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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 research bedange Nb, Ta, Zr, Y, TR, Cu and P deposits,
gemstones of charoite, Cr-diopside, dianite areaated with them. For instance, in Australia
diamonds are recovered in lamproites. The compglicarocesses of their formation provoked
scientific disputes still going on. The newly deymd analytical methods and techniques
provided abundant information on the compositioralghline rocks. The data on geochemistry
of isotopes confirm the evidence on the mantle geiof the substance of alkaline rocks. The
new concepts of plume tectonics are applied bynisis when studying alkaline rocks as the
deep-seated geodynamics of the Earth is integbteised on these data.

These problems were discussed at thenatienal workshops held in 2001 at the Institute
of Geochemistry in Irkutsk; in 2002 at the Far-Easblogical Institute, Vladivostok; in 2003 at
the Institute of Tectonics and Geophysics in Khabsk, in 2004 at Geological Institute in Ulan-
Ude, in 2005at the Institute of Volcanology and Seismology gtrBpavlovsk-Kamchatsky), in
2006 in TSNIGRI JC “ALROSA” in Mirny, in 2007 in kutsk and Naples (Italy). We are very
grateful to the Italian colleagues, the Departmeimector Universita di Perugia Prof. Walter
Dragoni for arranging the geological excursion tsitvalkaline volcanoes in Italy and Prof.
A.Peccerillo for conducting the above excursion.eThorkshop on 2008 was held at the
Geological Institute, Far East Branch, Vladivostthie invited reports of which are presented in
this book.

The model of mechanism of forming the caral silicate Earth’s cover is given. The
evolution of structure of the continental lithosgheinder the influence of plume processes is
discussed using the data of numerous thermobarmnetbtained from different minerals of
mantle xenoliths from kimberlites of the Siberidat®rm and the composition of xenoliths. The
fluid regime of the lithosphere mantle of the SiaerPlatform is proved using the data on the
mineral composition and volatile components of thantle xenoliths in kimberlites. The
mineralogical and petrographic composition of timalerlites of the Upper Muya field, Yakutia
was studied and the features of the compositiothefithosphere mantle under this field were
calculated. The evolution of the upper mantle frtme Riphean to the Carbonaceous was
discussed using the data on xenoliths of volcawmicks of the Nyurba pipe (Yakutia).
Geochemical types of kimberlites and their mantlerses are compared for the Yakutian and
Arkhangelsk provinces. Inclusions in diamonds fr¥akutian kimberlites are investigated. 4
formation types of carbonatites are described; leagpes of their sources are defined using
Nd-Sr and C-O isotopes. Coefficients of distribatiof rare elements between rhoenite and
silicate melt in volcanics are calculated. Mantteirses are considered for peridotites of the
archipelago from Sal Island, Cape Verde Archipelagdhe Atlantic using data on Re-Os
isotopes. Geochemical features of alkaline rockshef Paleozoic magmatism of Belarus are
discussed. Variations in Pt and Au compositionsné@ralization of unique alkaline-ultrabasic
massif, Konder, Eastern Aldan) are studied.

The book might present interest to specialists liea in petrological and geochemical
investigations as well as those studying deepiakkand kimberlite magmatism.

Chairman of Organizing Committee,
Chief Editor Dr. N.V. Vladykin
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The mechanism of the earth core and silicate envgles
formation

Anfilogov V.N.}, Khachay Y.V2
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ABSTRACT

The mechanism of core formation and possible mardtaposition are considered
with using the two stage model of the Earth forovatiThe model is presumed that
the solid particles accumulation and primary embrj@rmation happens
coincidentally with condensation of the solid compds from gas phase. The
embryos are warmed up to the melting temperatuienfby energy of°Al decay.
The liquid iron core is formed by the integratiohsmelt iron embryo envelopes at
their collision. The portion of embryo material goeut from the growing Earth
feeding zone and the Moon is formed from it. The tstages model has a clear
mechanism of liquid iron core on the early stagéhefEarth formation. It allows to
explain the Earth magnetic field occurrence andMfynamo start-up mechanism.
The silicate Earth envelope is formed from the malewhich composition is
consistent with ordinary chondrites. As the Earite sncreased its composition
changed from H-chondrites to LL chondrites. Theboaaceous chondrite material
took part in the Earth formation on the final stagel was concentrated in the outer
part of upper mantle. As a result this part of feamtas enriched by water. The
active function of water in the processes of ddfgration brought to big volume acid
magmatites formation, which werefixed in Archeack®as “grey gneisses”

Keywords: Earth, core, silicate envelope, mantle

The composition of the Earth core and its silicatwelopes depend on the
way of the Earth accumulation and later differermdia The modern hypothesis are
assumed that protoplanetary material had gone ghrbmo consecutive stages: the
stage of the solid phases condensation from gasephad the stage of solid
particle agglomeration in gas-dust cloud [8], whieais accomplished with planet
formation [24].The currently available data of tirae of potopanetary cloud cool
(10" -10° years) [6,8] shows that there is no way to separtitese processes by
time and by distance from the Sun. It is beyondsaao exclude the possibility
that the solid phase condensation and solid partagglomeration can work
concurrently. It permits to use the sequence oktiiel phase condensation, which
is founded in laboratory experiment to descriptioh the planet formation
mechanism [11,18].

The assumption that the solid particle agglomenapimcess began after the
process of the primary gas material condensatios aseapleted and had gone in
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cold cloud allows homogenous Earth accretion varanty. This variant leads to

primary homogenous cold planet. The portioning @fbgenous planet material
on the iron core and silicate mantle is conceivablghe final stages of its

formation, which exist happen be after the secondaarming-up of the upper

planet strata only. There is a problem on the gnemmtributor to start-up the

process of the primary homogenous Earth differeahaThe decay of radioactive
elements is able to warm-up the Earth two billi@ang after its formation only.

The assumption that the warming- up of the Eartk eaused by impact with the
space body, which was Mars-sized is speculativeitawdl not be the subject of

discussion. Moreover the homogenous accretion mattehot agree with data on
the geochemisrty of isotopes, which has been exhlat lately time. These data
evidence, that the separation of the core and mah#mical reservoirs took place
on the beginning stage of the Earth formation [10].

The heterogenous accretion is the alternative todg@nous one. It proposes
that the composition of material from which the tBanas been formed was not
constant, but changes as the size of the Eartbaser This idea was supported by
many investigators [1,2,5,6,11,23,25]. The mostcadooint of view was stated
by Anderson, who proposed that the inner core waft bp from the early
condensates, which had been condensed beforg2ijorhe possible composition
of the Earth envelopes and their evolution areusised on the basis of the two
stage model of the Earth formation in this paper.

Simultaneous condensation and solid particle aggtation permits to
propose that the composition of the central pathefplanets was close to CAI —
white inclusions in the Allende meteorite on thstfistage of planet formation [3].
These inclusions are the most high temperature aaretent condensates in the
Solar system [4]. As the embryos grows and theoptahetry cloud cool the
condensate composition changes, Fig. 1 and in #diewf the high temperature
iron and iron-silicate fractions will be precipidt on the embryo surface. The
planet embryos, which size is the first hundrearkiéters, will be formed as a
result of the impacts and patrtially integrationtloé planetesimales. The structure
of these embryos is shown on the Figure 2.

The warming-up of the embryos as a result of thertdive radioactive
isotope decay take place during the process of iggpwlhe main short-live
isotope is”°Al, which half decay period, t = 7.38°1@ears. Th&®Al/*’Al ratio in
protoplanetary material is equal 5°115,16]. The temperature in the embryo
center may be as much as 1850-2200K at ik content if the embryo size is
200 km [3]. It is large enough for partial meltiagumino-silicate mixture in the
central part of embryo and full melting of the Fe-Mixture in its middle
envelope. The outer envelope, which is complicatad olivine-pyroxene
chondritic material remains solid at this time, Uig 2.

The further evolution of the planet formation pregegoes in following
manner. In line with Safronov’s model of the plaaetumulation [19] the embryo
guantities, which are formed on initial stage ofjlagheration is large and they will
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impact one to other often. The impact of two embrymaving close size, partially
molted core, smelt iron middle envelope and hdrck$e outer one terminate to
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Fig. 1, The sequence of solid phases condensation from gdease [11,18],
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their failure. Middle smelt iron envelopes will desce after impact and form a
new embryo complicated from Fe-Ni molted allow. ®t&l of alumino-silicate
cores will be press-out from inner part of the @mynembryos and throw out
partially beyond new embryo. The outer solid engewill be failured and part
of their fragments goes out beyond the growing gtlamhe two primary embryo
impact is represented schematically in Fig 3. Tleatbon of the first stage
accordingly dynamic assessment [12] not more théh ykears, what is in
agreement with time of chemical reservoirs the leadre and mantle separation
[10].

1 2 3

Figure2The schematic structure of the primary Earth embno.

1- the high aluminum core; 2 — the smelt ron enye]@ — the outer hard envelope.

The integration of iron envelopes after impactled primary embryos gives
rise to the second embryo generation, the mostgbavhich is represented by the
Fe-Ni smelt core. Two the most complete problemessaived by his way: the core
formation on the initial stage of the Earth forroati the possibility of MHD
dynamo start-up and geomagnetic field formationctviare inducted in smelt iron
core by the outer magnetic field [12]. Dynamicsfaither process of the Earth
formation is described by Safonov’'s model. WhenRkeNi core reaches the most
part of its modern mass it becomes able to hold tanfbrm asilicate envelope
round itself.

The discussed above two stages model of the Eamhation is represented
the heterogenous accretion variant. Contrary taamts proposed before [18] it
gives the real mechanism of the smelted iron comadtion on the initial stage of
the Earth formation, removal of the primary lightiraino-silicate material from

8
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the center of embryo and explains the origin ohhigmperature in the growing
Earth.
I

1 2 3

Fig. 3. The new Earth embryo formation as a result of thewo primary embryos collision.
1 - high aluminum material; 2 —smelt iron materiatdinary chondritic material.

The two stages mechanism of the Earth formatioowallto propose the
possible variant of the Moon formation togetherhwithe Earth, explain the
absence of metallic iron in the Moon and high pryn@mperature in the Moon
interior. The major source of material for the Mofammation is the fragments
formed at the primary Earth embryos destruction gode out from area of the
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growing Earth feeding. Because the main part of isctamong the Earth core there
is a lack of material for the Moon formation. Asiftem iron the Moon material
accessibled to investigation is depleted of patmssiln line with condensation
sequence (Fig.1) it allows to exclude the alkafiaklspars and other solid phases,
which condensed at temperature lower than 1100kis Juggests that the material
of the Moon was separated from the Earth one befoceetion of the Earth was
completed. If this is the case the most part ohggitm must accumulate by the
Earth at the last stage of its formation and isceatrated in the upper mantle.

Let us consider possible composition of the siécahvelopes of the Earth.
Meteoritic material is the primary source of infaton about mantle composition.
Whereas the iron meteorites gives us solid datatatmre composition the stone
meteorites considered as a possible materialiof&l Earth envelopes have rather
different composition and choosing of meteoriteetyywhich is represented mantle
composition is ambiguous. The problem is complitabecause some part of
meteorites is the fragments knocked from the Mooa aearest planets surface
[22] and can not be the material for the Earth faron. A similar statement is true
for meteorites which age is younger then the Hagh

A.E. Ringwood has analyzed the complex of physmad mineralogical
criterions: the distribution of seismic waves vdies, springiness, density,
mineralogical composition and phase transformatibminerals at high pressure
got the conclusion that two alternative models leaiconsidered [17].

1. The lower mantle has pyrolite composition and itsngity excess is
conditioned by phase transitions.

2. The lower mantle is enriched by FeO and possilie Hi7].

We believe that these variants are not alternakustly there is no evidence for
composition of material for the Earth formation wasstant during all time its
accumulation and that it was consistent to carbemas chondrites. Secondly the
phase transformations of the mantle minerals arestigated experimentally and it
is impossible to build up the correct model of lowentle not having regard these
transformations.

Based on the sequence of solid phase condens&igri,, more likely the
lower mantle must have composition not carbonacebus olivine-pyroxene
chondrites. These chondrites are distinguishingnficarbonaceous ones by the
absence of water and presence of large quantityonfand troilite, Table 1. In
analogous way the base of mantle would be expexdefbrms to composition of
H-chondrites, which have large quantity of iron. the Earth mass increases H-
condrite  composition changes on L- and LL-chondrtee. The proposed
chondritic lower mantle is no strong differencenfréhe pyrolite one. As may be
seen from table 1 the middle composition of chdedmwithout Fe and FeS is close
to pyrolite. It differs from pyrolite by high conc&ation of FeO nd more low
concentration of MgO. It well to bear in mind, thiais initial composition formed
in the Earth growing process. As the temperaturé pressure increased the

10
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material of lower mantle was differentiated andalre FeS move to the core. Part
of iron oxide by the way of disproportioning tramsh to magnetite and metallic
iron:

4FeO = FgO,4 + aFe,

Then it moves to the core too [18]. The result cosmmon of the lower
mantle became to pyrolite one still further as sulteThe pyrolite model of the
upper mantle put forward by A.E. Ringwood gainedegal acceptance [18]. It is
built-up on the base of correlation of of carbomarse chondrites composition,
alpine hyperbasites and deep-earth kxenolitesnno&rlites and alkaline basalts. In
spite of general acceptance the pyrolite modekbase contradictions. It is agreed
that the Earth material is conformed to the middéteorite composition. But there
IS no meteorites, except Allende one and the reailites having as high
concentration of MgO and as low concentration oDFa&es pyrolite. It rises the
qguestion where leaves the excess of FeO and froerendppears the excess of
MgO in mantle. By this is meant that pyrolite anthey mantle composition
models are approximate.

Table 1.
The composition of chondrites and Ringwood’s pyrote
Type H [14] Type L [14] Type LL [13] Pyrolite
(53) (79) (17) Ringwood [18]
SiO; 47,0 45,2 42,8 45,1
Al,O3 3,0 2,9 2,7 3,3
FeO 12,9 17,7 21,5 8,0
MgO 30,1 28,6 27,8 38,1
CaO 2,5 2,2 2,0 3,1
Na,O 1,1 1,0 0,9 0,4
FeS 5,6 5,8 53
Fe 17,3 6,7 1,3

We will now look at the origin of catarchtan crultis made up of basic
volcanic, and acid magmatic and metamorphic ro@&d. [V.E. Hain and N.A
Boshko advocate that the “grey gneises” not onlystantly present in Archean
rocks, but is prevalent quantitative [9]. Thesekeocould form by the way of
primary mantle composition partial melting with tispecific toward Archean
active constraint of water only.

The sequence of solid phase condensation, whigbeld by two stages model
of the Earth formation is proposed that water amdba@n appeare in the material
for the Earth formation in the closing stage thisgess. Absence of carbon in the
early condensates is due to £@eneration, which remains in gas phase of the
protoplanetary cloud:

C+0,=CO0, @614OOK =-396.17 kJ/mol [19])

11
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Coincidentally with CQ production the oxidation of Fe occurs. The freergn
changes in this process at 1400K is equal -180J44nkl [19] and oxidation of Fe
IS not in competition with COproduction.

Carbon, HO and organic compounds appear in protoplanetatgrmband in
meteorites as the temperature decreases, hydrageerdration increased and
carbon restored:

CO, +H, +C + 2H,0 (AGGOO k = -95.70 kJ/mol [19])

It is followed from this that the process of thatBdormation is to be ended by the
formation of the enriched water and carbon outerekpe having chondritic
composition of its silicate component. Two process®gy be in this envelope at
high temperature. 1 — degassing of outer envelepah gave rise to atmosphere
and ocean formation. 2 — production of big volunfedioritic and granitic melt,
which able to form at presence of water.

The outlined considerations about the sources ofemah for silicate
envelopes formation allows to propose the hypothesithe mantle composition at
all and upper mantle one in particular. The averagatle composition more likely
Is consistent with olivine-pyroxene chondrites cosipon without metallic Fe and
FeS. Compared to Rinwood’s pyrolite it enrichedhwiteO and depleted with
MgO. The material of carbonaceous chondrites talegsin upper mantle. Three
types of geochemical reservoirs can be in outer gfanpper mantle: the material
of primitive mantle consistenting with average nhantomposition, partial
depleted mantle consistenting with Ringwood’s pyecdnd depleted mantle. The
last composition is formed after basaltic magmalddrom pyrolite.

CONCLUSION

1. The smelt iron core is formed on the initialggtaf the Earth formation. It
is formed by the integration of smelt iron envelom# the primary embryos at
their collision.

2. The overwhelming bulk of mantle made up fromrahdic material, which
composition is changed from H-chondrite to LL-choted

3. The carbonaceous chondrite material took placeuter part of upper
mantle formation only. The active function of water the processes of
differentiation brought to big volume acid magnegiformation, which are fixed
in Archean rocks as “grey gneisses”

This investigation is supported by RFBR. Grn07-05-00395
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INTRODUCTION

The “carbonatite” problem is one of the largesthpems in modern petrology,
geochemistry and geology of deposits [1]. The caatite complexes are related to
the largest deposits of rare elements: niobiuntatam, rare earths, zircon, strontium,
barium, iron, copper, apatite, fluorite, phlogopitermiculite, forsterite, K-richterite-
asbestos, gem stones — charoite, dianite and otheerals [5,7,8,19,21,23].The
carbonatite problem originated at the beginninthef20" century when the so-called
“intrusive limestone” were given attention. In 1928

W.C.Brogger proved the magmatic genesis of carlitesatHowever, 1930-ies
N.L.Bowen using the experimental data showed imptssformation of dry
carbonate melts, and thus, carbonatites were redarals metasomatic and
hydrothermal formations. The greatest splash idystig carbonatites took place in
1950-1960-ies when high concentration of rare efegmeequired for the developing
industry. This splash lasted up to 1980-ies. A graamber of new massifs and
provinces of carbonatites and related depositede wdiscovered at that time.
Different scientific geologic schools available time USSR: Leningrad (Leningrad
State University, NIIGA), Moscow (VIMS, IMGRE, IGEMIrkutsk — IGC, SB RAS
much contributed to studies of carbonatites; a remdd monographs devoted to
carbonatites were published [11, 15]. The carbtmadiccurrences of the Kola
Peninsula and Siberia were intensively studied. (EjgClassification of carbonatites
has been developefio, endogenous carbonate rocks containing over 50 &6 the
carbonate component, demonstrating a certain set gaire elements, and related
to complexes of ultrabasic-alkaline formations weraegarded as carbonatites.
As regard to the composition of major rock-formimgrbonate the following
carbonatites have been distinguished: calcite, divdg ankerite, siderite as well as
transitional varieties, e.g. calcite-dolomite, amtieedolomite and others. Some young
scientists recently involving into this problem bkavwgnored this classification,
replacing the name “carbonatites” by fashionablstem terms — sevites, beforsites;
though these names were given not to carbonaties tgpe, but carbonatites from
certain localities, which are characterized by oegl differences as compared with
typical carbonatites. Therefore, the more rationaimes of these carbonates are
calcite and dolomite taking into account the conitpms of the major carbonates.
Later on carbonates were found together with corgslef alkaline rocks, though it
was doubtful to refer the latter to carbonates.aided studies of new carbonatite
occurrences associated with potassium complexe®lddscovery of calcite-fluorite
[7,8] and unusual Ba-Sr benstonite carbonatite2fd3 As regard to their genesis in
1960-1970-ies the majority of geologists considecagbonatites as metasomatic
formations (rare exceptions- e.g. L.S. Egorov gbvaonsidered carbonatites as
magmatic formations [3]). The comprehensive gealognineralogic-petrographic,

14



Deep-seated magmatism, its sources and plumes

geochemical, isotope studies confirmed the endagemature of carbonatites and
their magmatic genesis. Carbonatite lavas of act®idoinyo Lengai volcano
(Tanzania) [1] and findings ahelted inclusions in carbonatite minerals using the
thermobarogeochemical method were of particulanifiggince for interpreting the
genesis of carbonatites. Studies of volcanogeaibanatites (carbonatite tuffs and
lavas of Oldoinyo Lengai volcano) revealed new mahéypes of carbonatites i.e.
ultra-alkaline carbonatites, consisting of soda gpotassium (with calcium)
carbonates, while the studies of Mushugai-Khudukmex in Mongolia discovered
K-Fe-sulfate-carbonate jarozite-cerussite tuffs aimimg to 18 % Pb [21]. The
Tomtor massif contains explosive Fe-phosphate—cetgo tuffs, containing to
15%Nb and 10 % TR. In some rare-metal carbonatitesrock-forming minerals
include monazite (Africa, India), bastnesite-sirgi@ (Lugingol, Mongolia [6] and
Bayan-Obo, China) and a number of other rare-mmetialerals (Biraya, Siberia).
Similar formations correspond to all classificatieatures of carbonatites.

Fig.1. Location of carbonatite complexes of Russia and ad¢ent countries.
1- the first formation types (kimberlite-picrite oplexes), 2- the second formation type (Na-alkatiomplexes), 3-

the third formation type (K-alkaline complexes)

FORMATION TYPES OF CARBONATITES

There are still a lot of disputable questions comog the genesis of separate
carbonatite occurrences and classification of gaabtes.

An attempt to resolve many disputable questions thasarticle [4] which
gives quantitative parameters to refer carbonateksroto carbonatites and
characterizes 3 formation types of carbonatitedurdamental monograph [1],
which discusses a number of carbonatite problemsapd in late 1980-ies. The
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interest to this problem slightly decreased in 2830due to difficult situation with
geology in Russia. However, at the beginning of XXd century owing to the
evolution of plate tectonics concept the studiesarbonatites as rocks related to
deep-seated magmatism which can be used for ietergrdeep geodynamic
settings, continued [9, 10]. Specialists in othelds of research joined to these
studies; however they were less familiar with rssaf the previous investigations,
so they regarded the rocks which do not meet al thteria revealed to
carbonatites that resulted in a confusion and ndietgtanding between various
authors. Thus, there is a necessity to summariza dancerning carbonate
complexes obtained recently. It is in particulagant due to new analytical
methods to study the matter and development of meweria to classify
endogenous carbonate rocks as carbonatites. Weldesre engaged in studying
the petrology and geochemistry of alkaline rockd earbonatites for 40 years [18-
24]. We studied alkaline and carbonatite complerésthe Kola Peninsula,
surrounding of the Siberian platform, Aldan and Bawashields, the Far East,
Mongolia, Brazil, India (). We will discuss someestions of classification of
various carbonatite complexes using geochemicabanetic criteria.

A.l. Ginsburg and V.S. Samoilov distinguished thfeemation types of
carbonatite complexes related to [4]: 1) complextesltrabasic-alkaline rocks; 2)
complexes of K-alkaline rocks; 3) linear zones tabne metasomatites. This
classification is based on different factors: thestfformation type considers
geologic-petrographic factor, the second - chenfealures and the third - genetic,
that is not so correct. Moreover, ultrabasic rockse been recently found in K-
alkaline complexes (Vladykin, 2005), while lineasnes are related to younger
metamorphism as compared with carbonatites, butonmtetasomatism. Basically,
we agree with these three types, which were oftgngaortance for classification
of carbonatites; however new data and sites requirdner development and
supplementation of this classification.

We suggest to use the following criteria as theisbdsr distinguishing
formation types of carbonatites: alkalinity typea(Nr K) of alkaline rocks and the
time when the carbonatite liquid separated froncaté magma of different
differentiation degree. These two parameters areetgmally connected, and the
type of ore in carbonatite complexes depends onalim/e parameters. As the
previous studies indicata]l carbonatites are late differentiates of deep-sged
alkaline complexes having mantle sources. Recently, due to findimigdrop-like
carbonates in mantle xenoliths of various compasitthere is an opinion, that
they result from the parent carbonatite magma amdmove independently into
upper layers of lithosphere forming carbonatitead#gs. This conclusion seems to
be incorrect for the following reasons: 1) thesenfations are small in size; 2) they
possess an insignificant reserve of heat energyanmdot move far from the site of
their origin, and are crystallized in several kikters hence, do not demonstrate
high contents of rare elements as they are notadlaiin the mantle substance
from which they were formed. A significant supplfthese elements by plumes,
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which gave rise to these carbonate drops, is harodgible. It is more correct to
term them as carbonates rather than carbonafieserify pure carbonatite nature
of the primary magma some scientists give examplesn carbonatites are not
associated with silicate rocks. In our opinion saalbonatite veins and dykes are
located far from silicate rocks which occur deeged are not penetrated by the
erosion or distracted by various geologic proces3ég fact that they are not
available at present doesn’t mean they didn’t ariste past.

We describe the dynamics of forming the primary ultabasic-alkaline
carbonatite magma and its differentiation in the fdlowing way: a hot plume
together with fluids (hydrocarbonsl, CN, etc. and possibly alkalis) following
physical laws of transporting from hot to cold sitglift to suchPT conditions of
the mantle where the mantle substance starts me#md reduced gases are
oxidized under the influence of hotter plume, asnpared with the mantle
substance which is colder. . The positive factornfielting the mantle substratum
Is its preliminary metasomatic transformation byliea geologic processes, in
particular carbonitization and micatization. Theaton giving rise to primary
carbonates but mainly melting of silicate magma oaour in these sites. The
silicate magma is 500-1000 times higher in voluthan the carbonate melt (usual
ratios of silicate rocks and carbonatites in alk@lcomplexes). This silicate melt
absorbs the carbonate melt and is mixed with ie Tain factor at melting of
ultrabasic-alkaline magma is very low degree oéagle melting of the mantle
substance, lower than 1 %. Micas, garnet, iimewgitepome-diopside, enriched by
rare elements as opposed to olivine and rhombioxayre, are most likely melted
at first. Further this silicate magma with dissalvearbonates, overheated by
plume heat starts to uplift through rift zones ithie upper horizons of the earth’s
crust, until its inner pressure becomes balanced iwhostatic pressure of host
rocks. A magmatic center is formed and early phemts are crystallized.
Depending on the magma’s overheat degree and ts&atimoproperties of host
rocks this magma can exists as liquid over a radbtilong time span. When
magma moved from the site of its origin to the matiencenter different elements
were differentiated and particular compounds wepeméd. There was a
redistribution of some rare elements between tieate melt and carbonate liquid
which is kept in the silicate magma by alkalinen@ats (i.e. complex compounds)
and volatiles. The further tectonic movements agadiine magmatic center result in
intruding of some portions of magma into upper hams, which gave rise to
massifs of alkaline rocks or lava flows on the acef The crystallization of high-
temperature minerals (olivine, diopside) gave twsaltrabasic rocks of carbonatite
complexes, while the residual melt is significarglyriched by alkalis, carbonate
component and rare elements. The carbonate comipoearniched by rare
elements is separated as carbonatite salt medt-fitom the silicate alkaline
magma at different temperature, different stages differentiation and
crystallization of the alkaline-ultrabasic magmal atepending on prevalence of
different alkalis (sodium or potassium). As thegssium is a cation demonstrating

17



Vladykin N.V.

more alkaline features, as compared with sodiunkeips alkaline-carbonate
complexes from separation with the silicate meltlémger span of time and thus,
in potassium complexes this separation takes @adater crystallization of the
melt and at lower temperature, as compared withuso@¢omplexes. It results in
different ore potential of potassium and sodiunksoand associated carbonatites.
Not pure carbonate components but the silicateoveate which contains up to 20-
40% of carbonate components is separated fromilibats melt during the first
stage. Foskorites, kamaphorites, nelsonites aner abcks of the so-called ore
complex are crystallized in sodium formation. Muwrer, these rocks demonstrate
high phosphorous content. When these rocks aretalligyed the carbonate
component of the second stage, which gave rise arbooatites proper, is
accumulated. The silicate-carbonate component @rated from the silicate
magma in potassium complexes as well. At crysttin this silicate-carbonate
component is divided into pyroxene-microcline, punerocline in some cases
silicate charoite (with Ba-Sr) and carbonate (cadbibe) components. If the
carbonate fluid contained high Ba and Sr concaotratit is separated into Ba-Sr
benstonine, calcite and quartz-calcite componenttie carbonate part of K-
formation demonstrates low phosphorus contentst ams separated as apatite
during an early crystallization stage in biotitegyenites. However, [SO4] and F,
which in the hydrothermal stage result in celesbadte and fluorite veins, are
frequently accumulated in K-carbonatites. Carboaatalt melts demonstrate high
alkalis concentration. They form complex compoumdgth these alkalis in the
silicate magma. When carbonate minerals are chysdlin carbonatites these
alkalis are separated as the solution and fenifiee host rocks. If alkaline
carbonatite magma couldn’t crystallized and instebd erupted from a volcano
(e.g. Oldoinyo Lengai), alkaline carbonates arestalized. These carbonates are
easily dissolved in water and thus are not preskervaature.

As regard the time of carbonatite liquid separatsord alkalinity type of
primary silicate complexes three formation typesarbonatites are distinguished.
We suggest to unite all carbonatite occurrenceanafear genesis as the fourth
formation type.

The first formation type of carbonatites is less differentiated and related
the least differentiated K-ultrabasic kimberlite gneas. Such carbonatites were
described by Kovalsky V.V. and Marshintsev V.K.kimberlite province of the
Eastern Anabar Region [12] . These carbonatites fained bodies or breccias in
diatreme structures with xenoliths from kimberliteBhe primary kimberlite
magma contains insignificant amount of the carb®ra@mponent as compared
with other magmas and demonstrates higher innesspre of CO2 that leads to
magma explosion in the near-surface zone of théh’'sacrust. Moreover, the
carbonate and silicate magmas are separated ahdobditem boil. The silicate
component forms the kimberlite tuff-breccia, whilee carbonate one forms gas
CO, and HO (at hydrogen oxidation) and they carbonatize sepentize the
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kimberlite silicate part. The residual hydrothernsalution is crystallized as

quartz-carbonate veins. In another case, if thenmaagdoesn't explode the massive
kimberlites are crystallized. In the Eastern AnaBagion they are termed as
picrites. The carbonate component is separatedeasait melt and crystallized as
dyke bodies. Such carbonatites are marked by tmbddite association of rare

elements (Cr, Ni, Co, Ba, Sr) and in cases Nbe lkknberlites they contain

xenogenic diamonds.

The second formation typeof carbonatites is associated with ultrabasic-
alkaline sodium complexes. It includes classicatbonatites of the Kola,
Maimecha-Kotui, Sayan and other provinces. Thearaate-silicate component is
separated at lower temperatures when pyroxenitgsjaite are crystallized. The
silicate-carbonate phosphate liquid is separatefirsit When it is crystallized
foskorites, kamaphorites, nelsonites are formedsé&hrocks are associated with
iron, apatite and phlogopite deposits. They denmatesthe increased Nb, Ta,iJ
Th concentrations. During the volcanic stage ofddmplex origin the fluid-melt
crystallized as tuff-explosive ore rocks of the Tomtype demonstrating ore
concentrations of Nb, Ta, TR, During the crystallization of foskorite melts the
essentially carbonate liquid is separated. Thisidiggave rise to carbonatites
(calcite, dolomite, ankerite and in cases siderite)

These carbonatites are more differentiated andagothe accumulated high-
temperature rare-elements Nb and Ta. Silicate misesf carbonatites are also
high-temperature and contain [SiO4] radical. Theglude garnets, fortserites,
clinohumite, etc.

The third formation type of carbonatites is related to alkaline potassium
complexes. Earlier rocks include ultrabasic Bt-pymotes. The most vivid
representative of this type is the Murun volcanatggh on the Aldan shield,
alkaline volcanics of Africa and Mongolia. We cafesi that carbonatites of
Mauntain Pass USA, Bayun Obo China, Tamil Nadualrzklong to this type.
The silicate-carbonate component is separatedeatrizagma differentiation stage,
when granite and syenites are crystallized. Whkcage-carbonate component is
crystallized it is layered into 3 silicate melts$ (oicrocline, pyroxene and charoite
composition) and 2 carbonate melt-fluids (calcitel 8a-Sr — bensonite) (which
can be exemplified by the Murun massif).

Silicate minerals in carbonatites include minevalh more silicate radicals —
potassium feld spar, pyroxenes and micas. Theyc@mn&in Nb and Ta minerals,
while deposits of rare earth elements (Ba-Sr, ftapare typical. In both cases we
find gem stones (charoite and dianite).

The second and the third formation types wererdjsished by [4] and we
only supplemented them by new occurrences, likdvthein massif etc [19. 20].
Correlation between Sr and Nd isotope data andygewdic setting of massifs and
mantle type which gave rise to the magma of alkatirassifs
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As known, the type of the primary mantle which gaise to deep-seated
rocks is determined by the ratio of Sr and Nd igefy considering the age of rock
origin. Three major mantle types are distinguisttepleted mantle, enrichéM-

1 and enriche@&M-2
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Fig.2. Isotopes of Sr-epsilon Nd of alkaline, lamproite, @arbonatite complexes and mantle rocksl —
alkaline, lamproite, carbonatite complexes of zifhes between the Siberian Platform and Aldan dhiel
as well as North-American Platform and Canadiaeldhi2 —alkaline, lamproite, carbonatite complexes
of folded areas; 3 — alkaline and carbonatite cexgd of the Siberian platform surrounding. DPM-
depleted mantle. Data for lamproites are taken fi3i3,17,27], and supplemented for carbonatites fr
[14,16].

Different mantle types show different isotopes ealuSo, depleted mantle is
marked by positive values of epsilon Nd and vafti8s?®Sr ranging from 0.702-
0.705, the enricheM-1 mantle demonstrates negative values of epsildran
87SrFSr values varying from 0.705-0.709 and EM-2 mastew negative values
of epsilon Nd and’Srf°Sr values a8.705-0.725.0n the boundary of values three
mantle types (EM-1, EM-2, depleted) there is arowarintermediate area.
Classification of rocks demonstrating Sr isotopries over 0.705 as mantle rocks
raised doubts. However, mantle rocks such as lategrof Spain and diamond-
bearing lamproites of Australia 87Sr/86Sr valuexheas high as 0.722.

We have for the first time obtained the data oncbemistry ofNd and Sr
isotopes for a number of massifs of alkaline roakd carbonatites of Siberia and
Mongolia [26] and their classification resulted interesting geodynamic
conclusions.

Alkaline and carbonatite complexes are formed iffedBnt geodynamic
settings from different mantle sources (EM-1, EMed2pleted mantle). Isotope
values of massifs locatad the surrounding of the Siberian Platform which
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experienced subduction of oceanic basaltse in the field of the depleted
mantle. They include massifs of the East-Sayan provinBelshaya Zima,
Srednya Zima, Tagnin and Zhidoi), Maimecha-Kotuwvince (Guli and Essei),
Enisey Ridge (Kiya and Tatar) as well as East-Aldad Sete-Davan provinces
(Arbarastakh, Ingili and Gornoe Ozero).

Massifs of folded belts (areas of completed foldingyhere the crustal
substance subducted into the mantle through Beniofeismic zones lie in the
field with isotope values of enriched EM-2 mantle They include carbonatite
complexes of Mongolia (Mushugai-Khuduk, Ulugei KhidBayan-Khushu,
Lugingol, Beltsin-Gol), Buryatiya (Khalyuta, Arhsasouthern, Oshurkovo and
Ermakovka), carbonatites of the North Tien ShanrébRioz), North Baikal Area
(Burpala), as well as lamproites of Australia a®gain.

81 3 C o/oo vs.PDB

81 8 O o/00 vs.SMOW

l n T T T 1] 1
0 5 10 15 20 a 3

H1@2 A3 #4

Fig. 3.Correlation between f oxygen-carbon isotopes and mée type
Field 1 -EM-1 mantle, Field 2 — depleted mantle, Field BM-2 mantle. Dots of rocks of massifs: 1 -
Murun, Khani, 2 - Bilibin, Ingili, Arbarastakh, 3wnassifs of the surrounding of the Siberian Platforeh
— massifs of folded areas.

The massiféormed in midland rift zones between the Siberian Platform and
Aldan shield (as well as between the North Ameri¢datform and Canadian
shield) which didn’t experiencany subductionlie in the field with isotope values
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of the deepestnriched EM-1 mantle These are the following massifs: Murun,
Ryabinovyu, Yakokut, Bilibin, Khani and lamproite$ Leucite Hills Wyoming,
Smoky Butte and Preri Creek Montana (USA). Oridgithese massifs is related to
plume processes. However, the question arises @wepleted magma could give
rise to such ore-bearing magmas of alkaline rottksan be explained by a low
degree of selective melting of the mantle when nagmof alkaline rocks
generated. Minerals enriched by rare elements éf@mple, garnet, ilmenite,
mica) are generated.

As we analyzed bottsr, Nd and C, Oisotopes in one and the same samples
we made an attempt to use the data on the mamgie tbtained from Sr, Nd
isotope (Fig. 6) for the diagram of carbon anglgen isotopes [25]. We obtained
a relatively compact pattern of massifs divisiomtgntle type (Fig. 7).

Dots corresponding to isotope ratios from carbonates of massifs of
folded areas(Mongolia, Buryatiya, North Baikal area, South i8han, etc.)e
in Field 3. Their primary magmas were formdéebm enriched EM-2 mantle.
Isotope values in field 3 for carbonatites werdieaexplained by capture of the
atmospheric oxygen and surface water when carliesatriginated [1,16]. For the
studied carbonatites this mechanism can operatadilne secondary. When rocks
from the folded areas were formed surface water eggtured and those rocks
showed increased values of heavy oxygen. When thodes subsided along
Benioff seismic zones to a significant depth ire thantle the crustal rocks were
mixed with the mantle material and isotope caréoa oxygen values changed in
that mixed mantle. When magmas of alkaline rockkaddrom that mantle, they
already had those isotope values. So, heavier oxjgethese alkaline magmas
doesn’t mean the contamination of these magmas$dynustal substance during
magma intrusion and crystallization, as all eleredmit not only isotopes had to be
mixed (that it is not observed in nature). Suchhhigptope oxygen values result
from melting of magma of alkaline rock®m the contaminated mantle

Dots of carbonatite massifs of the surrounding oftte Siberian Platform
lie in Field 2. The depleted mantleis typical of them.

The field 1 contains dots of carbonatite massifs,riginated in rift zones
between the Aldan shield and the Siberian platfornor on the shield proper
Such characteristic of isotopes is common bothh& Nlesozoic ultrapotassium
complexes of the Aldan shield (Murun massif, ety to the Precambrian K-
massifs (Khani massif). Melting of magma on thesessifs is related to the plume
processes, taking place on the Asian contineritadttime. Isotope values of more
ancient massifs of the Western Aldan (Arbarastéht)i and Mountain Lake) are
located on the boundary between fields 1 and 2sMggest that such a location is
either due to the lack of data concerning the geanyc setting of these regions in
the Precambrian or their proximity to margins led platform with depleted type
of mantle.

The above indicates that it is possible to usediagram to define the type of
the mantle for carbonatites at least for the Asiantinent. As the analysis of
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oxygen and carbon isotopes is much cheaper andrehsin that of Sr and Nd
iIsotopes, this application of diagram is most fkelorthwhile. However, for new
(recently discovered) carbonatite occurrences itraguired to confirm the
correctness of mantle type using the data on SiNahidotopes.

Using the geochemical data of these isotopes we carfer that ore-
bearing alkaline complexes could be melted from vaosus types of mantle and
its composition doesn’t much influence on their orgotential. It is surprising,
how the depleted mantle which produces barren tsasalld give rise to ore-
bearing alkaline complexe#t is most likely that the main factors are small
degree of selective melting of the mantle (less thd %) and fluid and alkaline
components, brought by plumes, which stimulates tBi melting. A prolonged
magma differentiation and layering of the substanceunder magma
crystallization are of particular importance for accumulating of ore elements

The investigations were supported by the Russiaanéation for Basic
Research (grants 06-05-64416, 08-05-90002).

REFERENCES

Carbonatites: genesis and evolutioifedited by Keith Bell), London, 1989, 601p.

DePaolo, B.J.,Neodymium isotope geochemistry // An IntroductiSpringer-Verlag, New York. 1988.

Egorov, L.S.ljiolite-carbonatite plutonism // Nedra. 1991, 260.

Ginsburg A.l., Samoilov V.S On carbonatite problem.//ZVMO, 1983, N 2, p.1661

Kogarko, L.N., Kononova, V.A., Orlova, M.P., Wooley A.R. Alkaline Rocks and Carbonatites of the

World . London, Glasgow, New York, Melbourne, Maglra995.

Kovalenko, V.1, Vladykin, N.V., et al. The Lugingol massif of pseudoleucitic syenitegha MNR //

Izvestia Akademii Nauk SSSR, seria geologichesk#i@4, N 8, p. 38-49.

7. Kovalenko V.l., Vladykin N.V. et al. Geochemical characteristics of rocks from nearfaser
carbonatite kindred from Goby desert, MongoliaébGhimia, 197N 9, pp.1313-1326.

8. Kovalenko V.I., Samoilov B.S., Vladykin N.V. et al.Rare-metal carbonatites and apatite-magnetite
rocks of Mongolia // Geology and magmatism of Moliydl979, Nauka, v.30, p. 158-167.

9. Kovalenko V.I., Yarmolyuk, V.V., Vladykin, N.V. et al. Stages of formation, geodynamic setting and
sources of rare-metal magmatism of central AsRetfology, 2002,v. 10Ne 3, p. 227-253.

10. Kovalenko V.l., Yarmolyuk V.V., Vladykin N.V., Kozl ovsky A.M. Problem of plumes and their
bearing on sources of rare-metal magmatism in akAsia // Deep-seated magmatic sources and the
problem of plumes Vladivostok, 2002,pp. 23-42.

11. Kukharenko A.A., Orlova M.P., Bullakh A.G. et al., The Caledonian complex of ultrabasic-alkaline
rocks and carbonatites of the Kola Peninsula armhidm Karelia , Nedra, 1965, 771pp.

12. Marshintsev V.K. Carbonatite formations of the eastern slope ofAhabar arched uplift . Yakutsk,
1974, 118pp.

13. McCulloch M.T., Jaques A.L., Nelson D.R. and Lewisl.D. Nd and Sr isotopes in kimberlites and
lamproites from Western Australia: an enriched reaatigin // Nature 1983. vol. 302, 31 March, pp.
400-403.

14. Nikiforov A.B. et al. Chemical and isotope composition of carbonatite3 rainsbaikalia // Petrology,
2000, v.8 Ne 3, pp. 309-336.

15. Pozharitskaya L.K., Samoilov V.S.Petrology, mineralogy and geochemistry of carhitemtof the
eastern Siberia, M. Nauka, 1972, 265pp.

16. Pokrovsky, B.G. Crustal contamination of mantle on evidence otdpe geochemistry. M, Nauka,
2000,228 p.

17. Powell J.L. and Bell K Sr isotopic Studies of Alkaline Rocks: Localiti'em Australia, Span and
Western United States // Contr. Mineral. And Pett®l70. 27. pp.1-10.

18. Vladykin N.V. Bilibin-massif K-alkali rocks // DAN,1996, v.3496, p. 972-975.

19. Vladykin N.V. Petrology and productivity of K-alkali rocks ofdvigol-Okhotsk area of magmatism //

The thesis in the of an scientific report, , Irkyt$997. p.1-80.

agrONE

o

23



Vladykin N.V.

20.

21.

22.

23.

24.

25.

26.

Vladykin N.V. Malyi Murun Volcano-Plutonic Complex: An Examplédifferentiated Mantle Magmas

of Lamproitic Type // Geochemistry Internationad0B, v. 38, suppl. 1, pp. 573-583.

Vladykin, N.V. Ore potential of carbonatite tuffs of K-alkalinensplexes of Siberia and Mongolia //
100-anniversary of studies of carbonatites of téaKPeninsula, 2001. S-Peterburg, p. 49-51.

Vladykin N.V. The Aldan Province of K-alkaline rocks and carlides: problems of magmatism,
genesis and deep sources // Alkaline magmatisnttengroblems of mantle sources. Irkutsk, 2001, pp.
16-40.

Vladykin N.V., Tsaruk I.I. Geology, chemistry and genesis of Ba-Sr-bearibgr{stonite") carbonatites

of the Murun massif // Geology and Geophysics, 20084,Ne 4, pp. 315-330.

Vladykin N.V., Viladkar S.G., Miyazaki T., Mohan R.V. Chemical composition of carbonatites of
Tamil Nadu massif (South India) and problem of “ftenite” carbonatites // Plumes and problems of
deep sources of alkaline magmatism. Khabarovsk3 2§0130-154.

Vladykin N.V., Morikiyo T., Miyazaki T. Geochemistry of carbon and oxygen isotopes in ceatites

of Siberia and Mongolia and some geodynamic coressmps // Deep seated magmatism it's sources and
their relation to plum processes., Irkutsk— UlarelJ2004. pp. 96-112.

Vladykin N.V., Morikiyo T. , Miyazaki T. Sr and Nd isotopes geochemistry of alkaline @arthonatite
complexes of Siberia and Mongolia and some geodimaonsequences.//Problems of sources of deep
magmatism and plumes, Irkutsk, 2005, v.1, PP 19-37

27.Volmer R., Mer R., Ogden P.,Schilling J.-G.,Kinggty R.H., Waggoner D.G.

Ndand Sr isotopes in ultrapotassic volcanic rockmftbe Leucite Hills, Wyoming //
Contr. Mineral. and Petrol. 1984, vol. 87, Bp9-368

24



Deep-seated magmatism, its sources and plumes

UDK 552.33+ 550.42

Mantle sources of highly reduced melts in peridotés from
Sal Island, Cape Verde Archipelago

Ryabchikov 1.3., Kogarko L.N?, Brigmann G.E.

YInstitute for Geology of Ore Deposits, Russian A&rayl of Sciences, Moscow, Russia.
%Vernadsky Institute of Geochemistry, Russian AcagefrSciences, Moscow, Russia.

3Max—PIanck-InstituteFur Chemistry, Mainz, Germany.

Sulphide globules with included Fe-Ni alloys angaate grains of metallic
phases were found in intergranular glasses of skahd [1, 2]. The presence of
native metals and high temperatures of mineralliégai in the |Iherzolites of Sal
island [2] permit to suggest the contribution oWvér mantle material into the
ascending plume associated with the magmatism pé Gaerde. This hypothesis
may be supported by experimental data, demongirétisi under the condition of
lower mantle disproportionation of ferrous iron glib take place with the
formation of metallic phase (about 1%) and excdédsrac iron incorporated into
Al-bearing silicate perovskite [3-5]. Equilibria thi the participation of metallic
phase are distinctly reflected in the behaviourh@fhly siderophile elements,
which also include PGEs, and they significantlyeeff Re-Os isotope system,
which serves as a sensitive monitor of the procesdgth the participation of
sulphides and native metals [6]. We analysed a eumiantle xenoliths from Sal
island for PGEs and measured Os isotope compositionder to assess possible
participation of lower mantle processes in the fation of composition of Cape
Verde plume material.

Since both Os and Re are highly siderophile andcophile elements, they
are mainly stored in mantle rocks in sulphide aradaflic phases. The partitioning
of these elements between immiscible silicate aghgle melts during the partial
melting of mantle peridotitesand also during thgstallization of sulphide-
metallic melts results in the considerable shiftRe/Os ratios. During these
processes Os is compatible and Re moderately inaiiolg element. By contrast,
in other isotope systems used as petrogeneticatwe (Sm-Nd, Rb-Sr, Lu-Hf, U-
Th-Pb) both parent and daughter elements are inabloigp. Therefore, after
sufficient time differences in Os isotope compasitin various geological objects
become much more noticeable than e.g. for Sr oftiNeldeviations of Nd isotope
composition from chondrite standard are expressetOf units, whereas for Os
107 units, i.e. percent, are used). In particular,(Refatios in basalts are several
times higher than in mantle restite. Because odfier some time crustal Os
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becomes highly radiogenic, whereas in mantle e28{®s/**0s ratios evolve
towards subchondritic values. These factors maké®fesotope system much
more sensitive to the discrimination between clustad mantle sources by
comparison with other isotope systems with radicgesotopes.

Harzburgites, lherzolites and a few of pyroxenitgs present among the
mantle xenoliths of Sal island. Lherzolites are rabterized by the maximal
content of sulphide globules and grains of Fe-Miyal included into veinlets and
pockets of glass situated between the grains ofgrsi minerals of xenoliths (Fig.
1) We analyzed Ir,Os,Ru, Pt, Pd and Red measured Os and Re isotope
composition for two samples of lherzolites (CV5lese to primitive mantle with

S0um BSEL 15KV 20nA

Fig. 1. The pocket of glass (G) between the grains of prima olivine (O) and primary spinel (Psp).
Microphenocrysts of olivine (O), clinopyroxene ( C)secondary spinel (Ssp), grains of sulfide (S) arfee-Ni
alloy (M) are immersed in the glass. The zone of pnary spinel surrounded by glass is characterizedyovery
low concentrations of F&".

respect to rock-forming oxides — 20% of Cpx, and56\~- moderately depleted
Iherzolite — 14% of Cpx), one harzburgite (CV1)dame pyroxenite (CV37). The
isotope composition of Os and Re was performed ibpiflan MAT 262 mass-
spectrometerin Max-Planck Institute in Mainz. Cartcations of Pt, Pd, Ir and Ru
were measured by isotope dilution. The resultsnafyses are shown in the Table.

Fig. 2 shows PGE and Re BSE normalized contenttheninvestigated
samples [7]. This diagram demonstrates that PGE Redcontents in CV5
Iherzolite is similar to BSE, they are somewhatdow CV55 Iherzolite, but with
the exception of Pd maximum the ratios of elemeunts also similar to BSE,
whereas CV1 harzburgite and CV37 pyroxenite areadarized by depletion of
heavy PGEs in comparison with light PGEs.

A diagram in coordinate¥'Re/**0s —'*'0s/®*"0s is shown at Fig. 3. An
attempt to interpret it in spite of significant #ea of points as isochrone yields age
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of 64 Ma. However, the assumption of the closerfesstope system in this case
Is completely unrealistic and it is clear that ginevailing part of PGEs and Re was
introduced into the investigated rocks in the farhrmetallic and sulfide phases,
which are transported by the infiltrating silicatelt. This process took place not
long before the volcanic eruption, which transpoittee fragments of mantle rocks
to the Earth’'s surface, as may be deduced fromztireng of spinel grains
surrounded by glass bearing sulfides and nativalméEig. 1). In this connection
Fig. 3 should be viewed not as an isochrone batrasing line.

Table.
Concentrations of Re and PGEs (ppb) and isotope rits in mantle xenoliths of Sal island.

Sample Ir Os Ru Ptf Pd Re 18Ref*0s 18705905
CV-1 0,304 0,121 2,465 3,841 3,728 0,170 4,8771 0,1258
CV-37 0,334 0,443 0,547 5,455 11,184 0,449 4,1191 0,1273
CV-55 1,056 1,258 1,851 2,084 29,418 0,148 0,4589 0,1239
CV-5 2,243 2,786 7,256 5,071 5,358 0,246 0,3362 0,1202

Fig. 4 shows®'0s/*0s ratios from Os content in investigated samplés.
observed inverse dependence suggests mixing otowgonents: in harzburgite
and pyroxenite with the low contents of sulfide gaments more radiogenic Os
isotope ratios, whereas in lherzolites, where de#fiand metals are present in
substantially higher quantities, and they wereonhticed at much later time, Os is
less radiogenic.

