in the magmas s@ibduction zones are
somewhat wider as compared to those in MOR magifiais. effect could be
caused by increase of water content in subductiagnmas. As a result, the
simultaneous liquidus crystallization of olivinedarlinopyroxene in subduction
magmas occur at pressure about 5 kbar higher tizamt MOR magmas.

4. The crystallization field of plagioclase in sulbtion magmas is
significantly smaller than that in MOR magmas, whoan be caused by the higher
water content in subduction magmas.

Some conclusions concerning the magma generatiotit@ans can be drawn
from modeling results. Close temperatures of oévilquidus for magmas of
subduction settings and MOR not always indicatdlamtemperatures of magma
generation. Assuming that MgO contents in primasitenof both settings were
similar, the pressure of generation (pressure abilgty of polymineral liquidus
assemblage) of subduction magmas should be appatedynS kbar higher than
that of MOR setting. Taking into account insigrdfit slope of liquidus line at
conditions of olivine crystallization, subductionagmas should be generated at
temperatures 50-100°lower than MOR magmas at the same depth. On tier ot
hand, the temperature difference may be lower ilh@ary MOR magmas were
higher in MgO than subduction magmas. In this c#ise, difference between
magma compositions should reflect the differentegation depth (deeper for
MOR magmas) at similar temperature regime of manilbere are also
intermediate variants, i.e., primary magmas of sghbdn settings were
simultaneously colder at fixed pressure and lesgnesian as compared to MOR
magmas. The difference in temperature of mantleécesuin this case should be
insignificant, about 5 at equal pressure.

ESTIMATION OF CONTENTS OF INCOMPATIBLE TRACE
ELEMENTS IN THE SOURCE OF SUBDUCTION MAGMAS

Estimation of the average contents of incompatialee elements in source of
subduction basic magmas is based on assumptiothihaverage Dy contents in
suprasubduction mantle and MOR mantle are simil&3(). Using equation (2),
DDy = 0.079 [68], and average Dy content in théiahibasic magma (3.3 ppm),
the average degree of melting and differentiatibbasic subduction magma with
10 wt % MgO is estimated as (5 = 0.15. According to equation (1) and
obtained above average K20 content in the primithantle of subduction basic
magma (4074 ppm at MgO = 10 wt %, Fig. 4a, pointwa) obtain average K20
content in the supraubduction mantl€,*° = 560 ppm. This value is used to
estimate the average contents of incompatible tedements in suprasubduction
mantle using equation (1) at valu@§® /C from Table 1 and valuesD (D"**° —

D) from [68] (Table 2). By the same way, we calteththe minimal and maximal
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contents of K20 in subduction magma at MgO = 10m(Fig, 4a, points 4 and 5):
K20 = 316ppm, Dy = 1.6 ppm, Dy0 = 0.531 ppm, (1-M).30K200 = 96 ppm
(point 4 in Fig. 4a, column 4 in Table 2) ak@0 = 10000 ppm, Dy = 3.5 ppm,
Dy0 0.531 ppm, (1 — M) = 0.1K200 = 1120 ppm (point 5 in Fig. 4a, column 5 in
Table 2). The contents of moderately incompatiblements in sources of
subduction basic magmas were deduced from propo@i®y = C0/Dy0 for each
element.

These estimates were conducted for the “most pwveiitcompositions of
melt inclusions in olivine containing more than w0% MgO: K20 = 3800 ppm,
Dy = 2.5 ppm, Dy0 = 0.531 ppm; (1 — M) = 0.K200 = 699 ppm (column 2 in
Table 2), as well as for the average compositioallo$ubduction basic magmas:
K20 = 7600 ppm, Dy = 3.3 ppm, Dy0 = 0.531 ppm, (1 —3M).14,K200 = 1050
ppm (column 1 in Table 2).

Figures 11 and 12 demonstrate spidergrams of inabbie trace and rare-
earth elements, respectively, for sources of suimudasic magmas, shown in
Table 2, and MOR magmas [34, 68, 53]. Analysisheke figures showed that the

average compositions of subduction magmas
w749 @ obtained by different methods are close. Note
R=0a : o specially the similarity of compositions
20 - - obtained from average compositions of all
: subduction basic magmas and primitive melts
with MgO > 10 wt %.

This fact indicates that composition of
subduction magma source could be estimated
from the average composition of all
; S subduction basic magmas, not only from the
Bl B S . highest magnesian melts. Note that the
1000 1200 1400 o .

® average compositions of basic magmas were
previously used by us for estimating the
ot compositions of magma sources of MOR,
oceanic islands, and within-plate continental
settings [31, 33, 34, 29, 30].

MgO, wit %

10 e

MgO, Wt %

Fig. 9. Correlation between MgO content and
homogenization temperature of melt inclusions (a)
2 for subduction basic magmas and (b) comparison
-3 of correlation lines of these parameters for
magmas of MOR (1), ocean islands (2), and
subduction zones (3).

Diagrams of normalized trace element contents (Hi¢gs 12) characterize a
general features of the average composition of imantsuprasubduction wedge.

1000 1200 1400 T,7C
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This material as compared to DM is enriched inirtbmpatible elements,
but to a variable degree, which results in thetp@si(U, Rb, Ba, B, Pb, Cl, H20,
F,

Average composition of TA + ACM basic rocks Average composition of MOR basic rocks
8wt % MgO 8wt % MgO
1400 - 1400 -
1300 1300 -
G
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Fig. 10.Phase relations in near-liquidus area of averageompositions of basic rocks of
subduction settings (IA + ACM) and mid-ocean ridges

Crystallization fields of minerals were calculatesing a program COMAGMAT-3.57 [5,4] at oxygen
fugacity corresponding to quartz—fayalite—magnelitéfer. Calculations were conducted for average
compositions with addition of equilibrium olivingpuo MgO contents of 8, 10, and 12 wt %. Melt oscur
in all phase fields of the diagrams. Dashed lingeistherm of oceanic areas after [40].
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Table 2.
Average contents (ppm) of incompatible elements imantle (sources) of subduction settings
Components 1 2 3 4 5 6 7
K-0 1050 700 560 96 1120 72 18000
TiO> 1530 1060 1090 070 1200 153010 7000
P,Os 380 250 230 33 960 100 1000
H-0 2600 3100 2600 100 3300 160 -
F 57 66 56 10 620 11 553
Cl 140 190 140 33 350 6.5 244
S 200 340 260 33 380 123 404
Li 0.84 0.84 0.72 0.66 1.35 0.64 16
Be 0.076 0.096 0.082 0.076 0.110 0.032 1.9
B 1.7 2.3 1.7 0.3 2.2 0.083 11
Rb 1.9 2.1 1.8 1.0 5.6 0.073 49
Sr 58 55 54 10 120 7.3 320
Y 3.5 3.3 2.8 11 3.4 3.1 19
Zr 9.5 8.7 9.4 3.1 12 5.2 132
Nb 0.23 0.21 0.44 0.30 14 0.20 8
Ba 29 34 35 4.6 234 0.83 456
La 0.81 0.81 0.85 0.17 3.6 0.23 20
Ce 1.9 1.8 1.9 0.6 6.6 0.61 43
Nd 1.5 1.4 15 0.6 3.0 0.57 20
Sm 0.41 0.42 0.41 0.18 0.49 0.20 3.9
Eu 0.15 0.19 0.16 0.150 0.20 0.07 1.1
Gd 0.55 0.64 0.54 0.51 0.63 0.47 3.7
Tb 0.10 0.09 0.08 - - - 0.6
Dy 0.531 0.531 0.531 0.531 0.531 0.531 3.6
Yb 0.33 0.32 0.24 - - 0.32 1.9
Lu 0.066 0.050 0.035 - - 0.046 0.3
Hf 0.26 0.24 0.21 0.20 0.33 0.13 3.7
Ta 0.033 0.028 0.033 0.0330 0.063 0.014 0.7
Pb 0.31 0.33 0.31 0.17 0.65 0.026 11
Th 0.09 0.11 0.09 0.03 0.11 0.018 5.6
U 0.05 0.05 0.05 0.02 - 0.0047 1.3

Note: (1) source composition calculated for average awitipn of all basic magmas of subduction settings;
(2) source composition for average compositionasidmagmas with MgO > 10 wt %; (3—5) composition
of subduction setting magma source s containingvil® MgO ((3) for average composition of basaltic
magmas, (4) the same for the minimal contents,@f &d other incompatible elements and (5) for makim

contents of KO). (6) average composition of depleted mantle; [34] average composition of continental

crust [52].
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Fig. 11. Spidergrams for calculated average compagins of magma sources of subduction
settings.

(1) source composition calculated for the averageposition of all basic magmas of subduction sgétin
(2) source composition forthe average compositibhasic magmas with MgO > 10 wt %; (3) magma
source composition for subduction settings contgiriO wt %, gray field shows the interval between
minimal and maximal abundances of incompatible elasin magma source with 10 wt % MgO; DM is
the composition of source of MOR basalts (depleteahtle) after [34]; (CC) average composition of
continental crust after [52]. The contents of comgits are normalized to primitive mantle
composition [46].

and S) and negative (Th, K, Be, Nb, and Ta, Li, Rdand Ti) anomalies in the
spidergrams. There is a general decrease in n@edalibundances from highly
incompatible (Fig. 11, left) to the moderately ingmatible (Fig. 11, right). The
positive anomalies are primarily formed by elemewntsich were supposedly
introduced in mantle wedge from subducted platee figative anomalies in the
spidergrams of source of subduction basic magnrasdply, Nb, Ta, and Ti) are

usually considered to be related to the specificsuzh fluids and melts. The
presence of these negative anomalies in the meneiligge indicates that minerals
accumulating these elements are present in delgbrstibducted lithospheric
plate, which produced fluids and melt that mpdifantle wedge. One of the
possible phases is rutile that efficiently retaip &hd Ta in residue (Fig. 13), but
practically shows no effect on the contents of nitheompatible elements in the
melt (for instance, [23]). A general elevated cahtef incompatible elements in
mantle wedge as compared to MORB indicates theibotibn of not only fluids
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that transport Rb, Ba, B, Pb, ClI, H20, F, and $,ds0 melts that were released
from the upper layers of subducted plate and cordihincompatible elements.

The average normalized contents of some incomgatrbce elements (Th,
Be, LREE, P, Zr, and Hf) in suprasubduction maatke close to those in primitive
mantle (especially, LREE, Fig. 12). This suggédstsilization of mantle wedge
with these elements, similarly to processes in taasit oceanic plumes [33, 34].
However, there are significant differences in cosipan between suprasubduction
mantle and mantle of oceanic plumes: the suprastiibtlumantle is characterized
by positive anomalies of Ba, K, B, (Cl, H20, andwhereas mantle of oceanic
plumes demonstrates negative anomalies of B, HA®,G. On the other hand,
mantle of the oceanic plumes has positive Nb, Ne BREE anomalies and
negative S anomaly, which are absent in the supdagtion mantle.

Third conclusion concerns variations of the avereg@ents of incompatible
trace elements in mantle of suprasubduction weHge {1) and their reasons. The
highest contents of these elements presumably diesiree magma sources that
experienced most intense reworking by fluids andtsndhen, almost minimal
contents of incompatible elements should charasdtie composition of mantle
wedge least altered by fluids and magmas, i.e. ositipn approaching DM. The
REE distribution (Fig. 12) is consistent with tAssumption. Complete spidergram
(Fig. 11) is characterized by serrated shape. Diséipe anomalies of Rb, B, and
Cl are high enough to suggest the input of thesenehts. The positive and
negative anomalies of other elements for minimahteots of incompatible
elements in subduction basic magmas differ from @vhposition by 2—3 times.
Based on our experience in estimating the compositif mantle of different
geodyhnamic settings, these variations are witletergnination error of average
compositions, and, hence, the compositions withldknest contents of the most
incompatible elements in source of subduction maxfiRey. 11) can be considered
to be close to DM. In this case, we may concluade tthe variations in the average
compositions of suprasubduction wedge are detedmbne mixing of DM-like
composition of initial mantle wedge with fluid anaklt influx from oceanic plate.
Thus, the examination of magma compositions confireémost popular model of
the formation of subduction basic magmas. This taumbisites that the negative
correlation of contents of moderately incompatéliements in subduction magmas
with MgO indicates crystallization differentiatiarf magma (or variable degree of
source melting), while the absence of this con@fatvith highly incompatible
elements results from their fluid transportatiomjain obliterates variations related
to crystallization differentiation.

Mantle sources of MOR and oceanic island basaite hagative H20 and Cl
anomalies related to the separation of World Odean primary mantle, whereas
subduction basic magmas show positive anomaligbesfe volatile components.
In this respect, the subduction magmas played g@ortant role in circulation of
H20 and CIl between inner and outer shells of théhHa5, 70].
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Fig. 12. REE distribution patterns for calculated @mposition of magmas sources of
subduction settings.

Element abundance is normalized to primitive mgdd. Symbols are shown in Fig. 11.

SUBDUCTION PROCESSES AND CANONICAL RATIOS OF
INCOMPATIBLE ELEMENTS

Hoffman and other researchers [19] established #wmasme incompatible
element ratios in mantle magmatic rocks remaintively constant or close to
ratios in their sources regardless of degree ofnmaagdifferentiation or source
melting. The estimation of behavior of these cacaniatios in all compositional
spectra of subduction magmas based on composibbnselt inclusions and
guenched glasses have not been conducted yet. Vdraga values of some
incompatible trace element ratios for subductiosidand felsic magmas are

reported in Table 3, while
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Taking into account the bimodal compositions of dswdtion magmas, it is
reasonable to compare these ratios separatelyagic bnd felsic compositions. As
follows from Table 3 and Fig. 14, the average vala&the considered ratios in
subduction magmas sharply differ from those in meambagmas of oceanic
settings. In particular, the H20/Ce ratio in suliguc magmas is approximately
five times more than that in MOR magmas. The d#ffees between felsic and
basic subduction magmas are less signifycant,duedeatures deserve attention.
In particular, the ratios of Nb/U, Ce/Pb, TiO2/I§2O/H20, andK20O/Cl in felsic
subduction magmas are lower than those in basiemasgThis may indicate that
source of subduction magmas changed from basi@lgicfcompositions. The
Nb/U ratio in subduction basic magmas is lower ttizat in the oceanic basic
magmas owing to reworking of mantle wedge by Nbleted fluids and melts.
Further decrease of Nb/U ratio in felsic magmasictdue related to anatexis of
basic crust under subduction settings with presienvaof the Nb carriers in
residue. The same explanation could be proposedafiations in TiO2/Dy ratio.
A decrease in Ce/Pb ratio in the felsic subductn@gmas relative to basic ones is
probably related to the contribution of mature awental crust in the source.

Figure 15 demonstrates variation plots for différ@anonical ratios in
subduction and MOR magmas. As in Fig. 14, most asitipns are characterized
by Nb/U< 10. The deviations toward the higher Nlvétios (Figs. 14, 15)
presumably correspond to scarce compositions oftlenanedge practically
unmodified by fluids and melts (close to DM). Amonm@agmas with Nb/U < 10,
some compositions are characterized by wide vanatin some other canonical
ratios: Ce/Pb > 10, Zr/Nb > 50, La/Yb > 20, K20&R0, H20/Ce > 5000, and
TiO2/Dy > 5000. This is likely related to the varms of the considered ratios in
subduction source, indicating its compositionalehegeneity. The causes of the
latter remain unclear yet. We can only suggest vhaations in Nb/U and Zr/Nb
ratios are related to variably incomplete extractod Nb by its mineral carriers
during dehydration of subducted plate.

CONCLUSIONS

1. The average composition of subduction (IA andMA(asic magmas,
including their most primitive varieties (MgO > 1@ %) was estimated using
data on the melt inclusions.

2. As for subduction magmatic rocks, the main geadbal peculiarity of the
average composition of subduction basic magmas eisp dnegative Nb-Ta
anomaly, less significant negative anomalies of NdZr, and Sm, and positive
anomalies of Cl, H20, F, and P, as well as relgtil@v normalized contents of
moderately incompatible heavy REE, which seem tolbge for basic magmas of
all mantle sources.
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Table 3.

Average canonical and some other ratios of incompiate trace elements in sources of subduction

basic and felsic magmas

Components 1 2 3 4
H,O/Ce 1740 1700 1360 870
Ce/Pb 5.5 6.2 6.1 25
K>0/H,0 0.22 0.23 0.40 1.27
K,O/Cl 3.8 3.8 7.6 25.8
La/Yb 2.5 3.0 2.5 8.3
Nb/U 4.2 4.0 4.8 2.2
Nb/Yb 0.66 0.79 0.70 251
Zr/Nb 41 40 41 11
Th/Ta 3.9 3.8 2.6 13.9
Th/Yb 0.34 041 0.26 341
Ba/Rb 16 16 15 4.4
P205/F 3.8 3.1 6.6 1.0
TiO,/Dy 2000 2100 2900 760
Nb/Ta 7.5 7.4 7.0 12.6
Zr[Hf 36 37 37 30
K20O/Rb 330 320 550 290

Note: (1) for source of basic magmas with MgO > 10 wtaf@ with allowance for differences in the
incompatibility of trace elements; (2)the same,\eitihout allowance for difference in the incompiéitip of
trace elements; (3) for source of the average ceitipo of all basic magmas (column 1 in Table 2);fbr

source of the average composition of subductiagicfehagmas.
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The average canonical ratios of elements in thésro€imid-ocean ridge (3), ocean islands (4), islarcs and
active continental margins (5), continental riftel dot spots (6), as well as average compositiaomtinental
crust [52] (7) are shown on the right-hand side.

3. Subduction basic magmas are characterized bglaton of contents of
Li, Y, Dy, Er, YDb, Lu, and Ti with MgO. At the santene, the most incompatible
trace elements (Nb, Ta, U, Th, and LREE), whichusthdoe accumulated in
residual magmas with decreasing MgO contents, shmnmificant scatter, no
correlation with MgO, but correlation with each ethand K20O. This indicates,
first, that the bulk partition coefficients of tieeslements were constant over entire
evolution of basic magmas, and, second, that vansif the elements of the first
group were mainly determined by crystallizatiorfefiéntiation, while those of the
second group depended mainly on magma or soureeogeneity.
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4. The H20 content in the island arc magmas varrastically from zero
values to more than 6 wt %. Most part of the contmrs show weak negative
correlation with MgO at low content of H20 and Mg® 10 wt %,; few
compositions demonstrate a negative correlatioh minhimal water content about
0.01 wt % at MgO about 10 wt %. With decreasing Mg@htent, these trends
converge.

5. Subduction basic magmas are characterized bpdipositive correlation
between MgO contents and homogenization tempesatfrenelt inclusions. The
correlation lines MgO—-temperature for subductiod MOR magmas practically
coincide, which presumably indicates a close diff@ation regime. The average
compositions of basic melts of subduction settisngd MOR are similar, but differ
in K20 and H20 contents. Modeling the phase equalishowed the widening of
olivine crystallization field in the magmas of suiotion zone as compared to
MOR magmas. Simultaneous liquidus crystallizatibmlovine and clinopyroxene
in magmas of subduction zones occurs at pressyrex@amately 5 kbar higher
than that in MOR magmas. These effects could besezhly elevated water
content in subduction magmas.

6. Assuming similar average Dy contents in suprdsation and MOR
mantles, we calculated the average compositiossfces of subduction magmas
(mantle wedge reworked by fluids and melts). Therage composition of this
mantle is enriched in all incompatible elementc@spared to DM composition,
with positive anomalies for U, Rb, Ba, B, Pb, Chter, F, and S, and negative
anomalies for Th, K, Be, Nb, Ta, Li, Nd, P, and afi a general decrease of
normalized contents from highly incompatible to madely incompatible
elements. The positive anomalies are typical omhelds, which were supplied in
mantle wedge with fluids (or melts) released durdehydration of subducted
plate. The presence of negative anomalies of teenesits in the normalized
patterns of mantle wedge indicates the preservatidheir mineral carriers in the
dehydrated subducted plate.
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ABSTRACT

The temperature and redox conditions of the cligat@n of rocks from the Khibiny alkaline
pluton have been estimated based on an analysisesfsting magnetite, iimenite, titanite, and
pyroxene. Under redox conditions characteristib@ihibiny Complex, C&is contained in fluid and
carbonate anions are contained in melt at highdmatype; then graphite is released and an appgesciab
amount of hydrocarbons appear at a lower temperasuproducts of reaction of graphite with fluid.
Abiogenic hydrocarbons can arise in igneous coraplenving to a processes distinct from Fischer-
Tropsch synthesis.

INTRODUCTION

Oxygen fugacity is one of the major parametersdie&trmine the evolution of
the Earth and other cosmic bodies. This parametarals the behavior of certain
elements during the condensation of protoplanetagpula, accretion of
planetesimals and planets, and the formation ofr theetallic cores. Redox
equilibriums with the participation of matter froaeep shells controlled the
composition of the primordial atmosphere and weabdably crucial to the origin
of life.

Oxygen fugacity is also important in the evolutmihmagmatic systems. The
mineral assemblages that arise in the course ofmaawlidification and the paths
of crystal fractionation depend on this paramele most indicative result of the
action of this factor is the fast growth of ironntent in the melt under a constant
silica content during crystallization of tholeiitmasalts (Fenner trend) and the fast
growth of silica content owing to the early magteetcrystallization (Bowen
trend in calc-alkaline series) under more oxida-tbonditions [29, 35]. In alkaline
magmatic systems, the oxidative conditions fadéiterystallization of acmite-rich
clinopyroxene, whereas alkali amphiboles appe&ovetr f,, values.

In some cased, controls partitioning trace elements between th& amel
solid phases. This is primarily related to elemewith variable valence, in
particular, Eu, V, and Cr, under magmatic cond#idfor example, the behavior of

vanadium in komatiites and other igneous serieggar@ very efficient indicator of
redox conditions [6, 7, and 8].
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Oxygen fugacity also controls the molecular comasiof the gas phase,
which affects magma generation and crystal fraation. In particular, it was
suggested that a reduced gas gives rise to thenghelt mantle rocks after their
ascent from a great depth and oxidatiorhatupper levels of the mantle [13]. In

Fig. 1.Relationships between titanite (Tnt), clinopyroxee (Cpx), and magnetite (Mt) in
rocks of the Khibiny pluton, Sample Khib-50. Ne, npheline; Ap, apatite.

alkaline magmatic systems, oxygen fugacity deteesirthe occurrence of
hydrocarbons and hydrogen, which are detected inynadkaline and especially
peralkaline rocks [3, 23, 26, 27, 33, 34; 41, 18,2D, 32).

To estimate oxygen fugacity in magmatic systemjousr approaches have
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been applied. Some of them are based onileguih constants of the reactions
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Fig. 2.Bar chart of TiO, content in magnetites from the Khibiny pluton, Boehole 1312.
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Fig. 3.MnO vs. TiO, in magnetites from the apatite-bearing Khibiny pluton, Borehole 1312
between solid solutions with the participation efrbus and ferric ions. The
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experimental data on equilibrium between titanonedig@ and ilmenite, which
make it possible to estimate temperature and oxfiggercity simultaneously from
compositions of coexisting iron and titanium oxidegre obtained as early as in
the 1960s [5]. Later on, this method was improvednder to apply it to spinels
and ilmenites of more complex composition on thedaf thermodynamic models
of these phases within multicomponent systems [2], This method was
successfully applied to fresh volcanic rocks butrenvenfit for plutonic mineral
assemblages due to the fast diffusion re-equiltmmabf iron and titanium oxides
during slow cooling.
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Fig. 4.V,03 vs. TiO, in magnetites from the apatite-bearing Khibiny pluon, Borehole 1312.

It was proposed to use equilibriums of magnetites iamenites with Fe-Mg
silicates for this purpose [10, 9]. Wones (1989nfeml out important implications
of the titanite-magnetite-quartz assemblage. Hecutated the equilibrium
temperature and oxygen fugacity for reactions withparticipation of titanite with
pure phases in the CaO-FeO,B6gTiO,-SIO, system at atmospheric pressure.
Subsequently, these reactions were studied in empet [47]. The experimental
data were used for specifying thermodynamic charestics of titanite, which
made it possible to calculate the compl&t®, diagrams [48]. These results were
used to estimatk, and the temperature of mineral equilibriums in aerigneous
rocks [49].

Numerous estimates of the oxygen fugacity in mamgiedotites and basaltic
magmas have been carried out on the basis of redaxions between components
of magnetite-bearing spinels, olivine, and orthopyenes [1, 2, 28, 46, 38].

Estimates on oxygen fugacity in alkaline rocks wegieen in a number of
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publications. The experimental study of stabilifyatkali pyroxenes, amphiboles,
and aenigmatite in the subliquidus interval of redpie syenite [19] indicated that
VgOg,M%
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Fig. 5.V,03 in magnetites from the apatite-bearing Khibiny pluon vs. formation depth,
Borehole 1312.
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redox conditions characteristic of the Lovozerot@huwere close to the quartz-
fayalite-magnetite (QFM) buffer. The data on spniel volcanic rocks of within-
plate oceanic islands, which in many cases inchlkiai basalt, nephelinite, and

Fig. 7.Intergrowths of magnetite (light matrix) and ilmenite (dark grains): exsolution-
oxidation structure of solid solution. BSE image.

melilitite, show a higher oxygen fugacity, varyifrpm the QFM buffer to 2 log
units higher than this level [1]. Volcanic rock®rn Trindade Island, including
evolved hyperalkaline varieties, also yielded highvalues [36]. Extremely high
fo, values were established for high-Mg lavas and ddethe Mai-mecha-Kotui

province of alkaline ultramafic rocks and carbatesti{39, 42]. Still higher oxygen
fugacity has been estimated for the Gronnedal-Hta@anatite-syenite complex in
southern Greenland [14]. Very high oxygen fugasitievere noted for
Katzenbuckel volcano in southwest Germany [22]. Lowygen fugacities,
probably approaching the field of stability of Fe-dlloys, were estimated for the
early phase of augite syenite from the llimausdatpp of hyper-alkaline rocks in
southern Greenland [23, 24]. This estimate is basedn extremely high content
of ulvospinel component in titanomagnetite fronsttock. In various phases of the
Tamazegt alkaline pluton in Morocco, the estimabesoxygen fugacity vary
within several orders from the hematite-magnetitéfds to 2 log units below the
QFM buffer [25]. Thus, redox conditions of alkalineagmas vary within a wide
range.

COMPOSITIONS OF MINERALS
The chemical compositions of 618 titanomagneti®3g titanites, and 470
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clinopyroxenes were determined with an electronropmbe from samples taken
from boreholes 1312 and 1880 drilled in rocks & #patite-bearing intrusion of
the Khibiny Complex near the Koashva deposit. Theroaprobe analyses were
mostly performed for individual mineral grains rgeced from rocks. In addition,

the coexisting minerals from sample Khib-50 haverbanalyzed; the structural
relationships between minerals in this sample méidhat magnetite, pyroxene,
and titanite crystallized synchronously (Fig. lepResentative analyses of the
studied minerals are given in the table.

Fig. 8.Intergrowths of large separate grains of magnetit¢Mt) and ilmenite (Iim).

Most titanomagnetites are high-Ti varieties (Fig. The prevalent ulvospinel
contents are close to 55 mol % and occasionallghr&® mol %. The MgO and
Al,O; contents are not high and remain much lower tharMhO content, which
reaches 3 wt % in high-Ti varieties. The MnO cortdasorrelate very closely with
TiO, concentrations (Fig. 3), whereas,Q4 contents do not reveal such a
correlation (Fig. 4). The vanadium content in magedends to decrease upsection
to a height of 600 m, and remains approximatelystamt at higher levels (Fig. 5).
The TiQ, contents are independent of depth within the ofeskrange (Fig. 6).

Most of the analyzed titanomagnetites are homogened the micrometer
level. In rare cases, magnetite-ilmenite interghmwntvith exsolution-oxidation
structures are noted (Fig. 7). Sporadically, lasgparate magnetite and ilmenite
grains are intergrown (Fig. 8).

Clinopyroxene compositions vary from varieties ened in diopside (80 mol
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Mg Fe?+
Al O2 €3

Fig. 9.Chemical compositions of clinopyroxenes from thetidied rocks of the Khibiny
pluton plotted in the ternary Mg-Na-Fe diagram, atanic amounts. (1) Borehole 1312, (2)
Borehole 1880, (3) Sample Khib-50 from Borehole 121
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Fig. 10.F vs. N&O in titanites from the apatite-bearing Khibiny pluton, Borehole 1312.

% diopside) to varieties enriched in acmite (80 #tohcmite). The hedenbergite
content remains almost constant at ~20 mol % armgsdionly in acmite-rich
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pyroxenes (Fig. 9).

Titanites are characterized by a relatively cortstdremical composition.
They contain, together with Ca, Ti, and Si, 0.3-048% NagO (0.48 wt%, on
average), 0.1-0.8 vt Al,O3 (0.32 wt%, on average), 1-2 Wi FeO (1.25 weno,
on average), 0.1-0.7 wb SrO (0.41 wt%, on average), and 0.4-1.0 &t F (0.57
wt %, on average). Titanites also may contain 0.5-1.00Mib,O5 + Ta0s, about
0.5 wt% REE, 0.2-0.4 wto ZrO,, and probably are water-bearing (Fig. 10).

THERMODYNAMIC CALCULATIONS

To estimatd, in rocks of the apatite-bearing intrusion, we usgperimental

and calculated data for the magnetite + ilmenit&anite + hedenbergite + SO
phase assemblage [47, 48, 49], which correspotiteteeaction

3 CaTiSIQ + 2 FgO, + 3 SIQ = 3 CaFeSDg + 3FeTiQ + O,. (1)

These published results were obtained uradgy,=1 and hedenbergite activity

close to unity. Equilibrium (1) was recalculatedctanditions of lower silica and
hedenbergite activities that fit nepheline-bearingneral assemblages and
compositions of clinopyroxenes occurring in the Idhy rocks. For this purpose,
the activities of silica and hedenbergite composi@aive been estimated.

To estimatesio,, the equilibrium constant of the reaction

NaAISiO, + 2 SiGQ = NaAISkO, (2)

was used.

Nepheline and albite activities were estimated nigkinto account the
compositions of nepheline and K-feldspar solid sohs from the Khibiny
melteigite [4, 21], the published data on excesrniodynamic properties of
tectosilicates [31], and the free energy of end bwmof these solid solutions [17].

At 900°C and 0.1 GPa, thao, estimated in this way is 0.23 and coincides
with the silica activity in the titanite + perovskiphase assemblage under the same
conditions. Keeping in mind that perovskite is attsa rocks of apatite-bearing
intrusion (except for sporadic loparite in pegne)t this value should be accepted
as a lower limit of silica activity.

The calculation from the equilibrium constant o tieaction

NaAISiO, + SiO,= NaAlIS,Os (3)

at the same NaAlSiQactivity as for reaction (2) and at the jadeitdivay
calculated from the composition of typical Khibinglinopyroxene and the
formulas for the activity coefficients proposed Hglland (1990) yieldsasio,=

0.41 for 900°C and 0.1 GPa, which is appreciabfjhér than the value presented
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above =(@@sio, = 0.23).

It cannot be ruled out that this discrepancy isseduby a certain
disagreement in the thermodynamic data used. Atstme time, this may be
related to the arbitrarily chosen pressure, becthesaesults of calculations from
the equilibrium constants of reactions @)d (3) draw together at a higher
pressure. Anyway, the constant of reaction (1)eases only by 0.5 when Idg,
changes from 0.23 to 0.41.

In most Khibiny clinopyroxenes, the hedenbergitedaroaction is close to
0.2 [4, 21], see Fig. 9. In clinopyroxene solidusimns with replacement of €a
with Na*and F&* or Mg™ with Al**, the activity coefficients at high temperatures
are close to unity [30, 44]. As a first approximati it is assumed that the mixing
parameters in pyroxenes CaMgSECaFeSi2@NaFeSiO; are close to ideal as
well ("molecular" model), so thadey = 0.2 was used in all calculations. The
formulas for the activities of components in pymo&esolid solutions published by
Holland (1990) yields values that are close to thelecular model. For the
composition of pyroxene from a three-mineral aggtegn sample Khib-50 (table,
analysis 19) at 900°C, this model yields a hedagiteenctivity of 0.18, while the
Holand’'s molecular model, 0.2. At 60f)°these values are 0.19 and 0.20,
respectively.

The compositions of titanates in the studied raulksrelatively stable and are
close, on average, to the formula

Cay 949N a0 03IMNo 00551000 €.035T 10.944Al 0.013510.99604(O0.94d0.069 -

Assuming that the thermodynamics of this phasestidbed by the model of
a multiposition ideal solid solution, the CaTiS{ activity is 0.85. The
substitution of this value into the equilibrium stent of reaction (1) drops the
calculated oxygen fugacity only by 0.2 log unit&tee to the pure end member of
titanite. Actually, the ordering of cations and @8 by structural sites shifts
titanite activity in the solid solution still clos® unity.

The AQFM values for various temperaturéd€QFM = lgfo,(rock)fo,(QFM)),
were taken from the diagram at a pressure of 14Bhr[The FegliO, and FgO,
concentrations and activities were calculated frequation systems based on
expressions for equilibrium constants of the follogvwreactions:

2 FeO,+ 6 FeTiQ=6 FeTiOs+ O,, 4)
6 FeO; =4 FgO, + O, (5)

wherea,s, anda,,; were calculated on the basis of the previously ipbbt mixing
functions and thermody-namic characteristics of smmbers of solid solutions
[11, 12]. Theays, anday, values andAQFM from [48] were used to calculate the
equilibrium constant of the reaction
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CaFeSiOs+ 3 FeTiQ = CaTiSiQ + 2 FeTiO,+ SiO, (6)

at each given temperature.

This equilibrium constant was used to calculateA®@$&M, composition, and
activities of components in both Fe-Ti oxidesaatqy < 1 andagjo,< 1. This
equilibrium constant allows us to find the relasbip of ilmenite and ulvospinel
activities for two cases, when (&)eq = 1 andasio,= 1 @uspo) aNd &ime) and (2)
silica and hedenbergite activities are less thaity (@ys, and ay,)'a *usd@im =
azusp(O)/ (asilm(O) (Bhedasio, )-

Using a newa zusrla?’”m, value, we solve the system of equations proceedin
from equilibrium constants of reactions (4) and4BY obtain the compositions of
magnetite and ilmenite solid solutions anQFM for the magnetite + ilmenite +
titanite + hedenbergite + nepheline + K-feldspaagghassemblage @t.q < 1 and
asio,_< 1. The AQFM for the magnetite + ilmenite +titanite + hedertte +
nepheline + K-feldspar phase assemblage are shethe aolid line in Fig. 11.

At a higher oxygen fugacity, magnetite appearsguildrium with titanite +
hedenbergite + nepheline + K-feldspar but ilmergtenstable. The latter appears
in a magnetite-free field at a lower oxygen fugacit

In the field free of ilmenite above the monovariéine in Fig. 11, oxygen
fugacity is fixed for each temperature and mageetibmposition. To findo,
values for variable temperaturaQFM values for the magnetite + ilmenite +
titanite + hedenbergite + nepheline + K-feldsparaggh assemblage were
recalculated to new magnetite compositions on tlasisb of equation for
equilibrium constant of the reaction

2 CaTiSIQ + 2Fe0,+ 2 SIQ= 2 CaFeS0s + 2 FeTiO,+ O, (7)

using the formulAQFM = AQFM(i) + 2Ig(@usdi)/am(i)/ausgBmy), WhereAQFM(j),
aysdi), andan(i) are the values for phase assemblage with magmeitémenite,
whereasAQFM, a,s, anday; are related to the given magnetite compositiorhé t
ilmenite-free assemblage. The calculated isoplethmagnetite compositions are
shown in Fig. 11 as dashed lines.

REDOX CRYSTALLIZATION CONDITIONS OF THE KHIBINY
MAGMA

For the most abundant magnetites with 55 mol % sgueel, Fig. 11 yields
crystallization temperature above 880°C and oxyfygjacity close to the QFM
buffer AQFM = -0.1 at 880°C andQFM = +0.3 at 1100°C).

The observed variations of magnetite compositiorstify to the
crystallization of this mineral within a range oéniperatures and oxygen
fugacities. According to Fig. 11, the Ti-rich magtes with 25 wt % TiQ(70 mol
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% ulvospinel, see table, analysis 5) should criységalibove 1030°C and AQFM
close to - 0.2. The intergrowths of separate maigngtains (40 mol % ulvospinel)
and ilmenite (table, analyses 8 and 13) give 74&G@AQFM = -0.1. Magnetite
grains with exso-lution-oxidation structure (tald@alyses 1 and 12) were formed
at a still lower temperature.

AQFM
25+
-
5
2.0t -7
-
-~
-~
7~ -
# -7
L5r Mt + Ttn + Cpx + Ne + Kfs e
~ - =
Xusp=0.3// ~ ///
-~ re - o
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// // // u = //’
// // D.S/ . - //
0.5}
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Ilm + Ttn + Cpx + Ne + Kfs
-0.5 1 1 1 1 1 |
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Fig. 11.1sopleths of magnetite compositions in equilibriunwith ilmenite, titanite,
clinopyroxene, nepheline, and alkali feldspar v@AQFM.

The obtained estimate of magnetite crystallizatemperature for the most
abundant composition of this mineral from Borehb8d2 (~880°C) is consistent
with the data on melt inclusions in nepheline amhtiée from the Khibiny
intrusion (850-950°C) [19].

Our calculations have shown that oxygen fugacity tfiee apatite-bearing
intrusion of the Khibiny Complex was close to thé-ND buffer. The same
conclusion was drawn for peralkaline rocks of tliwdzero pluton neighboring the
Khibiny pluton based on a comparison of the re&atstabilities of aegirine,
arfvedsonite, and aenigmatite [19].

EQUILIBRIUM GAS PHASE OF THE KHIBINY INTRUSION

The composition of the gas phase in the C-H-O aystas been calculated at
oxygen fugacities characteristic of the Khibiny @eabearing intrusion. The
equilibrium constants of the following reactionsrevesed for this purpose:

Table. 1
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Representative chemical compositions of minerals &ém rocks of the Khibiny pluton.