10

——Cv-1
= cv-5
——Ccv-37
=== Cv-55

C/BSE

Fig. 2 BSE normalized [7] PGE and Re contents in the irestigated samples.

The following sources of intergranular melts, tg@orsing sulfides and
metallic phases, may be suggested: (1) host valcartks (melanephelinites),
bringing xenoliths to surface, (2) partial meltoguced in the lithosphere, (3)
partial melts produced in asthenosphere (upperlejaiid) partials melts formed
from the material of lower mantle entrained intoeagling plume.
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The first of the above options is not consistenthwva number of facts.
Melanephelinites of Sal island contain a lot chnbmagnetite, and like the other
lavas from intraplate oceanic islands [8, 9], tlag characterized by elevated
oxygen fugacities [2]. In contrast intergranular ltsefrom the investigated
Iherzolites are characterized by anomalously reduaonditions, because they
entrain grains of Fe-Ni alloys. Besides, I|herzslittom Sal island have
subchondritic'®0s/%®0s ratios (0.1239, 0.1202), while alkaline basatticks of
interplate oceanic islands exhibit these ratioexoess of 0.13 [10]. Alkali basalts
from Fogo island (southyern group of Cape Verdéipetago) also have high
1870s/%%0s ratios: between 0.132 and 0.136 [11].

1875, 188
0.127| 1870s/ 18805 ¢
L 4
0,125 1
1 *
0,123 y =0,0011% + 0,1217
0,121 1
4 187 e/ 188 g
0,119 T T T . -
0 1 2 3 1 4 d

Fig. 3.Diagram in coordinates*®*’Re/*0s —'#'0s/**®0s for mantle xenoliths
from Sal island.

As for the second of the above options, the presehsubcontinental African
lithosphere under the Cape Verde islands was stegfjes the basis of Os isotope
composition in the lavas of Fogo island [1T{0s/*®0s ratios in subcontinental
lithosphere (average 0.1214) are close to Os isotopmposition in the
investigated Iherzolites. A question, however, ewisvhether the formation of
strongly reduced melts is possible during the phntnelting of lithospheric
material entrained by the rising plume. It was shahat thefo,, characterising
mantle xenoliths in kimberlites, drastically dropigh the depth. This is caused by
the stabilization of garnet and clinopyroxene comas including F& (acmite,
andradite, skiagite) with the increasing presstig. [At the depths around 200 km
foo becomes 4 log units below the reference redoXibgum quartz — magnetite —
fayalite. Under these conditions Fe-Ni alloys aog stable, but sulphide melts
present in mantle rocks may exhibit pronouncedcdedif sulphur. Such sulphide
phases with small grains of metallic alloys are stomes found as inclusions in
diamonds. The migration of S-deficient melts in th®wver horizons of
subcontinental lithosphere may result in the foramatof blocks enriched in
sulphides. Such material may retain its highly il character after
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decompression. It may be possible, that partiatingebf this material may cause
the infiltration of melts transporting metallic gra into mantle xenoliths of Sal
island.

Asthenospheric mantle (source of MORBs — optior) {8)haracterized by
higher **’0s/®*®0s ratios (0.125) by comparison with the invesgdaiherzolites.
The estimated oxygen fugacities for asthenospl&jres [also substantially higher
than the level of the appearance of Fe-Ni pahsesamtle peridotites. At the same
time, Os isotope composition in harzburgite andopgnite is similar to
asthenospheric mantle and even to the bulk silieatéh.

13?05;1 3305
b 4
0,1270 T
_1
0,1250 CV1
0,1230 Ly
0,1210
L
cCv5s
0,1190
0,000 0,100 0,200 0,300 0,400
188 ¢

Fig. 4'®0s/**®0s ratios as a function of®®0s contents in mantle xenoliths from Sal island.

Now we proceed to the option (4). A number of festmay afford intense
redox differentiation and affect the behavior afesbphile elements in the lower
mantle. These factors are the appearance of neetaliase due to the
disproportionation of F&with the participation of Al-rich silicate perovsi[3-5],
and also the possibility of the existence of seHdetallic melt in the system Fe-S-
C at temperatures and pressures of lower mantle T migration of sulfide-
metallic melt and precipitation of crystalline métaand sulfide phases in certain
blocks of lower mantle may result in the formatiwinthe zones in lower mantle
enriched and depleted in metals and sulfides. Heeral of the material, which
lost substantial fraction of sulfides and metalsaned by rising mantle plumes,
after the decrease in pressure and decompositisitiazte perovskite would result
in the increase in oxygen fugacity, which is retbecin the relatively oxidized
magmas of intraplate oceanic islands [8, 9]. Inséhware cases when plume
entrains material, enriched in metals and sulfithes highly reduced melts may
appear, similar to intergranular melts with theiggaof metals and sulfides present
in the lherzolites of Sal island. In the coursehaf crystallization of metallic alloys
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and sulfides they become enriched in Os relativéoby comparison with the
sulfide-metallic melt [14, 15]. As a result partstbe mantle enriched in metals
and sulfides Re/Os ratio becomes reduced, and edtéain period of time their
1870s/%%0s ratios evolve towards the subchondritic valuess possible that
intergranular glasses rich in sulfides and metalshe lherzolites of Sal island,
responsible for unradiogenic Os isotope composiinere formed during the
partial melting of material from lower mantle imily enriched in sulfides and
metals due to the migration of sulfide-metallic taalt the levels of lower mantle.

In conclusion we may note, that Os isotope comjosibf mantle xenoliths
from Sal island requires the participation of asketwo components: one of them
prevailing in harzburgites and pyroxenites is samito Os of asthenospheric
mantle (source of MORBS), whereas another compomnemth predominates in
xenoliths of lherzolitic composition is charactedz by less radiogenic Os.
Intergranular glasses of |Iherzolites transportingssantial amounts of sulphides
and metallic alloys with low-radiogenic Os , mayrespond either to the partial
melts from deep-seated material of the ancientatbeental lithospheric mantle,
or to the partial melts from the material of loweantle, enriched in sulphides and
metallic alloys, which originated during the crystation of migrating
sulphide/metallic melts. Much more intense disprtipnation of F&" with the
formation of FeO under the pressures of lower neantbkes the second option
more probable.
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ABSTRACT

Rhonite was found among phenocrysts of tephriteaplil@s from the islands of
Bravo and Fogu, Cape Verde archipelago. Fresh nimgdass and coexisting rhdnite were
analyzed by EMPA and SIMS methods in order to asgestition coefficients of trace
elements between rhonite and magma. These partibiefficients reveal increase from light
to heavy REE similar to & of REE in clinopyroxenes, highly compatible belar of Ti,

V, Cr, Fé" and elevated values by comparison with the elesneisimilar compatibility in
basaltic magmatism for Zr, and Nb.

Introduction

Rhdnite is a high-Ti mineral belonging to the aemadite group. It is usually
considered to be a relatively rare constituent lgbleme magmatic rocks and
veined mantle xenoliths [1, 2]. Recently, howevgrowing number of the
discoveries of rhonite in alkaline effusives weeparted, and therefore this
mineral may play certain role in petrochemical ag@mbchemical evolution of
crystallizing magmas [3-6]. We have found rhonieoag phenocrysts of tephrite-
phonolites from the islands of Brava and Fogu, @ape Verde archipelago.
Because these rocks also contain fresh volcangsglee have analyzed coexisting
phases by EMPA and SIMS methods in order to agsadgion coefficients of
trace elements between rhonite and magma.

Geological framework

Rhonite-bearing volcanics were found at the islanfdsogo and Brava. The
island of Fogu represents a giant volcanic constmiavith the area of 576 Km
This is the largest volcano on the African platetHe valley Ribeira de Cabaliero
the most ancient rocks of this island are outcrdpdéney are represented by a
massif of intrusive carbonatite intersected by &edgomplex, consisting of
nephelinites, ankaramites, carbonated basaniteptamblites.

The island of Brava is also a huge volcanic cowstva. It is built up from
phonolites, phonolitic tuffs, tuff breccias, pumiaed ash. The most ancient rocks
of this island are intrusive carbonatites, blocks alivine melanephelinites
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included into agglomerates and tuffs of phonoldamposition. It is also likely,
that boulders of coarsely crystalline carbonatitesnd by our expedition 2.5 km
to the east of the airport, also belong to thisemaomplex.

At the western end of the island of Brava in theinity of the Pagea Bay
numerous dykes occur, which cut a thick tuffacesedimentary formation
represented by tuffs and agglomerates of phonatitimposition. The younger
rocks probably of the Quarternary age are reprederity the flows of
melanephelinites and numerous dykes, stocks and fbd phonolites.

Fig. 1. Various shape of rhinite gramns
from CV-88.

a - Large eubedral phenocryst surrounded by
glass with inclusions of clinopyrogene [ darker
graing) and gome itanomagnetite (brighter
graing, back scattered electron mage) (199%; b -
Euhedral grains of rhonite with titanomagmetite
(brighter graing) in glass (hack scattered
electron image) (204, ¢ - Elongated euhedral
twinned rhonite with clinopyroxenes in dass
(transmitted light).

Thus the association of carbonatites and phonolbtdsngs to the most
ancient complex, which is widely developed on tslands of the Cape Verde
archipelago. In tephrite-phonolites dykes of thiands of Brava and Fogu
associated with this ancient complex complex phemste of rhonite are
present. In these rocks the phenocrysts of pyroxgtamoan fassaite), rhonite,
titanomagnetite and apatite occur in a glassy gimass, which contains rare
microlites of aegirine. In some volcanics assodat@th ancient complex
carbonate globules were discovered. They usualhg loaal or spherical shape,
sharp meniscus and often exhibit coalescence ofrakwadjacent globules.
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Globules consist of almost pure calcite, and theslude small amount of
sphene, apatite, sodalite and clinopyroxene.

Phenocrysts of rhonite are represented by the grafnvarying shape.
Some of them are isometrical intergrowths of sdvewhedral grains up to 600

— 700um in diameter (Fig. 1A), others are elongated twohiaths (Fig. 1C).

Analytical methods

Glasses and minerals from the investigated rock® \@ealyzed on a JEOL
RL-8900 electron microprobe at the Max-Planck-mstitir Chemie, Abteilung
Geochemie, Mainz, Germany, at a 20 kV acceleratoltage and a 20 nA sample
current. The standards for the calibration werenahtand synthetic minerals.

Chondrite-nonmalized

1000 C
100
—— CYE8-Rhol
L - CY¥33-Rhol
F - Rhonite-avg
o CVYER-GII
-=— CY83-GI2
& Glass-avg
l | | | | | | |

1 1 | 1 1 1 |
La Ce Pr Nd dm Eu Gd Dy Er Yb
Fig. 2.REE contents in rhonite (triangles) and glass (squas) normalized by ClI chondrites [13].

Trace elements in rhonite and glass were measwiad the Cameca IMS-3f
at the Max-Planck Institut fir Chemie in Mainz @lling detailed petrographic
and major element analyses. Trace element contensawere determined by
energy filtering techniques of Shimizu and Hart (igjng a 25eV energy window
and a -80V energy offset from a 4500V secondarglacating potential. Negative
oxygen ions were used as a primary source with aelerating potential of
12.5kV and a 6nA beam current, resulting in a spp¢ of <2@m. The overall
accuracy and precision is better than 20 % folRE& and better than 12 % for the
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other trace elements (2 sigma). More detailed @icalyprocedures are reported in
Hellebrand et al. [8].

Results

Concentrations of major and trace elements in ralseand glasses of the
investigated rock are shown in Tables 1 and 2. &dblalso gives partition
coefficients for trace elements for rhonite-melrgpa

Chondrite-nommalized

1000
100 £
10 é
LE
£ —— CVBE-Rhol
0l i —a— CVER-Rhol
’ E_ —p- Rhonite-avg
E —a— CVER-GII
0.0l E —=- CVEE-GI2
F = Glass-avg
0.001

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |
Ba Wb La Ce Pr St Nd Zr Sm Eu Gd Ti Dy ¥ Er Yb V r
Fig. 3.Spidergrams for rhonite (triangles) and glass (squas) with normalization by pyrolite [13].

It can be seen from the comparison of Tables 12andat the measurements
of titanium content in glasses by EPMA and SIMSIdyigery similar values
(slightly above 2 wt % Ti¢), whereas for rhonites SIMS gives higher JiO
contents (around 14 wt %) by comparison with EPMB € 11 wt % TiQ). These
discrepancies are probably due to the difficultedsworking with very high
concentrations on ion microprobe, and we, therefaceepted EPMA data for Ti
partition coefficient (around 5).

Chondrite-normalized REE diagram and primitive nenbrmalized diagram
for incompatible element contents in the invesadatolcanic glasses (Figs 2 and
3) reveal increasing enrichment in highly incomiplati elements typical for
volcanic rocks from intraplate oceanic islands. réhare no significant Nb or Eu
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anomalies. This argues against the role of crustatamination or plagioclase
crystallization for the geochemical features ostheocks.

Partition coefficients of REE (Table 2 and fig dgiease from La to Yb at
approximately the same rate as for clinopyroxen@asaltic systems. #6 for Ti,

Table 1.

Chemical composition of minerals and glass from C\88 phonolite-tephrite determined by
electron microprobe.

No. | 2| 2] 3] 4| 5| 6] 7| 8| 9 10 11 1 13 14 15 16
SiO, | 24.96 24.1D 24.3923.96 24.09 22.6824.17|24.78/24.10[47.7849.5649.5449.4250.1542.7445.17
TiO, | 11.04 10.84 10.8310.99 10.63 11.8410.71/10.84| 9.94 | 2.20/ 2.33|2.21| 2.25| 2.12|4.09| 3.48
AlL,O; | 15.90 16.4B 16.7516.83 16.29 15.9516.61/16.41/16.87/19.4219.5919.6619.67/19.9110.45 7.78
Cr,0;| 0.03 0.00 0.00f 0.040.03 0.07| 0.02 0.05 0.00 0.0».03|0.00|0.01|0.00|0.00|0.03
Fe,0;| 7.33| 7.68|8.16 | 8.04| 7.70/8.47 |8.82 |7.93 |7.73 | na.| na| nal ng na 39638
FeO [15.06|14.70|14.69|14.62|14.52|13.47|13.91|14.63|14.70|7.50" |7.60"|7.45" |7.74"|7.74"|3.82 |3.91
MgO | 11.97 11.6p 11.9611.83 11.87 11.7212.21/12.24/11.09| 2.51| 2.62| 2.57| 2.72| 2.49|10.4011.86
CaO | 11.57 11.7p 12.08311.84 11.67 11.6911.63/11.54|/11.66| 6.46| 6.65| 6.80| 6.48| 6.32|22.4522.65
Na,O | 1.23 1.12 1.05| 1.061.03 1.09| 1.14 1.20 1.14 2.19.35|4.75|4.81|4.80|0.74/0.61
K,O | 0.0 0.0l 0.02] 0.020.01 0.09| 0.00 0.00 0.01 4.6%.67|4.71|4.49|4.59|0.01|0.02
NiO | 0.043 00L O | 0002 0 O 0 0 0 | 0.00Bn.a.| na| nal nd 0 0
MnO | 0.27 0.30 0.25 0.250.19 0.26| 0.31] 0.28 0.30 0.20.18|0.19|0.22|0.17|0.17|0.17

F n.a. |n.a. n.a.| na.| n.a. na. na na na (02850.1780.1950.182 n.a.| n.a.
Cl n.a. |n.a. n.a.| na.| n.a. na. na na na 00@80.0710.085 0.08| n.a.| n.a.
P,Os n.a. |n.a. n.a.| n.a.| n.a. nga. nla. na. na |nhalgl.1491.0591.096 n.a.| n.a.
S n.a. |n.a. n.a. n.a.| n.a. na. nla. n.a. n.a. |n.a.|m.a.| nal 0.06%.a.| n.a.
Total | 99.47 98.6[L 100.1399.49 98.0% 97.3399.52/99.90(97.54({93.2498.97/99.2799.1499.6498.8099.06

No. 17 | 18| 19| 20| 21| 220 23 24 25 26 27 28 29 BO 31
SiO, |42.33[43.02[42.91]40.54]45.73]41.98] 0.12 | 0.16] 0.1d 0.13 44.935.52 0.36| 0.02] 29.07
TiO, | 4.76| 3.96| 3.98 532 324 4.99 18/8D.04/19.46/19.15/ 2.45| 2.31| 0.03 0.00 36.02
AlL,O; [10.09| 9.66 | 9.75| 11.517.77 | 10.51 7.92 | 7.32| 7.83 7.70 20.120.12| 0.03| 0.08| 0.76

Cr,05| 0.01| 0.00| 0.0 0.01 0.0 0.02 0.01 0.0%106| 0.00/ 0.01 0.04 0.00 0.01 0.50
Fe,0; | 1.91 [2.73 | 2.67 | 2.98 | 3.47 | 3.52 |24.87|25.33[25.55/24.50| n.a. | na.| nal na na.
FeO |5.04 |4.54 |4.76 |4.67 |3.85|3.95 |37.33|36.76/37.31/38.46| 7.64 | 7.41| 0.27 0.05 1.35
MgO |10.51{10.58/10.51| 9.72 | 12.0610.69| 7.16 | 7.46| 7.61 6.55 224 2.47 0.21 108 0.01
CaO |22.04]21.86|22.00(21.79|22.26/22.26| 0.05 | 0.044 0.03| 0.02| 6.43 6.40 52.886.90|26.92

Na,O | 0.59| 0.73| 0.65 0.68 0.76 0.65 0.01 0.08411| 0.06| 2.90 2.92 0.05 0.00 0.11
K,O |0.00| 0.01| 0.00 0.01 0.00 0.01 0.01 0.0@702| 0.01| 457 4.73 0.00 0.00 0.00
NiO 0 |0.0060.005 O 0 0 | 003] 002 O 0| 0.0p 00Llh.a. | nal| O

MnO | 0.16| 0.19| 0.18§ 0.18 0.18 0.12 0.63 0.6®mP65| 0.65| 0.22 0.1%5 0.08 0.00 0.07
F na.| na.l nal na na na nla rn.a. h.a. |n.27800.233| 3.47 | 0.0330.302
Cl na.| na.| nal na na na nla rn.a. n.a. |n.&7500.079/0.146/ 0O |0.009
P,Osg na.| na| na/ na na npa nla na ha. |naa. |nna.| 41.390.156| n.a.

S na.| na| nal na na npa nla. na n.a. |n.aa. |nn.a.| n.a| n.a n.a.

Total |97.43/97.29|97.43|97.41|99.30]98.69| 96.93| 96.91| 98.72| 97.22| 91.88| 92.39| 98.86| 58.32| 95.13

Note: * FeO and FgD); calculated under the assumption of ideal stoicktoynof mineral. ** Total iron
shown as FeO; n.a. - not analyzed; 1 — 9 rhoni@s: 14 volcanic glass; 15 — 22 clinopyroxenes:-28
titanomagnetites; 27 — 28 amphiboles; 29 apatle;aicite from globule; 31 sphene.

V and Cr are high (5 — 7), but Nb remains inconipat{(Ky = 0.27), although its
Kg for rhonite is significantly higher by comparisaeith clinopyroxene.
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On the whole, crystallization of rhénite is notdiit to produce any

significant anomalies in REE characteristics. Hosvevsignificant rhonite
crystallization will lead to negative Ti anomali@s the evolved melt (Ti-
magnetite will do the same). To lesser extent, whikbe seen in Zr and Nb as
well, but since partition coefficient for Zr is aned unity and for Nb is less than
1, strong anomalies will not develop, unless afahdnite crystallized.

Discussion

Conditions of crystallization of rhonite

Experimental data for the melting relations in lpgsa compositions show
that simultaneous crystallization of rhonite anchaghyroxene starts at 1100 —
1150°C [1]. We estimated oxygen fugacity for this tengiere range from the
compositions of coexisting titanomagnetite and nmethe investigated effusive.

Table 2.

Trace element contents (ppm) in rhonite phenocrystand glass from CV-88 tephrite-phonolite determined
by ion microprobe.

Rhonite 1 | Rhonite 2 | "MOME | 10661 | Glass2 | S35 | prhny
average average

Ti 857421 | 830674 | 844048 134908 13498/ 134946 6.3
v 596.2 567.3 581.7 80.5 82.9 81.7 7.1
Cr 57.1 58.1 57.6 115 117 11.6 5.0
Sr 278.4 280.1 279.3 1985.6 1045.2 1965.4 0.14
Y 16.1 16.7 16.4 27.4 25.8 26.6 0.62
zr 388.2 407.7 398.0 373.1 370.1 3716 1.07
Nb 45.6 42.6 44.1 162.1 159.4 160.8 0.27
Ba 0.5 0.5 0.5 1684.1 1606.3 1645.2 0.0003
La 71 6.8 6.9 81.9 80.3 81.1 0.09
Ce 24.3 245 24.4 163.3 162.6 162.9 0.15
Pr 4.7 41 4.4 19.0 17.9 18.4 0.24
Nd 24.2 24.6 24.4 71.6 70.9 71.3 0.34
Sm 5.3 5.3 5.3 11.1 10.9 11.0 0.48
Eu 16 1.7 1.6 3.0 2.3 2.7 0.61
Gd 3.5 4.2 3.8 8.7 8.1 8.4 0.46
Dy 3.4 3.7 3.6 5.8 6.5 6.1 0.59
Er 1.7 1.6 1.6 3.4 3.4 3.4 0.48
Yb 1.3 1.4 1.4 2.2 2.0 21 0.66

First we estimated oxygen fugacity for equilibriehphonolite-tephrite melt
with metallic iron using formulae and parametergposed by Borisov and Ariskin
[9]. After it we calculated activity of R®, component for these very reducing
conditions basing on the equilibrium constant & fibllowing reaction taken from
Robie et al [10]
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3Fe+2Q=Fg0,

Then we recalculateth, to the actual value of @, activity in the rock
basing on the composition of titanomagnetite (ugpagameters from [11]) and
taking into account decreasing activity of FeO ieltndue to its partial oxidation
(using method proposed by [12]). For this we usaantila of the equilibrium
constant of the following reaction

6 FeO + Q=2 FgO,

These calculations yield, close to quartz — magnetite — fayalite butfed.5
log unit for temperatures between 1050 and 1@5This level of oxygen fugacity
iIs well within the range offo, values in which rhonite was synthesized in
experiments with natural magmatic rocks [1].

Calculated FgO; contents of phonolite-tephrite melt at QMF oxydegacity
using the formulations of Kilinc et al [12] are s#to 0.8 wt%. This together with
Fe,0; contents of the investigated rhonites (Table 1,1NN9) shows that partition
coefficient of FgO; between rhonite and melt is in the range of 9 aad
Therefore, the crystallization of rhdnite in a @dsystem will lead to the decrease
in FE"/FE* ratio in the melt and as a consequence to thectieduof oxygen
fugacity. Thus, crystallization of rhonite will a&fft redox characteristics of
magmatic system in a similar way to the crystali@aof titanomagnetite.

D (rhonite/L)
]‘UE'

1
(.1
0.01

0.001

T T T T 1 T 1 T 111

':":]D | | | | | | | | | | | | | | | | | |
0ARH Ba La Pr Nd Sm_ Gd Dy Er. V
Nb Ce S ZZr Eaua Ti Y ¥Yb OCr

Fig. 4.Partition coefficients for trace elements betweenhtnite and glass (Table 2).

In order to find mineral assemblages favorablgterformation of rhdnite we
may consider the following simplified reaction argoncomponents of
clinopyroxene and titanomagnetite
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Ca(Mg,Fe)SiOg(Cpx) + CaASIOs(Cpx) + FaO4(Mt) + FeTiO4Mt) =
Ca((Mg,Fe")Fe"Ti) (SizAl Fe)O(Rhonite)
This reaction produces rhonite with crystallochexhiformula similar to
the average rhonite composition (Table 1) for theestigated rocks

(N80_29C81_7])(Mgz_43|:62+ 1.63 Mno.osTi1.11F93+0.8)(Si3.ﬁ| 2.7)O20
In this composition by comparison with the abovaified formula Ca is

partly substituted by Na, and ¥ds partly substituted by Ti, Al and Si, but
basically both formulae are very similar. It follsvfrom the above reaction, that
the formation of rhonite requires presence of gyroxene rich in Tschermak
molecule and magnetite rich in ulvospinel. Thiscansistent with the fact that
magnetites in the investigated rocks contain apprately 50 mol % of ulvospinel

component, and clinopyroxenes include 20 — 25 malf%a-Tschermak. Highly

aluminous clinopyroxenes are also typical for othmeneral assemblages, which
include rhonite [1, 3.

CONCLUSIONS

1. The partition coefficients of trace elements estedafrom the
compositions of rhénite and volcanic glass in phisedephrite from Cape Verde
archipelago reveal increase from light to heavy Rdfilar to Ky's of REE in
clinopyroxenes, highly compatible behaviour of Wj,Cr, F€* and elevated values
by comparison with the elements of similar comphiybin basaltic magmatism
for Zr, and Nb.

2. Crystallization of rhonite is expected for the magmwhich also
crystallize clinopyroxene with high content of Caehiermak and magnetite with
high content of ulvospinel.

3. In some effusives rhonite is present among phestgryand
therefore its crystallization may significantly et behavior of major and trace
elements.
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PERMO-TRIASSIC SUPERPLUME AND ITS
INFLUENCE TO THE SIBERIAN LITHOSPHERIC
MANTLE
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AVENUE, NOVOSIBIRSK, 630090, RUSSIA, E-MAIL: DIRBR®IGM.NSC.RU

ABSTRACT
A complex study o xenogenic material of upper neaotigin from kimberlites

of Middle Paleozoic and Mesozoic cycles of emplaeginhas demonstrated
significant changes in thickness, structure andpmsition of the Siberian Platform
lithospheric mantle. A comparative analysis of of#d petrological, mineralogical
and geochemical results has shown that the thiskoielithosphere of North Eastern
part of Siberian Platform was around 230 km at N&dBaleozoic time and was
decreased to 140-150 km to Upper Jurassic times Significant decrease of the
lithosphere thickness was combined with drasticréase amount of garnet
pyroxenites in the Mesozoic lithospheric upper reathese changes can be related
with influence of Siberian Permo-Triassic Superptuan the deep-seated levels of
the Siberian Platform lithospheric mantle.

INTRODUCTION

The flood basalt magmatism with the maximum intsnekpressed 245-250
Ma ago [18] was the greatest event of the Sibd?iatform Phanerozoic evolution.
A territory of about 1.5 millions of kfrwas involved in this relatively short- term
cycle of magmatic activity. As it is indicated biet results of deep drilling
program, over 17 million kfof magmatic material where erupted and intruded on
the Siberian Platform surface and into its Palenzedimentary cover. This event
was related with the superplume that reached tberi@n Platform lithosphere
roots close to the end of Permian time [1].

Three maim cycles of kimberlite magmatism actidtye known inside the
Siberian Platform: Upper Devonian- Lower Carborutes (370-345Ma), Triassic
(245-215) Ma and Upper Jurassic (160-149Ma), arel lgst is significantly
predominating in amounts of bodies [3, 4, 8]. Xesrug material of the upper
mantle origin from kimberlites of Mesozoic age po®ms some evidences of
smaller thickness and secondary enriched in difteseale lithospheric mantle at
the time of kimberlite emplacement if compare vatres at Middle Paleozoic time
[14, 20]. A comparative analysis of the compositi@riations of the garnets of
upper mantle parageneses populations from the kingbdodies of Middle
Paleozoic age existing in the area (fields of Meddand Lower Oleneksky
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kimberlite regions) suggests about significant at@ohs of thickness and
composition of the lithospheric mantle beneath #tadied area at Middle
Paleozoic time as well [15].

To understand the influence of this superplume twan the Siberian
lithospheric mantle, composition of the suite of nth& xenoliths and garnet
concentrate from kimberlites emplaced before supem event where compared
to that of kimberlites emplaced after this event.

SAMPLES AND METHODS

The compositions of over 19000 of pyrope grainsnfddl 1 kimberlite pipes in
five kimberlite areas of the Yakutian diamondifesqarovince as well as near 1500
grains of the pyropes from the conglomerates of aro®@arboniferous age were
studied with the use of the "Camebax-Micro" and UE&A-8900 electron probes
at V.S. Sobolev Institute of Geology and Mineralofjovosibirsk, Russia. The
major and trace elements of xenoliths of metasa@®atperidotites, Uv-4/76 and
Uv-105/89, were studied at the Geophysical Laboyatb the Carnegie Institution,
Washington, DC, USA, using the JEOL JXA-8900L mpmabe and at the
Department of Geology and Geophysics of the Oceapbg: Institution, Woods
Hole, USA, with the Cameca IMS 3f ion probe. Theaxd Zr contents for some
pyropes from the kimberlites of the Yakutian diamiéerous province were
measured by Dr. W.L.Griffin on the HIAF proton peolat the Department of
Exploration and Mining, CSIRO, North Ryde, Austaali

We studied representative samples of pyropes (®tlids from each pipe),
the grain sizes being from +0.5 to 1.0 mm as recenated by [22]. The central part
of the Yakutian diamondiferous province includes tamberlite regions: the Malo-
Botuobiya (Mirninsky field, pyropes from seven mpeere studied) and Daldyn-
Alakit (Alakit-Markhinsky and Daldynsky fields (pgpes from 32 pipes were
studied). The kimberlites of the Triassic cycleeaiplacement were taken from the
Anabar area (the studied pipes total to 34). Therevidence that post-Triassic
kimberlites and related rocks intruded there inrdoege from 193 to 149 Ma [8].
Bodies of different ages are found within one fiedshd this is an example of
polychronous kimberlites on local territory. Alomgth the majority of kimberlite
pipes of the Anabar region, the kimberlites of iKieramai field (pyropes from 12
pipes are studied), located near the southwestemgim of the Anabar Shield,
belong to the Triassic cycle of emplacement. Traglable dating of the kimberlites
of this field confirms this conclusion. The Uppauraksic cycle of kimberlite
magmatism in our study is represented by kimberlitethe Lower-Olenek district
(the studied pipes total to 26).

Also, we studied pyropes liberated from some lagmples (250-500 kg) of
diamondiferous conglomerates of Lower Carboniferage, found within the
Kyutyungde graben and on its flanks. These conglates are located about 30 km
east of the Beenchime field and about 40 km nosthefathe Molodo field, which
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were mentioned above to belong to the Upper Jurasgtle of kimberlite
magmatism.

To obtain objective and representative data on atrans of garnet
compositions from the upper mantle pyroxenites,ewamined garnets from over
120 xenoliths of pyroxenites from a number of pjpeslonging to the Middle
Paleozoic (Mir, Udachnaya, ) and Upper Jurassicn@@bennaya) cycles of
emplacement.

Special attention was given to a detailed mineraddg petrological, and
geochemical study of two unique xenoliths of metaaiized peridotites, Uv-4/76
and Uv-105/89, from the Udachnaya Pipe. The spef@ftures of these xenoliths
provide a possibility to study processes of tramségion of initial depleted Cr-
pyrope harzburgite-dunites of the root parts ¢folgphere into enriched Iherzolites
and, probably, pyroxenites as a result of intevactvith melts of asthenosphere
origin.

RESULTS

The kimberlite fields of the Upper Devonian — Eaclgrboniferous age are
known for: a) central part of the Siberian Platfdorthe east of Tunguska area of
Flood basalts, b) Northeast part of the Platforrd enthere are evidences of the
presence of Paleozoic kimberlites to the West afgliska flood basalts area. The
evidences for the latter case are numerous findofigdiamonds and kimberlite
indicator minerals in the sediments of the Carleyoifis age in this territory.

Kimberlites of Upper Jurassic age are mostly setdan the Northeast part of
Siberian kimberlite province. However, several karlibe bodies of that age have
been found in the area to the west of Tunguskadflbasalt province and the
country rocks for these kimberlites are Lower Tsiadasic tuffs and lavas. This
locality is close to that of the proposed for unkmoPaleozoic kimberlites,
indicators of which were discovered in the Carbemifis sediments.

A detailed study of the composition, paragenesisdistribution peculiarities
of the populations of upper mantle garnets from thierent age Siberian
kimberlites showed that:

1. The main compositional, paragenetic and distrilbutfeatures of
pyrope garnets and upper mantle xenolith in dianferaus Paleozoic kimberlites
of the central, Northeastern and Western parts ibéran Platform are very
similar. The P-T estimates using Ni-Cr in garneitgermobarometry method [19]
suggests, that the lithosphere thickness durind/iidelle Paleozoic time for all the
studied areas of the platform was ~ 230-250 km, leeat flow was around 36-37
mWmn? [10-15] (Fig. 1).

2. A comparative study of garnets and upper mantlebténfrom the
Upper Jurassic kimberlites of the Northeast and tWads Siberian platform
demonstrated that the thickness of lithosphere sigisificantly decreased since
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Middle Paleozoic to Jurassic time. The lithosphérekness was decreased up to
~130-150 km and heat flow was increased up to #hees of 40-41 mWih

3. A comparative analysis of distribution of upper mhamnxenogenic
material in kimberlites of different age inside t8#erian platform demonstrated
the following changes in the cratonic mantle contpms First there is significant
increase of the pyroxenites abundance (up to 18slinm the mantle sampled by
Jurassic kimberlites in comparison with that of tfensampled by middle
Paleozoic kimberlites (Table 1, Fig. 2). The secandglery deep decrease in the
amount of ultradepleted Gr-pyrope harzburgitesdundtes in the thinned Jurassic
lithospheric mantle of Siberian Platform.
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Fig. 1. The estimations of lithosphere thickness and geathm character for the North-Eastern marginal zone
of the Siberian Platform at Middle Paleozoic and Juassic time.

1 — the geotherms calculated for the heat flomgabus intensity; 2 — the geotherm for Lower Olenegion (Upper Jurassic time); 3 - the
geothermfor the lithosphere under Ivushka pipe (idPaleozoic time); 4 - the geotherm of the SaWtstern board of Kyutungda graben
(Middle Paleozoic time); 5 - the geotherm for therti-Estern board of Kyutungda graben (Middle Padémtime); 6 — the estimations of
maximal pressures and depths of the root parithakphere for areas 2-5 at various time; 7 — tagimal interval of lithosphere erosion of the
region during the period between Lower Carboniferand Upper Jurassic time.
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A complex study of the mantle xenoliths from thenkerlites of the central
regions have shown that in the Middle Paleozoie tthe lithosphere in the region
was about 250 km thick with a heat flow of 36 tor8®m? beginning, at least,
from depths of 200-210 km [2,10,11,15]. The mappuighe lithosphere of the
Siberian Platform on the basis of Cr and Ni distiitfn in garnets and Zn
distribution in Cr-spinels from kimberlite conceat®s gave similar values of
lithospheric thickness and heat flow in the cemntggions of the platform [6-7,19].

Table 1.

Peculiarities of pyrope garnet compositions from tke Siberian kimberlites of different age

of emplacement.

Kimberlite N CaO FeO Cr,0g3 n.,% ny, N3, N4,
regions - - /S - /S - /S diam. (>5% 7% (>10%
" § § § Cr,05) Cr;05) Cr;05)
7 508 820 445
1 — —_— — — 62 385 11.1 2.4
3270 104 102 229
32 489 806 420
2 — — —_— - 76 35.8 15.2 3.2
6726 125 107 234
34 502 891 322
3 —_— —_— — — 02 12.1 2.4 0.1
4157 062 139 143
26 423 944 275
4 — — —_— — 01 4.8 2.1 0
3834 059 162 126
12 548 755 471
5 — —_— — — 12 41.9 14.35 0.5
1184 131 177 207
6 61 4.02 7.97 5.78 36.1 49.2 34.1 14.8
7 325 5.10 9.46 2.62 0 4.8 0 0

Note: Regions: 1 — Malo-Botuobonsky (D3); 2 — Daldynakitsky (D3); 3 — Anabarsky (T1); 4 —
Lower-Oleneksky (J3); 5 — Kharamai kimberlite fie{d1); 6 — Pyropes from Middle Paleozoic
conglomerates of Kyutyungde graben area (C1); yreges from modern alluvials of Elietibiye River; N
— number of studied pipes; n - number of studietpys.

As shown above, the garnets from the Upper Jurdgeaberlites in the
northeast of the Siberian Platform have drasticalifferent characteristics of
distribution of compositions from those for the s from the Middle Paleozoic
kimberlites in both central and northeastern pafrtee Platform.

The main distinguishing features of the objectsaurmdmparison are:

1. A considerably reduced maximum ,Og content for the garnets from the
Upper Jurassic pipes (Table 1, Fig. 2).
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2. A considerable increase in average content of Fea garnets from the
Upper Jurassic pipes as compared with those fogdheets from the Middle
Paleozoic pipes (Table 1).
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Fig. 2.Cr203 vs CaO plot for peropes from: carboniferousconglomerates of Kyutyungde Graben area; high-
grade Middle Paleozoic Aikhal Pipe; low grade Middé Paleozoic Ivushka Pipe, situated in Kyutyungde
Graben area; Low Triassic Evenkiyskaya Pipe; Uppedurassic Muza and Dianga Pipes.

3. The presence, in variable amounts, of subcalcipy@wpes of harzburgite-dunite
paragenesis in the majority of kimberlites of Meldtaleozoic age, and their nearly
complete absence from the Upper Jurassic kimke([itable 1, Fig. 2).
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4. A many-fold increase in the share of garnets obygnite paragenesis in the
Upper Jurassic kimberlites as compared with thos¢he garnets from the Middle
Paleozoic kimberlites throughout the platform.

A detailed study of a collection of mantle xenditfrom the Upper Jurassic
Obnazhennaya pipe has shown that:

1. The share of pyroxenite xenoliths in it drasticatigreased as compared with the
Middle Paleozoic pipes [15,19].

2. There are no harzburgite and dunite xenoliths aontasubcalcic Cr-pyropes.

3. The maximum values of the parameters of equilibrofmupper-mantle rocks
represented in the xenoliths do not exceed theesatwrresponding to depths of
120-130 km [14, 20, 22].

4. Results of study of distributions of garnet composs from 26 pipes of Upper
Jurassic age from the kimberlite fields of the neaistern margin of the Siberian
Platform demonstrated the commonness of their sfznacteristics.

Comparison of the results obtained on studying ejarfrom heterochronous
kimberlites of the Siberian Platform and their nlanenoliths with the results of
Cr-Ni thermobarometry [19] for a number of pipesmpited us to estimate the
thickness of the lithosphere and values of heatslon the central regions of the
platform for the Middle Paleozoic and those in timtheastern regions - for the
Middle Paleozoic and Mesozoic. These estimateghernortheastern part of the
platform are compiled in Figl, which shows that fioe period from the Middle
Paleozoic (D3) to the Upper Jurassic the lithogphiickness in the region
decreased by about 70 km; and the value of heatifioreased from 37 mWfrto
40-41 mWnf.

The most probable event which might be responditethese significant
changes in thickness of composition and structtitleeolithosphere for this period is
a paramount cycle of flood basalt magmatism expcessth different intensity over
a total area about 1.5 x “I0r.

The process of thinning and modification of thee®ién lithospheric mantle
was caused by an intensive interaction of the dgpihere roots with the huge
amount of asthenospheric melt. The widespread mgelth turn, was initiated by
the Siberian Superplume, which was located at &z lof the Platform in Permo-
Triassic time. This interaction added a significaarhount of the basaltic
component into the cratonic mantle of the SibeR&tform and nearly completely
eliminated the most deep-seated layers of Pre-Rargnatonic mantle (Fig. 3).
These eliminated layers were mostly composed byletep dunites and
harzburgites including the diamondiferous one dmsl is the main reason for the
absence of diamonds in the Jurassic kimberlites.
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The intermediate stage of transformation of theadipleted harzburgites into
the enriched in pyroxene peridotites have beendomna rare kind of mantle
xenoliths from Udachnaya pipe. Garnet grains iséheenoliths are zoned with the
deep-purple core and red-orange rim. The core ceitipos and geochemical
features belong to the subcalcic, Cr-rich pyropgsical for extremely depleted
harzburgites and dunites (Table 2) [16-17]. Whereasn composition is
corresponds to lherzolite and even to pyroxenitagenesis. The gD; content
drops from 11.8 wt% in the core to 1wt % in the anmd CaO content significantly
increased from core to rim. The calculations of Ri&Etent in garnet crystallized
from basaltic melt indicate that this process canoant for the heavy REE
contents in garnet rim, but contain a less of ned®EE's and significantly less of
LREE's (Fig. 3). Therefore, the rims of the garmeissimply grow from the basic
melt, but it formed by more complicated multistagecess. It could be an
interaction of existing Cr rich garnet with the igasnelt as the combined
composition of garnet core and that of calculatachgt are more similar to the rim
composition, but still not account for LREE enriclimh The later metasomatic
enrichment by kimberlite melt can add the necessRIFE s to the rim [16-17].
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Table 2.

Microprobe analyses of minerals of Uv-105/89 and U¢/76 metasomatized peridotite

xenoliths, Udachnaya pipe, wt.%.

Uv-105/89
Zoned garnet

rimy rimy rimg rim, core Ccpx cpX ilmy ilm, ilm;
Sio, 40.2 39.8 40.8 40.9 41.4 54.8 55.4 0.03 0.go 0.00
TiO, 0.48 0.95 0.78 0.55 0.07 0.21 0.1§ 30.9 37/9 49.1
Al,O3 13.7 135 17.8 21.8 15.4 1.6D 1.84 2.52 1.12 0.65
Cr,0O; 115 10.2 5.17 1.05 11.8 0.80 0.36 15.9 9.66 1.17
FeO 10.5 115 12.4 11.8 6.93 4.31 4.49 42.2 429 .8 37
MnO 0.58 0.55 0.48 0.45 0.51 0.08 0.1¢ 0.29 0.18 210.
MgO 16.8 15.0 16.7 18.1 22.4 16.9 17.4 7.05 6.20 .410
CaO 6.58 8.81 6.95 5.32 2.49 19)5 19.6 0.03 0.06 020.
Na,O 0.08 0.07 0.07 0.08 0.01 1.73 1.66
NiO 0.22 0.12 0.11
Total 100.4 100.4 101.2 100.1 101.0 994 100.9 90.198.1 99.5
mg # 74.0 69.8 70.5 73.2 85.2 874 87.8 21.3 193 203

Uv - 4/76

Zoned garnet

rimy rim, core ol ol, cpX CcpX enst chr phl
Sio, 41.2 41.1 41.5 40.9 40.3 54.Q 54.2 58.0 0.05 42.0
TiO, 0.40 0.54 0.01 0.03 0.02 0.26 0.22 0.01 0.37 0.66
Al,O3 155 21.0 17.4 0.00 0.00 2.22 1.68 0.30 6.34 12.0
Cr,0O; 8.68 1.64 8.61 0.00 0.00 3.57 1.07 0.30 61(1 0.52
FeO 7.52 11.1 6.77 8.27 12.8 2.40 3.58 4.10 19.2 32 3.
MnO 0.52 0.52 0.43 0.11 0.10 0.09 0.09 0.08 0.54 010.
MgO 20.2 17.5 22.6 50.3 46.8 15.8 16.44 36/9 126 6.22
CaO 5.66 6.79 2.71 0.00 0.03 17.9 20.b 0.19 0.01 06 0.
Na,O 0.07 0.06 0.03 3.20 1.86 0.01 0.08
K,O 10.3
NiO 0.39 0.24 0.07 0.13
Total 99.8 100.3 100.1 100 100.3 99.5 99.6 100.1 0.20] 95.2
mg# 82.6 73.7 85.6 91.5 86.7 92.1 89.p 94|1 539 .5093

The same to described above processes, but inubk enbigger scale were

responsible for the significant increase of pyroteerabundance in Siberian
lithospheric mantle during the Superplume event.

CONCLUSIONS

Comparative analysis of petrological and geochenfeatures of xenogenic

material of lithospheric mantle from the Siberidatrm kimberlites of Pz (D3)
and Mz (T2, J3) cycles of emplacement together wimparative analysis of
geochemical peculiarities of these kimberliteswalles to conclude:
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Fig. 4.Primitive mantle normalized REE pattern of the catulated garnet composition compared to that of
core and rim of the natural garnet from xenoluth Uv105/89.

1-is calculated composition of the garnet crystalli from the composition of tholeite from Siberferod basalt province. 2-is calculated
composition of garnet using the composition 1 anell05/89 core composition in proportions of 50/50%e tholeite composition is from
Lighfoot et al, (1993). Distribution coefficientseafrom Halliday et al, (1995).

1. Maximal lithospheric mantle cross sections “sampleyg kimberlites of Pz
age reached values of 220-250 km both in centrdl gfathe platform and its
northeastern and southwestern margins.

2. Kimberlites of Mesozoic cycle (J3) of emplacemeavd “sampled” much
thinner lithosphere (<150 km).

3. A significant basification of the lithospheric mbntmatter took place in
period between Pz (D3) and Mz (J3) cycles of kiriteeremplacement both
beneath the northeastern and southwestern pagib@fian Platform.

4. These large scale changes in structure and congof the Siberian
Platform lithospheric mantle can be connected witfluence of Siberian
superplume on the roots of lithospheric mantle betwthe Permian and Triassic
periods. The same type of influence of Siberian ddPaleozoic plume but in
smaller scale took place for lithospheric mantlecefitral part of the platform as
well.
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Multi-phase assemblages of nanometer-sized inclusian

cloudy Siberian diamonds: evidance from TEM
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’GeoForschungsZentrum, Potsdam, Experimental GedshgnTelegrafenberg, D-14482,
Potsdam, Germany.

ABSTRACT

Nanometer-sized isolated inclusions have been edudn four cloudy
octahedral diamonds from the Internatsionalnaya amel from the Yubileynaya
mines (Yakutia). Transmission electron microscop¥N!) investigation of such
microinclusions as electron diffraction, analyticallectron microscopy (AEM),
electron energy-loss spectroscopy (EELS) and hegbtution electron microscopy
(HREM) were applied as well as line scan and el¢at@nmapping of the samples. All
crystals exhibit octahedral external habit with qea central cuboid cores that
contain numerous nano-inclusions. All nano-inclasiin the size range between 30
and 800 nm reflect the diamond habit and are censttprimary, syngenetic to host
diamond. They are composed of multi-phase assg®ehlavhich include solid
phases (silicates, oxides, carbonates), brinesdés and fluid bubbles. These
inclusions are relatively homogenous in compositeord contain distinguishable
crystalline and fluid phases. Al-bearing high—Mlicate, dolomite, Ba-Sr carbonate,
phlogopite, ilmenite, ferropericlase, apatite, metda, K-Fe sulfides (djerfisherite?)
and kyanite have been identified as crystallineem@hphases by electron diffraction
patterns, except the Ba-Sr carbonate. Several ghaseluding CaF2 and
clinohumite-like phases, have never been reporteth@usions in diamond. The
halide phase was KCI. Bubbles contained high K,&IP and less S, Ba, Si, Ti
components. Carbonates were identified in TEM féitsn all studied diamonds.
They occur in all assemblages with silicates, oxidmulfides and show a general
enrichment in incompatible elements such as SrBmdSome elemental variations
may be explained by fractional crystallization kfid/melt or mixing of fluids with
different compositions (carbonatitic, hydrous-sdjdrines).

INTRODUCTION

Natural diamonds and their mineral and fluid inuas are considered
powerful geochemical indicators of the deep comtiak lithosphere exceeding
depths of 120 — 150 km and sometimes even 300 laialife reconstruction of
the conditions of mineral formation at these defased on an integrated study of
diamonds and their inclusions is of principal intpoce for geosciences.
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Providing a unique opportunity to study and impraxg understanding of the
evolution of this inaccessible portion of the Earthamond was long been
recognized as an ideal container for preservingetaof the geochemical
environment entrapped during its growth even whealydical possibilities were
limited to only X-ray identification of mineral ihesions [11, 50]. The most
important factor is that these inclusions wereatsd from later mantle processes.
Chemical composition of larger mineral inclusioB4,[ 39, 45] in the size range
mainly between 50 and 200 micrometers have beetilyedetermined both in
micro and macrodiamonds worldwide [46]. Neutronivation analysis of gem
guality diamonds containing no visible inclusiorisalh showed the presence of a
number of elements which have been interpretedastituents of minute drops of
solidified melts from the diamond forming environm¢8]. Some rare diamonds
contain many hundreds of densely located monominesnd polymineralic
inclusions. One of such studied sample [27] reprissa combination of a number
of inclusions (5-50 micrometers in size) detectdyleelectron probe microanalysis
(EPMA) and hundreds of considerably smaller mineénalusions (less then 5
micrometers which are not detectable by EPMA bptagenting similar mineral
phases (garnets and pyroxenes).

The mineral inclusions in diamonds were interpretedemnants of two types
of geochemical diamond forming environments: ul@fm (or peridotitic) — U/P
type and eclogitic (E-type) as shown by systemsticlies of inclusion bearing
diamonds from numerous diamond mines worldwidd 19,30, 45].

The presence of mica inclusions showing octahetheéts of negative
diamond crystals and sometimes grown in with syagendiamond inclusions
such as clinopyroxenes and chromites [39] testifieeir primary origin and
significance of fluid containing H20, F and Cl metdiamond forming medium.

As a result of many years of experimental and dmalystudies on natural
diamonds, most authors came to the conclusionttf®tmantle environment of
diamond crystallization was represented by vola#tirated melts or fluids [1, 33,
34, 35, 37, 38, 40, 47, 53, 61]. The carboniferthuisls and carbonates could be
sources of carbon, which was saturated in the medyiredox reactions. Progress
in research technology has made it possible toystudro- and nano-inclusions in
diamonds from kimberlites and metamorphic rockscWwhoften are surprisingly
similar in diamonds from different rocks and to abt new information on
compositions of entrapped fluids [7, 13, 14, 23].

Combined with X-ray diffraction, modern analyticalectron microscopy
(AEM) allows phase identification, element mappirgnd microanalysis of
inclusions considerably less than one micrometéis Bquipment “visualizes”
every separate phase of a polymineralic nano-siegdsion, determines its unit-
cell parameters, and analyzes its chemical composithus providing positive
identifications. Using focused ion beam techniq@Ef), we have prepared
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superfine sections of inclusion-containing diamonalkich beforehand were
polished down to expose the inclusions [60]. Thesent work initiates systematic
studies of the composition and paragenesis of minand fluid (melt)
nanoinclusions in Siberian diamonds by the TEM méthNe have studied more
than 60 isolated inclusions in diamonds of octahlednd transitional habit from
the Internatsionalnaya and Yubileinaya pipes (Yiakutwhich are the highest
grade (Internatsionalnaya) and largest (Yubileipaggamond mines. Such
diamonds contain so-called cloudy parts, which ©n®f nanoinclusions
dispersed zonally throughout cubic diamonds oinglithe cuboid central zone in
octahedrally faceted diamonds. Occurrence of cdl@monds is rare in Siberian
mines, octahedral stones are considered the mmsatyorm [36].

In this paper we report data on the compositionsnetft, fluid and near
liquidus mineral assemblages located inside cloadwgtral parts of diamond
crystals. Previous studies of similar dense clomdjusions in African, Canadian
and Siberian diamonds have been reported by seaettabrs [10, 16, 20, 21, 23,
62].