Compo 1 2 3 4 5 6 7 8 9 10
g‘/f”t' WMt Mt Mt Mt Mt Mt Mt Mt Mt Mt
Si02 042 | 028 | 036 | 0.33 | 0.33 | 0.38 | 0.67 | 0.33 | 0.05 | 0.05
TiO2 2.85 | 17.76 | 19.67 | 10.34 | 24.19 | 18.17 | 28.91 | 13.99 | 20.34 | 22.31
Al203 | 0.09 | 010 | 0.01 | 008 | 0.05 | 0.11 | 0.03 | 0.090| 0.05 | 0.04
Cr203 | 0.07 | 005 | 0.08 | 0.04 | 0.05 | 0.05 | 0.04 | 0.07 | 0.09 | 0.06
Fe203 | 61.99 | 35.95| 33.86 | 50.06 | 23.71 | 35.47 | 12.19 | 40.12 | 28.95 | 24.03
FeO 33.93 | 42.36 (42.3642 37.98 | 47.68 | 43.42 | 54.66 | 42.55 | 47.33 | 48.21
MgO 000 | 055 | 0.01 | 015 | 0.26 | 0.28 | 0.08 | 0.08 | 0.11 | 0.09
MnO 029 | 2082 | 243 | 117 | 212 | 212 | 210 | 148 | 2.08 | 2.18
ZnO 0.07 | 0.13 | 0.23 | 0.07 0.0 0.17 | 0.05 | 0.01
V203 040 | 033 | 065 | 026 | 0.33 | 0.31 | 0.22 | 0.39
Total 100.13| 99.53 | 99.61 | 100.47| 99.72 | 100.48| 98.97 | 99.03 | 99.04 | 97.11
Structural formula (number of cations)
Si 0.01¢ | 0.01 | 0.01¢ | 0.01: | 0.00z | 0.01¢ | 0.02% | 0.01: | 0.00z | 0.00z
Ti 0.082 | 0.506 | 0.563 | 0.295 | 0.686 | 0.514 | 0.0820| 0.403 | 0.582 | 0.650
Al 0.004 | 0.004 | 0.0040( 0.004 | 0.002 | 0.005 | 0.001 | 0.0040| 0.002 | 0.002
Cr 0.002 | 0.001| 0.002 | 0.001 | 0.001 | 0.001 | 0.001 | 0.002 | 0.003 | 0.002
Fe3+ 1.785| 1.025| 0.969 | 1.428 | 0.672 | 1.003 | 0.346 | 1.229 | 0.829 | 0.700
Fe2+ 1.086 | 1.342 | 1.346 | 1.204 | 1.502| 15 | 1.725| 1.289 | 1.506 | 1.560
Mg 0.000 | 0.031| 0.01 | 0.008 | 0.005| 0.016 | 0.005| 0.005| 0.006 | 0.005
Mn 0.010 | 0.065| 0.078 | 0.038 | 0.093 | 0.067 | 0.067 | 0.048 | 0.067 | 0.071
Zn 0.002 | 0.004 | 0.006 | 0.002 | 0.006 | 0.005 | 0.001 | 0.000
\Y 0.012 |Vv0.012|V0.012| 0.008 |V0.012| 0.009 | 0.007 | 0.012
(0) 4 4 4 4 4 4 4 4 4 4 4
sc 3 3 3 3 3 3 3 3 3 3
Compo| 11 12 13 14 15 16 17 18 19 20
np'm Mt [Im [Ilm Cpx Cpx Cpx Cpx Cpx Cpx Ttn
SiO; 0.06 | 0.24 | 0.24 | 52.33| 52.09 | 51.58 | 51.18 | 51.14 | 51.92 | 30.00
TiO, 1790 | 52.87 | 53.26 | 3.70 | 2.46 | 0.78 | 1.15 | 1.11 | 1.19 | 37.68
Al,O3 0.08 | 0.080| 0.080| 054 | 0.45 | 0.44 | 1.07 | 0.78 | 0.80 | 0.37
Cr,O3 | 004 | 005 | 0.03 | 001 | 0.00 | 0.04 | 0.00 | 0.00 | 0.00 | 0.00
Fe03 | 32.79 21.89 | 25.45| 1438 | 6.72 | 9.14 | 8.42
FeO 45.04 | 41.25| 43.18| 486 | 292 | 7.81 | 7.19 | 6.38 | 7.12 | 1.42
MgO 005 | 013 | 021 | 0.75 | 1.09 | 467 | 929 | 855 | 8.31 | 0.00
CaO 0.00 | 3.33 | 2.76 | 13.23 | 20.24 | 17.90 | 18.00 | 26.94
Na,O 11.78 | 12.00| 6.20 | 258 | 3.70 | 3.80 | 0.28
K,0 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01
NiO 0.01 | 0.010| 0.010| 0.02 | 0.01
MnO 168 | 6.08 | 399 | 0.78 | 045 | 052 | 057 | 0.43 | 0.50 | 0.07
Total 97.72 | 100.73| 100.93| 99.98 | 99.67 | 99.67 | 100.00( 99.14 | 100.07| 97.43

Table. (Contd.)
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Compo| 11 12 13 14 15 16 17 18 19 20
nent,

wt % Mt [Im [Im Cpx Cpx Cpx Cpx Cpx Cpx Ttn
Structural formula (humber of cations

Si 0.002 | 0.006 | 0.006 | 2.003 | 1.998 | 1.990 | 1.942 | 1.956 | 1.968 | 1.014

Ti 0.520 | 0.994 | 0.998 | 0.107 | 0.071| 0.03 | 0.03 | 0.032 | 0.034 | 0.958

Al 0.004 | 0.0040( 0.0040| 0.024 | 0.0240| 0.0240( 0.048 | 0.035 | 0.036 | 0.015

Cr 0.001 | 0.001| 0.001| 0.000 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000

Fe’* 0.954 | 0.000 | 0.000| 0.631 | 0.734 | 0.418 | 0.192 | 0.263 | 0.240 | 0.000
Fe’* 1.456 | 0.863 | 0.900 | 0.155| 0.094 | 0.22 | 0.228 | 0.204 | 0.226 | 0.040

Mg 0.003 | 0.005| 0.008 | 0.043 | 0.062 | 0.269 | 0.526 | 0.488 | 0.470 | 0.000
Ca 0.000 | 0.137 | 0.113 | 0.547 | 0.823 | 0.734 | 0.731 | 0.976
Na 0.000 | 0.874 | 0.892 | 0.464 | 0.190 | 0.274 | 0.279 | 0.018
K 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Ni 0.000 | 0.000 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000
Mn 0.055 | 0.129 | 0.084 | 0.025 | 0.015| 0.017 | 0.018 | 0.014 | 0.016 | 0.002
OX 4 3 3 6 6 6 6 6 6 5

SC 3 2 2 4 4 4 4 4 4 3

Notes: OX is the number of oxygen atoms in structuraffola; SC is the number of cations for the given
number of oxygen atoms. Mt, magnetite; Ilm, ilmeniEtn, titanite; Cpx, clinopyroxene.Ferrous andgide
components were calculated from microprobe analyssseding on the assumption of ideal stoichioymetr
of minerals. Analyses landl2 are magnetites anenites from the aggregates, which are products of
exsolution-oxidation of titanomagnetite solid sauat (Fig. 7). Analyses 8 and 13 are compositions of
large coexisting magnetite and ilmenite grains.(B)gAnalyses 9 and 11 and 18-20 are coexistimgrals
from sample Khib-50, Borehole 1312. Titanite (as&y20) contains 0.35 wt % SrO and 0.56 wt % F.

2H,0 + CG = CH;+ 20,

CO,=CO + »2Q,

H,O = H, + %20..
The equilibrium constants were calculated using theernally consistent
thermodynamic data set [17]. The activities of promponents participating in the
above-mentioned reactions were taken from Hollardi Rowell [16]. The activity
coefficients of components in a fluid of complexrgmosition were estimated with
allowance for the data published by Shmulovich 2]the HO-CQO, system and
by Zhang et al. [50] for the GHH,0 system. To approximate the relationships of
excess thermodynamic functions in these binaryesyst two-parametric Margules
equations had been used, and the obtained paranoétdiese equations were then
applied to calculate the activity coefficients bétcomponents in the ternary €O
H,O-CH, mixture using the equations published by Ryabchikd7]. It was
suggested that GQand CH are mixed as ideal solutions and the parameter of
simultaneous interaction of all three componentze®. It was suggested that the
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activity coefficients for Hand CO occurring in small amounts were the same as
for methane. This suggestion is consistent with dtaéement that parameters of
interaction of nonpolar gases with water are velgse& to one another [42].
Simpler calculations, for example, assuming tharactions of CQand methane
with water are identical, lead to a result closeuo model of the three-component
solution, and at a temperature above 500°C, ouitrddfers little from the model

of an ideal gas solution. This implies that unaaties related to the approximate
thermody-namic model of a high-temperature fluigd swo small to change the
most important conclusions concerning the behavidhe gas phase equilibrated
with mineral assemblages of alkaline rocks.

Calculations were carried out for the given atoii€ ratios in gas phase.
The expressions for equilibrium constants with fiufy@s of components
substituted therein as products of activities bgaftities of pure components,
together with the condition of equality of the sofrmole fractions of components
to unity and the condition (4X,+2Xu,0t2Xn,) | (XcngtXcoytXco)=Ruic, where
Ruc Is the fixed atomic H/C ratio, give us five eqoas with five unknown
quantities. The solution of this equation systemds the mole fractions of the
components of the gas phase. In parallel, the geaphbtivity was calculated from
constant of the reaction C +,@ CQ,. When the system is cooling, the graphite
activity increases, and after the saturation wiédmentary carbon, the composition
of gas phase was computed using equilibrium cotsstdrfour reactions:

CHs+ O, = C + 2HO,
C+G=CO0;,
C +%Q = CO,
H.O = H;+ 0,5QG
in combination with condition afX;=1.

As is seen from Fig. 12, at an oxygen fugacity eltmsthe QFM buffer, O
and CQ are dominant in the fluid from magmatic temperasuto ~450°C. At
900°C, the hydrogen concentration is somewhattless 1 mol % and drops in the
course of cooling. The methane concentrations @tt6(®00°C are very low and
then begin to grow above 1 mol % with cooling.

At 470°C, graphite starts to be released from thal flargely due to the
reaction CQ= C + Q. With a further decrease in temperature, the rfralgion of
CO, and the atomic fraction of carbon in the fluid k&se owing to fixation of
carbon in graphite (Fig.13). At approximately 360tk atomic fraction of carbon
goes through a minimum and then begins to growpkdta ceases to precipitate
and undergoes resorption with the formation of apjgible amounts of GH

In most recent publications devoted to abiogenntisysis of hydrocarbons in
igneous rocks [27, 34, to name only a few), thecl@s-Tropsch reaction is
regarded as the main mechanism:

CO, + 2H, = CH, + 2H,0, 2COr TH, = GHg + 4H,0, etc.

Our calculations show, however, that within the idgium model, the
reactions of water with previously formed graplulay the leading role, e.g.,
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C+H0=CH+0,
wherefo,is buffered by melt and solid phases coexisting whe fluid.
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Fig. 12.Relationships of volatile components in fluid vdemperature at H/C = 4
and P=0.1 GPa.

The results of calculations at constant H/C = theasystem are shown in Fig.
12. The calculations at other H/C values indicéi®t the temperature range of
release of graphite from the fluid during its caglichanges relatively little at the
given AQFM and pressure. At AQFM = 0 ard = 0.1 GPa, approximately
corresponding to the condition of the emplaceménh® apatite-bearing intrusion
of the Khibiny Complex, the release of graphiterrfbuid starts at 450-470°C and
ceases at 360°C (Fig. 14). The relatively low-terapge conditions of the
graphite formation is consistent with the fact ttha¢ mineral was found largely in
pegmatites and carbonatite of the Khibiny.

Thus, at the redox conditions characteristic of Kiebiny Complex, the
evolution of carbon species looks as follows: ,GOcurs in fluid and carbonate
anions occur in melt at a high temperature; theplgte is being released, and an
appreciable amounts of hydrocarbons appear at arlésmperature due to the
reaction of fluid with graphite.
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As was mentioned above, magmatic systems are ktiwatrare characterized
by more reductive conditions than those estimatedHe Khibiny Complex. To
establish the evolution of carbon speciation indbwrse of cooling of magmatic
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Fig. 13.Atomic fraction of carbon in fluid vs. temperature at H/C = 4 andP = 0.1 GPa. The

abrupt decrease in X below 500°C is related to the onset of graphite kease. At the
temperature below a minimum point, graphite ceasesf being released from fluid.
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Fig. 14.The temperature of the onset of graphite releasedm cooling fluid vs. H/C in
the bulk composition of the system aP = 0.1 GPa and AQFM = 0. The boundary of initial
graphite resorption is shown in the low-temperaturepart of the diagram.

fluid under reductive conditions, the calculatioasamade anQFM = -2 (Fig. 12).

Under more reductive conditions, the hydrogen cotraéon in the fluid is
much higher (about a few mole percents); appreeiablounts of methane appear
at a higher temperature, and the onset of graph&epitation and the cessation of
this process are shifted toward the region of higlperature in comparison with
AQFM = 0 (Fig. 13).
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Taking into account that at a high temperature,Hheontent in fluid even
whenAQFM = 0 exceeds 1 mol % and the diffusion rate pirtthe melt, through
crystal lattices of mineral, and along crystallgmin boundaries is very high, it
may be suggested thap khigrates from hot parts of the magmatic syster st
cold portions. If the B migration under a temperature gradient is suffitye
intense, then synthesis of hydrocarbons is plessilihe colder part of the system
due to interaction of Hwith previously formed graphite and by such reatdias
Fischer-Tropsch synthesis.

CONCLUSIONS

1. Most magnetites in the Khibiny alkaline igneous ptem sampled within a
vertical interval of 500 m are distinguished by Hi@i concentrations and
contain approximately 55 mol % ulvospinel componédtcasionally, the
ulvospinel content reaches 80 mol %.

2. As follows from the fo,-T diagram, magnetites containing 55 mol %

ulvospinel in equilibrium with clinopyroxene andatnite crystallized at a
temperature above 900°C and at an oxygen fugaliiytly lower than that
of the QFM buffer. Magnetites with higher Ti contemystallized at higher
temperatures and lower AQFM values, whereas Tieleglmagnetites were
formed below 650°C.

3. At temperatures higher than 400°C, carbonoccumethe Khibiny magma
either as carbonate ionsin melt or as,G® magmatic fluid. Graphite is
released during further cooling, and an apprecian@unt of hydrocarbons
appear at still lower temperature due to the reaatf fluid with graphite. As
well, abiogenic hydrocarbons can arise in igneauspiexes as products of
the processes distinct from Fischer-Tropsch syrghes

4. It cannot be ruled out that hydrogen occurringhe gjas phase at magmatic
temperature migrated to colder portions of thedsieéid magma chamber and
participated in the formation of hydrocarbons adowy to the Fischer-
Tropsch reaction.
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ABSTRACT

Melt and fluid inclusions were investigated in gixartz phenocryst samples from the
igneous rocks of the extrusive (ignimbrites and otibgs) and subvolcanic (granite
porphyries) facies of the Lashkerek DepressiorhémKurama mining district, Middle Tien
Shan. The method of inclusion homogenization wasluand glasses from more than 40
inclusions were analyzed on electron and ion miciogs. The chemical characteristics of
these inclusions are typical of silicic magmaticlisieThe average composition is the
following (wt %): 72.4 Si@ 0.06 TiQ, 13.3 ALO;, 0.95 FeO, 0.03 MnO, 0.01 MgO, 0.46
Ca0, 3.33 NgD, 5.16 KO, 0.32 F, and 0.21 CI. Potassium strongly prevaitsr sodium in
all of the inclusions (KO/N&O averages 1.60). The average total of componentseit
inclusions from five samples is 95.3 wt %, whictigates a possible average water content in
the melt of no less than 3—4 wt %. Water conterit2.0 wt % and 6.6 wt % were
determined in melt inclusions from two samples gsanm ion microprobe. The analyses of
ore elements in the melt inclusions revealed higftents of Sn (up to 970 ppm), Th (19—
62 ppm, 47 ppm on average), and U (9—26 ppm, 18 ppraverage), but very low Eu
contents (0.01 ppm). Melt inclusions of two differeompositions were detected in quartz
from a granite porphyry sample: silicate and cllerithe latter being more abundant. In
addition to Na and K chlorides, the salt inclusiossially contain one or several anisotropic
crystals and an opaque phase. The homogenizatgpetatures of the salt inclusions are
rather high, from 680 to 820°C. In addition to ailie inclusions with homogenization
temperatures of 820—850°C, a primary fluid inclusiof aqueous solution with a
concentration of 3.7 wt % NaCl eq. and a very highsity of 0.93 g/cfrwas found in quartz
from the ignimbrite. High fluid pressure values @b6—8.3 kbar were calculated for the
temperature of quartz formation. These estimatecamparable with values obtained by us
previously for other regions of the world: 2.6—#&t&ar for Italy, 3.7 kbar for Mongolia, 3.3—
8.7 kbar for central Slovakia, and 3.3—9.6 kbarefastern Slovakia. Unusual melt inclusions
were investigated in quartz from another ignimbsiémple. In addition to a gas phase and
transparent glass, they contain spherical Fe-ogidbules (81.2 wt% FeO) with high
content of SiQ(9.9 wt %). The globules were dissolved in thecat melt within a narrow
temperature range of 1050—1100°C, and the comptateogenization of the inclusions was
observed at temperatures of 1140°C or higher. Tmabined analysis of the results of the
investigation of these inclusions allowed us toatode that immiscible liquids were formed
in the high-temperature silicic magma with the sapan of iron oxide-dominated
droplets.
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INTRODUCTION

The problem of the sources of ore components amdsflis still not fully
understood, despite the consid-erable number tdpsoand inclusion studies that
have been carried out worldwide in ore depositsvarious genetic types. The
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Fig. 1.Geological sketch map of the Kurama region [1].

(1) Quaternary deposits; (2) dike belts (diabasek falsites); (3) liparite volcanoplutonic assoiciat
Cs—P1; (4) granite porphyries, 3C (5) andesite—dacite volcanoplutonic associati@i,s; (6)
granodiorites, granites, and diorites of the Karzandype; (7) volcanic rocks,,C(8) carbonate rocks,
Ds—C1; (9) granodiorite and granite porphyries, O—H)) schists, hornfels, and spilites; (11) faults;
(12a) regional faults; (12b) thrusts; and (13)—(d@&posit types and numbers: (13) Au—Ag, (14) Cu—
Mo-Au; (15) Pb-Zn-fluorite, (16) U, and (17) W-M&@eposits: 1—Kochbulak, 2—Kairagach, 3—
Kyzyl Alma, 4—Aktur-pak, 5—Kauldy, 6—Arabulak, 7—8&bl'noe, 8—Aprelevka, 9—Aktepe, 10—
Akchasai, 11—Almalyk ore node (Kalmakyr, SarychekandDal'nee), 12—Naugarzan, 13—
Lashkerek, 14—Kanimansur, 15—Kansai, 16—AltynTopkan—Kurgash-inkan, 18—Chauli, 19—
Alatan'ga, 20—Mailikatan, 21—Adrasman, and 22—Y&agi The rectangle shows the region in
which samples were collected for our study.

origin of relatively old deposits is especially tamversial, because their long post
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mineral history could involve many possible distms of primary features

characterizing ore formation proper. On the othard) the Kurama mining district
of Paleozoic age exemplify unique deposits withfgutly preserved characteristic
features of Au—Cu porphyry and epithermal Au ocences and no clear
indications for their subsequent alterations (ekckEp supergene ones). We
investigated melt and fluid inclusions in quartenfr the igneous rocks of both
extrusive (ignimbrites and rhyolites) and subvoicafgranite porphyries and

rhyolite porphyries) facies occurring within the sbkerek Depression. Their
formation is related to the magmatic activity ot tpostbatholith stage of the
development of this region. The igneous rocks asoa@ated in space and time
with the large epithermal deposits of the Kochbulak—Ag—Te) and Lashkerek

(Ag—Pb—2Zn) ore fields, as well as numerous occuresrof Au, Ag, Cu, Pb, Zn,

Bi, and Sn mineralization.

SHORT DESCRIPTION OF THE GEOLOGIC SETTING AND
MAGMATISM OF THE KURAMA ORE DISTRICT

The geologic setting of the Kurama mining distletg. 1) on the northern
slope of the Kurama Range is controlled by itsgresient to the structures of the
eastern part of the extended Beltau—Kurama volgaatmnic belt in the Middle
Tien Shan. It is considered in geotectonic recokfittns as a continental margin
volcanic belt of the Andean type, which was forma&d the Middle
Carboniferous—Permian. Intense magmatic processedarred in this region
throughout the whole Paleozoic, reaching a maxinatnts end. Four stages of
magmatic activity were distinguished in this regigmebatholithic, batholithic,
small (porphyritic) intrusions, and dikes [2]. Aecdng to recent isotopic dating,
most of the dikes were formed simultaneously wikie tcomplex of small
intrusions and can be considered collectively asirgle stage. The post-
batholithic stage was related to the activity ofghyritic—epithermal ore-forming
systems.

The general evolution of Paleozoic magmatism inrdggon shows a trend
toward higher silica and alkali contents in the mag [3]. With increasing degree
of magmatic differentiation, the content of fluidbbmaponents in the melts
increased and reached a maximum in the magmaseopdbktbatholithic stage.
The high content of fluid components resulted ia tlevelopment of explosive
volcanism and formation of tremendous amounts afimdrites, tuffs, and
diatremes with the fluidization of enclosing vola@n The rocks of this stage are
of special interest for the interpretation of thagmatism of this region and its
relation to ore mineralization.

The Kurama mining district is characterized by dsee metallogeny. It
comprises numerous deposits of Au, Ag, Mo, W, Qu,Zh, U, other metals, and
fluorite (captions to Fig. 1). The very high contation of ore occurrences is
related to the confinement of the region to theensction of deep tectonic
structures. Another unique feature of this regisrthat it is a rare example of

75



V. B. Naumov, V. |. Kovalenko , A. V. Girnis

paleovolcanic areas with well preserved epithemeglosits of Late Paleozoic age
[4, 5].

Fig. 2. Melt inclusions in quartz phenocrysts fromsample 1119.

(a)—(d) Homogeneous inclusions of silicate mel};ged (f) heterogeneous inclusions, (e) unheatdd an
(f) annealed at 580°for 1 h and quenched.

After the formation of a volcanic andesite—daciemplex (G _s) in this
region, its rocks were intruded by stocks and digeporphyritic granitoids and
sub-volcanic bodies of fluidal trachyliparites amghimbrites (G—Pj). The
Lashkerek massif is built up of fluidal trachyligias and ignimbrites at the roof of
a granitoid pluton as part of the larger Akshuratcan-otectonic structure. The
outer parts of the massif comprise outcrops of moosedikes of quartz porphyries
and felsites and pipelike bodies of explosive hescc

SAMPLES AND METHODS

Melt and fluid inclusions were investigated in igne rock samples
representing (1) the ignimbrites of the Lashkeralssif collected at the margin of
the massif in the upper reaches of the YangoklaemR{samples 28, 94, 98, and
1119) and (2) granite porphyries collected from temagmatic dikes in the upper
reaches of the Paraksai River (sample 217) anthanMailikotan valley at the
region of the Kamchik Pass (sample 682). Thuss#mples characterize both the
extrusive (ignimbrites and rhyolites) and subvolcdacies (granite porphyries).
The rock samples are almost unaffected by secoraltasation, except for glass
crystallization into a quartz—feldspar aggregate.
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Table 1.

Chemical compositions (wt %) of residual glassesrystalline inclusions, and daughter
phases in quartz-hosted melt inclusions from thelgic volcanics of the Kurama Province

(Middle Tien Shan)

Component 1(4) 2(3) 3(1) 4(2) 5(1) 6(10)
SiO, 73.1¢ 72.0% 46.97 40.6! 44.7¢ 9.9¢
TiO; 0.0¢ 0.0¢ 0.37 0.1¢ 1.1f 0.01
A0 16.5¢ 14.6¢ 1.21 15.7( 8.9t 2.1¢
FeO 0.3¢ 0.44 28.9¢ 30.1( 30.1¢ 81.1¢
MnO 0.0t 0.0¢ 1.2¢ 0.4t 0.91 0.1¢
MgO 0.0z 0.02( 0.04 0.6¢ 0.3( 0.0z
CaO 0.42 0.34 20.1¢ 0.0¢ 9.5¢ 0.27
Na,O 2.92 1.4¢ 1.1z 0.1: 2.1F 0.3¢
K->0 6.8€ 5.1¢ 0.0¢ 9.4z 1.1¢ 0.3¢
F 0.1C 0.2% 0.0C 1.5 — —
Cl 0.1¢ 0.14 0.01 0.4¢ 0.52 0.01
Total 100.69 94.62 100.14 99.31 99.56 94.63

Note: (1) and (2) residual glasses from samples 682%nhdespectively; (3) hedenbergite, sample 94;
(4) siderophyllite, sample 682; (5) crystallinelusion of amphibole (ferrohastingsite), sample 1t
(6) opaque globules, the total includes 0.19 wt®®@ Zsample 28). FeO is total iron; the number afyses
IS given in parentheses; here and in Tables 2-d&sh means that the component was not determined.

The thermometric investigation of melt inclusiongsacarried out by the
guench method [6] using a small electric furnacth\ai Pt heater, with which the
temperature measurement accuracy was @l ilicate glasses and daughter
crystalline phases from inclusions were analyzedCamebax Microbeam and
Cameca SX-100 electron microprobes under the fatigwconditions: an
accelerating voltage of 15 kV, a beam current ohB0and rastering over areas of
12 x 12, 5x5, and 2x2 um for glasses and 2x2 unctigstals. The analytical
accuracy was 2% rel. for element contents >10 wb% rel. for element contents
5—10 wt %, and 10% rel. for element contents <®wtThe contents of water,
fluorine, and trace elements in melt inclusionsevéetermined by secondary ion

mass spectrometry using an

IMS-4f ion microprobe tlag

Institute of

Microelectronics of the Russian Academy of Sciendéwoslavl) by the method
described in detail in [7-9].

INVESTIGATION OF MELT AND FLUID INCLUSIONS:
RESULTS AND DISCUSSION

Silicate melt inclusions were found in quartz frath of the samples. They
consist of a single phase (silicate glass onlys.Fig—2d), two phases (glass and
gas, Fig. 2e), or several phases with partly ciystd glass and daughter crystals
(Fig. 3). Glass is absent in inclusions from sample’, and their complete
crystallization (Fig. 4a) suggests slower coolifighe respective area of the
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granite porphyry dike. The inclusion size rangesf6—10 to 264 um and is
usually between 20 and 70 um. The gas phase asdoudt6—9.0 vol %.

Fig. 3. Melt inclusions in quartzphenocrysts from samples 94 and 682.

(@), (b), (d), and (e) sample 94 and (c), (f), @d (h) sample 682; (c) apatite crystal with atmel
inclusion; (d) and (e) melt inclusion with pyroxesied magnetite crystals focused on different pzirthe
inclusion. 1 is glass, 2 is a gas phase, 3 is niagné is pyroxene, 5 is siderophyllite, and @usrite.

The results of the investigation are given in Taldle-5. The high F content
(0.10-0.23 wt %) in the residual glasses of melusions (Table 1, analyses 1 and 2)
indicates possible crystallization of magmatic fitgo Previously, we identified
fluorite using microprobe analysis in melt inclusan quartz from the ongorhyolites
of Mongolia [10] at an F content in the residuasgl of 0.30—0.31 wt % and in
anorthoclase from the trachytes of the Island affania, Italy [11,12] at 0.1-0.16
wt% Fin the glass. Indeed, a relatively large ftearrystal (Figs. 3g, 3h) was observed
together with a gas phase and pyroxene and magosftals (Table 2, no. 1) in a large
(264 pum in diameter) melt inclusion from sample.68# fluorite crystal is 32 x 44 pm
in size and accounts for 0.47 vol % of the inclaslts microprobe investigation showed
the presence of only Ca, F, and Fe (0.10 wt %).

During heating-stage experiments, the first sigfsglass melting were
observed at 70@ when new gas bubbles appeared in the inclusiossally, the
larger the inclusion, the greater the numbtrgas bubbles, which might be
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Fig. 4. Melt inclusions in quartz phenocrysts fromsample 217.

(a)—(e) silicate melts and (f)—(j) chloride melt®) completely crystallized inclusion at 20°C; (b)
quenched inclusion after annealing for 24 h at Z8@hd 3.1 kbar external pressure; (c) quenched
inclusion after heating up to 860°C; (d) quenchedlusion after heating up to 930°C; and (e)
homogenized silicate melt inclusion after heation@$50°C. 1 is silicate glass, 2 is silicate mingrahd

3 is a salt globule consisting of an aqueous syt gas phase, and salt minerals.

several tens. A further temperature increase ameaimg for several hours
resulted in a decrease in sions was observed fareht temperatures: 780—
950%C in sample 217, 820-850°in sample 1119, 1020-10509n samples 94 and
98, 1030-1080C in sample 682, and 1140-12@0tn sample 28. The chemical
compositions of homogenized melt inclusions and dlierage compositions of
glasses for each sample are shown in Tables 3 andet4us consider the
characteristic features of melt inclusions in s@amples.
Quartz from sample 217 contains melt inclusions tafo different

compositions [13], silicate (Figs. 4a— 4e; Tableir&lusion nos. 14—20) and
chloride salt (Figs. 4f— 4j), and the salt inclusare more abundant. Most of the
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Table 2.

Chemical compositions (wt %) of magnetite from quetiz-hosted melt inclusions in the silicic
volcanics of the Kurama Province, Middle Tien Shan

Component 1 2 3 4 5 6
SO, 0.3¢ 0.27 0.44 0.47 0.9¢ 0.3¢
TiO» 3.7z 3.51 3.57 3.5¢ 3.9¢ 1.64
Al,O5 1.42 1.3( 2.07 2.1: 1.67 2.3¢
FeQ 91.3¢ 90.0: 89.2( 89.9] 86.9: 88.9:
MnO 0.7¢ 0.74 0.67 0.6¢ 0.7¢ 0.2¢
MgO 0.01 0.07 0.07 0.0¢ 0.01 0.04
CaO — — 0.22 0.21 0.0C —
Zn0O 0.3C 0.1¢ — — — 0.5¢
Total 97.87 96.12 96.24 96.97 94.26 94.13

Note: FeO is total iron. (1)—(4) sample 682, (5ngte 94, and (6) sample 28.
Table 3.

Chemical compositions (wt %) of melt inclusions imquartz from the silicic volcanics of the
Kurama Province, Middle Tien Shan

Inclusi- Component To- | KO/
onno. | sio, | Tio, [ Al,O; | FeO| MnO[ Mgo| ca0[ NaO[K,0] F | cI | tal |NaO
Sample 682
1 70.87| 0.11| 11.23| 1.05| 0.01 | 0.01| 0.633.08 | 5.99/ 0.19]| 0.14| 93.31| 1.94
2 73.43| 0.07| 13.51| 1.04| 0.03 | 0.02| 0.593.00| 5.49( 0.29]|0.14| 97.57| 1.83
3 73.73| 0.12| 13.29| 0.76] 0.01 | 0.02| 0.503.34| 5.43/0.17]| 0.06| 97.43| 1.63
4 72.29| 0.10| 12.32| 1.35| 0.02 | 0.04| 0.72 3.78 | 6.35[ 0.20| 0.15| 97.32| 1.68
5 73.43| 0.05| 13.74( 1.18| 0.01 | 0.04| 0.63 3.28 | 5.54{ 0.15]| 0.18| 98.23| 1.69
6 70.69| 0.04| 14.88| 0.44| 0.07 | 0.00| 0.373.20| 4.81] 0.23]| 0.15| 94.88| 1.51
7 72.32| 0.07| 14.76| 0.37| 0.02 | 0.00| 0.412.09 | 4.82/ 0.23]| 0.14| 95.23| 2.31
8 72.36| 0.06| 14.28| 0.48| 0.02 | 0.00f 0.22 3.00 | 6.46[ 0.15]| 0.07| 97.10| 2.15
9 73.73| 0.05| 13.31| 1.29| 0.01 | 0.02| 0.664.29| 5.11{ 0.20| 0.16| 98.83| 1.19
X 72.54]| 0.07| 13.48( 0.88| 0.02 | 0.02| 0.52 3.23 | 5.56[ 0.20| 0.13| 96.66| 1.77
Sample 94
10 73.20| 0.07| 14.32| 0.52| 0.00 | 0.00| 0.23 3.16 | 5.90[ 0.23]| 0.13| 97.76| 1.87
11 71.69| 0.04| 14.88| 0.44| 0.07 | 0.00| 0.372.20| 4.81] 0.22] 0.15| 94.87| 2.19
12 72.32| 0.07| 14.76( 0.37| 0.02 | 0.00| 0.41 2.09 | 4.82( 0.24]| 0.14| 95.24| 2.31
13 74.96| 0.06| 12.24| 0.89| 0.00 | 0.01| 0.40 3.35| 4.07/0.21] 0.12]| 96.31| 1.21
X 73.04]| 0.06| 14.05| 0.56| 0.02 | 0.00| 0.3%2.70| 4.90[ 0.23]| 0.14| 96.05| 1.90
Sample 217
14 74.45| 0.04| 12.33| 1.15] - 0.00] 0.40/ 3.20 | 4.47/ 0.39] 0.53]| 96.96| 1.4
15 73.46| 0.08( 11.41| 1.01| 0.03| 0.00] 0.124.03| 3.97| - 0.22] 94.33| 0.99
16 72.17| 0.06| 12.61| 1.00| 0.12 | 0.02| 0.372.09| 4.12/ 0.40| 0.46| 93.42| 1.97
17 76.65| 0.05( 12.95| 0.93| 0.10 | 0.03| 0.1§ 2.23 | 3.43| - 0.34] 96.89| 1.54
18 73.62| 0.07| 14.01| 1.36| 0.09 | 0.02| 0.3 1.88 | 4.42/ 0.93]| 0.33| 97.11| 2.35
19 73.69| 0.05| 10.46( 1.96] - 0.01] 0.62 3.26 | 3.57/ 0.44( 0.13] 94.19( 1.10
20 74.77| 0.03| 10.52| 0.91| 0.04 | 0.00| 0.193.06 | 3.61f - 0.43| 93.56| 1.18
X 74.12 0.05 12.04 1.19 0.08 0.01 0.322.82 3.94 0.54 0.35 95.14 1.50

Table 4.
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Chemical compositions (wt %) of melt inclusions imquartz from the silicic volcanics of the
Kurama Province, Middle Tien Shan

Inclusion Component To- | KO/
no. SiO, | TiO, | Al,03 | FeO | MnO | MgO | CaO | Na,0 | K,0 | cI | tal | NaO
Sample 1119
21 71,29| 0,02 | 11,59 1,07 0,02 | 0,00| 0,43 3,44 4,§70,27|92,78| 1,37
22 70,44| 0,04 | 11,75 1,06 0,07 | 0,00 0,4 3,51 4,770,26|92,42| 1,34
23 72,34 0,07 | 12,84 1,24 0,01 | 0,02| 0,3§ 3,59 5,030,12|95,62| 1,40
24 71,52| 0,04 | 11,56 0,94 0,02 | 0,00 0,42 3,44 4,820,25|93,03| 1,40
25 71,73| 0,04 | 11,76 1,0% 0,06 | 0,00| 0,42 3,64 4,670,23]93,58] 1,29
26 70,90| 0,03 | 12,97 1,28 0,08 | 0,00 0,4 3,30 4,760,20| 93,98]| 1,44
27 70,25| 0,03 | 11,82 1,0% 0,04 | 0,00f 0,45 3,61 4,69,26|92,20| 1,30
28 70,37| 0,01 | 11,10, 0,93 0,06 | 0,00| 0,42 3,54 4,900,22|91,53] 1,39
29 72,64| 0,03 | 12,11] 1,0 0,00 | 0,00| 0,41 3,74 4,770,23| 94,99| 1,28
30 72,21| 0,03 | 11,12 1,06 0,02 | 0,02| 0,3§ 3,54 4,950,23]|93,54|1,41
31 70,89| 0,10 | 13,14 1,28 0,04 | 0,01 0,44 3,54 5,080,12(94,62| 1,44
32 70,50| 0,02 | 11,90, 1,08 0,06 | 0,02| 0,40 3,50 4,490,19|92,16| 1,28
33 72,56| 0,02 | 11,10, 0,7 0,04 | 0,01| 0,3§ 3,44 4,730,17|93,19| 1,38
X 71,36| 0,04 | 11,90, 1,07 0,04 | 0,01| 0,42 3,54 4,790,21|93,36| 1,36
Sample 98
34 73,26| 0,02 | 11,15 1,09 0,01 | 0,00f 0,47 4,01 5,120,14|95,33| 1,26
35 73,20| 0,05| 11,11 1,04 0,02 | 0,01| 0,479 3,87 5,100,13|95,01| 1,32
36 73,06 0,12 | 11,07] 1,10 0,00 | 0,00| 0,48 3,74 5,100,12|94,80| 1,35
X 73,33| 0,06 | 11,11] 1,04 0,01 | 0,00/ 0,474 3,90 5,110,13]95,05| 1,31
Sample 28
37 69,54| 0,05| 17,36 1,09 0,02 | 0,00/ 0,65 3,86 6,700,28|99,55| 1,74
38 71,47| 0,03 | 16,58 0,69 0,02 | 0,00 0,6 3,89 6,44 - |99,78| 1,66
39 69,31 0,09 | 17,02 0,93 0,00 | 0,00/ 0,69 3,33 7,770,30|99,46| 2,32
40 68,87| 0,04 | 17,81 0,84 0,09 | 0,00| 0,74 3,89 5,420,30|98,01] 1,39
41 69,70 - 16,57| 0,87 0,00 | 0,00/ 0,59 3,20 7,020,20|98,15| 2,19
42 69,41| 0,03 | 16,71 0,98 - 0,00 | 0,73] 4,48 6,49 0,3P9,20| 1,45
X 69,72/ 0,05| 17,01 0,91 0,03 | 0,00/ 0,67 3,78 6,64 0,299,03| 1,79

salt melt inclusions were confined to cross-cuttiractures, but we managed to
find several areas in quartz grains, where the metge character of both inclusion
types could be clearly established. The silicatdt nmelusions are completely
crystallized; salt aggregates were observed imr theéid phase after heating to
700—900€ and quenching. The inclusions were homogenized8at—950°C,
and their subsequent quenching resulted in thedtom of a homogenous glass.
The analysis of homogeneous glasses (Table 31des20) showed that the acid
silicate melts were enriched kKirelative to Na (on average ,®/NaO = 1.50) and
had high F (0.54 wt %) and Cl (0.35 wt %) contefiitge deficit in analytical totals
suggests that the melts probably contained 3—% wiater.

The salt melt inclusions are typically no Er¢ghan 10—15 um in size and

81



V. B. Naumov, V. |. Kovalenko , A. V. Girnis

Table 5.

Chemical compositions of melt inclusions in quartzrom the silicic volcanics of the Kurama
Province, Middle Tien Shan

Component 1 2 3 4 5 6
wt %
Sio, 71.29 72.21 70.50 76.66 73.62 76.66
TiO, 0.02 0.03 0.02 0.02 0.07 0.05
AlLO; 11.59 11.12 11.90 11.10 14.01 12.95
FeO 1.07 1.06 1.08 0.78 1.36 0.93
MnO 0.02 0.02 0.06 0.04 0.09 0.10
MgO 0.00 0.02 0.02 0.01 0.02 0.03
CaO 0.43 0.38 0430 0.36 0.38 0.18
Na,O 3.42 3.52 3.50 3.42 1.88 2.23
K,0 4.67 4.95 4.49 4.73 4.42 3.43
P205 0.00 0.00 0.09 0.07 0.00 0.07
Cl 0.27 0.23 0.19 0.17 0.33 0.34
H,0 — — 7.18 6.01 2.80 111
Total 92.78 93.54 99.43 99.27 98.98 98.07
ppm

Li 4.0 4.0 4.86 4.95 4.6 4.56
Be 17 16 13.7 14.9 18 2.32
B 92 88 80.9 93.1 24 3.00
F 1610 1490 1520 1360 9260 —

Cr — — 0.21 0.89 — 2.20
Ga 25 24 — — 28 —
Rb 491 558 516 595 1060 267

Sr 0.2 0.2 0.09 0.13 3.6 6.5
Y 106 109 79.9 87.4 41 21.5
Zr 194 176 142 165 140 102
Nb 94 87 72.5 93.8 35 34.3
Mo 6 7 — — 5 —
Sn 37 21 — — 967 —
Cs 51 49 — — 169 —
Ba 1.0 0.0 0.54 0.44 0.2 0.40
La 15 16 17.3 14.1 17 8.82
Ce a7 44 48.4 42.5 37 25.1
Pr 6 7 — — 7 —
Nd 27 26 27.4 23.9 22 13.3
Sm 9 11 10.3 9.35 7 4.3
Eu — — 0.01 0.01 — 0.01
Gd — — 11.3 111 — 4.23
Th 2.4 21 — — 1.3 —
Dy 18.4 17.6 13.0 13.9 7.5 4.89
Ho 3.2 29 — — 1.7 —
Er 13.7 10.4 8.91 10.4 5 3.62
Tm 1.9 21 — — 0.8 —
Yb — — 9.21 10.4 — 3.84
Lu 14 13 — — 0.6 —
Hf — — 8.57 10.8 — 5.18
Th 68 59 52.8 62.3 19 22.4
U 21 20 19.¢ 25.7 9 12.]

Note: (1)—(4) sample 1119, (5) and (6) sample 217. Ahdaeans that the component was not
determined. Analyses 1, 2, and 5 (F and trace elthavere obtained by R.L. Hervig at Arizona
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University, Tempe, United States; and analyses 8nd 6 (HO, F, and trace elements) were obtained by
S.G. Simakin at the Institute of MicroelectroniRsissian Academy of Sciences, Yaroslavl, Russia.

dominated (80—90 vol %) by isotropic crystals ofdison and potassium
chlorides. They usually contain one or severala@rpic crystals and an opaque
phase accounting for approximately 2—7 vol %. Taetent of the fluid phase is
no higher than 5—10 vol %. The qualitative micrdgroanalysis of two salt
inclusions exposed on the surface showed that dheydominated by Na and CI
and contain K, Fe, and Mn, whereas Mg, Ti, Al, Ca, and F were not detected.

The homogenization temperatures of the salt melusons proved to be
rather high, from 680 to 82Q; and there are probably higher temperature
inclusions. The quenching of homogenized inclusifimisl—2 s always caused
their heterogenization and the separation of flumhich is a characteristic
difference from the silicate melt inclusions. Untorately, most of the salt
inclusions were decrepitated before homogenizagspecially at temperatures of
~ 5707. It should be noted that lower temperature (5508=C} inclusions were
also found in this sample, but they are obviouglgondary and dominated by a
water phase.

The existence of chloride melts cogenetic withcalisilicate melts has been
reported in several studies [14—21] after the psoimg papers of Roedderand
Coombs [14] and Roedder [15]. These authors inyastd melt and fluid
inclusions in quartz from the granitic rocks of Aassions Island and demonstrated
the existence of immiscibility between chloride asiticate melts. Coexisting
silicate and chloride melts in quartz were obsemwethermometric experiments
with the granitoids of the Mariktikan massif (Butiga Russia) [16]. This paper
reported photomicrographs of such inclusions witb immiscible melts at 98Q"

It was also noted that such inclusions were founly o the central part of the
massif, where they occur in quartz crystals fronarglitic cavities and in rock-
forming quartz of the granites near these cavitasilar high-temperature silicate
and chloride melts were investigated in quartz frdva Mount Genis granite
(southeastern Sardinia, Italy) [18] and in quartarf the pantellerites of the Island
of Pantelleria, Italy [19]. Recently, such phenomewere described in the
Industrial'noe tin deposit in northeastern Rus&@, [21]. The investigation of
inclusions showed that during the crystallizatidrgoartz in granites, globules of
chloride melts were present in the magmatic séicaelt (73.2 wt % Si¢) 3.1 wt
% NgO, and 4.5 wt % KO). The silicate melt (760- 1020} shows high ClI
contents: up to 0.51 wt % at an average of 0.3%wiL2 analyses). Using proton-
induced X-ray emission (PIXE) analysis, the distiibn and concentrations of a
number of elements were determined in polyphaseykddules, which were found
in quartz from the granites and in quartz from aemalized miarolitic cavity in the
granites. The analysis of quartz-hosted salt gkdburom the granites (eight
analyses) and from the miarolitic cavity (29 ana)srevealed high average
contents (wt %) of Cl (27.5-25.0), Fe (9.7-5.4), {n1-1.0), Cu (7.2), Zn (0.66-
0.50), Pb (0.37-0.24), and such elements as (pdm(1B50-810), As (2020), Sr
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(1090), Br (990-470), and Sn (540). The presencaigii-temperature chloride
melts during the formation of Pt-bearing ultramaderies was demonstrated by
Hanley et al. [22] on the basis of the investigatd inclusions in minerals.

(d) it

Fig. 5 Melt inclusions with opaque oxide globules (a—eaf quartz phenocrysts from
sample 28.

(e) 20°C, (f) 1080°C, and (g) 1140°C. 1 is glasss 2 gas phase, 3 is an opaque oxide globule4asd
magnetite.

Unusual melt inclusions were observed in quartanfrgranite porphyry
sample 1119 [23]. The sample is heterogeneous amiios brown areas stuffed
with phenocrysts alternating with greenish graysgyapatches almost free of
phenocrysts. The content of phenocrysts is, thexe&irongly variable, from 5—
10 to 60—70 vol %. The phenocrysts are feldspadsqrartz; they are strongly
crushed, and most of them especially plagioclappea as angular fragments.
Only some quartz grains preserved their initialioas. The groundmass contains
rounded voids, on the walls of which druses andviddal crystals of feldspar and
quartz were formed. These crystals are oriente@utthe center of the void. The
voids are probably relics of gas bubbles in madgduse they existed before the
crystallization of some magmatic minerals in thekrgroundmass.

The examination of polished sections of this sam@eealed numerous
single-phase glassy melt inclusions in quartz pbemsts (Figs. 2a—2d). The
inclusions range from 5—10 to 160—180 um acrosy] aglatively large
inclusions (30—70 um) are most common. Usually, pinenocryst contains from
orne to five inclusions, although one phenocryst with Bomogenous melt
inclusions was also found. In some phenocrysts,dg@meous glass inclusions
coexist with inclusions containing numerous gashbe® (Fig. 2e). In addition to
melt inclusions, an apatite crystal (8—10 pum wida &8 pm long) and an
amphibole crystal (analysis 5 in Table 1) were ob=# in the quartz. The
amphibole composition is close to ferrohastingSiteere is no apparent difference
in the characteristics of melt inclusions in qudrtam the brown (with abundant
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phenocrysts) and greenish gray zones (with raraqargsts) of the sample.

During heating-stage experiments, numerous gas l&sildppeared in all
homogeneous melt inclusions in quartz phenocrystg. (2f). The inclusions
became heterogeneous in 1.5—2.0 h at 60@id 5—10 min at 550—60Q0°
Sometimes, tubular gas bubbles were observed.dn sases, it could be clearly
seen at room temperature that the fluid consistgoid (5— 10 vol %) and gas
(90-95 vol %) phases. A further increase in tenmipeearesulted in the dissolution
of many gas bubbles in the melt, the enlargemenh@fremaining bubbles, and,
eventually, the complete homogenization of theusidns at 820—850°C. During
cooling, the inclusions became heterogeneous a7?6aC.

The electron microprobe analysis of the homogenglasses of melt
inclusions performed by scanning over an area ok 24 um showed that their
composition is uniform (Table 4, inclusions 21—38)d persis-tently enriched in
K relative to Na (KO/NaO averages 1.36). The average content of Cl inrtbik
is 0.21 wt %, and the content of F is lower, 0.14%wv(two determinations). The
low totals of microprobe analyses (93.36 wt %) nralicate a high water content
in the melt (more than 6 wt %). The ion microprelalysis of two melt inclusions
supported this suggestion: the measured water misnege 7.2 and 6.0 wt %
(Table 5, analysis nos. 3 and 4). In this connactibis remarkable that the melt
inclusions of silicic compositions (71.4 wt % $)Chave remained completely
glassy without any traces of devitrification for®2890 Ma.

Numerous microfractures healed by late hydro-thérsmdutions forming
secondary fluid inclusions have been described wégn during the investigation
of quartz phenocrysts in rhyolites from various ioeg of the world. A
distinguishing feature of sample 1119 is the abserisuch fractures in all quartz
phenocrysts. This observation suggests the abséhate hydro-thermal alteration
of rocks in this region. In one quartz phenocrgsprimary fluid inclusion 57 um
in size was observed at a distance of 100 um frédraraogeneous melt inclusion
145 um in size. It consisted of two phases, licand gas. The motion of the gas
bubble was observed in this inclusion at room teatpee owing to variations in
light intensity. During cooling-stage investigationthe liquid phase of this
inclusion froze at —4@, and the gas bubble decreased in size. This iedi¢hat
the liquid phase is an aqueous solution, whoseeasurettion can be estimated from
the temperature of ice melting (—2C3°as 3.7 wt % NaCl eq. During heating, the
homogenization of the fluid inclusion to a liquithgse was observed at 165°
which suggests that the density of the aqueousisolwas as high as 0.93 g/tm
at this temperature.

In order to calculate the solution density at thenmmant of inclusion
entrapment, the thermal expansion and compresgibadi quartz should be
accounted for. These parameters are 4.4% and 1r8%pectively, for the
temperature range from 20 to 8&0and the pressure range from 1 atm to 7.5 kbar
[24]; hence, the real density of the fluid at thement of inclusion formation was
0.91 g/cn. The calculation of fluid pressure for temperasuoé 850 and 70@
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yields 8.3 and 6.5 kbar, respectively. Such higkspure values are similar to our
previous results [25— 30] for the pantelleritestioé¢ Island of Pantelleria, Italy
(2.6-4.3 kbar [25]), ongorhyolites of the Hetsu-Tregion of Mongolia (3.7 kbar
[25]), rhyolites of the Stiavnica caldera in ceht&ovakia (3.3—8.7 kbar [26,
27]), rhyodacites from the Maly Kamenec region astern Slovakia (3.3—9.6
kbar [28]), and andesites of the Stiavnica caldei@ntral Slovakia (5.6—17 kbar
[29, 30]). Primary dense aqueous fluids were atsandl in rhyolite magmatic
melts from New Zealand and Chile [31].

Unusual melt inclusions (Figs. 5a—5f) consistingaajas phase (10—14 vol
%), a transparent colorless glass (85—90 vol %, @are or several opaque black
globules (0.4—1.0 vol %) were observed in quarter@crysts from sample 28.
Eleven melt inclusions with an opaque globule wiexend in one of the quartz
phenocrysts. Despite the variable size of meltusions, the volume proportions
of phases (gas, glass, and globule) were identicall inclusions, which suggests
that the melt was homogeneous at the moment aisioet formation, and the gas
and opagque phases were released after isolatidnnwibe host mineral. The
inclusions range in size from 20 to 88 |am, andléngest globule is 9 um in
diameter. The microprobe analysis of the globutess&d that they are chemically
uniform (Table 1, analysis no. 6) and, in additiordominant FeO (81.2 £ 3.4%),
they always contain SKJ9.9 £ 1.2%), AIO; (2.2 £ 0.6%), CaO, N®, and KO.
The relatively high content of ZnO (0.19 wt %) isteworthy. A characteristic
feature of the iron-oxide globules is high &i©ontent (9.9 wt %), which
distinguishes them from the magnetite compositishich is very poor in SiQ
(0.38 wt %; Table 2, analysis no. 6). The low ahedy total (ten determinations
yielded an average of 94.6 wt %) is probably dught fact that all iron was
calculated as FeO, ignoring the probable occurreicerric iron. The residual
glass of five inclusions shows high contents of Sif®.2 = 1.0 wt %), AO; (17.2
+ 0.5%), and CI (0.29 wt %), low FeO (0.32 + 0.14 %), and considerable
prevalence of KD (6.7 = 0.9%) over N® (3.7 = 0.3 wt %). The high totals of
components in the residual glass analyses (98.97 M %) suggest that only
minor amounts of water could be dissolved in thestm

When the quartz phenocrysts were heated in a ntiopos stage, the opaque
globules were dissolved (Figs. 5f, 5g) within aroar temperature range of
1050—1100¢€, which resulted in a significant increase in tr@nicontent of the
silicate melt from 0.32 in unheated residual glagee0.91 wt % in homogenized
glasses (Table 4, inclusions 37—42). The complaeimdygenization of some
inclusions was reached at 1140%Wwithin 6 h, but, in most cases, even 20-h
annealing at 118@ did not lead to the complete dissolution of the ghase in the
silicate melt. The volume of the remaining gas phasggests that the most
probable homogenization temperatures for thesasmois are 1200-1250?
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Fig. 6. Average compositions of melt inclusions iquartz from the sample of volcanics
from the Kurama mining district. Samples: (1) 682,2) 94, (3) 217, (4) 1119, (5) 98, and (6)

28.

Thus, summarizing the obtained results for inclasidrom sample 28
(spherical shape of opaque globules, stable volpraportions of phases in melt
inclusions of different size, sharp difference lbetw the compositions of the
matrix and globules, stable compositions of thdgles with SiQ contents of up
to 10 wt %, and the high temperatures and narréoerval of globule dissolution),
it can be concluded [32] that liquid immiscibiliphenomena occurred in the high-
temperature silicic magma with the separation oh iroxide-dominated melt
droplets.

Figure 6 shows the average compositions of quartteld melt inclusions
(Tables 3, 4) in the diagrams of SiO vs.,@J, CaO, NaO, KO, CIl, and
K,O/N&O. Despite the compositional variations for eacimga, it can be
concluded that, in general, these comptiens are typical of silicic magmatic
melts. The average composition is as follows (wt ¥2.4 SiQ, 0.06 TiQ, 13.3
Al 03, 0.95 FeO, 0.03 MnO, 0.01 MgO, 0.46 CaO, 3.33\&.16 KO, 0.32 F,
and 0.21 Cl. All compositions show a strong prewede of KO over NaO
(K2O/N&O averages 1.60). The total of components in melusions from five
samples averages 95.3 wt %, which suggests thavéerage water content in the
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melt is probably no lower that 3—4 wt %. The ioncroprobe analysis of melt
inclusions yielded 1.2— 2.8 wt %,8 for sample 217 and 6.0-7.2 wt % for
sample 1119 (Table 5). The analysis of trace elésnarthe melt inclusions (Table
5) revealed high Sn (up to 970 ppm), Rb (up to 196®), Th (19-62, averaging
47 ppm), and U (9—26 ppm, averaging 18 ppm), buy \@v Eu contents (0.01
ppm).

Finally, let us discuss some characteristic fegtuwe the Late Paleozoic
magmatism in the region, which were revealed byiilmugstigations and which, in
our opinion, were favorable for the generation aeselopment of ore-forming
fluid—magma systems responsible for the formatibpavphyritic and epithermal
ore mineralization with a polymetallic (Au, Ag, CBbp, Zn, Sn, Mo, Bi, and Te)
geochemical signature. First, the high contentlmfifcomponents in the magma
should be pointed out. It was favorable for theuocence of liquid immiscibility
and separation from the silicate magma of concesutrahloride brines (melts),
which concentrated many metals involved in ore ftram [33]. The high contents
of fluid components in the magmas resulted in thdevwoccurrence of explosive
volcanism during that period in the region with feemation of tremendous vol-
umes of ignimbrites, tuffs, and diatremes accongzhiy the fluidization of the
volcanic country rocks. Since the main epithermapasits of this region are
confined to the areas where these rocks occur, dneyf special interest for the
interpretation of relationships between ore mineatibn and magmatism. The
second important conclusion is based on the findmag the melt of granite
porphyry (sample 217) is very rich in Sn (967 ppm)9260 ppm), and Rb (1060
ppm) and contains significant amounts of Mo (5 pgfrgble 5). These data are
indicative of a distinct metallogenic signaturetlod magmatic melt with respect to
Sn and Mo, its elevated K-dominated alkalinityy@¥Na0 = 1.50), and high F and
Cl contents in it. It is remarkable that such a boration of peculiar compositional
features was not detected in any of the other sssrgilidied. Taking into account
that Sn and Mo are typomorphic elements of thepbyritic—epithermal ore-
bearing systems of the region [34], the obtaineda dsuggest that F-rich
porphyritic granites of elevated alkalinity simikarthe granite porphyries from the
upper reaches of the Paraksai River could initla¢eactivity of such systems and
serve as sources of ore components for mineralthgrsolutions.
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ABSTRACT

The closely spaced black cluster microinclusiongh@ centre of the ten Yakutian
diamonds (Komsomolskaya, Internatsionalnaya angk8yskaya kimberlite pipes) have
been investigated by FIB/TEM method (electron diffron, HRTEM, AEM, HAADF,
EELS). They have been divided into three groupscathbonate-silicate-oxide assemblages,
represented byheterogeneous amorphous materiahearin F, O, Fe, Mg, Al, Si, Ca, S,
with a great number of nanocrystals over 10-15 nnsize and open pores that probably
contained volatiles prior to the extraction of tfwdl. Among the crystalline phases are
magnetite, omphacite (high Jd-component), sellag@phite, periclase and corundum
established electron diffraction patterns and cbhamitomposition. 2) Oriented graphite -
sulfide intergrowths and sulfide inclusions, allvdfich are homogenous in composition and
contain fluid bubbles. 3) multiple graphite incluss, which trapped fluid/melt inclusions,
which consist of a several phases (silicates, et#gn silica, carbonates, sulfides and
quenched material, enriched in F, K, CI, Nb, B3, $he mineral assemblages located in the
central zones of Yakutian diamonds indicate thay threw in a reduced environment [2],
with oxygen fugacity controlled by a carbonate nighlt that was highly enriched in LIL (K,
Ba, Sr) and HFSE (Nb, Ti) elements. This fluid atsoried a carbonatitic component along
with immiscible sulfide melts. The introduction dfuid into a reduced refractory
environment may have been accompanied by a thepmiaké, and may have created the
conditions necessary for the nucleation and grafttiamond. The complex character and
composition of nanometer sized inclusions in diadhtestify to the significant role of deep
metasomatic processes in diamonds formation.

INTRODUCTION

Syngenetic inclusions of minerals, melts, and 8uid natural diamonds
suggest a complicated multicomponent diamond-prioduenvironment, which is
formed in the Earth’s mantle. Despite many yearmwferalogical studies of the
matter entrapped by diamonds during their growth T1 19, 21, 24] the
composition of the diamond-producing melt is gstillestionable. More sensitive
and modern equipment, more careful matching oktrelable mineralogical data,
and coordinated experiments provide a new levahadstigation. The progress in
understanding is obvious from the recent publicatb new results dealing with
media of diamond crystallization [11, 12, 16, 28].2mportant information comes
from studying not only the bulk composition of tlhigamond crystallization
medium but also the relationship between particydaases. Aggregates of
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inclusions within the cores of diamond crystals e the most valuable
information because they are related to the earlgsages of diamond
crystallization. Two types of such inclusions aezagnized: cloudy and black
cluster inclusions. Cloudy zones are populated lioms of nanometer-sized
inclusions. These inclusions in cloudy diamondsnfrihe Internatsionalnaya and
Yubileinaya pipes (Yakutia) have been studied itaillby Logvinova et al. [16]. It
has been shown that such inclusions are syngenptbymineralic aggregates
composed of silicates, oxides, carbonates, haléshles of fluid, and amorphous
residues, with Mg, Fe, K, CI, Si, and Ca being prathant. Klein- BenDavid et al.
[12] examined the phase relationships in Canadimudy diamonds. Black
clusters are distinguished by a set of phases aedtight accumulations of
graphite, sulfide, and fluid microinclusions. A sificant study was that of Fesq et
al. [5] who examined several hundred diamonds usiegitron activation
techniques. These authors revealed that most didgnoontain submicroscopic
material, possibly in the form of a quenched orgemture re-equlibrated melt,
from which the diamond formed. Furthermore, theyieved that there was
sufficient evidence to argue that H20-CO2 fluidsaedl as Fe-Ni-Co-Cu sulfides
were present in these microinclusions. Bulanovaalet[2] investigated black
clusters of heterogeneous material in the centeparidotitic diamond and
identified native iron, wustite, and graphite. Kg,®Ag, and Al were present in the
areas consisting only of graphite. Using X-rayclen diffraction, and qualitative
electron microprobe techniques, J.W. Harris [8jhideed this black material as
graphite, pyrrhotite and pentlandite

New high-resolution imaging devices allowed us ®&edmine the phase
composition of central black aggregates as welltresr dimensions and the
relationships of particular phases representedximes, halides, graphite, sulfides,
silicates, fluids phase, and polycrystalline nant@meized material. All these
inclusions were entrapped at the earliest stagesdiainond crystallization;
therefore. They vyield important information relevafor determining the
composition of the melt/fluid from which the diantbwas crystallized. We report
here new data on the composition and phase resiiios of black clusters from
the diamond’s core obtained by transmission elaatn@roscopy (TEM).

SAMPLES AND METHODS

We examined ten diamonds with aggregates of blaatemal in the central
zone of the crystal from three pipes of the YakutiBiamond Province
(Komsomolskaya, Internatsionalnaya and Sytykanskgyes). Seven samples are
colorless crystals of octahedral habit, and three yellow cubo-octahedral
diamonds.

Preliminary identification of inclusions in the sker zones was performed on
a scanning electron microscope LEO-1430 VP equippddan energy dispersion
X-ray spectrometer. The diamond samples were exaiminy the method of
transmission electron microscopy (TEM) using thehteques of electron
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diffraction (SAED), high-resolution electron micoopy (HREM), electron energy
loss spectroscopy (EELS), and analytical electroicroacopy (AEM). This
combination of methods provided information on tingstallography (at the level
of the unit cell) and the chemical composition blapes as small as 5 nm. The
phases were visualized by means of bright field) (Bfages. Qualitative analysis
for F and carbonate was performed by EELS. Integilalistances, dhkl, were
determined by SAED and HREM.

TEM samples were prepared by ion thinning to fill@®-200 A wide using a
focused ion beam (FIB) [25]. Infrared absorptipectra were obtained by means
of a Bruker VERTEX 70 Fourier spectrometer with ¥ HERION 2000 IR
microscope. They showed the distribution patterns mhitrogen, hydrogen,
carbonate, and silicate inclusions within the s@nBpectra with an aperture of 50
micrometers were recorded for diamonds in the ran§@0-750 crii with a
resolution of 2 c.

RESULTS

On the basis of their included mineral phasesthalsamples were divided
into three groups: crystals with silicate — carlieraoxide inclusion assemblages;
crystals with nanometer-sized inclusions of sulidund in intergrowths with
graphite, and crystals with numerous nanometedsizelusions of graphite and
fluid. The most typical samples are consideredeitaitiin this paper.

1. IR

Infrared absorption spectra were from all diamordstaining clusters of
black inclusions in the central zone. Diamonds fitben Komsomolskaya pipe are
characterized by nitrogen that is present bothénldw aggregated A and in higher
aggregated B centers in virtually equal amount# e total content of nitrogen
in the marginal zone (rim) exceeding that in theec@?20 - 290 ppm). However,
the degree of nitrogen aggregation throughout tistal is nearly the same (46 —
54 %B). Infrared absorption characteristics supplogt presence of a significant
content of hydrogen in the black cluster zone biralestigated Komsomolskaya
diamonds (6,9 -7,2 ci). In the rest of the studied diamonds nitrogeo alscurs
in two forms but the core is richer in nitrogena®ionds containing only graphite
inclusions along with fluid entrapped in the praced growth display a drastic
change in nitrogen aggregation degree from 16 &t680, manifest as significant
increase in nitrogen amount in B aggregation.

2. TEM
2.1 Silicate-carbonate-oxide assemblages
Three FIB foils were cut from different locationsthe black central zone of

the Komsomolskaya diamond. TEM investigation dfodlthese foils shows that
this area consists of heterogeneous amorphous iatateth a great number of
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nanocrystals over 10-15 nm in size and open pdnas probably contained
volatiles prior to the extraction of the foil (Figl). Twenty mono - and
polymineralic nanometer-sized inclusions foundthe black cluster zone have

Fig. 1.(A): Backscattered electron (BSE) image of the btk cluster zone in the centre of
Komsomolskaya diamond; (B): TEM image of the diamod foil, showing the block-formed
zone of diamond (I) contained the heterogeneous nagrystalline inclusions, which are
reflecting diamond-host habit (B, D), which are corposed of Mg, Al, F, O-bearing phases
(B) and magnetite nanocrystals (D).

been examined in this sample. Most of them are thvadpa faceted (Fig. 1 C, D),
which permits their identification as syngeneticrelation to the diamond. The
main phases were identified by microanalysis amdtedn diffraction. They are
high-Al pyroxene, Ca-, Mg-, Fe - carbonate, Sr-&med carbonate, graphite,
magnetite and an unidentified high-Mg Al-bearindicaie (Fig. 2). Similar
inclusions were found by Bulanova et al.(1998). BAM analysis gave only the
bulk composition, including SiOhigh FeO content, MgO, CaO,®, some Ba, P,
Cl and in the areas of native iron and wustite,lsommtents of Si, Mg, and Al.
Quenched F, S, K, ClI — bearing phases has beem fiouthis diamond. On
the basis of EDX spectra, element maps, and eftediffraction data, we have
identified magnetite, corundum and sellaite amomg manometre-sized phases
within heterogeneous material. Magnetite is alss@nt as crystals over 50 nm in
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size. It should be noted that magnetite is onehef most common phase here.
Sellaite is more difficult to confirm. To identifyis phase we used an elemental
map of the inclusions, which records a $pkectrum pixel by pixel, allowing

Fig. 2. TEM image of the diamond foil, showing crystallinephases inside black cluster zone
(A): graphite (B); omphacite (C). (D): High resoluion image of omphacite structure.
(I): EDX spectra of high-Mg Al-bearing silicate phase (not identified).
Ga intensity in the spectra is due to FIB preparatin and Cu intensity is due to x-ray
intensity from copper grid.

subsequent evaluation of the maps on a pixel bgldmsis. Such a procedure
reveals that there are regions showing high F ctraions combined only with
Mg. An electron energy-loss spectrum shows therithéoK-edge and indicates the
presence of fluorine in the composition of studieclusion. Summarizing all of
the data (AEM and EELS data, diffraction patterm atement map) we have
determined this F-bearing phase as sellaite. Bhika first observation of such a
halide phase among the central inclusions in di@mA&morphous carbon has been
found in heterogeneous material. It was identifiesing electron energy-loss
spectroscopy. In paragenesis with nanoinclusionsfaumd several pyroxene-
inclusions, which have an unusual composition caegbavith typical omphacites
included in diamonds. It contains very high,@d (17,5-18,3 wt.%) along with
high SiQ, making it similar to the pyroxenes found in kyarbearing eclogite and
grospydite xenoliths in Zagadochnaya kimberlitesd@1].
2.2 Sulfide-graphite intergrowths
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In Internatsionalnaya diamond we found orientedrgrowths of sulfide and
graphite (Fig. 3), all of which are homogenous heit chemistry. These
intergrowths also contain fluid bubbles. Thesmeral are accompanied by

~ Graphite: drw 3.40 A (0002)
Sulfide: i 3.04 A (1122)

FFT of graphite + sulfide

sulfide

Fig. 3. (A,C): TEM bright field (BF) images of a sulfide— graphite intergrowths observed
in the black cluster zone of Internatsionalnaya dienond. (B): Energy filtered TEM lattice
fringe image of sulfide - graphite inclusion. Dottd line marks the boundary between two
phases. (D): Energy filtered TEM lattice fringe imaye of graphite inclusion (diffraction
pattern from fast Fourier transform FFT).

pyrrhotite or monosulfide solid solution (Mss) —Imd&ll of them are reflecting
the diamond habit and coexist with multiple ompteanicroinclusions. This is
proof that the mineral association in this diamamaoncerned to eclogitic type
occurring in the deep lithosphere. EDX spectraheke sulfide inclusions show the
high iron content (more than Ni) and relatively higCo content. Such
compositions have not been observed in large sulfidlusions extracted from
diamonds [4, 27] or in micrometer-sized sulfide luswons [2, 10]. From the
homogenous chemical composition data and diffracpattern we assume, that
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these sulfide inclusions represent the first oket@wm of monosulfide solid
solution inclusions of eclogitic type.

2.3 Graphite inclusions

In the central zone of three octahedral diamondtaty from Sytykanskaya
and Internatsionalnaya pipes the main crystallimesps were found to be graphite,
plus trapped fluid/ melt inclusions (silicates, felds, magnetite, carbonates and
guenched material, enriched in K, Cl, F, Ba, Nh,SrMg, O). These fluid phases
are present only in the areas consisting of grapMftany dislocations are visible
within and around the black cluster zone.

Fluid/melt inclusions are composed of multi-phasssemblages, which
include solid phases as well as quenched materidigh-Mg silicate-phase,
sulfide, KCI, a Ba-rich phase, magnetite and silive been identified using
analytical electron microscopy. Similar nanomeieed inclusions have been
found in cloudy diamonds from Yakutian [16] andn@dian [9] kimberlitic
bodies.

DISCUSSIONAND CONCLUSION

Information on the general chemical compositiorthef parental medium of
diamond formation comes mostly from analytical stgdof mineral, melt, and
fluid inclusions in diamonds [2, 7, 9, 16, 17, P2, 23, 24, and 28]. Syngenetic
mineral inclusions in diamonds belong either taquite or eclogite parageneses
or transitional a websterite-pyroxenite paragenesssudies of syngenetic
inclusions within cloudy zones of diamonds fronfeliént parageneses shows that
growing diamonds trapped not only minerals but atsoroscopic fragments of
carbonatite melts. These meet from form on coolingy crystalline associations
of carbonates, silicates, phosphates, oxides,dsslfi chloride plus water and
carbon dioxide. Thus the mineralogy of inclusiomgliamonds and, therefore, the
composition of their parental medium are heterogesend widely variable. The
information obtained from inclusions serves as&dfr carrying out experiments
aimed at establishing the composition of the clysttion medium and the
physicochemical conditions of diamond formation.eTbommonest model is
carbonatite (carbonate-silicate). Carbon sustaitineggrowth of diamonds seems
to dissolve in the carbonate-silicate growth medidine problem of its mantle
source is of geochemical importance and has besusied elsewhere [18, 19,
and 26].

However, not only carbonate and carbonate-silicatelts but also
multicomponent silicate compositions and melts wifides are highly efficient
diamond-forming media [14, 15, and 20]. The aburdasf syngenetic inclusions
of sulfides associated with different silicates i¢fly olivine or omphacite
depending on the type of matrix diamond paragehesiggests that a silicate-
sulfide diamond-generating melt is also probable.
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All the black cluster inclusions in Internatsioreya diamonds contain
intergrowths of compositionally homogeneous sulfigeaphite, and fluid. The
sulfides are enriched in Co (about 2 wt. %). Thithe first report of such Co-rich
inclusions in diamond. As omphacite is associateth these inclusions, we
consider it the first finding of sulfide melt indiwns in diamond of eclogite
paragenesis. Though in small amounts, sulfidesali@ present in cloudy central
inclusions [16]. This type of polyphase nanometeed inclusion is dominated by
a carbonate-silicate component.

It is very significant that hydrogen is presentthese associations. Infrared
absorption studies of diamonds show that hydrogetypically present in the
central zones of both peridotitic and eclogiticndeands, but not in the intermediate
or outer zones. In the central zones of Sytykarskamd Internatsionalnaya
diamonds, where multiple nanometer-sized inclusioh®rdered graphite with
fluid phases are found, a higher content of hydnagelso recorded. Lambrecht et
al. [13] suggested that graphite is the first phaserystallize from the melt while
hydrogen provides conditions (hydrogenation) foe flarther crystallization of
diamond. Yet, the effect of hydrogen on diamondjiarihas not been studied in
more detail. It is quite possible that either gitgphvas entrapped as a residual
phase from the melt from which diamond was cryigedl or graphite crystals
could serve as seeds for diamond growth [2]. A Isimview was given by
Glinnemann et al. [6]. Based on their investigation the oriented graphite single-
crystal inclusions in diamond they assumed thatgitaghite crystal was formed
first and served as a seed for the diamond.

Quite a different situation exists for the Komsoshkalya diamonds. Sulfides
are also present in them but are subordinate asdciased with magnetite.
Crystals of ordered graphite are also recorded. slueession of crystallization
can be inferred from the sizes of the crystallimederal phases in the black cluster
zone in Komsomolskaya diamondihe first phases to crystallize were Al-rich
pyroxene and other silicates, carbonates, sulfidesl, magnetite. The residual
partially crystallized, melt contains nanometeediz(about 10 nm) crystalline
phases of magnetite, corundum, sellaite, and jpseacl The components of the
matter included into this diamond imply that thdkbcomposition of the parental
medium for coated diamonds from the Komsomolskagea [ heterogeneous and
can be generally described as the multicomponestesy MgO-CaO-FeO-O-
Al,03-SIO,-CuS-FeS-KCI-MgRCO,-H,0-C, with the eclogite paragenesis being
predominant in all associations of central inclasiof both cloudy and black
cluster zones.

When considering genetic aspects of the meltsyinpoints are important: 1)
The state of the growth medium from the time oppiag to complete sealing of
the inclusion in diamond, with pressure and tenpeeacorresponding to the
conditions of diamond stability; 2) The history tie entrapped and sealed
inclusion from time of trapping to the temperatafeomplete solidification of the
inclusion.
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In our case the growth medium consists of two diarimrming solutions:
carbonate-silicate (carbonatite) and sulfide. Dedmn experimental studies shows
that carbon is dissolved in both types of meet sn¢lt4]. Theirs diamond
solubilities in carbonatite and sulfide melts anéfedent and the degrees of
supersaturation necessary for the spontaneousaltigesion of diamond are also
different. At relatively low carbon supersaturasomhich are unable to cause the
formation of new diamond crystals but may suppbg growth of metastable
diamond seeds already present in the growth enwieom graphite can to be
crystallized spontaneously, and even encapsulatetificlusions. In principle, we
can not rule out that single crystals of thermodmically unstable graphite grow
in a sulfide melt that is highly concentrated, bat saturated in diamond. Another
situation is also possible, when the entrappedidgulmelt contains dissolved
carbon. Carbon remains dissolved in the sulfide onail sulfide is liquid. But the
inclusion parameters pass from the field of diamatability to the graphite
stability field. As carbon does not dissolve inidaulfide, it has no choice but to
separate into an independent phase of stable geaphost likely, it will be in the
form of multiple intergrowths. Moreover, accorditigthe phase diagram of Bundy
et al. [3], graphite can exist as a metastableghader the stable PT conditions of
diamond.

The appearance of graphite-sulfide intergrowthslmaexplained as follows.
If a liquid solution is oversaturated for graphitethe field of its stability, multiple
spontaneous crystallization of graphite may ocaudt these small crystals may
become centers that attract the carbon releasaagdswlidification of the sulfide
solution-melt, thus producing oriented sulfide-dnidg intergrowths. Sulfide melts
are inert components in the growth ofcarbonatea# melt and hardly play any
role in the formation of diamonds from the carbensiticate growth medium.
Nevertheless, sulfide melts themselves are abl@rooluce diamond because
carbon in them dissolves under pressure. Unforéiyathis phenomenon has not
been comprehensively studied yet.

The mineral assemblages located in the centralszoh&akutian diamonds
indicate that they grew in a reduced environmeiitt) wxygen fugacity controlled
by a silicate rich melt, that was highly enrichad.iL (K, Ba, Sr) and HFSE (ND,
Ti) elements. This fluid also carried a carbonattomponent plus immiscible
sulfide melts. The introduction of fluid into a reskd refractory environment may
have been accompanied by a thermal pulse, and may dreated the conditions
necessary for the nucleation and growth of diamdhat. results on the complex
character and composition of nanoinclusions in diadntestify the significant role
of deep metasomatic processes in diamonds formation
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ABSTRACT

Melt inclusions were examined in phenocrysts inaliasandesite, dacite, and
rhyodacite from the Karymskii volcanic center inrdghatka and dacite form Golovnina
volcano in Kunashir Island, Kuriles. The inclusiomsre examined by homogenization and
by analyzing glasses in more than 80 inclusionsaonelectron microscope and ion
microprobe. The Si©concentrations in the melt inclusions in plagieelgphenocrysts from
basalts from the Karymskii volcanic center varynird7.4 to 57.1 wt %, these values for
inclusions in plagioclase phenocrysts from andssitee 55.7-67.1 wt %, in plagioclase
phenaocrysts from the dacites and rhyodacites a@Bh1 wt %, and those in quartz in the
rhyodacites are 72.2-75.7 wt %. The gi€@ncentrations in melt inclusions in quartz from
dacites from Golovnina volcano range from 70.2 07wt %. The basaltic melts are
characterized by usual concentrations of major amapts (wt %): Ti@= 0.7-1.3, FeO =
6.8-11.4, MgO = 2.3-6.1, CaO = 6.7-10.8, argDK= 0.4-1.7; but these rocks are notably
enriched in NgO (2.9-7.4 wt % at an average of 5.1 wt %, with thighest NgO
concentration detected in the most basic melts; Si@d7.4-52.0 wt %. The concentrations of
volatiles in the basic melts are 1.6 wt % faxH0.14 wt % for S, 0.09 wt % for Cl, and 50
ppm for F. The andesite melts are characterizeligdy concentrations (wt %) of FeO (6.5
on average), CaO (5.2), and CI (0.26) at usualemations of NzD (4.5), KO (2.1), and S
(0.07). High water concentrations were determimethé dacite and rhyodacite melts: from
0.9 to 7.3 wt % (average of 15 analyses equals/4%). The Cl concentration in these melts
is 0.15 wt %, and those of F and S are 0.06 antl @t0%, respectively. Melt inclusions in
quartz from the dacites of Golovnina volcano as® aich in water: they contain from 5.0 to
6.7 wt % (average 5.6 wt %). The comparison of melnpositions from the Karymskii
volcanic center and previously studied melts froezBnyannyi and Shiveluch volcanoes
revealed their significant differences. The forraez more basic, are enriched in Ti, Fe, Mg,
Ca, Na, and P but significantly depleted in K. Tingts of the Karymskii volcanic center are
most probably less differentiated than the meltB8edymyannyi and Shiveluch volcanoes. The
concentrations of water and 20 trace elements werasured in the glasses of 22 melt
inclusions in plagioclase and quartz from our sasmpUnusually high values were obtained
for Li concentrations (along with high Na concetinas) in the basaltic melts from the
Karymskii volcanic center: from 118 to 1750 ppm,endas the dacite and rhyolite melts
contain 25 ppm Li on average. The rhyolite melt&ofovnina volcano are much poorer in Li:
1.4 ppm on average. The melts of the Karymskii aic center are characterized by relative
minima at Nb and Ti and maxima at B and K, aspsgciyl of arc magmas.
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Fig. 1.Satellite image of the central part of the Karymsk volcanic center. Dashed lines
outline calderas, AN is the volcano and caldera gfkademii Nauk (the caldera houses Lake
Karymskoe). The oval in the northern part of the image outlines the Stena-Sobolinaya
caldera system.

INTRODUCTION

The Karymskii volcanic center in the southwestéankk of the central part of
the Eastern Volcanic Belt in Kamchatka has size$%{65 km and is slightly
elongated northeastward, along the strike of thieavoc belt. The Karymskii
volcanic center has a complicated structure (Fljgardd consists of numerous
volcanic edifices of differentiated composition amderies of caldera structures,
which dynamically evolved starting in the Pliocd@&, 12, 9, 18, 2 and others).
The development of the calderas (Stena, Sobolinagd, Polovinka calderas)
began in the Middle Pleistocene 180-150 ka BP E&) was associated with
powerful eruptions of pyroclastic material of intexdiate and acid composition
~280 kn? in volume, which corresponds to ~100 kmhen recalculated into
magma [7. 8]. After the origin of the middle Pleistne calderas, volcanic activity
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was restricted exclusively to them. During this dilmpan in the initial Late
Pleistocene, such volcanoes were formed as Odnplokor, Pra-Semy-achik,

and Pra-Karymskii. Their lavas were of predominarasalt, basaltic andesite,
and andesite composition. The volume of the pradeaipted during that period
was estimated at 80 Rnf28]. Younger calderas developed later on som¢hef

volcanoes (Odnobokaya and Malyi Semyachik), thew melcanoes (Akademii

Nauk and Malyi Semyachik) started to form withiresk calderas in the Late
Pleistocene, and eventually new calderas were psatAkademii Nauk and
Karymskaya). Volcanism in the Late Pleistocene-idei® produced

compositionally more diverse products of variousda types.

The inner structure, tectonics, eruption dynamibg petrography of the
magmatic rocks, and their possible genetic linkgewgiscussed in numerous
publications. However, data on the chemical contmosiof the magmatic melts
that formed the Karymskii center and on their \itdaand trace components are
still scarce. However, the genesis of the rocksrande gereral problems of the
regional magmatic history cannot be studied congmsively enough without this
information. Because of this, our research waseredton the detailed study of
melt inclusions in minerals from compositionallywelise rocks (from basalts to
rhyo-dacites) to elucidate the chemical compositibthe magmatic melts and the
possible genetic relations between magmatic rotkamous silicity. The first data
of these studies were published in [25]. In ordercompare our results on the
chemical composition of melts of the Karymskii vardac center, we also studied
inclusions in quartz crystals from dacites of Galiona volcano in Kunashir Island.

BRIEF PETROGRAPHIC CHARACTERIZATION OF THE
KARYMSKII VOLCANIC CENTER

The Karymskii volcanic center started to attracsel attention of researchers
after eruptions in it in 1996. These eruptions wararacterized by simultaneous
activity at two sites, so that the melts simultarsdp poured at the surface had an
intermediate and basic composition. The eruptiatgss can be subdivided into
three stages. During the first of them (on Jan2aBy 1996), two volcanic centers
spaced 6 km apart erupted: the summit crater ofyrdskii volcano and the
northern segment of Lake Karymskoe, which is thedémii Nauk caldera [2].
The main crater was characterized by a continuscsrd of a gas-ash column to a
height of 500-1200 m. The dark trail of the ascegdiolumn extended southward
for up to 50-70 km, and tephra continuously febbnir it. At the same time,
subaquatic eruptions of basalt occurred in Lakeyiakoe from the eruption
center at a distance of 500 m fromm g&hore [9]. Powerful discrete
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Table 1.

Chemical composition (wt %) of rocks and groundmas glasses in rocks from the Karymskii
volcanic center

Compo [K-2 K-4 K-63 |K-41 |K-35 |K-31 |K-23 |K-2a |K-4a |K-63a
nent

SiO2 52.00 | 62.45| 62.05| 64.80 | 65.41 | 66.32 | 69.00 | 66.59 | 74.80 | 75.28
TiO2 073 | 092 | 088 | 0.72 | 0.56 | 0.38 | 043 | 0.50 | 1.06 | 0.83
Al203 | 19.21| 16.27 | 16.60 | 16.00 | 16.39 | 14.99 | 14.35| 12.62 | 12.62 | 12.46
Fe203 - - - 1.79 | 277 | 1.19 | 1.26 - - -
FeO 8.30* | 6.58* | 6.95* | 3.45 | 2.27 | 227 | 194 | 1.78* | 3.59* | 3.14*
MnO 0.14 | 015 | 0.12 | 0.18 | 0.16 | 0.03 | 0.16 | 0.06 | 0.10 | 0.11
MgO 534 | 2.01 2.0 162 | 0.940| 094 | 094 | 0.23 | 0.18 | 0.49
CaOo 1047 | 538 | 539 | 3.90 | 441 | 3.28 | 1.76 | 465 | 0.92 | 0.94
Na20 | 2.80 | 452 | 408 | 3.72 | 412 | 391 | 366 | 576 | 1.88 | 1.77
K20 058 | 157 | 158 | 1.86 | 1.48 | 198 | 246 | 164 | 3.50 | 3.44
P205 0.14 | 0.26 | 0.25 | 0.03 | 0.19 | 0.09 | 0.06 - - -
LOI - - - 240 | 1.48 | 410 | 3.80 - - -
Total 99.71|100.11(99.8210 100.47| 100.4 | 99.48 | 99.82 | 100.73| 98.65 | 98.46

Note: Here and in Tables 2-5, sample K-2 is basalthef 1996 eruption, Novogodnii peninsula,
Akademii Nauk caldera; samples K-4 and K-63 areeaiteés from lava flows of the 1996 and 1997
eruption from the summit crater of Karymskii voloasample K-41 is dacite from the eastern wallhef t
Odnobokaya caldera; sample K-35 is tuff of dadtienposition from the western wall of the Polovinka
caldera; sample K-31 is pumice of dacitic compositirom the left-hand bank of the Karymskaya River
eastern wall of the Karymskaya caldera; sample KR2pumice of rhyodacitic composition from the
eastern slope of Akademii Nauk volcano; and samigi@a, K-4a, and K-63a are groundmass glasses of
the respective samples. * is total iron.

Table 2.