SAMPLE DESCRIPTION

Nanometer-sized isolated inclusions have been edudn four cloudy
diamonds from the Internatsionalnaya (Im-201, In3;2@-204, Im-207) and one
from the Yubileynaya (Ub-5) mines from two diffetdamberlite regions (Malo-
Botuobiya and Daldyn-Alakit) respectively of theb&iian craton (Russia), all of
which are of late Devonian age [6, 19]. The ingaded diamonds were from 1.3
to 2.0 mm in size (Fig. 1), exhibiting octahednatl wubo-octahedral external habit
with cloudy central cuboid cores which contain nupos nanoinclusions (see
Fig.1). These cloudy cuboid cores are characterizgdifferent density and
abundance of inclusions as demonstrated by coftereinces in Fig.1, A and E.
There were no cracks around the cloudy substareed&tected inclusions vary in
size from 30 to 700 nm, and each consisted of aéw@neral and fluid phases.

METHODS AND ANALYTICAL TECHNIQUES

All of the diamonds were polished into 0.8-1.4 mhatgs with two parallel
surfaces for spectroscopic analysis. Polished ghaotions have been examined in
transmitted light at high magnification. The catblwhinescence images of the
diamond plates were obtained using a JSM-35 scgrelactron microscope (I =
3nA, U = 20 kV) at the Institute of Geology and Mrialogy. Birefringence
patterns of polished plates were observed withlarized microscope.
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|

FIB sample locations

Fig. 1. Optical micrographs of the five investigated cloudy diamonds from Internatsionalnaya and

Yubileynaya pipes (Yakutia).
(A) - Im-204; B) — the cloudy centre of the Im-204)(- Im-207; D) -Ub-5; E) — Im-203; F) — Im-
201. There are many nanoinclusions in the centrhicccore. There are no visible cracks around the

cloudy dense zone.

The impurity defects were initially characterizesing Infrared (IR) spectroscopy.
IR spectra were measured in the range 600 - 4500 atva resolution
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of 1 cm-1 by means of a FTIR BRUKER VERTEX 70 spatteter with the use
of HYPERION 2000 microscope. The typical diametiethe aperture spot was 50
um with 120um distance between analysis points. Nitrogen cdsii@nA- and B-
centers were calculated using the relations sgelcily Boyd [2]. The absorption
coefficient was determined with correction forilztmodes in two-phonon region.

Phlogopite C Apatite D

(001) phlogopite

Apatite. = high Mg-silicate

Dolomite, silicate,
K Cl

F o ¢ G

Magnetite Dolomite A

Fig. 2. A) TEM image of nanometre-sized inclusion 1 in foi#860 (Diamond
Im-201). (B, H) — Energy filtered TEM lattice fringe image of mica
(diffraction pattern from fast Fourier transform FF T).The spacing between
the fringes is used for phase identification.

EDX spectra (C-G) from mineral phases within in@uasl: (C)- phlogopite; (D) — apatite; (E) —
Fe-periclase (?); (F) — magnetite; (G) — dolonfga.intensity in the spectra is due to implanted
Ga during FIB sample preparation and Cu intensitpes from copper grid.

Electron transparent foils of the cloudy centrat p&the investigated diamonds were prepared
for TEM investigation using the FIB technique [60he foils were 10-20/m wide, 5-15m

high and approximately 100 nm thick. The sampleseweated with carbon before cutting the
foil. The foils are suitable for TEM investigatioesch as conventional bright- and dark-field
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imaging, electron diffraction, electron energy-legectroscopy (EELS), high-resolution electron
microscopy (HREM) and AEM. TEM study was carried osing Philips CM200 electron
microscope operated at 200 kV with a LaB6 electamurce. EELS study was done using a
Gatan imaging filter (GIF). Microstructure and camssfions of minerals were studied using an
AEM equipped with an energy dispersive X-ray (EB@ectrometer with an ultra-thin window
and a Si (Li) detector.

RESULTS

IR

Nitrogen is the most significant structural impwriin diamond. When
diamond contains numerous inclusions of submicrem&ke, it is worth studying
nitrogen contents at different growth zones of thamond. Prior to nitrogen
analysis, the diamond plates were examined with@ilr. CL and IR spectroscopy
data as well as analyses of similar samples byr @athors [16, 62] suggest that
the diamond crystals were refaceted.

IR spectra were obtained in different growth zomeasll analyzed diamonds,
and showed that studied diamonds from the InteoraBaya pipe were
categorically different from the Yubileinaya diantbnAll diamonds from two
pipes analyzed in this work contain more nitrogeithie form A defects (peaks at
1282 cm-1) in central cubic zones of crystals vagyirom 424 to 756 ppm from
Internatsionalnaya pipe and from 656 to 699 ppmmfr&ubileinaya pipe.
Distribution of B defects (peaks at 1175 cm -1yasious. In the Im-207 and Im-
201, the minimum N-content in the B- form has beeoorded in the central
cuboid site; in intermediate zone its content dcaly increases and is apt to
decrease over again, and very small B defectslasereed at margin. For the Im-
204, Im-203 and Ub-5 B —form nitrogen content ar@cmhigher in the centre
(Table 1). The degree of nitrogen aggregation fieecentage of nitrogen in B
form) is considerably small in the crystals fromteimatsionalnaya pipe than for
the Yubileinaya diamonds (Table 1). For the fir& predominant form of nitrogen
is A-centre. It will be noted that the low degrdentirogen aggregation (less 20%
in B form) is characterized the Internatsionalndi@monds as a rule. In the Ub-5
diamond the nitrogen content drastically increasesore as compared with the
margin of the crystal and the degree of nitrogegreggtion is 45,5% (Tablel). IR
has revealed that carbonates are present in nmchaesions of the central cloudy
part of investigated diamonds from two pipes . Tgpispectra of dolomite/2 at
880,v3 at 1448 + 2 cm-1) are observed for the cuboidreesf the sample Im-207
(Tablel). In addition to primary peak of dolomit @t 880) there are shoulders at
875 cm-1 (Im-204, Im-201) and at 865 cm-1 (Im-208,201, Ub-5), which are
probably related to ankerite- group and Ba-, Srb@aates respectively [41]. In the
range of the vibration frequene@(CO32-) are observed favored dolomite peak (at
1448 + 2 cm-1 ) for the most investigated diamoandd shoulders at 1430, 1455
cm-1 for some diamonds (Tablel). The broad ban@84@t 960, 1000 cm-1, 1050
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(shoulder), 1095 and at 600 — 800 cm-1 (multipletek) were observed in all
investigated diamonds. These bands may be attdkiatmica [23].

fluid bubble

Fe-sulfide 4

W\g Mg-silicate

A dolomite

ilmenite

4
s,
g
K,Fe-sulfide g
magnetite
200 nm
o limenite T fo F 09 1.8 27 36 45 54 63 7.2 81 keV 0.9 1.8 27 36 45 54 6.3Kgy

CO Dolomite G s Fe-sulfide H

Ga

x e kit
0.9 18 27 36 4554 63 72 81 oy 0 5 KoV 10

09 18 27 36 45 54 63 72 81 keV

Fig. 3. TEM bright field of nanometer-sized inclusion 3 infoil #852 (diamond
Im-207). (B) — TEM bright field image from the high Mg-silicate phase.

(C) — High-resolution image of Mg-phase super stme EDX spectra (D-H) from mineral phases insiadusion
3: (D) — Mg-silicate; (E) — dolomite; (F) — ilmeait(G) — pyrrhotite; (H) — K,Fe-sulfide. Ga intelysin the spectra
is due to implanted Ga during FIB sample prepanadiod Cu intensity comes from copper grid.

The present study shows that the presence of catd®moes not always
imply the presence of hydrous phases, which arectexized by absorption bands
in the region 1630 - 1660 cm -& (HOH)-bending vibration) and at 3200 - 3400
cm -1 (symmetric and asymmetric OH —stretching mspdethe IR spectra (Table
1). The central cuboid part of the samples frorerimtsionalnaya and Yubileinaya
pipes contains larger amounts of carbonates (atisorpoefficientsv3d (CO32-)
are 12 - 25 cm-1 and 26 cm-1 respectively) andIsmnabunt of water (absorption
coefficientsv (HOH)-bending are 0.1 — 0.3 cm-1 and 2,2 cm-1eetygely). Our
estimated H20/ (CO2+H20) molar ratios for the In&ionalnaya pipe vary
between 0.21 — 0.35. These results correlate wtil data for diamonds from this
pipe obtained by Zedgenizov [62]. For the Yubileyamanolar ratio is higher than
for the Internatsionalnaya pipe and equal to 0sgg (Tablel).
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The present data are revealed that the diamondsfgrftuid to be rich in
carbonate and hydrous- silicic endmembers [41]. Ad®oinclusions in the cuboid
cores of the investigated diamonds are mostly ceatitic [62].

100
90 —
80
70 —
60 —

%B
50 —

40 —
30 -
20 —
10

0 III\\Hl 11\\|I\‘ T T T T 17171
10 100 1000 10000

N total, ppm

Fig. 4.Nitrogen aggregation state (%B) plotted as functiorof nitrogen content (N,,m) for individual diamonds
from Internatsionalnaya and Yubileinaya pipes.

Isotherms calculated for an assumed mantle resedeint and 3 billion years (Ga) for the temperatifre
1050C to 1306C [55]. Thus the lines marked 1Ga and 3Ga at tiéoright are for the temperature of
1050C. There are Internatsionalnaya data (circle) anbil¢inaya (square) data from present study, data
of the Internatsionalnaya (triangle), obtained &3]] Note: solid symbol is related to the centiaudly

part (cuboid), open symbol is related to the rindiaimond (octahedral).

TEM

Cloudy aggregations in the core of the analyzedhdrads consist of nano-
inclusions measuring 20 to 600 nm across. The nahmions are considered
primary, because they are faceted in the form dfamond negative crystal for
both monomineralic and polymineralic inclusions ]J|[4Bs a rule, the absolute
majority of inclusions form polymineralic aggregat@lus amorphous glassy
matter and fluid bubbles.

Diamond Im-201. Foil #860 was cut from the inneoucly part of the
diamond crystal. Eleven nanoinclusions were deted®lomite was identified in
all inclusions (Fig. 2-G). The inclusions are ehed in K and CI. Using diffraction
techniques (Fig. 2-B) and EPMA spectra (Fig. 2-Cpblogopite and apatite were
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established in four cases, as well as ilmeniteraagnetite in two cases. Figure 2-
B shows the structure and electron diffraction grattof phlogopite. The KCI
phase is present everywhere. To determine the floéde composition, one of the
bubbles was opened by electron beam and the congpogias analyzed before
and after opening. Moving contrast under the ebectream indicated the presence
of a fluid. After opening the fluid bubble by theclised electron beam, the oxygen
peak in the EDX spectrum decreased substanti@lys tndicating that the fluid
was composed mainly of KOH. Some fluid bubbles wdeerepitated in the
process of film slicing; the gas component is pélytior completely released, with
K (abundant in the diamond-generating melt) andigbr P, S, Mg, and other
constituents remaining on the walls.

Diamond Im-203. One foil (#853) was sliced off trsample, and six
composite microinclusions were analyzed. All in@das are uniform, composed
of Ca, Mg, Fe-carbonates, Ba, Sr-carbonates, ppltgomagnetite, KCI-rich
phase, Fe-sulfide and quench product (K, Cl, B&,Si, O. The noncrystallized
residue contained K- impurity.

Diamond Im-207. Eight inclusions have been studigdl.inclusions were
uniform and contained, as a rule, up to six pha3é® most representative
inclusions are shown in Fig. 3. dolomite, apatibagnetite. In three cases ilmenite
and K,Fe-sulfide, most probably, djerfisherite (F&H), were recorded. TEM
bright field image and high-resolution image of higMg-silicate phase
superstructure (Fig. 3-B,C) allow this phase toidentified as a crystal with an
interplanar distance of 7.A. Despite the fact that precise identification it
phase has not been made yet, it is most similaelinrohumite (Table 2). However,
such a phase has never been detected as a dianwusian. Bubbles of fluid
contain a permanent impurity of F.. Inclusion Gaisnonomineralic inclusion of
kyanite, which undoubtedly indicates the E-typeaganesis.

Diamond Im-204. Two foils (#861 and #863) were ftam the inner cloudy
part of the diamond crystal (Fig.1-B). Foil #863snmeut from the centre of the
crystal and contained seven nanoinclusions overnd0 in size. Dolomite,
magnetite, Al-bearing, high-Mg silicate, and K-riphase were the main phases
making up inclusions. Foil #861 was sliced frommie cloudy cuboid zone. It
contained numerous nanoinclusions not exceedingn®OWe have also analyzed
the three largest inclusions containing Mg, Si, €aK, Fe, and fluid bubbles

enriched in K and O. Notably, Cl was not foundhistsystem.
Table 2.

D-spacings for clinohumite (diamond Im-207 foil # 83).

dhkl dhkl | hkl
observed calculated from literature
7,89 - 7,93 8,17 (011)
4,93-5,15 5,14 (020)
4,76 4,8 (021)
3,84 3,87 (111)
3,48 3,46 (121)
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Diamond Ub-5 (foil #1079). Six inclusions have bestudied. Their
composition differs considerably from aforementidnmclusions. First, most
space in the volume of the inclusion is occupiedylassy noncrystallized matter
containing K, CIl, Ca, P, Ba, Sr, F, S, Cr, Fe, &ndAll the phases supposedly
identified as carbonates are amorphous noncry=dllsubstances. All of them
were very sensitive to electron beam. Among thestatzed phases, we have
identified Fe, Ni-sulfide, phlogopite, ilmenite. @hcomposition of the sulfide
phase and the presence of a noticeable amountiaft@e residual melt imply that
this group of inclusions belongs to the peridgtiégagenesis. As inferred from the
EDX spectrum, there is a silica- phase. Abundardrihe content is also worthy of
note. A phase was observed to contain Ca and Fth&llanalyzed inclusions
contained a high-K phase, possibly KCI and/or KOH.

DISCUSSION AND CONCLUSIONS

The application of TEM imaging combined with FIBH@ad foils opens new
possibilities in observations of submicroscopic lusons. Polymineralic
inclusions which seem to be extremely rare in diasisoobserved by routine
techniques represented mostly by EPMA appear tofdsdy common as
nanoinclusions and are available for direct obdewaand identification.
Moreover, nanoinclusions were composed not onlgevkeral mineral phases and
guench products, but also of fluid bubbles whiclienmometimes preserved within
superthin foils, but were mostly decomposed dusagple preparation.

Establishing a link between micro mineral inclusiowhich undoubtedly
belong either to ultramafic or peridotitic (U/P) eclogitic (E-type) parageneses
proved by studies of diamonds from all depositsldwaide [9, 12, 30, 45, 50] and
polymineralic (touching) mineral nanoinclusions sty associated with fluid
inclusions may provide the most definitive informaton the realistic composition
of a natural diamond forming medium. Some firspste identifying coexisting
mineral and fluid microinclusions in the same diawi® have been performed by
Izraeli [17] and Tomlinson [57], and an importardnclusion was drawn that
fibrous diamonds grew in the same paragenetic enwvient as octahedral
diamonds [57]. This conclusion confirmed the eaddiatements on importance of
carbonates, phlogopites and Ba-Sr-titanates agdittegs of the diamond forming
environment among inclusions in macrodiamonds $4,4®, 59], which provide
evidence for the metasomatic conditions of diamamdwth. An additional
evidence for such conditions is provided by thelifig the clinohumite-like phase
in present study [56].

Some important inclusions for paragenetic relatismsh as garnets, olivine,
pyroxenes and chromites were not detected in odlysHowever, mica inclusions
which are abundant in the studied diamonds maydssified either as phlogopites
or biotites based upon their spectra and thustegkleo proper parageneses. The
same may relate to ilmenite typical both for U-typad E-type diamonds
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depending on abundance of Mg (geikielite) compor48}. The most definitive
evidence of E-type paragenesis may be present iB0lmsample, containing an
isolated kyanite nanoinclusion closely associatét #-Fe-sulfide (djerfisherite),
pyrrhotite, apatite, dolomite, most probable clinotite, magnetite, ilmenite.

The polymineralic inclusions including quench prouand bubbles rich in
K and ClI, were detected as multiple isolated foromat in all studied diamonds.
The morphology of the majority of them represermgative diamond crystals [45].
Earlier microRaman studies confirmed high inteqm@&ssure of similar inclusions
within the diamonds [15, 63], which undoubtedlytifgsto their primary origin.
All investigated inclusions demonstrate the sigiaifice of carbonates, especially,
dolomite [51] and Ba, Sr carbonates, apatite (foezdier only once in a diamond
coating [24], K, CI, OH and sometimes, F -enriclfladis in kimberlitic diamonds
formation. All of these phases, with the exceptiodrthose F-bearing, have been
earlier detected in combination with silicates loucly and coated diamonds from
Africa, Canada and Siberia [17, 23, 63].

The presence of primary brine inclusions in aldgtd diamonds confirms the
significance of such fluids in diamond formation6]Jland is consistent with
identification of the significant role of mantlerdeed CI in the groundmass of a
uniquely fresh serpentine free Udachnaya kimbeli®, 28, 32, 42]. Brine
inclusions combined with different carbonate and-k#aring inclusions mixed
with silicates, sulfides and oxides of U-type antlpe parageneses represent the
most realistic natural diamond forming medium withe range of bulk
compositions between chlorides, carbonates arch®b. The carbonate and oxide
were dominant part of the polymineralic nanoinauasi the silicate part
represented mostly by phlogopite were poorly idetti

Dolomites in nanoinclusions were surprisingly abamicithis is different from
the macroinclusion data, where dolomite was naéaet for a long time [12, 30]
and found only recently [51]. The presence of mageein some diamonds
described elsewhere [3] coupled with experimenash dindicates conditions about
6 GPa pressure, for a typical diamond formation perature close to 1000-
11000C [5, 44]. The nitrogen content and aggregatiwaracteristics can be used
for the evaluation of time/ temperature mantledesce of diamond [29]. The plot
of time/ temperature mantle residence of diamoraded on that of Taylor [55], is
illustrated in Fig. 4. We have found that the valoétime/ temperature determined
by second- order kinetic equation suggest thatctémral cuboid zones are older
than the octahedral rim for all investigated dian®iiFig. 4). This conclusion is
consistent with results obtained by Zedgenizov [6#] a mumber of similar
Siberian diamonds. Following Sunagawa [52] we sag®at central core cuboid
and surrounding octahedral outer part of investigiadiamonds were formed in
different stages and cuboid core after its fornmagtsewhere was transported to
different conditions and environment and actedeasl £rystal.

Ba and Sr enrichment of some carbonates detectedhin study as
nanoinclusions and found as typical inclusions Imomites in some Siberian
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kimberlites [26], as well as Ba, Sr titanates disred as inclusions in Siberian
diamonds testify to the importance of metasomatrccament of diamond forming
medium by these elements. The wide range of Srddnge in subcalcic, Cr-
pyropes included in Siberian diamonds [43] alsdicms such a conclusion.
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ABSTRACT

Comprehensive examination of all the volcanic rdmdies incorporated in the
Nyurbinskaya pipe (namely, pre-kimberlite mafic keckimberlite rocks and post-
kimberlite mafics) revealed that they differ draatiy in intrusion time, type and
model age of mantle source, and rock geochemistyyrbinskaya pipe kimberlites
are characterized by a significantly older agentiuision (Qem, 399.614.6 Ma) and
an older age of mantle sourcen{iIDM) = 1100 Ma,eNd = +1.0,eSr = +25.2) as
compared to older diamondiferous kimberlite rocKstloe Yakutian province.
According to K-Ar and Rb-Sr data, the pre-kimberldolerite of this pipe would be
Late Riphean (703 Ma), whereas its post-kimbedidéerite could be dated at the
Early Carboniferous (328 Ma). For the pre-kimberldolerite, the role of melt
source was played by some old enriched lithosphegntle, probably with certain
participation of some old lower crust matter (EM dNd = -12.2,eSr = +54.6;
Tna(DM) = 2450 Ma). The post-kimberlite dolerite likely had its malource in
depleted mantle, probably with certain participatiof some young upper crust
matter €Nd = +4.7,eSr = +43.7; Kg(DM) = 770 Ma). The most prominent
geochemical distinction between the petrologicasiynilar Nyurbinskaya pipe
dolerite rocks with differing age consists in ththe post-kimberlite (“young”)
dolerite is characterized by significantly higher, Hi, Nb, Ta, V, Mn, P, Y, Zr, Hf,
REE, Th and U, contents and lower Al, Mg, Ni anddGntents as compared to the
pre-kimberlite (“old”) dolerite. Geochemically, pkemberlite dolerite of this pipe is
close to highly aluminous calc-alkali basalt commion volcanic arc in active
continental margins and mature island arcs in sciiwlu zones, while the post-
kimberlite dolerite rocks are similar to sharplyogkemically enriched high-Fe
within-plate tholeiitic basalt. The set of volcanrocks with differing age
incorporated in the Nyurbinskaya pipe obviouslyt@or the temporal evolution of
the mantle sources of mafic and ultramafic magnmagtts from the Late Riphean to
the Early Carboniferous time. The new compositictata Late Riphean basalt
rocks with certain indicative isotopic-geochemifedtures related to a characteristic
geodynamic situation could gain the definitenespaleogeodynamic reconstruction
of the formation and break-up of the Rodinia supetinent (dated at the
Neoproterozoic) and temporal evolution of the Sdeicraton as one of its former
constituents.

53

/1



Deep-seated magmatism, its sources and plumes

ITRODUCTION

Diamondiferous kimberlite rocks of the Nakyn figldiscovered in 1994)
stand apart from diamondiferous kimberlites ocagriin other districts of Yakutia
not only spatially but also in the majority of coositional characteristics. In
particular, they are characterized by a predomi@aiqyrope and chrome spinel
among their high-pressure minerals (along with atmoomplete absence of
picroilmenite), an essentially phlogopite kimberltock matrix, and a peculiarly
low concentration of all incompatible elements e@tceK, Rb and P
[3,6,8,12,13,26,32]. Another peculiar featureled Nakyn field is that it abounds
with diversified basaltic rock occurrences (dykesdpcks, chonoliths, etc.)
[11,13,29,31]. The geological structure, age anarious compositional
characteristics of kimberlite and basaltic rocksurdng in the Nakyn field have
already become a subject of quite voluminous liteea(more than 30 articles and
sections in monographs, however, some issuesikieaiequately studied and/or
disputable. Among the presently known Nakyn fikieshberlite occurrences (the
Botuobinskaya and Nyurbinskaya pipes, and Marklupskand Mayskoye rock
bodies), the Nyurbinskaya pipe (under developmames2002) has received the
most study. In addition to jointly present kimlerlrocks related to different
intrusion phases, this pipe incorporates a compatgtold (prior to pipe intrusion,
or “pre-pipe”) dolerite intrusion (with its xendii$ occurring in kimberlite rocks of
the same pipe) and a relatively young (“post-pipis)erite intrusion penetrating
the pipe kimberlite rocks [11,29,31]. Undoubtedlye compositional peculiarities
of all these igneous rock bodies incorporated enNlyurbinskaya pipe are worthy
of detailed examination as this could help revéds tause of the obvious
peculiarity of Nakyn field kimberlite rocks and gainsight into the temporal
evolution of the regional geodynamic situation anchpositional characteristics of
the regional upper mantle.

TARGETS OF STUDY AND ANALYTICAL METHODS

The program of comprehensive examination of the rbipgkaya pipe
(August 2006 to June 2008) included geological dggon of drill core samples
(32 core holes, about 3000 meters core sampleajrygand ore yard studies. We
examined the geological structure of the pipe,rnineeralogical, petrological and
iIsotopic-geochemical characteristics of its kimiberland basaltic rocks, the
composition of the essential rock-forming and hoghssure minerals, and the
petrological and mineralogical peculiarities of tb@mock xenoliths.

In all, 173 thin rock sections were studied, and reineralogical analyses
were carried out. The full silicate analysis (4&et chemistry” tests) was
performed in the Analytical Centre of GIN RAS. TIE&P-MS analysis (46 tests)
was performed in the Laboratory of FSUE IMGRE MNR B&sing an Elan-6100
DRC (Perkin Elmer) analyzer. The X-ray spectratnmanalysis of minerals (912
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analyses) was conducted in the Laboratory of GINEBMET using a Camebax
Microbeam microanalyzer (U=20 kV, 1=15-20 nA). dmination of mineral
surface features (26 tests) was performed in theizdory of IGEM RAS using a
S-2300 HITACHI scanning electron microscope (magnto x 5000). The X-ray
phase analysis of rock samples (7 tests) was ctedlic the Laboratory of FSUE
VIMS MNR RF using a “X'Pert PRO” X-ray diffractomat (Phillips,
Netherlands). K-Ar isotope characteristics of rackd mineral samples (10 tests)
were examined in the Laboratory of Isotope Geoch@&yniand Geochronology,
IGEM RAS. Sm-Nd and Rb-Sr isotopic dating of ralkd mineral samples (Rb-
Sr — 20 tests, Sm-Nd — 12 tests) was performedyusiRinnigan MAT-261 mass
spectrometer in the Laboratory of IGGD RAS, StePsHurg.

GEOLOGICAL AND PETROLOGICAL PECULIARITIES OF
NYURBINSKAYA PIPE KIMBERLITE ROCKS

The Nyurbinskaya kimberlite pipe is a complex valcastructure formed as a
result of multi-stage local volcanic activity. Imdition to several igneous rock
bodies related to different kimberlite intrusionaghs, this structure incorporates a
comparatively “old” intrusion of “pre-pipe” doleat (with its rock xenoliths
occurring in kimberlite of the same pipe), and ktreely “young”, “post-pipe”
dolerite intrusion penetrating the pipe kimbertibeks [13,26,29,32].

The sharp, “cutting” shape of contact between tk bodies related to the
three main stages of volcanic activity (old mafidsaberlite and young mafics) is
evidence for a significant difference in their ugion age (each preceding phase
has had time to lithify and cool down before tlextnintrusion started). Along
with this, separate intrusion phases within a commatage of volcanic activity
either had a large time lag between each othebgily reflected in sharp, cutting
contact appearance) or intruded nearly synchrogppsskch that two hot, uncon-
solidated (non-lithified) rock bodies contacted.vidénce for non-synchronous
intrusion of rock bodies related to the three msiages of volcanic activity
(intrusion phases) can be found primarily in tharph cutting appearance of
contact between them (which means differetdtive ageof these bodies) and in
data onabsolute agef these rock bodies.

According to data from a lot of studies [13,26f tNyurbinskaya pipe has a
two-phase internal structure. The early, intrusplease is represented by
porphyritic kimberlite occurring as a thin, NNE-ented dyke traced at the NE and
SW margins of the pipe, and also as small fragmentslarge xenolithic blocks
(up to 10-20 m) in rocks related to the secondusitm phase. The second (and
terminating), volcanic phase makes up the bullheftype body, being represented
by autolithic kimberlite breccia. The internalwustture of the pipe is complicated
by a dolerite intrusion (revealed by drilling atepth of more than 300 m). Pipe
kimberlites have a coarse porphyritic (magnophytiexture, where olivine-1
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macrocrystals, olivine-2 and (more rarely) phloge4#@ phenocrysts are cemented
in a carbonate-phlogopite matrix with rarely disseated chrome spinel grains.

The examinated kimberlite obviously underwent somiense post-magmatic
(occasionally hypergenetic) transformation, whigsulted in significant (occa-
sionally complete) replacement by secondary misdrgh to 60-100%).

Our studies revealed that the Nyurbinskaya pipeosprised of different
structural and genetic rock varieties, all of theeing derivates of magnophyric
phlogopite kimberlite. Five subvertical internabhpmogeneous bodies (intrusion
phases) can be distinguished in the pipe beingiestydavith varying degree of

uncertainty, such that only phases ## 1 and 4gtigrtorrespond to certain rock
varieties described in literature (figure 1).

Fig. 1. Model of structure of the
Nyurbinskaya pipe (section).
1 - Phase 1, “pre-ore” dyke of
magnophyric kimberlite; 2 - Phase 2,
kimberlite eruptive breccia; 3 - Phase
3, kimberlite tuffisite and ’
xenotuffisite; 4 - Phase 4, kimberlite | O
xenoclastic lava; 5 - Phase 5,
magnophyric kimberlite; 6 — post-
kimberlite basalts; 7 — pre-kimberlite
basalts.

Phase 1:.a thin (0.1-0.5
m) “pre-ore” dyke of strongly
altered magnophyric kimberlite
(or porphyritic kimberlite, after
[17]).

Phase 2:intensely altered| €
kimberlite eruptive breccic
(xenotuff kimberlite breccia,
after [17]) occurring as
fragments of some rock bod
that was formed by the
explosive phase of volcani
material  intrusion,  which
“cleaned” the pipe-shape
channel from sedimentar %
rocks, having provided ¢
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xenotuffisite (kimberlite tuff breccia, after [17])

Phase 4:moderately altered kimberlite xenoclastic lava @étitic eruptive
kimberlite breccia, after [17]).

Phase 5:moderately altered magnophyric kimberlite lava aedolava (or
porphyritic kimberlite, after [17]). It is likelghat large intervals of porphyritic
kimberlite (up to 40 m thick as is visible) are qgmmed mostly of rock bodies
related to certain separate intrusion phases r#taerof penetrated rock xenoliths
(as is stated in [13,26]). This suggestion is sugal by the fact that the examined
contact between the porphyritic kimberlite dykediatb7 m thick) and tuffisite has
a“welded” appearance, without any clear borderline, suchstnactural elements
of rock remain unbroken on each side of the con@etn on the micrometric
scale. The appearance of this contact suggeste somultaneous or nearly
synchronous intrusion of two yet hot, not completehified (“loose”) bodies, or
some nearly synchronous injection of two portiohshe same melt with inequal
gas content.

It is not improbable that the rocks related tousion phases 3 and 4 (and,
may be also to phase 5) may represent differemédaaf a common geological
body with inequal gas content, or asynchronousigustof a common phase of
magmatic material intrusion.

Fig. 2. Phase B, xenolith of the apatite-ilmenite-olivine-plogopite rocks (sample N-355): think section.
Polarized light. Ol — serpentinized olivine, Pipklogopite, Ap — apatite, Ilm — picroilmenite.
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In addition to the above described “actual” rocklies, which can be studied
by drilling, also worthy of consideration are theypothetical” geological bodies
of early kimberlitic or protokimberlitic rocks, wth, although only show up as
thin dykes, xenoliths and autoliths, still may bemportant information on
compositional and formation peculiarities of Nyurdkaya pipe kimberlites.
These “hypothetical” bodies (phases) are charaet@riy a completely crystalline
(although microcrystalline) structure of rock matand “extreme” geochemical
characteristics. In this study, we denoted thenB/And C (in contrast to “actual”
rock bodies incorporated in the Nyurbinskaya pipe).

Phase A:a fluidal, aphyric (sporadophyric), microcrystadliapatite-olivine-
carbonate-phlogopite kimberlitevith some carbonatite elements. The structure of
the rock is fluidal, with subparallel arrangemerit carbonate, phlogopite and
apatite laths.

Phase B :an aphyric (sporadophyric), microcrystalliapatite-picroilmenite-
olivine-phlogopite kimberlitewith some evidence of Fe-Ti-P metasomatism. The
rock has a hypidiomorphic granular texture (withnammorphic apatite and
picroilmenite segregations filling the interstitiadids between idiomorphic olivine
and phlogopite grains, see figure 2) and a foliakedcture (owing to subparallel
arrangement of phlogopite laths).

Phase C:a magnophyriclamprophyre-typeolivine-phlogopite kimberlite
with some evidence of K-metasomatism. The rockd&®mogeneous, massive
structure, with rare elements of banded struct@iéerfating porphyritic and
almost monomineralic, microcrystalline phlogopitenes), and some inclusions
showing a concentric zoned structure with magndphggntral zones and nearly
aphyric margins (probably, analogues to “centrpktautoliths” in kimberlite).

In addition, there appears to be evidence of andtrenation phase in the
Nyurbinskaya pipe. Thi®hase # 6could be preliminarily (until better studied)
identified asepiclastic rocks of crateral facies Truncation of the Nyurbinskaya
pipe is approximately 480 m [9], this is why thateral facies of the pipe could
not survivein situ. Nevertheless, the drill hole # 9/420 dissected depth of
about 450 m a rock block, at least 8 m thick, vettuctural and textural features
typical of crateral facies rocks. This block isngmsed of parallel layered
volcanoclastic and volcanosedimentary rocks, vesll worted, with grainsize
decreasing up the section as follows: tuff congl@tee— tuff gravelite — tuffstone,
and the top of the section is represented by firddgtic limestone with trace
amounts of tufogenic admixture. In other wordss tlock block is characterized
by a gradational lamination which is an indicative feature of crateral facies
About 20 m above this block and 20 m below it, Zootunsorted debris-clumpy
host rock breccia with some admixture of kimberlmaterial occur, which also
may be related to crateral facies (colluvial forimas); true, this relationship is not
so obvious. Probably, the preserved block of caatircies rocks traveled down
the vent along a system of faults in the coursgtroictural-tectonic transformation
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of the pipe, which could be caused by invasion gbang post-kimberlitic mafic
stock intrusion.

Geochemical peculiarities of different kimberlite
VARIETIES

Major and minor element contents of the examineablerlite rocks are given
in Tables 1 and 2. In general, chemical peculesitof different kimberlite
varieties are in line with their petrological chatexistics and some variation in
rock geochemistry for petrologically similar rockse primarily due to inequal
degree of secondary carbonatization and varyingengéxtof phlogopite
chloritization.

Table 1.

Chemical composition of the Nyurbinskaya pipe volaaic rocks (wt. %)
No 1 2 3 4 5 6 7 8 9 10 11 1 1
n 2 2 2 5 8 6 1 1 1 6 8 1 1

SiO; 24,93 36,35 28,02 30,53 32,13 34,74/ 19,08 34,58 38,72 48,03 46,21 43,84 44,21

TiO, 0,75/ 0,83 0,46/ 039 041 0,61 0,76/ 3,23 1,18 0,84 4,44 4,15 4,20

Al,O4 2,33 3,12 2,94 2,64/ 3,00 4,21 250 4,72/ 7,30 17,76/ 11,64/ 11,46 12,15

Fe,03 3,02] 4,06) 5,69 4,38 5,62 580 4,57 489 3,68 2,38 397 190 5,34

FeO 2,14 2,19 0,77] 2,49 197, 2,01 1,97 4,60 3,59 4,65 12,39 9,25 6,83

MnO 0,10; 0,07, 0,08 0,09 0,09 0,10} 0,05 0,16) 0,06, 0,05 0,19 0,15 0,05

MgO 577 21,52/ 17,80 26,80 28,32 26,37 17,95 28,30 26,03 8,56/ 5,88 9,23 10,12

CaO | 31,49 11,55 16,94 10,09 8,10f 6,37| 25,17] 4,59 3,92 517/ 7,59 13,00 2,84

Na,O 0,09/ 0,24, 0,37/, 0,16/ 0,16/ 0,29; 0,22 0,17, 0,220 1,55 1,79 0,99 0,88

K,0 0,11} 2,65 1,41 0,86 0,77/ 2,10] 1,11 2,01 4,43 2,89 241 0,65 494

P,Os 1,12/ 0,98 041 042 0,46/ 062 1,78 1,700 0,23 0,12 0,74/ 0,73 0,58

L.O.l. | 27,78 15,80 24,52 20,53 18,43 16,19 24,34/ 10,51 9,90 7,48 2,30 3,84 6,94

Total | 99,61 99,35 99,39 99,38 99,46/ 99,40 99,40 99,46/ 99,26/ 99,46 99,54 99,19 99,08

H20" 0,73] 2,30, 3,89 3,03 2,27, 284 0,72/ 2,01 201 4,38 0,777 1,44 183

H20" 2,58 2,36/ 2,84/ 7,58 9,38 7,36/ 4,64 7,08 4,62 256 1,16/ 2,41 3,85

CO; 24,43 10,79 17,50 9,80 6,71 5,74 18,58 1,37 3,42 <0,2| <0,2| <0,2/ 0,90

Stot. 0,07, 0,11 0,35 0,12 0,08 0,09 <01 <01 0,11} <0, <01 <0,1] 0,92

Note: n — number of analysis; No: 1- Phase 1, “pre-atgke magnophyric kimberlite; 2 - Phase 2,
autolithe; 3 - Phase 2, kimberlite eruptive brardi- Phase 3, kimberlite tuffisite; 5 - Phaskidhberlite
xenoclastic lava; 6 - Phase 5, magnophyric kimteerlr - Phase A, microcrystalline apatite-olivine-
carbonate-phlogopite kimberlite (sample 16/138-518) - Phase B, microcrystalline apatite-
picroilmenite-olivine-phlogopite kimberlite (samd&e355); 9 - Phase C, magnophyric lamprophyre-type
olivine-phlogopite kimberlite (sample N-384); 1@re-kimberlite basalts (dolerite xenoliths); 1Jpest-
kimberlite basalts (dolerite); 12 - post-kimberliiasalts (glass); 13 - near pipe basalt (sanp&DH5).
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Table 2.
Minor element composition of the Nyurbinskaya pipevolcanic rocks (ppm)
No 1 2 3 4 5 6 7 8 9 10 11 12 13
n 2 2 2 5 8 6 1 1 1 6 8 1 1

Be | 3,37 3,00 | 2,56 2,48 2,69 3,6p 6,3 D8 176 1,20152 4,10 1,30
Sc | 1392 13,0 7,49 7,69 8,07 11,82 20}2 3527 1§,80,2 4134,4| 335 24,3
Vv 79 102 67 61 61 65 194 92 44 241 381 320 317
Cr | 1248 | 1876| 549 660 699 1143 1234 1000 2008 B98 26 2152
Mn | 411 564 | 566 615 516 570 359 730 389 234 1280 134 2 26
Co | 65,2 74,1| 36,8 51,5 51,5 60,8 24/1 554 124,2 3840,1 | 34,4 | 557
Ni 590 985 | 643 969 850 901 499 86p 127 280 $3 104 76
Cul| 360 | 659| 242 159 97 8,8 5,5 148 33,7 69,7 @64130,2| 118,9

3

1

N
=

Zn | 2246 41 32 36 31 39 19 74 45 ¢] 126 125 1p7
13,3 4.4 254 822 21,1

Ga| 108 | 80| 61| 52 49| 64 45 11,

Rb 4,2 93,1 | 45,3 26,1 20,7 50,8 34,0 65| 1486 29,8,44 11,3 | 36,9

Sr 184 381 | 299 343 415 502 207 24P 82 543 767 24 419
Y 11,5 10,2 99| 8,0 7,5 7,0 22,0 9,0 24 8,7 56,9 257,193

Zr 85,3 | 106,9| 80,4 60,1 59,¢ 63,0 215,7 14p,2 3R,0 3 76465,1| 456,6] 266,¢
Nb | 31,8 | 51,1 20,8 20,9 20,2 24,0 90,3 391 7,6 4,9 651,539 34,8

Mo | 0,69 1,33 | 2,25 1,02 1,54 1,14 0,89 1,16 Of7 2,79013 1,23 1,98

Ccd| 0,16 | 0,19| 0,14 0,18 0,20 0,28 0,15 0,18 0,06 013410 0,33 | 0,21

Cs | 0,37 0,71| 1,22 0,54 0,37 0,66 047 1,66 103 0,4359Q0 042 | 0,15

Ba 77 714 | 377| 301 272 554 141 29p 736 705  3p9 262 673

la | 140 | 139| 130 98 854 120 345 219 61 95 45B46 | 29,7
ce | 287 | 31,2] 27.d 214 190 254 89jo 432 112 17.82,a| 1180/ 66,9
pr| 40 | 43| 35| 29| 27| 36 12 143  16,00,4
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Nd | 17,9 189 | 14,8 12,8 11,9 15,8 53 8,6 561,66,8 | 39,7
Sm| 398 | 390 | 3,03 2,70 2,65 3,08 10,65 5,89 1,13 1,84,04| 14,80 7,94
Eu | 1,07 121| 0,74 0,78 0,771 0,88 2,17 1,51 081 066763 5,05 2,40
Gd | 3,61 3,18 | 2,58 2,27 2,33 2,58 8,19 475 001 176,78 14,13| 6,26
Tb | 0,47 0,40 | 0,34 0,31 0,32 0,38 1,03 0% o002 027132 2,14 | 0,88
Dy | 2,35 194 | 1,83 1,60 1,63 1,64 5,26 2,62 0,60 1,62,46| 12,37 4,73
Ho | 0,41 0,33| 0,34 0,29 0,3 0,29 0,90 0,42 0,/l0 0,35412 239 | 0,86
Er | 095 | 0,76 | 0,90 0,72 0,73 0,69 2,06 0,87 oR5 096294 6,19 2,14
Tm | 0,12 0,10| 0,23 0,10 0,1¢ 0,09 0,26 0,10 0,04 0,24860Q 0,83 | 0,29
Yb | 0,67 0,51| 0,78 0,57 0,57 0,51 1,45 0,56 0OpR4 0881753 5,02 1,71
Lu | 0,09 0,07 | 0,11 0,08 0,08 0,0y 0,20 0,07 0,04 0,2373Q 0,71 | 0,24
Hf | 1,91 197 1,73 129 1,39 154 4,16 579 109 199,271 10,85 6,58
Ta | 1,76 1,98 | 0,777 0,84 0,93 1,38 3,09 6,33 081 0,31663 3,58 2,52
w 1,00 | 3,29| 3,74 080 10,18 5,64 - - - - - -
Pb | 455 | 259| 2,05 1,8% 1,9 2,28 1,61 6,93 579 139182 1,87 | 4,57
Th | 1,23 1,07 | 1,93 1,22 1,09 1,1 7,01 140 0B2 161115 537 | 4,08
U 1,85 | 054 | 1,00 0,49 0,44 0,38 1,55 0,47 086 0,30471 1,98 1,06

Note: see table 1
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The very strongly altered (carbonatized, chlordizand silicified) or
contaminated (with limestone and siltstone xens)ithkimberlite rocks
(respectively, magnophyric “pre-ore” dyke kimbexlitelated toPhase 1and
eruptive kimberlite breccia related tehase 2 reflect the initial kimberlite
composition only very approximately, just with respto some of the least mobile
elements. In general, “pre-ore” dyke rocks areilamin distribution of the main
elements of low mobility to porphyritic kimberliteelated toPhase 5 but their
higher than average ,®s content (0.8-1.44 wt. %) makes them closer to
lamprophyre-type porphyritic kimberlite rocks redtto the “early kimberlitic”
stage, denoted here &hases AandB. The distribution of major and minor
elements ilPhase 2rocks agrees well with the “hybrid” nature of etiup breccia
abounding with xenogenic carbonate material andynfients of porphyritic
kimberlite related to early intrusion phases.

The initial kimberlite composition in most adequgtesflected in moderately
altered kimberlite tuffisite Rhase 3, kimberlite xenoclastic lavaPpase 4 and
magnophyric kimberlite lava and xenolaRhése 3. The rocks related tBhases
3 and4 are characterized by a very high Mg index (24.638t. 5% MgO, with
magnesian index Kmg = 84.0-90.1), mediumOKO0.4-1.29 wt. %), AlD; (1.85-
4.2 wt. %), Fe@: (5.88-8.87 wt. %) contents, and a lower than aeraio,
content (0.36-0.46 wt. %).Phase 5rocks differ fromPhase 3and Phase 4
tuffisite and xenoclastic lava (which are similarthem in Mg index) by their
higher TiQ (0.49-0.69 wt. %), KO (1.18-2.54 wt. %), #s (0.51-0.85 wt. %), and
Cr (1060-1400 ppm) contents. In rocks with veryhhgroportion of phlogopite,
Al,O3; content ranges up to 6.62 wt. %.

The examined kimberlite rocks are characterized Hmsterogeneously
distributed but generally low to medium (for kimlier series rocks) incompatible
element contents. The concentrationlaofye-ion lithophilic element$LILE) in
these rocks is moderate, close to average for kirmibeseries rocks, in particular,
their K;O (0.5-2.54 wt. %), Rb (14.8-96.0 ppm, Cs (0.2321ppm); Sr (162-768
ppm (up 944 ppm)) and Ba (199-730 ppm). Along wiiis, the rocks are
characterized by very low HFSE: Zr (46-73 ppm, ad17 ppm), Hf (0.98-1.78
ppm), Nb (17.9-55.0 ppm), Ta (0.81-2.04 ppm), JJ{@.36-0.69 wt. %, up to 0.88
wt. %), Th (0.92-2.23 ppm), U (0.36-2.16 ppaREE (45-80 ppm, up to 90 ppm).
Tuffisite and xenoclastic lavas related to intrasiBhases 3and 4 are nearly
identical in incompatible element distribution. dRe with lava appearance
(porphyritic kimberlite rocks related to differemtrusion phases) differ from
volcanoclastic rocks (tuffisite, xenoclastic la\g)having higher concentrations of
almost all incompatible elements.

In general, our geochemical data obtained for trennkimberlite rock
varieties in the Nyurbinskaya pipe are close tovipresly published data
[8,13,26,32]. Along with this, it is important tan@hasize that inclusions of
kimberlite rocks related to the early kimberliterf@tion stage stand apart from the
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rest of Nyurbinskaya pipe kimberlite rocks by tHeixtreme” (extremely high and
low) concentrations of the essential elements, gmignof the incompatible ones.

The aphyric microcrystallin€hase A apatite-olivine-carbonate-phlogopite
kimberlite (sample 16/138-513) differs from typical pipe kienlite rocks by its
higher than average CaO, €0OK,0O (1.11 wt. %) contents and, what is most
important, has the highest (among the Nyurbinskaga kimberlites), Os (1,78
wt. %), V (194 ppm), Be (6,32 ppm), Y (22 ppm), 245 ppm), Hf (4.16 ppm),
>REE (223 ppm) and Th (7 ppm) contents, and thergkbayhest Nb (90.2 ppm)
and Ta (3.09 ppm) contents, with a rather high [dbf&tio (29.2). This
distribution of minor elements, along with the edgdly carbonate rock
composition, may point to the relationship of ttosk to some carbonatite process
or KREEP-type metasomatism.

The aphyric microcrystalline Phase B apatite-picroilmenite-olivine-
phlogopite kimberlite(sample N-355), having a very high MgO content 328t.
%), is characterized by also highX(2.01 wt. %), AIO; (4.72 wt. %) and s
(1.70 wt. %) contents and, what is most importaaty high TiQ (3.23 wt. %), Sc
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Fig. 3 Chondrite normalized [4] REE distribution patterns for kimberlite rocks of the Nyurbinskaya pipe

1 - Phase 1, “pre-ore” dyke of magnophyric kimlierlR - Phase 2, kimberlite eruptive breccia; Bage

3, kimberlite tuffisite and xenotuffisite; 4 - Plea4, kimberlite xenoclastic lava; 5 - Phase 5, ropbgric
kimberlite; 6 — Phase A, microcrystalline apatiteine-carbonate-phlogopite kimberlite; 7 — Phase B
microcrystalline apatite-picroilmenite-olivine-plgiopite  kimberlite; 8 - Phase C, magnophyric
lamprophyre-type olivine-phlogopite kimberlite; 9 Fe-Ti series kimberlite (group 1); 10- Al-series
kimberlite (group 2); 11 — Al-series olivine mdiilé of the Arkhangelsk province.

(35.2 ppm) and Ta (6.33 ppm) contents, which igattaristic of Fe-Ti series
kimberlites [20] or Group 1 kimberlites [24], alongth a very low Nb/Ta ratio
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(6.2). These geochemical features might poinh&relationship of this rock to
the proto-kimberlitic melt [18] and be evidenceefTi-P metasomatism.

The magnophyridPhase C olivine-phlogopite lamprophyre-type kimbtel
(sample N-384), having a very high MgO content @36at. %) and a higher than
average TiQ content (1.18 wt. %), is characterized by the aggjh(among the
analyzed rocks) concentrations of Ni (1277 ppm),(C4 ppm), Cr (2008 ppm),
Al,O3 (7.30 wt. %), KO (4.43 wt. %) and Rb (148 ppm). Along with thisis
Phase C rock has the lowest (among the examind)ré¥Os (0.23 wt. %), Sr
(82 ppm), Y (2.4 ppm), Zr (32 ppm), Hf (1.1 ppm}p KV.6 ppm), Th (0.32 ppm),
and >REE (28 ppm) contents, with a very low Nb/Ta ra{@3). These
geochemical features agree well with the esseptillogopite composition of this
rock, which probably formed under the action of IRmantle metasomatism.

Of particular interest is the REE distribution ififerent kimberlite varieties,
with generally low REE content of all these kimiderkocks EREE = 45.0-81.4
ppm; up to 90.1 ppm). The appearance of lanthamigdribution curves
(normalized to chondrite) is quite peculiar butnhethe same for all the examined
kimberlite rocks (with certain difference just idsalute REE content values),
which is evidence for their consanguinity (figure Bhese curves have a “flexure
bend”, with a gentle positive slope in heavy arghtilanthanide ranges (with
(La/Yb)y = 9 — 20) and a somewhat steeper positive slopéhen medium
lanthanide range. Whereas in the heavy lanthamaigge distribution curves of the
examined rocks are similar to that dil-seriesZimni Bereg kimberlites, in the
light lanthanide range the distribution curveshsd tNyurbinskaya pipe rocks fit to
the distribution curve of extremely geochemicallgpbbted Al-series olivine
melilitite. ( Note that distributions of some otledements, in particular, Ta and Sc,
in the examined pipe rocks are also somewhat ‘fimteliate” between those
typical of diamondiferous kimberlite and olivine Ifigte of Al-series). Maximum
lanthanide content is found in microcrystallifkase A apatite-olivine-carbonate-
phlogopite kimberlite(lwith some carbonatite features), while minimunthamide
concentrations are characteristic of the magnoptBhiase C olivine-phlogopite
lamprophyre-type kimberlit§almost purely alkaline, Rb-K mantle metasomatism
product).

In general, it can be said (taking into accountghbssibility of redistribution
of different elements in various metasomatic anplelngenetic processes) that the
examined rocks of the Nyurbinskaya pipe are simikageochemistry to South
African Group 2 kimberlites and Al-series kimbegstof the Arkhangelsk diamond
province, primarily, to crystalloclastic tuffisite kimberlite pipes of the Zolotitsky
cluster (which has been also mentioned in previtudies [8,12]); moreover, they
are even closer to extremely geochemically depléteseries olivine melilitite
[20], being characterized by very low TiOra, Sc, Th, U, and LREE contents.
Along with this, inclusions of rocks related to tharly kimberlite formation stage
stand apart from the rest of Nyurbinskaya pipe lartite rocks by their extremely
high and low concentrations of many elements, whighlights the prominent
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role of alkaline (Rb-K), Fe-Ti-P and KREEP metastsm and carbonatite
process elements in pipe formation. TRlease Bapatite-picroilmenite-olivine-
phlogopite kimberliteis similar in composition to differentiated Fe-Saries Zimni
Bereg kimberlite rocks [20] and/or Group 1 kimbedi [24].