Representative analyses (w%) of plagioclase in rks from the Karymskii volcanic center

Compo{K-41 [K-2 [K2 [K4 [K63 |K-41 [K41 |K-31 |K-23 K-35
nent

Si02 | 45.00 | 44.79 | 47.64 | 47.58 | 52.85 | 53.39 | 58.266| 58.26 | 60.40 | 62.15
AlI203 | 33.02 | 34.35| 33.66 | 31.65 | 30.47 | 28.03 | 24.99 | 24.74 | 23.54 | 21.59
FeO 055 | 062 | 059 | 0.75 | 0.66 | 0.440| 0.35 | 0.44 | 0.33 | 0.07
CaO | 19.29| 18.09 | 17.10| 13.1 | 1451 | 13.13| 9.92 | 965 | 7.36 | 5.31
Na20 | 0.82 | 099 | 156 | 2.65 | 3.36 | 425 | 6.15 | 583 | 7.42 | 8.22
K20 0.01 | 003 | 001 | 008 | 011 | 010 | 0.20 | 0.25 | 0.36 | 0.93
Total | 98.69 | 98.87 | 100.56| 100.12| 98.04 | 99.30 | 99.27 | 99.17 | 99.41 | 98.27
An 927 | 90.8 | 858 | 781 | 70.0 | 62.7 | 46.6 | 47.1 | 34.7 | 245
Ab 72 | 90 | 141 | 215 | 294 | 367 | 523 | 515 | 63.3 | 69.9
or 01 | 02 | 01 | 04 | 06 | 06 | 11 | 14 | 20 | 52
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Table 3.
Representative analyses (w%) of pyroxenes in rockeom the Karymskii volcanic center

Compo |K-2 K-63 |K-63 |K-4 K-41 |K-41 |K-35 |K-35 |K-23 |K-31
nent
SiO2 53.5¢ | 52.3¢ | 52.0¢ | 50.7€¢ | 52.57 | 52.57 | 51.97 | 52.97 | 53.1z | 52.4¢
TiO2 049 | 034 | 053 | 063 | 0.21 | 0.16 | 0.10 | 0.13 | 0.10 | 0.26
Al203 | 1.33 | 111 | 154 | 188 | 126 | 087 | 0.35 | 0.74 | 0.40 | 0.89
FeO 19.55| 20.37 | 10.94 | 10.40 |11.6321] 11.63 | 21.39 | 8.96 | 22.95| 10.62
MnO 044 | 071 | 049 | 049 | 059 | 044 | 149 | 058 | 148 | 040
MgO 20.80 | 23.24| 14.75| 13.89 | 23.74 | 13.63 | 2292 | 14.11 | 21.30 | 13.83
CaO 224 | 192 | 19.78 | 2098 | 1.69 | 20.36 | 1.11 | 21.88| 1.02 | 20.44
Na20 0.13 | 000 | 035 | 0.31 | 0.00 | 0.150 | 0.00 | 0.15 | 0.00 | 0.29

Total 98.56 | 100.04| 100.46| 99.34 | 100.53| 99.82 | 99.33 | 99.52 | 100.37| 99.21

Fs 32.¢ 31.7 17.5 16.¢ 30.4 18.¢ 33.¢ 14.£ 36.¢ 17.c
En 623 | 645 | 420 | 399 | 66.2 | 39.2 | 642 | 405 | 61.0 | 40.1
Wo 4.8 3.8 40.5 | 433 3.4 42.0 2.2 45.1 2.1 42.6

phreatomagmatic explosions occurred one after anatith time intervals of 10-
15 min, and vapor-gas ejecta with ash rose to ghhaif a few kilometers. The
most powerful explosions ejected numerous bombd tla@ waves induced in the
lake reached a height of 10 m. During the firsgstaf the eruption, Novogodnii
Peninsula (0.7 kfin area) was formed in Lake Karymskoe.

Table 4.
Representative analyses (w%) of ore minerals in r&s from the Karymskii volcanic center

Compo |K-2 K-63 |K-4 K-4 K-41 |K-41 |K-35 |K-31 |K-31 |K-23
nent
FeQ 52.28 |78.0¢ |78.0t |92.9C |52.0¢ |85.6: |55.31 |55.5:z [86.2¢ |85.6(
TiO2 |40.1: |11.8C |12.87 |3.17% 43.61 |10.1¢ |40.7z |40.5z |9.2¢ 8.8¢
Al203 |0.4 3.2¢ 3.3t 1.3C 0.4z 2.14 0.0t 0.3¢ 1.5¢ 1.5¢4
MnO |0.2€ 0.4t 0.4z 0.4t 0.09C |0.4¢ 0.7¢ 0.0¢ 0.0<4 0.61
MgO |3.1¢ 2.6¢ 2.691 |2.101 |2.8€ 1.6¢ 2.1C 1.8¢ 1.4C 0.5¢
CaO |0.04 0.1z |0.0¢ 0.0¢ - - - - - -
Si02 |0.03 |0.18 |0.06 |0.19 |-

Total |96.35 |96.60 (96.72 |99.18 |99.64 |100.09 |97.22 |98.32 |98.55 |97.22

The second stage of the eruption on January 4998, Wwas characterized by
eruptive activity only at the summit crater of Karskii volcano, with a much
lower frequency of the explosions. The height & #ecta was 500-900 m, and
ash trails extended for 50-60 km, mostly in the texes and eastern directions.
During the third stage (from January 13, 1996,lyrasent), a series of lava flows
was erupted from the main crater of Karymskii valzaThe length of the thickest
of them reached 1.5 km, and the height of its &ibptart was 25 m. The lava
eruptions were associated with explosions. The wgpe ejecta loaded with ash
rose to heights from 100 to 500-600 m and prodwregtion clouds. During the
most powerful explosions (250 m and more), theadoparts persistently included
bombs 1-2 m in diameter, occasionally up to 4-5.8].|
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We examined three samples selected from among godbi the 1996-1997
eruption, whose composition is reported in Tablelie first sample (K-2) is a
basaltic volcanic bomb from Novogodnii Peninsutaisla black porous vitreous
rock with numerous plagio-clase phenocrysts On38in size. The composition
of the phenocrysts varies fromng,.go in cores toAnsg, in marginal parts. The
composition of plagioclase with abundant melt isaas is shown in Table 2. The
oliv-ine (Fos3.77) and pyroxenes (orthopyroxene and cli-nopyroxendjlera)
occur more rarely. The accessory minerals of thealbare apatite and an ore
mineral. The former was found as crystalline inidos and the latter as both
crystalline inclusions and microlites (Table 4).

The other two samples (K-4 and K-63, Tabled) are andesite from lava
flows from the summit crater of Karymskii volcanithe samples were taken in a
hot state on September 22, 1996, and August 197, 1@3pectively. These are
weakly porous dark gray rocks with 30-35 vol % pbawgsts. Their major rock-
forming mineral is plagioclase, which accounts 85% of all phenocrysts. The
plagioclase occurs as grains of various sizes, wihe of them (even large
phenocrysts) showing resorption zones. The composif the plagioclase ranges
from Angs to Ans,. The mafic minerals are orthopyroxene, clinopyroxemel rare
olivine, which displays reaction relations with tphgroxenes. The groundmass
consists of glass and microlites of plagioclasepypgne, and an ore mineral.

Karymskii volcano is spatially restricted to thentral part of the Karymskii
caldera, which was produced by a catastrophic ewmo eruption of Pra-
Karymskii volcano at 7600-7700 years BP [28]. Theoplastic deposits related to
its origin consist of pumice tuffs of dacite compios (sample K-31, Tables 1-4).
Pumice fragments of beige color have psephitic gglanerated sizes, are
submerged in finegrained material, and sometimegpose strata with numerous
pumice lapilli. The other samples examined in tbherse of this research were
from pyroclastic deposits form the southern sedbirthe Karymskii volcanic
center consisting of three calderas telescopicaflgted in one another. The
Polovinka caldera is the oldest. The bulk of itsgojastic deposits (close to 42
km®) consists of agglomerated ash-pumice tuffs of dagite and dacite
composition (sample K-35, Tables 1-4). Later, Odiknibvolcano was formed in
the Polovinka caldera, and the lavas of this valcemmpletely filled the caldera.
The evolutionary history of the volcano involvedotvepisodes of catastrophic
explosive eruptions with a period of volcanic agyivin between. These process
formed the Odnobokaya caldera at 110-80 ka [28]. 96e pyroclastic flows
consist mostly of ash-pumice tuffs and are zonaith wvtheir composition
systematically varying from rhyodacite in the battof the flows to dacite in their
upper parts. The pumice tuffs (sample K-41, Talld$ consist of angular pumice
fragments of psephitic and agglomerate size subeddrgfiner grained material.
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The pumices are dense, finely porous and have bwiggay color. They
contain 10-20 vol % crystalline phase.

In the Late Pleistocene, Akademii Nauk volcano wasmed near the
southern boundary of the Odnobokaya caldera. Thecfastic deposits of an
explosive eruption of this volcano consist of aggoate pumice tuffs of
rhyodacite composition (sample K-23, Tables 1-4) eover the southern slopes of
the volcano. The tuffs are white, their pumice magts are no larger than 5-10
cm, and their porosity is approximately 30-50%. Tingper portions of the
stratigraphic sequences are rewashed, which siggtpegtthe tuffs were deposited
in a lake. There is still no consensus about theegje of the Akademii Nauk
caldera in its modern form because it does notavonsignificant volumes of
pyroclastic deposits related to its origin. It®ught that the caldera was formed
in the Late Pleistocene-Early Holocene as a coresexmuof basaltic eruption in the
zone of the submeridional fault in the northernt par Lake Karymskoe. This
eruption was similar to the event in 1996. Basg#ations into the bottom part of
the upper crustal chamber resulted in the mobitinabf acid melt in it and a
nearly synchronous eruption at Akademii Nauk votcats destruction, and the
collapse of the walls of the already existing Odri@ya caldera. The thorough
investigation of the pyroclastic deposits relatedalderas in the southern sector of
the Karymskii volcanic center has demonstrated tbasaltic tephra strata
(sometimes in association with weakly compactefs}Hre quite common in them
starting in the terminal Middle Pleistocene deposlthis suggests that the events
analogous to the 1996 eruption also occurred is dnea previously [5, 6]. The
basaltic tephra of the Late Pleistocene and Ho@&rnptions composes terraces
along the northern shore of Lake Karymskoe this lile Akademii Nauk caldera.

Phenocrysts in the pyroclastic deposits are pléagec orthopyroxene,
clinopyroxene, and ore minerals, whose compositioasften reflect the
unequilibrated state of the melt during its cry&ation. The early products in
each caldera contain hornblende, and the earliggtomerated tuffs of the
Polovinka caldera contain quartz and biotite. Atiddive feature of the
pyroclastic deposits of the Odnobokaya calder&aspresence of holocrystalline
clusters (perhaps, cumulates). The pumice aggldeteraffs of the first stage
contain these clusters composed of plagioclasgmjiroxene, and titanomagnetite
that form poikilophitic intergrowth textures. Th&ssociation sometimes also
contains high-Al hornblende. The second-stage taffd ignimbrites typically
contain olivine-anorth-ite nodules and their crijsta fragments, which are very
unevenly distributed in the rocks. The agglomeratdf$ of andesite composition
bear olivine microphenocrysts with skeletal growatituctures.

Plagioclase dominates in all types of the pyrowad¢posits. Its phenocrysts
range from 0.6 to 1.5 mm in size and occasion&ifch 2-3 mm. The composition
of the plagioclase is determined mostly by the ocosiipn of the pyroclastic
deposits. For example, the rhyodacite pumice tafés dominated by oligoclase-
andesine Anys.4), and the predominant plagioclase of the dadaitifstis andesine
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(Ang5). Some of the phenocrysts contain corroded calores Ans,ss more
rarely An;s.gg). The plagioclase contains melt inclusions, apaaihd, more rarely,
magnetite and ilmenite. The holocrystalline aggregaare dominated by
bytownite-anorthitg/Anss.99. The basaltic tephra contains plagioclase phenocryst
of bytownite composition Angs ¢0) with crystalline inclusions of clinopyroxene
and melt inclusions. The marginal zones of thesagiptlase grains are
characterized by a progressive decrease in thethsteorconcentration and
corresponds tAngs g6

The mafic minerals of all of the pyroclastic dep®sare dominated by
orthopyroxene and clinopyroxene. They were foundhm form of phenocrysts
(0.6-1.5 mm), microphenocrysts (100-300 um), aymoieralic aggregates, and,
more rarely, as crystalline inclusions in other enals. The pyroxenes contain
crystalline inclusions of magnetite, ilmenite, ajgatand rare plagioclase, along
with melt inclusions. Amphibole occurs in the egrhpducts of each caldera in the
southern sector of the Karymskii volcanic centdrede minerals occur as black
elongated columnar crystals from 1.5 to 2.5 mm IoAge crystals are euhedral
and are not altered. Hornblende in the rhyodacuenipe deposits of the
Odnobokaya caldera and Akademii Nauk volcano amspositionally similar and
correspond to moderately aluminous (6.0-8.0 wt %OAI ordinary hornblende.
The phenocrysts contain crystalline inclusionstahbmagnetite, ilmenite, apatite,
and occasional plagioclasar,.49), as well as melt inclusions. The pumice tuffs
of the Odnobokaya caldera sometimes contain alwmsinamphibole (9-11,
occasionally up to 12-13 Wb Al,O3). Biotite is the only mafic mineral in the most
evolved rocks, namely, in the tuffs and ignimbritgjected early during the
development of the Polovinka caldera.

The ore minerals are titanomagnetite and ilmemtese contents vary from
a few fractions of a percent to 1.5-2.0%. Theirteats are the lowest in the pyro-
clastics of rhyodacite composition and are muclnéngn the dacitic rocks. They
occur as crystalline inclusions in pyroxene and laibbgde phenocrysts (and, more
rarely, also in plagioclase and quartz) and asrpioigralic aggregates. The sizes
of the phenocrysts vary from 100 to 300 um , anosehof the crystalline
inclusions are from a few micrometers to 100-15Q0 yum

In addition to the samples listed in Table 1, wsoastudied large quartz
crystals from a buried pyroclastic flow found ag thestern wall of the complex of
southern calderas of the Karymskii volcanic cenlteran artificial exposure in a
pyroclastic flow related to the Polovinka caldet&ese deposits include a buried
layer of coarse-grained sand, which is, in turreram by younger ignimbrite. The
quartz and plagioclase crystal-lapilli from thigda are 2-3 mm in size, and melt
inclusions in them can be discerned even undem@chlar magnifier.

As was mentioned above, for comparison we also gexmelt inclusions in
quartz crystals from Golovnina volcano. This voleas situated in the southern
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part of Kunashir Island and has a caldera and &eettrusion dome of
Holocene age [4, 3]. The dacites of this volcane porphyritic and contain
phenocrysts of plagioclagén;,.439 and orthopyroxene and large quartz crystals.

INCLUSIONS IN MINERALS

Melt inclusions were prepared for studying and ywred on a Camebax
Microbeam microprobe using the technique that wevipusly applied to study
andesites from some volcanoes in the Kuriles andndkatka [24] and
trachybasalts from eastern Tuva volcanic highlab®l].[ The concentrations of
H,O, F, and trace elements in the melt inclusionsvastermined by secondary-
lon mass spectrometry on an IMS-4f ion microprolde tlee Institute of
Microelectronics, Russian Academy of Sciences, sroglavl by the method
described in detail in [22, 17, 21].

We have examined more than 70 melt inclusions agiptlase and quartz
from various rocks of the Karymskii volcanic cendgd a few inclusions in quartz
from dacites of Golovnina volcano. Our data on ¢hemical composition of the
glasses of the melt inclusions are presented ite$dlz7. The Si@concentrations
in inclusions in plagioclase phenocrysts from kagaim the Karymskii volcanic
center vary from 47.4 to 57.1 wt %, inclusions lagioclase phenocrysts from the
andesites contain 55.7-67.1 wt % gSi{dclusions in plagioclase phenocrysts from
the dacites and rhyodacites contain 66.1-72.5 wsi@ (Table 5), and quartz
phenocrysts from the rhyodacites contain inclusiomth 72.2-75.7 wt% SiO,
(Table 7). The Si@contents in quartz from the dacites of Golovnin&ka&no vary
from 70.2 to 77.0 W&o (Table 7).

The basaltic melts (Table 5) contain usual conegintrs (wt %) of TiQ (0.7-
1.3), FeO (6.8-11.4), MgO (2.3-6.1), and CaO (7)1 but are significantly
enriched in NgO (2.9-7.4 wt % at an average of 5.1 %), with tighést NaO
concentrations detected in the most basic mel3,(Si47.4-52.0 webo). The KO
concentrations range from 0.4 to 1.7 wt %. The ageption was one melt
inclusion that contained much morgd(5.95 wt%) than NaO (2.64 wt%). Note
that this KO-rich inclusion contains very little Cl (0.01 wt)%wvhereas the other
19 inclusions in sample K-2 are much richer in@06-0.12 wt % at an average of
0.09 wt %). This feature of potassic melts in tewh€l concentration was noted
earlier in the melts of volcanics from the Medvgahtaldera in Iturup Island,
southern Kuriles [26] and in acid melts of the \ler&uralsk mining average, in 17
inclusions). Two inclusions were determined to aomas much as 0.7 and 2.4 wt
% H,0 (Table 6).

The SiQ concentrations in the glasses of melt inclusianghie andesite
sample vary from 55.7 to 67.1 wt %, i.e., is 9 wb%oaverage higher than in the
glasses in melt inclusions in the basalt sampl®l€rd). The melts in plagioclase
from the andesite are characterized by high conagons of FeO (9.0-4.1 wt %,
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Table 5.

Chemical composition (wt %) of glasses in melt inakions in plagioclase from rocks from
the Karymskii volcanic center

Component

L Total | T.°C | An
SO0 N S0, | TiOs |AlLOs| FeO | MaQ | MaO | Ca0 | NaxO | KO | P2Os | Cl o
Sample K-2
1 [47.44] 073 | 19.67 | 683 013 | 5,19 | IOLR2 | 740 | 044 | 009 | 0.07 | 014 | 98.95] 1140 | 03
2 (4947 LOS (1600 866 0012 | 610 [ 1000 5096 | 113 | 0.24 | 0012 | 019 | 9916 | 1140 | &1
3 S0071 0 099 1803 | RO1| 009 | 3200 993 ) 464 | 073 | 0.25 | 0.07 | 013 | 97.7 20| BB
4 (3082 105 [15.69 ] 877|022 | 495 | 908 6.90 | 1.24 | 0.18 | 0,10 | O.16 | 99.26 20| &4
5 (30898 079 [19.05 ] TR6| 016 | 430 | 960 621 | 066 | 015 | 0100 | 0016 | 10011 1120 | 89
6 (3127 001 [17.36] 8.12| 022 | 365 | 800| 533 | 1.07 | 016 | 006 | O.15 | 97.20| 1140 | &4
To[3147| 005 [17.76] 9.03| 021 | 470 | 9.05| 638 | G66 | 0.16 | .08 | 010 | 10055 1120 92
& [ 5184 0BT [1983 ) T.24 013 | 375 028 501 | 0.74 | Olo | 007 | - 0082 1100 | 25
O [32.04) LO2 (1645 845|012 | 5.26 | B38| 7.07 | 140 | - — | 022 | 10041 1130 | 91
IO [5355) 108 (L1871 T.83 ) 023 | 306 | 082( 402 [ 092 | 0,10 | 0.09 | 019 | 9969 1100 | 89
11 5387 LOL | 1835 771 014 | 355 | 7.61( 556 | 004 | 0.22 | 009 | - 0000 | 1100 | &R
12 530900 L30 1393 [ 1139 023 | 476 | 7.03 ) 388 | 1.25 | 0.24 | 011 | 0.1 gR.13 20| 84
13 | 5401 O8S | 1642 RO0| 021 | 463 | B16| 443 [ 1.66 | 0.14 [ 0.07 | 017 | 9058 [ 1120 | 86
14 (3468 100 (1730 7.70) 015 | 368 | B.12( 605 [ 051 | 013 | 0.03 | 014 | 9994 1140 | 87
15 | 5487 083 | 1441 BOR| 014 | 6.59 | B21| 460 [ 068 | 0.24 [ 000 | 0.10 | 9074 1140 | 86
16 | 5544 119 | 1623 | 806 | 015 | 392 | 666 515 [ 144 | 0010 [ 001 | 015 | 9950 1100 | 83
17 | 5544 086 | 17.67 | 545|009 | 372 | 815 264 [ 5395 | 011 [ 001 | 003 | 10012 1140 | 82
[& (3547 103 [17.02] 808 021 | 363 | 7.24( 309 | 1.11 | 017 | 0.11 - 097.76 20| &3
10 |5562| 0.01 | 1850 685 0.6 | 361 | 790 484 | L.O4 | 021 [ 009 | 010 | 99921 1120 | &3
20 [57.14) 088 1797 720 017 | 350 | T46| 287 | L10 | 015 | 011 | 010 | 9874 1120 | &3
Sample K-63
21 56,801 2.25 | 1360 BOR| 026 | 243 | 6.l7| 566 | L8 | — | 038 [ 012 | 9854 1110 | &84
22 |5726| L71 | 1570 782|026 | 2,15 | 633 522 | L.79 | L1o | 030 [ 015 | 9991 1110 | 24
23 [5821) L7O (1515 T4 020 | 197 | 644 405 | 1.74 | 1.23 | 0.30 | 013 | 9086 | 1110 | &4
24 (5026 L33 1634 673023 | 162 | 000 522 | 1.75 | 0.80 | 0.29 | 006 | 9072 1110 | 60
25 |5045| 147 | 1658 620 018 | 163 | 553 583 | 1.84 | 0.36 | 00.20 [ 005 | 9950 1120 | TR
260 [39.55) 211 | 1603 689 025 | 167 | 552 528 | 181 | 046 | 0.29 | 009 | 9995|1110 | 60
27 (6039 16D [ 1486 | 816|023 | 199 [ 547 474 | 177 | 028 | 0.30 | 013 | 9092 1110 | &4
2% |e064| 120 | 1642 504 015 | 167 | 5535 560 | 167 | 030 | 025 [ 007 | 9944 1120 | 78
20 (6071 169 (1548 | 7.02| 024 | 168 | 568 442 | 1.77 | 0.50 | 0.33 | 006 | 9067 1120 | 70
3000|6130 L35 | 1412 68T 026 | 227 | 540| 502 | 180 | 116 | 033 [ 000 | 10006 | 1110 | &4
31| 6245 122 | 1549 623 021 | 157 | 532 388 | 212 | 046 | 0020 [ 006 | 9930 1120 | 70
320 [6302) LAB [1562) 5370 025 | 1.20 | 457 384 | 194 | 045 | 0.2] - OR38 | 1120 | T8
33 (6364 008 (1688 431|006 | 102 | 377 484 | 310 | 0.50 | 0.31 | 007 | 9067 1120 | 58
3 (6457 114 (1230 545|020 | 136 | 323 486 | 285 | 047 | 0.21 | 004 | Q068 | 1120 | 52
35 [67.10) 090 (1385 366 021 | 1.28 | 355 422 | 221 | 033 | 0.20 | 008 | 9950 1120 | 39
Sample K-4
3o | 5570 L2T | LI5ET | RIS 004 | 274 | 645 582 | L37 | 032 | 027 [ O.10 | 98.20( 1100 | &0
3T [5067| 147 (1536 BS54 046 | 270 | 681 571 | 168 | 036 | 0.26 | 007 | 10000 1100 | 78
3200|5833 LAD | 1500 754 021 | 215 | 6060 504 | LRG| 045 | 0035 [ 000 | 10004 | 1100 | TR
39 [6le8| 147 | 1420 795 021 | 200 | 534 465 | 1.96 | 033 | 0.26 | 006 | 9991 1110 | 63
40 (0226 152 [1444| 741 024 | 187 | 5.02( 429 | 1.93 | 0.36 | 0.28 | 0.05 | 9967 1110 | 65
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Table 5.(Contd.)

Inclu- Component

sion no.[ g5, | Ti0, [ALO;| FeO [ MnO | MgO | CaO | Na,O | K,0 | P,Os | Cl S

41 |6301| 152 [ 1448 | 760 | 022 | 177 | 5.30| 3.24 | 1.88 | 045 | 0.26 | 0.08 {9990 | 1110 | &9
42 |64.13] 092 [ 1538 560 | 0.17 | 1.57 | 5.07| 4.06 | 2.20 | 0.32 | 0.21 | 0.08 | 99.80 | 1110 | &4
43 |64.30] 060 | 1630 4.08 | 0.12 | 1.05 | 4.97| 496 | 3.07 | 0.18 | 0.14 | 0.07 | 99.93 | 1110 | 38
44 |6470| 1.30 | 14.06 | 6.03 | 020 | 148 | 440| 3.98 | 2.77 | 0.53 | 0.19 | 0.06 | 99.79 | 1110 | 58
45 |64.73| 0.83 [ 1546 | 472 | 0.14 | 1.07 | 4.97| 496 | 2.00 | 0.22 | 0.15 | 0.07 | 99.32| 1110 | 59
46 6521 1.02 | 14.64 | 448 | 020 | 1.06 | 3.66| 4.18 | 2.03 | 0.24 | 0.17 | 0.08 | 9697 | 1100 | 53
47 6546 104 [ 1570 465 | 0.11 | 126 | 447| 412 | 2.05 | 0.36 | 0.18 | 0.08 | 9048 | 1100 | 53
48 |65.75] 094 [14.13 ] 493 | 018 | 1.18 | 3.62| 365 | 2.54 | 0.37 | 0.16 | 0.06 | 97.51 | 1100 | 55
49 |65.78] 096 [15.05] 5.33 | 020 | 139 | 4.30| 365 | 2.55 | 0.41 | 0.15 | 0.07 {9993 | 1100 | 53
Sample K-41
50 [47.27| 067 | 1893 | 6.34 | 0.16 | 5.56 | 1056 7.07 | 0.25 | 0.15 | 0.04 | 0.09 |97.00] 1150 | 93
51 |5069| 0.74 | 1642 799 | 0.15 | 5.80 | 922 6.62 | 047 | 0.11 | 0.03 | 0.12 | 98.36 | 1150 | 93
52 6593 037 | 1377 2.02 | 0.12 | 063 | 220 3.64 | 2.55 | 0.09 | 0.17 | 0.01 |91.59| 20| 49
53 |66.05| 040 | 13.80| 2.21 | 0.00 | 0.59 | 2.10| 454 | 240 | 0.12 | 0.19 | 0.01 |9241| 20| 47
54 6676 | 032 | 13.80| 231 | 0.11 | 064 | 2.23| 440 | 246 | 0.00 | 0.15 | 0.00 |03.27| 20| 63
55 6824 | 046 | 14.00| 2.50 | 0.14 | 066 | 2.26| 420 | 2.56 | 0.06 | 0.19 | 0.01 |95.37| 20| 63
56 6832 021 [ 1393 232 | 0.11 | 064 | 2.15| 448 | 246 | 0.08 | 0.19 | 0.01 |9400| 20| 47
57 6905 047 [ 13.73| 2.04 | 0.03 | 0.80 | 2.23| 444 | 247 | 0.10 | 0.19 | 0.02 |9746| 20| 63
Sample K-35
58 |?1.?6| 0.21 |13.16| 0.94 | 0.03 ‘ 0.27 ‘ 0.33‘ 4.97 ‘ 332 ‘ 0.00 | 0.20 ‘ 0.01 ‘95.?0‘ 1150|
Sample K-31
59 |7078| 023 | 1225 1.59 | 0.08 | 031 | 1.49] 4.18 | 3.33 | 006 | 022 | 0.01 |94.53] 20| 43
60 |71.74| 0.30 [ 12.45] 1.58 | 0.06 | 037 | 1.40| 425 | 3.43 | 0.09 | 0.24 | 0.01 |9592| 20| 43
6l |71.85] 020 [12.36] 1.38 | 0.06 | 026 | 1.25| 421 | 3.15 | 0.03 | 0.17 | 0.00 | 9501 | 20| 43
62 7200 035 [ 1248 | 1.57 | 0.03 | 033 | 141|209 | 3.26 | 0.01 | 0.19 | 0.01 |94.72| 20| 47
63 (7213|032 [11.67| 1.44 | 0.08 | 030 | 1.28] 3.89 | 3.19 | 0.01 | 0.19 | 0.00 | 9450 20| 41
64 [72.18] 0.28 [12.42] 1.67 | 0.01 | 034 | 1.30| 3.80 | 3.29 | 0.02 | 0.18 | 0.02 | 9551 20| 41
65 7235|027 [12.00] 139 | 0.10 | 025 | 1.27] 3.86 | 3.26 | 0.04 | 0.16 | 0.00 | 9504 | 20| 41
Sample K-23
66 |7242] 018 | 12.40] 1.16 | 0.07 | 024 | 1.20] 3.60 | 3.06 | 0.01 | 0.20 | 0.01 |94.55] 20| 35
67 7254 018 [11.93 | 1.13 | 0.00 | 021 | 1.20| 3.63 | 3.05 | 0.00 | 0.20 | 0.02 |94.00| 20| 35
68 [73.00| 0.28 [12.50| 1.20 | 0.00 | 027 | 1.28| 2.80 | 201 | 0.06 | 0.19 | 0.01 | 9468 | 20| 35

Tatal | T,°C | An

]
n

6.5 wt % on average) and CaO (5.2 wt % on averagepual concentrations of
Na,O (4.5 wt %) and KO (2.1 wt %). The CIl concentration in the andesitdt is
much higher than in the basalt melt (up to 0.26%vton average), and the S
concentration is lower (up to 0.07 wt % on average)

The glasses of melt inclusions in plagioclasae 5 from the dacite and
rhyodacite samples are characterized by usual otmat®ns (wt %) of Sig(65.9-
73.1), FeO (1.1-2.9), MgO (0.2-0.9), Xx (2.8-5.0), and KO (2.4-3.4). The ClI
concentration of these melts is as high (0.19 war¥@average) as in the andesite
melts, but the S concentration is much lower: ®@0%. lon microprobe an

alyses
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Table 6.
Concentrations of water (wt %) and trace elementspgpm) in melt inclusions in plagioclase
from rocks from the Karymskii volcanic center, Kamchatka

Comp Inclusion no. in Table 5

nent |50 3 4 53 54 56 60 61 62 65 67 58
H20 | 0.69 | 2.44 - 7.27 | 464 | 497 | 514 | 587 | 3.12 | 496 | 6.65 | 4.75
Li 1750 | 284 | 118 | 25.2 | 223 | 23.2 | 148 | 146 | 16.0 | 158 | 22.2 | 73.7
Be 019 069 | 056 | 1.07| 1.25| 1.34| 1.13 | 1.18 | 0.95| 1.04 | 1.11 | 0.95
B 598 | 790 | 6.32 | 36.0| 269 | 149 | 326 | 32.7 | 32.0| 35.1 | 416 | 584
F 6.79 | 142 | 6.32 | 533 | 508 | 814 | 801 | 569 | 948 | 587 | 324 | 14.0
Cr - 36.3 | 70.6 - - - - - - - - 0.81
Rb - 12.0 | 30.0 - - - - - - - - 91.8
Sr 531 | 418 | 449 | 255 | 285 | 363 | 107 | 105 | 188 | 102 | 107 | 57.2
Y 890 | 15.2| 193 | 198 | 16.1 | 9.19 | 186 | 21.5| 224 | 229 | 16.9 | 8.15
Zr 175|559 | 64.1| 134 | 107 | 58.2 | 183 | 177 | 204 | 209 | 140 | 57.2

Nb 042|188 | 1.87 | 289 | 253 | 1.46 | 405 | 431 | 6.30 | 496 | 3.71 | 3.69
Ba 88.1| 187 | 236 | 413 | 481 | 461 | 629 | 629 | 734 | 685 | 606 | 1070
La 181 | 488 | 7.17| 819 | 807 | 7.44| 108 | 11.3 | 128 | 11.6 | 10.3 | 124
Ce 335| 128 | 17.7| 23.8| 20.1 | 240 | 276 | 286 | 29.8 | 30.2 | 24.0 | 215
Nd 428 | 887| 13.0| 109 | 100 | 7.08 | 12.2 | 13.01| 144 | 13.4 | 10.6 | 7.54
Sm 087 | 237 | 341 | 3.42 | 256 | 257 | 3.11 | 350 | 3.42 | 3.78 | 2.71 | 1.32
Eu 042 | 086 | 1.27 | 057 | 091 | 0.72| 0.68 | 0.99 | 0.70 | 0.72 | 0.76 | 0.31
Gd 113 | 284 | 3.35| 3.80| 251 | 299 | 224 | 441 | 3.17 | 3.77 | 251 | 0.64
Dy 115| 253 | 356 | 3.76 | 271 | 270 | 285 | 3.63 | 3.36 | 415 | 252 | 1.24
Er 0.77| 183 | 259 | 287 | 208 | 209 | 217 | 268 | 2.61 | 3.08 | 2.00 | 1.04
Yb 079 | 203 | 235| 286 | 200 | 1.80| 1.25| 297 | 22 | 3.32 | 226 | 1.25

Hf - 1.69 | 2.17 - - - - - - - - 1.78
Th 0.14| 090 | 059 | 1.63|12.42| 0.80 | 232 | 211 | 242 | 244 | 2.76 | 3.76
U 005| 047|036 | 111 | 0.85| 054 | 152 | 149 | 1.78 | 1.88 | 1.66 | 2.17

Th/U | 280 | 191 | 1.64 | 147 | 1.67 | 1.48 | 1.53 | 1.42 | 1.36 | 1.30 | 1.66 | 1.73
La/Yb| 2.29 | 240 | 3.05| 2.86 | 3.804| 4.13 | 4.12 | 3.80 | 4.71 | 3.49 | 456 | 9.92

of nine melt inclusions allowed us to determineitaer concentrations during the
crystallization of the plagioclase (Table 6). Thesacentrations turned out to be
very high: from 3.1 to 7.3 wt % at an average &f\wt %. It should be noted that
dacite sample K-41 contained a plagioclasephenb{fyss;) with melt inclusions
of composition analogous to those of inclusiondasalt sample K-2. They were
also determined (Table 5) to bear high conentratiant %) of NaO (6.6-7.1),
MgO (5.6-5.8), and FeO (6.3-8.0) at low concentradi of KO (0.2-0.5). It is
pertinent to recall that sample K-2 is basalt exdpin 1996 at Novogodnii
peninsula in the Akademii Nauk caldera, and sanplel was taken from the
eastern wall of the Odnobokaya caldera (Fig. 1).
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Table 7.

Chemical composition (wt %) of melt inclusions in1-6) quartz from a buried pyroclastic
flow in the Karymskii volcanic center, Kamchatka, and (7-10) quartz in dacites from
Golovnina volcano, Kunashir Island

Compo 1 2 3 4 5 6 7 8 9 10
nent

Si02 7215 | 72.83| 73.28 | 74.02 | 7491 |72.127| 70.18 | 72.12 | 74.05| 77.02
TiO2 0.24 0.1 0.12 | 0.09 | 0.11 0.1 0.24 | 0.19 | 0.16 | 0.16
Al203 | 12.82 | 12.51 | 12.98 | 12.44 | 12.95| 12.83 | 10.95| 11.78 | 11.02 | 9.29
FeO 130 | 051 | 057 | 054 | 125 | 0.67 | 157 | 1.25 | 1.18 | 0.90
MnO 0.04 | 006 | 007 | 0.13 | 0.15 | 0.11 | 0.040| 0.15 | 0.08 | 0.04
MgO 0.27 | 0.12 | 0.16 | 0.06 | 0.24 | 0.210| 0.27 | 0.21 | 0.20 | 0.19
CaO 123 | 0.66 | 0.88 | 0.62 | 1.19 | 0.68 | 143 | 1.35 | 1.04 | 0.98
Na20 3.80 | 332 | 360 | 3.72 | 403 | 4.794| 581 | 479 | 446 | 4.10
K20 282 | 382 | 374 | 392 | 312 | 412 | 1.78 | 1.83 | 1.84 | 1.69
p205 0.02 | 0.04 | 0.020| 0.06 | 0.01 | 0.04 | 0.02 | 0.02 | 0.04 | 0.10
Cl 0.14 0.1 | 0.140| 01 0.15 | 0.240| 0.28 | 0.26 | 0.26 | 0.19
H20 489 | 488 | 420 | 341 | 090 | 164 | 668 | 5.73 | 498 | 5.10
Total 99.81| 98.97| 99.70 | 99.12 | 99.21 | 99.21 | 99.21 | 99.68 | 99.31 | 99.76
Li 182 | 136 | 21.0 | 189 | 169 | 240 | 0.16 | 0.59 | 0.27 | 442
Be 104 | 094 | 0.76 | 0.94 | 099 | 0.93 | 0.70 | 058 | 0.58 | 0.49
B 30.0 | 554 | 371 | 546 | 435 | 57.5 105 110 100 70.9
F 605 269 223 274 644 163 539 925 765 401
Cr 226 | 074 | 113 | 0.3 | 238 | 1.09 | 1.130| 2.00 | 250 | 1.46
Rb - - - - - - 25.7 | 39.3 | 434 | 238
Sr 123 50.6 113 54.9 121 59.1 | 740 | 68.2 | 56.5 | 45.2
Y 158 | 115 | 720 | 9.62 | 26.6 | 865 | 37.8 | 29.8 | 27.8 | 20.6
Zr 163 64.0 | 63.2 | 59.9 237 56.5 148 121 111 95.3
Nb 322 | 544 | 290 | 414 | 419 | 385 | 135 | 144 | 146 | 1.10
Ba 563 843 782 933 556 778 464 575 554 323
La 116 | 147 | 9.82 | 125 | 14.7 | 10.7 | 8.02 | 9.12 | 829 | 587
Ce 280 | 222 | 192 | 250 | 368 | 209 | 219 | 204 | 211 | 13.6
Nd 139 | 103 | 724 | 891 | 21.1 | 8912 | 12.7 | 125 | 123 | 825
Sm 287 | 152 | 140 | 215 | 512 | 148 | 3.84 | 343 | 3.27 | 2.25
Eu 077 | 0.74 | 047 | 081 | 1.12 | 0.21 | 043 | 0.61 | 0.81 | 0.49
Gd 278 | 145 | 108 | 160 | 519 | 182 | 489 | 501 | 476 | 2.14
Dy 264 | 144 | 109 | 157 | 431 | 144 | 535 | 483 | 452 | 2.96
Er 169 | 1.27 | 092 | 1.34 | 3.13 | 1.02 | 447 | 3.89 | 348 | 2.32
Yb 191 | 1.35 | 095 | 153 | 3.19 | 1.20 | 545 | 429 | 9.35 | 2.84
Hf 428 | 221 | 185 | 196 | 526 | 1.63 | 494 | 479 | 475 | 3.08
Th 199 | 466 | 254 | 452 | 228 | 353 | 277 | 249 | 234 | 1.84
U 138 | 290 | 1.73 | 277 | 148 | 219 | 127 | 1.31 | 1.17 | 0.82
Th/U 144 | 161 | 155 | 163 | 154 | 161 | 218 | 1.90 | 2.00 | 2.24
La/Yb 6.07 | 109 | 103 | 8.17 | 461 | 892 | 147 | 212 | 0.89 | 2.07

Note: Oxides are given in wt %, trace elements argpm.p
Table 8.
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Average La and Yb concentrations (ppm) and the Lafb ratio of melt inclusions in

minerals of volcanic rocks from Kuriles and Kamchaka

Volcano Rock Mineral n La Yb La/Yb
Kurile Islands
Golovnina, Kunashir Island |dacite quartz 4 7.8 5.5 1.4
Kudryavyi, Iturup Island basaltic plagioclase 2 4.9 4.0 1.2
Men'shoi Brat, Iturup basaltic plagioclas§ 2 9.4 5.3 1.8
Cjikurachki, Paramushir basalt olivine 19 6.9 2.8 2.5
Kamchatka
Karymskii basalt plagioclase 3 4.6 1.7 2.7
dacite plagioclase 9 10.3 2.4 4.3
rr rhyodacite quartz 6 12.3 1.7 7.2
Klyuchevskoi** basalt olivine 78 5.1 1.9 2.7
Avachinskii*** avachite olivine 5 6.9 15 4.6
Avachinskii andesite plagioclase 2 7.3 1.2 6.1
Bezymyannyi andesite plagioclase 3 11.8 15 7.9
Dikii Greben' dacite plagioclase 2 11.8 1.4 8.4
Shiveluch andesite plagioclase 7 9.1 0.7 13.0

Note: * Data from [10], ** data from (Mironov and Postagin, in press), *** data from [21}y is the
number of analyses.

The SiQ contents in the glasses of melt inclusions in gui@om the buried
pyroclastic flow (Table 7) are even lower: from2Z® 75.7 wt %. These acid melts
bear usual concentrations (94) of TiO, (0.09-0.31), FeO (0.5-1.3), MgO (0.06-
0.27), CaO (0.6-1.2), N@ (3.3-4.0), KO (2.8-4.1), and Cl (0.10-0.15). The water
concentration in the melt varied from 0.9 to 4. % (at an average of 3.3 wt % of
Six analyses).

In order to compare them with the compositions oid anelts from the
Karymskii volcanic center, we examined melt inalus in quartz from dacite
from Golovnina volcano. These inclusions (Fig. & karge, up to 100-140um and
are either partly recrystallized (Figs. 2a, 2b)contain only glass and small gas
bubbles (Fig. 2c). The complete homogenization eadpres of these inclusions
are 820-850°C, and the inclusions usually homogehior no more than 5-10
min. The melts heterogenized with the separationusherous gas bubbles (Fig.
2d) at temperatures of 700-780°C for 15-30 sjclwhestifies that the melt has a
low viscosity. This behavior of the inclusions iarghermal experiments definitely
indicates that the melt contained much water, whatéo follows from ion
microprobe analyses of the inclusions (5.0-6.7 w30 at an average of 5.6 wt %
of six analyses; Table 7). Compared to the acidsradl the Karymskii volcanic
center, these melts are richer in,884.1-5.8 wt %) and CI (0.19-0.28 ¢4) but
poorer in KO (1.7-1.8 wh).
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DISCUSSION

Microprobe analysis of glasses in inclusions reveakry interesting
compositional features of the melts of the Karymsglcanic center. When plotted
in a SIQ vs. (NgO + K,O) diagram, most of the melts correspond to alkalin
varieties from tephrite to trachyte, although sanedts have lower alkalinity (Fig.
3). The rocks (Table 1) do not, however, contagvaled concentrations of alkalis.
Another noteworthy feature is that the compositiarend in the diagram is nearly
parallel to the abscissa, i.e., an increase irsilieity of the melts is not associated
with an increase in the sum of alkalis, whereasstatlization differentiation
should have resulted a simultaneous increase mdiata and alkalis.

The evolution of the melt is illustrated more coetpnsively in Fig. 4. The
behavior of various major components can be prawaly classified into the
following three types:

1. The concentrations of AD;, MgO, and CaO systematically decrease with
increasing SiQ and the concentration of & simultaneously increases. The
trends have no bends and are typical of crystéliaalifferentiation processes.