Geological and petrological peculiarities of old
(PRE-KIMBERLITE) MAFIC ROCKS

In order to examine the characteristic compositideatures of reliably pre-
and post-kimberlite mafic rocks, it was necessargdmple igneous mafic rock
bodies showing direct (explicit) geological evidenaf their intrusion time with
respect to Nyurbinskaya pipe kimberlite rocks,, ithose mafic rock bodies for
which the nature of their contact with kimberliendoe identified unambiguously.

Having analyzed drill core samples from 32 drillldsy in no case did we
encounter any evidence of pre-pipe rocks like thieseribed in [11,29,31]. Along
with this, many researchers report the presencenotlerately alkaline dolerite”
xenoliths [11] or “angular trap fragments” [29] Myurbinskaya pipe kimberlite
rocks, naturally recognizing the pre-kimberlite ajéhese dolerite rocks.

Table 3.

Chemical composition of the pre-kimberlite and poskimberlite basalt minerals (wt. %)

No I\cg;g- SiO, | TiIO, |Al,O3|Cr,03) FEO | MNO | MgO | CaO |Na,O | K,O | BaO | SrO | Total

1 - |50,55 0,00| 0,05 47,561,09| 0,14 - - - - - | 99,39
2 | ilm - 149,12 0,39| 0,07| 48,960,75| 0,27 - - - - - | 99,56
3 - 150,02 0,08 | 0,02 48,200,48| 0,25 - - - - - | 99,05
6 52,56 0,04 | 28,55 0,02| 0,55| 0,00 0,08 11,56,93| 1,00f 0,32 0,00 98,61
7 | plag | 50,32 0,01] 30,32 0,00| 0,53] 0,00 0,06 13,98,52| 0,27 0,06 0,00 99,01
8 53,93 0,07 | 27,59 0,00 | 0,72 0,01 0,11 10,76,06| 0,60, 0,02 0,09 98,96
9 - 112,65 1,69| 0,09/ 79,3830,21| 0,12 - - - - - | 94,09
10 |Ti-mgt] - |14,21] 0,36 | 0,10| 79,890,30| 0,13 - - - - - | 94,99
11 - |16,51 1,77| 0,10/ 76,800,33| 0,19 - - - - - | 95,70
12 49,24 1,37 | 2,31, 0,09 11,330,31| 14,0918,66| 0,23 | 0,00 - - | 97,68
13| cpx [49,03 1,29| 2,18| 0,01 13,740,32| 13,99 16,79 0,26 | 0,02 - - | 97,68
14 49,11 0,99| 1,80 0,00 14,100,39| 13,1118,15| 0,33 | 0,00 - - | 97,98
15 - 150,90 0,12 | 0,03| 46,740,61| 0,82 - - - - - | 99,22
16| ilm - 150,45 0,03| 0,03] 47,500,58| 0,55 - - - - - | 99,14
17 - |50,17| 0,05| 0,03| 48,090,57| 0,46 - - - - - | 99,37
18 54,44 0,07 | 27,83 0,00| 0,54 0,00 0,08 10,94,09| 0,38 0,00 0,00 99,37
19| plag |53,41] 0,14 | 28,22 0,02| 0,63 0,00 0,14 11,7%,42| 0,34] 0,00 0,05 99,16
20 53,73| 0,10| 27,94 0,00| 0,75| 0,05 0,10 11,64,49| 0,28 0,04 0,17 99,35

Note: 1-11 (sample N-329) — pre-kimberlite basalt; T2(@ample 22/380-231,5) — post-kimberlite basalt

Reasoning from the aforesaid, we decided that tverdd be no other way to
identify reliably pre-kimberlite mafic rock bodies the Nyurbinskaya pipe than
through searching for mafic rock xenoliths in kinmlie rocks of this pipe. As a
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result of quarry and ore yard studies, we colleetaset of 11 dolerite xenoliths for
through examination (it is notable that these x#m®lwere very similar in
appearance to post-pipe dolerite).

Pre-pipe dolerite xenoliths occur in Nyurbinskaypepkimberlitic tuffisite
and xenoclastic lava (“autolithic breccia”) quitentmonly. Varying in size
between 6 and 20 cm, they have generally ovalizethetimes geometrically
regular shapes. Secondary alteration rims of tkeseliths are not thick (mostly 3
to 6 mm), and the internal zones of the sample® leaquite fresh appearance.
Some of the xenoliths demonstrate concentric elésnehglobular to shell-like
cleavage. The rocks have a homogeneous dark glayaton.

All the analyzed xenoliths are similar in rock . Most of them are
massive, equigranular, microcrystalline doleritehwprevailing grainsize of 1.0-
1.5 mm (more rarely, 0.7-1.0 mm), except for twongkes (N-275 and N-412)
having a porphyritic texture (with glomeroporphirit clinopyroxene and
plagioclase phenocrysts varying in size from 1.01t6 mm) and showing a
microcrystalline doleritic texture of rock matriwith grainsize of 0.2-0.3 mm).
The structure of the rocks is homogeneous and wegssithout any amygdaloidal
inclusions. The rocks show a varying degree ofaiken: clinopyroxene (40-50%
of the rock volume) is completely replaced by se@wy minerals (single olivine
grains are also replaced), but tabular plagioclaystals (40-50% of the rock
volume) have in some samples surprisingly frestea@nce. Plagioclase generally
corresponds to Ap (with compositional variation between fArand Ang; — see
table 3). Opaque minerals (3-5% of the rock volume represented by small
(generally 0.1-0.3 mm rarely up to 0.5 mm), xengoh@r (interstitial) or
idiomorphic segregations of titanomagnetite andilvhenite (table 3). In addition,
a single grain of medium-Cr magnesian chrome spiaglbeen identified.

GEOLOGICAL AND PETROLOGICAL PECULIARITIES OF
YOUNG (POST-KIMBERLITE) MAFIC ROCKS

All the researches of the Nyurbinskaya pipe aghemiathe post-kimberlitic
origin of the within-pipe mafic rock body, takingto account its well defined
cross-cutting contact with kimberlite and markederation features, both
endocontact (chilling zones in mafic rocks) and cexdact (some skarn-like
features in kimberlite) [26,29]. Along with thispree researches believe that the
dyke (or stock) of mafic rock that has been discedeby drilling in the
Nyurbinskaya pipe is made up of both pre-kimberditel post-kimberlite mafics
(' [11].

We have analyzed post-kimberlite mafics of the Minskaya pipe in drill
core samples from four drill holes (32/265, 16/490/420 and 22/380) and in the
zone of mafics-kimberlite contact. In addition, eeamined a core sample from
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drill hole # 4/660, which dissected some basaltybad unclear age and
morphology 200 m SE of the pipe being studied.

Core samples from all four drill holes bear infotima on a contact between a
mafic rock body and pipe kimberlite. This contaotnts unambiguously to post-
kimberlitic origin of this mafic intrusion, therethi being rather difficult to
examine by itself, with peculiar and disputabletdeas encountered in core
samples from each of the four drill holes.

Drill _ hole # 22/380 dissected a mafic rock body at its contact with
metasomatized kimberlite tuffisite at a depth of 24. Large “drops” of magmatic
melts, which intruded here into kimberlite, occiihified as “prominences”, or
apophyses, of basalt glass, 1.0-1.5 cm thick an@018m long, with a solid,
homogeneous structure. Somewhat lower (deeper)e the a complexely
structured, zoned contact between the main madi bbody and pipe kimberlite.

Fig. 4.Post-kimberlite dolerite (sample 32/265-500), thinkection: plane light.
Cpx — clinopyroxene, Fsp — feldspar, IIm — ilmenite

Along the very kimberlite contact, the rock consief basalt glass, but this
glassy zone (in contrast to the above describe@hgses) is only 1-3 mm thick.
The next zone is made up of miniphyric basalt (thiok). It has a heterogeneous
structure, which shows itself both in a sharp cleanf rock texture (however,
without any break in continuity) and in the presenof vein-like basalt
segregations (all with the same geochemistry), Wwisiaggests repeated basaltic
melt injections. The basalt zone sharply grades atzone of microcrystalline
dolerite with rare amygdaloidal inclusions and,tter, into medium-grained
crystalline dolerite with characteristic skeletorystals of ilmenite (figure 4).
Mineral chemistry of rock from this drill core salaps similar to that from drill
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hole # 32/265 (table 3). Almost throughout the vehekamined depth interval
(214-233 m), and even within the zone of immedrasdic-kimberlite contact, the
rocks have an unexpectedly “fresh” appearance, sathd structure free of joints
and gangue, which is very favourable for geochehaixamination.

To summarize, the structural features of the posbkrlite mafic rocks and the
appearance of their contact with kimberlite (espécithe apophyses of chilling
basalt glass) suggest that the basaltic melt iettudto pipe kimberlite when this
latter was already cold, which may be indirect ewick for large temporal lag
between the kimberlite and basalt intrusion eveRtsck samples with the most
fresh appearance were picked from core samples @mlinholes ## 32/265 and
22/382 for isotope geochemistry tests.
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Fig. 5. Chondrite normalized REE distribution pat-terns for basite rocks of the Nyur-binskaya pipe
(Boynton, 1984).

1 — pre-kimberlite basite; 2-4 — post-kimberlitesitex 2 — dolerite, 3 — basalt glass, 4 - a bodgasfalts
in 200 m to the east from Nyurbin-skaya pipe (s&#b60-65); 5 - Al-series olivine melili-tite dfie
Arkhan-gelsk province.

In general, the pre- and post-kimberlite dolerieks of the Nyurbinskaya
pipe are petrologically similar to each other. Hoer, post-kimberlite dolerite is
characterized by somewhat more fresh appearantle preserved clinopyroxene
as augite), with a less basic plagioclase compositArns, against Ag, in pre-
kimberlite dolerite), and a significantly (20toithes) higher proportion of opaque
minerals represented mostly by ilmenite (rathen tti@nomagnetite as is the case
in pre-kimberlite dolerite).
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GEOCHEMICAL PECULIARITIES OF “OLD” AND “YOUNG”
MAFIC ROCKS IN THE NYURBINSKAYA PIPE

In order to obtain statistically representative @esmical characteristics of
mafic rock bodies in the Nyurbinskaya pipe, we eixaath Six samples of pre-

kimberlite mafics (picked for their minimum exteoit secondary alteration)
and nine fresh samples of different structural etées of post-kimberlite mafic
rocks (tables 1 and 2).
Analysis of the obtained numerical data and geoatendiagrams plotted based
on it reveals that the petrologically similar mafack bodies with differing age
(separated by the kimberlite intrusion stagdiffer drastically in rock
geochemistry

Na20+K20wt. %)

16
14+ Phonolite
12 Foidite Tephri- Trachyte
phonolite (Q<20%)
10 Phono- Tr?éhlf(?%e
4 tephrite
Trachy- .
8 - Tephrite andes)ilte Ryl
] (OI<10%) Basaltic
Basanite trachy-
6 — (OI>1(£A,) andesite
- WA P z
4 - K |
| <O§/<> Basaltic | Andesite Dacite
2 Elacffﬁ Basalt | @ndesite
OI'I'I'I'I'I'I'I'I'I'I'I'I(sv\lltq%)
32 36 40 44 48 52 5 60 64 68 72 76 80
Ultrabasic ‘ Basic ‘ Intermediate ‘ Acid

Fig. 6.Chemical composition of basite rocks from the Nyurmskaya pipe
(diagram after [14]).

Triangles - xenoliths of the pre-kimberlite basit@shombus - post-kimberlite basites.

Only SiG,, N&O, K,O and Co contents of pre- and post-kimberlite madaks of
the Nyurbinskaya pipe are nearly the same. As dsgaither geochemical
characteristics, the pre-kimberlite mafic are Imdes higher in AIO; and MgO,
two to three times higher in Ba and Pb five timgghér in Ni and 15 times higher
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in Cr as compared to the post-kimberlite mafic along with this, the “young”
(post-kimberlite) mafics are sharply enriched ie thverwhelming majority of
elements as compared to the pre-kimberlite(“old’afios, being 1.5-2.5 times
higher in Fe@;, CaO, Be, V, Ga, Rb, Cs and Sr, about three ttirsgs higher in
TiO,, MnO, ROs, Cu, Zn, Y, Zr, Hf, REE, Th and U, and ten timaghler in Nb
and Ta! The most prominent geochemical featurgg@kimberlite (“old”) mafic
rocks of the pipe being studied are their very [6Md, and FeQ; contents and
high AlL,O; contents as compared to the post-kimberlite (“gdummafics. Of
particular interest is REE distribution in maficcks of the Nyurbinskaya pipe
(figure 5). The appearance of lanthanide distrdouticurve (normalized to
chondrite) is generally the same for pre- and posberlite mafic rocks.
However, the post-kimberlite mafics are approxiryafiee times richer in REE as
compared to pre-kimberlite ones, therewith featyanvell defined negative Eu

F (Feow)

A M
a2 O) 25 50 75 100 (MgO)

Fig. 7.Chemical composition of basite rocks from the Nyurmskaya pipe
(AFM diagram after [19]).

Triangles - xenoliths of the pre-kimberlite basitasrhombus - post-kimberlite basites; circles -kyxa
field basites on data’s of the previous study [6132].

peak, whereas the pre-kimberlite rocks show a pmoed positive Eu peak.
Geochemically, the analyzed pre-kimberlite dolemteuld be related to some
geochemically depleted source, and the post-kintbednes to some sharply
geochemically enriched source. The pre-kimberliteafien rocks of the

Nyurbinskaya pipe are most similar in geochemistryd in Nd-Sr isotope
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characteristics to Al-series olivine melilitite thfe Arkhangelsk diamond province
[20].

To typify the mafic rocks present in the Nyurbingkaipe, we resorted to
geochemical classification diagrams. Analysis réagathat in the Si© —
Na,O+K,O diagram (figure 6) both pre- and post-kimberfitafics occupy quite
similar positions in the field of subalkaline antad,a lesser extent, tholeiitic series.
However, many researches (see above) reported alyclsecondary, i.e.,
metasomatic nature of high alkalinity shown by ¢éhescks. According to our data,
in samples from the post-kimberlite mafic rock boadfyen passing away from the
kimberlite contact, certain change is observed owdy in the structure of this
mafic rock (from basalt glass to nearly gabbro-dt@gbut also in the behaviour of
alkalies. Namely, alkali content and ratios areselt®o initial in the basalt glass
zone and in gabbro-dolerite located as far as Hway from the contact, whereas
the nearer the kimberlite contact, the higher thalia(primarly, K;O) content of
the mafic rocks (table.1). Therefore, there is mmpin trying to identify and
typify these rocks based on their alkali contemtwould rather make sense to use
the AFM and Al — Fe+Ti — Mg classification diagraffgures 7,8), from which is
evident that the pre-pipe mafics fall into the dief calc-alkaline series, whereas
the post-pipe mafic rocks are related to the thitaleseries.

Of course, these extremely sharp geochemical digiims suggests absolutely
different structural settings for the forming cdrwhs of pre- and post-pipe mafic
rocks. Geochemically, pre-kimberlite mafics cop@sd to highly aluminous calc-
alkali basalt of volcanic arc in active continentargins and mature island arcs in
subduction zones [15], and the post-kimberlite oteesharply geochemically
enriched high-Fe within-plate tholeiitic basalg(fre 11).

The mafic rock body that has been dissected 20(EnofShe pipe (sample
4/660-65) is very similar (while not identical) geochemistry to post-kimberlite
mafic rocks of the Nyurbinskaya pipe. It is likalyat this body formed at the
same stage of magmatic activity.

Analysis of published data (see above) reveals thabchemical
characteristics of pre- and post-kimberlite maficks of the Nakyn field are very
similar; indeed, in the classification diagrams flgurative points of both mafics
fall into the same compositional fields (figure8)7 |t is likely that the authors of
all these reports examined just post-kimberlite icsafand no other, and
subdivision of these rocks into tholeiitic and &tke varieties appears somewhat
incorrect because of being based on the distribwdfchighly mobile alkalies only,
without regard for other classification criteriange of which are much more stable
and reliable. As regards published analytical d@etall mafic rocks examined in
the studies just cited, all of them fall in the sddication diagrams into the
tholeiitic basalt field.
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Fe+Ti
Few %I

Fig. 8.Chemical composition of basite rocks from the Nyurmskaya pipe
(A-FT-M diagram after [19]).

Triangles - xenoliths of the pre-kimberlite basitashombus - post-kimberlite basites; circles -kya
field basites on data’s of the previous study [6132].

As was mentioned above, extremely sharp distinstion rock geochemistry
suggest very dissimilar structural settings fomforg conditions of the pre- and
post-pipe mafic rocks and, probably, very differéotmation age and isotope
characteristics for these mafics.

THE AGE OF KIMBERLITE, “OLD’” AND “YOUNG” MAFICS

The Nyurbinskaya pipe penetrates Lower Ordovicteata and is overlain by
Lower Jurassic deposits. If only this geologicafedis considered, the uncertainty
of pipe intrusion age would be about 280 millioragge In this connection, many
researches repeatedly tried to determine the ageedflyurbinskaya pipe (usually
together with the Botuobinskaya pipe of the samkyNalistrict) more precisely.
Although high-precession isotope dating methodsewesed in these studies (Ar-
Ar and/or Rb-Sr dating), a wide scatter of radiag@onological data is evident.
According to different reports, the age of the Nyyaskaya pipe is assessed at 450
Ma to 332 Ma [1,2,13,23,30].

In 2006, we subjected Nyurbinskaya pipe rocks térkand Rb-Sr dating
within the framework of a common comprehensive wtuBased on the obtained
results, we determined the intrusion age of therbimskaya pipe a899.614.6
Ma, i.e., Early Devonian, Emsian to Pragian;dis-prg)[21]. In order to
determine more precisely the age of Nyurbinskay@e gtimberlite rocks, we
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performed additional RDb-Sr isotope dating of thencamtrically zoned
magnophyridamprophyre-type Phase C olivine-phlogopite kimberi(sample N-
384). Tests were made with bulk rock and essént@ilogopite rock matrix
samples. Results of Rb-Sr analysis of these sansplewn in figure 9. As is seen
from this figure, the Rb-Sr isochrone age calcualdte Nyurbinskaya pipe rocks
(seven points, including five Rb-Sr analyses made€2006) is394.216.2 Ma
(MSWD=1.6), which, in general, is not contradictory absolute age value
determined in our previous studies by Rb-Sr daf849.614.6 Ma) and by K-Ar
dating 899.918 Ma).

0.77 data-point error ellipses are 2
Nyurbinskaya pipe kimberlites
7 points

075

071

Age =394.3 +6.2 Ma
Initial 'Sr/*°Sr =0.70534 + 0.00037
MSWD =16

0.69

0 2 4

6
STRb/Sr

Fig. 9.Rb-Sr isochron diagram for Nyurbinskaya pipe kimbeifites.

To summarize, additional analyses confirmed thevipusly determined
kimberlite intrusion age for the Nyurbinskaya pi899.614.6 Ma, i.e., Early
Devonian, Emsian to Pragian @ns-prg), or Early Devonian, early Emsian
(D.ems).

In order to determine the age of pre-pipe mafiksoof the Nyurbinskaya
pipe, were collected a set of samples from thet lelésred central zones of large
dolerite xenoliths. For Rb-Sr dating, we preparadk bsamples of two rock
varieties and separated the nonmagnetic fractic0.6#0.25 mm, size fraction of
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the rock, which proved to consist of feldspar @ald). The most consistent
isochrone dating result was obtained with bulk reakples N-329 and N-332 and
nonmagnetic fraction of sample N-329. The Rb-8chsone age of these rocks
(calculated for three points) is 7082 Ma (N=3, initial ®'SrP°Sr =
0,70750J10.00015; MSWD=1.9), which is Late Riphean.

For K-Ar analysis, we prepared three bulk rock saspsize fraction -
0.5+0.25 mm). One of the samples showed a Latadrip age, whereas another
two samples gave an Early Carboniferous age. dbismprobable that xenolithic
rocks could have been rejuvenated as a resultingkess (the “youngest” samples
are very rich in K).

To summarize, the most probable intrusion age fpurbinskaya pipe pre-
kimberlite dolerite would b&03182 Ma, which is Late Riphean. This old age
aggress well with the peculiar geochemical charesties of pre-kimberlite
mafics.

To determine the age of post-pipe mafics, we ctkb@ set of samples from
different most fresh-looking rocks incorporatedtive mafic intrusion penetrating
the pipe. For Rb-Sr dating, we prepared bulk semmif three rock varieties
(22/380-217 — basalt glass, 32/265-475.3 — micsialyne dolerite, 32/265-497.7
— coarse-grained crystalline dolerite), electronadignfraction I-lll from sample
32/265/497.7-GM, and -0.5+0.25 mm nonmagnetic ifvactrepresented by
feldspar grains from samples -32/265-475.3-P and6®2497.7-P. According to
results of this dating, the Rb-Sr system of thidienack body appears disrupted.
The most consistent isochrone dating result wasiméd using two bulk rock
samples (22/380-217 and 32/265-475.3) and the ngneta fraction of sample
32/265-475.3, i.e., rocks with pronounced evideon€efast solidification and,
consequently, weak differentiation. The Rb-Sr afythese rocks as calculated for
three points is 26920 Ma (N=3, initial ®’Sr®Sr = 0.7080700.00040;
MSWD=0.36), i.e., Early Permian; this is unliketylie true.

For Sm-Nd analysis, we prepared three fractionsoafse-grained crystalline
dolerite sample 32/265-497.7: bulk sample, elecagmetic fraction I-Ill, and
nonmagnetic fraction. The Sm-Nd isochrone agéhisf rock, as calculated for
three points, is 328140 Ma (N=3, initial ¥’Srf°Sr = 0.512480.00013;
MSWD=1.9), i.e., Early Carboniferous, which is maealistic than the Rb-Sr
dating result (see above), but its determinatioorexppears to be too large.

For K-Ar analysis, we prepared three bulk samplesooks from the mafic
intrusion penetrating the pipe, and one samplent&ieen the basalt body dissected
by drilling 200 m SE of the pipe (sample4/660-6%)ating results proved to be
close to each other. The age of the chilling prafstne mafic body, i.e., basalt
glass (sample 22/380-217), determined as[1&281a (Early Carboniferous)
appears to be the most realistic. It coincideshwifte Sm-Nd isochrone age
(although determined with rather large error) agceas with date on the age of
post-kimberlite mafic rocks reported in previousdses of different researches
[11,26,31].
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The most probable intrusion age of post-kimberldelerite in the
Nyurbinskaya pipe would b82814 Ma, i.e., Early Carboniferous. This age
corresponds to the terminating stage of Middle ®&al& tectono-magmatic
activization.

To summarize, the three main stages of volcanigigcin the Nyurbinskaya
pipe are largely separated in tingtage 1, “old” mafics— Late Riphean/03182
Ma; Stage 2, kimberlite— Early Devonian399.614.6 Ma; Stage 3, “young”
mafics- Early Carboniferou82814 Ma.

ISOTOPIC CHARACTERISTICS OF KIMBERLITE ROCKS, “OLD”
AND “YOUNG” MAFIC ROCKS

All the examined kimberlite samples are characteriay higher than averag8r
values (+17.1 to +39.5), which may be related tstymeagmatic rock alteration.
Along with this,eNd values determined for the examined rocks (©+#21) are
characteristic of mantle sources like BSE or wealdgleted mantle, which makes
the Nyurbinskaya pipe kimberlite rocks close to @rd South African kimberlites
[24] and to Fe-Ti series Zimni Bereg kimberlite keof the

i StNd 0.7045 0
4 kimberlites and picrites 8
1 kimberlites.-- » Fe-Ti-series
21 Group 1: (o)
4 OO0 (o)
0 0.512638
] o
-2 -
N diamondiferous kimberlites
Al-series
4 -
] Mela
-6 — S
-8 -
10—
A2
' | ' | ' | ' | ' | ' | '
-40 -20 0 20 40 60 80 100

Fig. 10.Sr and Nd isotope compaosition of the volcanic rocksom the Nyurbinskaya pipe in comparison by
volcanic rocks of Zimni Bereg (Arkhangelsk province [22].

Circles — kimberlites of different types; a tria@gl- xenoliths of the pre-pipe dolerites; rhombpsst-
pipe basites.

Arkhangelsk diamond province. In general, Nyurkaya pipe kimberlite
rocks are characterized i¥d = +1.0 anESr = +25.2. The model age of mantle
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source for Nyurbinskaya pipe kimberlite rocks atedsined with respect to
depleted mantle (&(DM)) for five examinated samples is 1110 Ma, whadrees
perfectly with the age of kimberlite mantle sourcetermined for the
Nyurbinskaya pipe in previous studies [8,12]. Ajowith this, model age of
diamondiferous kimberlite rocks from other Yakutikimberlite fields is much
younger: Fq(DM) = 0.6-0.7 Ga [3].

In order to determine the type of mantle sourcepferpipe mafic rocks, we
analyzed Nd-Sr isotope characteristics of two reaples from the Nyurbinskaya
pipe (table 4). Analysis revealed that the rolenwdlt source for pre-kimberlite
dolerite rocks was played by old, enriched lithasph mantle (EM Il,eNd = -
12.2,eSr = +54.6), with a model age of(DM) = 2450 Ma, probably with some
participation of old lower crust matter of subdactorigin (figure 10). This old
model age of mantle source, much like the old agdoterite intrusion itself,
agrees well with prominent geochemical peculianityre-kimberlite mafic rocks.
The examined pre-kimberlite mafics are similar iod®l age and geochemistry to
Al-series olivine melilitite of the Arkhangelsk dn@nd province.

Table 4.
Isotope characteristics of the Nyurbinskaya pipe gaanic rocks
Volcanic bodies Age, Ma St eNt Tna(DM), Ga
Kimberlites of the
Malo-Botuobinsky,
Daldyn-Alakitsky and 320-370 > +3 0.6-0,7
Verkhne-Munsky distridB8,5]
Nyurbinskaya pipe:
3. post-kimberlite basalts 328+/-4 +43,7 +4,7 0,770
P 703+/-82 +54,6 -12,2 2,450

In order to determine the type of mantle sourcepimst-pipe mafic rocks of
the Nyurbinskaya pipe, we examined Nd-Sr isotoparadteristics for three rock
samples (table 4). Analysis of the obtained dateealed that the role of melt
source for post-kimberlite dolerite was played bhyderately depleted mantleNd
= +4.7 , €Sr = +43.7) with model age\J(DM) = 770 Ma, probably with some
participation of young upper crust matter (figuy.1

Our study did not confirm the previously determinalolsolutely identical
model age for all mafic and kimberlite rocks of thakyn field Tyg(DM) = 1100
Ma [31]. The pre-kimberlite mafic rocks (J(DM) = 2450 Ma) differ drastically in
model age not only from post-kimberlite maficsy{(DM) = 770 Ma) but also
from pipe kimberlite (T4(DM) = 1100 Ma).

To summarize, post-kimberlite dolerite is very $anin model age of mantle
source to diamondiferous kimberlite rocks from tNalo-Botuobinsky and
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Daldyn-Alakitsky districts (f4q(DM)=0.6-0.7 Ga, [3]), being also similar to
kimberlite rocks from these regions in intrusioneagnd essential geochemical
peculiarities. Along with this, pre-kimberlite medi and kimberlite rocks of the
Nyurbinskaya pipe differ drastically in all thesar@meters both from post-kim-
berlite mafics and from diamondiferous kimberlitecks from other Yakutian

districts (table 4).

FORMATION AFFILIATION OF KIMBERLITE, “OLD” AND
“YOUNG” MAFIC ROCKS

The Nyurbinskaya kimberlite pipe is a complex vaica structure
incorporating different kimberlite intrusion phagegether with an older intrusion
of pre-pipe mafic rocks (xenoliths of which occarkimberlite rocks) and a post-
pipe mafic intrusion penetrating the pipe kimberli

Nyurbinskaya pipe kimberlite rocks show a peculie@mbination of
compositional features typical of Group 1 and Gr@ukimberlites. They are not
similar to “isotopically transitional” kimberliteocks, such as kimberlites of the
Lomonosov deposit, Guaniamo sills (Venezuela) amues Brazilian kimberlite
varieties.

In general, based on a set of compositional chenatts, Nyurbinskaya pipe
kimberlite rocks appear to represent a peculiarbkiriite variety, being most
similar to typical Yakutian kimberlites and Grougkiinberlites in the character of
mantle source and set of mantle xenoliths [22]. yTléso bear evidence of
asthenospheric effect on mantle substrate, bueffest is somewhat reduced, only
showing itself as intense K metasomatism, wherdas ¢ffect of Fe-Ti
metasomatism (which is the most characteristicufeadbf Group 1 kimberlites) is
not so evident. Geochemical characteristics of Niyiskaya pipe rocks (very high
ultramaficity and, particularly, very low concerttoms of incompatible elements)
suggest that they are related to a geochemicalietezl mantle source which
experienced some enrichment from superimposed enar@tasomatism.

Our detailed studies revealed that the mafic roo#fiés with differing age
incorporated in the Nyurbinskaya pipe are not eelato a common Middle
Paleozoic activization stage of the Siberian ptatfo Quite the reverse, the pre-
pipe and post-pipe mafics formed in different tiraed dissimilar tectono-
magmatic situations, which caused the drastic diffee in their geochemical and
isotope characteristics.

The pre-kimberlite mafic rocks of the Nyurbinskaype are sharply depleted
in almost all incompatible elements, being in adlspects similar tdhighly
aluminous calc-alkali basalts of volcanic arcs iotige continental margins and
mature island arcs in subduction zonj&5], such that they could be considered as
a petrotypeof volcanic rocks related to this geodynamic gitrain the Siberian
craton. Isotopic characteristics of these pre-kimiteemafic rocks also completely
correspond to this geodynamic situation as theyuhtkdly reflect the important
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role of subduction processes in the formation ohtheasource of these rocks.
Mafic rock occurrences with similar age, compositand tectonic setting occur, in
particular, in the Sharyzhalgay nose of the Silmepkatform [7]. However, in the
pre-pipe mafic rocks of the Nyurbinskaya pipe tgpotnorphic geochemical
characteristics are much better pronounced.

It is interesting that the “young”, Early Carbomtas post-kimberlite mafic
rocks are sharply enriched as compared to the “ptd“kimberlite mafic rocks in
the overwhelming majority of elements: Fgf) CaO, Be, V, Ga, Rb, Cs and Sr,
(1.5-2.5 times), TigQt MnO, BOs, Cu, Zn, Y, Zr, Hf, REE, Th, U, (3 to 6 times),
and Nb and Ta (more than 10 times!). The post-kntite mafic rocks correspond
in their geochemical and isotope characteristicsherply geochemically enriched
low-Al, high-Fe and high-Ti within-plate tholeiitibasalts of riftogenic series
characteristic of riftogene mode of developmerddaifve continental margins [15].
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Fig. 11.Chemical composition of volcanic rocks from the Nytbinskaya pipe
(diagram after [27]).
Circles — kimberlites of different types; a triaag/ xenoliths of the pre-pipe dolerites; rhrombpest-
pipe basites.

Geochemically, pre-kimberlite mafic rocks corresppao a geochemically
depleted source, and the post-kimberlite maficsatesharply geochemically
enriched source.

In rare element distribution features evident frthra classification diagram
[27], pre-kimberlite mafic rocks of the Nyurbinsleagipe correspond to calc-alkali
basalts of volcanic arc, pipe kimberlite rocks tithm-plate alkali basalt, and post-
kimberlite mafic rocks to within-plate tholeiitiabalts (figure 11).
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INDICATIONS OF PRE-PLUME AND POST-PLUME MANTLE
CONDITION

Geological bodies related to the three differeagstof magmatic activity in
the Nyurbinskaya pipe differ drastically both irtrusion age and in almost all
geochemical and isotopic characteristics. The nmsiminent geochemical
features of pre-kimberlite (“old”) mafic rocks iha Nyurbinskaya pipe are their
significantly lower TiQ and Fe@Q contents and higher AD; content as compared
to the post-kimberlite (“young”) mafics in the sanpgpe (figure 12). It is
noteworthy that the essential petrochemical diffeeebetween the relatively old,
Early Devonian kimberlite rocks of the Nakyn fieldd comparatively young, Late
Devonian and Mesozoic kimberlites of other Yakuti@mberlite fields also
consists in relatively low Tigand FeQ; contents and high AD; contents shown
by the “old”, i.e., Nakyn field kimberlite rocksigure 12). In addition, the
petrological model age of the “young”, Fe- and iiitehed post-kimberlite
dolerite rocks of the Nyurbinskaya pipaIDM) = 770 Ma) is generally the same
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Fig. 12 Chemical composition of volcanic rocks from the Murbinskaya pipe in coordinates: FeQ, - TiO,

as that of the relatively young (as compared to Khrbinskaya pipe
kimberlite) Fe- and Ti-rich kimberlite rocks in @hYakutian kimberlite fields
(Tna(DM) = 0.7-0.6 Ga)[3].
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It is not improbable that these prominent and iast geochemical
distinctions between the “old” and “young” mafias the Nyurbinskaya pipe and
very similar, also prominent geochemical distinetidoetween the relatively old
kimberlite rocks of the Nyurbinskaya pipe and tnekly young kimberlites in
other Yakutian regions are related to some comnewmlogical processes, which
obviously exerted similar effect on respective upp@ntle zones, i.e., zones of
magma generation for both mafic and kimberlite sock

The role of a global geological process that cdudde caused such sharp
changes in (at least) geochemical characteristidseoupper mantle and given rise
to intense Fe-Ti mantle metasomatism could haven bplayed by some
asthenospheric diapir (intrusion) or, in other vgrohantle plume. The relatively
old geological bodies (both mafic and kimberliteattintruded prior to the plume
might reflect the composition of old, geochemicalgpleted lithospheric mantle,
whereas the relatively young mafic and kimberlivelies, which intruded after the
plume event, might reflect the latest compositibthe upper mantle with varying
extent of metasomatic transformation and geochdnmgoachment due to the
plume effect. Evidence in favour of this assumpta@an be found not only in
geochemical peculiarities of respective rocks wdliffering age but also in
characteristic features of essentially mantle ré@gments, i.e., dept-derived
inclusions, which may reflect particular charactes of the mantle specific to
different stages and periods of its evolution (befand after the plume intrusion).

The relatively old (“pre-plume”) magmatic rockse.i. Early Devonian
Nyurbinskaya pipe kimberlites and the mafic rocksgtrated by the pipe, are all
characterized by low Fe and Ti contents and byath&ence of picroilmenite in
kimberlite (rare mantle rock xenoliths occurring rdqnvedo contain some
picroilmenite, but its composition is atypical afrberlite). Along with this, the
relatively young (“post-plume”) magmatic rocks, amgowhich are not only the
mafic rocks penetrating the pipe kimberlite butoathe Late Devonian and
Mesozoic kimberlite rocks in other Yakutian kimbierifields, are characterized by
comparatively high Fe and Ti contents and by thesg@mce (and/or very high
concentration) of picroilmenite in kimberlite rockgthe composition of
picroilmenite in kimberlites and mantle rock xetlwdi is here typical
“kimberlitic”).

The post-plume, metasomatized upper mantle condsicharacteristic of the
majority of Yakutian kimberlite fields, while evidee of probably pre-plume
(“relict”) condition of geochemically depleted uppmantle has yet only been
found in some Nakyn field kimberlite rocks. Thgswhy direct examination of
mantle rock fragments from Nakyn field kimberlitiesof interest as one can deal
here with relict rocks bearing information on thagpper mantle zones that do not
exist any more, having reworked by latest geoldgoacesses.
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TECTONIC RELATIONSHIP OF MAFIC AND KIMBERLITE
MAGMATISM

Taking into account the Late Riphean age of refialdentified “pre-
kimberlite” mafic rocks, it should be realized thhe existing conceptions on the
confinement of kimberlite, pre-kimberlite and p&stberlite mafic rocks to a
common Middle Paleozoic epoch and to common strattlements and magma-
controlling structures call for additional corrobtion or correction [26]. In
particular, the issues of possible presence of Bievopre-kimberlite mafics in the
Nakyn field and probable kimberlite intrusion thgbu fracture zones in pre-
kimberlite mafic rocks (which could be considerexl a structural indicator for
exploration) appear disputable. It is not imprdbathat post-kimberlite mafic
melts intruded through fracture zones in kimberlite eatthan kimberlite melts
through fracture zones pre-kimberlite mafic rocks Moreover, as is evident from
Figure 2.62 [9] and Figure 1 [10], the patternsnaigma-controlling faults are very
different for kimberlite and mafic rock occurrencebherefore, the inferred
relationship of structural control systems for Nakgrmberlite and mafic rocks is
far from obvious.

EVIDENCE OF SUBDUCTION IN “OLD” MAFIC AND
KIMBERLITE ROCKS. BREAK-UP OF RODINIA

Identification of the previously unknown in the Mig Markha region
basaltic magmatism variety, i.e., Late Riphean {Agltalc-alkali basalt rocks
typical of volcanic arcs in active continental masgyand mature island arcs in
subduction zones, brought additional evidence fog significant effect of
subduction processes on regional lithospheric rmaRtlobably it is precisely these
subduction processes that are responsible notfonlyne peculiar oxygen isotope
ratio values shown by diamondiferous eclogite xiémelin the Nyurbinskaya pipe
[25], but also for uncommon structure and mineraémnoistry of mantle rock
xenoliths analyzed in our previous study [22]. d$t also not improbable that
subduction processes contributed to compositioreulparity of Nakyn field
kimberlite rocks.

The Late Riphean time of formation, determined tloe pre-pipe dolerite
rocks as703+/-82Ma, falls into the period of fundamental tectotrensformation
of Northern Asia. “Among the Late Riphean tectosiiuctures of Northern Asia
are the Siberian craton, microcontinents with pneidantly Riphean crust, and
Late Riphean island arcs These structures formed approximately 700 nmllio
years ago, when the supercontinent Rodinia, wmcluded the Siberian craton,
and its framing shelf, fragments of which now exast microcontinents, were
involved in riftogenic processes. The break-up ofliRia, inferredly caused by the
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effect the Pacific mantle superplume on its lithese, was accompanied by
within-plate magmatic events distributed over a aasa” [28].

As was noted in [16]: “Opening of a basin betwedrefa and Laurentia ...
proceeded gradually, like in the present-day Red B#, however, with a
significant shift component. This geodynamic sitatcould be promoted by the
formation of a subduction zone in the Taimyr margirSiberia, where island arc
volcanic activity dates back &60 million years ago”Our studies revealed that a
subduction zone with volcanism typical of activentieental margins and mature
island arcs, existed in the Late Riphean (700 Md)amly in the northern, Taimyr
marginal area of Siberia (Central Taimyr island [dr@]), but also in the eastern
marginal zones of Siberia, in particular, in theaawof the present-day Nakyn
kimberlite field (the Nakyn segment of an activatoental margin — figure 13).

Fig. 13 A scheme of formation Late Riphean-Vendian breakip between Siberia and Laurentia for age
about 600 Ma (after [16] with our additions).

1- axis of break-up (spreading) and a directiomgmiwth of the oceanic basin generated in an interva
750-600 Ma; 2 - boards of oceanic basin; 3 - an akthe break-up formed in an interval 600-550 Mla;

5 - zones of Late Riphean-Vendian accretion andlstiipn (4 — the Taimyr segment, 5 — the Nakyn
segment); 6 - a direction of craton rotations, gitsg break-up with Laurentia.
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The newly obtained data on the composition of LRitghean pre-kimberlite
basalt rocks with typomorphic isotope-geochemicahtires unambiguously
related to a characteristic geodynamic situationstmgain definiteness in
paleogeodynamic reconstructions of the formatiah idaoproterozoic break-up of
the supercontinent Rodinia and temporal evolutidn ooe of its former
constituents, namely, the Siberian craton.

CONCLUSIONS

Comprehensive examination of all the volcanic rbcklies incorporated in
the Nyurbinskaya pipe (pre-kimberlite mafics, kirmlde and post-kimberlite
mafic rocks) revealed that they differ drasticalytime of intrusion, type and
model age of mantle source, and geochemical cleistats. Geochemically, pre-
kimberlite dolerite rocks correspond to high-Alcalkali basalt rocks of volcanic
arcs in active continental margins and mature dskarcs in subduction zones, and
the post-kimberlite dolerite rocks are similar twaply geochemically enriched
high-Fe and high-Ti within-plate tholeiitic basaticks related to the riftogenic
mode of regional structural evolution. The volcamarks with differing age
incorporated in the Nyurbinskaya pipe present areof temporal evolution of
mantle sources of basic and ultrabasic magmatitsrfreim the Late Riphean time
to the Early Carboniferous. Identification of theyously unknown in the Middle
Markha region basaltic magmatism variety, showtegli in Late Riphean high-Al
calc-alkali basalt rocks, brought additional evicerfor the significant effect of
subduction processes on regional lithospheric raatitis not improbable that it is
precisely these subduction processes that are nsifb® for substantial
compositional peculiarity of Nakyn field kimberlitecks.
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ABSTRACT

Monomineral thermobarometry (MTB) of EPMA data feegavy monomineral
separates (HMS) for>Yakutian kimberlite pipes cdmpnantle SSE-NNW traverse.
Orthopyroxene (Opx) MBT for mantle beneath Udaclangiye three PT paths: low
temperature (LT) conductive branch [9] estimatethy25, 42, etc.] thermometers
and two more HT- PT paths referred to values of(#ef.07, 0.085 and 0.11)
correspondently. PT estimates for garnets, pyroaxaeflect mantle layering, for
ilmenite reflect conditions of the polybaric manpietokimberlite systems where Cr-
rich ilmenites trace the PT paths of the metasdesati

MTB for Udachnaya, Ybileynaya Nyurbinskaya and esar pipes of
kimberlites xenoliths and xenocrystsshow colder path using HMS analyses.
Polymineral TB [9, 10, 37, 42] produces more smagghtherms. Monomineral TB
give wider range PT points of compositions reflegtheating near the magmatic
channels. Regularities of mantle sections and liagen Daldyn field are recognized
on the PT and P-X diagrams. Thermal conditionheflower part of mantle sections
were heated by the protokimberlite melts createdauneystalline associations. PT
values of subcalsic garnets are correlating witséhof picroilmenites. Large pipes
like Udachnaya reveal complex layering consistiognf 12-13 units correlating with
the peaks of Re/Os ages [14]. Pyroxenites and #&wtdgites are found within ~55-
65, ~40 and ~50 kbars. Mantle in Alakite field idbfcted to pervasive multistage
metasomatism, Fe-enriched Cr-diopsides, Ti- ridw-Ca garnets locate near the
melt feeders marked by ilmenites. limenite PT teerndere formed by rising
(accompanied by AFC) protokimberlites. Stepped 20O4dyering is marked by
periodic Fe#-rise, Ca-decrease in garnet is cdimglawith Cr- rise of
clinopyroxenes. In Nakyn fielchythmic layering found for peridotites in lowerrpa
(P>40kbar), fertilization by Fe-Cpx (40-50 kbar)ldav the IIm- forming system
~55-60 kbar correlating with depleted (low-Ca) getites occurrence. IAnabar
fields highly depleted mantle > 40 kbars is sulgdcto Fe- metasomatism and
includes the relics of LT peridotites and pervasmetasomatism accompanied
protokimberlite feeders marked by Cr-low ilmenisgezompanied by fertilization. In
upper section abundant Gar-CPx rocks are typical.

Evolution of the protokimberlite systems reconsiedoccomparing the different
kimberlites phases show the gradual rise of thelle¥ ilmenites associations, Fe#
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enrichment and degree of the melt interaction. Diaghgrowth possibly occurs in
the zones of influence of protokimberlite systemd & accompany the heating of
mantle columns.

INTRODUCTION

Recent developing success of the Earth Scienc&gling isotopy of mantle
rocks and magmas and their geochemistry and expetahpetrology dating of
mantle processes [11, 43] bring to the combininghefplate tectonics and plume
dynamics and appearance of the theory which allowreiceive explain the
influence of the deep seated geodynamics with éhatively shallow tectonic
processes, accounting the developing of differgpes of magmatism in the
various geodynamic settings and decode the cyélesctonic and mantle activity
[3, 36]). Mantle magmas which bring to the surfélte samples from the depth
appear in the different setting as a result ofghene mantle activity of different
types. The hot spots which carry the xenolithsdaamic environments contain not
only the xenoliths from the shallow mantle just mére upper magmatic chamber
or source but sometimes more deep materials whighpase presence of
kimberlitic types of melts within the conduit comtiag the shallow and deep
mantle [62]. The wet finger plums [62] which arevéeping in the relatively
young continental plates and especially in the inental margins like in Circum
Pacific in the back ark and environment like in Medanean [33]. The finger
plums occurred within the continental mantle likebast Africa [34] trace the rift
zones and the junction and the convergent boursler@duding the margins of the
paleoarks like in Transbaikal and Mongolia [7]. T$murce of the wet plums is
likely located near the 410 km boundary where tgdrdus modifications of
Mg2SiO4 like wadsleites can produce the wet plunns @ the peridotite melting
[60]. The water can be transported to the deptsuiyduction processes [29]. But
there are some isotopic and geochemical evidertwast ahe precens of eclogite
components in the hot spot and even in komatiitgmass [53].

PLUMES AND CONTINENTAL PLATE MAGMATISM

Long time kimberlites was sought to be the spdg¢ of melt produced by
special plums. But in the 80t was shown that Mesozoic kimberlites are restilt
the hot spots and their tracks are the traces efptite migration like in South
America [13] and in North America [20]. Neverthedeim Siberia and in Baltic
shield, Zimny Bereg [35] most of kimberlites aremed in the lat Devonian time.
In this period Fennoscandia and Baltica and Sibeampile close group of
continents (Fig.1). And magmatic activity appearad first as the basaltic
magmatism then within short 350-360 ma period pcedkimberlites in Siberian
platform in the great lineal NNE zone crossed the@ continent from Low Lena
to the Southern part in Biryusa basin. The chaithefseparate fields are located in
the different distance which is more dense in tbethern part, despite in the
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similarity with the hot spot track they are liketgsulted from the deep seated
superplum. The next line which connect Nakyn an avid@otuobinsky fields
probably trace the next permeable subparallel ¢omé ).

Laptev sea

L 24.¢ : 20%.) :
No r ISk SQHC 4 , 5 10.
Q@

Fig.1.Scheme of the location fo kimberlite and karbonati fields in Siberian platform.

Modified after [24]: 1. Siberian platform. 2. Shields. 3. Precambrianblerlites. 4.Paleozoic kimberlites. 5.
Mesozoic kimberlites. 6. Carbonatits massifs. Bbable regions of kimberlite location.

Fields: 1. Malo-Botuobinskoe, 2. Nakyn, 3. -Alakit-Markhd; Daldyn, 5 - Upper Muna, 6 —
Chomurdakh, 7 - Severnei, 8 - West Ukukit, 9 - R#latkit, 10 - Ust-Seligir, 11. Upper Motorchun,.12
Merchimden, 13. Kuoika, 14 - Upper Molodo, 15. dagp, 16. Khorbusuonka, 17. Ebelyakh, 18. Staraya
Rechka, 19. Ary-Mastakh, 20. Dyuken, 21. Luchakh,Kuranakh, 23. Middle Kopnamka, 24. Middle
Kotui, 25. Chadobets, 26. Taichikun-Nemba, 27. Bych28. Muro-Kova, 29. Tumanshet, 30. Belaya
Zima, 31. Ingashi, 32.- Chompolin, 33.Tobuk-Khagys84. Kharamai.

Internal structure of Alakite and Daldyn kimberlifeelds shows regular
distribution of pipes (fig. 2). Large pipes undepkeration or having perspective
for diamonds are located in a nearly equal distameefrom another in the elliptic
lines. Such a structure is typical for Cenozoiccaoic fields [7, 21] may result
from the rotation of the plume head created pecaltyi rising blobs of melts. In
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Daldyn field the ellipsoidal trajectory is not céms Location of the kimberlite
fields is also controlled by the permeable zoneéthsphere. Relatively large
pipes are located in the line Udachnaya - Zarni&ah a model of the plume
rotation plum within a fracture was described mathgcally and then

experimentally. The dense grouping in the Northpant fin Daldyn field and

around Sytykanskaya pipe probably is the projectibthe plume conduit which
due to buoyancy may rise like diapir.

Fig. 2.Location of kimberlite pipes in Daldyn and Alakite fields.

1. Kimberlite pipes. 2. Lateral (permeable) zonigipe location. 3. Trajectories of hypotheticat kream
migration. 4. Probable zones of PT location. 5. @tea of scattered kimberlite location. 6. TriplElines of the

kimberlite pipe location.

Concentric structure for Daldyn filed was suggegtete the result of mantle
diapirism but concentration of large pipes in therigheral pipes suggest the
highest melt concentration what is not typicalrfmantle diapirs.
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CONTINENTAL KEEL GROWTH AND LAYERING

Recent studied proved layered mantle structuréefithospheric mantle [8,
14, 15, 18, 19, 23, 26-28, 50, 51]. It is dividetbi 3-7 major units according to
garnet thermobarometry, but combination of severgthods [6] give more detall
layering consisting from 9-13 units [6] for manbeneath Udachanaya and other
large pipes like Mir. The common model for contiteénmantle lithosphere
(SCML) growth is the underplating of oceanic andolably continental
lithosphere beneath the continental keel of cratbich according to Re/Os ages
of the sulfides was created in Achaean time anggiren Siberia and Northern
groups of continents [8, 14, 19, 23, 28, 43, 46]. Becent data show more
extending time of creation referring to Proterozamel Phanerozoic time [46] and a
complex structure modified by melt percolation. éting to these models only
the cores of the cratons were created in Arche@n432] and the outer parts were
formed in the Proterozoic and later time.

Detail studies of the mantle columns reveal thantteaconsist from the
contrast layers of different nature [46] havingtguilifferent modal composition
and geochemistry of mantle rocks. Mantle keel isenefractory then convective
mantle and have positive buoyancy due to the ahmelt density inversion near
80-85 kbar [1] in peridotite and basaltic systemg.epresents the thermal and
chemical boundary layer simultaneously [27]. Priyn#re mantle keel can be
produced in the early stage by the compaction@bilvine mush flotation in early
magmatic ocean or more likely due to mantle digpirwith high melting degree
[26]. Another reason of growth is underplatinglué bceanic mantle slices or back
ark mantle wedge [23, 46]. Subduction with the gitipation in wide scale work
before 2.7 ma [64]. In Daldyn region average mandepositions is similar to
oceanic abyssal harzburgites and eclogites to arehasalts representing
underplating of subducted slabs [46, 47, 55-57¢& Sibduction of back ark mantle
wedge may be supposed for such mantle blocks dstéleegion with the broad
developing of the high degree metasomatism with fdrenation of alkaline
pyroxenes and high general depletion continentaknad. Relatively fertile and
metasomatized mantle compositions similar to theokts from orogenic massifs
occurs only in shallow mantle level mainly in Mesmz pipes [13] or as upper
most spinel lherzolites in several regions. Thudeuplating of continental mantle
together with continental keel [23] like in Himaldiis difficult to suggest, though
high Al- eclogites which occurs are more closehe tontinental crust then to
basaltic.