2. The concentrations of TiOand FeO systematically decrease with
increasing Si@ only until SIGQ >57 wt % because of the precipitation of ore
components in the course of crystallization difféi&ion. In more basic melts,
which were found in inclusions in plagioclase freample K-2 (basalt of the 1996
eruption at the Akademii Nauk caldera), the Ji€ncentration even slightly
increases (from 0.7 to 1.3 wt %). Much higher J@ncentrations were detected
in inclusions in plagioclase from samples K-4 ané3(andesite of the 1996 and
1997 eruptions of Karymskii volcano). Ti@oncentrations higher than 1.3 wt %
were found in 17 melt inclusions. The FeO concdidnaremains practically
unchanging (7-9 wt %) at Sy 57 wt % (sample K-2, Fig. 4).

The most unexpected behavior shows@awhose content decreases with
increasing silicity, and the plot (Fig. 4) displayg compositional trends. In one
of them, the NgD concentration varies from 7.5 to 3 wt % withireatively narrow
range of SiQ (47-57 wt %), whereas the other trend has a gesitpe, with NgO
varying from 6 to 3 wt % at Siarhanging from 57 to 73 wt %. The former trend
was obtained for basalt (sample K-2), and the dladdor andesite (samples
K-4 and K-63) and dacite (samples K-41 and K-31).

The basaltic melts of the Karymskii volcanic cent8rO, = 47-57 wt %)
are characterized, along with high J0a concentrations, also by high
Na,O/K,0 ratios,which is equal to 8.0 on average (average of 23yara).
Equally high NaO concentrations and similar M®K,O ratios were
previously detected in xenoliths from Mongolia arneimen [11, 1). Glasses in
peridotite xenoliths form alkaline basalts from Mmha [11] contain 51.8-
57.0 wt% SiO, and 6.8-10.6 w8 Na,O and have N&®/K,O = 4.5-17.2 at an
average of 8.6 (19
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5

© (o)

Fig. 2. Melt inclusions in quartz from dacite of Golovninavolcano. Sizes of inclusions: (a, c)
100 pm; (b, d) 50 pm.

analyses). The glasses found in spinel lherzolitesn Yemen [1] contain

50.0-55.8 wt% SiO, and 5.9-8.9 web Na,O at NaO/K,O = 7.5-14.1 (average

9.7 of 15 analyses). The authors of these pubbaaticonsidered the genesis

of such melts problematic and thought it could hbaeen affected by mantle

metasomatism under the effect of sodic mantle fluid

The comparison of the compositional fields of thelts (Fig. 5) form
various volcanoes (Karymskii volcanic center, Begammyi, and Shiveluch)
demonstrates that the volcanics of the Karymskiicaoic center show the
broadest spectrum of melt compositions (includiagib varieties enriched in
Fe, Mg, and Ti). At the same time, the compositldnends of these melts are
pronounced much more clearly in the variation daags, and the paired
correlations of major components are stronger ttierse of the products of
Bezymyannyi and Shiveluch volcanoes.

The distributions of incompatible elements in tlsditic and dacite-rhyolitic
melts of the Karymskii volcanic center and in thalitic melts of Golovnina
volcano (Fig. 6) suggest an arc provenance offalh@se melts. Inasmuch as the
most strongly incompatible elements practically not fractionate one relative
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NayO + K0 Fig. 3. SiO-(Na,O + K30)
161 classification diagram (Le Bas et
al., 1986) for the composition of
melt inclusions. Rocks: B—basalt,
TB—trachybasalt, = BA—basaltic
andesite, BTA—basaltic
trachyandesite, A—andesite; TA—
trachyandesite, D—dacite, TD—
trachydacite, R—rhyolite.

12

4 another during crystallization,

their bulk concentrations can
0 . provide information on the
40 80

magmatic source of the
volcanic center. The arc
characteristics of the melts of the Karymskii volicacenter include, for example,
Nb minima and high B a/Th ratios relative to thaséMORB. These features are
characteristic of both the most primitive and thesidifferentiated melts. This
points to a state of the mantle source, which wadably metasomatized by a
fluid component enriched in LREE and relatively igéépd in Nb. The magmatic
source of the Karymskii volcanic center shows sahstinctive features, first of
all, relative enrichment in Li, which is pronouncpdrticularly conspicuously in
comparison with the melts of Golovnina volcano. é&ttat the enrichment in Li
relative to HREE and Y compared to MORB is typichimany basic arc magmas
(Portnyagin et al., 2007). However, the absobatecentrations of this element
usually do not exceést6 ppm, whereas the basic melts of the KarymsKganic
center contain 19 to 290 times more Li, and thd awlts contain 2-12 times more
this element. The difference for acid arc melt®ven more significant (Fig.
6). Note that Li-rich melts are also noted for @lad Na concentrations (up to
7.5 wt %). These values are generally atypicalasib melts.

It is interesting that, according to the analyseported in [19], some
inclusions in olivine from Karymskii volcano corpsnd to basic melts with
an average N® concentration of 2.9 wt % and 5.23 ppm Li. The
concentrations of incompatible elements reportedtligse researchers and
ourselves were analyzed on the same equipment &hdhe use of the same
standards, which rules out analytical errors. Thing relatively primitive
melts of the Karymskii volcanic center (basic raediepletedin incompatible
elements, including LREE) or some of them diffeonfr most analogous basic
magmas elsewhere in having elevated concentratioNa and Li. The reasons for
this enrichment remain uncertain. As one of thesiinbs explanation variants, it
could have been melt contamination with crustalarais, for example, zeolites of
the natrolite group, which were formed in the seulrom the material of ancient
basalts of the volcanic center. The absence ofnmdtion on these minerals makes
it hard to draw any more specific conclusions.

Si0,
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Fig. 4. Variation diagrams SiO2—major element and ®2-S (wt %) for the compositions of
melt inclusions in (1-6) plagioclase and (7) quartzom the Karymskii volcanic center.

Samples: (1) K-2; (2) K-63; (3) K-4; (4) K-41; (B}31; (6) K-23.
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Fig. 5. Comparison of the composition (wt %) of melinclusions in phenocrysts in volcanic
rocks from (1) the Karymskii volcanic center, (2) B2zymyannyi, and (3) Shiveluch

volcanoes.

Number of analyses of inclusions: Karymskii vol@acenter—73, Bezymyannyi volcano—47, Shiveluch

volcano—38.

120



Deep-seated magmatism, its sources and plumes

Melt/N-MORB
10° -

102 :

10!

10°

10!

102

1 |
Ba Th U Nb K La Ce Sr Nd Zr Sm Eu Ti Dy Er Li Y Yb

Fig. 6. N-MORB (Sun and McDonough, 1989) normalizettace-element composition of the
melt inclusions.

(1, 2) Karymskii volcanic center: (1) basaltic msel2) rhyodacitic melts; (3) rhyolitic melts of [Benina
volcano.

Note that one of the samples in which the meltusicins with high Na and Li
concentrations were found was taken from a walhef ancient caldera, and the
other two samples were collected during the 1986tem. This led us to conclude
that either the assimilation processes of crustdkemal were multiple over a long
time period or the residence time of phenocrysis ¢hystallized from the melt was
very long in shallow sitting chambers.

It is also difficult to reproduce the process basaall minerals containing
appreciable Li concentrations are either secondaeplites) or crystallize from
differentiated melts late in the crystallizationopess of magmatic bodies
(pegmatite minerals). Thus, as follows from avddamineralogical data, the melt
could enrich in these elements only near the serfaa the reworking of crustal
material.

A secondary nature of the Li- and Na-enriched plasebe ruled out: first,
the inclusions are primary (as follows from theiomhology); second, the rocks
were not affected by secondary alterations becallisé them were collected when
still hot during the 1996 eruption; and, third, tfeatures listed above are also
inherited by more acid (i.e., more differentiatetlts of the volcanic center. Thus,
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Fig. 7. Th-La/Yb and Th-Th/U diagrams

La/Yb for melt inclusions in minerals from
i = 0; volcanic rocks of Kamchatka and the
s [ ] .
12 . " o3 Kurile Islands.
1o o o5 (L 2) Karymskii volcanic center: (1) basalts, (2)
81 o a6 andesites and dacites; (3) Golovnina volcano,
6F a4 @ a7 Kunashir Island; (4) Medvezh'ya caldera, lturup
i te B :g Island [13]; (5) Chikurachki volcano,
6%e 0@ ; m 10 Paramushir Island [10]; (6, 7) Avachinskii
2 o © . 3 volcano: (6) according to [24], (7) according to
4 5 6 ‘ [19]; (8) Bezymyannyi volcano; (9) Dikii
THhU Greben' volcano; (10) Shiveluch volcano; (11)N-
301, MORB [23]; (12) Kly-uchevskoi volcano [19].
2-5 il - - - - -
Sl p * relative  enrichment in Li s
5E e %¢ ewo® ©° e characteristic of all melts of the
1'07 ¢ s Karymskii volcanic center.
' Li behavior in melts of the
el Karymskii volcanic center should be

considered anomalous, because this
element should enrich melts in
compliance with the classic differentiation scherme.our situation, more acid
melts have lower Li concentrations than more baareeties. Because of this, we
cannot rule out the mixing of basic melts with highconcentrations with acid
melts and the resultant enrichment of the latter.ifrigure 7 shows the La/Yb-Th
and Th/U-Th relations for various volcanics frone tkurile-Kamchatka island arc
and depleted MORB. As can be seen, the La/Yb ddtihe melts suggests their
different degrees of differentiation. The meltsGdlovnina volcano have La/Yb =
1.4, which is very close to the values of MORB ([€a, Fig. 7). In this diagram
(Fig. 7), other melts similar to MORB are from Kydvyi and Men'shoi Brat
volcanoes in lturup Island, Kuriles, and the basafhelts of the Karymskii
volcanic center and Klyuchevskoi volcano in Kam&hatThe andesite-dacite
melts of Karymskii and Avachinskii volcanoes (imglns in olivine and
plagioclase) plot slightly farther away from N-MORBhe melts of the southern
sector of the Karymskii volcanic center, Bezymyannikii Greben', and
Shiveluch volcanoes are differentiated even maongty.

The Th/U ratio in melts from the Karymskii volcargenter (Fig. 7) almost
does not vary for all of the compositions and lrethin the range of 1.3-1.9. At
the same time, a basaltic melt with a remarkabghéi Th/U ratio (equal to 2.8)
was found. This melt is characterized by the highesoncentration (1750 ppm)
and a very high concentration of (7.1 wt %) and the lowest content of(K
(0.25 wt %). Acid melts from Golovnina volcano hamM@U ratios from 1.9 to 2.2.

Interpreting the analyses, it can be concluded thatKarymskii volcanic
center was produced as a result of the fairly carafgd evolution of the melts.
The most primitive of them exhibit anomalously higdncentrations of Na and Li.

0] 1 2 3 4 5
Th, ppm
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The genesis of these unusual melts should be fugheidated. The possible
sources of the Li-Na complex could be zeoliteshef matrolite group or Li micas.
In any event, the melts should have been contagdnatth crustal material. It is
necessary to determine the composition of rock-fiegnmelts in inclusions in

mafic minerals: pyroxenes, olivine, and amphibcdesl to examine the trace-
element composition of the secondary minerals deaeloped in the Karymskii

volcanic center.

CONCLUSIONS

1. We have examined more than 80 melt inclusionghanocrysts from
basalt, andesites, dacites, and rhyodacites franKidarymskii volcanic center,
Kamchatka, and dacites from Golovnina volcano, tshmalsland, Kuriles. The
SiO, concentrations in melt inclusions in phenocrystsnfthe Karymskii volcanic
center range from 47 to 57 wt % in plagioclase pleysts from basalts, from 56
to 67 wt % in plagioclase phenocrysts in andesitesn 66 to 73 wt % in
plagioclase phenocrysts from dacites and rhyodacaed from 72 to 76 wt % in
quartz phenocrysts from dacites and rhyodacites. Jiky concentration in melt
inclusions in quartz from dacites of Golovnina \aslo varies from 70 to 77 Wé.

2. It was determined that basaltic melts of theyKeskii volcanic center are
significantly enriched in Na (N® = 2.9-7.4 wko at an average of 5.1 wt % of 23
analyses), with the highest )& concentrations found in the most basic melts
(SIO, = 47-52 wt %). These melts are characterized by kiggh NaO/K,O ratios
equal to 8.0 on average.

3. Concentrations of volatile components were deteed in the basaltic
melts of the Karymskii volcanic center (1.6 %tH,0O, 0.14 wt% S, 0.09 wt%o Cl,
and 50 ppm F) and in dacitic and rhyodacitic mélt®-7.3 wt% H,O at an
average of 4.5 W% of 15 analyses; 0.15 v Cl; 600 ppm F; and 100 ppm S).
The HO concentrations in melt inclusions in quartz fraiacites of Golovnina
volcano are higher (5.0-6.7 wt % at an average®i %), the Cl concentrations
are also high (0.19-0.28 wt %), and the F concaatra are 660 ppm.

4. The comparison of the composition of melts fitbie Karymskii volcanic
center with those of the previously examined mgitBezymyannyi and Shiveluch
volcanoes revealed their significant differencese Tormer are more basic and are
enriched in Ti, Fe, Mg, Ca, Na, and P but are dgtdbpleted in K. The melts of
the Karymskii volcanic center are likely less dr#fatiated than the melts of
Bezymyannyi and Shiveluch volcanoes.

5. Concentrations of 20 trace elements were meadsoum an ion microprobe
in the glasses of 22 melt inclusions in plagiockaseé quartz. An unusual feature is
the very high Li concentrations (along with highncentrations of Na) in the basaltic
melts of the Karymskii volcanic center (118-1750ppwhereas the dacitic and
rhyolitic melts contain 25 ppm Li on average. Thgalitic melts of Golovnina
volcano contain much less Li: 1.4 ppm on averadee Ta/Yb, Th-La/Yb, and
Th-Th/U relations of the melts suggest their défar degrees of differentiation.
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The melts of the Karymskii volcanic center are elsterized by relative Nb and Ti
minima and B a and K maxima, as is typical of aagmas.
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Garnet Orthopyroxenites from the Udachnaya Kimberlite
Pipe (Yakutia);
Features of Their Composition and Origin

Pokhilenko L.N!, Pokhilenko N.P, Vladykin N.V?

v.S. Sobolev Institute of geology and mineraloggoftyuga ave., Novosibirsk, Russia
’A.P. Vinogradov Institute of geochemistry,1a Fakog® st., Irkutsk, Russia

ABSTRACT

Mineral composition of three deep-seated xenolghgarnet pyroxenites from the
Udachnaya kimberlite pipe has been studied. Subdthods of study including scanning
electron microscopy made it possible to reveal nalseérom different thermal and oxidative
settings at the micro level. The rims around thegamainly consist of aluminous ortho-,
clinopyroxenes and spinel. Phlogopite, sodalitdaggium feldspar and apatite were also
found in the rim of UV92/03 sample. Phlogopite asminelide from the rim differ in
composition from the similar minerals of orthopyeae matrix and interstices between opx
blocks. Orthpyroxenes from the garnet rim show et of aluminous compositions. The
rim clinopyroxenes demonstrate narrower composlioange. Olivine is represented by
different morphological segregations of differemimposition. High Mg# and Si# olivine
and high Mg# clinopyroxene intergrowth was foundire of the micro cracks of UV46/92
sample. Sulfides including K-sulfides (djerfisheritasvumit) among them are abundant in
UV92/03 sample. Sodalite and sylvite in the freatmgle UV92/03 are a direct evidence of
chlorine patrticipation in the processes of deepaswmnatism. Slightly varying mineral
composition of the studied rocks is explained bietageneity of the initial matter, different
degree of partial melting and metasomatic treatment

Key words: orthopyroxenite, garnet rim, metasomatism, pdntielting.

INTRODUCTION

The samples of xenoliths of megacryst series refemmplex evolution
history of the deep-seated mantle substance. Mestigation of xenoliths, made
by Pokhilenko et al. [12], Solov’'eva et al. [14]a®son [6] and other authors,
allowed them to model the processes, which occumetbw horizons of the
lithosphere.

We have compared three megacryst garnet pyroxemiobsding UV92/03,
described by Pokhilenko [11] in detail. The studlg@mposition and interrelations
of their minerals makes it possible to trace thekrtyansformations during their
multi-stage formation and to draw the conclusioat ttnantle metasomatism has
played a key role in that process at least immelyiain the period prior to
kimberlite formation.
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TEXTURE, MINERAL COMPOSITION OF XENOLITHES AND
CHEMICAL COMPOSITION OF MINERALS

Three garnet pyroxenite samples have been studiégee deformed
orthopyroxene megacrystals constitute the bullkefrock volume.
Tablel.
Mineral compositions of the xenoliths UV92/03, UV482, U-36.

Minerals from Minerals from the opx-

sample Main minerals . matrix, interstices, micro-
the garnet rim

cracks
Orthopyroxene, Al-orthopyroxene, Al- Graphite, olivine, phlogopite,
garnet, phlogopite | clinopyroxene, Al-spinel, | clinopyroxene, sodalite,
uv92/03 phlogopite, sodalite, potassium feldspar, apatite, Cr-
apatite, potassium Ti-spinelide, Ca-carbonate,
feldspar sylvite, Fe-Ni and K-sulfides
Orthopyroxene, AI-pyrqxenes, Al-spinel, Olivine, clinopyroxene
uv46/92 garnet p(r)”tassm_;n felldsp(?r, phlogopite, Cr-Ti-spinelide,
?heog?;rﬂle? ﬁrﬁce around apatite, Ca-carbonate
Orthopyroxene, Al-pyroxenes, Al-spinel, Olivine, clinopyroxene
U-36 garnet, phlogopite | phlogopite placed aroundg ' '

the garnet rim phlogopite, Cr-Ti-spinelide

Garnet occurs as oriented vermicular intergrowttigins of small grains
between opx blocks and isometric grains beyondopstftoxene. Garnet isolations
are surrounded by reaction rims, which mainly csinssf nonequilibrium
pyroxenes with varying degree of alumina and higalymina spinel. Table 1
demonstrates total mineral compositions of the hk#1s0

Despite the fact that they are similar in appeagarioey slightly differ in
mineral composition and chemical composition ofdbastituent minerals.

Orthopyroxene.

Table 2 demonstrates the orthopyroxene compositBypsand large the opx
matrix compositions of three samples are similad eorrespond to the ordinary
stoichiometric composition of mantle opx. U-36 ahly/46/92 matrixes are
heterogeneous and contain more ferrous areas )spttsslightly elevated GOs,
Al,O3; and CaO as compared to the matrix. UV46/92 matixains rare thin cpx
lamella (7-8microns). High CaO content in the opm of UV92/03 (2,31 wt%) is
typical of the high-alumina composition (closedytrnet), high calcium content is
also noted for the intermediate composition (S&D,45 wt%, A}O;=9,12 wt%).
The same parameter in UV46/92 is maximal for thermediate compositions
(S10,=49,74-52,48 wt%,; Al0;=8,95-6,52 wt%) and CaO average values (1,11
wt%) were noted in the high-alumina compositions..

For clarity the opx compositions were plotted ome #hiagrams Mg#-Ca#
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(Fig.1) and Mg#-(Al+Cr-Na) (Fig.2).
Table 2.

The compositions of the matrix and spot orthopyroxees and the compositions of high-
alumina opx from the rim of garnet xenoliths UV92/@, UV46/92 and U-36. Mg#
=Mg/(Mg+Fe)*100; Ca# =Ca/(Ca+Mg)*100; Al#=Al+Cr-Na

Wt O Opx matrix OpX «SpOot» Opx from the garnet rim
. UVv92/03 | UV46/92 U-36 UVv46/92 | U-36 | UV92/03 | UV92/03| UV92/03 | UV46/92 | UV46/92
SiO; 58,18 | 58,55| 58,26 56,88 56,68 43,/0 51|95 54,58 0344,52,48
TiO, 0,02 0,00 0,00 0,15 0,00 0,04 0,02 0,04 0,03 0,04
Al,O3; | 0,48 0,28 0,36 1,09 0,8y 15,17 7,28 3,65 1534 6,52
Cr,03| 0,34 0,20 0,18 0,78 0,86 5,04 1,74 0,82 6,22 1,61
MnO 0,08 0,09 0,00 0,14 0,18 0,26 0,36 0,24 0,47 0,49
FeO 4,49 4,40 4,66 5,83 6,06 7,32 7,51 6,02 8,29 7,15
MgO 35,76 | 35,66/ 36,10 32,99 33,54 2553 2918 32,28 5824,28,93
CaO 0,24 0,32 0,37 0,92 0,90 2,31 1,40 1,22 111 2,34
Na,O 0,15 0,02 0,00 0,16 0,15 0,00 0,14 0,13 0,00 0,17
K,O 0,00 0,00 0,00 0,00 0,00 0,01 0,01 0,80 0,00 0,00
Total | 99,74 | 99,52 99,93 98,94 99,24 99385 9958 99,28 ,0¥0099,73
Mg# 93,42 943 | 93,25 90,98 90,68 822 87,18 89,61 82,8%,56
Ca# 0,49 0,65 0,73 1,97 1,89 6,11 3,32 2,64 3,13 5,49
Al 0,019 | 0,016/ 0,019 0,049 0,056 0,785 0,341 0,164 220,80,304
® UV92/03-from the ga-rim
77 @muvaz/o3
6 1@ ® ® AU36-spot
® [ ] [ ] Ouse
5 A e o @ UV46/92-from the ga-rim
A UV46/92-spot
" e 4 * deform.ed muvag/a2
o .| e e® © lherzolite

pyroxenite

e grained
® Iherzolite
N

82 84 86 88 90 92 94 96
Mg#

Fig. 1.0px Mg#-Ca# diagram of the studied xenoliths. Opx@mpositions of basic and
ultrabasic parageneses of the Udachnaya pipe:pyrexites, harzburgites, grained and
deformed Iherzolites.

Fig. 1 demonstrates the matrix compositions ofdlstidied opx, which are
high Mg# opx and fall into the pyroxenite area. &a Fe enriched spots in the
opx matrixes fall into the area of deformed peirigst
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0,9 - M opx92/03
» ®
0.8 g A opxU36-spot
0,7 7 OopxU36
0,6 @
® opx46/92-from the
2 05 - P ga-rim
R B opx46/92
$ ® @ o @
L04 -
o ® . ” grained @ 0px92/03-from the
0.3 - e . lherzolite ~ &"™
: A opx46/92-spot
02 - harzburgite
pyroxenite

@
01 - deformed \ . Famar /

lherzolite -~

0,0 T T T Waaaesem Torm T Lo

82 84 86 88 90 92 94 96

Fig. 2.Mg# - (Cr+Al-Na) diagram of the orthopyroxenes of he studied xenoliths. The
composition fields of pyroxenes of basic and ultradsic parageneses from the Udachnaya
pipe: pyroxenites, harzburgites, grained and deforrad lherzolites.

The compositions of non-stoichiometric non-equilibr opx from the garnet
rim have no analogs among the known mantle rockgh Halcium content
manifests itself in the presence of diopsides ofT€hermak minals typical for
clinopyroxenes.

Fig. 2 supports this fact and clearly demonstrétes Al in opx from the
garnet rim is found not only in VI coordination jedeite component (NaAlgDe)
but in IV (Si position) in Tschermak component (T£0Os).

Garnet.

The garnet compositions are given in Table 3 aaddstrd diagram Cr203-
CaO. According to Fig. 3, the garnets of the stidoethopyroxenites fit the
compositions of different mantle parageneses: U322+ harzburgite-dunite
(69,3% pyrope, 7% knorringite component), U-36 er#olite (70,7% pyrope,
4,2% knorringite component) UV46/92 — wehrlites ,@% pyrope, 15,6%
uvarovite component).

Garnet UV92/03 is in the harzburgite-dunite field the diagram Mg# -CaO
and doesn't fall into any of the peridotite fieldsYakutian pipes on the diagram
Mg# -CrOsz.Garnet UV46/92 lies close to the Iherzolite fiel@arnet U-36 (the
upper diagram Mg# - CaO) falls into thddief the deformed lherzolites and
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wt.% | UV92/03 U-36 UV46/92 i ,
Sio, 41,30 41,95 41,66 415 | @U3E
Ti0, | 0,05 0,00 0,00 ol
Al,O; | 19,51 20,00 18,88 ol R
Cr,0s| 5,40 4,14 6,28 s L e
MnO 0,27 0,45 0,38 PO Y g
FeO 7,15 7,68 7,33 g ° T
MgO | 21,62 20,74 18,91 g 4 - Fo
CaO 3,82 4,16 6,56 G oa b
Na,O 0,05 0,00 0,02 : e s b s .
K20 0,00 0,00 0,01 0l z 4 E. g0 -|I'j '||4
Total 99,16 99,11 100,01 g
Mg# 84,35 82,79 82,13 CraOswh.%

Table 3 Fig. Riagram Cr,03-CaO.
The compositions of garnet xenoliths Dotted contours correspond to the

UVv92/03,UV46/92,U-36.Mg#=Mg/(Mg+Fe)*100 clagication boundaries [13].

lies in the field of the deformed Iherzolites justar the grained lherzolite
boundary on the diagram Mg# -JOg. Structurally this sample doesn’t show any
signs of deformation or cataclasm: no flow struesurrecrystallized sugar-like
bulk mass etc.

12 4

grained harzburgite-  ©ga%2/03
. -~ -
10 1 lherzolite //....::\ dunite 0gal36
d ; ‘..‘ ®alb/92
- ga
8 y \
. /
o] / *
™ 6 —
5 ’

¥ o \ A ¥ deformed

Iherzolite

0 ; ; ; ; ; ; ; . . .

78 79 80 8 8 8 8 8 8 87 88
#Mg

Fig. 4.Mg# -CaO diagram of the garnets of the studied xeriths. The composition fields of

garnets of utrabasic parageneses of the Udachnaygp: harzburgite-dunites, grained and

deformed Iherzolites. Pyroxenite garnets are less §# (49-78) and are not plotted on the
diagram.
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Clinopyroxene.
The studied samples contain different amountsinbplroxene. Very rare

Cal

78

’
4 % .
\\ -------------
.......... E
4 e G B oy - -
deformed harzburgite-
lherzolite dunite

grained
lherzolite

& UV92/03
¢ U-36

& UV4a6/92

79 80 81 82

83

84

#Mg

8 86 87 88

Fig. 5.Diagram Mg# -Cr,03 of the garnets of the studied xenoliths. The compgdion fields

of garnets of ultrabasic parageneses of the Udachya pipe: harzburgite-dunites, grained
and deformed lherzolites. Pyroxenite garnets are $s magnesia (Mg# 49-78) and not plotted
on the diagram.

Table 4.

Compositions of the clinopyroxenes from UV92/03, U46/92, U-36.
Mg#=Mg/(Mg+Fe)*100; Ca#=Ca/(Ca+Mg)*100; Al#=Al+Cr-Na

wt.%

Cpx from the garnet rim

Cpx from the interstices & cracks

U-36 | U-36|UV46/92|UV92/03 UV92/03| U-36 | U-36 | UV46/92| UV92/03|UV92/03
SiO, | 49,04] 51,73 49,15 48,85 51,32] 53,785,04 54,04 52,32 54,28
TiO, | 0,24 | 0,39] 0,39 0,06 007, 029 o0pR8 0,78 0,24 0,11
Al,O3] 10,65| 7,68 7,07 8,25 7,97 6,10 32 2,34 5,22 2,02
Cry03 3,27 | 1,68 2,54 3,00 1,72 0,22 0,63 1,74 0,86 131
MnO | 0,41 | 0,40, 0,27 0,27 0,23 0,34 044 0,16 0,18 0,11
FeO | 4,62 | 4,71 3,98 4,49 397, 398 4,09 3,80 3,63 2,92
MgO | 15,36| 17,03 15,82 16,10 15,92| 17,639,97 18,35 16,60 17,60
CaO | 15,84| 14,9% 19,16 17,51 17,24| 16,3%34,71] 17,32 18,98 19,63
Na,O | 0,54 | 0,75 0,82 0,58 0,88 098 0O,J/3 0,96 1,08 1,07
KO | 0,14 | 0,000 0,01 0,02 0,26/ 0,00 0,00 0,01 0,04 0,16
Total |100,01/99,30] 99,20 99,13 99,56| 99,629,50 99,47 99,14 99,21
Mg# | 85,57 | 86,57 87,63 86,46 87,73/88,75/ 89,46 89,58 89,08 91,49
Ca# | 42,57 | 38,69 46,56 43,89 43,78/40,01/34,62 40,42 45,12 44,51
Al# 0,51 | 0,32] 0,32 0,4 0,33] 0,20 0,12 0,08 0,17 0,05

clinopyroxene grains (fractions of mm) are obserwvet)-36. Rare grains (as big
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as 70-80 microns) are observed in UV46/92 at theegaim boundary and in the
micro cracks with olivine and apatite. In UV92/@3ccurs in  the cracks with
phlogopite, apatite, calcium carbonate, chromitd suifides. Clinopyroxene with

cc _ Pyroxen ite eclogite @ UV92/03- from
the ga-rim
B UVv92/03
® UV46/92-from
the ga-rim
W UVa6/92
O U36-from the ga-
\ rim
35 | . Quse
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79 82 35 38 91 94 97 100
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Fig. 6.Diagram Mg# -Ca# of the clinopyroxenes of the studd xenoliths. The composition
fields of pyroxenes of basic and ultrabasic patageses of the Udachnaya pipe: pyroxenites,
eclogites, grained and deformed |herzolites.

06 - @ UV9I2/03from
% the ga-rim
W UV92/03
0,5 o
QO U36-from the ga-
04 - o o
> ouse
2 —_— (ol J
_ pyroxenite grained @ UV46/92-from
- ' Ilherzolite the gr-rim
< 072 eclogite Ii W UV46/92
. L
o 4 W 7 D
g—:/_q\_ deformed
il penll™ - -~
0.0 - . 1Iherzolllte

79 82 85 88 91 94 97 100
#Mg

Fig 7.Diagram Mg# -(Cr+Al-Na) of the clinopyroxenes of tle studied xenoliths. The
composition fields of pyroxenes of basic and ultradisic parageneses of the Udachnaya pipe:
pyroxenites, eclogites, grained and deformed Iherites.
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different aluminum content was observed in all ®ddxenoliths among the
minerals of the rim around the garnet. Table 4 shtive compositions of some
clinopyroxenes.

Fig. 6 demonstrates that clinopyroxenes from ititses and cracks, like less
magnesian clinopyroxenes from the rims around #redg, fall into the fields of
different mantle rocks. This fact may point boththie varying degree and time of
the source orthpyroxenite enrichment, different Rdnditions and multistage
process and reactions, that have taken place getiyghery of garnet grains at the
late stages of the rock formation.

Fig. 7 clearly demonstrates that clinopyroxenesnfrihe interstices and
cracks mostly fall into the fields of compositiored classic mantle rock
parageneses: UV46/92 and U-36 — eclogite field, 2/U8 — intersection of
pyroxenite and lherzolite fields. Some compositjonghich correspond to
pyroxenite clinopyroxenites in the aluminum contesgbpear to be significantly
more magnesian and have no analog among the pwsxeh the mantle
parageneses of the Yakutian pipes like clinopyregefiom the rim around the
garnet.

Olivine.

In the sample UV46/92 olivine occur in micro cradk®mkm) with bulges
(up to 30 microns) filled with clinopyroxene anda#ife along with olivine. It also
occurs in wider cracks (100-120 microns) togethig wlinopyroxene, phlogopite
and calcium carbonate. Olivine with high Mg andvated Si is found in one of
these cracks (Fig. 8). The area (0,5x0,5 mm) mdderyptocrystalline olivine
(grains up to 15 microns) and symplectitic spinad &linopyroxene intergrowths
is found in UV92/03. The intergrowths of more feyinous olivine and
clinopyroxene were also found in microcracks (10sikn). Olivine was observed
in U-36 as single grains up to 100microns with pblate, spinel, orthopyroxene
and clinopyroxene. Olivine compositions are givel able 5.

Table 5.
Compositions of olivine from the xenoliths UV92/03UV46/92, U-36.
Fo — forsterite component Mg/(Mg+Fe)*100

wt.% U-36 U-36 UVv46/92 UVv46/92 UVv92/03 UVv92/03
SiO, 39,96 40,07 41,04 42,74 41,52 40,69
Cr,03 0,00 0,00 0,38 0,02 0,02 0,13
MnO 0,34 0,52 0,23 0,08 0,05 0,24
FeO 10,83 11,39 9,20 5,01 7,06 9,25
MgO 48,20 47,47 48,88 52,15 50,79 49,02
CaO 0,21 0,17 0,16 0,08 0,01 0,16
NiO 0,154 0,061 0,59 0,15
Total 99,53 99,61 100,04 100,14 100,03 99,63
Fo 88,80 88,13 90,45 94,88 92,76 90,42
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U-36 contains least magnesiume-rich olivines. In. Bigheir compositions fall
(or fall close) into the extremes of the field bétdeformed Iherzolites. UV46/92
and UV92/03 compositions also lie in this field ltithe intersection with the field
of the grained Iherzolites; UV92/03 compositiondahto the most magnesian part
of the deformed Iherzolite field at the boundary gfained lherzolite and
harzburgite-dunite fields. Highly magnesian olivio&46/92 found in the crack
has no analogs among the olivines of the Udachpggamantle rocks.

1,025 -
1,020 A A A UVS2/03
deformed AUE6
1,015 ~ lherzolite
A UVAG/92
........ s
1,010 N
® o 4 na harzburgite-
E LA 4 "A & dunite
(7] :" I
oo { 7 i —
L \ 1
AT
0,995 - D ¥
0.990 - gralnec?
lherzolite
0!985 T T T T T T T T 1
87 88 89 90 91 92 93 94 95 96
Fo

Fig. 8.Mg and Si content of olivines of the studied xendhs. The composition fields of
olivines of basic and ultrabasic parageneses of thiédachnaya pipe: harzburgite-dunites,
grained and deformed |herzolites.

Phlogopite.

Phlogopite compositions are given in Table 6.

Figures 9-11 demonstrate that phlogopites UV46/6@ &V92/03, which
occur among the minerals around the garnet rim @uttine this rim, are less
magnesian than phlogopites from the orthopyroxeatgixand large cracks. U-36
phlogopites occurring between opx blocks are memneiginous than phlogopites
outlining the rim, though their compositions diffegss thanphlogopite of two
other xenoliths in all components. By and largeogbpites from the rim and
adjacent to it are similar in Mg# content (83,4%8Table 6), all of them are
enriched in Ti, Al, Cr (Fig. 9,11), what is indicat of the similarity of their
formation processes. All U-36 phlogopites are drmatcin K and phlogopites from
the rim UV46/92 and UV92/03 are depleted in thisyponent.

Table 6.
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Compositions of phlogopites from the xenoliths UV9B3, UV46/92, U-36: 1-2 - phlogopite
plates sited between the orthopyroxene blocks, 3-5phlogopite, which outlines the garnet
rim; UV92/03: 6 — phlogopite from large cracks (50hkm), 7 — phlogopite plates from the
orthopyroxene matrix, 8 — phlogopite from the garnérim; UV46/92: 9 — phlogopite, which
outlines the garnet rim, 10-11 — large plates, whitcoutline the garnet rim.

wt.% 1 2 3 4 5 6 7 8 9 10 11
Sio, 39,96 | 39,28 39,93| 39,86 39,07 44,43| 42,85 39,94 | 40,12 40,85| 40,23
TiO» 2,35 2,34 | 2,46 2,42 2,40| 0,12 0,10| 1,45 2,34 | 152 2,09
Al,O; | 13,84 | 15,55 13,92| 13,07| 14,43 10,02| 12,41 15,32| 13,98 12,10| 12,99
CroO3| 1,90 195 2,24 1,88 2,06| 0,05 0,75| 2,33 2,08 | 1,26 1,54
MnO 0,00 0,00 | 0,00 0,00 0,15| 0,03 0,02 | 0,04 0,03 | 0,06 0,03
FeO 511 472 | 4,33 4.50 4.39| 3,18 2,81 | 3,95 3,98 | 3,54 3,72
MgO | 21,95| 21,81 22,16| 22,500 22,01 27,37| 25,43 22,66| 20,76| 23,71| 23,74
CaO 0,00 0,00 | 0,00 0,10 0,00/ 0,01 0,01| 0,03 0,03 0,01 0,02
Na,O | 0,45 0,44 | 0,31 0,30 0,42| 0,10 0,16 | 0,41 0,30 0,16 0,20
K-0O 11,28 11,51} 11,51 11,84 11,7%10,58| 10,24 9,69 9,12 9,10 9,69
Total | 96,83| 97,59 96,85| 96,48 96,68 96,68 | 95,23 96,23 | 92,74 92,30| 94,25
Mg# 81,11| 82,21 83,64| 83,35 83,38 89,59| 90,07| 85,15| 83,92 87,00| 86,47
15 B UV92/03 fromthe
O matri
17
@ Uvez/t3fromthega
16 0 C%. rim
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g ” u O U-36fromthagarim
- [ |
= blocks
12 @ Uvag/9ofromthega
i
11 B UV46/9Zbatweenthe
i
10 A &
9 T T T T 1
82 84 86 88 90 92
Mgii

Fig. 9.Diagram Mg#-Al,O3 for phlogopites of the studied xenoliths.
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Fig. 10.Diagram Mg#-K-0O for phlogopites of the studied xenoliths
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Fig. 11.Diagram Mg#-TiO, for phlogopites of the studied xenoliths.
Spinelides.

Isometric, zonal as a rule, often of square, tugaigor star section spinelide
grains occur in the garnet rim of three studiedokéms along with high-alumina
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orthopyroxene and clinopyroxene. Spinelides withvated TiQ content (Fig. 13)
were observed at the orthopyroxene grain boundaries the cracks filled with
potassium feldspar and phlogopite. Spinelide-cymogpene micro symplectites

Table 7.
Compositions of spinelides from the xenoliths UV928, UV46/92, U-36.
Mg#=Mg/(Mg+Fe®"*100; Cr#=Cr/(Cr+Al+Fe *")*100
centre rim spl sp2 centre] rim sp3 sp4 centre rim &
wt.% | uv92/03| uv92/03] uv92/03 uv92/08  u-36 u-36 u-36  6-3 uv46/92| uv46/92] uv46/92
TiO, 0,54 0,34 0,28 2,77 1,08 044 281 2,12 0,91 0,36 ,333
Al,O; | 28,81 38,70 47,51 14,42 40,88 49,69 18,84 24,63 9424, 50,29 9,50
Cr,0O; | 40,19 30,09 17,92 43,64 20,15 13,74 38/24 29,50 1641, 16,42 50,62
FeO 13,26 12,08 13,24 22,82 20,20 16,38 24(98 27,11 4818, 13,69 23,05
MnO 0,10 0,10 0,16 0,31 0,35 0,00 0,31 0,00 0,30 0,26 ,26 0
MgO 16,59 17,98 19,98 14,94 17,29 19,60 13|93 15,80 3913, 19,35 12,24
NiO 0,41 0,38 0,14 0,106 0,06( 0,155
Total 99,91 99,66 99,12 99,04 99,94 99,/5 9911 99,16 299, 100,43 99,15
Mo# 73,07 75,83 80,15 69,41 71,73 7763 63,68 69,43 0%1, 76,88 58,80
Cr# 46,93 33,52 19,18 56,78 22,48 1457 49,17 36,07 3250, 17,30 69,34

were found in the fine crystalline olivine massWf92/03 sample. Compositions
of zoned spinels from the garnet rim and Cr-Ti-spdes from the interstices are
given in Table 7.

- harzbu rgite-
f dunite
4 b
L™
| ~
|
2 A
grained ‘?g
1 [|herzolite % &
50 60 70 BO
Mg

Fig. 12.Diagram Mg# Cr# for spinelides of the studied xendaths. The composition fields of
spinelides of basic and ultrabasic parageneses biet Udachnaya pipe: harzburgite-dunites,
grained lherzolites and composition of the spinerdbm pyroxenite of the Obnazhennaya
pipe. The compositions of central (c) and margindalr) parts of spinelides are connected by
tie lines.
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Fig. 13.Diagram Mg# -Ti for spinelides of the studied xendalhs. Diagram Mg# Cr# for
spinelides of the studied xenoliths. Compositiondlds of spinelides of basic and ultrabasic
parageneses of the Udachnaya pipe: harzburgite-duigis, grained Iherzolites and
composition of the spinel from pyroxenite of the Obazhennaya pipe. The compositions of
central (c) and marginal (r) parts of spinelides ae connected by tie lines.

According to Mg# -Cr#, the majority of Ti-spinelsl@and composition of the
central part of strongly zonal spinelide frdnv/46/92 garnet rim fall into the
fields of the mantle rock of ultrabasic paragene$és margin of zonal spinelide
fromUV/92/03 garnet rim and spinelide from the Obdmannaya pipe pyroxenite
are similar in composition. U-36 spinelides are thast chromium spinelides.
Spinelide margins from the garnet rim are less i and ferruginous as
compared to their central parts.

PT-PARAMETERS OF EQUILIBRIUM OF THE STUDIED
XENOLITHS

Unfortunately it is impossible to determine exa€tparameters of the initial
orthopyroxenes because of the complexity of themnstuction of their initial
compositions. The samples are heterogeneous iretgdrstribution and contain
high amount of accessory minerals. Probably thecequpate calculations allowed
rough determinations to be made of lower tempesatir the orthopyroxene
formation. Garnet enstatite equilibrium parametevere determined from
orthopyroxene-garnet pair.
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Fig. 14.Equilibrium clino- and orthopyroxenes from the garnet rim on the diagram Ca in
opx — Ca in coexisting cpx.

Lines show the compositional trends of equilibriymyroxene compositions. The trends were
experimentally obtained in the natural system bgyBmat 900-140 and 1-6 GPa [3,5]. Gray circles —
UV92/03, black circles — UV46/92, empty circle -nrequilibrium pyroxene pair from U-36 garnet rim.

Probable equilibrium pairs among aluminous pyrosefiem the garnet rim
have been determined using the scheme of Bray Herzélite four-mineral
parageneses considering the presence of latene)iglino- and orthopyroxenes.
Temperature and pressure were calculated by therkrgeothermobarometers
(Table 8).

Table 8.

Equilibrium parameters of the key stages of formatbn of the studied xenoliths: BK — Brey,
Kohler, 1990 [4], Ha — Harley, 1984 [7], WB — WoodBanno, 1973 [15], BM — Bertrand,
Mercier, 1985 [2], NT — Nimis, Taylor, 2000 [10], N6 — MacGregor, 1974 [9]

T.°C
UV92/03 | 1405 | .., 50 1425 | 50 | ..

u-36 | 1370| T Cobi BK. | 50| fixedP kb | 1405 B% 50 f'xig P, ﬁl'fs
UV46/92 | 1380 p 50 1445 0| 50 9-
U\L/fgéc’?’ gég T.°C by Ha, jg P.kb by Ha, 3
Uv46/92 | 1002 | 98TOPX | 47 ga+opx fig.15
UV92/03 | 1155 averagel by 19 averageP by

BK, MG(opx), 5
UV92/03 | 1165 oo 17 | (o) (o1
UV46/92 | 1060 BV o7 PX), 9.
cpx+opx BM(cpx+opx)
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DISCUSSION

The studied xenoliths are crystallization products the melt of sub-
lithosphere mantle of maximal partial melting (70%yhich corresponds in
composition to primitive mantle substance (Fig.1}5-

Slightly different compositions of the studied reatan be first related to the
initial substance inhomogeneity and second — diffedegree of partial melting. If
you look at the garnet compositions — harzburgitd V92/03, Iherzolite for U-36
and wehrlites for UV46/92, it would seem reasondbl@assume that initial melt
fractions of UV46/92 and U-36 were less deep andenenriched in the low
melting components than the melt from which UV92¢dyastallized. Although it is
possible that UV46/92 has experienced wehrlitizatader [3].

Reasoning from the high degree of melting and camipas of initial
pyroxenes (before they have lost garnet moleculepn be assumed that their
crystallization temperature were about 1400-260Q1]. During cooling the
resulting highly aluminous enstatite has lost gaiase energetically unfavorable
phase by the known reaction:

Mg,Si,Og(enstatite)+MgAISIOs(Mg-Tschermak)>MgsAl ,SisO, x(pyrope)

This process occurred as temperature decreaseddsustill high. The pair
consisting of recrystallized, free of alumina etisdaand released pyrope gives PT
parameter of completion of the first phase of caxptvolution of this type of
rocks (Fig. 15 -2,3). On further cooling and suéi@ CaO amount in the system
the cpx precipitation (fallout) from the opx matrshould be expected. This
process is fixed in its infancy as rare thin (ud@mnkm) oriented cpx plates in one
of the opx areas of UV46/92. U-36 contains rare gpins. UV92/03 has been
initially depleted and contains only later cpx, Ipably related to metasomatic
treatment of the rock.

Further transformations of the studied rocks wetated to their secondary
enrichment in the deep mantle horizons, which wassed by the general
preparatory of substrate to kimberlite formation.t@at time hot melts containing
aggressive fluids accumulated in the mantle ardmant to our rocks. This phase
Is related to large phlogopite grains in UV92/03¢nm cracks in opx matrix filled
with high Mg# olivine, Cr-Ti spinelide, high temp@gure (low-Ca) cpx in
UV46/92, the area in UV92/03 opx made of cryptotalse olivine intergrowths,
chrome-spinel, high temperature cpx and the beggrof the formation of
reaction rims around garnet, which are mainly maideortho-, clinopyroxenes of
different aluminum content and enlarged and zopaie$ at the rim periphery.
UV92/03 garnet rim also contains phlogopite enritheTi, Al, Cr as compared to
the matrix phlogopite. UV46/92 phlogopite, whichged the rim, is also enriched
in these components. This fact can points to discor stepwise nature of
metasomatic effect. The complex metasomatic stage fallowed by Ti, K, Cr
introduction for U-36 rock as demonstrated by tleenpositions of phlogopites
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located between opx blocks and edged garnet rimgs 9F1L1). Similarity of their
compositions may be a demonstration of simultangpasith or at least similar
growth conditions. As indicated above, mineralgaifnet rim seldom fall into any
field of basic and ultrabasic mantle rocks becahsg were formed in different
conditions under the action of active metasomagienés probably as PT medium
parameters changed (Fig. 15-4).

800 850 1100 1350 1600
iy &

Fig. 15.Model of formation of mantle xenoliths UV92/03, UV4/92, U-36.

1 — expected initial melt, 2 — crystallization oftial highly aluminous megacryst orthopyroxengeaynet
loss, 3 — intermediate equilibrium — garnet en&siti4 — heating and rock enrichment in melts &ndsf
accumulated during the kimberlite formation, thgibaing of the garnet rim formation, 5 — capture of
the rock by kimberlite and lifting to the surfaggpwth, enlargement and further formation of tha ri
minerals around the garnet.

During the capture of the studied rocks by alkahliéhed kimberlite melt and
transport to the surface they underwent furthensfi@mations. Probably the
transportation didn’t occur immediately but withosihstop somewhere at the crust
boundary. Potassium feldspar, cryptocrystalline ogbpite of different
composition (enriched in K and Si), which contaapstite and clinopyroxene and
sometimes calcium carbonate in the cracks pointh® fact. UV92/03 was
recovered from the block of fresh kimberlite, whiatidn’'t subject to
serpentinizatoion and other changes. Variety ddladlk minerals supports this fact.
Thus sodalite (Na-enrichment) occurs in the garineat this stage and sylvite was
found in the interstitial space between opx blodesge phlogopite grain and
garnet rim. Small grains of K-containing sulfiddss¢ microns) djerfisherite and
rasvumite were noted in the micro cracks. UV92/@Bgt rim contains a wider in
aluminum content range of pyroxenes and in thi® @npositions vary within
the small areas (20-50mkm). This suggests an egtreomequilibrium and high
process rate (Fig. 15-5).
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ABSTRACT

The Joint-Stock Company «Arkhangelsk diamonds»0@822009 discovered 3 new
pipes An-G448, An-G056 andAn-G429) in the western part of the Nenoksa fiel® t
Onega peninsula. The geological structure and dhgposition of these pipes show, that the
magmatism of the Nenoksa field is more diversen thvas earlier considered. The western
part of the field is different in the geology aslw&Vhen the pipes originated this site
contained the Cambrian-Ordovician sediments, erpded to the intrusion of other pipes of
the field. New pipes in places show a complex mbHse texture; in addition to common
volcanic rocks the pipes showed for the first titiee body of sintered tuffisite of
kimmelilitites. The An-G056 andAn-G429 pipes demonstrate the increased degree of
ultrabasicity, lack of clinopyroxene phenocrystgesence of tetraferriphlogopite and
macrocrysts of “olivine of the first generatiordn( essential feature of the rocks from the
kimberlite series), high concentrations of intdatét inclusions (chrome-spinellids,
clinopyroxene, amphibole-pargasite, olivine, plesiag as well as features of the
astenosphere influence on the mantle source okrfioRuence of the mantle plume). The
rocks fromAn-G056 andAn-G429 pipes belong to the non-pyroxene feldspdtlotivine
melilitites and in terms of the composition theg amilar to “kimmelilitites” of Chidvia and
Verkhotina of the alumina series of the Zimnyi Beregion. The pipes of the Nenoksa field
are of the same age, similar in the geologic textamd composition to the pipes of the
Terskyi Bereg and Zimnyi Bereg and fall into a gaheattern of zoning of the Early
Hercynian volcanism of the Belomorsky region. Tleatcal part of the Belomorsky region
includes abundant diamondiferous and weakly-dianferwlis kimberlites, while the
peripheral part contains non-diamondiferous maéht foidites and basalts. The Early
Hercynian pipes of the Terskyi field, Nenoksa fialtd Zimnyi Bereg region are located on
the northern and eastern margins of the Belomonsigimum dg, which is connected with
the Devonian mantle diapir, or «plume». The pipesidt contain typical minerals-satellites
of diamond of the ultrabasic paragenesis, howéwayr include abundant deep minerals from
eclogites, including diamond-bearing, and eclogdkshe group | "C", being indicators of
subduction processes at the level of the diamoralife mantle. These features point out a
deep character of magmatic occurrences in themetfie diamond potential of which can be
of purely eclogite (subduction) nature. The discedeAn-G056 (andAn-G429) pipes
indicate new possible bedrock diamond potentidghefNenoksa field, the Onega peninsula,
and the Belomorsky region as a whole.

INTRODUCTION

The Arkhangelsk diamond-bearing province [27] wnitearious alkaline-
ultrabasic Devonian volcanic complexes, occurrirginty along the coast of the
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White Sea: on Zimnyi Bereg, Letnyi Bereg of the @meeninsula, the Terskyi
Bereg of the Kola Peninsula, and also on Mid@iman (Fig. 1). The maximal
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Fig.1.Areas of the kimberlitic and related volcanism, Noth of the Russian Platform

1 — Riphean paleorift system; 2 — areas of theyBddrcynian volcanism: ZB — Zimnyi Bereg, TB —
Terskyi Bereg, Kola Peninsula, N —Nenoksa regiam@a Peninsula, U — Umba region, Middle Timan.

activity and a diversity of the Late Devonian kimiies and associated
magmatism are found in the Belomorsky region. Addafd magmatic occurrences
have been discovered here. They mainly includeavmtcpipes, dykes and sills.
The detailed studies of the Late Devonian kimberields (Zimnyi Bereg — 70
bodies and Teskyi Bereg of the Kola Peninsula (abOubodies) showed that the
magmatism of these fields is extremely diverse.s€&hields contain volcanic
rocks of different composition - from diamond-bearikimberlites of different
type, kimpicrites, and kimmelilitites (terminolo@¥9]) up to alkaline picrite, non-
pyroxene, olivine melilitites and melilitites showj features of diamond potential
or without such features (a similar series of rotkdound for three Middle
Devonian pipes of the Umba field of the Middle Tm{B6,22,30,42]). These
diverse volcanic rocks are regularly located: thestridbution of many
compositional parameters of rocks (mineralogica@t{rgchemical, geochemical,
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iIsotope) over the fields has zonal character, Esgseelements of symmetry of the
central or linear type and indicates a various ee@f the astenosphere influence
on areas of magma generation in different zonethede fields [28,31]. At the
same time in another site of the Belomorsky regidwenoksa filed of the Onega
peninsula (about 40 bodies) we found the pattemaiotonous distribution of the
numerous magmatic occurrences of similar type, cm®g of feldspathoid olivine
melilitites [9,35,23,30,17]. Only the Ust-Syus’m#@ on the northwest of the
Nenoksa filed, one of the bodies of which contaitiexinon-pyroxene feldspathoid
olivine melilitites, suggested a greater varietyofcanic rocks and the existence
of elements of zoning in the Nenoksa field [28].eTbompany «Arkhangelsk
diamonds» (Joint-Stock Company) discovered in 2Z20@9 three new pipes in the
western part of the Nenoksa field; the featurethexcomposition of these pipes
verify a great variety of volcanic rocks in thielfi, and the zoning of their
distribution within both the field and within thee®morsky region as a whole.
Additional studies of volcanic occurrences of thenbksa field, the Onega
peninsula are required as little attention was myitcethese studies for the last 20
years.

SITES AND METHOD OF INVESTIGATIONS

44 pipes have been discovered in the Nenoksa digltb now (July, 2010);
19 pipes were studied by us, among them 7 pipeg Waroughly studied, 12
pipes were not thoroughly studied (only separaties sof the core and separate
samples). During the investigations (1983-2010haugt studied 904 rm of the core
from 16 bore holes, 48 rm of 22 prospect-holes ditdhes, more than 350
samples, more than 100 transparent thin sectiores.h#e done the following
analyses of rocks: silicate - 92 analyses, neudicdivation - 28 analyses, ICP-MS
- 19 analyses, X-ray powder diffraction - 11 anag/smineralogical - 23 analyses.
We performed the following isotope analyses of sodRb-Sr - 4 determinations,
Sm-Nd - 4 determinations, Pb-Pb - 3 determinatidih& composition of minerals
Is studied by X-ray microprobe (351 analyses);dlndace of minerals was studied
via the scanning electronic microscope (54 imagBsg. age of rocks was defined
by means of spore-pollen analysis (1 analysis.) pakofloristic analysis (6
analyses).

THE COMPOSITION OF PIPES OF THE NENOKSA FILED,
DISCOVERED PRIOR TO 2008

The first magmatic occurrences of the Arkhangelakndnd-bearing province
were discovered in the Onega peninsula. In thegdrom 1936 to 2000 about 40
pipes were discovered in the Nenoksa field (FiglBey are composed of different
structural varieties of the feldspathoid olivine lititées [35, 9]. The pipes are
characterized by isometric or weakly elongated sh{&uy. 3) and large size (from
200*200 up to 600*800m); on the surface they axeaked by contrast magnetic
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anomalies (200-1400 nTIl). The pipes cut the Uppendian aleurolites and
argillites and are overlapped by the Quaternarynsemuts of various thicknesses
(from 0-1 m up to 90 m). The age of the intrusiadntlme Nenoksa field is

determined from carbonized plant remnants and gpolten analysis as the Late
Devonian, corresponding to the Early Hercynian estaf the tectonic-magmatic
activization of the region [23, 24, 26].

An internal structure of the pipes is one and #maestype and is very similar
to the structure of volcanic pipes of Al-seriesnfrdhe Zimnyi Bereg [25, 26].
Only crater facies of pipes were penetrated inNleaoksa field, the crater parts
were distinguished by us only on the Kholmistayd An-25 pipes. It may indicate
a more significant erosion shear of pipes of thad¥sa field as compared with the
pipes of the Zimnyi Bereg. Crater facies of pipesnf subvertical bodies
(columns) of two types: 1) tuffisites and xenotsitis; 2) eruptive volcanogenic-
fragmentary rocks. Rocks of the lava typ® {@pe) are rare. The bodies composed
of tuffisites demonstrate a very homogeneous textiliuffisites (intrusive tuffs))
are characterized by greenish-grey color, brecttteodlastic psephitic -fine-
psephitic texture and massive structure. Tuffisitegntain lithoclasts of
feldspathoid olivine melilitites and carbonate-clayith zeolites) fine-crystalline
cementing matrix. Xenotuffisites are marked by thereased concentrations of
xenoliths cut by the Vendian terrigenous rocks 3006). The bodies composed of
eruptive rocks show a very non-uniform, coarselyatatexture. They contain
various volcanic-clastic rocks: reddish-brown, ases greenish -grey xenotuffites,
xenotufosandstobes, breccias of sedimentary rockls & different share of
melilitites lithoclasts (5-30 %), xenoliths of sedintary rocks (5-60 %) and sandy-
clayey cementing matrix (20-80 %). Rocks havingmelats of the pisolite
structure are rare. The bodies composed of effusiele types (lavas of melilitites)
occur rare. Like tuffisites they show a homogerstuscture.

The pipes of the Nenoksa field include variousctmal-genetic varieties of
the feldspathoid melilitites, olivine melilititeg) rare cases non-pyroxene olivine
melilitites. The texture of rocks of lithoclasts naddle-fine-porphyry. The rock-
forming minerals involve products of the crystalion of the magmatic melt:
phenocrysts of diopside-augite, olivine, rarely &rbple and minerals of the
groundmass (melilite microlites, magnetite and &g&x) aggregate. The
xenomorphic olivine macrocrysts (“olivine of thesh generation”) characteristic
of kimberlites, are not found in the rocks.

In terms of geochemical features the rocks of tlendksa field are typical
alkaline-ultrabasic rocks of melilitite type [150]2with a moderate silica content
(42,19/36,16-52,23 % SiO2 (an averagel/interval dlues)). They are
characterized by very high concentrations of alan{iti,52/9,14-13,28 % ADy),
the increased concentrations of titan (0,76/0,56-1,03i@)Tand iron (8,67/6,54-
11,15 % FeOtot), high contents of alkalis (2,9/66908 % NaO; 1,02/0,31-2,40
K,0; 3,92/2,00-6,45 % N®+K,0O) at constant prevalence of sodium rove

146



Deep-seated magmatism, its sources and plumes

0 JlbiBO3€pO

AH-G429 ¢
é
o B
0 PeXfraaHuneas
o ¢ AH-28
AH-GO056 Y ° : § bondukapaxTa
0
011-63 8 XonM|/|CT9§<YDTS“':‘B0
o C-10
© 0 A-25
o
0
o
@)
(6]
5 Km

Fig.2 Location of melilitite pipes in the Nenoksa fieldOnega Peninsula.
Asterisks show pipes, discovered in 2008-2009.

potassium (N#ZD/K,0=4,8). These rocks also demonstrate variable i@rdased)
magnesium content (Kmg = 72/65-82), high contergcaindium (23,4/16-31 ppm)
and low concentrations of nickel (189/75-330 ppchyome (222/43-426 ppm) and
cobalt (40/29-55 ppm). The most vivid feature of tlenoksa rocks is a very low
concentration of all incoherent elements (excepstrontium and barium): Ti (see
above), Ta (0,6 ppm), Nb (9,8 ppm), Zr (77 pptdj,(2,5 ppm), U (0,9 ppm),
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Fig.3.Bolvantsy pipe.

A - scheme of isolines of the magnetic field dTdh+ schematic geologic plan; C — schematic geologi
section North-South. Varieties (intrusion phasdsjofcanic rocks: 1 - xenotuffite; 2 — tuffisite.

Th (1,3 ppm), light rare-earth element (sum of REEO ppm) and lanthanum /
ytterbium ratio ((La/Yb) N = 6,4).

From Sr-Nd-Pb isotope characteristics it is evidbat the source for melts of
Nenoksa melilitites was the ancient enriched ligihese mantle (eSr = +52; eNd =-
11, Twe (Dm) = 2280 Ma; **Pb/*Pb=18,122; **PbF*Pb=15,582). The
astenosphere influence on the mantle substraturreblitites is not clear.

Amongst deep minerals the Nenoksa melilitites aantaly low-titanium
moderately-chromium chrome-spinellids of B and @&ptt facies [34], as well
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high alumina chrome-diopside or chrome-bearing slag of B facies [34]).
Pyrope and picroilmenite have not been found irrdioks.
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Fig.4. Schematic geologic section of the An-G056 pipe (Withe overlapped sediments).

Varieties (intrusion phases) of volcanic rocks:aphyric lava; 2 — sintering tuffisite; 3 — xenotsitle; 4
— tuffisite; 5 — middle-fine-porphyry lava.

By age, features of the geological structure, meaphic, mineralogical,
geochemical, Sr-Nd-Pb isotope characteristics, meddage of the source (TNd
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(Dm)) the feldspathoid olivine melilitites from thdéenoksa field are very similar
to the Al-series rocks of the Zimnyi Bereg-non-pigoe olivine melilitites of the
pipes of the Izhma group (Izhma, Vesennyaya, Letay&zernaya) and Suksoma,
but as opposed to these rocks they contain clim@yre phenocrysts and
demonstrate the increased alumina content. Thdititedi from the Nenoksa field
are very different from the rocks of the Terskyir&g pipes primarily by
geochemical and Sr-Nd-Pb isotope characteristics. aAwhole, the Nenoksa
melilitites form an own series of rocks, which opm®s the extreme most
«basaltoid» part of the general trend of Al-sekesberlites and continues the
trend of Al-series kimberlite rocks from the ZimrBereg.

FEATURES OF THE STRUCTURE AND COMPOSITION OF NEW
PIPES FROM THE NENOKSA FIELD (2008-2009)

The company «Arkhangelsk diamonds» (Joint-Stock gaomg) in 2008-2009
discovered three new pipesr(-G448,An-G056 andAn-G429) in the western part
of the Nenoksa field, some features in the striectund composition of these pipes
distinguish them from 40 (!) pipes discovered earlAs compared with the size of
the pipes discovered earlier (200-800 m) the sizthese new pipes is not big:
from 20-25 m An-G448,An-G056) up to 70-100 mAn-G429). The intensity of
magnetic anomalies is one order lower for new pi@&s50 nTI), as opposed to
the pipes discovered earlier (200-1400 nTIl). Twoeepi An-G448 andAn-G429)
have a simple single-phase structure and are cadpafsa column of red-brown
xenotuffisites and xenotuffites, correspondinghiler the body ofAn-G056 pipe
forms a volcanic complex of the complicated geoldfye body ofAn-G056 pipe
contains steeply inclined volcanic elongated pipespite a small size th&n-
G056 pipe has a very complex internal texture (#)g.

The An-G-056 pipe is composed of gray, greenish-gragamt rocks of the
melilitites group of 5 phases of intrusion, formirlg subvertical internally
homogeneous bodies (or the preserved fragmentsdié$) of different structural-
genetic type: effusive rocks of the lava type aypabplastic rocks.

1st phase - the aphyric, fine-crystalline lava;

2nd phase — sintering average-fragmentary, vithmdlastic tuffisite;

3rd phase —middle-fragmentary, lithoclastic xeniites;

4th phase —middle-fragmentary, lithoclastic tutési

5th phase - middle-fine-porphyry lava

The rocks of different intrusion phases occur dasvettical “columns” and
(or) blocks; fragments and blocks of rocks of omgusion phase in another one
(fragments of sintering tuffisites and lavas infigifes and xenotuffisites) are
found. A very specific feature of the pipe is thegence of sintering tuffisite of
melilitites with a characteristic “fork-like” andack-like structure of the fine-ashy
vitroclastic cementing matrix, which is a neariety of rocks found in kimberlite
pipes and associated rocks for the first time (b)gSuch multiphase pipes with a
complex structure have not been found in the Neamdidd before. If we don't
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take into account the composition of the magmattemal and size of the pipes,
then as regard to the features of the geologictstre and structural-genetic types
of rocks, abundance, pattern and succession afsiotn phases th&n-G056 pipe
is very similar to the Nyurba kimberlite pipe ottNakyn field, Yakutia [32].

Fig.5.An-G056 pipe, 2 intrusion phase, sintering tuffisite of feldspathéd olivine
melilitites.

The rock contains different-size fragments of ntékls and cementing matrix of the aleurolite
vitroclastic texture. On the top — melilitite litblast, composed of olivine-2 phenocrysts, micrelitd
melilitite, feldspathoid, magnetite and apoglasgragate. At the bottom —cementing matrix, compased
fragments of volcanic glass of characteristic “fikle” and crock-like shape. Transmitting light,dgle

Il.

The magmatic material of all rock varieties frone hin-G056 pipe includes
strongly altered fine-medium-porphyry non-pyroxerfeldspathoid olivine
melilitites with idiomorphic olivine phenocrysts {2-8 mm in size) in the matrix,
containing apoglass aggregate with microlites ofireé-3, nepheline, melilite and
magnetite. A specific feature of rocks fraxm-G056 pipe is the presence of large
(5 - 15 mm) pseudomorphs of “olivine of the firsengration”, macrocrysts,
characteristic of rocks of the kimberlite serias,well as abundant large (0,5-2
mm) chrome-shpinellid separations as separate gyr@otahedra ) as well as
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intergrowths with olivine. Clinopyroxene phenocsyare not found. However, one
can find intratelluric inclusions, containing ingeowths of clinopyroxene, olivine
and chrome-spinellid (and/or plenaste) in differatio. The groundmass contains
rare separations of tetraferriphlogopite, whichtyigical of Al-series kimberlite
rocks of the Zimnyi Bereg (and kimberlites and kiatititites), but in the pipes of
melilitites from the Nenoksa field it has not be&yund before. A similar
petrographic composition is common to the rocksnfrine An-G429 pipe. As a
whole the studied rocks fromn-G056 andAn-G429 pipes are similar to the rocks
from other pipes of the Nenoksa field. However, #isence of clinopyroxene
phenocrysts, occurrence of olivine macrocrystsrane tetraferriphlogopite grains
typical of kimberlites as well as abundant chrompmallid separations and
intratelluric olivine-clinopyroxene intergrowthsstinguish the rocks of these pipes
among other pipes of the Nenoksa field and somehmkes them similar to
kimmelilitites, being a transitional type of rocksetween kimberlites and
melilitites. At the same time like the Ust-Syuz’'mipe the An -G448 pipe located
close to it is composed of non-pyroxene feldspaltiativine melilitites showing no
signs of occurrence of the substratum from thetdept

As regard to geochemical features the rocks framG448 pipe as a whole
are similar to melilitites from the pipes studieatler, while the rocks formin-
G056 hold a specific position (rocks in-G429 pipe have intermediate
geochemical characteristics). Geochemical chaiattar of rocks of the\n-G056
pipe correspond to those of alkaline ultrabasi&sonf melilitite group. As regard
to the sum of alkalies, the rocks from the pipebglto alkaline-subalkaline series
(NaO + KO = 1,20-3,67 %), but in terms of K/Na ratio thek®s can be regarded
as potassium-sodium (Ba/K,O = 0,83-4,48). They are characterized by very low
silica content (30,63-33,46 % SiQrather low concentration of alumina (7,85-
9,00 % ALQOs), increased magnesium content (Kmg=73,4-81,3)deraied to
increased (for melilitites) concentrations of thétrabasic" coherent elements: Ni,
Co, Cr (up to 203, 50,6 and 452 ppm, accordinglyat well agrees with high
olivine and chrome-spinellid concentrations. Thaagamtrations of iron, vanadium
and scandium vary from average to increased (709281% 131-208 ppm and
17,4-33,8 ppm, accordingly), that is typical of nigles from other pipes of the
Nenoksa field.

The rocks of theAn-G056 pipe demonstrate as a whole very low costent
incoherent elements. The concentrations of P {0,829 % P205), Rb (11,4-23,6
ppm), Cs (0,03-0,97 ppm) are low up to averagectimeents of Sr (357-465 ppm),
Ba (155-606/T) vary from average to increased, concentratiord ¢87-76 ppm)
and Hf (0,99-2,04 ppm) are moderately low. The migj@f elements in the rocks
of An-G056 pipe show very small concentrations: Th@@&3 ppm), U (0,14-
0,46ppm) and especially Nb (6,91-8,57 ppm) and(0[a3(0,48 ppm) and LREE
(sum REE = 35,2-54,9 ppm, (La/Yb) N = 2,8-5,4). Thendrite-normalized REE
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Fig. 6 .Chondrite-normalized [40] REE distribution in melil itites of the Nenoksa pipes

1 — kimmelilitites of the An-G-056 pipe; 2 — mditiés from other pipes of the Nenoksa field; 3 -Tke
series kimberlites, Zimnyi Bereg (group 1); 4 —skries kimberlites, Zimnyi Bereg (group 2); 5 —
kimberlites of the Nyurba pipe (Nakyn field, Yalalti

distribution pattern for various rock types is &werized by a flat positive
inclination both in the field of heavy, and ligheinthanoids, and a clear Eu
minimum. In terms of REE distribution the studiedtks are similar to melilitites
from other pipes of the Nenoksa field and are caffié from kimberlites of the
Zimnyi Bereg. It should be noted, that as regarthe distribution of light REE
the rocks fromAn-GO056 pipes are similar to kimberlites of the Nyaupipe of the
Nakyn filed, [32], but the increased concentrati@isheavy REE significantly
distinguish the rocks acAn-G056 pipes from kimberlite rocks of different &g

By main geochemical characteristics the rocks ftbeAn-G056 pipe are
similar to the feldspathoid olivine melilitites other pipes of the Nenoksa field;
however they are markedly different in the incredsasicity: low contents of S{O
and ALOs, high magnesium content, increased Cr and Nieanations and the
lower concentrations of the majority of incoheref@ments. In terms of some
geochemical parameters (high magnesium contengased chrome content) the
rocks of An-G056 pipe become similar to «kimmelilitites- artsitional type of
rocks between kimberlites and melilitites.

The mineralogical data indicate that rocks from AmeG056 pipe are almost
completely altered, autometasomatically muddedy amgnetite and apatite have
been preserved among primary-magmatic minerals. igmdeep minerals only
low-titanium moderate-chrome chrome-spinellid o&ied C2 depth facies [34], as
well as high-alumina chrome-diopside of B facied][Bave been found in the
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rocks. By the morphology and composition they am@gmagmatic but not the
mantle minerals.
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Fig. 7.eSr-eNd diagram for melilitites of the An-G056 pipeother pipes of the Nenoksa
field and different types of volcanic rocks of th&kimberlite series, Zimnyi Bereg [31].

All dataare corrected for the age of intrusion as 370 Ma.

Unlike others pipes of the Nenoksa field, the rooksAn-G056 (andAn-
G429 as well) pipes demonstrate high concentratdnstratelluric minerals and
inclusions (olivine+clinopyroxene+/-amphibole+/-ohre-spinellid;
olivine+pleonaste+/-clinopyroxene). Deep mineraisthe ultrabasic paragenesis
typical of kimberlites (pyrope, picroilmenite chrendiopside, chrome-spinellid)
have not been found in the rocks of the pipe. H@rethe pipe contains deep
minerals of eclogite paragenesis: pyrope-almandiogesponding to garnets from
diamond-bearing eclogites of | «A», | «B» and | «@seoups as well as non-
diamondiferous eclogites of Il «B» and Il «C» greypl,43], individual grains of
pale pinkish-violet corundum.

The source of melilitite melt of pipes from the M&gra field studied by us
earlier was the ancient isotope-enriched lithospheantle (EM 1) with the
following parameters: eSr from + 43 up to + 64 anNt from-10 up to-12, with
modeled age 3 (DM) = 2168-2365 Ma, and with a probable partitipa of the
ancient lower crust substratum of the subductiogira Moreover, the features of
the astenosphere influence on mantle substratumatravailable. The rocks from
the An-G056 pipe demonstrate moderately increased pesi8r (+19,3), and
moderately low negative valueNd (-6,2) that significantly differ them from
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melilitites of pipes studied earlier. The sourcenwdlilitite melt of An-G057 was
also the ancient isotope-enriched lithosphere rea(@EM Il) with the same
modeled age ((i(DM) = 2268 Ma) and a probable-participation of #@uacient
lower crust substance of the subduction origin. Ewsv, the astenosphere
influence on the mantle source of rocks from the@056 pipe is evident as its
Nd-Sr-isotope characteristics are similar to patanseBSE (astenosphere source)
(Fig. 7).

The distribution pattern of Ned-isotope charactessof volcanic rocks,
mainly eNd, over the area of the Zimnyi Bereg shawsatural pattern with
elements of symmetry of the central (centripetgbet Values eNd increase from
those common to the ancient enriched lithospheratlsnan the Izhma and
Suksoma melilitites in the marginal part of theioeg(eNd from-8,6 up to-10,2,
Tng (DM) =2110 Ma), to the values, characteristic @aly enriched mantle in
Chidvia and Verkhotina kimmelilitites (eNd from-6up to-7,2), and further - up
to diamond-bearing Al-series kimberlites of the &itkyi group of pipes in the
intermediate zone of the region (eNd from-2,6 ud,®), and, at last, reach values
common to the weakly depleted mantle and BSE valudise central part of the
region, (in the zone of occurrence of Fe-Ti-sekiesberlite rocks (eNd from +0,1
up to +2,5). Such a pattern of changes in Nd-isstdparacteristics for volcanic
rocks from the margin towards the center of theoregan result from a gradual
increase of the influence of the astenosphere rdiayrusion), on the lithosphere
mantle substratum. That diaper intruded in the diéidLate Devonian in the
central part of the Zimnyi Bereg As regard to NdiSotope characteristics
melilitites of Nenoksa pipes studied earlier armptetely similar to the Izhma and
Suksoma melilitites in the marginal part of the AynBereg area (eNd =-10 --12
and-8,6 --10,2; eSr = +43 - +64 and +30 - +644 (Dm) =2280 and 2110 Ma,
accordingly). At the same time by Nd-Sr-isotoperahteristics and the type of the
mantle source the melilitites fromn-G056 pipe significantly differ from Izhma
and Suksoma melilitites and on the contrary aralaino Al-series Chidvia and
Verkhotina kimmelilitites in the intermediate zooé the Zimnyi Bereg region
(eNd =-6,2 and-6,1 --7,2; eSr = +19,3 and +5 - {E4. 7). An unusual feature of
new type of pipes, discovered on the west of thedKsa field, is the occurrence
of xenoliths of diverse rocks from eroded formatianthe An-G429 pipe. They
include the Upper Vendian-Lower Cambrian argillitesh charring remnants of
tubules of tubemakers «sabellidites» (Sabelliditzsnbriensis); the clay,
glauconite-containing sandstones and Low Paledeoiderous gravelites (Upper
Cambrian — Lower Ordovician); as well as Late Deaonnumerous charred
vegetative remnants (archaeopteryx plant Callixgpr).

DISCUSSION

The detailed studies in 2008-2009 in the middlé¢ pathe Onega peninsula
led to the discovery of three new pipes on the @&astargin of the Nenoksa field.
The geological structure and composition of theffiedifrom those in pipes of
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olivine melilitites and indicates a more differextéid (various) mamgatism in the
Nenoksa field. By some features the rocks of thpgees are similar to
«kimmelilitites» - the rocks of transitive type teten melilitites and kimberlites.
It allows estimating the diamond potential of thee@a peninsula more precisely.

The Lower Vendian eroded deposits (argillites) &ipgper Cambrian-Middle
Ordovician sediments (argillites and sandstonesh vgtaukonite, ferriferous
gravelites of oolite and beanlike ferriferous oresisted in the western part of the
Nenoksa filed when the volcanic pipes intruded. Ewesv, the Cambrian-
Ordovician sediments didn’t exist in the centratt jpd the Nenoksa field, when the
volcanic pipes intruded It is connected with aefdint level of the erosion shear,
with rather different age of pipe intrusion withine Late Devonian (a possible
interval up to 14 Ma), as well as features of pgémmraphy and paleotectonics of
the region in the Cambrian-Late Devonian. By thengosition the pipes of the
western part of the Nenoksa field (An-G056 and AAX9 pipes) noticeably differ
from the other pipes of the field. The charactesswhich make them different
from typical melilitites and similar to «kimmelilies», include:

1) Complex multiphase (5-phase!) structure and a cam@atometasomatic
argilization of rocks transformed in a homogeneawmntmorillonite - saponite
aggregate;

2) Increased magnesium content of rocks, moderaigly Cr, Ni and lower
SiO, and ALO; contents;

3) Olivine composition of phenocrysts, absence dinopyroxene
phenocsrysts, occurrence of tetraferriphlogopitpassions, abundant large
chrome-shpinellid separations as well as macroergdt “olivine of the first
generation” (a necessary feature of kimberlite spck

4) High concentrations of minerals of the crystaition protomagmatic stage
(chrome-spinellids, clinopyroxene, amphibole, @&} and intratelluric inclusions
(olivine+clinopyroxene+/-amphibole+/-chrome-spirgll  olivine+pleonaste+/-
clinopyroxene);

5) Presence of minerals-satellites of diamond & é#tlogite paranenesis
(pyrope-almandine from diamond-bearing eclogitesl A", | “B: and | “C”
groups and non- diamondiferous eclogites of Il &@id Il “C’groups [41, 43], pale
pinkish-violet corundum).

In addition, as opposed to other pipes of the Nsadileld, the astenosphere
influence on the mantle source Am-G056 pipe is apparent in its Nd-Sr isotope
characteristics similar to BSE (astenosphere spufte melilitites of the Nenoksa
pipes studied earlier by many (including isotopegracteristics are similar to the
non-diamondiferous Izhma and Suksoma melilititeshe marginal part of the
Zimnyi Bereg region while the rocks of than-G056 pipe by the majority of
characteristics of the composition and type of measurce differ from the Izhma
and Suksoma melilitites and on the other hand amelas to Chidvia and
Verkhotina kimmelilitites of Al-series (with feates of diamond potential) in the
intermediate zone of the Zimnyi Bereg Region. Agard to the composition of
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rocks, real occurrence of diamonds in tAa-G056 is improbable. Only
mineralogical features of volcanic rocks of thegpgpecify their diamond potential
(most likely even hypothetical) of these pipes. Sethdeatures indicate a deep
character of magmatic occurrences of the regiom,diamond potential of which
can have eclogite (subduction) nature. Revealingegf sites in the Nenoksa field
differing in composition is of great significanc&€he rocks ofAn-GO056 pipe,
correspond to the non-pyroxene feldspathoid olivimdilitites, however by the
combination of the compositional features (petrpgre, mineralogical,
geochemical, isotope) they become similar to “kirilitiees” of Al-series,
demonstrating the features of the protomagmati@ desantle) substratum, that
distinguish the rocks of this pipe from other Nes@lpipes. ThAn-G056 pipe can
be a new site, allowing finding the specific featirand even elements in the
symmetry of monotonous distribution of numerousilsimmagmatic occurrence of
the Nenoksa field.

As researches [28] indicate, the North of Russiéatfggm as a whole
demonstrates a close spatial—temporal and gensdmcetion of the kimberlitic
(including diamond-bearing) volcanism with meliiiti volcanism. It results in a
close location of volcanic occurrences with sigrafitly different features,
including the diamond potential. It is common te evonian magmatism of all
sites of the Arkhangelsk diamond-bearing provirkieanyi Bereg, Letnyi Bereg
of the Onega peninsula, Terskyi Bereg of the Kaaimpsula, as well as Middle
Timan. The distribution of many parameters in tbenposition of rocks all over
the areas possesses elements of symmetry [7,26kdmear type of symmetry is
characteristic of the distribution of coherent edets all over the Zimnyi Bereg
region. In this region from the east towards thatwame can observe a change in
types of rocks from typical basalts, through nonepgne olivine melilitites poorly
diamond-bearing kimberlites of Fe-Ti-series, kimpes and kimmelilitites to
diamond-bearing kimberlites of the Griba pipe amel Lomonosov deposit. Thus,
from the east to the west we can observe an ineneathe degree of basicity and
total magnesium content of rocks, the concentratibthe substratum from the
depth and total diamond potential of rocks. A samilkteral zoning in the location
of explosion pipes by the composition and deptlo@furrence of the magmatic
center is characteristic of the Terskyi volcanadiof the Kola peninsula, however
the trend of change in the composition of rocksifiexplosion pipes is opposite as
compared with the Zimnyi Bereg: the increase in diegree of ultrabasicity is
evident from the west towards the east. Therecisamge of rocks in the following
succession: alkaline picrites (foidites) — mebés — olivine melilitites - non-
pyroxene olivine melilitites («kimmelilitites») — oprly diamond-bearing
kimberlites. The comparison of zoning in the Terskgld and Zimnyi Bereg
region can suggest a common regular petrologicnzprif alkaline-ultrabasic
volcanism of the Belomorsky Region (Fig. 8). Thiming can be characterized by
plane type of symmetry (with a plane of symmetrytled White Sea) or elements
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of symmetry of the central type (with the centersgmmetry in the southwest
termination of the White sea gulf).

+ B

Fig.8.Scheme of the petrologic zoning of the early Hecryan volcanism. Belomorsky
region (from [29] with additions).

Zones of the Early Hercynian volcanic rocks ocence: 1 — diamond-bearing kimberlites; 2 — weakly-
diamondiferous kimberlites, kimmelilitites, kimpit@s; 3 — non-pyroxene olivine melilitites; 4 —wtie
melilitites; 5 — basalts and foidites, 6 — Belonkgrgravitational maximum dg; 7 — direction of the
increase in the degree of ultrabasicity of volcartcks. Inlet at the top — fragment of the map of
macroseismic field of the Russian platform [2] wiitle distribution of isoseist from Il to VIII magode.

Together with other explosion melilitite pipes tAe-G056 andAn-G429
pipes found in 2008-2209 in the western part of Nenoksa field, Onega
peninsula the rocks of which by the compositionsanglar to kimmelilitites form
elements of petrologic zoning, demonstrating thmesgattern and the same
increase in the degree of ultrabasicity of rockasst{avest like the pipes of the
Zimnyi Bereg. The pipes of the Nenoksa field amilsir in age, geologic structure
and composition to the pipes of the Terskyi Benmed) Zimnyi Bereg and fall into a
general zoning pattern of the Early Hercynian voisa in the Belomorsky region.
Diamond-bearing and poorly diamond-bearing kimieslioccur in the central part
of the Belomorsky region, while non-diamondiferooelilitites, foidites and
basalts are found on the periphery. The Early Heazypipes of the Terskyi filed,
Nenoksa field and the Zimnyi Bereg region are ledah the northern and eastern
margins of the Belomorsky gravitational dg maximuagsociated with the
Devonian mantle diaper or “plume”. The featureshw petrologic zoning of the
Early Hercynian volcanism are most likely related@atures in the geometry and
formation of the Belomorsky mantle plume.
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It should be noted, that the Belomorsky dg maximailmost precisely
coincides with a rather contrast maximum of intgnef earthquakes (isoseists up
to VII-VIII magnitude) in a macroseismic field ofi¢ Russian platform [2] - is
quoted from [38], that is actually coincides withet epicenters of recent
earthquakes. Therefore, the existence of the DamoBelomorsky mantle diapir
(plume) till now is reveled through the intensieetbnic activity of the region.

CONCLUSION

The pipes discovered in the western part of the oksm filed, Onega
peninsula in 2008-2009 the rocks of which are lsimin composition to
kimmelilitites together with other pipes of meliis of the Nenoksa field form the
elements of the petrologic zoning demonstratingstéi®e pattern and increase in
the degree of ultrabasicity of rocks (east-we#t® Zimnyi Bereg pipes.