Correlation of the superplume events with growth cofist [11] due to
subduction [12, 36] and growth of continental keale the same time intervals
and close reasons. Age histogram for the crust §ht]] He isotopy [44] and the
Re/Os age histogram for Udachnaya pipe [14] as agefbr whole cratons [44] are
very similar.

As it was shown 10-13 layer structure if mantle|keepronounced in the
large territories and should be formed nearly siamdously during superplume
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events. They were accompanied by the appearanite otlatively thick and hot
melt lenses beneath the continents which shouldeptaransformation of basaltic
crust to eclogites and possibly their submeltingisTmay explain relative rarity of
eclogites in the mantle structure. Melted crustemat produced more acid melts
intruded the lower crust and erupted to surface. rEisidual peridotite part of slabs
was moved beneath continent similar to low anglé&dsation what was
accompanied by the fast convection in the low viscasthenosphere. After melt
removal and freezing it was joined to the contiakkéel. According to this model
the thickness of continental keel can’t exceed@@being restricted by melt solid
inversion boundary [1]. This is correct in gendi@ mantle keel in Gondwana
continental group [23, 26, 27]. But northern Lawaasgroup which mowed slower
in plate motion sometimes reveal the signs of nimiek cold lithosphere [23].

DETECTION OF THE LAYERING

In most of mantle sections in Siberia amount oftaums close to 10-13 [6]
which agree with amount of superplume events inRrecambrian history of the
Earth [11, 43] and seems to be the attribute ofnthatle lithosphere not only in
Siberia.

General division of the mantle column in to two tanat 40 kbars is a
common feature of the mantle column [6]. At firsistwas found by the inflection
of the garnet GO;-CaO trends near 4-5% £ [57]. Many pyroxenite and
eclogites xenoliths found in Udachnaya and othpe®i51] belong to the interval
near 40 kbar. Usually Cr-low pyrope garnets from tipper mantle part reveal the
variations in CaO and TiOshowing pyroxenitic affinity. Upper part often is
heated up to 120Q what is typical for the xenoliths from alkalinadalts [7, 8,
26]. This should result from the plum melts inflaenat the depth of the upper
asthenospheric lens 20-30 kbars. In the intervél@Rbar at least 2-3 inflection of
garnet PT trend [6] is recognized everywhere [B{§]. No evidences found if this
a result of the melt concentration determined k& ghysic- chemical boundaries
[61]and features of melt and fluids or layeringquoed by slab underplating [51].
Eclogites according to thermobarometry are foundamdy in lower [55, 56,] but
in upper part also [46].

Layering is emphasized by the trend of increasmgooplex inflections Fe#
or for the garnets in each horizon (Fig. 3). Veftgio there are several subparallel
lines of P-Fe# likely due to the melt percolati®everal horizons are traced by the
Cr-bearing ilmenites or by the clinopyroxene clots.

General tendency of the mantle columns from 405t&lgar is the continuous
growth of depletion [43] to the bottom in 3-4 hams detected for Udachnaya and
other pipes due to loss of CaO in garnets withddeth. Enriched in the bottom
layer near 60-55 kbars exist in the most of thdistlipipes. Usually the calculated
pressure interval for ilmenites coincide with tipp@arance of sub —calsic garnets.
This may be interpreted as melt percolationilofenite — forming melts within
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dunite conduites. The time of partial melting ikoown, for Ti-rich knoringites
typical in many pipes it may coincide with the deyxéng of magma feeders.

Deformed peridotites found in 70-60 kbar intervapresent the peridotites
material that was fertilized by plum melts but #taeicture of shearing may result
from the hydraulic fracturing. Similar layer may feemed due to tectonic sharing
in upper mantle part also [45-47]. It may be thaso: of repeated steps in PT
trend for in the lower part of mantle column.

Low Cr- diopsides which are typical for many manti@dumns in Daldyn
region represent possibly the precipitates frompgloen melt portions hybridized
with the peridotites. They very often accompan{?Tt diagram the PT estimates
for ilmenites and their parental malts are closegs.

Large amount of polymineral associations with pymes refer to diamond
window- 45-60 kbars, but the rocks without pyroxerghould be higher in
pressure. Lower horizons which are judging from thamond inclusions are
mainly megacrystalline dunites with pyropes [49] &3d chromites, harzburgites,
eclogites and pyroxenites [48, 55, 57]. They likedgresent the relics of subducted
slabs, channels of the melt and fluid movements landes of the pyroxenites
leaved by plume melts. This is the transitionaft feom the lithosphere to
asthenosphere where according to the most megalmgstrocks are occurring
[41]. Sharp layering determined by the pyroxenertodarometry for mantle
column beneath the Udachnaya [6] suppose that consoloduction model for the
mantle layering beneath Siberia at least for Dalkiynberlite field. Zircons ages
from eclogites and lower crust suggest the plumenesvto be recorded during
underplating of melts beneath the crust till thentkerlite eruptions [11] what
probably affect also the peridotites in the maodrimn.

The numerous multistage modification events aredetl in the xenoliths
due to zonation in minor and major components [b&gy are correlating with the
superplume events [11, 14, 19, 36].

Lateral and vertical variations of the mantle smoe of Siberian platform [6,
9, 15]( show the increasing depletion of the lowart of the mantle lithosphere
northward. Geochemical features show the vertioahtion of trace elements and
using the CARP division on clusters [17] and thetrdbutions of groups in
different pressure intervals. Despite on the goodetation of ALO; with the
modal compositions of peridotites and with the @d & content [19, 43] of garnet
this method leaves many questions concerning tmeeawent with the general
polybaric thermobarometry and with modal compositior Siberian peridotites.
In general the depth of melting determine the madahpositions which refer to
position of cotectics [22]. Many very depleted xki#hs according to modal and
whole rock composition often reveal enriched contpmos of pyroxenes and
garnets in mantle xenoliths from Alakite and othegions. Simple correlation of
the time of the rock formation with the geochemifsdtures with the division in
Archon, Proton and Tecton [19, 43] may be correbethuse the Re/Os ages are
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very conservative often do not correspond to thentss of the melting and
modification [58].

General sketches of mantle columns receive witegathermobarometry
[16, 52] are detailed by the complex of five or manethods of monomineral
thermobarometry [6] and compared with the resultgemchemistry which very
often show the disequilibrium of the minerals ie thantle xenoliths [2].

Universal barometric equation [8] for clinopyroxsenallow to work with
peridotites and eclogites. Original barometric equs for five minerals [6] were
modified to reach better agreement allow obtainPij diagrams for mantle
columns beneath kimberlite pipes using heavy mineeparates. It's gave
possibility to compare and reconstruct not only steicture, petrography and
composition of the rocks in the mantle column i ttifferent levels more
comprehensive then garnet thermobarometry [15] oo@meb with garnet
geochemistry [16] Original data base of LAM ICP Mttherals from the xenoliths
and xenocrysts > 800 TRE analyses allowed to cosnpar general the
compositions of peridotites in the different levelsmantle columns and lateral
variation from for different kimberlite fields. Teidata will be discussed in another
paper.

1. Developing of feeder and vein systems.

Evolution of the magmatic sources were estimatechpawing ilmenite
compositional trends and temperature and pres3iPg €stimates for the three
phases from Yubileynaya pipe. limenite thermobatoymproduce TP estimates
close to the clinopyroxene TP conditions in midoéet mantle columns [6]. The
higher values (55-70 kbar) refer to feeders and redtasomatites at the base
lithosphere of large pipes. Metasomatites richesthie garnet spinel boundaries
like in mantle beneath the Mir pipe but mostly uppetasomatic level is close to
40 kbar coinciding with the pyroxenite lens. Pibr@nites from kimberlites of
Siberian platform are mainly formed during the malsic AFC fractionation of
protokimberlite melts at the stage of feeder systemeation and produced a long
compositional trends. Inflections in trend are doenantle layering and pulsing
intrusion, several levels of Cr — enrichment resdiom the contamination of
parental ilmenite magma in wall rock peridotitesd daranching in the finishing
stage due to the crystallizing in veins and veslet

DISCUSSION

2. Evolution of the magmatic sources.

limenite TP values determined for the mantle colsmratching three stages
of kimberlite activity beneath the Yubileynaya pi@g. 4-6) show the evolution
of thermal conditions. The pipe is composed froresal bodies which have there
own names: Ozernaya cutting the NW part and Otarets locating very close to
the north in the same quarry. Heavy fractions iltesnfrom autholithic kimberlite
expose the most deep (~70 kbars) and relatively temperature conditions show
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the HT PT path with the inflection at 40-30 kbdmenite plot widely disperse at
the base of the mantle column forming scatteringveen 42 to 33mwm-2
geotherms. TP estimates for Ozernaya mantle coluewsal also the base of
lithosphere from 70 kbar. The dispersion of TPneates is higher. Geotherms or
TP path reflecting TP path of ilmenite parental tmedpresent more high
temperature conditions then in previous stage.yrofal' P values for the ilmenites
from the Ottorzhenets (crater boundary phase) tthee40 mwm-2 geotherm
forming 4 separate groups from 65 to 40 kbar cding with those determined for
garnets. Hence TP conditions determined for tistages show the difference of
TP conditions with heating and increasing the degfescattering also marked by
clinopyroxene TP estimates. Comparing the Fe# Herdoexisting olivines it is
clear that the develoing of magmatism was accongplahy increase of the Fe#
especially in the upper pert of mantle column. Tae phases contained the
differentiation of the mantle column to enrichedhica compositions and depleted
varieties.The example from the Yubileinaya and estgpipes may be supported by
the material from Nakyn filed where the materiabnfr the main phase in
Nyurbinskaya pipe contain very low fraction of ilme which is mainly
correspondent the feeders and accompanied deegdsea&tasomatites with the
high Fe#. In mantle column of Botuobinskaya pipe tbcation in the base is
similar but there are some. The materials from gleeer show that within the
Nakyn field the phase which reflect the more evdlmeagmatic source exist (Fig.
7-9). The Ilimenite create the polybaric trend itle¥els which is accompanied by
the Fe# increase for clinopyroxenes.

3. Refertilization — depletion events.

Common model of the mantle column based on the af@ other isotopic
system suppose a very ancient creation of thesigheric structure beneath the
continents. But these are model ages which reflecevents of rock creation but
not a resent magmatic modification events, becthes®e/Os is very conservative
system. In general the inflection in 0g- CaO- trends and increase in Fe#
coincides with the clots of TP points for ilmenit€3r- less ilmenites which are
close in isotopy to kimberlites [41] reflect the shaclean derivates from the
protokimberlite mater together with the Cr- low pyenes and Cr- less pyrope
garnets. The reaction phases which are commonly—Tenriched create
metasomatic associations constituting the contacéz of the magmatic systems
and probably the roofs of the relatively large magmsources (chambers). In
many xenoliths zones of the of the enrichmentscareespondent to the increasing
of Fe, which is more typical for the sheared péiids in the lithosphere base [56]
but also is found in the different levels in mardtdumn including spinel facies. In
general this fertilization event corresponds to élelving of the protokimberlite
system and direct contacts with the [38] with thegacrystalline associations
support this conclusion. The more ancient enriclirresilica [9] are the attribute
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of the subduction — related processes. Possib& hydrous metasomatism
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and carbonatitic reflect the other stages of thaticental keel modification [60]
but it may also accompany the separate pulses ef dheply evolved
protokimberlite melts. Geochemical features showat t@r-less ilmenites from
megacrysts have the TRE patterns that correspoadshd garnet — free
associations, probably dunite veins. The S- typd#eps are created by the
chromatography due to melt percolation. Mg-Cr mtinomites which never were
found in the mantle harzburgites and |herzoliteseqmogs to the dunites which
also are the melt — fluid conduits. They in sontlgokpheric columns in kimberlite
regions Ti rich chromites compile with olivine dteniveins instead for ilmenites
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like in Upper Muna. It is likely that some knoritgigarnets with the S- type REE
patterns are also fragments of the megacrystallimite [48] specific veins also.

4. Interaction with the protokimberlites and the g@iblems of the diamond
growths.

The thermobarometry of peridotites and mantle siolus from kimberlites
show that clinopyroxenes marks in general not otilg low—temperature
conductive gradient typical for ancient associaiogveling subduction origin but
also mark relatively high temperature associati®i$ which are close to the TP
estimates from ilmenites and other megacrystalissociations. Even the diamond
bearing eclogites [45, 54] which show the signseéting repeat practically TP
path of the ilmenite megacrystalls in mantle colsrbeneath the Udachnaya pipe.
The ilmenite bearing associations and multipliedusions from the cloudy and
other types of diamonds are result of crystall@atinear the evolving
protokimberlite systems. The pulsing charactehefrelt filtration possibly is the
reason of the multistage zonation of the diamofts. polymict mantle inclusions
are possibly a result of the growth in the magmétieccia surrounding the
channels of the melt movement.

CONCLUSIONS

1. Monomineral thermobarometry evidences for the midge melt
percolation events of the protokimberlites withine tmantle columns beneath the
kimberlite pipes.

2. The heating and fertilization processes as welthas depletion to
dunites within the zones of melt movement are agaomed the melt percolation.

3. The productivity of kimberlite pipes possibly igghly influenced by
the processes take place not long before the erupti
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Xenoliths of different genesis from diamondiferolsnberlite pipes of Yakutia
(Udachnaya, Mir) and nondiamondiferous kimberlitgepObnazhennaya have been studied.
The microprobe analysis of their components has Ibesde with the use of a CAMEBAX-
MICRO X-ray microprobe (CAMECA, France) and the Rednditions of equilibrium of
these rocks have been determined using the progr&m¥PEST and TERRA. The volatiles
from the minerals of mantle xenoliths have beerlyaed on a setup, assembled from three
standard gas chromatographs LXM-80 and equippeth wriginal device for thermic
extraction of gases. This setup makes it possibldetermine simultaneously all gases of
interest (CQ, H,O, CH,, Hy, N, CO, Q, C,-C,) from the same sample. The chromatographic
data have been recalculated into the P-T conditioih®quilibrium of our rocks. The
calculations have been made for C-O-H system imptesence of solid carbon using the HCh
code, which employs the minimization of Gibbs’sefrenergy method. Basing on the results
of calculation we can conclude that the main mafitkd components of the studied
xenoliths are KO and CQ or CH, The oxygen fugacity fields of the studied rocke a
situated near the buffer equilibrium WM. Redox eteristics of xenoliths are discussed
with consideration for their position in verticaloss section of the upper mantle, where the
general trend has been toward the elevation ofsémples recovery as their origin depth
increases. The action of metasomatism on the oagidat rocks is observed.

INTRODUCTION

The results of petrologic, geochemical and isotgppechemical studies of the
deep-seated rock xenoliths in kimberlites obtainetie last decades demonstrated
both a variety of their types [28, 7, 31, 21, 22, 0], and complicated multi-stage
character of the lithosphere mantle substrate @wolu27, 20]. The data on
diamond inclusions [17, 4, 30, 24, 9, 15, 8, 14] arbare handful of mantle rocks
in kimberlites and alkaline basalts however limmformation on the composition
of volatile components and the upper mantle redmnditions [11, 1, 6, 12, 13,
26]. We have studied 160 xenoliths of different gogmmetic types from the
diamondiferous kimberlite pipes Udachnaya (133 das)pMir (11 samples) and
diamond-free Obnazhennaya pipe (16 samples) tdeceeaeal (objective) model
of the fluid regime in the profile of the Siberigtatform lithosphere mantle. An
effort has been made to construct a mantle proiille regard tdO, of rocks.

EXPERIMENTAL TECHNIQUES

CAMEBAX-MICRO microprobe analyzer of French compa@AMECA
was used to analyze chemical composition of minphalses of rocks. Natural
minerals of the compositions, which most closeserable the compositions of the
expected phases, were used as standards. P-T pamrsmok xenoliths formation
were calculated from the microprobe data. The t¢aticuns were carried out by
TEMPEST program of A.A. Finnerti which later impex\ by T.M. Blinchik and
by TERRA program designed by I.V. Aschepkov [2, 3].

The composition of volatiles from the mantle roanaliths was analyzed by
gas chromatography on the unique setup, which adafitdetermination of all
gases (O,, H,O, CHy, H,, N,, CO, O,, C,-C,,) from one probe of powder-like
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materials simultaneously. The setup and analytmacedure are detailed in
Osorgin [18]. Chromatographic setup calibration enddy the introduction of
certain amounts of pure gases made it possibleetermine the following error:
CO,, C-C,, N,, CO, CH, — 2 rel.%; H, H,O — 10 rel.%. The charge (300mg) was
inserted into the V-like quartz tube, blown by baiiand heated up to 2 The
released gases were removed to avoid the affettecfurface-adsorbed gases on
the results of analyses. The sample was subseyupreghched in two stages: 10
min. at 606C and 10 min. after 1 min. break at 1800Gas phase, released at
each stage, was analyzed in chromatograph.

Table h.

Representative microprobe analyses (wt.%) of garndtom the xenoliths of the studied rocks of the
Udachnaya (UV), Mir (M), Obnazhennaya (O) pipes.

Para-
genesis| SiO, | TiO, | Al,O; | Cr,0O3 | FeO | MnO | MgO | CaO | Na,O | Total

uVv574/89 d 41.8| 0.02| 17.1 8.72 7.14 045 21/92.6 | 0.004| 99.85
uVv39/89 d 41.7| 0.01| 1512 1116 7.1 046 22(74.2 | 0.02| 99.57
Uv17/91 h 42.1| 0.01q 17.77| 7.61| 7.08 0.36 23.071.39| 0.038 99.42
uv467/89| gsl 41.6 0 20.19 4.1 764 042 19/16.06| 0.058 99.16
UVv531/89 al 41.5 0 19.27 538 811 044 18.38.18 0 99.21
M120/72 al 42.5| 0.126 22.02| 1.96| 7.29) 0.31 20.594.82| 0.062] 99.72

sample

uVv79/89 dp 41.2 1723 9.01 7.19 19.26.17 100
uv448/89| dp 42.2| 0.572 17.72| 6.38 6.8 0.29 20.824.73| 0.092] 99.61
UV-13/91 dp 421 0.72 20.32 0.99 13.03 17.93] 4.69| 0.05| 99.83
uVv464/86| ecl 39 | 0.458 20.97| 0.051| 22.7 046 6.8 9.26 0.158 99.95
0/283 ecl 41.8| 0.04, 23.9 0.17 13 0.37 137 722 0{05 3100.
M1/88 ecl 41.8| 0.16) 22.8 0.0 11.850.3 | 18.43| 3.98| 0.09| 99.54
O/407 pyrox | 42.6| 0.11| 23.2 0.6 8.4p6 0.33 20{98.18| 0.033 100.5

M31/01 pyrox | 42 | 0.14| 22.2 1413 963 0.1 19/0841| 0.062] 99.51
UV11/99 | pyrox | 41.1| 0.61, 21.2 0.35/ 14.610.34 | 16.48 4.44| 0.107| 99.37

Note: Paragenesis: d - dunite, h - harzburgite, gsl| Aajespinel lherzolite, gl — garnet Iherzolite, dp —
deformed peridotite, ecl — eclogite, pyrox — pynuike.

Data were obtained using CAMEBAX-MICRO x-ray micrope analyzer of French company CAMECA
in Laboratory of x-ray microprobe analysis of Inst2 Geology and Mineralogy SB RAS (operator L.V.
Usova).
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Equilibrium molecular composition of fluids at Pparameters of xenoliths
formation was calculated from chromatographic daya minimization of the
system free energy according to HCh program dedigpgeYu.V. Shvarov (MSU,
Geological department). The values of Gibbs freerggnand oxygen fugacity for
iron-wustite (IW), wustite-magnetite (WM), graphi@O-CO2(CCO) buffer
equilibriums were taken from Chepurov et al. [Sky@en fugacity of the rocks
was calculated from the obtained dataf@y=P*Xo,*y, where P — total pressure,
Xo2 — 0xygen mole fractiony, — oxygen fugacity coefficient. Calculations otiidl

Table 1c.

Representative microprobe analyses (wt.%) of olivie, spinel and picroilmenite from the xenoliths oftie
studied rocks of the Udachnaya (UV) and Mir (M) piges.

sample gZ%r:s-is mineral| SiO, | TiO 5 |Al ,O3(Cr,04 FeO |[MnO |MgO | CaO|Na,O| NiO | Total
uUv574/89 d Ol |41.51 0.032 7.18|0.08951.03 0.01 0.343100.19
uv39/89 d Ol [41.4¢6 0.0176.96| 0.1 |51.37 O 0.337100.24
uv1i7/91 h Ol |41.26 0.027 7.4 | 0.08250.810.007 0.33999.92
Uv562/89 sl Ol |41.41 0.008 7.68|0.10450.19 0.01 0.38399.78
Uv536/89 sl Ol [40.9% 0 | 7.660.097150.55 0.01 0.344 99.62
Uv467/89 gsl Ol |41.45% 0.01] 7.33|0.08950.63 0.01 0.421 99.93
uUv531/89 gl Ol |41.61 0 7.5| 0.09/50.44 0.01 0.347100.02
M120/72 gl Ol (4091 O 0 |0.0097.64/0.10850.380.006 0O |0.40399.46
uv79/89 dp Ol |41.02 0.05]8.93|0.11249.34 0.04 0.349 99.84
uv448/89 dp Ol |41.47 0.053 7.89|0.11850.03 0.04(0.043 0.32| 99.92
uv-13/91 dp Ol |39.59 0.00114.150.15945.650.032 0.14199.72
uUv39/89 d Sp 0.06B4.95|63.7318.77 12.01 99.52
Uv562/89 sl Sp 0.0734.4733.2916.68 0.21(14.79 0.12| 99.63
Uv536/89 sl Sp 0.01138.11/30.4613.95 17.23 99.76
Uv467/89 gsl Sp 0.8987.85|59.4518.79 12.58 99.55
uUv-13/91 dp Picro 50.970.35| 0.58| 36.6| 0.2 |10.7 0.07| 99.55
Uv11/99 pyrox Picro| 0 49.18®.646 1.02|39.340.228 9.6T 0 0 100.15

Note: Ol - olivine, Sp - spinel, Picro — picroilmenitearagenesis: d — dunite, h - harzburgite, sl —e$pin
Iherzolite, gsl — garnet-spinel lherzolite, gl —rggt lherzolite, dp — deformed peridotite, pyrox —
pyroxenite.

Data were obtained using CAMEBAX-MICRO x-ray micrope analyzer of French company CAMECA

in Laboratory of x-ray microprobe analysis of Ihgit of Geology and Mineralogy SB RAS (operator
L.V. Usova).

components start from assumption that the systemslased and hence H/(OH)
ratios do not change in any reactions between ¥isgem components during

temperature and pressure drop, as rocks are expbsled surface. An excess-free
carbon fluid equilibrium was the second importanérdg, which occurred in the

lithosphere of cratons during their stabilizatioocarding to D. Pearson and
coauthors [19].

RESULTS

Table 1 (a, b, c) demonstrates the most representaicroprobe analyses of
minerals from the xenoliths of the studied rocksiifabasic (harzburgite-dunites,
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spinel and garnet peridotites, deformed (shearedliqgtites) and basic (eclogites,
pyroxenites) parageneses. Chromatographic anabfse®nomineral fractions of
typical representatives of all groups of xenolitinsder study and calculated
H/(O+H) values, which characterize redox conditiofghe rocks formation, are
given in Table 2. Table 3 shows the calculateddflcomponent composition in
equilibrium with the studied rocks. H/(O+H) ratiosthe mantle rocks fall in most
cases within 0.60-0.68 and rarely decrease up.38-@.58. In three sheared
peridotites (UV-448/89, UV-495/89, UV-242/89) tmegio is 0.3-0.4 (Table 2),
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Fig. 1. Temperature dependence of oxygen fugacity for theenoliths of harzburgite-dunites, deformed
(sheared) peridotites of the Udachnaya pipe, ecldgs and pyroxenites of the Udachnaya, Mir and
Obnazhennaya pipes, garnet peridotites of the Udacdlaya and Mir pipes (assigned to the standard buffer

WM).

1 - harzburgite-dunites of Udachnaya pipe; 2 -é&u¥/M (P=5G Pa); 3 - spinel peridotites of Udackmay
pipe; 4 - buffer WM (P=2G Pa); 5 - garnet-spindlighgtites of Udachnaya pipe; 6 - garnet peridotdes
Udachnaya, Mir pipes; 7 - deformed (sheared) pétetoof Udachnaya pipe; 8 - eclogite of Udachnaya
pipe; 9 - eclogites of Obnazhennaya pipe; 10 -xgintes of Udachnaya, Mir pipes; 11 - piroxenités o
Obnazhennaya pipe; 12 - diamondiferous eclogitgs;diamondiferous dunite.

that is indicative of a high oxidation of the sasgpland consequently the
calculations show abnormally high content of carlborxide in the equilibrium
fluid (Table 3). H/(O+H) = 0.78 (Table 2) in sheareeridotite UV-79/89, i.e. it
was formed under reduction conditions and methaméeat in the fluid is higher
than carbon dioxide and only water content is lo@able 3). By and large among
the ultrabasic paragenesis of xenoliths from thebldrlite pipes of the Siberian
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platform the highest average value H/(O+H) 0.6B6haracteristic of harzburgite-
dunites, 0.64 of the grained peridotites, 0.63h&fased peridotites and 0.65 of the
basic parageneses of the Yakutian pipes.

Mole fractions of the main fluid components weré&akated for all minerals
of xenoliths in hand. As for harzburgite-dunite tad olivine and sometimes
garnet. Calculations for spinel and garnet-spihek4olites were made only for
olivine. Pyroxenes were added to the calculationg&rnet lherzolites and sheared
peridotites. The compositions of fluid systems eéry half of eclogites and vast
majority of pyroxenites were calculated from chréoggaphic analysis of garnet
and pyroxene. In most cases the calculated valtexygen fugacity and fluid
component composition coincide for the coexistingarals.

Fig. 1 showdO, of all the xenoliths calculated from chromatogna@nalysis
for P-T conditions of rocks equilibrium and assigrie the standard buffer WM.
Oxygen fugacities of the majority of samples amilsir to the buffer WM and
differ at most by two log units. Spinel |Iherzolitase the most oxidized of the
studied ultrabasic rocks. Their field falls abowe WM buffer like the field of
garnet-spinel Iherzolites. The field of the deepmstplex of mantle xenoliths —
deformed peridotites falls below zero-point (WM).arAburgite-dunites are
intermediate between the fields of the garnet-dpiherzolites and deformed
peridotites. The field of gannet peridotites wittodd temperature range are both
above and below the WM buffer. It completely ovpsgavith the fields of sheared
peridotites, harzburgite-dunites and the most paidpinel lherzolites. Eclogites
and pyroxenites of the diamond-free pipe Obnazherara the most oxidized
rocks of basic parageneses, their fields completalyabove the WM buffer.
Fugacity values of diamondiferous eclogites fromatlthaya and Mir pipes are in
the area of WM buffer equilibrium. Diamondiferouanite from the Udachnaya
pipe is spaced close to them but in more oxidized.a

DISCUSSION

Pokhilenko and coauthors [23] presented a modtiemMmantle profile of the
center of Siberian platform in the Paleozoic tifg(2-1) and the northeastern part
in the Mesozoic time (Fig. 3-I). By this model sglitherzolites with only a few of
garnet pyroxenites and rare eclogites are domimatfite central regions (middle-
Paleozoic time) immediately under the Moho boungdetyich is the crust-mantle
transitional zone. Garnitization of peridotites imsgfrom the depths of 65-70 km
(P=1,7-2,0 GPa) initiating the formation of pyrog@nel peridotites, which
coexist with highly depleted chromite-containing rigetites. Alternating
associations of chromite-pyrope and pyrope peteotiare dominant in the
lithosphere mantle from the depths of 80-100 knro@te-pyrope harzburgites and
dunites dominate in the mantle section from 120approximately 180 km.
Harzburgite-dunites become less depleted from @hdep180 km and depleted
Iherzolites appear. The root parts of lithosphesnthe from 200-210 km to the
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lithosphere - convecting asthenosphere transiticrtale are represented by
deformed (sheared) peridotites with petrochemicad geochemical signs of
secondary enrichment due to metasomatic effect loidsf and melts of
asthenospheric origin [23, 25].
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Fig. 2. Vertical cross sections: | — mantle profile of theenter of Siberian platform in the Paleozoic timg27],
Il — P-T parameters of the equilibrium of the mantle rocks, 11l — oxygen fugacity for the xenoliths of
ultrabasic paragenesis of the Udachnaya and Mir pigs, IV — oxygen fugacity for the xenoliths of basic
paragenesis of the Udachnaya and Mir pipes.

Fig. 2 also demonstrates our determinations of Pafameters of the
equilibrium of the mantle rocks from the Udachnaya Mir pipes of the same
regions (Fig.2-11) and a diagram of temperatureethelence of oxygen fugacity for
the xenoliths of both ultrabasic (Fig. 2-Ill) andsic (Fig. 2-1V) paragenesis of the
Udachnaya and Mir pipes. The diagram of P-T pararaedf rocks equilibrium
and AlgfO~T,C diagrams are patterned parallel to the mantlesceextion to
correlate pressure with depth and oxygen fugaagig fof the rocks — with their
position in the cross section. Similar diagrams tfer rocks of the northeastern
margin of the Siberian platform in the Mesozoic @m given in Fig. 3.

The deepest rocks - sheared peridotites show greatations inAlgfO,,
than expected having regard to their position m rtiantle cross section (Fig. 2-
[I1). This can be explained by the different degmdemetasomatic effect on the
rock group. Deep astenospheric fluids, which patetr along the cracks of weak
zones, interacted with a part of the deformed @tequeridotites. The fluids
oxidize them to such a degree that,@&mount compared favorably to the amount
of H,O (UV-448/89, UV-495/89, UV-242/89). Free of metamtism deformed
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sheared peridotites yet show high degree of redluabf coexisting fluid. CH
(UV-79/89) was of great importance in the proc&3sygen fugacity also varies
widely in harzburgite-dunites which are located \aba the lithosphere mantle
and occupy a larger area of depths. Originally éhegks, extremely depleted in
fusible components, have been probably more redasexvidenced by the highest
H/(O+H) ratio among the studied rocks (average Herburgite-dunites 0,65).
Further they also suffered multistage metasomdgtz€lj; but of different type than
sheared peridotites. More likely partial carbon@atwith the active COfluids,
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Fig. 3.Vertical cross sections: | — mantle profile of tk northeastern part of Siberian platform in the
Mesozoic time [27], Il — P-T parameters of the eqlibrium of the mantle rocks, Il — oxygen fugacity for the
xenoliths of basic paragenesis of the Obnazhennapipe.

which interacted with harzburgite-dunites and wengrapped by their minerals
like inclusions (UV-386/86, UV-574/89, UV-39/89 UA4Q9/86, UV-305/89),
occurred [23, 25, 16]. The samples representingnthrtle areas, which did not
participate in the processes and preserved eddidr characteristics, shows that
CH,; dominates C@along with high values of water mole fraction (\49/76,
UV-15/93, UV-278/89). Less depleted spinel Inethdifrom the upper part of the
lithosphere mantle cross section, which avoidedrsggary enrichment, were
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initially more oxidized and CO plays an important part in the component
composition of the coexisting fluid (UV-562/89, UB8B6/89).

Fluid characteristics of eclogites and pyroxenitesrelate well with their
position in the lithosphere mantle cross sectioiy.(R2-1V). Eclogite of the
Obnazhennaya pipe (Fig. 3-lll) showed greater rednicof the coexisting fluid
than the P-T parameters of equilibrium proposedo¥gnites of this pipe have
demonstrated good agreement between their positidhe mantle cross section
and the degree of oxidation of the fluid extradtedn their minerals.

CONCLUSION

The obtained results have shown that: 1) Redox doam conditions of all
studied xenoliths are similar to the buffer equilim WM, usually the difference
does not exceed two log units f6,. Water prevailed in the composition of the
mantle fluid, the second was carbon dioxide an@& rarmethane. CO and,H
contents were generally one order of magnitude 1o®E The general trend has
been toward the elevation of the samples reductwith the depth of their
formation though the post crystallization metasacetfect distorts this trend. For
example, the deformed peridotite with abnormallghhiCG content in three
samples occurred due to that effect. 3) Spinedpétes of the lithosphere mantle
under the Udachnaya pipe are the most oxidized gntbe studied ultrabasic
rocks, fresh harzburgite-dunites and deformed p&tes of the root parts of
mantle under the pipe are the most reduced rogksclégites and pyroxenites of
the lithosphere mantle under the diamond free Orazaya pipe are the most
oxidized among the studied basic rocks. Eclogitesl @yroxenites of the
diamondiferous pipes Udachnaya and Mir demonstaateide range of redox
equilibrium conditions. 5) I, values of diamondiferous eclogites from
Udachnaya and Mir pipes and diamondiferous dunienfUdachnaya pipe lie
nearly along the line of the buffer equilibrium WMemonstrating the average
level of redox conditions of formation of parenaiiondiferous rocks.
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Abstract

The broughted results of the studies kimberliteksotom Zapolyarnaya, Deymos,
Poiskovaya, Novinka and Komsomolskaya-Magnitnaysepi(Verhne-Muna field).

It is established that all diatremes are executetib structure types of kimberlites:
porphiric kimberlites and kimberlitesu brecchias, presenting independent
introduding phases. The temporary relations poiptkimberlites and kimberlite
brecchias are installed on single samples. Theltsesdi their study, as well as
presence of xenoliths of porphiric kimberlites utdithic brecchia allow drawing a
conclusion that their consolidation passed beforention of kimberlite brecchias.
High amount of fresh olivines is noted in all pipg#sVerhne-Muna field. Between
indicator minerals leader place belongs to the gjar@omparatively to diatremes
from the other fields, kimberllites of Verhne-Mufiald are characterized by low
contents of sedimentary rocks debris, wide-spraattilsition of ultrmafic mantle
rocks. The particularity of all pipes is nearlylfabsence, both eclogite and garnet
websterite xenoliths. This evidence is confirmedoaby the composition of the
assotiations of indicator minerals that is indieatof essential difference of
lithosperic mantle given field in contrast with neakimberlitic fields.

INTRODUCTION

Enormous actual material is received in processmofe than 50 years
studiing on chemical composition, petrography andhenalogy of different
kimberlite pipes of Yakutia. In spite of undoubtegsemblance in formation
kimberlites in the whole each pipe and each fielehinherent their own
individual particularities, on which they differoim kimberlites from the other
fields [2, 7]. The detailed study of kimberlite ks¢ nature their secondary
transformation and clarification their minerallogy of great importance for
decision of the practical problems, in accordandd wividing of the intruding
phases, nature their three-dementional distributiondiatremes, specificity
postmagmatic transformations, that are determie& tpeologycal-technological
particularities.

RESULTS

Verhne-Muna kimberlites field is located in upper current of river Muna
and is presented by 16 pipes and 4 dikes [3, 4T184.typical particularity of this
field is a close location of kimberlite bodies ahdir small sizes. Probably this has
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served the reason that kimberllites explored ugegimuch gangplank between
itself. There were organized the detail studiekimberlite rocks on saparate levels
of upper parts of main pipes: Zapolyarnaya, Deyniasskovaya, Novinka and

Komsomolskaya-Magnitnaya of this field (528 samplds was used complex

metohds of petrographic studies, in which enter@adror and micro-srructure of
kimberlite rocks, chemical analysis of the varigtiemberlites, X-ray analysis of

the kimberlitic ground mass, determination of theavy minerals, study of the
composition of indicator minerals.

In spite of row separate difference, all pipes Ugdena field have a general
line, conditioned presence two types kimberlitesthivthe exclusion of pipes
Novinka) and vicinity of the mineral compositionll Adiatremes built by two
structural types of kimberlites: porphiric kimbék (PK) and kimberlites
brecchias (KB), being derived independent phasdkeofntruding. The structural
types differ on olivine disribution in differentahing classes, contents of debris of
sedimentary rocks, presence "autolithes" formatomtents of indicator minerals,
in particular garnet (Table 1).

Table 1.
Modal Composition of Kimberlites from UppermunalBie
_ Type of Number. Xeqol|ths of Xenolnh; of Autholiths, Average
Pipe rocks of sedimentary | ultramatic vol.% content of
samples| rocks,vol.% | rocks,vol.% ' olivine, kgt
Zapolyarnaya PK 74 4,06 1,36 0,16 2,29
Deymos PK 7 3,44 1,65 0 5,36
Poiskovaya PK 50 2,47 0,29 0,08 9,07
Novinka PK 110 4,14 1,91 0,32 10,62
Komsompl‘skaya- PK 72 4,44 1,61 0,21 13,86
Magnitnaya
Zapolyarnaya KB 87 14,92 1,01 2,63 3,03
Deymos KB 17 11,75 0,97 0,14 18,33
Poiskovaya KB 9 20,96 0,65 2,18 13,00
Komsomol'skaya-| g 52 14,76 0,03 1,39 7,76
Magnitnaya

Unlike the other pipe, where come to light the pldt temporary contacts
between kimberlites of the different consolidatiphases, in kimerlites Upper-
Muna field sharp contacts reveal itself seldom.yTéwe characterized with gradual
transition and mutual mix petrographic sign. Invardf the each petrographic
type possible to select to varieties, conditiongadrrelation porphiric and clastic
structural elements, for instance, amongst PK: megadia-, miniphorphiric and
etc. Amongst kimberlite brecchias: small-, mediad aoarse debris.

Porphiric kimberllites in all pipes have approxielgtalike composition and
structural signs. The small differences are coonéd by correlation of
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dimensionality porphiric separations and the intgnsf secondary mineralisation
development. These rocks are grey, light-gray efdblour, sometimes with pale-
blu, or brown tones. Small lightning of rocks ideu most often near contact with
strong calcitisation. Brown tone is conditionedidygad development of pyraurite,
less heicite and separation of ferric gidrooxydes some areas. Olivine
psevdomorphoses are mainly oval form and built dadlgi by the serpentine
sometimes with carbonate. Moreover the serpentiveaya dominates in
composition pseudomorphoses. Big amount of fresinel is noted in all pipes of
Upper-Muna field. Usually olivine is saved in thammer of relicts in rather large
grains, partly substituted by serpentine. On plamme grains are noted
emptinesses and cavities serpentine solvent, inmidnener of geodes or rims on
some grainsBoeoOpa3Hbeix. The most intensive this process is shown in upper
levels parts of pipes. As a whole the structurthefrocks is porrphyric and texture
- massive.

The autolithes contents in brecchias can reachoupOt20%. Quite often
small autolithes are shells of early kimberlite $d& surrounding xenoliths of
sidimantary or crustal rocks or grains of deep xeysiic minerals - basically
olivines and pyropes. The autolithes texture can dse massive, so and
concentrically-fluidal. In the first case they caontain pseudomorphoses on
olivine of first generations. As a whole kimberllieecchias of Upper-Muna field
are characterized by low contents of sedimentackgadebris (average 12%),
comparatively to diatremes from the other kimbeslit

The study of modal composition of big amount of Berlite samples rocks
from the Upper-Muna pipes shows that contents rivipseudomorphoses (size
more than 4-5 mm in diameter) in porphiric kimesitvary from 10 to 13% and in
kimberlite brecchias 4-8% (practically in 2 timesss). The content olivine
xenocrysts (size > 8 mms) decreases nearly on .oFde&rporphiric kimberlites
content of pseudomorphoses (class 1-2 mm) is no¢ th@an 50%, for kimberlite
opexu brecchias this factor varies from 50 to 60% moesd¢B contains the big
amount pseudomorphoses on olivine 1l generatiore dstribution of olivine
grains of different classes is one of stable thdtacked in all studied by us pipes.
This content and correlation can serve the priodtterion at typisation of
kimberlite rocks [8].

The spectrum of mineral composition of the grourassnof kimberlite rocks
of Muna pipes it is enough close, however theirteots broadly vary, both on
kimberlite types, and in separate samples. As jddgethe X-ray data test (the
indicator panel. 2), both in PK, and in KB domingtimineral areepneatur and
calcite, in most cases are present the mica amditehlin ground mass all pipes, in
that or other correlation, counter montichillitedaperovskite, amount last quite
often is up 10%. Usually, perovskite is presenthm manner of little grains heap
in serpentine-carbonate mass, as well as in comt@oseactionary rims around
olivinea. It is around the world noted its zonal nature eoer, probably, not only
in respect of major, but also trace elements [[U@ntichellite meets in the manner
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of isometric and round form, sometimes resorbedllsonystalls; quite often he
also has a zonal construction. The contents itdifierent types and separate
sample of the bore holes, as judged by given ntogs study, uneven. Follows
to note, presence perovskite, montichillind titanomagnetite in composition of
the ground mass kimberlites this field is indicatief hightemperature nature of
kimberlitic melt, but development titanomagnetite final stage of the shaping
kimberlite pipe points to increasing oxygen redoxditions [1]. The progressive
enrichment by the ferric and titanium oxides of Berlitic magmas on the final
stage of the crystallisation process is noted dkasan a result of studies zonality
of olivines [1]. Necessary to note that hightempeea nature of kimberlitic
magmas and increasing of oxygen situations on fitagje of the crystallizations is
emphasized broad development powerful kelyphitiosrion garnet megacrysts
from these pipes. This in turn well agreed witheirdive manifestation of the
dissolution and corrosions of diamonds from thepe9that, as likely as not, is
and one of the reasons low diamond grade of kirtbgiMuna field.

2,5 -
0 Komsomol skaya
e I agitniaryra
15 0 Poiskovwayra
B @ Deymos
oy
1 4 ;‘:‘ B Zap aly arnaya
A
%\ %-\ B MNowrka
o i
0,5 4 X
N
ﬂ el e—— Q:"
PK KB

Fig. 1.Distribution of ultramafic xenoliths in kimberlite s of the Upper Muna field.

The temporary relations porphiric kimberlites anthlkerlite brecchias are
installed on single samples. From studied curremthlections only several
samples from pipe Zapolyarnaya and pipes Komsoragéilagnitnaya
demonstrate the well-marked contacts between pacghmberlites and brecchias.
The results of their study, as well as fact of figguent presence single sample
porphiric kimberlites in the manner of xenoliths limecchias allows to draw a
conclusion that their consolidation passed befooemétion of kimberlitic
brecchias.

Distribution of mantle xenoliths in investigatiompps is far unlevel (Fig. 1).

The most their amount and a spectrual varietyigeglfin pipe Zapolyarnaya,
Novinka and Komsomolskaya-Magnitnaya. In pipe Degnizey are meet less;
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else less in pipe Poiskovaya. At count modal comipos814 xenoliths of the
deep rocks were noted in kimerlites Upper-Munalfi@asically, these are dunites
and olivinites, garnet lherzolithes and garnet-spirarzburgites. Practically all of
these in one or another degree are subject of r#@m@ation, So, a part of them is
presented by serpentinites of menshened rock tyresintensity of the processes
of secondary development of ultramafic rock xehalitis found in full
correspondence to with degree of the transformaifdamberlite rocks, in which
they were noted.

The form of deep xenoliths is most often oval; thairfaces are smooth.
Their sizes (in samples) small: from 1-2 to 1-3 mefer to on long axis, in single
samples up to 20 mm. In all pipe garnetbearingetias prevail over samples
without garnet.

o Zapolyarnaya

O Deymos

a Komsomol’skaya
-Magnitnaya

+ Novinka

0 Poiskovaya

................................................................

.
.
e
-------
...........

Fig.2. Garnets composition from kimberlites of the UppeMuna.

The contents garnet and cromspinels in xenoliththefdeep rocks vary
from 2 to 10-15 %, in small nodules (size 3-5 mmg to 30-50 %.
Chomshpinel in xenoliths is presented xenomorphaing by size from 0,05 to
0,5-0,7 mm. In kimerlites of the Komsomolskaya-Miaigglya pipe are installed
enriched by phlogopite deep rocks of olivine-phloig® xenoliths. The rocks are
small- and medium-grained and consist mainly ohgeared phlogopite (80-85
mod. %). Amphibole and clinopyroxene are presemihémanner of admixture.
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In pipe Zapolyarnaya noted single samples of etdsgiAs a whole amount
xenoliths deep assotiation in porphiric kimerlitgsarly in two times exceeds
such in kimberlite brecchias.

In smaller amount, than mantle, are noted xenolitfisthe crustal
metamorphic rocks. They wide-spread practicalhalinpipes of Upper-Muna
field, only in the pipe Poiskovaya noted only senghmples. They are presented
basically by debris of biotite-garnet and amphibgdenet gneiss, less crystalline
schist. The crustahetamorpic rocks are subject to same secondarygehas
accomodating kimberlite. The separate samples shi@nsive serpentinisation,
to a lesser extent is carbonatised. The typicatfostal xenoliths is a presence
of the quartz in many assotiations. As contrastetd deep xenoliths debris of
crustal rocks comparatively biger in size. Dominat@oliths size 1-5 refers to
on long axis, less up to 7-10 mm. Distribution cdntle minerals in composing
their kimerlites, as well as deep xenoliths, unéueheader place in both
petrographic types, certainly, occupies the garfle¢. most its amount is noted
in pipe Zapolyarnaya (the average contents 0,6756 06). Distribution of
garnet is uneven, is noted its greater contentpophiric kimerlites. From
comparative

' % B Dunite-harzburgitic
Poiskovaya ([T LT
H W Wehrlitic
Komsomol'skaya- : O Lherzoliti
Magnitnaya JIIIIIIIIIIII T erzolihic
_ O Eclogitic
Novinka [ T [ T
|

AT

Deymos

Zapolyarnaya [T
[T

Mir T T A T
1

0 20 40 60 80 100

Fig.3. Relationship of garnet megacrysts of different paagenesis in kimberlite pipes of the Upper
Muna field.

diagram of the garnet compositions in differentegigFig. 2) wholly obviously
their resemblance on contents main component CaamigFe. As judged by
microprobe data garnets from studied pipes areecglosariations of Cr also, Ti
and Mn. The comparison of garnet compositions fidoma field pipes with

garnet populations from kimberlites by nearby feeftig. 1) points to sharp
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difference of the paragenetic garnet types seinmeKites of given field. This is

expressed in nearly full absence of eclogitic garrend, in the first place

garnets with high Ca-content from kyanite and th®eotypes highaluminous

eclogites, that are wide-spread in Udacnaya andother pipes of Daldysky

field [5]. The distribution of different paragenetjroups of garnets is shown on
specifif diagram (Fig. 3). It is obvious a resemmge in relationship of

paragenetic groups between garnets of Muna pipesliffierence in comparison

with garnet from the Mir pipe.
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Fig.4. Comparison of chromspinelides from the Zapolyarnag and Novinka pipes.

The particularity garnet from Upper-Muna field pgpes a broad development
powerful kelyphite rims and presence in both petpgic types kimberlites of the
quite a number garnet, has strained the substitkkeéggbhite by material. In PK
their amount forms approximately one third from theneral volume of the
sample, in kimberlite brecchias approximately 1#8$

The garnets basically orange or orange-red vasietenswerring two
assotiations: mafic and ultramafic. Their seizeleel exceed 5 mms in diameter.
Much grains are noted with size from 0,1 to 1 mmn&crysts of 7-10 mms are
single, their contents in the grond mass does xusezl 7 %.

llimenite meets seldom amongst indicator minerak(ngle sign), contents of
chromspinelides are less than 0.1 percent. Spireetsall pipes of Muna field are
clode in composition. But there is fixed a rathbwious difference in content of
Mn and other elements between chromspinelides pb¥arnaya and Novinka
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pipes (Fig. 4). Chromspinelides of these pipesreadly different in the presence
of chromites of diamond assotiation. This statenemonfirmed by low grade of
the Novinka pipe.

Petrohimichal feature investigated kimberlites shotvat composing their
kimberlite phases are present itself formation.iTbkeemical composition varies
within pipe from phase to phase and inwardly eadtasps. One of the
petrohimichal particularities of studied pipes isl@ar delimitation of petrographic
rocks of the different introding phases on the eotg of major oxydes (Table 2).
Phorhiric kimberllites are characterized by raisedtents of TiQ, Fe&Os;, MnO,
MgO and KO. The kimberlite brecchias have high contents aDCin contrast
with PK and contain more ADs;, N&O. A high importance of SiO2 and MgO is
determined by quite a numbers of fresh olivine.isltpresent in majority of
porphiric kimberlites, will broadly develop in tlggound mass in the manner of
veins of different orientation.

Table 2.

Chemistry of kimberlites from Upper-Muna field (average, wt.%)

Pipe T)(;[f)e Num. of Avarage major composition
ookaANalysessio,[Tio Al ,04Fe,0,MnOMgO | caONa,0 K ,0|P,0s| ppp | total

PK| 54 31,07 1,2B1,67|8,12(0,1434,674,32/0,01/0,41]0,38[17,6399,83
Zapolyrnaye | kB | 83 [30,091,192,21|6,67|0,1332,876,820,02|0,25| 0,39[19,2399,86
PK| 9 |27,621,742,51|8,61|0,1531,708,99|0,020,57|0,79/17,37100,06
KB | 15 [28,601,283,08|7,46|0,14128,1411,360,00|1,44|0,59(18,04100,1
PK | 31 29,99 2,461,97|8,93|0,1533,684,01/0,01/0,65/0,42(17,6099,87
KB | 9 [30,841,622,88|7,17|0,13729,797,35/0,01|0,65| 0,36/18,6099,42

Novinka | PK | 103 |30,34 1,412,12|8,820,1533,646,61|0,01|0,76|0,47(16,02100,35
Komsomol'skayal PK | 76 |30,35 1,382,51 8,49/0,1531,528,32/0,00| 1,20/ 0,42(15,97100,31

Magnitnaya | KB | 54 (29,881,112,83|7,66/0,1430,129,65|0,00|0,98|0,39(17,58100,34

Deymos

Co

Poiskovaya

=4

The other petrochemical particularity, inherentfaié pipes, is concluded in
firm negative relationship between CaO and MgO.cémhstancy of the amount
CaO + MgO equal 40%, the graphs of the changedh&entses oxides are bound
mirror symmetry that reflects two arctic processesserpentinisation and
carbonatisation [6]. Low rocks carbonatisation isypical sign of all pipes of
Upper-Muna field.

In kimerlites these pipe is raised contents;lti@t is conditioned presence in
them perovskite that well diagnosed in thin seaidParticularly much perovskite
Is present in kimerlites of the pipe Poiskovayae Pphactice shows that there exists
a certain relationship between contents of,;1la@d productivity of kimberlite ores.
Diatremes Internacionalinaya, Ayhal, Botuobinskaydyurbinskaya are this
petrochemical factor characterized by low imporean¢0,3 - 0,7 wt.%) that on
mineral level is checked by low contents of ilmenlh kimerlites of Verhne-Muna
pipes ilmenite is also noted in rare single sigowiver, importances of Tidon
result chemical test at the average change witterréange of 1,2 - 2,5 mas.% on
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miscellaneous pipe that is defined presence ofvg&i® in composition of the
ground mass all pipe.

The typical particularity of kimberlites Zapolyayga Deymos and
Poiskovaya pipes is a broad development of magnatiheralisation, unlike the
other pipe, where in greater degree are shown gseseof sulfidisation.