The pipes pf the Nenoksa field are similar in agmlogy and composition to
the pipes of the Terskyi Bereg and Zimnyi Bereg fafldinto a general pattern of
the zoning of the Early Hercynian volcanism of tBelomorsky region. The
diamond-bearing and weakly diamond-bearing kimte=rloccur in the central part
of the Belomorsky Region while diamond-free metas, foidites and basalts are
found in the peripheral part. The early Hercyniapep of the Terskyi field,
Nenoksa field and Zimnyi Bereg Region are locatedhe northern and eastern
margins )slope) of the Belomorsky g maximum asdediavith the mantle diaper
or “plume”.

The rocks of theAn-G056 pipe demonstrate deep minerals of the delogi
paragenesis - a garnet and corundum from variolagiee rocks (groups | "A", |
“B”, | “C”, Il “B”, Il “C”"), including those from diamond-bearing eclogites and
eclogites of the group | "C" - indicators of th&duction process at the level of
the diamond-bearing mantle. These features speéeép character of magmatic
occurrences of the area, probable diamond poteatialhich can have purely
eclogite (subduction) nature.

A variety of the composition of diamond-bearing medic rocks becomes
larger from year to year, and we do not know ydtatmcomposition has to be
common to the volcanic rocks, the magmatic cergéghich were localized only
in deep parts of subduction zones and whether thetmanic rocks can be
potentially diamond-bearing(and industrially diarddmearing). We hope, that
discovery of three new pipes indicate new, still oened possibilities of the bed-
rocks diamond potential of the Nenoksa field, thee@a peninsula, and the
Belomorsky region as a whole.
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ABSTRACT.

The brown breccia from the bottom of the Udachnkiyaberlite quarry contain the
most deep and fresh mantle xenoliths in the pipgsuced from the levels of about 80 kbar
and representing 5 separate capturing intervalgilDstudy in thin section of the large set
(>200) of xenoliths from these kimberlite face além to reconstruct the mantle section to
this level. In the lowermost part of the mantlet®ers prevail dunite — eclogite lenses
together with the porphyroclastic peridotites ofrzmargitic compositions essentially
fertilized by Ti - rich melts which produced Crhi@ssociations (to 14 €3:% in garnets).
Deep seated metasomatites Iimenite — clinopyroygmexenites (eclogites) and sheared
peridotites are developed within 75-55 kbar intexv@he levels upper 40-55 kbars are
correspondent to 2 lenses of peridotites with gngwip Fe# and high developing of the
pyroxenites due to several stages of melt percooldtiaving the trends of different Fe#, CaO
content in the clinopyroxenes and garnets.

Interaction of the protokimberlite melt with the egher level was responsible for
peridotite heating and shearing and wide scaleaaot®n producing the remelting of the
deep eclogites, and possibly creation of some @ipnl of the diamonds. The phlogopite
metasomatism accompanies this interaction.

The high precision Ol data obtained on CamecaldoB4 xenoliths show grouping
in to several groups. The higher in Ca -Ti in Olprphyroclastic peridotites or sheared
peridotites. The lower Ca but high Ni values angdsl for the coarse garnet peridotites the
lower in Ni for the Sp varieties.

Phlogopite metasomatism is developed in the whetgien of the mantle column
beneath the pipe. Melt related phlogopites fromgpi@el facies probably are related to the
ancient stages of the melt percolation like thaamd | the peridotite xenoliths from Alakite
field or to the basaltic stages preceding kimbemitagmatism. The deeper levels probably
are correspondent to the deep seated melts cldgmberlite Il which produced the Ti-Ca
enrichment not long before the eruption and accompast stages of shearing. The deep
seated phlogopite breccia were formed at the dmeg bf the mantle column due to theH
rich fluid interaction with the mantle peridotites.

Key words. Mantle, olivine, high precision geochemistry, thebarometry,
peridotites, eclogites. Layering, trace elements.
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INTRODUCTION .

Deep seated xenoliths from Udachnaya were descibgelveral publications
[1, 4, 9, 20, 29, 30, 31, 36, 41, 47, 48, 49, 21,5, 55, 56, 58-65, 68] Peridotites
and pyroxenite xenoliths were not so detailed iscdption as the eclogites and
pyroxenites [8, 34, 45-47, 58-62]. Here are rembtie investigation the collection
which was collected in the deepest level of the didaya quarry near 550 m
depth. The peridotite xenoliths form the most frésbwn breccia which contain
largest and most fresh xenoliths. We studied mbem 200 peridotite xenoliths
which vary in sizes from 0.7 m to several cm atfwith the EPMA for the detail
thermobarometry mostly in thin section to see thgations of the structures and
minerals and found several assemblages in somditkasnahich possibly refer to
the intermediate stops during the upwelling of tmaterial to the surface.
Xenoliths from this pipe are the most fresh kimiberkenoliths among the known
in the World. These circumstances allow recognibe tletails in of the
intergranular material and secondary associatidherrims around the garnets and
OoNn some pyroxenes.

SAMPLES.

Studied samples show mainly ellipsoid configuragiowhich show the
shortest direction across the perpendicular tofehation plain thus the sheared
peridotites which area commonly more elongatedgit@aular garnet peridotites
and coarse granular Sp lherzolites. The largesizad xenoliths belong to the
sheared or porphyroclastic varieties which somedineh up to 0.7 m. though this
Is prevailing type also among the small xenolittheTpyroxenites are more
rounded in section though they are often elongaselly and rich sizes about 10-
15 cm. Eclogites which less then 5% are of diffetgpes they are characterized
sometimes angular sections and not so flat surfaces

PETROGRAPHIC DESCRIPTION.

Several main petrographic varieties were recogniaetbng the studied
collection. At first the most widely distributedeasheared peridotites which are of
several varieties. The most wide spread are thos&ining large relic garnets and
fine grained aggregates of olivine the irregulaamd or pen like aggregates of
Cpx and Opx. Sometimes Opx is also relic and shmncbrrosion by the Ol fine
grained aggregates or the rims o the fine Cpx. 3ame Cpx is distributes more
rare then Opx. In some unusual varietymthixu garnets which is pink or red and
Is surrounding by the 1-2 mm rims of the orangengts: The detail of the thin
sections shows that the deformations have two orenstages because there
several populations of the deformed aggregateshwvare cut by the more fine
grained material. Sometimes in the intergranulacspossible to determine grains
of phlogopites which look as equilibrated with thirines they are common in the
helophytic rims which are judging by the equilibriuwith the fine grained
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material are of mantle origin. Porphyroclastic gadas are compiled by the course
grained material mostly by olivine and the Ol gsaivhich are of two kinds. One is
represented by the common recrystallizeded fimngiholivine aggregates and the
second one by the veins or veinlets of Cpx, Opx sordetimes garnets showing
the signs of fertilization. Rare garnet wehrlitesl dnarzburgites with green garnets
also show the porphyroclastic structures. Commamwar garnet peridotites also
vary in structures. Some show large grains of garmad OPx and more fine
olivines but in another huge olivine grains areraumding by the subordinate
grains of pyroxenes and garnets. The nearly eqaai gtructures also occur in the
rare garnet peridotites. Spinel peridotites moatly very coarse grained. Some Sp
peridotites are fine grained or mean grained. Thstnlarge grain size reveal
dunites which are of two types: garnet or chrorbé@ring, more rarely contain
very light Opx.

METASOMATIC ASSOCIATIONS

The symplectites of Cpx, Opx, Spinel and very ofedm are common in SP
such rocks. The Fe - rich metasomatites with theelrecolored olivine with the
intergranular amphiboles and rare phlogopites aceirving also [61]. The rare Phl
veins with the Amph, picroilmenites, rutile, apafiffi-bearing spinel and apatites
and modal intergranular phl metasomatism are dexeav in garnet — bearing
xenolith. The amount of the Phl bearing rocks isuhl/3 or more among the
brown breccia xenoliths which is higher then reparby the F.Boyd (1/20) [8].
Phl are mostly intergranular and occurs as a rimsthee garnets sometimes
together with the secondary minerals. Most of pbjotgs are intergranular and
form thin films with the secondary clinopyroxeneadasometimes spinels.
Nevertheless the structurally equilibrated phlotgpiassociated with pyroxenes
occur in the deformed and porphyroclastic peridstialso. Phl is relatively rare
mineral in the pyroxenites.

Richterite Amph is found in the garnet facies petitds as the rims and
pockets on and in the Opx.

The rare and unusual inclusion of the Phl beariegpdseated breccia is
represented by the fine grained material of theidely microxenoliths essentially
olivine aggregates cemented by the phlogopites lmopyroxene, amphibole-
chromite and magmatic olivines aggregates. The &tews the structures of the
typical sheared peridotites or more coarse grameadwithout the pyroxenes and
garnet, only minor spinels are found. The chromigss olivines show two
morphological varieties. The first ones reveal »agstic shapes and zonation
visible in thin section in color and the second atengates or idiomorphic
beautifully shaped cuts if crystals. The intergtanumaterial is represented by
Cpx, Fe — enriched phlogopites the two type.of abgibs (richterite and
pargasite) alkaline feldspar, apatite barite anmdnstanite and sulfides. Rock
contain also self crystallized 7% k) and (10-11% Gf3). and xenocrysts of
picroilmenites.

164



Deep-seated magmatism, its sources and plumes

METHODS

Collection was analyzed by EPMA and ICP MS. Sevanalyses were made
using Jeol Superprobe in IGM SD RAS with the simit@nditions. For the
comparison one mount with 20 associations was aedlyising Camebax Micro
machine and methods established by Lavrentiev Y aolleagues [32, 33] In
UGMS SO RAN. The detection limit about 2% for madt elements was
calculated for the most of the elements for the sueaments made in Jeol
Superprobe. A bit lower (~1%) was found for the @aax Micro. Most part were
studied in thin section in Vienna University on Gaal00SX All analyses were
made against mineral standards with wavelengtheds$ge spectrometers;
acceleration voltage and beam current were 15 k¥ 2ihnA, respectively, and
standard correction procedures were applied.

For the high precision analyses of the olivine dloeeleration voltage 20 kV
and beam current 30 nA and 12 minutes of the meamnts of counts was used.
The precision is varying from 8 to 15 ppm for sew@omponents (Ca, Al, Cr, Ni,
Mn, Zn).

Abundances of approximately 30 trace elements wetermined in situ in
selected minerals and glasses by laser ablatiamcinely coupled plasma mass
spectrometry (LA-ICP-MS). Analytic Centre of IGM oa Finnigan Element
ICPMS with a UV Laser Probe using internationakrefice standards NIST 612
SRM and NIST 614 SRM.

VARIATIONS OF THE MAJOR COMPONENTS.

ClinopyroxenesThe variations of the major elements of the garfrets the
studied collections are represented on the (Fig £pmparison with the previous
published data. The set of the peridotites show Bizple variation in FeO 1 - 5%
and other components. The most Fe-low are reféardde course SP harzburgites
and rare porphyroclastic peridotites with the ceasbvine. The variations of the
other components are rather high 1 - 4 % fgOAland 0.5-2 for GOz and NaO.
Common Gar |herzolites [62] show the variationswassn 1.5 - 2.5 FeO and
smaller variations in Na, Al, Ti then sheared vize® Essential rising for this
components are found for the Cpx from sheared ptted having FeO near 2.7 -
4 %. Essential enrichment in TiQvere found for the most of the Phl bearing
associations. Eclogites are characterized by tbhadovariations in FeO and high
Al, Na contents.

Garnets from studied peridotites show higher variations @m,O; then
determined before [34, 66] going to 13.5% for grgamets (Fig. 2) which refer to
pyroxenites field. The most of figurative pointluding harzburgites are lying
within the lherzolite field. But green wehrlite gats are enriched in CaO as other
pyroxenites while Cr — rich harzburgite shows theerzolitic signatures,
demonstrating the origin due to fertilization adlvas high concentration of TiO
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Rare dunites and harzburgites reveal sub calsipositions close to those for the

diamond inclusions [66]. The compositions of thd Bdaring associations also
mainly show the enrichment in T3O

Clinopyroxenes from Udachnaya pipe

¢ 1. all data
20 10 C ® 2. brown breccia (new)
* 3. - i
| i O\W.{&g * 3. Phl -bearing

. Gt 4. pyroxenites
16 . « 84 .- ec\o%

Fig.1.Variations of major element compositions from the knopyroxenes of brown
kimberlite breccia in comparison with other published associations from Udachnaya pipe

1. previous data. 2.new data. 3. Phl bearing asogs. 4. pyroxenites.

Chromites.This mineral show variations from 10 to 60 %,@x varieties
with > 40 CpO; are enriched in Ti@and FeO. This is more typical for the
pyroxenites. Chr in associations with the phlogepiare enriched in TiOalso
(Fig. 3).
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Phlogopites.The compositions of the phlogopites are ranginge® from 2
to 6.5% (Fig. 4). The Phl from polymict breccia asrying from 5 to 8.5%. The

later are low in Cr203 but higher in }&in general.

0.25

- ,.Nazo d
0.2
7 °
0.15 -
. [ ]
. }* s ° o ¢
* @ L] <
o1, < SR ’ 1. all data _
(4 009 O [ X J [ ]
| e,. O T . \ : g :rl":)vgn br_'eccla (new)
[ ] [ ) -|
° o auwoom Y oag(oo 3 ) earmg
0.05 20 00 0 @ ®e *oe o m * 4, pyroxenites
00*00 S el ¢ W ¢ ® - . .
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Fig.2.Variations of major element compositions of the garets from brown kimberlite
brecciaing comparison with other published associans from Udachnaya pipe.

Sign the same and diamond inclusions. 5. diamocidsions.
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High precisions data of olivines

The precision data for olivines [56] were analybean 64 associations. Their
compositions are dividing according to the petrppra features. The most HT Ca
— rich associations are some porphyroclustic pateo(Fig. 5). They are low in
Ti but rather high in Cr. Olivine s from shearedipetites show the Ca content
near 400 ppm. All of them are enriched in Ti, Cdal. The course grained Sp
peridotites have low Ca content which is in genetalrelating with the
temperatures are higher in Ni but lower in Cr. Bsgw the coarse garnet and spinel
coarse grained garnet are higher in Ni.

¢ 1. all data
® 2. brown breccia (new)
8- 60 - * i Phi -bearting
. * | * 4. pyroxenites
1 Tio: 50 FeO 4 5 diamond inclusions
x

Cr 203 Crz 03

Fig.3 Variations of major element compositions of the gaets from brown kimberlite
brecciaing comparison with other published associans from Udachnaya pipe.

Sign are the same. 4. deep seated Phl bearingdarecc
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Fig.4 Variations of major element compositions of the plogopites from brown kimberlite
brecciaing comparison with those from the Phl in xeoliths from deep seated polymict
breccia from Udachnaya pipe.

1. Phlogopites from xenoliths. 2. Phl form deepgeg&hl bearing breccia.

THERMOBAROMETRY.
Thermobarometry of olivine.

High precision compositions of the olivines obtaiig the LAM ICP MS are
used to compile the new monomineral thermomete&2s\Me checked all of them
and reveal that the best one is those using th&l @kchange though Ca and Al
thermometry are also close (Fig6.B). Using thigriemetry and common Opx
barometry it possible to obtain nearly the sametlggan [4]. De Hoog and
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colleagues [12] reported that these thermometu@eons in inverse form may be
used as barometers. Nevertheless in general thieyegsentially lower pressure
Sheared

L \ \\\\%\\ \
200 ’ g o
Sheardd T
y /%/ \\ \ \ \
N S %/4////?/ 200 E
NNN\\\\Xsp
2 Coarse Egoani—= &
N g ™
s o
AN\ 7 ,
0 200 400 600 800 0 200 400 600 800
800 Ca ppm 1400, Ca ppm P
c Sheargd
oarse g
//

Coarse
spinel

200 400 600 800
Ca ppm B

D.
Fig.5. Minor element variations in olivine obtained withthe high precision olivine
measurements.
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that Opx based methods [9,33]. Ca-OI-Cpx baronieffyfor olivine also give not

a regular geotherm when using this equation togeihi the Ol thermometers
[12]. Nevertheless the single olivine trace elenteetmobarometer is promising
and seems to be may be developed using the conamniat equation several

components.

O T T T v T v ! T b T ¥ v M J Ll
4 =~ . T°C b T°C x@
wd * T O PTOOpx (BKSO)Brown Br - | " ® T°Opx(BK0)}T°OI (DHIOCrA) ¢ X x ®
o ~. 2 FT%0px (BKSONew 14004  x T°Cpx (NT00)-T°OI(DH10 CrAI) o
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Fig.6. PT conditions for the new data for peridodites fran the brown brown kimberlite
breccia from Udachnaya pipe. A. PT Correlations ofhe Ol — based T according to [12].
Signs see Fig.7 .B. High precision analyses and OpX Correlations of the temperatures

Common Px-Gar thermobarometry.

Opx based thermobarometry [9,33] gives the PTlath is in general very
similar plot to those obtained with the previoustad@ets together for the
peridotites [4], pyroxenites [28-30, 43-46,], diamdabearing rocks and inclusions
[32, 45, 53, 58]. The difference is that convecthwanch which now is more
extending reaching 80 kbars and possibly more d&ep, 8]. Lower part of the
diagram is dividing into the several arrays witk gilightly different PT gradients.
The Cpx thermobarometry give [4, 37] also abund@htpoints correspondent to
the base of the subcratonic lithospheric mantleL{($C But the cold branch still
exist to 80 kbars marked mainly by the — rich g&nend cold eclogitic PT
estimates. This level is heterogeneous and is septed by the rocks showing the
irregular heating. There is a relic low temperat(it€) gradients (34-36 mvm-2)
mainly found from 60 to 30 bars and in oppositécrpbints bellow 65 kbar. This
data are supported also by the CPx and garnet tibemometry [4]. The common
and most abundant PT points are correspondenetd@hmvm-2 geotherm which
was published before [8,36] obtained with [13,38]3Y] methods. The convective
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Fig.7.PT conditions for the new data for peridotites fran the brown breccia and phl

bearing associations (Stars) Signs see Fig 8
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Fig.8. PT conditions for the new data for all prewwus data set of deep seated

inclusions from Udachnaya pipe.

Signs: 1. Opx IC[13]- P(kbar) [33], 2. The same for diamond inadus 3. Cpx: TC [4]-

P(kbar) [4]; 4. TP [37], 5. ToC [37]- P(kbar) [4]rfeclogites; 6. the same for diamond inclusionghé.

12. limenite [65]- P(kbar) [4B.1

same for pyroxenites Gar (mono)- 8. ToC [40]-P(kd4i , 9. -the same for diamond inclusions, 10.

Chromite ToC [41]- P(kbar) [4]; 11. the same foardond inclusions;

ToC[14] -P(kbar); [9].
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branch determined in the 60-65 kbar for shearedl@ies most of methods is
situated between 40 and 45 mvm-2 geotherms andrefespto PT estimates for
the chromite diamond inclusions and for IIm clinogyenites. Estimated by the all
the monomineral barometric method together [4, B] &dvective branch is
crossing 45 mvm-2 conductive geotherm with sub katia inclination is rising
upward from the 60-65 to 35 kbars. It now receittesl support with G.Brey and
P.Kohler [9] method using the more detail data fritw@ analyses in thin sections.
Cpx thermobarometry [4, 37] shows that some prinaany most of secondary Cpx
generation trace this advective branch. The midadet of the diagram is
correspondent tot the so called pyroxenite layeckvis irregularly heated. Upper
part of the mantle is column from 30 — &lar is correspondent to the geotherm
near 60 mvm-2 and is the layer of the basalt géioacalhus all three traps for the
mantle melts [64] in the mantle beneath the Udaghraae represented by the HT
associations.

Trace element chemistry of the minerals.

The trace elements patterns for the minerals frioendeep seated xenoliths
are highly varying and differ for peridotites, pyemites and eclogites.

Clinopyroxenes from peridotites show mainly highiyclined (La/Yb),
patterns with the small hump which is shifted te téft part of the REE patterns
[Fig.9]. The TRE are complex and varying [20]. Mo$the diagrams show the Zr
dips an sometimes with Hf. They show also smafironounced depressions in Nb
and Ta. But small peaks in U exist for the mosthef samples. Essential peak in
Pb may be result of the pollution on our analysesabise it did not exist among
the similar xenoliths from the another set of thalgses [20]. Cpx patterns from,
the pyroxenites are nearly uniform in the REE claseéhe derivation from the
source enriched melts close to primitive mantleoeissions with the melting
degrees close to 1% . Only two show the very lowEBRIue to the presence of
high amounts of garnets in the source. But the Tigrams show they were
depleted in most HFSE mainly in Zr due to the phasgs derivations. Rutile and
ilmenite may regulate the other components. Pb shiber parent melts
differentiation and derivation of the sulfides.

Eclogite Cpx differ in TRE diagrams even by theelewhich is lower for
those with the signs of the primary subduction iarighowing Eu, U , Sr peaks.
The others show high level of the TRE and highlglimed REE patterns, TRE
with fluctuation in Ta and elevated LILE. They mig differentiates from plum
melts probably protokimberlite or derived from magnctontaminated in
metasomatic association.

Peridotitic garnet patterns are more regular in callection comparing to
[20] though some of them reveal S- shaped or &/shaped REE patterns which
are typical for the depleted compositions with loW&E content. They all reveal
deep Sr minima and Zr and Hf dips as well as farBabut fluctuating Nb and Ta
[Fig.9].
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They show high Pb peaks

pipe
Garnets from pyroxenites demonstrate the neardygsir line incline patterns

and fluctuations in Ce due to different oxidatidats.
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Fig. 9TRE spectrums for the minerals from deep seated atusion from Udachnaya
elevated Ta, Nb as typical for remelted metasomatid small Sr depressions.
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Eclogitic garnets are La, Ce enriched. Those vathhek REE demonstrate HFSE
depletion.

The orthopyroxenes show mostly flattened patteritb the small negative
inclination but those with the lower concentratiohTRE reveal La/Yb>1. REE
patterns for the olivines are similar but one orderer with the gentle depression
and inflections. Ba, Th depressions are typicalti@m. The TRE patterns for the
phlogopites reveal high inclination in general. TFHRE are jugged with the picks
in LILE components and Sr, Pb and depression iaffthsome HFSE.

DISCUSSION
Structure of the mantle.

Detail thermobarometry for the mantle section b#né#dachnaya and the
comparisons with the petrographic features visible thin section allows
reconstructing the set of the rocks in each lemethe mantle columns. The
uppermost horizon from 10 to 20 kbars is compileaf the coarse grained
relatively depleted Iherzolites and harzburgitegoRenites are rare but they are
abundant just near the Garnet -Spinel boundaryeclos20 kbars. They belong
both to the Cr-diopside Fe-Ti rich cumulates. Phfmtes occurs as symplectites
with the pyroxenes and spinels. The xenoliths f@&hto 30 kbars are represented
by the peridotites with the relatively scars gasngtains, they became more
abundant in 30-40 kbar interval. Pyroxenites [47] therzolites [34] there contain
the pyroxenes enriched in Al but the Cr contemiashigh. The level near 30 kbars
again is enriched in pyroxenites and some Fe —aabbgites [21, 22, 35, 49, and
50] and as well as harzburgites and dunites andldhoe the border of two
subduction slices or phase boundary which is cpomgent by melting and
crystallization processes. Relative Ti enrichmentdemonstrated by the Cr —
spinels from this interval, peridotites are mostBry heterogeneous lherzolites.
The boundary from 37 to 42 kbar is probably the tsbarp in the mantle section.
Many of pyroxenites and Fe- Iherzolites as welllegleted veined dunite rocks are
correspondent to this boundary. The level betweénabd 42 kbars is very
heterogeneous. Garnets Cr- pyroxenites [28-30] shkwsvincrease of the Cr
upward and Ca downward in the mantle section. [@snitharzburgites are
coinciding in the pressure with the eclogites apgyenites showing the very high
variations in the Fe in pyroxenes and Ca in garréte level between 50 and 40
kbars possibly represent the collage of the 4 s¢patices showing the trends for
the Ca increase in garnets with the calculatedspres The first is for dunites then
for harzburgites and the last one for pyroxenif@slogopite metasomatism is
developed as the rims of the garnets mainly and vains with the ilmenites.
There are also 4 trends of the Fe# decrease indthestion for the Cr- low
clinopyroxenes. Two most Fe# rich are coincidinghwihe same trends for
ilmenites an thus should reflect the two stagesth& protokimberlite melt
percolations, the higher in Fe# corresponds toHMhediamond bearing eclogites
[21, 22, 35, 49, 50]. Some explorers suggest tbeokimberlites at the level near
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40 kbars to be essentially carbonatitic [64, 69]or&1 Fe rich eclogites
compositions also containing diamonds but more t& @obably of the primary
subduction origin. Cr-spinel bearing relativelytiierlherzolites with the chains or
veinlets of the Garnet and Cpx and Chr probablynaaeking the ways of the melt
migration and refertilization judging by the relaty high Ti in Chr. The high Cr
content of the Cpx is probably marking the leveighe depletions and specific
Na-Cr metasomatism which is more typical for thaldtle pipes [4]. This level is
coinciding with the presence of the Gar harzbusgite

The boundary 48-50 kbars is characterized by tlpeajance of the abundant
rather LT eclogites. They all are diamondiferoud drifer in Fe contents [21, 22,
35, 49, 50] separating in 4 groups. Two of the iites bearing probably are
cumulates from the protokimberlites. The groupha eclogites with the Fe# 20 -
30 is probably of subduction origin — the internadirange may correspond to the
submelted varieties [49]. The horizon between 50 @5 kbar is marking the so
called kink of the geotherm. The range of the 180Q000 is coinciding for the
eclogites [53-56], Chr from the diamond inclusi@m&l harzburgites as well as for
some ilmenite pyroxenites. Most of the peridotrocks including harzburgites are
showing the range of the Fe# from the enriched 1@%w up to 5% with the
increasing of the pressures. Similar is range Be#2% is demonstrating by the so
called sheared peridotites [25, 38]. The Ca confentthe garnets is rising
downward he mantle section but for the amount efrich subcalsic garnets [10,
11, 69] is also increasing with the depth. Probalblg subcalsic garnets are
reflecting an ancient depletion event formed by 8pecific fluids forming
megacrystalline dunites which were studied alsouncollection [45-46]. This is
the level of the appearance of the megacrysticgymoxenites [1, 2] which are
rarely exhibiting the contacts with the deformedgites.

Similar lens between 65-75 kbars is characterizgd thiie more high
abundance of the Ilm pyroxenites. The Gar-dunitesless abundant but became
more depleted with the depth. The sheared peragotite more HT and show the
veins of the magmatic Cpx, Opx and even garnetsy Hre coinciding with the
porphyroclastic varieties. The Ti — rich wehrliaad harzburgitic peridotites with
the newly formed Ti — enriched green garnets aseltef the melts percolation
which produced the chains of garnets and Cpx. Té@&somatic diamond bearing
lim Iherzolite [48] with the very high Cr content the Cpx is also correspondent
to this level. Some subduction type eclogites 2, and 53] are referring to the
LT conditions.

The lowest detected by the xenoliths and xenocigstd corresponds to the
most Cr rich garnets found as xenocrysts and iraissn diamonds with the high
range of Ca decreasing with the pressures. More—Fach compositions
correspond to the HT cumulates probably leavedhbyptotokimberlites and to the
hot diamond eclogites as well as for some porphgstic peridotites.
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Evolution of mantle column

Several pipes like Yubileinaya [4] demonstrate difeerence in the structure
of the mantle columns reconstructed by the xenésrgsd xenoliths. Such a
conclusions for Udachnaya are still absent becd{ss&t part of pipe is not studied
in detail due to the low amount of the fresh xehsli The xenoliths from the
brown breccias which are in general most fresh skbghtly more restricted
intervals but deeper levels also. This is seenigetone of the initial stage of the
pipe formations when the magmatic roots were nbjested to more developed
metasomatism and melt interaction which is visibléhe diagram for the whole
set of the mantle samples.

Indirect evidences shows that the wide variatidnte® mineral compositions
and the high positions of the geotherms in the elekgvel even to the level of 20
kbars shows that there were abundant reaction aftdnteractions in several levels
of the mantle columns. The deeper were definitalyengone to the influence of the
protokimberlite melts which created the two magmahamber — vein system near
70 and 60 kbar and course the deformations of @hélqiites and high scale
interactions possibly due to the hydraulic fractgri7]. It seems that the coexistence
of the relatively easy melted material like eclegiand melt conduits like dunites is
not an occasion. The upper 55-40 kbar levels isespondent mainly by the
interactions around the veins which should be forimye the essentially carbonatitic
compositions which may be created due to the isigjittf the primary melts during
the differentiation rising and cooling. Such systetontaining abundant carbonates
are favorable for the creation of the diamonds @apie during the interactions with
the reduced peridotites. Stopping of the pervasie& percolation occurred near 40
kbar where the large dense layer of the eclogiteéstse The large unites in the
mantle columns were created by the subduction psese[41] and most Fe-rich
eclogites should correspond to the upper parteeottbduction slabs. The physical
— chemical boundary corresponds to the temperatumena of the oxidized and
carbonated peridotites [64]. This should bringht® melt concentration and creation
of the pyroxenite lens. The separate high temperdavel appeared in the upper
part near the Gar-Sp boundary which also concestithe melts. Possibly separate
most evolved protokimberlite melt portion reachbis level. But it also possible
that it is correspondent to the close stages ob#isalt creation which are abundant
as the xenoliths in kimberlites.

Phlogopite metasomatism

The nature of the phlogopite metasomatism is debatdhey occur in the
most deep levels correspondent to Cr-rich diamaemtlsions [61]. Those with
FeO > 45% are produced by melt metasomatism esfenprobably to
protokimberlites. This type which is also highemMig,O should be referred to the
melts interaction. They are close to the varietmsd in the Phl bearing deep
seated breccia. There are two types of the Phirdicgpto the Ti content which
can mark the interaction with the melts percolatimpugh the mantle. Phlogopite
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microveins with the low TiO2 content may be southbe related to the melts
though some of them show the primary origin acegydo the well equilibration

with the other minerals. Example of the mantle gblates from the Alakite fields

are correspondent to the earlier Precambrian stelgsge to Rodinia break up.
Nevertheless large part of phlogopites in Udachrmeradotites should be related
to the later events correspondent to the protokitéenelts

The phlogopites from the breccia have enriched igTa content but they do
not have Ba and Cl as well as F. One can suggasthére is not relation to the
subduction related rocks or melts. But intergranutaaterial in this breccia
contains barite and stroncianite as well as abundgratites, rare sulfides.
Amphiboles referred to the Na - richterites andrgattes as well as some CPx,
presence of the picroilmenites (MgO~10) as well ths debris of sheared
peridotites evidences about very deep origin ofs thocks and polybaric
crystallization of this melts. Thus the channelshaf f the protomagmatic systems
before the rising to the surface were subjectetieanteraction with the #D rich
fluid rise from the levels of more then 80 kbars.tBe K — rich fluids founds also
in diamonds were wide spread and concentrated enntantle just before the
eruption. Many porphyroclastic rocks and even gubaperidotites contain
intergranular phlogopites especially in he rimauabthe garnets.

There are now still geochemical — trace elemernisatopic evidences about
the nature of this rocks. But one can suggestth®t are related to the kimberlite
Il melts which appeared in the Daldyn field the kerlite melts from the deep 410
km boundary [26]. Another possibility is that arevdloped due to the submelting
of some subducted sediments reactivated by thee«iités.

Melt rising and capturing

The adiabatic branches traced by the secondaryPTmonditions show that
there were several intermediate levels during ¢éarige of the kimberlites to the
surface. They should be created near the bounddng dayering in the mantle,
The several separate intervals (5) see (Fig 6-theopressures which are marked
by the xenoliths from the brown breccia possiblgréo such a chambers.

Trace element evidences

TRE content of the rocks and minerals usually isgifor the recognition of
the genetic signatures and links of the studieksoas well as the degree of
melting or differentiation , contamination and daeristics of the melting
sources. The trace elements for the mantle petedotirom Udachnaya [20]
evinces about the preference of the CPX input enlthlk rock composition. The
sheared peridotites more enriched in HREE possdfigr to the interaction with
the melts [19] with the less inclined TRE which e@rotokimberlites.

The Cpx and Gar are the major concentrator of tR& Th the peridotites.
Cpx shows different levels of REE which is highegdther with the La/Yb ratios
reflecting the both increasing the Gar/Cpx ratind decreasing melting degree in
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the mantle columns with the depth. The melting degs less then 0.1 according
to the La/Ce ratios. This evidences about the losgrele melting usually
correspondent to the infiltration of the fluidseBence of the S - type garnets [51]
possibly reflect the same processes of the fluiEERich melting. The complex
shapes of the REE and TRE diagrams and inflecmohl@cal dips or elevations in
MREE or MHREE parts of the diagrams may meansttieae were several stages
of the melt fluid percolations trough the mantlek® especially in the lower part
of the mantle column and changes of the volatilgeat from the CQor H,O or
H, rich. It also subjected to the pervasive HFSE swtatism [16-17] The
permanent dips in Zr may also suggest that thesrotkally were melted in a high
activity of P creating apatites or zircons.

CONCLUSIONS.

1. The brown breccia from the most deep level of tliadhnaya kimberlite
quarry containe the most deep and fresh mantlelienon the pipes captured
from the levels of about 80 kbar and representamasate capturing intervals.

2.  Phlogopite metasomatism is developed in the wheldian of the mantle
column beneat the pipe. Melt related phlogopitesifthe probably are related to
the ancient stages of the melt percolation as &kifd field or to the basaltic stages
preceding kimberlite magmatism. The deeper levedbably are correspondent to
the deep seated melts close to kimberlite 1l we@m@eared from the deep level of
the mantle. The deep seated phlogopite breccidamaed at the deep level of the
mantle column due to the,@ rich fluid interaction with the mantle peridoste

3.  The protokimberlite melt interaction with the deepevel was responsible
for peridotite shearing and wide scale interacttbe remetlting of the deep
eclogites, and possibly creation of some populatadnthe diamonds. The
phlogopite metasomatism is accompanied these attena
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ABSTRACT

Within the Upper-Devonian rift alkali igneous fortimm lamprophyres as
representatives of the earliest phase of magmaiByy,) were identified in two areas—
Pripyat graben and North-Pripyat magmatic regionaluiding the southern part of the Zlobin
saddle and the northern zone of the Gomel strdctam. Feldspathoid, feldspathic and
melilite (alnoite) subfamilies were identified angpalkali rocks of the lamprophyric family.
Lamprophyres are mostly patassic rocks, but sonceedise of the sodium amount is
observed in melilite lamprophyres. Feldspathic lesppyres are described by moderate
alumina contents, whereas alnoites are low in alambut both are of miaskite nature.
Feldspathic lamprophyres were determined to beritbest by rather high Nd, Zr, Sm, Eu,
Hf, Yb and rather low Ni, Co, Cr, Pb, Nb concetitias. Melilite lamprophyres are inherent
in the higher of Cr, Ni, Nb, and lower Nd, Sm, Eantents Alnoites are distinguished by the
maxima of Cr, Ni, La and Ba in the range of eletaen

INTRODUCTION

Among petrographically diverse alkali igneous rotdsnd in the territory of
Belarus rocks of the lamprophyric family describey the presence of micas,
biotite and phlogopite in their mineral compositi@ong with considerable
amounts of ore minerals were rare in occurrence thietpresent time. These rocks
belong mainly to hypabissal formations that esséiptido not have analogues
among volcanites and plutonit@dkali rocks related to this group are identifiesl a
isolated formations looking like small sills, dikasd stocks in the Pripyat Trough
and North-Pripyat magmatic region [1, 2].

Within the Pripyat Trough lamprophyres were ideatifamong rocks of the
Vasilievsk (Artukovskaya 3 borehole), Vetkhino (keihskaya 1 borehole), and
Dnieper (Dnieprovskaya 1 borehole) palaeovolcan®éshin the North-Pripyat
magmatic region lamprophyric rocks are revealedh@& southern part of the
Luchin cluster of the Zhlobin diatreme field ana thorthern edge of the Gomel
structural dam (Uritskaya 63d 1 borehole).

TYPES OF LAMPROPHYRES

Among the studied alkali lamprophyres found in taeitory of Belarus the
subfamilies of feldspathic, melilite and feldspdtamprophyres are distinguished.
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Feldspathic lamprophyres are rocks forming the agisecomplex of the Pripyat
graben. In the Vetkhinskaya 1 borehole lamprophyfesgesites after V.P.
Korzun) were exposed in deposits of the Semilukizom (at a depth of 4.565-
4.582m), where these form a small dike about 2@ thickness. The rock is fine-

Fig. la. Feldspathic lamprophyre. Pripyat graben, Artukovskaya 3 borehole, depth of
4,514-4,518.

graned. The rock structure is lamprophyric due twppyries of hornblende
substituted by calcite and chlorite (penninite)eTck groundmass is composed
of leistes of potassium-sodium feldspar sometinfesachytoid texture. The rock
is abundant in biotite scales confined to feldspeistes or occurring as
microporphyries. There are numerous impregnatiorfs oce minerals -—
titanomagnetite and magnetite, the first one beiogpinant. Femic, salic mineral
and feldspar contents of the rock are generallylaim

Lamprophyres from the Artukovskaya 3 borehole e&hé from the north to
the Vetkhino palaeovolcano (Artukovskaya 3 borehdépth of 4,514 to 4.518m)
occur similarly in the geological section and fotmere a small (about 2 m thick)
vein in the Semiluki deposits. By the mineral casigon these are similar to
feldspathic lamprophyres from the Vetkhino paladécano, but the porphyries of
coloured minerals are larger in size and the idigmnic texture is more
pronounced there (Fig.1la). Lamprophyres also oasuan about 5m thick dike
among quartzitic sandstones in the northwestera afe the Pripyat graben
magmatism developed in the rocks of the Dniepaagmiolcano (Dnieprovskaya 1
borehole, depth of 3,564 m).

The rock is a finely crystalline feldspar matrixpeve coloured minerals form
the lamprophyric structure, and femic minerals @spnted by hornblende, biotite
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Fig. 1b.Feldspathic lamprophyre with olivine and porphyries. Pripyat graben,
Dneprovskaya 1 borehole, depth of 3,564 m.

and a variety of ore minerals comprise about 60%hefrock groundmass. The
pleochroic biotite light yellow to dark-brown in looir together with porphyries
and an association of ore minerals form there dénin spot impregnations.
Porphyries of strongly altered olivine and pyroxdR&.1b) often occur in the
rock.

The North- Pripyat magmatic region is the secoreh avhere lamprophyres
were determined in the southern part of the Zlotistrem field and in the
northern edge of the Gomel structural dam. Withire t Zlobin Saddle
lamprophyres were identified in boreholes drilleidhim the anomaly zone named
«Shliakh Selianina». By the mineral compositionstheorrespond to the melilite
subfamily of the lamprophyric family and are re@neted by two rock varieties.
The rocks occur in two boreholes 761 (depth intefingam 104 to 196 m and from
229 to 243 m) drilled within the abovesaid anomadly. the borehole 763
lamprophyres (alnoites) are underlain and oveftgibreccias formed by the same
rocks. Igneous rocks exposed in the borehole 764 @épth of 194 m may be
related to the first variety of the melilite subfignof lamprophyres (polzenites)
[3].The rock groundmass is represented by elongataalar, strongly altered (to
carbonate) melilite crystals, as well as by tahuidien elongated mica crystals
yellow-brown to light-brown in colour, frequently ith pronounced zoning
structure peculiar to micas entering in
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Fig.2b.Alnoite lamprophyre. Luchin 761 borehole, depth o237.5 m.

the composition of the lamprophyres, or to phlogopd]. Magnetite grains are
scattered in the rock forming an uneven igpation and fringe olivine pseudo
morphs around the periphery. When melilite and ghyate flow around olivine
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Fig. 2c.Lenticular sodalite veinlet in alnoite. Luchin 761borehole, depth of 231 m.

porphyries the rock shows a slightly trachytoidites (Fig. 2a). Alnoites stripped
by the borehole 761 in the low part of the sec{&2zi’-233 m) is the second variety
of lamprophyres of the melilite subfamily. Thesek® are grey, dark-grey to black
in colour showing massive texture and microcrystell often aphanitic structure.
The rock groundmass is composed of argillic glaisreal to hydromica,
serpentinous olivine, chlorite, carbonate. Porphympregnations are represented
by phlogopite (biotite) and magnetite (Fig.2b). ight yellowish-green isotropic
mineral with a low refractive index which can bealiied as sodalite by it optical
properties occurs in the rock within the depth erfigpm 231 to 232 m. This
mineral often forms irregularly shaped lenticlesd atlasts in association with
phlogopite and a blue mineral of similar proper{iessean?), which was probably
developed on alkali glass (Fig. 2c¢). As it was nmrgd above lamprophyres in the
borehole 763 are underlain and overlain by brecofaselilite- lamprophyric
composition. In lamprophyres (polzenites) of th@ermpart of the section melilite
pseudomorphs are infilled with greenish chloriteheTrock groundmass is
carbonate with melilite, hydromica and chlorite ygg@morphs. Femic minerals are
represented by phlogopite (biotite) and magnelisanprophyres from the lower
part of the section are of the alnoite compositwith olivine and sodalite,
pyroxene porphyries occur sometimes (Fig.2d). Qaateconstitutes the most part
of the alnoite groundmass, which is just peculiarthis type rocks [5]. A
distinguishing feature of all igneous rocks frone tBhliakh Selianina anomalous
zone is their rather strong carbonatization.

Lamprophyres of the feldspathoid subfamily représgiby monchiquite were
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Fig. 2d.Olivine impregnations in alnoite lamprophyre. Luchin 763 borehole, depth of 229 m.

determined in the borehole 63d within the territofyhe Gomel structural dam.

According to H. Williams [5] monchiquites differ dm feldspathoid
camptonites by the absence of feldsparm which @aced by a colourless
isotropic mineral, sodium glass, or analcime apgeain the felsic matrix.
Lamprophyres exposed in the borehole 63d are repted by a black rock of
porphyritic texture. The rock groundmass is buitdbightly decrystallized glass
and elongated-prismatic greenish-yellow crystalalkéli pyroxene with analcime
and apatite impregnations (Fig. 3a). Rhombic pynexporphyries rarely occur,
but these are short-prismatic and smaller in sidee rock shows abundant
magnetite, more seldom, ilmenite impregnations aodesponds to pyroxene-
magnetitic monchiquite by its mineral and chemicamposition. The second
lamprophyre variety, or the rock transition found the borehole 63d is
monchiquite with vitrophyre-olivine-pyroxene nodsileunderlying pyroxene-
magnetitic monchiquites. The major compositionto$ rock is similar to that of
monchiquites described above, but pyroxene and etiégrform a subtrachytic
texture around nodules (Fig.3b). The nesluloriginally = microstructure,
when their major part is built by iddingsite sumded by an enve olivine in
composition are transformed to become orange-biavaolour (iddingsite-biotite
like mineral according to Lodochnikov) and showasona lope of pyroxene and
magnetite (Fig. 3c).

There are lenticular and drop-like residual glassatihs, with impregnations
of two pyroxene generations— acicular crystals g@he&nocrysts of prismatic
clino- and orthopyroxenes (Fig. 3d).
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Fig. 3a. Vitrophyre-pyroxenic composition of the monchiqute groundmass
(borehole 63d, depth of 260 m, section, parallel cols).

Fig.3h Trachytoid texture of monchiquite-camptonite around olivine nodules (borehole
63d, depth of 262 m, section, parallel nicols).
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Fig. 3c.Olivine nodule altered to iddingsite fringed by pyoxene and magnetite crystals in
monchiquite (borehole 63d, depth of 262 m, sectioparallel nicols).

Fig. 3d.Two pyroxene generations (acicular and short prismtic-rhombic ones) in residua;
glass xenolites observed in monchiquite (boreho&8d, depth of 262 m, section, parallel
nicols).
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Table 1

Chemical composition of alkali lamprophyres (wt.%)

Oxides |Feldspathic lamprophyreFeldsp Melilit lamprophyres

of the Pripyat graben |athoid| pyroxene-free melilit | melilit lamprophyres

l[amprophvre (alnoites)
1 2 3 4 5a 5 6 7 8 9 10 11 13

SiO; 39.23/38.69| 39.6 | 44.5344.56| 34.9 | 34.7937.03| 36.7 | 35.7635.16|34.58/35.72
TiO» 2.09| 355 2.77 3.11332| 2.12| 203 206 219 1.84 2]1 2714 223
Al,03 8.17| 9.83] 11.169.85|13.07| 5.1 | 5.24| 44| 4.4 39 46 438 431
Fe,O3 10.12/16.12/13.99/10.97 12.89| 15.57{16.05| 15.46/16.12| 14.4| 15.1514.4913.92
MnO 0.12| 0.13] 0.09 0.080.12| 0.19| 0.13 0.1y 0.1 0.2 0.24 023 0.24
MgO 12.65| 9.16 | 15.1810.73 4.98 | 18.8615.31|22.87|23.51)26.52| 21.7 | 21.7418.55
CaO 12.37/10.67| 2.94| 5.74 8.36 | 7.21| 10.9V1.63| 2.13) 244 6.0 7.52 9.45

SrO 0.05| 0.09] 0.04 0.1ty 0.14 0.14 008 (01 011 p.11200.09
BaO 0.25| 0.09] 0.13 013 01 10 0.05 0/05 005 0.09500.10
Na,O 0.36| 1.08] 0.59 1.894.11| 0.49| 0./8§ 05 055 023 039 03 0.35
K20 2.76| 3.00 344 6.6/2.72| 229, 0.84 2.19 199 199 263 258 2.20
P2Os 0.45| 0.74/ 0.6} 0.610.79| 0.73| 0.6 06 0.6 055 0.61 06 0.58
H.0 465| 3.76] 6.7 0.004.56| 6.50| 6.98 11.359.53| 9.59| 6.43 6.17Y

CO, 6.13| 2.83] 2.55 0.0 5.01 422 102 1{14 161 40485

F 0.34| 0.26] 0.23 0.0f0.09| 0.35| 0.23 0.31 0.32 0.35 0.34 0{32

I.o.n 10.48/ 6.11| 8.83 412 11.5911.2012.37/10.67|11.20/10.47/11.02/12.11

cymma | 99.77/100.04100.1194.25 99.92| 99.62( 99.46| 99.76| 99.50) 99.50| 99.60/100.0299.85

Na,O+K,| 3.12| 4.08/ 4.03 8.566.83| 2.78| 1.65 2.69 2.54 222 3.02 288 2.55
Na,O/K, | 0.13| 0.36| 0.17 0.281.51| 0.21] 0.9 0.23 0.28 0.12 0.15 0/{12 0.16
al' 0.36| 0.39] 0.3§ 0.450.73| 0.15| 0.14 0.11 0.112 0.10 0.12 0j12 0.13
Ka 0.38| 0.42] 0.3 0.8f0.52| 0.55| 0.3} 0.61 0.58 0.7 0.6 0j67 0.59

Note: 1) analysisNe: 1-4 Feldspathic lamprophyres of the Pripyat graben 1- Artukovskaya 3
borehole, sample 27, depth of 4,384 m; 2- Artukaysk3 borehole, sample 40depth of 4,518m; 3-
Dnieprovskaya 1 borehole, sample 1d, depth of 33%687m; 4- Vetkhinskaya 1 borehole, sample 85b,
depth of 4,565m; 5-14-amprophyres of the North-Pripyat region; 5-6 —melilit lamprophyresrom

the southern part of the Zlobin saddle: 5- Luchimelole 761, sample 9, depth of 194m; 6- Luchin
borehole 761, sample 8, depth of 193m; 7-14 — @adirom the southern part of the Zlobin saddle: 7-
Luchin borehole 761, sample 20, depth of. 231nt;ughin borehole 761, sample £@epth of 232m; 9-
Luchin borehole 761, sample 21, depth of. 236m;L1@hin borehole 761, sample 23, depth of 238m;
11- Luchin borehole 761, sample 24, depth of 2412a;carbonate alnoite Luchin borehole 763, sample
9, depth of 227m.; 13 - Luchin borehole 763, sangledepth of 228m; 14- Luchin borehole 763, sample
15,depth of 229m;

2) rock-forming pxides were determined by X-rayoflescence analysis at the A. P Vinogradov Institute
of Geochemistry Irkutsk, Russia .

3) FeO; —indicates a sum of iron oxides.
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Table 2

Trace elements contents (ppm) of lamprophyres frorthe Paleozoic igneous complex of
Belarus

element| 1 2 3 4 5 6 7 8 9 | 1C | 11 | 12 | 13| 14
Be 2¢ 1376275191 |73 |57 |45 |/4€| 751832 |7E]9.C]5.¢€
V 436.1259.0288.5288.8284.6245.9243.4244.4163.7266.9228.8228.7270.3366.6
Cr 60.8(121.4606.5286.8316.8679.4669.24673.3434.7947.7887.3871.6867.9985.6
Co 59.0/33.6/67.1| 49.5|55.5| 69.9| 65.3| 73.7| 51.5| 75.5| 73.0| 63.8| 76.9| 82.1
Ni 49.5|63.9(295.8117.6124.71332.2271.9332.5199.9400.7366.5301.4354.2368.1
Cu 253.1 21.7|358.7399.6429.5368.7368.0421.0282.3403.3389.6354.5401.6409.3
Zn 181.331.2|71.4{146.0131.4 77.0(146.4119.1 80.2| 96.6(100.5118.9138.2105.9
Ga 20.9/21.7|12.9|/12.1|112.8/12.1|12.5/13.6| 9.4 | 11.7/11.7/10.7{ 11.2| 13.0
Rb 49.0/51.5/68.2| 28.0/41.8/52.9/48.2|51.4|44.7|41.9| 37.9| 46.0| 43.1| 47.3
Sr 1179 481|1276/1722/1296| 859 | 887 | 804| 815 778 | 895| 1000788 | 1173
Y 23.8/30.4|13.6/13.8|16.9(11.8|12.4|13.2| 9.7 | 13.6/ 13.1|12.8| 12.4| 15.2
Zr 231.0250.7161.9117.1116.7139.8128.1128.0 92.2|104.8116.1112.3118.1110.6
Nb 54.9|/75.5/81.4|85.1|87.5|80.7| 78.2| 82.2| 55.2| 79.0| 79.2| 72.0| 82.3| 82.5
Ba 914|1103/113110971 18822154| 899 | 967| 647 986 | 887 89311271164
La 57.4|166.2| 42.4|1115.4106.2 71.5| 82.2| 95.9| 65.9| 72.2| 69.7| 60.7|116.3 96.2
Ce 123.1131.475.4|174.8171.1129.5142.7161.8115.1108.3139.2104.71168.1137.3
Pr 13.9/11.9| 7.3 | 17.2/116.3|11.8/12.7| 14.7/10.3| 10.7| 13.4| 10.5| 16.3| 14.6
Nd 60.0]58.4| 25.3|52.1|149.5/41.1|44.1|50.8| 34.8| 32.3| 41.6| 31.6| 46.8| 46.7
Sm 10.6/ 98| 39| 74| 72 57 6.0 68 46 50 59 43 b8 7.0
Eu 30( 34| 11 25 19 17y 16 19 12 15 17 15 |11
Gd 94| 80| 41 70 63 6.0 60 6/9 46 45 53 b2 |5@88
Tb 11] 09| 05/ 08 09 06 Op O 04 07 0.7 p.6 |008
Dy 57| 49| 3.0/ 36 45 31 3p 33 22 33 383 B2 [3K0
Ho 10| 10, 06| 066 0.8 05 Op 05 04 06 06 pP5 |0GB7
Er 23| 21| 16| 15 20 16 1p 14 11 16 15 Q5 |116
m 03] 03] 0.2/ 0.2 02 02 Op 02 01 02 02 p.2 |0@2
Yb 1720 13 1.3 17 11 1p 09 07 12 09 1.3 |1104
Lu 02| 03] 02/ 0.2 02 02 oO04 O1 01 02 02 p.2 |042
Hf 52| 6.3 39 35 31 383 34 32 22 28 29 B.0 |326
Ta 39| 47| 46/ 46 45 50 49 52 36 40 41 A0 |436
Pb 41| 3.2| 51| 4.8 1245.5|169.514.8 43| 6.3| 7.8| 16.09.3 | 144
Th 6.2 | 83| 85| 11.411.8 84| 85| 83| 6.6 93 86 98 1145
U 12117118123 124122311411410712211¢|1€11€] 1€

Note I) Feldspathic lamprophyres 1— Artukovskaya 3 borehole, sample &0depth of 4,518m; 2—
Vetkhinskaya 1lborehole, sample 85b, depth of 4,565m; mglilit lamprophyres: 3 —- Luchin
borehole 763, sample 8, depth of 225m; 4—Luchirebole 761, sample 8, depth of 193m; 5— Luchin
borehole 761, sample 9, depth of 194m; lllploites 6— carbonate alnoites, Luchin borehole 763,
sample 9, depth of 227m.; alnoites : 7— Luchin bote 763, sample 13, depth of 229 m; 8— Luchin
borehole 763, sample 15, depth of 229m; 9— Ludurehole 763, samplel7, depth of 232m; 10—
Luchin borehole 761, sample depth of 231 m; 1lhiudorehole 761, sample depth of 232m; 12—
Luchin borehole 761, sample depth of 236 m; 13—himborehole 761, sample depth of 238m; 14—
Luchin borehole 761, depth of 241m; IV) trace-elateewere determined by ICP-MS at the A. P
Vinogradov Institute of Geochemistry Irkutsk, Rassi
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TRACE ELEMENTS AND ISOTOPES

Data obtained for the composition of lamprophyres #he trace element
distribution in them suggest that each lamproplwarety is described by its own
geochemical features (Tables 1, 2). Their commatufes are high titanium, iron
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Fig. 4 Primitive mantle normalized [6] rare element distibution in lamprophyres of the
Palaeozoic igneous complex of Belarus.

1- feldspathic lamprophyres of the Pripyat graki&npyroxene-free melilite lamprophyres; 3- melilite
lamprophyres- alnoeit; 4- alkali picrite of the @t graben; 5-alkali picrite of the North-Pripyagion.

content and alkalinity. The highest alkalinity ietelmined in feldspathic
lamprophyres of the Pripyat graben {NaK,0O= 3.12-8.56 mas. %) and
monchiquites (N#2D+K,0=6.9 mas.%). Lamprophyres are generally potassic
(Na/K=0.2-0,4), but melilite lamprophyres show mlidl increase in the sodium
amount (Na/K =0.94), while feldspathoid lampropsyare distinguished by their
preferentially sodium composition. Various groupsamprophyres were shown to
differ in their alumina contents. Feldspathoid laaghyres are highly aluminous
(al'=0.73), feldspathic lamprophyres (Pripyat grgbean be related to medium-
aluminous rocks (al0.4), while melilitite lamprophyres (alnoites) atew
aluminous (a#0.1). However, all lamprophyres are of miaskiteunatKa<1),
sometime, slightly modified to the agpaitic one ifenskaya 1 borehole,
Ka=0.7). In general, felsdspathic lamprophyres shayh I5I0,, TiO,, Al,O; and
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low FeOs;, and MgO contents. Felsdspathoid lamprophyredeseribed by the
highest 3D,, Al,O; and lowest MgO concentrations, but their aluminicontent
is slightly increased. Melilite lamprophyres are stfyp magnesian and poor in
alumina. All the above chemical features of varigusups of lamprophyres are
due to their mineral composition.

The geochemical features of lamprophyres are shiowa diagram of the
distribution of trace elements normalized to thengive mantle. With the rather
similar distribution of trace elements feldspatlamprophyres from the Pripyat
graben typically show the K, Na, Ba maxima andWhdh, Pb minima, melilitite
lamprophyres are described by the Th, Ce, P maxsintathe U, Da, La minima
(Fig. 4). Alnoite is distinguished by the La and fBaxima (especially in carbonate
alnoites, where the barium concentration in rockearly 1%} and the U, Pb, Zr
and Hf minima. For comparison Fig 4 shows also speaf the trace elements
distribution in alkali picrites of the Pripyat g and Zhlobin saddle with their
typical well-defined K and Hf minima. An analysisf ohe trace element
distribution in alkali picrites and lamprophyresggests a specific geochemical
nature of lamprophyres.

Table 3
Isotopic composition of strontium and neodymium fran Paleozoic lamprophyres of
Belarus

Sample | °'Sr/*°Sr | 87Sr/86Sr| €Sr | MNd/**N | “Nd/**Ndo | eNd [ eNd | T T
measure 0 d pacu (0) ® | (DM) | (DM-

d measured 2)
Bel--6 | 0,707190| 0,705559 21,2 | 0,512302 0,512049| -6,6 | -2,0| 1152 | 1308

oor

40a 0,70555 0,704758 9,8 | 0,512550 0,51228 | -1,7 | 2,4 | 890 942
Luch-13 | 0,704441| 0,703614 -6,4 | 0,512468 0,512270| -3,3 21| 791 962

Bel-6,— Vetkhinskaya 1 borehole, depth of 4,565amprophyre0DOP40a— Artukovskaya 3 borehole,
depth of 4,518m monchiquite; Luch-13 — Luchin baieh763, depth of 229m, alnoite

The Sr—Nd isotope ratios in the studied sample3abheozoic lamprophyres
(Table 3) place the rock under examination in ddfiestricted between the
PREMA and enriched mantle source EM | isotope darstics. Feldspathic
lamprophyres of the Vetkhino structure of the Paipgraben are described by the
heavier strontium isotope compositiosS(=21.2), and alnoites are depleted in
radiogenic Sr. There are also differences in thaddtbpe distributiongNd varies
in the range of values from-2.2 (feldspathic larppsoes from the Vetkhino
structure) to +2.1—+2.4 (alnoites, monchiquite).

The simulated Sm-Nd age of lamprophyric rock sosirogresponds to the
age interval y=0.79-1.15, Huo.= 0.95-1.31and represents the age of the rock
source metasomatic enrichment. The simulated agenated to be dependent on
theeNd value; lamprophyre with a negatisfdd value is older in age.
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CONCLUSION

Three subfamilies of lamprophyric varieties of dilkacks mostly related to
the hypabyssal facies of magmatism and distingdishémost in every region of
magmatism development suggest that the procedsisof rock magmatic source
differentiation occurred on a large scale. Thisditon together with the data
obtained earlier [7,8] does not exclude the poltsibthat kimberlitic and
lamproitic magmatism similar in composition to tlediserved in the Arkhangelsk
province would have developed within the Palaeoatkali igneous formation of
Belarus.

The research was performed under the financialibgalf the BRFFI, grant
X08P-087.
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ABSTRACT

The paper describes petrogeochemical and minecalofgiatures of the rocks which
compose dykes and volcanic pipes among the Jurdssiigenous deposits of the
volcanogenic-sedimentary unit of the Ariadnenskynfation (South Sikhote-Alin). K-Ar
isotope age of the magmatic rocks varies in a rdegeeen 152-159 Ma. The magmatic
rocks present grayish-greenish rocks of porphymyctitre and globular texture. Amphibol,
mica, clinopyroxene are alloliths, the groundmassomposed of fibrous-diverse aggregates
of kersutite, phlogopite, clinopyroxene, ilmeniemd magmatic calcite. Olivine was not
recorded in these rocks. The studied rocks whiate weginally referred to the meymechite-
picritic complex have a number of specific featusegh as a) the presence of matrix; b)
mica and amphibole enrichment; c) the absenceiahelamong the matrix; d) porphyric
structure that allows us to assign them to lampyogsh They bear great similarities to the
lamprophyres of the Kosvozh complex of the Polaal&lrMineralogical and geochemical
features of the described rocks are more closentcalkali series of an alnoite-type
lamprophyres family or most probably, its carbaredi variety — aillikite.

INTRODUCTION

Diamond occurrences in placers and rocks of meyiteepicrite complex of
the Sikhote-Alin orogenic belt [1, 8] attract cafeiable interest of the researchers
to these rather rare magmatic formations and prensetarching for potential
diamond-bearing rocks such as kimberlites, lamesodnd lamprophyres in the
region. Rocks discovered in dikes and volcanic pipear the Ariadnoe settlement
(Primorye) were primarily ascribed to picrites [Ah integrated study has revealed
definite specific features of the rocks. This akamlnvtheir classification with the
lamprophyres. Rocks with similar composition amdcure were found by one of
the authors in the Kedrovka river alluvial sedingent

GEOLOGICAL SETTING

Southern Sikhote-Alin is a heterogenic collage iffecent in structure and
origination terranes — fragments of accretionarisms. The latter consist of
lenticular packets of Triassic to Jurassic terr@gesivolcanogenic-siliceous
complexes embedded into Late Jurassic to EarlyaCeeus turbidite matrix [2].
The Bikin and Samarka accretionary prisms of Sikhiiin are known for
exposures of small-sized bodies of exotic mafiteantafite rocks close to
kimberlites, meymechite, lamproite, lamprophyres petrogeochemical and
mineralogical peculiar features. In the vicinity Afiadnoe settlement micaceous
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mafite-ultramafites constitute a series of smakedi persistent along the strike
(near-latitudinal) with 8-10 m in width and 100-3@® in extent. We observed
similar rocks along the left side of the Malinovkaer, between the Pad’ Malaya
Pozhiga and Todokhov Pad’ creeks, where ttaystitute a thin subvertical

Fig.1. Globular structure of picrites. x 54.

dike and a small volcanic pipe within the Juragsidgenous deposits (sandstones
and siltstones) of the volcanogenic-sedimentaryusece of the Ariadnoe
formation. K-Ar age of the co-existing kaersutitedaTi-biotite from the rocks
exposed near the Ariadnoe settlement varies frolmt@5159 Ma [10]. Near the
contact with host rocks brecciated varieties ofifgcare developed, the fragments
of which are dominated by sandstones. The cent#l ¢f the dike consists of
rather massive rocks with large-sized (occasiongiiynt-sized) impregnations of
amphibole and mica, and carbonate globules. Thiesrace enriched in biotitite,
quartz, and carbonate and penetrated by thin bagitdets. The volcanic pipe is
filled with altered and weathered rocks thus itiicult to judge about its inner
structure.

ANALYTICAL METHODS

The chemical composition of the rocks has beenyaadl at the Central
Laboratory of PA “Dalgeologiya” using a “wet” chestiy method. The REE
contents and rare elements were determined at tiady#cal Center of Yu.A.
Kosygin Institute of Tectonics and Geophysics of tar East Division of the
Russian Academy of Sciences in Khabarovsk, analydts Zazulina and D.V.
Avdeev, using ISP-MS method. The chemical compmsitf rock-forming and
accessory minerals was measured using JX-50 Xpagtisl microanalyzer at the
Institute of Volcanology and Sedimentology in Ppadovsk-Kamchatsky,

analyst V.M. Chubarov.
Table 1.
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Chemical compositions (wt.%) and contents of traceomponents of lamprophyres (g/t)
from South Silhote-Alin.

Comp | AP 02- | APO2- | APO2- | AP 02- | AP 02- | AP 02- | AP 02- | AP 02- | APO2- | AP 02-

onent 01 02 04 05 06 08 09 13 15 17

SiO, 36,9 37,29 35,21 36,10 36,57 37,4 36,00 33,86 31,183,03
TiO, 3,49 3,30 3,35 3,58 3,38 3,25 3,37 3,88 3,46 3,26
Al,03 7,23 7,13 6,62 7,14 7,59 8,97 7,04 7,601 8,55 7,25
Fe,03 8,59 8,73 7,79 7,87 7,00 5,67 7,24 3,9¢ 4,10 5,54
FeO 8,10 7,76 7,53 7,85 8,11 8,50 7,77 10,12 11{95 7,52
MnO 0,26 0,28 0,26 0,26 0,24 0,22 0,28 0,19 0,20 0,30
MgO 16,17 16,31 17,11 16,98 15,07 15,15 15,72 12/82 0413, 10,75
CaO 10,10 9,42 11,35 10,23 11,23 9,97 11,22 8,43 8,61 3,261
Na,O 1,39 1,44 1,34 1,25 0,98 1,44 1,2% 0,30 0,26 0,44
K,0 1,39 1,38 1,30 1,26 1,77 1,71 1,34 0,5b 0,54 0,88
P,O3 0,53 0,20 1,11 1,35 1,59 1,05 1,2% 1,76 1,83 2,37
SO <0,1 <0,1 <0,10 0,23 <0,10 0,10 0,29 0,44 1,23 0,49
CO, 3,06 2,75 4,34 2,06 3,03 1,77 2,8( 9,10 8,19 9,36
H,0* 2,64 291 2,89 3,13 3,27 3,21 3,27 5,88 5,55 4,27
TLILII. 4,95 4,66 6,06 4,18 5,01 3,69 4,84 12,65 12{12 71,8
Sc 30,71 33,21 32,95 32,29 31,26 29,83 32,15 31,23 108%, 26,72

Ti 24338 | 23784| 2423( 24612 24949 23466 26070 27y73 3128721135

V 254,20 | 258,76 249,38 254,20 269,65 299|01 274,94 4,186| 430,95 336,91
Cr 587,08 | 649,60 620,90 558,29 509,88 45529 579,830,831 497,58 363,38
Mn 2407,18| 2533,4 26394 2283,05 2337|76 1906,22 367131711,24] 1771, 2492,38
Co 71,22 70,08| 69,29 68,86 63,67 65,81 73,05 59/48 7472, 52,65

Ni 469,09 | 474,39 433,22 408,44 369,49 434)59 453,67 7,838| 438,88 320,01
Cu 45,24 50,56| 48,57 45,34 50,76 83,54 49,24 66,15 0684, 70,84

Zr 435,22 | 443,57 424,9f 423,00 453,49 486)99 434,345,481 447,12 265,00
Nb 113,40 | 119,40 110,88 129,39 184,22 11687 135,342,022| 379,89 182,42
La 159,31 | 139,72 147,41 180,84 182,11 99,96 176,00 ,9850 139,79 211,62
Ce 390,31 | 343,60 366,21 406,183 409,47 228/88 413,955,592| 301,86/ 467,16
Pr 45,04 39,00] 41,13 45,87 47,01 27,31 47,51 38)05 8734, 52,28

Nd 169,39 | 144,014 157,43 173,76 181,64 110)61 183,71 3,185 140,32) 207,05
Sm 27,59 22,76| 26,60 30,52 34,10 22,52 32,84 3072 9229, 40,49

Eu 7,41 6,23 7,46 8,75 9,93 6,81 9,22 9,1F 9,06 11,32
Gd 24,73 20,89| 24,84 29,10 32,3% 21,09 30,08 28)52 839, 37,99

Tb 2,65 2,22 2,73 3,25 3,77 2,66 3,41 3,76 4,43 4,47
Dy 10,28 8,64 10,83 13,38 15,73 11,16 13,74 1788 33,319,48

Ho 1,69 1,42 1,77 2,20 2,54 1,83 2,21 3,18 4,25 3,40
Er 4,26 3,69 4,46 5,30 6,00 4,22 5,22 7,8P 10)38 8,36
m 0,51 0,44 0,51 0,59 0,73 0,54 0,57 0,8 1,20 0,92
Yb 2,73 2,50 2,83 3,13 3,71 2,80 3,08 4,5D 6,27 4,88
Lu 0,41 0,39 0,40 0,43 0,56 0,43 0,42 0,58 0,83 0,60
Hf 9,31 9,22 9,18 9,72 10,46 11,76 9,99 6,74 9,89 5,97

Note. Chemical analyses were carried out at Centrair&bry «Dalgeologiya», trace elements were
established using ISP-MS method at Analytical €eaf T&G FEB RAS (Khabarovsk).

PETROGEOCHEMICAL CHARACTERISTICS OF THE ROCKS

The magmatic rocks present grayish-greenish rotk®mhyry structure and
globular texture. Amphibole, mica, clinopyroxenepnesent alloliths, the
groundmass of the rocks is composed of fibrousrdeveaggregates of kersutite,
phlogopite, clinopyroxene, ilmenite, and magmatilcite. Olivine was not
established in these rocks.

200



Deep-seated magmatism, its sources and plumes

Harzbu‘g

| |

-20 -15 -10

-1 2= (e

Fig. 2.Location of figurative points of lamprophyres conpositions of South Sikhote-Alin
plotted on the diagram in coordinates A=A}O3+CaO+NaO+K,0 and S=SiQ.
(F&0O3+tFeO+MgO+MnO+TiO5). (wt %.).

1 - field of compositions of volcanic and hypertalscks of a picrite family; 2 - meimechites; 3 —
picrites; 4 — peridotite comatiites; 5 — pointslafprophyres compositions of South Sikhote-Alin:- 6
points of meimechite compositions of Sikhote-Alir:- points of lamprophyres compositions of the Pola
Urals.
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Based on their chemical composition (Table 1), ibeks are referred to as
ultrabasic group (Si©- 31.19-37.6 wt %) and characterized by a rathgh h
content of alkali sum varying in a broad range frorid to 3.3 wt %. They are
related to K-series (N®/K,O = 0.48-1.04). TiQcontents vary from 2.8 to 5.0 wt
%, FeO total — 11.4 - 20.8 wt %, CaO — 6.9 — 13 BayAl,O; — 4.6 - 9.1 wt %,
and MgO — from 10.9 to 17.11 wt %. To compare thendical composition of the
considered rocks with other types of ultramafitdé® known diagram by V.A.
Barsukov and L.V. Dmitriev (Fig. 2) was utilized wh indicates that figurative
points of the described rocks composition are @tbth the field of lamprophyres
of the Kosvozh complex of the Polar Urals and renfobm the field of picrites
[6]. On the ternary diagram in coordinates MgO Al- FeO (Fig. 3), micaceous
rocks and the Polar Urals lamprophyres are ploitethe field of alnoites and
aillikites [9]. It was quite possible that the pang chemical composition of the
studied rocks was distorted due to secondary tamsitions. As the ratios of
Zn/Hf and other elements (Zn/Hf, Ni/Co, and Cr/\¢ sufficiently constant, this
process hardly disturbs the petrogeochemical streicif the rocks.
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AlL,0,

MgO 50 FeO

Fig. 3. Fields of ultramafic lamprophyres and kimberlitescompositions from (9) and
variations of lamprophyres compositions from the Plar Urals and South Sikhote-Alin (for
symbols see Fig. 2).

Rock / prim. mantle

0,1

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

Fig. 4.Rare earth spectra of ultrabasic lamprophyres fromthe Polar Urals and South
Sikhote-Alin, and meimechites from Sikhote-Alin. (br symbols see Fig. 2).

The contents of the coherent elements (Cr, CoinNthese rocks occupy the
intermediate position between ultrabasites andtdsasThe ratio Ni/Co varies
from 4.7 to 6.5, whereas Ni/Co ratio in hyperbasitaries in a wider range from
10 to 25, and from 6 to 16 in lamproites [3]. The/\C ratio changes
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insignificantly, from 1 to 2.4, that is typical tiie Polar Urals lamprophyres and
alnoites [6].

Micaceous picrites from the Ariadnoe settlement olestrate a high
enrichment in LREE at a lowered level of HREE aculation (Fig. 4). The value
of La/Yb ranges from 33 to 58. The REE spectrumthase rocks exhibits a
negative gently sloping inclination at slightly nifasted Gd anomaly. The REE
total contents in the studied rocks are very high5¢1017 g/t) and comparable
with total contents in the lamprophyres of the Kadv complex in the Polar Urals
[6]. In general, they are tens times higher thatypncal picrites and meymechites.
Fig. 4 shows distinct differences in REE distribatiin the meymechites and
micaceous picrites from Sikhote-Alin. Judging frdine Sm and La/Yb ratios, the
considered rocks, like the lamprophyres of the Kakvcomplex from the Polar
Urals, are plotted in the field of ultramafic laraphyres (Fig. 5) [9].

Sm
50 Ultramaﬁ\c':f:TP//‘/
/
o
o ®» g8V /
20 lo) (o]
QQ/ Y /
% </
10+ — /_>/
/2
5 /7 o5
/ +
’ /
3 T T T T |
20 30 50 100 300

Fig. 5. Sm and La/Yb ratio for kimberlites and ultramafic lamprophyres (for symbols see
Fig. 2).

The geochemical composition of the considered rasksharacterized by
increased concentrations of high-charged lithopisilelements such as Ti, Sc, Ta,
Nb, Zr, Hf, and high ratio values Zr/Hf (43-47), Nla (14-22). This is the case for
the alkali rocks and kimberlites.

MINERALOGY OF THE ROCKS

Chemical analyses (Table 2) of the minerals ofstinelied rocks give an idea
of their compositional peculiarities.

Clinopyroxenes represented by low-alumina doipside-augites arélypa
plotted in the field of pyroxene distributidrom ultramafic lamprophyres and
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Table 2.
Chemical composition of the lamprophyres mineralsrbm South Sikhote-Alin
Pyroxenes
oxides 1 2 3 4 5 6 7 8 9 10 11 12

SiO, 50,85| 51,48 50,42 51,28 51,01 51,64 5282 50,72 3%3,53,55| 52,86 52,51

TiO, 1,78 | 1,16| 1,17/ 1,2 1,0 1,16 1,30 1,93 ,08 0,65,690 0,68

AlL,O; 291 | 217 347 281 3,4 368 208 312 97 361,753 3,50

FeO 495 | 569| 6,39] 5,66 6,5¢

1
0

6,26 6,22 6,14 9,¥Y3 621,67 % 6,06
0

Cr,0; | 0,00 0,0| 0,15 0,12 0,14 0,1 0,00 0,00 ,00 0,60,68 0 0,64

©

[¢2)

15,37 1497 13,74 8411,16,38| 16,46 16,18

8
CaO 22,92| 22,31 21,11 22,00 21,04 1929 20,99 2349 1220, 18,88| 18,61 18,56

[=)

Na0O 093] 059 097/ 0,81 0,66 09 0,7 1,07 2,74 098,051 1,39

K,0 0,00 | 004 0,01 0,04 0,04 0,00 0,02 0,02 0,02 0/05,04 0 0,04

MnO 0,01 000 001 0,00 0,0 0,10 0,08 0,32 0,82 0/00,00 0 0,00

)
3
P
b
b
MgO 14,71| 15,79 16,09 1456 15,1
)
b
P
D
)

Total 99,06] 99,33 99,79 98,52 99,08 9859 99,25 100,990,210 100,91 99,81 99,56

Mica

o

oxides 1 2 3 4 [ 7 3 b 10 11 12

SiO, 37,71| 37,73 38,43 38,91 37,82 38)89 37,82 3756 0438, 38,47 | 36,99 35,63

TiO, 6.00 | 579| 357 2,76 45% 343 3,18 5,42 5,68 3/71,086 5.00

Al,O; |15,39| 1531 13,17 12,47 1547 1589 1555 1%,7 216,a5,05| 1534 15,38

[o8)

FeO 931 | 9,05| 12,87 141 929 739 741 9,35 8,81 8/08,13 | 12,86

Cr,0; | 0,21 | 0,28| 0.000 0013 0,10 0.00 0.00 0,51 0,90 0/00,430 0,52

MgO 17,76| 1791 18,49 17,44 18,94 20/,/6 20,18 18,53 0019. 20,53 | 1847 17,26

CaO 0,04 003| 0,26 0,13 002 000 0.00 0,01 0.00 0/03.000 0,04

Na0 04 | 072 0,29 0,06 0,71 0,4 1,05 0,65 0,%4 0,9 80,40,19

K,0 9,67 | 977 897/ 909 919 882 899 94 8,81 799,799 791

8
MnO 003] 002] 023 025 001 0,01 0.00 0.00 0,03 0,05,020 0,01
Total 96,52| 96,61 96,28 9525 956 95[/9 94,78 97,21 3P7,P4,46| 96,6 94,8

Amphibole Spinel

oxides 1 2 3 4

SiO, 41,30 42,40 45,80 37,90
TiO, 4,70 3,10 2,90 3,60
Al,O4 12,10 11,10 8,40 15,60
FeO 9,70 14,50 10,00 7,30
Cr,0; 0,00 0,00 0,00 0,00
MgO 14,50 12,20 16,30 21,40
CaO 11,60 10,80 9,90 0,10
Na,O 3,00 3,00 4,60 0,80
K,0 1,70 1,90 0,90 9,00
MnO 0,00 0,10 0,20 0,00
Total 98,60 99,10 99,00 95,70

Note : Analyses were made using microanalyzer «Camelzaalyst V.M. Chubarov (IV&S FEB RAS,
Petropavlovsk-Kamchatsky).

pyroxenes from lamprophyres of the Polar Urals .(Big[6]. Figure 7 illustrates
variations of major oxides such as Ti, Fe, Ca,ABi,and Na in diopside-augites
depending on the MgO content. The pair MgO-CaO shihw lowest ratio, while
other pairs (MgO - TigQQ MgO - FeO, MgO - Sig) MgO — ALO3) demonstrate the
presence of two groups of pyroxenes with differpattern of variation trends.
Large-sized phenocrystals of the pyroxenes havéglaech Mg content. On the
contrary, small-sized clinopyroxene grains (neediesthe groundmass) are
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characterized by high Fe and Ti contents. Agyrimgonent was not found in the
pyroxenes, with N# = 2.74 % only in one sample.

Fs

Fig. 6. Compositions of monoclinal pyroxenes from lampropfres of the Polar Urals
(shaded area) and South Sikhote-Alin (for symbolsee Fig. 2), ad ultramafite
lamprophyres (unshaded area).
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Fig. 7. Variations in basic oxides (Ti, Fe, Ca, Si, Al, Nan clinopyroxenes from
lamprophyres of South Sikhote-Alin in dependence df1gO concentration.
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Calcic amphiboles are represented by titaniferous pargasite-
magnesiohastingsites (Fig. 8) which are parts @f phimary minerals (from
phenocrysts to microliths of the groundmass), well as magnesioferrous and
actinolithic hornblendes. The latter are distrilbutalong clinopyroxene and
pargasite. In large-sized amphibole grains chahzionation has been distinguis-

Cag> 1.5; (Na+K)>0.5; Ti< 0.5

2

0.5 0.5

Mg#

7.5 6.5 55
Si,cations

1- Pargasite 2 - Magnesiahastingsite

Fig. 8.Points of amphibole compositions of lamprophyresém South Sikhote-Alin in
coordinates Si (cations) and Mg#.

hed as follows: the Ti and Mg contents increasmftioe centre to the edges, while
the Al, Fe, and K contents decrease. In the pdsgmsa constant negative
correlation between the Na and Al and K contenssieeen established.

Mica is one of the major rock-forming minerals. It occum the groundmass
both as large phenocryts and small laths. Isolsé&edples reach several cm in size.
Based on the chemical composition (Fig. 9), mids fim the field of the mica
distribution from lamprophyres, according to [10he phlogopite is enriched in Ti
— from 1.84 to 6 wt % with the average content 434wt %. The AIO; content
varies in a range from 12.4 to 16 wt %. Micas eithdifferent chemical zonation
pattern, as compared to amphiboles. The higha¥igiand Al contents and lower
Fe and K contents were established in the cores aretlne mica grains. Figure 10
shows the variation trends of phlogopite composgiofrom kimberlites,
lamproites, and minettes, according to [4]. Coneian points of the
compositions of the studied mica and those fronplaphyres of the Polar Urals
are plotted near the minette trend, where agamesbackground of TiQincrease
the ALO; content is slightly elevated. In addition, theyswlerably differ from the
trends of mica from kimberlites and lamproites.

Chrome-spinel occurs in two modifications: high-titanium and Hghrome low-
titanium. The compositional points of titanium-bagrchrome-spinelides fall near
the trend of chrome-spinelids from meymechites iskh&e-Alin. Iimenitesof the
groundmass exhibit insignificant amounts of Mg, ahd Cr (< 0.25 wt %) with
high content of the pyrophanite molecular (MnO 86wt %).Ore mineralsare

206



Deep-seated magmatism, its sources and plumes

represented by pyrite, chalcopyrite, and pentlandind accessory minerals by
apatite, sphene, monazite, and orthite.

RESULTS

The considered rocks which were primarily relatedhe representatives of
meymechite-picrite magmatism are characterized faynaber of mineralogical

Al
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Fig. 9 Mica composition from ultramafite lamprophyres (unshaded area) (9) and
lamprophyres from South Sikhote-Alin.
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Fig. 10.Variations in phlogopite compositions from lamproghyres of South Sikhote-Alin
and Polar Urals (for symbols see Fig. 2).

peculiar features such as (a) presence of magplalogopite; (b) enrichment
in mica and amphibole; (c) absence of olivine m ithpregnations; (d) presence of
the porphyry structure that brings them closeraimgrophyres. In the diagrams
(Figs. 3, 4), the data points of their compositiane located in the field of the
distribution of the lamprophyres from the Polar Idyand together with the Polar
Urals rocks they plot in the field of the alnowed aillikite distribution. The
studied rocks cannot be ascribed to lamproiteshayg are distinguished by a
lowered K content, absence of the K phases, thad Fe and Ca contents, and
lower Zr, Sr, and Ni concentrations, as compareth&latter [11]. These rocks
exhibit some similar geochemical features (closate@t and pattern of REE
distribution) to kimberlites, but differ from therny the absence of olivine,
barophilic accessory minerals as well as high B, €a contents and lowered
MgO, Cr, and Ni contents.

As mentioned above, the described rocks bear sitre&ato the lamprophyres
of the Kosvozh complex of the Polar Urals. A clpsdtern of the REE distribution
curves in the lamprophyres of southern Sikhote-Alwl Polar Urals, medium and
light in particular, can indicate to the similarogeemical mantle sources of the
original magmas. In terms of their mineralogicat ageochemical features, the
described rocks are ascribed to the alkaline sefiesnoite-type lamprophyres,
most likely, to its carbonitized variety —aillikite

The lamprophyre exposures nearby the Ariadnoeesattht, like the localites
of the similar rocks from the Kedrovka river allum, are located along one line of
NE strike together with the known exposures of megiite magmatism [7].
Rocks close in composition and structure, are fdontie north, in the territory of
the Khabarovsk Krai, where judging from the geatagisurvey results, dikes of
camptonite, limburgite, monchiquite, augitite, amither exotic rocks are found.
The age range of the lamprophyres from the Ariadsetiement varies in the
interval from 152 to 159 Ma, while the augitite elikom the northern Sikhote-
Alin orogenic belt (K-Ar method) is 151 Ma. The K-Aatings constrain the age
of meymechites from the Barakhtinsky section to.434a [5]. One can suggest
that the accretionary processes in Sikhote-Alinevaccompanied with a long
period of mafite-ultramafite magmatism, primarileamprophyric, and then
meymechite-picritic.

The presented petro-geochemical analyses data déma@nthat the studied
lamprophyres are enriched in K, Ti, Nb, Zr, and RE&nhsequently, they can be
proposed as the products of K-bearing ultramafiteltsn originated from
metasomatically altered (hydrous, carbonatized)etiegp mantle source.

CONCLUSIONS
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It has been established that the studied rocksefAriadnoe settlement in

their mineralogical, petrochemical, and geocheniieatures do not belong to the
representaives of the meymechite-picritic compleSikhote-Alin, and correspond
to lamprophyres of alnoite and aillikite affinity.

10.

11.
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