CONCLUSION

The complex study of the material composition kinfibe pipe Upper-Muna
field has allowed revealing total and individuadiof the composition of this field
kimberlites:

- All diatremes built two structural types of kimbts: porphiric kimberlites
and kimberlitic brecchias, being derived independ#rases of the introding. In
favour of this witness are the discoveries of tloeerearly of the phase in another.

- As a whole kimberllites of Verhne-Muna pipes aense rocks, weakly
changed by processse of secondary mineralisatibiey Tcontain the smaller
amount of sedimentary rocks debris and greater amofixenoliths of spinel-
pyroxenite facies, unlike kimberlitees from the ethpipes of West Yakutia.
Kimberlites of Upper-Muna field could be refer tonberlites with the absence of
iimenite.

- It is noted a big amount of garnet with powerkaliphytic rims, that is
indicative of aggressive influence of kimberliticeihon the xenocrystic mantle
minerals, including diamonds.

- Amongst xenoliths of the deep rocks greatly datenthe ultramafic olivine
bearing varieties. For kimberlites all studied gipge characteristic of nearly full
absence of mafic xenoliths of eclogite and garmetbgtherite composition that is
indicative of specificity of the lithospheric magdl under kimberlite pipes of this
field.

High temperaturre nature and raised oxygen redaglitons on final stages of the
crystallizations of kimberlitic magmas in Muna tigbipes, probably, have defined
the crystals corrosion and dissolution of a partiaimonds. On the other hand,
comparatively low diamond grade of kimberlites givéield, probably, has
conditioned by selective seizure of mantle matemal difference in the
composition of the lithosphere with sharply suboated position of eclogitic
substratum and dominanting an ultramafic that in,thas conditioned the absence
of eclogitic paragenesis diamonds in diamond pdjulaf these pipes.
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ABSTRACT

A number of kimberlite occurrences, that have besmaled during last decades in
Russia, differ from classical representatives &f thagmatic formation by some significant
properties i.e. the absence of ilmenite, as welbyaselatively small quantity of minerals-
satellites of diamond, and that of pyrope, firsiatif These occurrences include kimberlites
of the Arkhangelsk diamond-bearing province and Nladgyn field in the Middle Markha
region in Yakutia. It can be concluded from thesditpetrochemical data, that the most
strong evidence of abnormal character of these fegtations is the high degree of contrast
of their geochemical parameters relative to rodlaeters, that are traditionally considered
as the formation petrotype of diamond-bearing kiriles. Contrast differences are
established, first of all, for contents of rare aadioactive HFS elements (Ce, Nb, Zr, U, Th)
and for the ratios Cel/Y, Nb/Zr. They are manifedbgdindividual features of correlation
relations of elements (Ce-Y; Ce-P; Nb-Ti and oithfivo kimberlite groups.

High degree of geochemical contrast in two kimberjroups, which apparently has
deep geonetic reasons, allows to distinguish ai@pgeochemical type of these rocks, that is
characterized by negative anomalies of HFS rareagidactive elements (kimberlites of D-
type) and by opposition to the rocks of the forimatpetrotype of kimberlites (kimberlites of
N-type), that are characterized by moderately H§% elements contents.

The main factor, determining distribution of noneadnt HFS elements in the mantle
kimberlite source, is abyssal metasomatism, cabggavenile fluids flows, which is always
accompanied by significant introduction of alkaligganium, highly charged rare and
radioactive elements. Thus, there is a good re&saronsider the lithosphere substrate,
metasomatized under the influence of juvenile adlyslids, as a mantle source of
kimberlites, belonging to the geochemical type tNs lalso clear, that generation of D-type
kimberlites takes place under different conditioBgochemical properties of this type of
kimberlites and their confinement to the collisiorargins of ancient cratons and terrains
allows to think, that these rocks with negative Hé&l8ments and titanium anomaly are
generated from the lithosphere substrate, that metasomatized under the influence of
volatiles, introduced from the subducted ocearustcr

INTRODUCTION

Abyssal mantle magmas, that are generated insiaeespl most typical of
which are alkaline ultrabasic kimberlite and caditie magmas, are characterized
by increased alkalinity, high saturation with flsiidnd increased concentrations of
highly charged lithophile rare and radioactive edats. Fusion of such fluid
saturated magmas out of relatively dry pyroliteingpossible, and thus, it is
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thought, that the necessary condition of their ¢mien is the abyssal
metasomatism, initiated by fluid flows of the juWenemanation; the main
components of the latter are carbonic acid, watessphor pentoxide, alkalies, and
rare elements. Thermofluid flows of juvenile emamatthat present a part of the
common process, are associated with a series cfeptransformations, taking
place during convective transition of the mantléteraand with decomposition of
metastable phases under conditions of change fighmgressures to lower ones.
Perhaps, such abyssal phases as carbides, phaspindenydrides of metals, as
well as dense structural modifications of olivinedaother silicates, participate in
these transformations. Thus, according to thesasidéusion of most deeply
generated fluid-saturated alkaline ultrabasic magntgpical of inside-plate
conditions, results from fundamental processesrihagry differentiation of the
Earth composition and evolution of its structure.

Geological forms of juvenile fluid flows manifestat, alongside with
scattered dissipation of abyssal emanations, carabs&ed by so called “hot spots”
of the planet — areas of prolonged concentratechdrge of thermofluid flows, as
well as, mantle plumes — extended areas of upwardement of heated mantle
matter; it is accompanied by generation of largeugplifts inside cratons, in axial
parts of which, deep rift structures are developleese structures are the zones of
increased permability for abyssal fluids and melis recent years, with
development of the theory of plate tectonics, tle@nnpart in generation of abyssal
mantle magmas is assigned to the processes ofdittle’€€crust matter recycling,
including its volatile components within subductiamechanism. In subduction
zones, features of penetration of the oceanic clabis are traced to the depth of
400-600 km, and horizontally they can extend toOLRG and more, overlapping
significant areas of cratons.

Thus, to the present, two possible methods of maetasc preparation of the
mantle substrate are outlined. One of them is &ssoc with primary
differentiation of the Earth’s matter — the procetthe planet degassion; it occurs
in the flows of juvenile fluid emanations, contagi carbonic acid, phosphor
pentoxide, alkalies and rare metals. The otheuded secondary redistribution of
the differentiated planet matter during subductioh the oceanic crust,
accompanied by recycling of its matter and of akatile components, first of all.

In spite of greater popularity of the second methafld metasomatic
preparation of the mantle substrate due to actyamsion of the plate tectonics
theory, the common sense does not allow to prefeioa the second process over
the first one, and actually, the target is to datee the real role of each
mechanism. Obviously, solution of this problem megs development of rather
efficient criteria, allowing to distinguish magnmatiproducts, generated with
participation of juvenile fluids or volatiles, agtited in the process of recycling of
the matter of the subducted oceanic crust.
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The aim of this publication is to reveal such créeon the basis of the
analysis of correlation relations between geochahspecific features of deeply
generated magmatites and their geodynamic position.

GEOCHEMICAL TYPES OF KIMBERLITES AND GEODYNAMIC
CONDITIONS OF THEIR FORMATION

The important development of the past years is de¢ection of the
geochemical heterogeneity of kimberlites, which wsatablished for the first time,
during investigation of the Arkhangelsk provincéeTgeochemical parameters of
kimberlites from this province appeared to be digantly different from those of
diamodiferous rocks from traditional diamond-begriegions of Yakutia, which
are considered as standard of diamondiferous Kkirtddd]. Later, after the
discovery of diamond-bearing kimberlite pipes ire tMiddle Markha region
(Nakyn field), the heterogeneity of kimberlites vestablished within the Yakutian
dimondiferous province [2, 5, 7, 9]. Geochemicahomalous kimberlites, similar
to Arkhangelsk and Nakyn rocks, were recently reggbfrom the Slave province
of Canada [15, 26].

The reason of so close in time and relatively @igeovery of a number of
unusual occurrences of kimberlites probably lieamomalous properties of these
rocks. They have rather low contents of ilmenitd,ahus, week magnetic ability
and low contrast in the magnetic field. Contentspgfope, the main indicator
mineral of kimberlites, often is a little higherath diamond content, which makes
it difficult to use the traditional slime method efploration. These specific
features at once attracted attention and makedéssary to develop a special
estimation-exploration complex for anomalous kintibes of this type [15].

The subsequent detailed studies revealed the uhubigh degree of contrast
of geochemical parameters of these recently digedvkimberlite occurrences in
relation to the parameters of the rocks, which taaditionally considered as a
formation petrotype of diamondiferous kimberlitdfie revealed heterogeneity of
kimberlites as a formation type and distinguishaigontrast geochemical types in
it, is important for efficient mineragenic estinmati and potential evaluation of
alkaline ultrabasic magmatites, because it alloavsdétect more precisely the
parameters of potential diamond-bearing objectsh@tsame time, detection of the
nature of geochemical heterogeneity of kimberlipgesents the real scientific
interest, because it provides the necessary conditfor creation of adequate
petrological models for the most deeply generateymatic formations. The
preliminary analysis show, that heterogeneity ohlb@rlites is directly connected
with the problem under consideration, and can poirhe possible variation under
conditions of the abyssal magma generation.

In order to scrutinize this problem, obtain rel@bharacteristics of
contrasting geochemical types of rocks, andlyae the probable nature of
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the geochemical heterogeneity of kimberlites, tib@rs carried out a comparative
petrochemical investigation of kimberlites from tlkddle Markha region of the
traditional diamond-bearing areas in Yakutia. Iscdission of the results the
authors used the data on geochemistry of kimberlitem the Arkhangelsk
diamond- bearing province [1, 8, 22].
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Fig. 1.Compositions of kimberlites from the traditional diamond-bearing areas and the Middle Markha
region of Yakutia.

In the (a)SiIQ/MgO-MgO/FeOt, (bJAI203+Na20+K20) —-MgO/FeOt, and (c) Mg@eOt
TiO2diagrams. Kimberlite pipes: 1 Mir,Internatsional’naya, Udachnaya, Aikhal, Yuilaya,
Komsomol'skaya, 23rd Party Congress, Taezhanayahri2ya, 2) Botuobiya,and Nyurbinskaya. The
solid line shows the field of diamondiferous kimliies, the long-dashed line shows the field of
kimpicrites,and the short-dashed line shows tHd B€alpicrites. The solid gray line encloses fileéd of
kimberlites from the MiddleMarkha region (Nakynlfe

Table 1 presents average kimberlite compositiomsn frdifferent pipes;
however, the graphical interpretation of the resulind construction of
petrochemical and geochemical diagrams involved d@helysis of individual
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samples of kimberlites. Ratios of the compositiohaew kimberlites occurrences
and composition of the formation petrotype are riyedeen on previously
proposed by us the diagnostic petrochemical dragfar kimberlites and
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Fig. 2.Correlations between the contents of (a) Zr and NKb) Ce and Yb, and (c) Th and U in the kimberlites
of the Nakyn and Zolotitsa fields and traditional damond-bearing regions of Yakutia.

(1) Kimberlites from the traditional diamond-bearirgions of Yakutia (Mir, International,Udachnaya,
Aikhal, Yubileinaya, Komsomol'skaya, #Party Congress, Taezhnaya, and Dachnaya pif®s); (
kimberlites from the Nakyn field of Yakutia (Botugh and Nyurbinskaya pipesB) kimberlites of the
Zolotitsa field of the Arkhangelsk province (Lom@owskaya, Pionerskaya, and Karpinskii piped) .
Grib pipe in the Verkhotina field of the Arkhandelsrovince.
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convergent rocks [10]. Fig.1 shows the compositiohkimberlites in the Nakyn
field and compositions of rocks in the traditiordihmond-bearing regions of
Yakutia, that are considered as a formation stahddnis figure demonstrates, that
indicator petrochemical parameters of kimberliteshie Nakyn field in most cases
are in the limits of value limits, typical of theaks of the formation petrotype. The
kimberlites of the Nakyn field are somewhat peguli®cause their figurative
points are confined to low-Ti part of the kimbezliteld (Fig. 1c) and are slightly
shifted toward elevated parameter values@NaO+K,0) (Fig. 1c). However,
these features are not sufficient to distinguishtiasting petrochemical groups of
kimberlites; our data suggest, that their compass#iare rather uniform.

Zr/Nb a)

|
14
Th/U

Fig. 3.Correlations between the element ratios (a) Zr/Nb-€e/Y and (b) Ce/Y-Th/U in the kimberlites of
various geochemical types.

The symbols are the same as in Fig. 2.
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At the same time the most significant differencedween the recently
revealed kimberlite occurrences and the rocks ef filrmation petrotype are
established by comparison of their geochemical mpatars. According to a
number of geochemical parameters, these groupsniieklites are so contrast that
this allows to distinguish two geochemical typegsadfks. The main geochemical
type corresponds to the petrotype of the kimberlged can be represented by the
rocks of the traditional diamond-bearing-regionsYaikutia: Malaya Botuobiya,
Daldyn—Alakit, and Upper Muna. The rocks of thipayshow moderately high
contents of highly charged trace and radioactieenehts.
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Fig. 4.Correlations between the contents of (a) Ce and and (b) Ce and RO5 in the kimberlites of the
Middle Markha region and traditional diamond-bearin g regions of Yakutia.

Kimberlite pipes: {) Yubileinaya, 2) Komsomol'skaya, J) Dachnaya,4) Udachnaya,g) Aikhal, (6)
International, T) Mir, (8) 23rd Party CongresQ) Taezhnaya,10) Botuobiya, andX1) Nyurbinskaya.

These rocks are in sharp contrast to the kimbsréfehe Nakyn field, which
show significantly lower contents of Nb, Ta, Ce,ddd Th. This geochemical type
of kimberlites is distinguished by the negativeraaty of highly charged trace and
radioactive elements, relatively low (compared withher occurrences of
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kimberlite rocks) concentrations of titanium, aravl Ce/Y, Nb/Zr, and Th/U
values. In addition to the kimberlites of the Nakiyeld, similar characteristics
were observed in the rocks of diamondiferous pifresn the Arkhangelsk
province [1, 2, 8, 9].

The division of kimberlites into two geochemicapégs is clearly manifested
in the covariation diagrams of highly charged Ighide elements: Zr—Nb (Fig. 2a),
Ce-Y (Fig. 2b), and U-Th (Fig. 2c) and their indacaratios: Zr/Nb—Ce/Y (Fig.
3a) and Ce/Y-Th/U (Fig. 3b). In all of these diagsathe rocks of the Nakyn field
are clearly distinguished from the kimberlites bé ttraditional diamond-bearing
regions of Yakutia, falling near the rocks of th@itza field and the V. Grib pipe
in the Verkhotina field of the Arkhangelsk diamdietious province.

1000

!
2
3
4

100

10

[} l 1 1 1 1 1 1 1 1 1 1 | 1 1 |
La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu

Fig. 5.Pyrolite-normalized (McDonough and Sun, 1995) disibution of rare earth elements in the kimberlites
of the traditional diamond-bearing regions (MalayaBotuobiya and Daldyn—Alakit) and the Middle Markha
region of Yakutia.

The gray shading indicates the field of kimberlitiesn the traditional diamond-bearing regionk} 4nd
(2) extreme compositions of this field,(kimberlites of the Dachnaya pipe aRdkimberlites of the
Yubileinaya pipe); § and @) kimberlites of the Middle Markha regior8,(Botuobiya pipe and,

Nyurbinskaya pipe).

The analysis of geochemical differences betweentvbeypes of kimberlites
suggests that they are related to fundamental igedistinctions reflecting the
specific character of mantle sources for thesegothis is indicated by the Ce-Y
(Fig. 4a) and Ce—-®s (Fig. 4b) relationships in the two groups of kinlies. In
the Ce-Y diagram (Fig. 4a), the rocks of each fipm the traditional diamond-
bearing regions of Yakutia occur mainly in theirrowharacteristic field; all of

148



Deep-seated magmatism, its sources and plumes

these fields are confined to a common regressioa. liThe rocks from the
Botuobiya and Nyurbinskaya pipes of the Nakyn fialso fall within individual
fields, which overlap in part and form a commonresgion line. The slope of the
line is significantly different from that of the ae-described trend for the
traditional diamond-bearing regions of Yakutia @dhd Ce content is significantly
lower. The Ce-Y diagram (Fig. 4a) illustrates cdaesable differences both in the
concentration of Ce-group REE and in the compasitbREE in the kimberlites
of the two groups. This is supported by Fig. 5, ahshows the distribution
patterns of REE in the kimberlites. The less fawited REE patterns of the rocks
of the Nakyn field reflect a substantial decreasethe concentration of light
lanthanides and a relatively high role of heavytHanides and yttrium in their
composition, as compared with the kimberlites @& tfaditional diamond-bearing
regions of Yakutia.
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Fig. 6. Covariations of Nb and Ti contents in the kimberltes of the Middle Markha region and traditional
diamond-bearing regions of Yakutia.

The symbols are the same as in Fig. 4.

Similar relationships can be observed in the-R;8s diagram (Fig. 4b),
where two correlation lines, one for the kimbeditef the traditional diamond-
bearing regions of Yakutia and the other for theksoof the Nakyn field, indicate
that different modes of Ce-group REE occurrenceidata in the two kimberlite
types: mostly phosphates in the former case amcht®bk or oxides in the latter
case.

Important relationships were observed in the Nbdifigram (Fig. 6). The
rocks of the Nakyn field cluster in the region oWl Nb contents along a distinct
regression line, which is restricted to low Ti aamts. In contrast, the kimberlites
of the traditional diamond-bearing regions of Ya&kuplot at much higher Nb
ontents and show considerably variable Ti contdrdas) low to moderately
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high ones. In the general data set, the pointocks from individual pipes are
usually confined to rather narrow specific intesvaf Ti contents, within which a
direct correlation between Nb and Ti is often obedr The slopes of these
correlation lines are different from that of the ka field kimberlites. It is
noteworthy that the character of correlation relahips between Nb and Ti in the
kimberlites of this type varies depending on theslef Ti content. The regression
line is steep at low Ti (International pipe), andlight increase in Ti content is
accompanied by a sharp increase in Nb. With inanga&i content, the slope of
the regression lines decreases, and at high Teotmta significant increase in Ti
Is accompanied by only a slight increase in Nb eatration. The regular change
in the character of correlation relationships bemveNb and Ti, which is
manifested by a gradual decrease in the slopegoéssion lines with increasing Ti
content, indicates common genetic features forkih@erlites of the traditional
diamond-bearing regions of Yakutia. Such a charaotehe regression lines is
probably related to the fact that Nb has a higherge and a smaller effective
ionic radius compared with Ti, which results inpteferential partitioning into Ti-
bearing minerals during the early stages of theystellization. The peculiar
characteristics of the kimberlites of the Nakynldjewhich do not follow the
general trend of Nb and Ti relationships formed thg kimberlites of the
traditional type, indicate that the two types ahkierlites are probably contrasting
in terms of both geochemistry and genesis.

The average contents of characteristic elementsheandindicator relations in
contrast geochemical types of kimberlites are sunz@ad in table 2.

ON THE NATURE OF THE GEOCHEMICAL HETEROGENEITY OF
KIMBERLITES

As follows from our analysis, the geochemical parters of kimberlites are
much more variable compared with their petrochelitaracteristics and vary
within broad limits. The systematic character oésh variations allows us to
distinguish contrasting geochemical types of rodkse existence of contrasting
geochemical types of diamondiferous kimberlitesdatés both geochemical and
genetic heterogeneity of this association and noeggahic type of igneous rocks.
The origin of kimberlite heterogeneity is not fulipderstood and deserves special
consideration. It is evident that it is connectathveome specific features of the
sources of these rocks or different conditionshefrtgeneration.

The share geochemical differences between the kirt@sewith rather similar
petrochemical properties allow us to conclude thia¢ geochemical and
petrochemical parameters of these rocks are desduphd were probably
controlled by different factors. The major elemeamposition of rocks depends
mainly on the composition of the magma-generatirgnthe source. Under the
condition of incipient melting and fluidization, ish material is extensively
incorporated into the kimberlite. Thus, the peteroistry of kimberlites is a
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function of the parameters that, similar to thendad content of rocks, are
controlled by the depth of generation. This is wimge diamond content of
kimberlites is always correlated with their petrestical parameters and
distribution of compatible elements [13, 17, 29].

On the other hand, the main factor controlling gemchemistry of rocks,
including the distribution of incompatible HFS elemts, is probably the
metasomatic alteration of mantle rocks, which ocepeatedly under the influence
of deep fluids or volatiles released during theycéng of subducted crustal
materials. The processes of mantle metasomatismchvaperate both long before
the generation of kimberlites and immediately ptiortheir formation, could be
responsible for the formation of geochemically hegeneous source materials and
subsequent generation of geochemically speciatygees of deep-derived magmas
showing signatures of individual mantle sources.

An alternative mechanism that is often proposed tfue formation of
geochemical and isotopic heterogeneities in mardtks and their magmatic
derivatives is the mixing of a primitive mantle soel with a lithospheric reservoir
of the EM-1 or EM-2 type. This suggestion was inskfor example, to interpret
the isotopic signatures of lamproites and oranggitéhich are strongly different
from those of group 1 kimberlites. Given the simila of the isotopic
characteristics of the enriched sources to thostheflower crust, one possible
scenario is the subduction of crustal material ngmu (Ps) in the case of the EM-2
source or older (ArPr,) for the EM-1 source. It is believed that the suditbn of
the crust could supply volatile components (prongtmnelting) and incompatible
elements.

Although the theoretical possibility of the occurce of the subduction
mechanism cannot be denied, there are a numbeguwiants for a more universal
role of deep flows of thermal fluids (mantle jets)d metasomatism caused by
these flows. The results of these phenomena arasito those of subduction
processes. There is direct evidence that in masgscthe chemical heterogeneity
of mantle material affecting the geochemical chirastics of kimberlites and
related rocks is caused by mantle metasomatismchwis most commonly
manifested in the development of the phlogopiteeflite assemblage. This
assemblage occurs in kimberlites as inclusions blogopite—ilmenite and
phlogopitized ultrabasic rocks, deformed phlogopitenocrysts, and coarse-
grained ilmenite clots and nodules.

It can be shown that the geochemical charactesisbic kimberlites are
directly related to the presence and amount of rtheerals of metasomatic
phlogopite—ilmenite assemblages. For instancerdbks that are almost free of
ilmenite (kimberlites of the Nakyn field of Yakutend the Zolotitsa field of the
Arkhangelsk province) have anomalously low contasft;iot only titanium but
also niobium, zirconium, thorium, uranium, and geri In contrast, elevated
contents of ilmenite in kimberlites and kimpicritase usually accompanied by
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enrichment in niobium, zirconium, and some othernants. This is clearly
illustrated by the kimpicrites of Liberia contaigirmbundant ilmenite xenocrysts
[12]. An increase in titanium content in these kcorrelated with an increase in
niobium, zirconium, and chromium, i.e., the elersetitat reside primarily in

ilmenite (Fig. 7).
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Fig. 7.Correlation between the concentrations of TiO2 (wf6) and (a) Nb, (b) Zr, and (c) Cr in the

kimberlites of Liberia.

As was noted above, there were probably severgl destasomatic events,
which might have different geochemical signaturesl aignificantly different
concentration levels and proportions of incompatillements. The repeated
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occurrence of metasomatic processes deep in thdemarsupported by strongly
variable model ages of the mantle sources of kilnegr lamproites, and rocks
convergent with them (Table 3). As follows from T&l8, each regional and
association group of kimberlites and related ro@sswell as each geochemical
type of kimberlite, corresponds to a certain ind¢if the model ages of the mantle
source.

Such intervals were established for the kimberlitesn the majority of pipes
of the traditional diamond-bearing regions of Yaku{~600-700 Ma). The
kimberlites of the Udachnaya and Aikhal pipes (~@D Ma) are conspicuous
within this group. The model age of the Nakyn figichberlites is from 800 to
1240 Ma, and each pipe shows its individual mode €1180-1240 Ma for the
Nyurbinskaya pipe and 832-979 Ma for the Botuolpyze). The model ages of
kimberlites from the Zolotitsa field (~1200-1300 Mand V. Grib pipe (~880-
1050 Ma) are close to these intervals. Notewortleyraarkedly older model ages
of the source rocks of the lamproite family, oleilamproites of Kostamuksha and
madjgawanites of India, which are usually highemt2 Ga and occasionally up to
2.6-2.7 Ga.

The geochemical signature of metasomatic procesgesbably affected by a
number of factors, including the temporal and geaodlcal stage of Earth
evolution, the character of phase transitions @éititeriors, the depth of origin and
source of juvenile emanations,etc. The existencgeaichemically specialized
metasomatic processes in the mantle is supportethdycompositions of the
alkaline ultramafic rocks of the lamproite clan,ivole lamproites and
madjgawanites. The geochemical peculiarity of thes&s includes the extremely
high (for ultramafic rocks) concentrations of Ti;, £e, K, Rb, Ba, P, and F at
elevated Zr/Nb, Cel/Y, and Ba/Sr values [6, 11]. Tdwt that the concentrations of
most of these elements in the rocks of the lamproidn are much higher than
those of crustal rocks is difficult to explain grins of the mixing and recycling of
crustal materials. On the other hand, these datdrenold model age of the source
of lamproitic rocks suggest a contribution from ient deep-seated metasomatism
to the formation of a geochemically peculiar sountmterial enriched in
incompatible elements and radiogenic isotopes.

The existence of ancient mantle metasomatism wieachemical signature
similar to that of lamproitic rocks is directly qugted by the metasomatic
phenomena that were documented by Z.Spetsius L8] garnet—orthopyroxene
nodule from the kimberlites of the Udachnaya pipé&e nodule contains a
secondary assemblage of metasomatic minerals (@bkeg+rutile + zircon),
which developes between the garnet and orthopyeogesins and often intersects
the garnet. The modal composition of the inclussothe following:Opx— 30.4%;

Gr — 29.4%; Fl — 36.6%; Ru—3.0%, andZr — 0.6%. The U-Pb age of the zircon
was estimated by Z.Spetsius as 1.8 Ga. Judging flemcomposition of the
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metasomatic assemblage, this ancient metasomaticess had a K-Ti—Zr
specialization similar to that of lamproite magmas.

Examples of geochemically specialized occurrenté&gmberlites and related
rocks were found in various provinces of the woAdiong them are the rocks of
the Koidu complex in Sierra Leone (Nb, Ce, Th, &hdthe Aries pipe in Western
Australia (Nb and Th), and the Alto Paranaiba pmogiin Brazil (Zr, Ce, and U)
[9, 21, 23, 24].

Based on these data and the results of the geochilemvestigation of
xenoliths of metasomatically altered ultrabasickeoin kimberlites [12], it can be
concluded that the metasomatic alteration of mamoidés under the influence of
deep fluids is always accompanied by enrichmenindicator trace elements,
primarily incompatible highly charged trace andioadtive elements. This allows
us to propose a more comprehensive interpretatictheo origin of the peculiar
geochemical type of kimberlites which is represeriig rocks of the Nakyn field
of Yakutia and the Zolotitza field and V.Grib pipé the Arkhangelsk province.
These rocks are characterized by a negative anoohdlighly charged trace and
radioactive elements. The kimberlites of this tgpew very low titanium contents
and are almost fee of ilmenite. These observat@@ss doubt on the significant
role of deep metasomatism in formation of thes&s@nd their mantle source and
allow us to prefer the variant of a lithosphere reseumetasomatized under the
influence of fluids supplied from the subducted strf5]. This example can
probably be considered as a geochemical preced#atting the contribution of
the processes of subduction and recycling of drustterial to the genesis of
kimberlites.

The possible participation of subduction processde genesis of diamond-
bearing kimberlites of the Zolotitza field and tlekhangelsk province are
testified by investigations carried out by O.G.@&titin and oth. [17]According to
this source, the analysis of the tectonic develoyméthe Karelo-Kolsky region,
as well as interpretation of the available geolaaata from the point of view of
plate tectonics, show, that the Karelo-Kolsky Ammhe megablock of the
continental crust is framed in the north-west by tseamed zones of oceanic
lithosphere plates of subshift belonging to thed®fennian age (1900 million
years ago), generated as a result of the Svecafenmaleoocean closure.Both
zones are dipping to the North-East under the Igdfela Archean megablock.
The authors extrapolated the dipping plane of #mtezn subduction zone, which
allowed to outline the areas of potential locatioh oversubducted alkaline
ultrabasic carbonatite and kimberlite magmatismtha north-west part of the
Baltic Shield and the adjacent territory of the thern part of East-European
platform; the noteworthy is coincidence of theseaar with real territories of
carbonatites and kimberlites development in thgian.

As for geohemically anomalous kimberlites of thedte Markha region on
the Sibreian diamond-bearing province, the subdochodel also does not meet
significant contradictions. Kimberlites are locatadthin the Markha granite-

155



Lapin A.V., Tolstov A.V.

greenbelt terrain, which is connected with the el terrains and forms the
Siberian craton in the collision 1,8-1,9 millionays ago during closure of the
Paleoproterozoic ocean. This was preceded by geseraf island arcs in the

Paleoproterozoic ocean and formation of metamogghizedimentary and
volcanogenic belts similar to the deposits of a&ctand passive margins [16].
These conditions were probably favorable for widenifestation of subduction
processes in the ancient oceanic crust. Participatf subduction processes in
formation of kimberlites in the Middle Markha regias indirectly confirmed by

predominance of diamond paragenesis of eclogitimpasitions (pyrope-

almandines from magnesio-ferrous eclogites) amamngeds [20] as well as by the
fact that eclogitic paragenesis constitutes abo®® Df all inclusions in the

diamond pipe Botuobiya [14].

CONCLUSION

The geochemical investigation of kimberlites frame Middle Markha region
and their comparison with kimberlites from the ttiathal diamond-bearing areas
of Yakutia supported the discrimination between tgeochemical types of
kimberlites. One of them is represented by the saukthe traditional diamond-
bearing regions of Yakutia, whose parameters cooras to the petrotype of the
kimberlite association. In addition to the kimbidi of the Middle Markha region,
the second type includes the rocks of the Zolofiesa and V. Grib pipe of the
Arkhangelsk province and the kimberlites of thev8larovince of Canada. This
type can be considered as geochemically anomaldes obtained representative
parameters of the two kimberlite types indicate anstderable geochemical
contrast between these rocks, and the individuatufes of correlation
relationships of elements in the two types of romkggest that their differences are
related to essential genetic reasons.

Contrasting differences were established primarity the group of
incompatible highly charged trace and radioactideSHelements, including Ce,
Nb, Zr, U, and Th. The Cel/Y, Nb/Zr, and Th/U ratea be used as geochemical
indicators. The contrasting geochemical differentetween petrochemically
uniform kimberlites emphasize the heterogeneousreaif these rocks and their
mantle source.

High degree of geochemical contrast of kimberlieknging to two groups,
that has deep genetic reasons, allows to distihguispecial geochemical type of
these rocks which is characterized by negative ahonof HFS rare and
radioactive elements (kimberlites of D-type). Theseks can be opposed to the
rocks of the formation petrotype of kimberlitesnkerlites of N-type), which are
characterized by moderately high contents of Hieghehts.

In contrast to the major components and geochelyisahilar compatible
trace elements (Cr, Ni, Co, V, etc.), whose comsteate controlled by the
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composition of the mantle source and depend on déepth of kimberlite

generation, the main factor controlling the digition of incompatible HFS

elements is probably the metasomatic alterationmaitle rocks under the
influence of deep-derived fluids or volatiles reded during the recycling of
subducted crustal material. The processes of mamasomatism that occurred
both long before the derivation of kimberlites amgmediately prior to their

generation could promote the appearance of geoch#yiheterogeneous
materials and subsequent generation of geochesnispéicialized types of deep
magmas showing the signatures of individual masuleces.

The geochemical specialization of deep metasomatocesses probably
depends on a number of factors, the detailed sbtdidyhich will be a subject of
future studies. The real existence of geochemicafwecialized metasomatic
processes can be proved by some occurrence of Hitebeand convergent rocks,
such as Koidu in Sierra Leone, Aries in Western tilis, Alto Paranaiba in
Brazil, as well as the olivine lamproites of Went&ustralia and other alkaline
ultramafic occurrences of lamproitic rocks. The @seimatic alteration of mantle
rocks under the influence of fluids of deep-seategin is always accompanied by
a considerable increase in the concentrations kdlig) titanium, and highly
charged incompatible trace and radioactive elem@ihis can be considered as an
additional argument for the suggestion that thé&saaf the Middle Markha field,
as well as other kimberlite occurrences with negatHFSE anomalies are
generated in a lithospheric source region metaspethby fluids released from
the subducted crust.

Petrochemical study of kimberlites and analysis tbéir geochemical
heterogeneity allows to oppose two groups of corept®) participating in the
composition of these rocks. One of them includegymack forming components
as well as coherent trace elements ( Cr, Ni, Can¥ oth.); their contents depend
on the composition of the mantle substrate in tteas of magma generation —
garnet peridotites, which are incorporated into bentites under conditions of
fusion and fluidization, and make up the substargat of its matter. This is
associated with the observed correlation betweesmaind mineralization of
kimberlites and their petrochemical parameters disttibution of coherent trace
elements. The second group includes highly changedmpatible rare and
radioactive elements, as well as titanium and edkalthe latter are distributed
mainly as a result of reheating processes of metago transformation of the
mantle rocks, influenced by abyssal fluids, or thwatiles, separated during
recycling of the subducted crust matter.

Thus, the received data emphasize the heterogemstuse of kimberlites
and their mantle source. It is noteworthy that oadimg to the diagrams with
participation of HFS elements kimberlites of th@m@malous geochemical D-type
form separate fields independent of the fields df/pe. This confirms the concept
of the genetic peculiarity of each of two geochehiypes of kimberlites under
various conditions of their generation. This isthreo argument in favor of special
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investigations of all the aspects of D-type kimibesl generation, including
peculiarities of their structural—tectonic position

So, it should be noted, that this subdivision iti@ contrast geochemical
types was previously established for lamproites fccording to O.A. Bogatikov
and V.A. Kononova [3] lamproites were formed insitie plates in presence of
higher contents of titanium and highly charged memments (Zr, Nb, Ce, La and
oth.) , while low-titanium rocks , rather poor ofH elements, are formed under
oversubduction collision conditions of continentargins. This heterogeneity of
most abyssal generated formations probably reflgtdbal laws of the mantle
magmatism, resulted both from substrates, metasoedatinder the influence of
juvenile abyssal fluids, and substrates, transfdrrmaader the influence of the
volatiles from the subducted crust.

The analysis and the data based on it, have a nuaibenportant results.
Among kimberlites of N-type and D-type both highdymondiferous and low
dimondiferous rocks occur; this means, that diamwoineralization of kimberlites
is not dependent on the mechanism of metasomagjgapation of the substrate.
This suggests that diamond is a protomineral of rtfamtle substrate, which is
formed in the process of primary differentiationtibé earth substrate prior to the
influence (on mantle rocks) of juvenile fluids awmdlatiles, associated with the
recycling of the matter of subducted oceanic roldke subsequent processes of
metasomatism and fusion of the mantle matter as agelts transportation with
kimberlite magma to the surface, can be accompayedrushing, growth and
solution of the dimondiferous protocrystals. Thosmclusion is consistent with the
isotope data, pointing the ancient age of the rpast of diamonds in kimberlites
(3,1-3,5 Ma).

The fact that all known diamond-bearing kimberbtadies of the Nakyn and
Zolotitza fields are composed of the anomalous [ tyocks, while the traditional
diamond-bearing regions of Yakutia are presentelg bg N-type kimberlites,
points to the trend for spatial separation of tveo@ghemical types of kimberlites.
At the same time, one can't exclude the potenpatial contact of two types of
kimberlites, when both juvenile fluids and volasilgenerated in the process of the
oceanic crust subduction take part in the metasonpaéparation of the mantle
substrate. This possibility is indirectly confirmbdth by the transient character of
kimberlites in the V.Grip pipe and the presencdh@a Arkhangelsk province in
association with diamond-bearing kimberlites of garcrites; according to their
geochemical parameters they correspond both toottkes moderately enriched by
HFS elements and the rocks with negative anomalythete elements. The
prevailing tendency is the preferred confinemenidfpe kimberlites to the inner
parts of ancient cratons and D-type kimberlites the marginal parts.

The above data substantially change the ideas imbédilites as a
geochemical object. They have a number of petrofdgand prospecting results.
For petrology it is important to get reliable crige of subduction processes
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partcipation in the mantle metasomatism and magmatit is important for the
diamond minerageny, that the degree of diamond naization of kimberlites
doesn’t depend on their geochemical type and, cuesdly, diamond, most likely

, refers to protominerals of the mantle substithie subsequent metasomatism and
fusion of the latter, as well as transportationhaf abyssal matter of the kimberlite
magma, can be accompanied by crushing ,growth @t of diamond. At last,
the adequate geochemical image of kimberlites, hvigcsubstantially different
from the traditional ideas, presents great impaeaior forecasting of the diamond
mineralization of new occurrences of magmatites ammond prospecting
geochemistry.
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ABSTRACT

The genetic similarity of igneous rocks from thékat graben, Zhlobin saddle and,
to some extent, North-Pripyat zone of steps is ssiggl from the distribution of rare
earth elements (REE) and some rare elements, lhsasvéhe Sr and Nd isotopic
composition of Palaeozoic alkali igneous rocks ogog within two magmatism
areas of Belarus. A peculiar feature of the REHrifistion in rocks of the Gomel
structural dam is the europium minimum. An analysishe distribution of Nb/Y —
ZrlY ratios in various type alkali igneous rocksB¥larus could be indicative of two
different magmatic sources probably involved initlpetrogenesis. Isotope data of
the Sr — Nd distribution in the studied samplesnfa field restricted between the
isotope data of the primitive mantle (PREMA) andsh of the enriched mantle
source EM 1.

INTRODUCTION

The igneous activity in the southeast of Belarusnduthe Palaeozoic resulted
in the location of all the magmaic formations withiwo areas:. Pripyat graben
including the Bragin—Loyev saddle, and the Nortlpyaat magmatic region with
the Gomel structural dam, North-Pripyat zone ofpsteand Zhlobin saddle
distinguished within their limits in the presentydgeotectonic plan (Fig.1).

The Upper-Devonian magmatic formations of Belaragehbeen studied over
many years and were described in several papetsiped before [2-4, 9-10, etc.].
Showing a wide facies and petrographic diversityeimus rocks are described by a
number of petrological and other peculiarities ewitly suggesting their belonging
to a genetically common igneous series of the nental alkali basic-ultrabasic
formation of intracratonal rifting. Their wide pegraphic range is due to a
multiphase magmatism, diffentiation and contamoratof the primitive mantle
magmas, as well as to the difference in tectonicggodynamic environments.

The aim of the present paper is to provide a geuwda description of alkali-
ultrabasic — alkali-basaltoid rocks from two areafs Palaeozoic magmatism
identified within the territory of Belarus usinglieble isotopic and geochemical
data.
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All the igneous rocks distinduished in the platfocover composition in the
southeast of Belarus are represented by alkabhdic and basic rocks of various
petrographic families and, subordinately, by alkafid subalkali intermediate
rocks. Of the whole petrographic diversity ultrabasffusive and subvolcanic
rocks of the Pripyat graben, namely, limburgitdsalapicrites, monchiquites;

Fig. 1. Sketch map of Palaeozoic

N £ o alkaline magmatism evidences in
N\, e wadl” the territory of Belarus: 1 -
N = o Rogachev L .
ot Py L. settlements; 2 — diatremes of the
<. i v . North-Pripyat magmatism area; 3 —
By, W T faults; 4 — central-type volcanoes; 5
N L ~ . .
= e — fissure volcanoes and effusive
Zhiobin N\ / . .
— o ® i rock sheets; 6 — subvolcanic and
~o, N g, intrusive bodies of alkali igneous
e 4
*y \‘”\ A rocks.
\14~ \p 5 \04
\\A:,. \ / Buda-Ko. hleva\ r

>
&, QS 7\ \ - . N
< K / ../ 4 Narlh-Rrgxatzam
., v / P of steps
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/\’\\ }‘\5// “"".”. dam

.\,/\7 @ Uritsk
. \\\I o= © Gomel

'
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Re%nima Sherbak | © Gomel

“’" nephelinites, leucitic nepheli-
nites, their tuffs and tuff breccias

1 % s - from the Gomel structural dam;
s [@] \ 3 alkali basaltoids from the North-
@ Pripyat zone of steps and

Mpzatpal;ograben UItrabaS|C rOCkS Of the ZhIObln

saddle (Figs. 2A-2G) were
selected for investigation.

METHODS OF INVESTIGATION

Trace elements and rare earth elements (REE) wetsgnained by the ICP
MS method at the V.l.Vinogradov Institute of Geaotiry of the Siberian
Branch of the Russian Academy of Sciences, by guwtron activation analysis at
the Institute of Nuclear Investigations of the Maal Academy of Sciences of
Ukraine, using a spectrometer at the DepartmenGeblogy of the London
University and by the ion method at the Pave Umitgrof Italia. The Sr and Nd
isotope ratios were determined by M.Wilson using tass-spectrometry method
and by H. Downes using the ion-conductive plasmé&hatk at the London and
Leeds Universities, as well as at the Laboratoryisotope geochronology and
geochemistry of the Russian Academy of Science8,[b]].
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DISTRIBUTION AND AMOUNTS OF THE RARE EARTH AND
RARE ELEMENTS

Igneous rocks of the Pripyat graben like alkalrabsic and basaltoid rocks
from the other regions are enriched in REE reldivehe primitive mantle (Fig.
3A), whereas the REE concentration in effusive sosksimilar to that in their
subvolcanic analogues. The maximum REE concentisoe peculiar to alkali
nephelinic basalts from the Borschevskaya 4 boeefadiR=469.7 ppm) and to

Fig. 2. Photographs of microsections of some Palaeozoidckali igneous rocks of Belarus. A — limburgite,
Krasnoselskaya borehole 210, depth 3357 m, crosseidols; B — olivine-pyroxenic alkali picrite, Mezhnskaya
borehole 2, depth 1288 m, crossed nicols; C — monghite, Artukovskaya borehole 3, depth 4514 m, crased
nicols; D — leucitic nephelinite, Tsentrolit borelole 2, depth 545 m, parallel nicols; E — alkali badtoid,
Uvarovichi borehole 149, depth 355 m, parallel obls; F — melanephelinite, Madorskaya diatreme 654,
depth 270 m, parallel nicols; G — melilite-pyroxert picrite changing to olivine melilitite, Luchin diatreme
637, depth range from 253 to 255 m, parallel nicals

alkali-pyroxenic picrites from the Vasilievskaya ldorehole ¥TR=416.8
ppm), and rather low concentrations — to nephelnftom the Vyshemirovskaya
11 boreholeXTR=182.4ppm) (see Table 1). Alkali rocks of theplat graben are
described by a predominance of light lanthanoidsdef§yree of fractionation of
heavy/light (La/Yb) and light/medium (La/Sm) REEes from 16 to 51 and from
2 to 10, respectively. The highest enrichment Wwght lanthanoids was noted in
primitive ultrabasic rocks — alkali picrites (La/¥%1-76), whereas it is smaller
(about 15) in the case of differentiated nephamitThe REE distribution ranges
are of similar pattern, i.e. are approximately sarbfjel without distinct minima
and the europium anomaly. And only monchiquit frahe Artukovskaya 3
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borehole is described by a rather high contenteaivit REE (La/Yb=6). Potassic
alkali rocks of the Gomel structural dam of the thdPripyat region represented
by leucitites, nephelinites, leucitic nephelinitasd their tuffs and tuff breccias are
correlated with nepheline-leucitic rocks of the lmga in REE contents. These
rocks are characterized by the smallest RE coretemis (on the average=160-
170 ppm) of all the rocks studied by the authonsl, @onsequently, by the lowest
enrichment relative to the primitive mantle (Fig)3At the same time alkali rocks
of the Gomel
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Fig. 3.REE values of igneous rocks of Belarus normalizet the primitive mantle.

A — Pripyat graben: 1-monchiquite, 2 — nephelingaltta 3-limburgite, 4-alkali picrite; B — Gomel sttural
dam: 1-leucite, 2-leucitic nephelinite, 3- nephiédin4- leucitic nepheline tuff; C — North-Pripyaine of steps: 1-
basalt, 2-basaltic tuff; D — Zhlobin saddle: 1-rikte, 2-melaleucitite, 3-melanephelinite, 4-alkpicrite.

structural dam differ from those of the Pripyatlgga in the range of REE
contained in both effusive and piroclastic rockpdculiar feature of the rare earth
distribution in these rocks is the europium minimespecially distinct in tuffs and
tuff breccias. The difference in relative conceindrzgs of europium (Eu/Eu*) can
serve as a genetic evidence of rock classificattmmstandard Eu content of
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primitive mantle series is nearly close or iderittcathe chondrite one (that of the
primitive mantle). In the case under study thiglemce was noted in ultrabasic

rocks of the Pripyat graben. Anomalies of the nretateuropium content
should be noted in rocks formed by fractional aljetation. Besides, the
europium content of the more recent igneous rodkeréntiates decreases,
therefore, these show the

smaller Eu/Eu* ratio values. Similar conditions Wibbe expected in potassic
rocks of the Gomel structural dam. Concentratiortsthe REE distribution pat

tern studied in rocks of the North-Pripyat zonest#ps show that in general
the REE contents of alkali basaltoids of the zohsteps coincide very closely
with those of analogous graben rocks (Fig. 3C).allkasaltoids of the Azdelin
and lvankovo palaeovolcanos (Uvarovichi 58/2 an@ardvichi 149 boreholes) are
exceptional, as their rocks show rather high REEceatrations¥TR=753.9 and
588.9 ppm, respectively) as compared to those mated in all the other studied
alkali rocks. The REE distribution range in thek®of the North-Pripyat zone of
steps is of similar pattern without distinct minimad the europium anomaly. The
europium minimum was noted only in the borehole, MBich is located at the
Gomel structural dam border.

Rocks of diatremes from the Zholobin field do nonsiderably differ from
each other in the total REE content. Their highastounts are peculiar to
ultrabasic foidites (up to 325 ppm in melanephds), but these are 1.5-2 time
smaller in alkali picrites averaging 150 ppm. Deate rocks like alkali rocks of
the Pripyat graben typically show predominance ightl lanthanoids with the
rather stable REE spectrum and light and heavy REf€rentiation pattern.
Ultrabasic foidites differ therewith from alkaligeites in their light REE content.
So, the La content of melanephelinites averagep@8, Ce — 123 ppm, in
melilitites La — 48 ppm, Ce -81, in alkali picrites21 and 75 ppm, respectively.
The light REE (La, Ce) content of rocks is 140-2B80es and that of heavy TR
(Yb, Lu) — 6-11 times the chondrite level. PlotsREE distribution are of similar
pattern without distinct minima, which is indicaiwf their common origin (Fig.
3D). Diatreme rocks are described by a rather Io0REH and LREE (La/Yb)
fractionation averaging 35 and by the absence obptum extremes, which
suggest their mantle origin, and some deviationstofactual values from the
standard ones are insignificant (Eu/EQ?9).

The geochemical data cited above are in agreem#ntwell-known trends of
REE distribution in the alkali igneous rock seri@serefore, alkali basalts and
picrites as essentially sodium rocks, as well aairtisubvolcanic analogues
widespread within the Pripyat graben are descritiyd the higher REE
concentrations, as compared to those peculiar taspic rocks (leucitites, leucitic
nephelinites) of the Gomel structural dam. The R&fAcentrations and their
distribution (see Fig 3) suggest the genetic shitylaof igneous rocks from the
Pripyat graben, Zhlobin saddle and, to certainrgxtdorth-Pripyat zone of steps.
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Rocks from these regions show the similar slopéhefREE distribution curves
and close values of the HREE and LREE (La/Yb) fomettion. However, the
curves of rocks from the graben and zone of stepgate toward the higher
concentrations as compared to REE spectra of afalyocks from the Zhlobin
saddle diatremes.

The exact formation belonging of extrusive and egple rocks is important
for reconstructing environments when the Palaeog@gmatism became evident,
as well as for elucidating the question whetherrdoks of the Pripyat graben and
North-Pripyat areas of magmatism derived from a rmmom magma source. The
Nb/Y — Zr/Y ratio in alkali igneous rocks can sea® one of geochemical indices
to solve this question. This ratio was choosen leedhese elements are rather
insensitive to rock transformation processes, ttaetibnal crystallization and
degree of partial melting [1].

The Nb/Y —Zr/Y diagram shows variations of theseffioients in alkali igneous

rocks of the Pripyat graben and in those fromladl parts of the North-Pripyat
area (Fig. 4). The distribution of these ratiogamious type alkali igneous rocks
of Belarus suggests that at least two different matge sources could be
involved in their petrogenesis. Low Nb/Y — Zr/Y uak (field I) are typical of

just the majority of alkali igneous rocks of theipyat graben, the Zhlobin

saddle and
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Fig. 4. Correlation of the Nb/Yb — Zr/Y ratios of Palaeozadc alkali igneous rocks of Belarus.1l-ultrabasic
rocks of the Pripyat graben; 2- ultrabasic rockthefGomel structural dam; 3- ultrabasic and basiks
of the North-Pripyat zone of steps; 4- ultrabasicks of the Zhlobin saddle; 5-intermediate rockshef
Pripyat graben; 6- olivine melilitite of the Zhlobi saddle.

the most part of the zone of steps. The arrangeofgutints of Nb/Y — Zr/Y
ratios in these rocks can imply a source similarthe upper mantle, which
participated in their petrogenesis. The higherogbf these elements (field II)
noted in potassic rocks of the Gomel structural danalkali olivine picrite from
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the easternmost part of the graben (Borschevskayaorgdhole) and olivine
melilitite from the southeastern part of the Zhtolsiaddle (Luchin 518 borehole)
can extend the trend of the field | values. High\\b Zr/Y ratios in alkali rocks
(field 1) including ultrabasic rocks of the Gom&ructural dam can be due to an
enriched mantle source, which participated in ok formation in this zone.

ROCK ISOTOPIC COMPOSITION

Isotope data of the Sr-Nd distribution in rocks tbé Palaeozoic igneous
formation (370 Ma) of Belarus were published in fiterature [6-8, 11] and
presented in the Table 2. Isotope data of Sr-Nttilokigion in the studied samples
of the Palaeozoic alkali igneous rocks of Belamusnf a field restricted between
the isotope data of the primitive mantle (PREMAJ éimose of the enriched mantle
souce EM 1, some of the isotopic composition pdiali;hng within the EM1 field
(Fig.5). It
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Fig. 5. Diagram showing the**Nd/**Nd -2°Sr/®’Sr relationship for Palaeozoic alkali igneous rocksf Belarus
(with data by [5, 8, 11]). All data are corrected ® an age of 370 Ma.

1- Pripyat graben, monchiquite, 2- Pripyat gralminjne-pyroxenic alkali picrite, 3-Dnieper grabeaikali basalt, 4
- Gomel structural dam, nephelinite, 5- Zhlobindlagdmelanephelinite, 6- Zhlobin saddle, melilitg-gxenic
picrite, 7- Zhlobin saddle, olivine melilitite.
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iIs seen from the diagram of the Sr-Nd isotopic cositppn and the Table 2 that
the studied rocks having rather simit4sr/® Sr values (0.7030-0.7050) form two
fields due to the Nd isotope distribution. Té¢id values vary from 50 to 14.5, the
first (positive) field witheNd=1.9-4.2 being occupied by rocks from the Pripyat
iIs seen from the diagram of the Sr-Nd isotopic cositipn and the Table 2 that
the studied rocks having rather simit&r/® Sr values (0.7030-0.7050) form two
fields due to the Nd isotope distribution. Téid values vary from 50 to 14.5, the
first (positive) field witheNd=1.9-4.2 being occupied by rocks from the Pripyat
graben, Gomel structural dam and, partly, Zhloliddée. The positiveNd values
suggest that the rocks derived from the residual phases of a reservoir after the
magma had been removed from it over some early imegval. Such reservoir
parts are depleted in lithophile elements of adaog radius (LIL), which pass into
the liquid phase in the course of partial meltiige second field is formed by
alkali-ultrabasic rocks of the Zhlobin saddle, whiare similar to those from the
EM I field in their isotopic composition and contaan insignificantly increased
amount of the radiogenic Sr isotope as againsbigent of rocks from the Pripyat
graben and Gomel structural dam. This may be itgeaof the secondary
transformation of these rocks. However, f®rf°Sr ratio of volcanic rocks that
penetrated through the continental crust is usualijper than that of volcanites
from oceanic basins, which is caused by an intenadf these magmas with old
crustal rocks (or magma formation due to crustek nmelting). Therefore, on the
other hand, highi’Sr°Sr ratios may be indicative of the contaminatioralili-
ultrabasic rocks of the Zhlobin saddle by the @lisie crust rock fragments.
Rather loweNd values (-0.1 — 3.3) in alkali rocks of the NeRhpyat magmatic
area found mainly in the negative field also cosigjgest their formation in the
course of the crustal rock reworking or assimilatidhis is seen more distinctly
from the isotopic composition of rocks from the B#ovichi volcanic pipe, where
the strontium isotope ratio is sharply increaséarf°Sr — 0.72016) (see Table 2).
NegativeesNd values also testify to the fact that rocks dagtifrom a source which
showed the lower Sm/Nd ratio than that of the chibadeservoir.

CONCLUSIONS

Hence the distribution of some mostly revealing apsmical and isotope
parameters suggests that alkali ultrabasic andlitbasaocks from two areas of
Palaeozoic magmatism of the territory of Belarusnfa rather homogenous group.
This is generally indicative of a comagmatic origingneous formations from the
Pripyat graben and those from the North-Pripyatezohsteps, which suggests a
common source of Palaeozoic rifting magmatism ifeaBes. The exceptions are
rocks from the Gomel structural dam and some vesaif alkali-ultrabasic rocks
from the southern part of the Zhlobin saddle (Laucbunch), that differ from the
main group of alkali magmatic rocks in their Nb/YZ#Y ratio and strontium and
neodymium isotopic composition. This enable an @mggion about one more
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source different in the composition and similartihe enriched mantle (EM 1),
which could be possibly involved in the magmatisragess and could contribute
to the formation of rocks of these types.

The research was performed with the financial baglif the BRFFI (grant

NeX08P-087) and RFFI (grant 08-05-90002).
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Variations of Chemical composition in platinum-groy
minerals and gold of the Konder alkali-ultrabasic massif,
Aldan Schield, Russia

Lennikov A.M., Zalishchak B.L., Oktyabrsky R.A. ahdanov V.V.

Far East Geological Institute, Far East DivisionAR, 159, prospect 100-letya, Vladivostok,
690022, Russignortozit@mail.rygalgen51@mail.ru

The platinum-group minerals (PGM) of the Konder emralkali-ultrabasic massif,
located east of the Aldan Shield, in far-easterisdrRy are predominantly represented by
isoferroplatinum of two generations, both with emtents ranging from 7.5 to 11.5 wt. %. A
high-temperature isoferroplatinum is saturated wiphatinum-group-element (PGE)
impurities: up to 5.3 Ir, 29 Os, and 1.8 Rh (all wt. %). In contrast, the later
isoferroplatinum contains lower levels of Ir, OdaRrh: less than 1.9 Ir, 1.0 Os, 0.6 Rh (in
wt. %). The minor PGM are represented by a widgeasf solid solutions in the system Os-
Ir-Rh-Pt, tetraferroplatinum, tulameenite, hongshiiminerals of erlichmanite-laurite and
irarsite-hollingworthite series, sperrylite, bismigkes, antimonides, tellurides, stannides, and
hydroxides. There are possibly new mineral spediesive ruthenium, the Pd-dominant
analogue of hongshiite, fAs;, the Pt-dominant analogue of konderite and inéglyand
others minerals, which form rims around grainssofferroplatinum and inclusions in it. A
similar morphology and distribution as found withFe are observed with gold, related to
rare lenses of sulfide and impregnations in duf@e, Pt-, and Pd-bearing high-grade gold)
and monzodiorite cutting dunite (low-impurity migdland low-grade gold).

Keywords: platinum-group minerals, gold, rare minerals, Kanadeassif, Aldan
Shield, Russia.

INTRODUCTION

The Konder alkali-ultrabasic massif, in far-eastRussia, belongs to a set of
platform analogues of the Ural-Alaska type of zoméatinum-bearing intrusive
complexes [3]. The accessory platinum-group mise(BIGM) from the primary
and placer occurrences associated with the Kondémusion are mainly
represented by isoferroplatinum, as indicated bgnenous electron-microprobe
analyses and examinations by X-ray diffraction [2@]. Except in rare instances
[38], reflections attributed to the superstructwere revealed in diffraction
patterns of BFe samples obtained in long-exposure studies. Threessepertain to
a primitive cubic cell. Claims of the widesprea@gence in the Konder massif of
ferroan platinum having a disordered face-centeudilc cell [44] have been called
in question [13, 12].

Inclusions of Os-Ir-Ru and Os-Ir-Pt solid soluticar® usually present in the
isoferroplatinum. The minor minerals of the platmgroup element (PGE) are
tetraferroplatinum, tulameenite, hongshiite, s@fd sulfoarsenides, arsenides,
bismuthides, antimonides, tellurides, stannides, d@manide, oxides and
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hydroxides, forming a rim around isoferroplatinumimcorporated as inclusions.
Together with these minerals, accessory gold iabéyi occurs in outcrops and
also in placers along streams draining the Kondessih

Original results of a study of accessory PGE misarathe Konder alkaline-
ultrabasic massif are briefly described in thisgrajMore details are provided in a
monograph of the authors [20], which was publisimed very limited number of
copies (300). It became inaccessible almost imnelgiaeven for Russian
geologists studying PGM. Before of this monograpbswpublished, all the
information about the mineralogy of the noble neetal the Konder alkaline-
ultrabasic massif was scattered in separate atidgher by the monograph's
authors or by other specialists.

GEOLOGICAL SETTING

In addition to the Konder central-type massif watldunite core, a few other
concentrically zoned platiniferous massifs of utiedic and alkaline rocks are
known in the central part of the Aldan Shield (linagnd in its southeastern part
(Chad and Sybakh). All such massifs were formea @epth of 1-2 km [2, 5] and
are eroded to some extent, giving rise to varigitgportions of specific rocks
exposed at the present-day surface [20]. The Syhakhinagli massifs are the
least eroded, whereas the Konder and especiallZtiael massifs are eroded to a
greater depth.

The Konder annular alkaline-ultrabasic massif isated on the eastern
margin of the Aldan Shield, in the middle reachels tbe Maya River,
approximately 250 km northwest of the coast of@kdotsk Sea (Fig. 1). Most of
the massif is composed of ultrabasic rocks, reptegeby dunite, forming a
rounded core about 6 km across. Olivine clinopyniteesurrounds the dunite and
grades to olivine-free magnetite-bearing pyroxemjsbbro-pyroxenite, and further
to melanocratic gabbro toward the periphery of mhassif. The coarse-grained
phlogopite-bearing magnetite clinopyroxenite ocasslikes up to 40 m across in
the southwestern sector of the dunite core. Thetelwore and the enveloping
pyroxenite contain numerous thin dikes (up to 1-Pahsyenite and nepheline
syenite. The enveloping clinopyroxenite is cross+aulaces by intrusive bodies
of granodioritic, monzonitic or monzodioritic congtion [6]. According to
geological data, the Konder intrusive body formeédc ahallow depth (about 1.5
km) [1]. No reliable evidence for the age of thender massif is available [20,
43]. The ultrabasic suite is considered to haven&at not later than the Upper
Protero-zoic [33], but the alkaline and monzoniticks may be partly of Mesozoic
age [6, 23].

The contact aureole

Igneous rocks of the Konder intrusive complex havetamorphosed the
enclosing Middle Riphean clastic sedimentary rodksthe present-day level of
erosion, the contact-metamorphic rocks are in thgoxene-hornfels and
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muscovite-hornfels facies. In its outer part, tloatact aureole, commonly more
than 500 m across [2], is in the cordierite-biotimnfels facies, with andalusite
developed at the expense of sandstones and sdsstdhe hornfelses at the inner
part of the contact aureole (more 100 m wide) weeéormed owing to the
intrusion of ultrabasic magma and also were sugeetith acid leaching due to
the late intrusion of granodioritic magma [9, 10].
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Fig. 1.Geological map of Konder alkali-ultrabasic massifafter Andreev (1987) and
Sushkin (1995), with simplifications and additions.

1) granodiorite, monzonite, monzodiorite; 2) durité by dikes of syenite and nepheline syenite @& th
southern half of the dunite core; 3) olivine andgmetite-bearing pyroxenite with dikes of syenitel an
nepheline syenite; 4-5) massive (4) and gneisgi@aif@alusite- and sillimanite-bearing biotite-cerde
hornfels formed at the expense of Riphean silt®tam®ed sandstones; 6) area injected by phlogopite-
pyroxenite dykes; 7) platinum- bearing alluvium; @atinum-gold-bearing alluvium; 9) site of the
Konder massif (K) and its associated bodies In@glChad (Ch), Sybakh (S) and Feklistov (F).

Associated carbonate rocks consist of periclagstdate - brucite marble and
calc-silicate assemblages containing gandilite yéine Ti-Mg spinel-group mineral
[42], as well as monticellite + melilite, vesuvieni+ clintonite, grossular +
diopside and scapolite-bearing varieties of skarri(].

Petrography of the Konder massif
The dunite is a massive, fine- to medium-grainestjingranular rock, with
olivine grains varying in size from fractions ofrallimeter to tens of millimeters.
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Olivine crystals up to 5-7 cm in length can be seesporadic bodies of pegmatitic
dunite. The fine-grainedunite occurs in marginal parts of the core. Thenma
body is composed of medium-grained dunite locathdgng into a coarse-grained
variety. According to the results of drilling, tle®arse-grained dunite becomes
predominant at a depth of more than approximatefn2

Olivine from the fine- and medium-grained duniteresponds to R9o.
9.03.1 [20]. Olivine in clinopyroxene-bearing dunite fraime marginal zone of the
core is somewhat richer in Fe gs@7¢Ihe pegmatitic dunite in the central part
of the core and dunite inclusions in olivine cligopxenite contain kQ gs3and
Fos16.840 respectively. Schlieren of pegmatitic olivinencpyroxenite hosted in
dunite contain Fg; whereas the composition of olivine in clinopyroke
surrounding the dunite core and forming dikes tinea&ains Fex.

Table 1.

Composition of isoferroplatinum and ferroan platinum, Konder alkaline-ultrabasic
massif (wt. %).
No.| Pt | Ir | Os | Pd | Rh | Ru| Cu| Ni| Fe [ Total
Dunites with accessory chromite-isoferroplatinum pregnation
A. The least eroded zone of the massif

1 84.59 | 3.03| 1.17] 0.45 118 0213 075 043 9y0 ®B14
2 84.46 | 0.76| 2.64) 151 0.771 - 166 086 9.25 101.40
3 84.74 | 0.88| 2.86| 1.44 1.03 - 1.72 0.88 9.25 102.30
4 85.65 | 1.94, 0.57 - - - 0.12 - 10.9f  99.25
5 80.39 | 3.37 - - 166/ 014 106 083 1147 98.92
B. The most eroded zone of the massif

6 86.57 | 1.87| 0.89] 0.90 0.76 - 069 0387 827 100.32
7 87.09 | 1.74, 0.72] 0.99 0.68 - 0.5 0.3 8.03 99.90
8 83.36 | 5.28 - - 0.85 - 0.50 - 8.77 98.76

9 85.51 | 2.22 - 0.20 1.06 - 0.36 - 9.26 98.61
10 | 86.87 | 1.95 - 0.53 0.41 - 0.70 - 9.00 99.46

Chromite segregations in dunites with accessoryfésoplatinum
11 | 83.87 | 0.70 - - 137, 012 102 0.71 1140 99.19
12 | 86.98 | 0.58 - - 0.70 - 050 053 1092 100.21
13 | 89.23 - 0.32| 0.17 0.16 - 0.82 - 9.11 99.81
14 | 89.93 | 0.08 - 0.39 - 0.18 052 053 8.64 100.27
15 | 8859 | 0.31| 0.45 - 0.36 - 1.7% 025 8.04 99.75
Pyroxenites (dikes in dunites) with accessory feanoplatinum

16 | 87.07 | 041 0.27/ 0.33 0.56 - 0.48 - 10.27  99.39
17 | 87.46 - 0.33| 0.37 0.23 - 0.71 - 10.04 99.14
18 | 87.71 - 0.43| 0.58 0.47 - 1.00 - 9.56 99.75
19 | 88.02 - 0.30| 0.61 0.54 - 0.77 - 9.50 99.74

The chromian spinel, abundant in dunite and olivtliropyroxenite from
the central part of the Konder massif, is largatynposed of ferrian chromite,
both accessory and ore-forming. The accessory chromsginel occurs as
disseminated octahedra and, less commonly, fladtanel rounded equant grains
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from 0.01 to 2-3 mm across. Rounded and lenticsddutieren, .vein-like bodies
and pockets (up to 0.7 x 1.5mcross) of densely impregnated chromian spinel ore
are distributed throughout the massif, without appasystematic pattern in spatial
distribution.

The chromian spinel is associated withg£F1@,9in dunite and Fg3.g76iN
olivine clinopyroxenite of the central facies. Thbeemical composition of the
chromian spinel covers a range from a sporadicatiyountered high-Cr variety
(61.7-63.7 wt. % GOjs; [26], via the main mass of ferrian chromite, to the Cr-
bearing magnesian magnetite. The Cr content otltinemian spinel from dunite
varies from 55.0 to 19.6 wt. %,0; in magnesian magnetite. In the magnetic
fraction of densely impregnated chromian spined, rispective ranges are 7.6-8.6
and 10-12 wt. % €D; (i.e.,chromian magnetite). The Mgpntent varies to a lesser
extent, from 3 to 11 wt. % MgO. The ore-zone chtems distinguished by the
highest Mg content.

The chromian spinel from dunite and olivine clinopyenite of the central
facies contains an appreciable quantity of titanitifme lowest Ti content is typical
of ore-zone chromian spinel, and the highest isidon octahedra of chromite (0.4-
0.8, and up to 1.55 wt. % TiOrespectively). The accessory chromian spinel from
pegmatitic and coarse-grained dunite and from rad#i\alinopyroxenite of the central
facies is somewhat richer in Ti (1.07-1.95 wt. %OJ)i The range in Ti@in Cr-
bearing magnetite is narrower, but higher (1.8@2vl. % TiQ).

The chromian spinel from Konder is relatively paorAl. The highest Al
content (5.9-7.9 wt. % AD;) was detected in the ore-zone chromian spinel and
accessory spinel of the first generation in dunitee Al content of chromite from
the pegmatitic olivine clinopyroxenite and from tiree-grained rocks drops to 5.2-
3.3 and from 4.6-2.4 to 0.8 wt. % Qs respectively. The Al content in the Cr-
bearing magnetite (1.8-2.5 wt. % AL) and densely impregnated chromite
schlieren in dunite (1.97-2.49 wt. % AL) varies over approxmately the same
range.

Clinopyroxene of the ultrabasic suite of the Kondeassif is distributed as
widely as the chromian spinel. Within dunites,oitmhs schlieren-like accumulations
and thin veinlets, but in the pyroxenites, it ieak-forming mineral.

The pyroxene in the intercalated suite of dunites alivine pyroxenites of the
central facies, as in the magnetite-free pyroxenitethe ring unit, is low in ferrous
iron (4.5 < fo < 20.6%) [f, = 100(F&" + FE€M)/(Mg + F€" + F€")], moderately
aluminous (0.5-2.2 wt. % AD;3) and low in titanium (0.1-0.44 wt. % THD It is
enriched in Cr (0.25-0.76 wt. % ).

The clinopyroxene in magnetite-bearing pyroxenigesd within dikes of
pyroxenite in dunite contain significantly more (fo 1.14 wt. % TiQ) and less Cr
(0.1 wt. % Cy0Os), but is more ferrous «f to 30%) and moderately aluminous (to
2.4 wt. % ALOs). A characteristic feature of the ring clinopyrakes of the Konder
massif is the high value of the oxidation ratio &8 < 56 %) [f, = 100F&"/(F&* +
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Fe")], which is evidence of the presence of the aegignd-member; the pyroxene
contains up to 0.85 wt. % MNa.

The clinopyroxenite in dikes cross-cutting dunité¢he southwestern part of the
core of the complex differs from ring clinopyroxes by their significantly lower
Cr content (0.02 wt. % @D;) and by the greater proportion of ferrous iron €0
fiora <23.5 %). In these pyroxenites, opaque mineratcalwith apatite are
represented by titaniferous magnetite (4.7-5.8w10;), in some cases intergrown
with oxidized (5.9-8.8 wt. % F6s) ilmenite with appreciable Mg (3.7-3.8 wt. %
MgO) in solid solution, with pyrrhotite and chalgojte.

As for the dikes of clinopyroxenite, they can bédiuided according to the
minerals present into phlogopite-, hornblende- amabnetite-bearing varieties.
Large (up to 2 mm) red-brown single crystals of usnite and faintly pink
xenomorphic grains (1-2 mm) of titanite are preserihin the coarse-grained
units.

The formation of the dunite core was completed tygtallization of native
metals (Si-bearing and pureiron, tin, copper, and antimony), along with rare
grains, polymineralic veinlets and lenses of peli, pyrrhotite, chalcopyrite,
pyrite, and arsenopyrite.

ANALYTICAL TECHNIQUES

The PGM were analyzed quantitatively with a JXA-Blectron microprobe
under the following conditions: acceleration vo#a?b kV, beam current 30 nA,
counting time 10 seconds. We used ltheeries of X-ray lines and pure metals as
standards. Concentrations of elements other thafPGE were determined using
the following X-ray lines and standardX®&BiLa, Ma: Bi,S;; FeKa: FeS; CuKa,
ShLa: CuSbhS; Snia: SnG; NiKa, AuLa AgLa, Gd_a: pure elements; Rla, Ma:
PbS; S&a, La: Zn, Se; Hlta: HgS; Td.a: Cd, Te; AKa, La: FEAsS. Overlaps of
X-ray lines (Laputina 1980) were taken into accowth a correction program
using the relative intensities of X-ray lines. Tdhetection limit for PGE is 0.1-0.3
wt. %. The precision of analyses was evaluated GM Rvith a stoichiometric
composition, and deviations were at the 2-3 % limithe most cases. Analyses
were made by V.l. Sapin and V.l. Taskaev; a daditates that the element was
not detected. The proportion of the elements isesg®ed in wt. %.

PGE MINERALS OF THE KONDER MASSIF

According to the results of prospectors' activitig4], the major portion of
the platinum-rich heavy-mineral concentrate cossat irregular, lump-shaped,
angular, and perfectly faceted grains of variabteetisions, up to nuggets (that
weigh more than 10 g). Euhedral crystals of platinmainly are cubic in habit.
Hexahedral crystals dominate in small-size fraciofihe proportion of various
twins and intergrowths of two or three individualgy to 17 mm in dimension,
increases among coarser grains. Films of gold,-0.05nm thick, surround many
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small grains of platinum. In some cases, thesesféme coupled with a crystalline
gold dust. The gold films are without doubt endagebecause they consist of
closely intergrown tiny crystals of Cu-bearing gokli- and Te-bearing sulfide,
and some Pd and Pt compounds. The films on crgslgés are abraded during
transport, and thus provide additional morpholdgeadence for their relatively
high-temperature origin [34]. However, the microamghick gold films of high
fineness on rounded platinum nuggets most likety @rlow-temperature origin
[20]. Native gold, silver, lead, tin, copper, nitkgon, antimony and bismuth
occur along with platinum in both bedrock and stigdacers [6].

Os + Ir + Ru + Rh + Pd
(o 1 —
90 P _ o 10
({—2 [ \
_____ l\ N /] B
® S g T~
3 \\___\'1_"~—\— iV 7 \ v/l &
o 4 Pt 10 20 30 40 50
4 Fe + Ni + Cu
m 5

26 30 34
Fe + Ni + Cu (at.%) —»

Fig. 2. Composition of native accessory isoferroplatinumrbm chromite-bearing dunite.

Of more (1) and less (2) eroded and other (3) pafrthe dunite core of the Konder massif; massive
chromite veins and schlieren in dunite (4), andofen platinum from phlogopite-magnetite pyroxenites
(5), forming dikes in dunite (Table 1), and fromb@unuggets of platinum (6) locally coated withilanf

of Cu-bearing gold (after Cabri & Laflamme 1997 cBéka et al. 2004). Contours of fields of native Pt
Fe solid solutions from chromite-bearing dunitauttfamafic formations (7) are shown (after Zherrgvs
et al. 1985).

More than 50 PGE, Au- and Ag-bearing minerals,udolg new and rare
species, were identified in loose sediments oveyedfrs of systematic study of
noble-metal mineralization. Discovery of new PGEaenals continues to this day
[45]. Many of these minerals were also detectedbe@drock. The specific
assemblages of minerals are related to one of timzipal sources of platinum:
chromite-bearing dunite in the core of the massd tne adjacent clinopyroxenite,
and dikes of phlogopite-magnetite clinopyroxenitattintrude dunite and spatially
associated sulfide lenses in the southwesterngbartassif. Other PGM occur in
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extremely small quantities as tiny (commonly, nogéx than a few tens of

micrometers), globular and tabular inclusions witplatinum and as an outer rim
around these grains. Segregations of such abasesexremely sporadic.

Nevertheless, these micro-inclusions turn out todrg diverse and attract the lost
interest.

Isoferroplatinum and ferroan platinum

Isoferroplatinum, the main PGM, is very heterogersem terms of amount
of iron and the other PGE. Two varieties of thisnenal were identified in the
chromite-bearing dunite of the Konder massif [18f early, high-temperature
variety in association with chromite accumulatignp to 64 wt. % GO;) and
Mg-rich olivine (6-9 % Fa), and a late variety tH#lls the interstitial space in
lenses and veins of massive chromitite (up to 542wG03). Forsterite (Féy.og),
chromian clinopyroxene, chromian amphibole, Cr-Ma#ing phlogopite,
chromite inclusions are commonly included in thefesroplatinum [30]. The
early isoferroplatinum is relatively rich in oth&®GE and characterized by a
variable Fe content, from 7.5 to 11.5 wt. % (2485 %) that decreases with
depth (Table 1, Fig. 2). Inclusions of Os, Ir, Rnd Pt minerals are typical. In
conrast, the late Pt-Fe alloy is free of such isidns and is depleted in other PGE

(except Pt), retaining the same Fe content (Taple 1
Table 2.
Composition of Os-Ir-Ru-Rh-Pt solid solutions incled in isoferroplatinum, Konder
alkaline-ultrabasic massif (wt. %).

No. Pt Ir Os Rh Ru Total

1 2.10 10.10 84.96 0.55 2.00 100.46
2 2.06 2.05 91.64 0.85 1.25 98.18
3 1.79 21.14 72.12 0.73 2.78 99.39
4 1.64 2.44 94.52 0.80 0.38 99.59
5 2.11 12.97 81.88 0.64 1.11 98.98
6 4.39 41.55 27.55 - 25.47 98.96
7 3.20 36.35 39.78 - 20.44 99.77
8 0.84 29.64 68.61 - - 99.09
9 3.51 34.88 41.25 - 19.03 98.67
10 26.78 38.09 19.11 - 14.40 99.75
11 9.22 54.49 30.12 1.59 2.98 99.16
12 10.37 31.06 56.44 - 1.03 99.26
13 9.85 57.32 30.58 - 0.96 98.99
14 10.64 52.87 37.16 0.29 - 101.11
15 14.04 62.91 20.91 - 0.30 98.97
16 2.20 18.68 76.88 0.40 1.37 99.53
17 0.13 24.26 72.53 0.33 2.42 99.69
18 - 0.60 0.23 - 98.87 99.70
19 - 8.45 55.11 - 35.88 99.44

Note. A selection of the 56 available analyses is giv2].[ Additional determinations have been
included in the totals: Pd in compositions 1 (0,28)Y0.33), 3 (0.13), 4 (0.33); Cu in compositidns
(0.19), 3 (0.25), 5 (0.27), 11 (0.50), 17 (0.1%;iR compositions 1 (0.12), 3 (0.45), 10 (1.37)(0.26),
12 (0.36), 13 (0.28), 14 (0.15) and 17 (0.12).wt. %
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The ferroan platinum from dikes of phlogopite-matgeeclinopyroxenite that
intrude dunite typically consists of cubic crystalsally coated with a film of Cu-
bearing gold. The level of PGE impurities in thdicucrystals is close to that in
isoferroplatinum in the late Pt-Fe alloy, but theni content is higher (Fig. 2): 9.5-
11.5 wt. % Fe (27-30 at. %). Amphibole, calcic opgroxene, aegirine-augite,
aegirine, phlogopite, magnetite and apatite inolusiare common in the ferroan

platinum [45].

7" IRIDIUM

E:_/ h¢
— 40
—
———— )
— (at.%)

x |
== | PLATINUM/(()

A R0

Pt

Fig. 3.Diagram representing solid solutions
of Os-Ir-Ru-Pt system of Konder massif.

1) Data of Table 2; 2) after Mochalov (1994), 3)
fields of solid-solution compositions of PGE from
alpine-type ultrabasic rocks (after Dmitrenko et al
1985), 4) the same from the massifs of alkali-
ultrabasic formation (after Rudashevsky 1989), 5)
the same from Konder massif (after Mochalov
1994), 6) miscibility gaps (after Harri& Cabri
1991).

In the Konder massif, in which the
depth of erosion in dunite reaches 350-
400 m [20], the maximum Fe content (up
to 11.5 wt. %) in the Pt-Fe solid solution
Is encountered in the uppermost part of
the massif. In the isoferroplatinum
associated with chromite accumulations,
found in the deepest levels of the dunite
body, the Fe content falls to 8-9 wt. %.
The content of other PGE impurities in
the Pt-Fe alloy shows a dependence on
depth of crystallization. In the least
eroded areas of the dunite,

isoferroplatinum contains (wt. %): 0.8-3.8 Ir, 2.9 Os, up to 1.5 Pd, and 0.5-
1.8 Rh; in the most deeply eroded zone of the durticontains 2.5-5.3 Ir, 0.7-0.9
Os, 0.2-1.0Pd, and 0.7-1.1 Rh. The PGE contentssaferroplatinum show
intermediate values in the other parts of the rhassi

Os-Ir-Ru-Pt solid solution

As the end member of two solid-solution series GRd and Os-Ir-Pt,
osmium is the more common, on the contrary, platirand ruthenium are very
rare (Table 2). Impurity-free platinum occurs ire tKonden massif as isolated
inclusions (10-15um) of isoferroplatinum and tetraferroplatinum gsgirwhose
margins! have undergone low-temperature alteratiois. associated with micro-
inclusions of gold and aggregates of porous Ptefsge below).
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Impurity-free iridium (up to 3Qum) and ruthenium (30 x 170m) also form
rare inclusions in isoferroplatinum. Ruthenium he tKonder massif was first

noted by Nekrasov et al. [16].

Table 3.

Chemical composition of hongshiite and its pd-domiant analogue, Konder alkaline-

ultrabasic massif (wt. %).

No. Pt Pd Cu Fe Ag Total

1 25.20 40.97 26.16 5.23 0.42 97.98
2 25.65 41.02 26.41 5.20 0.26 98.54
3 67.33 8.62 15.06 7.97 - 98.98
4 71.42 5.91 13.68 8.80 - 99.81
5 67.58 7.98 15.63 8.21 - 99.40
6 58.73 14.68 19.04 7.53 - 99.98
7 48.78 21.75 20.81 6.78 0.19 98.31
8 20.32 45.83 28.44 5.06 0.38 100.03

Osmium is the most commonly encountered, and eshdnie of three habits.
It may form rare, predominantly laminar, and in gocases roundish or worm-like
inclusions in cumulate isoferroplatinum of the ffigeneration, enriched in PGE
impurities. As a rule, this osmium has a high lesfelPt and Ir, up to 6 and 17 wt.
%, respectively. The second variety of osmiummi®rdisk-shaped and roundish

CuRh,S,

CUPRORHODSITE

MALANITE

Culr,S,

(mol.%)

Fig. 4.Compositions of PGE thiospinels 1) PGE thiospinelfd&Konder massif according to
our data (Table 5); 2) fields of PGE thiospinel comosition (after Rudashevsky et al. 1985).
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grains. It has a low level of Pt and Ir, less tBaand 11 wt. %, and reveals a zonal
distribution of Ir in the largest grains, with menum Ir in the core. This variety of
osmium forms inclusions in the low-impurity isofgptatinum of the second
generation. The third variety of osmium forms isethlamellar aggregates of
relatively coarse-grained osmium (50 x 368) with a low level of impurities (up
to 2 wt. % of Ir, Pt); it fills interstices in isefroplatinum of the second generation.

In the Konder massif, solid solutions in the syst@salr-Ru-Pt consist mainly
of compounds with Os or Ir dominant (Fig. 3), amd aamed in accordance with
the nomenclature of Harris & Cabri [40]. Isolateghigs of rutheniridosmine and
ruthenium-dominant solid solutions with wide varidp are present but rare.
There are single occurrences of solid solutions sghcompositions occupy the
miscibility field. Such an anomaly may be the résfl the influence of the Pt
matrix during electron-microprobe analysis. It i®spible that the field of
miscibility of the compositions of natural Pt-Osaind Ru-Os-Ir solid solutions is
less significant, in agreement with the analytidata on alpine-type ultrabasic
rocks in northeastern Russia [11, 24]. The solidtgms form isolated grains 30-
75 um to 250um in size. Note that they are distributed in thghhiemperature
isoferroplatinum only exceptionally.

The crystallization of PGM at the magmatic stage lisited to
isoferroplatinum and solid solutions in the syst®siIr-Ru-Pt. The postmagmatic
stage of evolution is characterized by a much greatriety of mineral species.

Tetraferroplatinum, tulameenite and hongshiite

Platinum-dominant solid solutions are tetraferratipum, tulameenite, and
hongshiite. They are rare in the Konder massif modt commonly form a rim of
variable thickness on isoferroplatinum, but may ptately replace it.
Tetraferroplatinum exhibits the most consistent position, invariably containing
Cu (up to 3 wt. %) and Ni (up to 1.5 wt. %). Tulange forms a rim on grains of
isoferroplatinum; it contains variable Fe (8.5-18 %) and Cu (8.8-12.8 wt. %),
but constant Pt contents. In rare isolated segmabf tulameenite associated
with bornite, irregularly distributed impurities dli (up to 3.5 wt. %) and Ir (up to
2.5 wt. %) occur, showing an enrichment as the ismapproached. Variants of
tulameenite enriched in Sn and Sb also are foudfl Even within the same rim
around isoferroplatinum, the tulameenite is represe by both marginal and
intermediate members of the solid-solution serig¢se?Cu)-Pd(Cu,Fe). Hongshiite
seems to be the most variable in composition (Taple

PGE sulfides and sulfoarsenides

PGE sulfides and sulfoarsenides are much more widad at the
postmagmatic stage in the Konder massif. Membergheflaurite-erlichmanite
series and .sulfoarsenides of the irarsite-hollimgiite series are the most
common. Monosulfides and compound sulfides of mtdasuprorhodsite-
cuproiridsite composition are less common. Sulfidegch as inaglyite and
konderite are much rarer. All these compounds farfnagmentary rim (1@m
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wide or more) or lens-like and equidimensional eggtions (5-75um) at grain
boundaries and at the margins of isoferroplatinuvamg.
Table 4.

Composition of monosulphides of PGE and iron-grouglements, Konder alkaline-
ultrabasic massif (wt. %).

NoJ Pt| Ir |Rh | Fe| Ni |Cu|l S |Total
112.1326.23| 2.2119.2117.932.8827.88.24
2 1.0925.54| 2.7119.9618.312.8728.98.77

PGE monosulfides are represented by cooperite amckal-rich variety of a
pentlandite-like phase. Electron-microprobe anayskow that cooperite has a
composition close to PtS. Its block-shaped and Ieedthped segregations form a
rim around grains or veinlets of isoferroplatinumtulameenite in some instances.
However, the bulk of the cooperite is related tomaamtrations of pentlandite,
chalcocite, bornite, chalcopyrite, and cubanité foam rare lenses and veinlets in
dunitein the southwestern part of the Konder massif [6].

Table 5.

Chemical composition of PGE thiospinels, Konder al&iline-ultrabasic massif (wt. %).

No.| Cu Fe Pt Ir Rh S Total
8.1¢ | 1.3¢|11.32|49.0¢| 3.0€|24.0¢| 97.1¢
5.04 | 1.15/ 13.63| 33.76| 14.59| 23.74| 99.82
9.94 | 1.70 30.27| 26.60| 7.97| 23.59| 101.06
8.83 | 3.41| 17.98| 25.54| 17.77| 25.13| 98.66
10.56 | 0.51] 25.19| 24.04| 13.62| 26.35| 100.27
10.64 | 0.77, 33.42| 20.38| 9.11| 25.32| 99.64
11.69 - | 38.11 17.36| 6.76| 25.47| 99.39
8.28 | 1.77/ 30.27| 6.21 | 21.45 26.63| 100.98

O~NO O, WNBE

Pentlandite-like monosulfides have been found grtewn with magnetite
and pyrrhotite in dikes of magnetite-phlogopite ggnite. In the last case, the
PGE (Ir mainly) account for only 26 wt. % of the masulflde fraction (Table 4).
This material is isotropic, and has a microhardreske range 180-220 kg/nfm
Analogues of pentlandite-type phases describedeeane enriched in Ir and Rh,
or rarely only in Rh, or in a single case, Rh and Rlong with Fe and Ni, it
contains Co and Cu (up to 2.5 and 5.8 wt. %) &30 T].

Compound sulfides, represented largely by thiogpiole the malanite-
cuprorhodsite-cuproiridsit group and, rarely, b§ & and Pb-bearing mineral o the
inaglyite-konderite group [26, 27, 28], form equndinsional inclusions am
veinlet-like grains of isoferroplatinum and a thim around them. Individual
rounded grains, up to 0.3 mm in size, and polynail@rintergrowths with
iridosmine, erlichmanite, laurite and, in some easewith sperrylite,
bismutharsenide, irarsite, and hollingworthite, amech rarer. These minerals
occur predominantly in the same samples of dunitehich lenses and veinlets of
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Cu, Fe, Ni sulfides with Co, Ft impurity up to 0n8. % Co,2.5wt. % Pt were
found.

The maximum Pt, Ir, and Rh content in the thioshisi&8, 49 and 21 wt. %,
respectively (Table 5). Most grains of thiospinelrespond to malanite with a
high concentration of Rh and Ir, but others arercujaisite, the rhodium analogue,
iridian cuprorhodsite, and an essentially platintiich- variety of the cuprorhodsite
(Fig. 4). Fe (up to 3,4 wt. %) is invariably presenthese thiospinels.

Cu,PbRh,S,,

A1

® 2

KONDERITE

INAGLYITE

Cu,Pblr,S,, Cu,PbPt,S,,

(mol.%)

Fig. 5.Compositions of Cu-Pb-bearing sulfides of PGE.

1 inaglyite (I, 1) and konderite (II) from Inagisky (1), Nizhne-Tagilsky (1) and Konder (l1l) msifs
(after Rudashevsky et al. 1984a b); 2) inaglyimderite, and w is likely to be a new platinum agake
(Table 6).

Among the Cu- and Pb-bearing sulfides we have stufllable 6), inaglyite
saturated with rhodium is the most prevalent. Ohthese sulfides is konderite,
with much less iridium than that described eaf&&], and the other two varieties
are enriched in the GBbPtS;s end-member (up to 46 %) and represent a new
mineral, the Pt-dominant analogue of inaglyite &odderite (Fig. 5). Like the
other two minerals, this sulfide has a microhardnet 412-435 kg/mfmand
contains little Fe, and no Ni; however, we estélgidsthe essential impurity as As
(up to 3.96 wt. %).

In the Konder River placer, we have found a com@eiide that contains
palladium and gold (in wt. %: 52.47 Pd, 11.53 AlQ4Ag, 15.64 Bi, 8.46 PDb,
0.69 Ni, 7.34 S, total: 101.07) with the generahfola (Pd,Au,Ag,Ni)y(Bi,Pb)S..
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Together with palladium germanide @Ba), discovered probably for the first
time, it forms a heterogeneous rim of variable cosmmon around grains of
hongshiite. Experimental invegétions of the systems Au-Ag-S and Au-BI-S [15]
show that the gold-bearing sulfide could have oatgd only at relatively low
temperature (200-380) and extremely high f($(10° - 10° Pa).

Table 6.

Chemical composition of Cu- and Pb-bearing sulphideof PGE, Konder alkaline-
ultrabasic massif (wt. %).

No. Pb Cu Ir Pt Rh S Total

1 8.12 9.32 18.73 29.15 9.25 24.17 99.43
2 7.60 10.12 18.20 30.67 9.14 24.47 100.92
3 8.84 7.96 24.32 21.54 12.56 24.43 99.65
4 8.43 9.32 23.45 22.31 11.73 24.17 99.41
5 8.18 8.92 20.12 16.58 18.70 25.12 100.40
6 7.44 7.92 26.15 19.72 11.05 24.17 100.41
7 8.07 8.16 26.32 19.84 11.34 23.91 99.87

Note: Additional determinations have been included inttitals: Fe in compositions 1, 2 (0.74, 0.72) and
As in compositios 5-7 (2.78, 3.96, 2.23).

Disulfides of the erlichmanite-laurite series ampresented by both end
members and less common examples of intermediatpasitions (Fig. 6). Zoned

T

LAURITE

RuS, 20 40 60 80 OsS,
(mol.%)

Fig. 6. Compositions of PGE disulfide of the erlichmanitedurite series.

1) PGE disulfides of Konder massif according to daita (after Nekrasov et al. 1994); 2) fields ohenal
compositions of laurite (A) - erlichmanite (B) sgifrom alpine-type ultrabasic rocks (after Dmik@et.
al 1985).

grains are the general case, with osmian lauritk rathenian erlichmanite both
enriched in Ru near the rim compared with the gerfthese minerals contain a
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variable level of Pt (0.2-2.1), Rh (0.5-5.1), ItZ0.9), Pd (0.5-2.7), and As (0.4-2.2
wt. %). Analogous disulfides of Pt and Rh have beeted in alpine-type ultrabasic
massifs [4]. However, the latter contain less Pdl@mmonly more Ir.

A sulfarsenide of the irarsite-hollingworthite ®=iis as common as Os-Ru
disulfides and formed almost simultaneously withesdy, on the basis of
observations of interrelations in polymineralicigsa

RuAsS
o 1
RUARSITE (2

(mol. %)

Fig. 7.Compositions of sulfoarsenide of Rh-Ir-Ru system dkonder massif.

1) PGE sulfoarsenides of Konder massif accordinmutodata (after Nekrasov et al. 1994); 2) fieltls o
sulfoarsenide compositions from alpine-type ulteadaocks (after Dmitrenko et al. 1985).

Like the disulfides, the sulfarsenides are represkehy both the end members
and intermediate compositions, which is not typmiaPGM occurrences related to
alpine-type ultrabasic massifs (Fig. 7). Along wigblated homogeneous inclusions
of irarsite and hollingworthite, their zonally anged segregations, which the
marginal part is enriched in Ir and the center im, Rre commonly found in
isoferroplatinum. Much more complicated formation&h a zonal structure (50-
200 um in size) also are present. Their core is compageddosmine, which
gives way to irarsite enriched in osmium toward thexiphery, and then to
hollingworthite, forming a narrow (5-8) rim. Platarsite occurs as isolated grains
[11, 25].

The content of Pt, Os, and Ru impurities in the d&am irarsite-
hollingworthite sulfarsenides varies less widely2(@.6 wt. %) than in their
analogues from alpine-type ultrabasic rock, in \WwHite maximum concentrations
of these PGE are twice as large [4], except forvdch seems saturated (0.4-4.8
wt. %0).
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Sperrylite and PiAs;

PGE arsenides are represented mainly by sperrylite.compound PAS;,
first found here, and complex Sb-, Bi-, and Te-b@pPd and Pt arsenides are rare.
Sperrylite occurs as fine (50-2ffn) inclusions in isoferroplatinum and composite
grains with tulameenite. Single octahedra up tonind across are much rarer. The
association of sperrylite with antimonpalladinitgrsite, and cooperite has been
also encountered. The chemical composition of gferris close to being sto-
ichiometric PtAs, with a negligible proportion of sulfur in mostnsples; this
finding does not contradict the experimental dafaMakovicky et al]41],
according to which the solubility of S in PtAat 850 and 476C attains 2.5 wt. %.

Fig.8.X-ray maps of the isoferroplatinum
grain enclosing new platinum arsenide
(1200x); a) PtLa, b) AsKa.

#9 In their experiments, sulfur-bearing
% sperrylite precipitated in association with
-4 cooperite, pyrrhotite, and platarsite,
=24 which may be an indication of hidts,)
S%%& in the natural ore-forming system.
%! Although the associations of sperrylite
are diverse within the system Fe-Pt-As-
S, these experiments showed that RtAs
§ is the only stable binary phase. In other
words, we did not expect to find the fine
inclusions of the compound Rlry sAss
(in wt. %: 51.62 Pt, 1.08 Rh, 10.57 Ir,
0.28 Os, 0.16 Cu, 2.2 S, 33.14 As, total:
99.05; approximately 25 um,
microhardness 500 kg/nfin with a
calculated formula
(PtL.s57r0.33RN0.06)21.96(AS2.65%0.40)x3.03 (FigQ.
8) in isoferroplatinum. A close analogue
of this mineral is a phase enriched in Rh and & wie formula (Pt,RhjAs,S),
discovered in a gold-platinum placer in Russia [38]this connection, it seems
that the presence of Ir (up to 10.6 wt. %) or R @ 6.2 wt. %) as impurities in
the PtAs; compound must stabilize its structure.

Composite palladium and platinum arsenides

In composite palladium and platinum arsenides @ab), in spite of
considerable variations in the content of all congrus, the ratio of Pd (or Pd + Pt
+ Ag) to S(As, Bi, and Sb) in most of minerals apgmates 3:1, as in the
discredited species "guanglinite", and correspoodthie generalized formula
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(Pd,Pty(Bi,Sb, Te,As). Among these, the antimony and bismarsenides
predominate. The exceptions are two antimony aslesniTable 7, anal. 1, 2), two
bismuth arsenides (anal. 10, 11), and both bisneitbrarsenides. One of the
antimony arsenides (anal. 1) exhibits the isomé&t@mmula, (PdsdPti 34)511(Shy.18
As; 73Tey05)s06e The other antimony arsenide is similar to thevimgs case;
however, its inferred chemical composition gavesomewhat different formula,

Table 7.

Chemical composition of composite Sb-, Bi-, and Tieearing arsenides of palladium and,

Konder alkaline-ultrabasic massif (wt. %).

No. Pd Pt Ag Sb Bi Te As Total

1 61.63 15.67 1.30 13.95 - 0.43 7.80 100.78
2 73.03 1.32 2.38 12.46 1.68 0.3 7.60 98.79
3 70.27 1.12 2.59 19.59 0.55 - 5.54 99.66
4 69.63 0.40 0.84 23.26 - - 2.28 99.25
5 67.61 - 0.72 15.95 - 0.12 9.44 98.00
6 69.87 - - 25.51 - - 3.01 100.01
7 64.94 2.10 1.05 3.75 17.58 1.46 6.64 98.35
8 65.67 1.11 0.62 0.66 22.38 1.89 6.20 99.81
9 66.87 0.94 1.05 2.65 16.88 1.95 6.06 99.02
10 | 63.69 12.43 0.65 - 13.87 - 9.49 100.13
11| 64.48 11.78 0.54 - 13.56 - 9.26 99.62
12| 72.11 4.45 0.16 0.42 9.46 6.13 4.74 97.47
13| 72.76 3.18 0.31 1.87 7.01 6.94 5.33 97.40

Note: Additional determinations have been included intttals: Sn in compositios 4(1.43), 9(0.19), Cu
in compositions 4(1.41), 5(4.16), 6(1.62) and Pbcompositios 7(0.83), 8(1.28), 9(2.43). 1-6
antimonarsenides, 7-Hbismutharsenides, 12-13bismuthtellurarsenides.

(P%_5d3f0_106\90_31)210(812}1.436\31_418i0_11Teo_o4)§;2_99. One of the bismuth tellurarsenides
seems to be similar to "guanglinite" and has anerrefli formula
(Pds 8dP,00A00.02)x4(Bio.16 Sky.00 T 31AS0.40)z0.06.The other bismuth arsenide ranges
in composition (Table 7) and cation : anion rationf 7:2 (anal. 10, 11) to 9:2
(anal. 12), and is similar to arsenopalladinite][Zhd more precisely to its Bi-
bearing (anal. 10, 11) and Bi-Te-bearing (anal.vE2Zjants. Most of the composite
Pd and Pt arsenides are found in the form of fiselated inclusions in
isoferroplatinum, the palladium-dominant analog@iénangshiite, and palladium-,
copper-bearing gold, where they usually are aststiaith sobolevskite and other
bismuthides and antimony bismuthides of palladiwhich form in some cases
polymineralic aggregates up to 8t in size. The associations with sperrylite are
rarer.

Bismuthides, antimonbismuthides, antimonides antluades

Bismuthides, antimonbismuthides, and antimonides ofl palladium,
represented by minerals of sobolevskite (PdBi)dbswyite (PdSb) series, are rare
at Konder. Fine inclusions (10-2&n) of sobolevskite close to the t stoichiometry
PdBi (Table 8) are common in copper- bearing gald| rarer in isoferroplatinum.
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Many bismuthide grains are zoned. The centralipartbmposed of PdBi, whereas
the margin is enriched in palladium, up to a contmws corresponding to the
stoichiometry P¢Bi, and PgBi. We found both as individual phases and in angra
of tetra-auricupride containing 8.69 wt. % Pt an860wt. % Pd, and as rare
inclusions in froodite, PdBi(Table 8). As long as Sb is available to replacenB
sobolevskite, sudburyite eventually forms. Sevearakll grains of this mineral
(Table 8), up to 2um in size, were found in composite grains with degskite
and the phase H®i,Sb), enclosed in gold. In some cases, needipeh
inclusions of native antimony are present in thédgdéntimonides, arsenide-
antimonides, surfantimonides, and phases of mamgptEx composition, with the
ratio of the PGE to the "anion" portion from 5:2daBt1 to 1:2, also were found

closely intergrown with bismuthides of the soboletessudburyite series.
Table 8.

Chemical composition of bismuthides and antimonbisnthides of palladium and platinum,
Konder alkaline-ultrabasic massif (wt. %).

No. Mineral and its generalized formula Pd Pt Sbh Bi Toal
1 Sobolevskite-PdBi 31.83 - - 169.94| 101.77
2 The same 31.38 - - | 70.58 101.91
3 - = 31.35 - - |164.88 99.02
4 - = 23.69] 9.82 - | 64.98 99.77
5 PdBi* 57.69 - - |43.68| 101.37
6 Bismuthpalladinite-PsBi,* 44.27 - - 55.31] 99.58
7 The same 47.27 - - | 52.00] 99.27
8 Pds(Bi,Sb)* 77.26| - 15.01| 8.14| 100.41
9 The same 77.34 - 15.03| 8.54| 100.91
10 (Pt,Pd)(Bi,Sb)* 12.2334.10 | 13.64 39.95| 99.92
11 Frudite - PdBi 19.76| 8.80 | 3.60| 64.94100.59
12 Sudburyite - Pd(Sb,Bi) 42.25 - 42.43|14.34| 99.02
13 The same 41.34 - 41.08|16.16| 98.58
14 Insizwaite -PtBj - | 31.39 | 3.57| 66.09101.05

Note: Additional determinations have been included intttals: Cu in compositions 3 (0.52), 11 (3.49),
Au in compositions 3 (2.27), 4 (1.28). Probably meimerals are shown by an asterisk.

Rhodium-iridium sulfantimonide, (Rh,Ir)SbS, similto tolovkite (ideally,
IrSbS) was first discovered at Konder by Mochalb%][ Later, a similar mineral
was discovered by Evstigneegtal.[7] at Yubdo, Ethiopia. Many grains of these
minerals are zoned.

Minerals of sobolevskite (PdBi) - kotulskite (PdTsgries have a limited
distribution. Owing to the complete solid-solutibetween Te and Bi, even within
the same host-mineral (tetra-auricupride or isofdatinum), inclusions of two or
three phases may be present. These phases diifieiofie another in composition,
as a result of complete substitution involving Tred &Bi, and are intermediate
compounds between sobolevskite and kotulskite €rapl In some of them, the
impurity elements are Pb (to 2 wt. %) and Pt (fb\&t. %). Members of the series
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kotulskite (PdTe) - sudburyite (PdSb) contain armbith-free phase with a high
concentration of Sb (more than 15 wt.%), which rnaya new mineral (Table 9).

The Bi-Te-bearing palladinite that we found is achmumore widespread
mineral than the members of the sobolevskite-kkitgsolid solution (Table 9). It
occurs as fine inclusions (10-16n) in bornite from the sulfide lenses in the
Konder dunite, mentioned above, and in low-graddd.gd’his mineral is
characterized by striking heterogeneities, with Iss@ale variations of .2-3 wt. %
Pd and 0.5-1.5 wt. % in other elements. Some Beiligkched domains of
palladinite have decompsosed into two or three gyasne of which is Pt oxide
and other two are identified assBe and native bismuth. The Be compound
occurs also as individual mica-like accumulatiopg@5um across. In aggregates
with high-grade Au (fineness 880-920), theT& precipitated later and cemented
segregations of gold.

Table 9.

Chemical composition of bismuth-and antimontellurices of palladium, Konder alkaline-
ultrabasic massif (wt. %).

No. Pd Ag Sb Bi Te Total
1 44.24 - - 13.62 38.19 97.99
2 44,72 0.19 - 12.39 39.45 98.87
3 42.42 0.57 15.64 - 38.81 98.31
4 32.42 - - 55.17 11.34 101.62
5 69.92 0.94 0.35 9.14 16.69 97.04

Note: Additional determinations have been included in tibtals: Pb in compositions 1 (1.94), 2
(2.12), 3 (0.87) and Pt in composition 4 (2.69).

Insizwaite, PtBi2, occurs in isoferroplatinum (Teuld), earlier first described
at Konder by Mochalov, [11], and in geversite, Bif®),, as discovered by
Rudashevskyet al. [25]; it is not common in the Konder massif. A palium
bismuth plumbide is present as single grains. Widoit in copper-bearing gold
as inclusions 5-1um in size. The chemical composition of this presbijnmaew
phase (wt. %) is: 57.52 Pd, 34.74 Pb, 7.02 Bi,Pt,2otal 100.48. Rare inclusions
of zvyagintsevite are present in tetra-auricupride.

Platinum and palladium stannides

Platinum and palladium stannides are relativelyespgiead, in the form of
fine (15-60um) inclusions in tetra-auricupride, tulameenited @oferroplatinum.
Their chemical composition (Table 10) allows usstdodivide them into three
groups. The first one (Table 10, anal. 1 and 2)ahasgligible level of Sb (up to 1
wt. %) and is free of Cu. The sum of Pt and Pd2isM8. %, with about 17 wt. %
Sn, and the composition as a whole was calculateth® basis of the formula of
rustenburgite, (Pt,P¢Bn. The second group includes the multicomponepp&o
enriched (up to 14 wt. %) alloys of the system &t9n-Cu-Fe (Table 10, anal. 3
to 9). Impurities are Ni (up to 0.4 wt. %) and Bp(to 1.3 wt. %). The compounds
of this group are characterized by notable vametim Sn content (9-17.2 wt. %),
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relatively constant Pt (63-73.4 wt. %), and theadtinvariant presence of Fe (up
to 5.8 wt. %). These phases are associated withlesgtkite and palladium-bearing
gold. High-palladium solid solutions, which haveshedescribed already from the

Konder massif (Mochalov 1986), represent the tgnalip of stannides.
Table 10.

Chemical composition of platinum and palladium stamides, Konder alkaline-ultrabasic
massif (wt. %).

No. Pt Pd Cu Sn Sb Fe Total
1 66.12 15.40 - 16.90 0.66 - 99.08
2 62.84 17.68 - 16.96 1.07 - 98.55
3 63.02 5.00 14.05 16.64 - 0.18 99.83
4 68.12 3.18 13.09 13.82 - 1.75 99.96
5 63.48 4.69 13.50 16.27 - 0.36 99.59
6 72.49 0.34 12.16 9.01 - 5.78 99.78
7 63.41 5.32 13.75 17.18 - - 99.66
8 72.66 - 12.51 10.75 0.36 3.30 99.98
9 73.44 - 12.95 10.28 0.35 2.52 99.54

Note: Additional determinations have been included inttitels: Bi in compositions 3, 5 (0.94, 1.29) and
Ni in composition 8 (0.4).

Palladium germanide

As was noted above, we found palladium germanideG®) in the Konder
massif. It is a new, as yet unnamed mineral,
which together with a new palladium-

Fig. 9.X-ray maps of edge part of the Pd-bearing
hongshiite grain in contact with palladium germanice,
which forms heterogeneous units continuous into a
rim (1000x); a) PdLa; b) GeLa.

gold-bearing sulfide, make a narrow (5-iih)

rim around a grain of the palladium analogue
(PdCu) of hongshiite (Fig. 9). Although high
magnification reveals an optical heterogeneity,
consisting of a rhythmic alternation of fine strips
of the germanide, all eight analyses of the same
grain show similar results, that on average are
described by the composition (wt. %): 75.62 Pd,
1.12 Ag, 23.89 Ge, total: 100.63. The experiment
carried out by l.Ya. Nekrasov (unpubl. data) at
dry conditions at 70 shows that in the system
Ge-Pd, along with RBe, three other phases,
PdGe, PglGe, and Pgse, are stable, which allow
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us to anticipate their existence in nature.

PGE oxide and hydroxide

PGE oxide and hydroxide compounds formed at thed ftage [36]. They are
the products of supergene events in most casesgvaswthey may also be
hypogene, in part as a result of interaction of PGMn early (magmatic) stage
with postmagmatic solutions.

Table 11.
Chemical composition of PGE oxides, Konder alkalinailtrabasic massif (wt. %).

No.| Pt Pd Ir Os Rh Cu Fe Total

1 3.7€ | 54.1( - - - 2245 7.9% | 88.2:

2 16586 - - - - 13.61] 5.89 | 85.36
3 181.18| - - - - 1.54| 6.94 | 89.66
4 |64.09 - - - - 15.20| 4.44 | 83.73
5 | 6351 - - - - 19.64| 6.63 | 83.78
6 | 66.96| - - - - 9.91| 11.99 | 88.86
7 |77.74| - - - - - 6.93 | 86.72
8 |74.08| - - - - - 6.08 | 84.54
9 - - 21.28| 51.16| 0.14| - 3.31 | 83.94
10 | 3.68| - 34.72| 1.27|31.26| 2.02|12.03 | 84.98

Note: Additional determinations have been included inttitals: Ru in composition 9 (8.05) and Au in
compositions 7 (2.05), 8 (4.38).

In most cases, oxides and hydroxides developed hat dxpense of
isoferroplatinum, tulameenite, and hongshiite. didiaon to Pt(Pd), they preserve
the high Fe and Cu contents. Palladium, Os, Rh]ranxides are much rarer in the
Konder placer (Table 11). For example, Pd oxidast®e palladium analogue of
hongshiite, Pd(Cu,Fe), as a thin film, but PtQs, and Rh oxides result from the
partial replacement of hongshiite, minerals of Site-hollingworthite series and
other PGM. The analytical totals in the case oftth@roxides vary over the range
70-80 wt. % (Table 12), depending on the amourt,Qi in the structure [11, 20].

Table 12.
Chemical composition of PGE hydroxides, Konder alkBne-ultrabasic massif (wt. %).

No. Pt Pd Ir Os Rh Cu EFe | Total
1 6.3 | 0.6€ | 48.57 - 6.71| 2.04|6.0¢| 70.4¢
2 8.07 - 53.1€¢ | 0.3z | 4.2¢ - 7.9z | 73.92
3 4.1¢ - 40.27| 0.44 | 28.62 - 0.7¢ | 74.5]
4 | 75.52]1.92 - - - - 6.9% | 77.4¢
5 1.7¢ - 26.5216.01] 30.0Z2]10.2C ) 2.84 | 77.5¢

Note: Additional determinations have been included intihtals: Ru in compositions 2, 3 (0.17, 0.23)
and Bi in composition 4 (0.31).

Gold mineralization
The gold mineralization in the Konder massif is rertely diverse.
Numerous electron-microprobe results indicate mdy mative and Ag-bearing
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gold, but also Cu-, Cu-Pd-, and Cu-Pt-enrichedetims [20, 19], which are
exceptionally rare in nature [21,22].

The gold minerals formed later than the cubes afimim and, probably,
somewhat later than the PGE sulfides and sulfoatsen but
contemporaneously with various Pd-bearing compoundgiding hongshiite
and its Pd-dominant analogue, complex sulfideserades, antimonides,
bismuthides, tellurides, stannides, plumbides, @aithdium germanide.

Au 20 40 60 80 Ag(Pt, Pd)

Fig. 10.Compositions of the gold solid solution of Konder rassif.

Au-Cu, Au-Cu-Ag and Au-Ag (1), Au-Cu-Pt (2), Au-(rd (3), Au-Cu-Pt-Pd (4), Au-Cu-Pt with Ag (5),
and Au-Cu-Pd with Ag (6). See text for other expléons.

The compounds of gold and other metals can be elividto three broad
groups (Fig. 10), distinguished by proportions af, L£u, Ag, Pd, and Pt [19].
The first group of solid solutions comprises thenpounds based on Au and
Cu, belonging to the systems Au-Cu, Au-Cu-(Pd &ty Au-Cu-Ag. They form
fine tabular and spindle-shaped inclusions inb&gring gold of high fineness,
or serve as host minerals containing inclusiondgbearing gold. In addition to
forming discrete grains, both types of Cu-bearimg aative gold intergrowths
occur as zonal rims around the platinum crystatsl @ccasionally around other
minerals. The Cu-bearing gold from Konder revealsmodal distribution of Cu
(Fig. 10, l1la, b) that demonstrates a high abundafoceupro-auride (AusCu),
which is lacking in other natural assemblages [24, 22, 31], and tetra-
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auricupride (AuCu) with a whole range of Cu congefiom 6.89 to 24.99 wt. %
(Table 13). The Cu content, 44.27 wt. %, corresioty to auricupride (CuAu),

Table 13.

Composition of Au-Cu solid solution, Konder alkalire-ultrabasic massif (wt. %).

No Au Ad Cu Total
1 75.0¢ - 24 47| 99.4¢
2 | 79.0¢ - 21.5(| 100.5¢
3 | 78.1¢ - 21.92 | 100.0¢
4 |76.3¢ - 23.7% | 100.1:
5 |76.2¢ - 23.0z | 99.31
6 | 83.9¢ - 16.12 | 100.1:
7 |86.55]0.34|11.37| 98.2¢
8 | 86.6¢ - 14.3<| 100.9¢
9 |86.2(| 0.55| 13.5¢ | 100.3:
10 | 89.1% | 2.84| 7.44| 99.4:
11 | 86.12| 3.27| 9.47| 98.8¢
12 | 55.5( - 44271 99.7

Note: A portion of the 50 compositions available is giy8].

was detected in one sample only. Auricupride ireission with tetra-auricupride
Is more typical of some other occurrences of Cuibgagold in the absence of
cupro-auride [21]. Some phases of Cu-bearing gohdain Ag (0.33-5.39 wt. %),

Table 14.

Composition of Au-Cu-Pt and Au-Cu-Pd solid solution Konder alkaline-ultrabasic
massif (wt. %).

No. | Au Aq Cu Pt Pd Total
1 | 63.4] - 2352 11.7¢ - 08.72
2 | 62.5¢ - 24.4( | 10.3¢ - 97.2i
3 | 70.1% - 19.6Z2| 9.5¢ - 99.3¢
4 | 65.1¢ - 24.6¢| 9.27 - 99.1¢
5 | 67.0¢ - 23.8¢| 7.5t - 98.5(
6 | 72.5¢ - 24.2¢ | 3.1Z - 99.5¢
7 1958:i]0.68| 1.1€¢| 2.3t - 100.0¢
8 | 79.1% - 10.28| 0.2z | 10.27 940.91
9 | 82.8¢ - 8.8¢ - 7.7¢ 99.4¢
10 | 84.67| 1.1C| 6.0¢ - 7.4% 99.2¢
11 [ 84.12| 0.5C| 7.6¢€ - 6.81 99.0¢
12 | 83.3¢ - 9.8¢ - 5.82 99.01
13 | 70.02 - 24.9¢ - 4.2 99.2¢
14 183.2:10.271 13.6¢ - 3.3z 1100.5;

Note: A portion of the 23 compositions available is gi\&8).

which replaces Cu where Au content is no lower thamwt. %. The Pt and Pd in
solid solution (0.22-11.79 wt. % and 0.18-10.27 W&, respectively) were
established in a broader range of compositionsinvitie Au-Cu series (8-25 wt. %
Cu). Pt and Pd are present in various proportieiteer separately or together
(Table 14). The elevated Pt content is present omAuCu,i.e., in compositions
enriched in Cu. The Cu-free Pd-bearing goM. %: 94.32 Au, 2.58 Pd) was
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detected at the margin of a complex grain of Pds€aring gold with inclusions of
zvyagintsevite (Pd,Pt,Ax()Sn,Pb).

The second broad group of natural Au compounds cge®its solid solutions
with Ag (1.71-62.73 wt. %). This is mainly low-C0.68-3.13 wt. %) native gold of
moderate and high fineness (Table 15). The Au-Agl swolutions richer in Ag also

occur in heterogeneous grains (Fig. 10, I).
Table 15.

Composition of Au-Ag alloys, Konder alkaline-ultrabasic massif (wt. %).

Au Ag | Cu | Total
98.31| 1.09 | 0.46| 99.86
97.86| 1.71 | 0.71 100.28
94.82| 2.84 | 1.92] 99.58
89.68| 7.11 | 3.02 99.81
88.89| 8.70 | 2.09 99.68
86.23| 14.08| - | 100.31
84.79| 12.31| 2.01| 99.11
81.48| 17.14| 1.56| 100.18
75.70| 23.46| - 99.16
10 | 69.71| 29.83| 0.11| 99.65
11 | 69.97| 30.29| 0.12| 100.38

Co~NouhwN &

12 | 59.30| 41.13 100.43
13 | 50.35| 47.96| - 98.31
14 | 45.78| 53.21| - 98.99
15 [ 39.07| 61.37| - |100.44

Note: A portion of the 39 compositions available [19pisen.

In the third broad group are the three-componentpmsitions containing 3-5 wt.
% Cu and 5-9 wt. % Ag. Where the concentrationhafsé elements in gold is still
higher, then the three-component alloy becomesabtestbelow 370-41 [15] and
breaks down into Au-Cu-(Ag) and Au-Ag-(Cu) phaséke proportions of phases in
representative exsolution- induced intergrowths #red distribution of data points in
the Ag-Cu-Au diagram show that the initial compiositof the Au-Ag-Cu alloy that
underwent exsolution during post-crystallizatiomlaog was (at. %): from SI-55 to 72-
75 Au, from 5-8 to 20-22 Ag, and from 12-14 to &-Gu.

In addition to the close intergrowths of Cu- and#earing gold in heterogeneous
grains and the gold dusting on platinum grainsdgudlhigh fineness occurs as a film
coating platinum nuggets in the Konder placet9,[45]. Individual grains of gold
with a high fineness (up to 990) at the margin arldwer fineness (750-820) in
the core are sporadically found. The gold of higleriess was likely formed within
the placer as a result of different solubility of And Au in groundwater [20].
Gold grains with a high fineness in the core and fmeness at the margin are
probably related to felsic rocks in the outer zookthe Konder massif.
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CONCLUSIONS

A review of the PGM and gold encountered in the d@mnalkaline-ultrabasic
massif reveals an extremely diverse assemblageagsaory minerals related to
the massif. This mineralization resembles the dsgEe impregnations,
predominantly of isoferroplatinum, in moderatelyramium-enriched gabbro-
pyroxenite-dunite intrusive bodies of the Urals akldska. At the same time, it
resembles the manifestations of chalcogenides & &fanected with the complex
copper-nickel deposits in the layered intrusive iesdof basic rocks. Such a
peculiarity of the Konder precious-metaineralization is caused by the existence
of several stages of PGM formation at Konder, agmmatic and postmagmatic
temperatures. For example, at the highest-temperastage, mineralization
occurred in low-chromite dunite of the core zone tbé Konder intrusive
complex; the crystallization of accessory isofelatipum enriched in minor PGE
and of more unusual alloys in the system Ir-Os-RteBk place. Later, high-
purity isoferroplatinum filled the interstices irenises of massive chromite,
chromite veins in dunites, and in dikes of mageeatlinopyroxenite. Formation of
the more restricted but compositionally more widesriable chalcogenides of
PGE occurred at the postmagmatic stage, with thiecipeation of a residual fluid
phase containing, along with platinum and palladiém, Sn, Cu, Au, Ag, S, As,
Bi, Sb, Te, and Ge. As a result of interactionsafferroplatinum of the first stage
of crystallization along its margin and along fraes with such a fluid phase, the
PGE chalcogenides, tetraferroplatinum, tulameenitengshiite, as well as
copper-bearing, platinum-copper-bearing, palladzopper-bearing gold, and
high-grade (fineness: more then 750) gold-silvdirdssolutions formed at the
same time. The process of PGM formation at Kondeded with oxide and
hydroxide compounds of supergene origin, mostlyddW- and low-grade gold-
silver solid solutions, found in placers, formedetathan their high-grade
analogues, and are related genetically with monepwihich intruded the Konder
ultrabasic suite.
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ABSTRACT

Several lamprophyre outcrops occur in ltaly paliale the European cycles.
Lamprophyre occurrences from the lower Cretaceaugheé Oligocene are comprised
primarily of dykes and rarely lavas, generally emgeld in isolation. They are ultramafic or
alkaline lamprophyres located in eight differerdgas ranging from the eastern Alps to the
areas of Tuscany, Sardinia, Abruzzi, and Pugliaexinibit similar geochemistry, suggesting
that they originated from the same mantle sourespite different tectonic conditions.
Lamprophyres relate to partial melting of a margtairce rich in large-ion lithophile-
elements (LILES) and C-O-H. Distribution of higleffi-strength elements (HFSES) and their
ratio to LILEs depends upon the presence of smgesifavenger phases, which makes the
geochemistry of these and similar rocks very défierwith respect to that of basalts. Italian
Lamprophyres preserve different specific isotogatfires that can be described in term of
mixing of two mantle end-members, one of which ighly radiogenic. Lamprophyre
magma emplacement should occur during structurggnsion after major compression
episodes. However, this tectonic model seems malsitnple for the Italian lamprophyres
and is inconsistent with the Mediterranean Tetlg@dgnamic evolution. On the other hand,
Italian lamprophyres evolved into lamproites aftes Lower Oligocene era and finally into
leucitites and kamafugites (plus carbonatitesjaptitassic rocks which could be considered
anhydrous, petrologic equivalents of lamprophyi@srtainly this requires very specific
source conditions, possible related to a maturgestd mantle metasomatisms triggered by
repeated episodes of (alkaline) carbonatite invasioelt extraction, and upper mantle
decompression. lItalian lamprophyres demonstrateth wiheir long-term constant
geochemistry and isotopic features, that the matato agent is unrelated in time and space
to the relatively shorter subduction phases ofMlegliterranean Sea area and better fits with
the presence of a large, long-lived, pulsing ddeme.

INTRODUCTION

Lamprophyres are related to ultrabasic magmas Isamdchplaced at the
crustal level during regional stages of crustabxation. Among lamprophyres’
peculiarities are their cyclic emplacement andrthenetic affinity with diamond-
bearing lamproites and kimberlites. Only deep-nsacthntribution accompanied
by repetition of cutting of the entire lithosphagstem can explain the existence of
these melts which cut across different structu@hains. Several lamprophyre
occurrences have been recognised in lItaly, but thay have been misclassified
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and little is known about their composition and g@h distribution, as they are
part of larger lamprophyre repetitions occurringuard the Mediterranean Sea.
Notably, similar repetitions were observed in Adripd] where four different
magmatic cycles well fit with those of the Meditatean Sea area. The first one is
the Lower Cretaceous cycle (130-120 My); the sedsnthe Upper Cretaceous
cycle (85 My); the third one is the Upper Eocena@iene cycle (40 My); and the
last one is the Miocene to Recent (<20 My). In yitablkaline (potassic)
lamprophyres dominated the Cretaceous-lower Eocgries and occur in largely

Corvar;\a 68 my

Val Fiscalina 34 my

Calceranica 70my

Southerr} Tuscany109 my

® .
Queglia 54my

Pietre Nere 60my

Nuraxi Figus 60my

Fig.1.ltalian lamprophyres schematic localization.

Eastern Alps: Calceranica and Corvara in Badia,ddfgpretaceous (70-68 My); Val Fiscalina,
Upper Eocene (34 My). Southern Tuscany: Castigeacdel Trinoro, Murci, Senna River, Fosso
Ripiglio, Rapolano Terme, Lower Cretaceous (109M30 Abruzzo Region: Monte la Queglia, Eocene

(54 My); Puglia Region: Punta delle Pietre Nerewkp Paleocene (62-58 My); Sardinia: Nuraxi Figus,
Lower Paleocene (62—60 My).

distributed, en echelon dyke swarms. From the ®lse era, lamproites
were associated with ultrapotassic mafic rocks, etareucitites and kamafugites
and carbonatites, which characterize this magnatoate. This evolution seems
largely irrespective of geodynamic evolution of fhethyan-Mediterranean area
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and lamprophyric cycles do not correlate with mdiathyan events. Early
Cretaceous to lower Oligocene lamprophyres in Itake represented by
occurrences of eleven alkaline lamprophyres (ALS)d aone ultramafic
lamprophyre (UML) (Fig.1). Italian lamprophyres ¢l are nonequigranular
melanocratic to ultramafic rocks and, often, cadiic [40]. Phenocrysts are
often altered. Quench, comb, and spiniphex or y#atinching textures are
typically observed, as is widespread presence effarcstructures (Plate 1 and 2).
Mineral abundances are typical but variable (Tablhe ILs are classified
following the International Union of Geological 8oces (IUGS) criterif22] and
the more recent classification criteria for ultedim lamprophyres proposed by
Tappe et al] 38]. ILs represent a

Plate 1 Alkaline lamprophyres samples from Punta delle Piee Nere (see text).

Upper picture: comb texture, lower picture: central coarsening alyke rock. ! euro coin for
scale, diameter is 22 mm.

challenging test for deep-mantle phenomena andnuemntional, large-
plume activity and their consequences on lithogphectonics. The aim of this
paper is to spur the discussion of new petrologod mineralogical data
addressing sensible hypotheses about lls’ geolbgigaificance.
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FIELD OCCURRENCE AND LITHOLOGY
Southern Tuscany

The southern Tuscany lamprophyres are Albian in(egel10 Ma) and occur
in an Early Cretaceous sequence of flygghly. Lamprophyre dyke swarms are
composed of several en echelon occurrences rafgimga meter to a few meters
in thickness and several tens of metres in lenftle. inner parts of the dykes are
coarser-grained than at the contacts with the sodimg rocks. Notably, the
lamprophyre dykes are associated with pillow-lavéhree localities. Pillows form

Plate 2 Various examples of ocelli and patch structures iftalian lamprophyres.
Upper picture : Val Fiscalina, down left: Punta delle Pietre Netewn right: La Queglia.

lenses with a maximum thickness of about 50 meResks are fine-grained
to medium-grained and show quench texture. Medivamgd facies have 16-22%
(by vol.) diopside up to 12-20% (by vol.) mica plusphibole, and 3-4% (by vol.)
olivine, set up in a groundmass mainly formed by435%o (by vol.) alkali feldspar
and 7-20% (by vol.) calcite or dolomite, with thest comprised of analcite,
sphene, carbonate, and opaques. Apatite forms U non-long prisms. Fine-
grained facies have 52-62% (by vol.) glomerocrys$tidiopsides, 12-18% (by
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vol.) olivine, up to 12% (by vol.) titaniferous easite-annite plus kaersutite
amphibole. Felt-like groundmass contains, in addjtiup to 10% (by vol.)
branching/spherulitic or poikilitic K-feldspars,béte, analcite, apatite, micas, and
opaques. Opaques are Ti-spinel or trevor@aromite occurs as inclusions
inTable 1.

Modal abundances (%vol.) of Italian lamprophyres’=include melilite in Monte la Queglia

Location Olivine! | Diopside | Micas | Amphibole fgzjk::,;r Apatite A”f";‘)'ig';f " | calcite A;ﬁgzzgry
Senna River 3 20-22 12-16 0-4 35-47 2-3 <1 7-2( 2-4
Murci 4-15 18-57 <1-20 0-12 6-36 1-2 <1 9-15 4
Fosso Ripiglio 13-18 55-62 <1-10 2-10 2 <1 <1-17 4-5 /
Castiglioncello 3-12 16-57 4-12 9-42 3 <1 <1-15 4-6 /
Corvara 11-15 32-34 13-21 / / 3-5 15-21 3-23 1-4
Val Fiscalina 4 38-43 26-35 / <1 2 <1 12-21 1-3
Calceranica 3-4 27-28 2-4 46-49 5-9 1-2 <1-2 5-8 3-4
Nuraxi Figus 10 41 20 12 3 2 7 5 /
Punta PietreNere 1-10 38-44 25-32 2-7 3 8-17 1-6 3-6 /
La Queglia 19-20 54-55 3-8 / <1 2 2 10-14 4

Note: samples;’= include nephelinei=include Ti-magnetite, chromite, rutile, ilmenite,
pyrite, perovskite and chalcopyrite.

olivine. Euhedral titanite, pyrite (up to 3@n in diameter), chalcopyrite (up to 10
um in diameter), and ilmenite crystals and glass al® present in the
groundmass. Carbonate occurs as interstitial nahtemnd forms veins and
pseudomorphs after olivine and diopside, as weticatli and segregation patches.
Taxonomy of Southern Tuscany lamprophyres is diffibecause of theb
abundance of mica, which may indicate a minettenvéier, all the other aspects
of their mineralogy - kaersutite, groundmass aergjraegirine and augite-rimmed
diopside phenocrysts, and the presence of analatearly indicates that these
rocks are AL; in particular, they are evidence g#inity with sannaite§22].

Eastern Alps-Corvara

The lamprophyric rock outcroppings in Corvara irdBgEastern Alps) form
a sill about 4 metres in thickness and 50 metrdength, intruded into Triassic
marly limestones (of the Upper Ladinian era) atlthse and dolomitic limestone
(of the Lower-Upper Carnian era) at the top. Thatacis are characterized by
white to pink ocelli and, although the cross-cuftirelationships with the host
rocks are always sharp and regular, there arecaldmwonate ocelli within the first
30 cm of the wall rocks. Potassium-argon (K/An)imgtndicated an age of 68-66
+ 2 Ma, while Rubidium-Strontium (Rb/Sr) dating icated an age of 69.8 + 3 Ma
[23]. Fresh samples are melanocratic and fine-graiead the contact and coarse-
grained in the central part of the sill. The roasta Mafic (M) index of between
74 and 82. The average modal composition (Tab.133% (by vol.) diopside,
18.5% (by vol.) nepheline plus analcite, 18.5% Yioy.) phlogopite/biotite, 13%
(by vol.) olivine, 3% (by vol.) opaques, and 4% (mfl.) apatite; modal carbonate
is up to 23% (by vol.). Percentages of mica anditpiacrease towards the centre
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of the sill, up to 21% and 5%, respectively. Chrteninclusions are present in the
olivine. The groundmass is comprised of diopsidgfae, Ti-rich
phlogopite/biotite, Ti-spinel, apatite, carbonaa@d analcite, plus small crystals
(up to 10um in diameter) of pyrite, chalcopyrite, and broekittile. Analcite is
formed in a late-stage phase and is occasionapcested with quartz in the
groundmass and co-precipitated with Sr-bearingiteala the ocelli. Scanning
electron microscope (SEM) analyses attest to tlesgnce of perovskite crystals
(<10 um in diameter) included in the diopside. Spherasal coalescent ocelli with
carbonate and/or analcite are widespread but iserég@vards the dyke contact
with the surrounding rocks. Due to the absenceldfspars, the rock was correctly
classified as a monchiquif23].

Eastern Alps-Calceranica

A dyke swarm described by Galassi et[&f] occurs around the Caldonazzo
Lake near Calceranica. A discrete, large dyke dgsunto the Palaeozoic phyllitic
basement at the location of Maso Pradi. Maximuncktess of the dyke is
approximately 3.5 metres, with a length of appratiely 10 metres. The visible
contact with the hosting rocks is sharp. The céstetion of the dyke has white to
pink ocelli near the contact with the hosting rogkgon-39/Argon-40Ar dating
indicated an age of 71 + 2 M&he rock has an M index ranging from 87 to 95.
The average modal composition (Tab.l) is 48% (by.) vamphibole (and
subordinate mica), 27% (by vol.) euhedral diopsidéy (by vol.) feldspars
(plagioclase, K-feldspars), 6.5% (by vol.) carb@sa3.5% (by vol.) opaques, 3 %
(by vol.) euhedral olivine crystals (up to 0.5 cnand apatite 1% (by vol.).
Diopsides have a cribrous, colourless core andlbdeéned darker, pleocroic and
zoned rim. Euhedral amphiboles—kaersutites, Fegsaes, pargasites, and Mg-
hastingsite—subordinate diopsides, and rare Titb®from the groundmass. Ti-
magnetite is abundant in the groundmass, as wah asclusions of phenocryst
and microphenocryst rims; apatite is rare. Intergla spaces are filled by co-
precipitated K-feldspars, carbonates, and nepheRyete and calcopyrite form
crystals up to 1@m in diameter. Coarse-grained samples contain patbacelli
and segregation patches filled by diopsides anchibufes set up in a matrix made
of K-feldspars and carbonates. Globular structuféled by carbonates, are
widespread in fine-grained samples.

Sardinia

A sill approximately 2 metres thick has been ddilley four boreholes in the
Sulcis coalfield, near Nuraxi Figus in southwest8ardinia. The sill lies into an
Upper Paleocene limestone sequence and it is I§lidipping (about four degrees)
toward the south-southeast (24). Carbonate oaeiin fdiscontinuous trails a few
centimetres thick that irregularly pervade the sll various levels. K/Ar
radiometric dating24] indicated an average age of approximately 61.11+\&.
The Mafic index of the sill's composition is 83. 8 modal composition (Tab.1) is
41% (by vol.) Ti-diopside with a cribrous, colortesore and darker pleocroic and
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zoned rim, 20% (by vol.) pargasite plus Ti-Ba plapige and biotite, 12% (by
vol.) feldspars (plagioclase, K-feldspars), 10% vioy.) olivine altered to chlorite
and carbonate, 5% (by vol.) opaques, 3% (by vph}ige, 7% (by vol.) carbonates,
and 2% (by vol.) analcite. Groundmass is made uplodbgopite and biotite,
pargasite, Fe-pargasite, and Mg-hastingsite, raselgplemented by aegirine-
augite, apatite, and Ti-magnetite, set in an imgerglar matrix of co-precipitating
K-feldspar and plagioclase, analcite, and carbortagether with small crystals
(<20 um in diameter) of pyrite and members of the barékestina solid solution.
Feldspars often show pecilitic texture. Carbonatellorim is usually formed by
small crystals of green aegirine-augite, sometimesving towards the center.
Rarely, the ocelli are filled by K-feldspar and lmita, co-precipitated with
carbonate. The rock has been correctly classifiedcamptonite[24] having
plagioclase/K-feldspars 22|, even if feldspathoids/feldspars <1.
Puglia Region

The Punta delle Pietre Nere occurrence, near Matingésina, has been
described in several papdds 10, 12. This occurrence probably refers to a large
intrusion along a strike-slip fault system of rewab significance. Among Italian
lamprophyres, this one is the most complex ancetieesome evidence of magma
evolution and eruption. However, the exposure isy ygoor and was recently
spoiled by construction of a harbour. A dyke, apprately 4 metres in thickness
and discontinuously traceable for approximately 6@res, intrudes a sequence of
Triassic, dark marly-limestone, gypsum, and anldgrK/Ar dating indicates the
igneous rocks are 58-62 My in aff}. The dyke rock is fresh, melanocratic with
an M index of 83 to 89. Grain size increases pregjvely towards the central part
of the dyke, where phenocrystals of mica and anghilare up to several
centimetres in length (Plate 1). The modal compwsifTab. 1) is: 40% (by vol.)
glomerules of Ti-diopsides, 30% (by vol.) Ti-micas#th a phlogopitic core and
biotitic rim plus Mg-hastingsite, 10% (by vol.) sdide, 6% (by vol.) olivine, 5%
(by vol.) opaques, 3% (by vol.) apatite up to salerillimeters in diameter, 4%
(by vol.) carbonates, and 2% (by vol.) K-feldsgamall crystals of chromite are
present as inclusions in olivine and diopside. Bide and aegirine-augite, sphene,
Ti-magnetite, ilmenite, apatite, carbonate, K-fplisand sodalite, locally altered
in analcite, form the groundmass. Calcite co-pitating with K-feldspars and
sodalite fill the intergranular spaces. Pyrite aadcopyrite are abundant in the
groundmass and form crystals up to 1 cm. Locallyprssent a mesocratic to
melanocratic facies (with an M index up to 73) wphenocrysts of diospide,
micas, and amphiboles up to 3 cm set in a grounsifeesed by sodalite, calcite,
and K-feldspars. This facies forms small stokeqiglthe main dyke or comb-
textured dykelettes or cemented, dyke-rock breccihe average modal
composition is 43% (by vol.) clinopyroxene, 25% (lml.) amphiboles and micas,
17% (by vol.) sodalite, 8% (by vol.) carbonatesspkrfeldspar, 3% (by vol.)
spinels up to 0.5mm in diameter, and 3% (by v@gtie up to 4mm in diameter.
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Altered relicts of olivine are present as inclusian mica and amphiboles. The
diopside contains inclusions of Mg-hastingsite amdca. Kaersutite or Fe-
pargasitic amphibole forms aureole structures atdba diospide and are mantled,
in turn, by aegirine-augite. The surrounding grauads is composed of mica and
aegirinic clinopyroxene, abundant apatite, titgnaed opaques immersed in a
matrix comprised of sodalite, often altered to ai@) carbonates, and feldspar.

The foids/K-feldspar ratio >1 indicates that theseks as monchiquites;
however, it is quite difficult to assign them withthe classification scheme
proposed by Le Maitrg22]. Even if the K-feldpsars/plagioclase ratio >1 segjg
affinity with sannaite, these lamprophyres are ab@rised by a high modal
abundance of foids (mainly sodalite), in which ctds®y should be classified as a
camptonite/monchiquite series.

Abruzzo

The Monte la Queglia lamprophyre forms an en echslgstem with dikes
from 1.5 to 6.5 metres in thickness. It intrude® ithe Upper Cretaceous-Eocene
limestone. Contacts with the surrounding rockssiyap and there is no evidence
of thermal metamorphism. The igneous rock is begedi and is pervaded by veins
of calcite. Ocellar structures, up to 0.5 cm acrame widespread. Argon-
39/Argon-40 dating of separated mica indicated g@ af 54 My (Laurenzi M.,
personal communication). The lamprophyre is ultf@ngresenting an M index
ranging from 95 to 97. The average modal compasificab.1) is 58% (by vol.)
Ti- and Cr-rich diopside, 20% (by vol.) olivine amdklilite altered into chlorite
and carbonates, 4% (by vol.) micas, 2% (by vol.Jeldspars, 4% (by vol.)
opaques with perovskite and garnet, 2% (by volatisgup to 6mm in length, 11%
(by vol.) carbonate, and 2% (by vol.) analcite/redpte. Chromite inclusions occur
in olivine and Cr-rich diopside. Microphenocrystse atitaniferous pyroxene,
ranging in composition from those with diopsidicre® to aegirine rims,
titaniferous mica with eastonitic cores and tewrgd@nitic rims, and altered
melilite plus fresh apatite. Perovskite is a fraguenclusion in melilite and
pyroxene. Aegirine, Ti-rich phlogopite with biottirims, apatite, spherulitic K-
feldspar, carbonates, zeolites, a minor amount egfhaline, Ti-magnetite, and
altered glass form the groundmass. Pyrite, chalit@pyand brookite-rutile also
occur as small crystals (up to Ltn in diameter) in the groundmass. Carbonate
forms segregation patches in the groundmass wharehing diopsides are well
developedThe rock is an alnoitE 4, 3§. UML with melilite could be also named
melnoite, or rocks making transition to carbonatiegeccording to Mitche[l25].

Eastern Alps -Val Fiscalina

This is a brecciated dyke intruded along verticahts in the Triassic era
limestone. Glacial deposits and debris hide in siposure and contain several
fresh lamprophyre blocks. Dating by Rb/Sr yieldacage of 34 Myj23]. The rock
has an M index of 97, is ultramafic, medium- teefigrained, and nonequigranular,
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sometimes with a fluidal texture formed by lineatiof clinopyroxene laths. The
average modal composition (Tab. 1) consist of 40(6%ovol.) diopside, 30.5%

(by vol.) eastonitic mica, 17% (by vol.) carbonaté%o (by vol.) fresh olivine

(F090-85) with chromite inclusions, 3% (by vol.)agues, and 1% (by vol.) K-
feldspar. Apatite and Ti-magnetite are abundannbesisions in micas and in the
intergranular spaces where pyrite (up to lin diameter) and brookite-rutile (up
to 10um in diameter) are also present.

MINERAL CHEMISTRY

We conventionally distinguish among phenocrysts.3>0m in diameter,
euhedral), microphenocrysts (>0.05mm in diametebhedral), and groundmass
minerals (<0.05mm in diameter, euhedral to anhgdeEsdsential minerals in ILs
are diopside, amphibole, mica, and olivine phersisrfrom a few millimetres to
several centimetres long, settled in a fine-gramadrix of the same minerals, plus
feldspar and/or foids, calcite and/or dolomite, splaccessory apatite, sphene,
perovskite, and Ti-spinels. More rare is the oceoeeof pyrite and calcopyrite (<
50 um in diameter), zircon (1Am in diameter), zeolites, barite-celestine in solid
solution phase, and rutile in acicular crystal a0 um in diameter. Melilite and
schorlomite garnet occurrence is limited to UMLstloé La Queglia. Minerals in
ILs show notable complexity due to intense zonit@yonas, and occurrences in
several generations and specific compositions. & heamplexities have been
interpreted as derived from the mixing of crystakhrmagma batches of similar
composition but that have suffered different degrekecrystal fractionatioh27].
Alternatively, these abrupt changes in compositianng emplacement could be
due to volatile exolution and separation of imnbseicarbonate fractions at crustal
pressurel40]. ILs’ quenched nature may indicate non-equilibrioma “patch”
composition produced by rapid crystallisation anmdyothose with an average
composition have been considered as representatieeral analyses were
performed by a CAMECA SX50 electron microprobe, reped at 20 kV, 20 nA,
and spot size of 1um for silicates, and 15kV, 15aAd spot size of 20um for
silicates, using a selection of mineral and symthgtandards and a PAP matrix
correction routine at EMMA labs of The Natural Hist Museum, London.
Representative analyses of minerals are in TablasoRgh 14. Space limitations
preclude the mineral recalculations, providing east a greater number of
analyses.

Olivine

Fresh olivine crystals have been analysed fromeZafica, Punta delle Pietre
Nere, Nuraxi Figus, and Val Fiscalina samples, theise are often relicted or
replaced by cholorite, serpentine, and carbonatees& chrystals contain
ubiquitous chromite inclusions. Phenocryst margire often corroded and show
engulfment bays indicating disequilibrium and reactwith the hosting melt.
Olivine exhibits a relatively narrow range in Mg/Fatios (83-90 with average
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Fo86) and is chrysolite. CaO is 0.23% (by wt.) @rrage, up to 0.49% (by wt.).
MnO is approximately 0.2% (by wt.). £; is present up to 0.1% (by wt.) and
NiO is present up to 0.47% (by wt.). Higher Ni &dolivines plot inside the field

Table 2.
Selected analyses of olivine from Italian Lamprophses.
Calceranica N.F Pietre nere Val Fiscalina

SiO, |39.5| 39.4| 39.4| 39.3 40.2 390 40.0 39.8 39.3 37.8.1340.0{ 40.1| 40.8| 40.9
Al,O; | 0.06| 0.06] 0.07| 0.04 0.05 0.04 bdl bdl bdl 0/06 0.@03| 0.05| 0.07| bdl
FeO 14.2| 14.2| 15.4| 159 13.2 120 11.2 120 11.7 13491122 125| 10.3| 9.17
MnO | 0.18| 0.19| 0.24| 0.28 0.1 0.17 0.15 0J12 0.18 (.22100.17| 0.13| 0.13| 0.18
MgO | 44.9| 44.6] 443| 43y 46.1 47\9 48.0 473 474 47864465 46.7| 49.0] 488
CaO | 0.27| 0.29] 0.32| 0.39 0.19 0.25 0.3 0/26 0.25 0(0.28900.10/ 0.15| 0.11| 0.10
NiO 0.33| 0.31] 0.38| 0.26 0.33 0.32 0.p9 029 0(0.30 0.220p0.47| 0.37| 0.26/ 0.39
Cr,03 | bdl | bdl | 0.05 | bdl | bdl bdl| 0.05 0.05 bhd bdl bdl bdl0.09 | bdl 0.05
Total | 99.4| 99.1| 100.1 99.9 100/3 99.7 999 9.8 99.1 999.6| 99.4| 100.2 100.f 99|5

Note: Mg#= Mg/(Mg+Fé"); Ca#=C4&'/(Mg+C&"); bdl=below detection limit

of olivine in mantle noduleg35]. Olivines with a higher CaO content than normal
olivines from the mantle are known from carbonatiavas at Fort Portal and
Polino [37], from olivine-biotite-pyroxenite xenoliths at Oldyo Lengai and
Loluni, in garnet and spinel peridotites from Laskea as well as from Ruri
Volcano in Kenya. The inverse correlation of Mg#l &aO is interpreted as the
result of a reaction of the xenocrystic olivineshathe host carbonate-rich liquid or
carbonatite metasomatisms in the maflg.

Pyroxene

Clinopyroxenes usually are euhedral and zoned. dtngsts (up to >1 cm in
diameter) have sharp, cribrous, colourless coragagsung small crystals of
chromite. The rims are pleocroic with light browimip-green brown color schemes
and generally contain Ti-magnetite inclusions. Mpirenocrysts cluster in
glomerules of euhedral laths. Groundmass clinopmes are strongly pleocroic
and without inclusions. According to the Wo-En-kagilam[28], they range from
diospide to aegirine-augite to aegirine. Clinopwas have Si+Al in T <2 atoms
per formula unit (afu), thus allowing Ti and/or Fe@ntering it up to 0.15 afu, the
larger T-undersaturation occurs in diopside. Phemsbe and microphenocrysts are
diopsides. Diopsidic cores contain ;05 up to 1.4% (by wt.). Core-to-rim
compositional variation occurs in individual phenmts and microphenocrysts
and comprises an increase in@{ (from 0.6% by wt. to 11.95% by wt.), in T30
(up to 7.8% by wt.) and FeO (from 3.3% by wt. ta5P2 by wt.) and decrease in
SiO2 (from 55.9% by wt. to 35.8% by wt.), as wedlia MgO (from 17.4% by wit.

to 8.7% by wt.). Mg# ranges from 0.75% to 1.0%\{y), with the higher values

belonging to the cores. Diopsides from groundmaase hmuch lower
percentages (by weight) of Mg# (from 0.46 to 0.&8§ higher percentages (by
weight) of Ca# (from 0.60 to 0.67). These clinopyoes have a generally higher

TiO,/Al O3 ratio if compared with the diopside pheno-micrgstals. Some of the

210



Deep-seated magmatism, its sources and plumes

high Mg# and high GO; diopsides could be from mantle or HP xenocr{$8.
Lamprophyric melt seems able to crystallise in veigh AlL,Os;-CaO diopsides
with high fassaite or esseneite molar solufiti?], coupled with high TiQ Some
microphenocryst

rims and groundmass clinopyroxenes are aegiringegutaving up to a 94.4 Ae

Table 3.
REPRESENTATIVE ANALYSES OF CPX FROM ITALIAN LAMPROP HYRES

cpx Nuraxi Figus Punta delle Pietre Nere

Sio, 48.7| 53.5| 52.7 51.4 474 46|]1 514 559 46.1 46.99.4 4 49.2| 48.0 4749 47.7
TiO, 129]| 0.11| 0.2 152 190 256 104 014 216 3.29.720 0.66] 0.46  1.2¢ 1.28
Al,O3 6.56| 011 039 021 498 704 2y8 03 601 52517p 2.05| 1.700 2.67 2.98
FeO 6.84| 7.31] 9.69 20. 94p 10{1 469 5/00 622 8.011.7p 21.0] 185 21.4 19.7
Cr,O; | 0.18]| 0.00f 0.00 0.0 000 0.00 0.5 000 1139 0.00.00p 0.00] 0.00 0.00 0.0p
MnO 0.16| 0.21| 0.23 0.2f 020 021 0.1 0J15 005 0.1242p 0.46| 0.66 0.59 0.51
MgO 13.7] 148| 129 57 118 105 187 152 140 123.184 4.45| 6.36 3.4 5.1y
CaO 222 231 21.3 123 227 226 23.0 220 234 232521 151| 19.1] 15.7 17.6
Na,O 0.74| 051] 148 657 073 083 089 096 047 0.77.874 493 270 4.8¢ 3.78
Totale | 100.4| 99.7] 99.0 98.7 992 99|18 999 999 998 99.98.7| 979 974 98.1 98J)
CpXx La Queglia Val Fiscalina

Sio, 35.8| 35.9| 365 454 478 48/9 482 497 521 5233.6pH 51.9| 505 39.6 49.8
TiO, 8.46| 7.79] 7.35 4.7( 351 351 402 362 054 385510 4.01] 1.65 5.90 1.78
Al,O3 11.5] 10.8] 11.9 3.23 247 099 093 121 004 0.41.48p 0.84] 3.14 8.69 3.2p
FeO 10.2| 105/ 9.90 134 101 13}]8 231 259 28.7 28582p 26.1| 528 144 7.49
Cr,0; | 0.02| 0.00f 0.02 002 00D 0.00 0.pO 0J0O 000 0.03.05p 0.02] 0.46 0.0 0.0p
MnO 0.09| 0.09] 0.09 0.4( 029 045 056 069 096 0.76.95Dp 0.70] 0.120 0.31 0.18
MgO 9.16| 9.08/ 9.03 898 1202 9.01 3.7 0{88 004 0.02.05| 0.13] 153§ 6.94 13.03
CaO 23.9| 23.6] 234 213 228 197 141 559 2179 0.80.43 [ 2.85| 23.0 227 23.4
Na,O 0.49| 0.56] 0.55 2.18 1.1 2.09 545 1094 13.72 612.92.98| 13.06 0.38 154 0.68
Total 99.6 | 98.3] 98.7 99.¢ 996 98}4 995 985 979 99.69.2P 99.6] 99.9 100.0 996
Ccpx Fosso Ripiglio Castiglioncello Senna River Corvara in Badia Calceranica

Sio, 51.8| 47.8| 46.0 477 44y 435 516 519 504 52.27.04 40.0] 515 481 42.4
TiO, 0.64| 295 344 291 43P 523 467 3]11 262 0.49.01P2 4.08] 0.49 1.84 3.6¢4
Al,O3 1.25| 5.09] 6.17 3.8] 6.1 6.97 1p3 150 082 3.2398p 114| 0.26] 5.59 9.8p
FeO 4.82| 6.13] 6.90 5.2( 868 7852 248 265 262 7184506 9.34| 169 6.93 9.69
Cr,O; | 0.10]| 0.27| 0.12 0.74 000 0.27 000 0/00 000 0.08.00p 0.05 n.al 0.03 0.0p
MnO 0.05| 0.11] 0.09 007 014 0.08 0.20 002 043 0.22.09p 0.10] 0.92 0.09 0.14
MgO 16.9| 13.8| 135 147 12p 12{2 051 09 063 133321 10.0f 8.05 137 10.7
CaO 234 | 23.3| 23.2 23.4 230 235 288 327 708 20.845p 239| 19.8 234 22.2
Na,O 0.35| 0.53] 0.54 0.5f 0.81 0.62 12.p3 11|88 9.47 1.40.30| 0.34] 1774 050 0.70
Total 99.3| 99.9] 99.9 99.¢ 998 99]9 976 988 97.7 99.69.69 99.1] 99.7] 100.0 998

molar solution. TiQ ranges up to 6.2% (by wt.), A); is present at up to 3% (by
wt.), FeO is present at 13.8% to 28.6% (by wt.jJ &l®0 is present at 2.7% to
9.8% (by wt.). All the Al occupies the tetrahedyalloordinated site, which is
always undersaturated. Mg# is lower than 0.73 amcetates positively with Ca#
of between 0.6% and 0.9% (by wt.). Aegirine is tedi to groundmass in the
Tuscany and Abruzzo lamprophyres. In these lampm@sh Mg# is lower than

0.54% (by wt.), while Ca# is higher than 0.77% (ay). TiO, is present at up to
6% (by wt.), ALO; is present at up to 1.5% (by wt.), FeO is prese¢rt4.8% to

28.7% (by wt.), and N® is present from 10.8% to 13.1% (by wt.). MnO
concentrates in aegirine at up to 1% (by wt.). Ba@ SrO generally correlate to
an Ae molar solution percentage and are preseamp & 0.2% (by wt.) and 0.7%
(by wt.), respectively. An evolution trend from dmde to aegirine is typical of
SiO-undersaturated alkaline rocks but. if coupled viiipgh Al and Ti content is
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typical of lamprophyre$33]. Drastic TiQ and AbO; reductions in groundmass-
diopsides with respect to phenocrysts and microptrgsts is probably due to the
extensive crystallization of titanates and feldspaabundant in pheno-
microphenocrysts rims and groundmass, respectively.

Micas

Mica forms pleochroic euhedral phenocrysts and episenocrysts, usually
brown or dark brown. The crystals are alwagsed, with light cores and dark

Table 4.
Representative analyses of micas from Italian Lampphyres.

mica |Fosso Ripiglio Murci Castiglioncello del T.|Senna Rive Corvara in Badia

SiO, 349 | 385| 37.00 355 349 359 344 455 346 343838 33.6| 327 348 347
TiO, | 9.74| 8.08] 980 7.62 839 7.65 891 5pP1 8|85 71.74908 9.10| 4.24| 3.5 3.52
AILO; | 13.7 | 14.2| 146 148 152 14)7 145 143 142 13421 13.7| 16.7] 16.7 16.8
Cr,O;| 0.00| 0.00f 0.00f 0.00 0.0p 0.00 0.00 0.0 0}j0O Q.00000 0.00| 0.00f 0.0 0.00
FeO 199 | 16.5| 176 124 126 12/6 129 114 144 225.11 20.8| 9.28/ 9.1 8.96
MnO | 0.15| 0.13| 0.15] 0.0§ 0.04 0.12 0.]0 012 016 Q.23160 0.27| 0.12) 0.13 0.1
MgO | 9.36 | 8.16] 8.60] 15.7815.0| 15.9| 147, 811 119 738 122 7[4 1f9 18.8.71
CaO 0.08| 0.21| 0.15 0.02 0.09 0.11 0.08 043 000 Q.04070 0.06| 0.00, 0.12 0.06
BaO 0.94| 094 0920 13§ 18y 144 206 09P6 192 0.13102 1.71| 543 3.83 3.75
Na,O | 0.66 | 1.09| 2.04 059 059 058 0% 1[3 0{73 (0.52640 0.59| 0.59| 0.5 0.5}
K,0 8.88 | 8.16| 839 829 757 909 898 8pK5 851 951528 8.75| 7.84 8.29 8.50
F 0.00| 0.00/f 0.00f 0.0 O0.0p 0.00 0.00 OpO 0j00 Q.42420 0.00| 0.00f 0.09 0.22
Cl 0.00| 0.00] 0.000 0.00 0.00 0.00 O0.00 O0.p0O 00O Q.00000 0.00| 0.00/ 0.00 0.00
Ce,0O;| 0.28| 0.35] 0.32] 0.39 056 047 0.67 05 060 0Q.00680 0.60| n.a. n.a. n.a.
Total | 985 | 96.4| 996/ 96.8 96.8 985 978 965 96.0 96.5.99 97.2| 950 959 095.1

Calceranica |Nuraxi Figus Pietre Nere

SiO, | 33.8| 349| 3700 36.6 340 367 344 366 386 40454 38.7| 357 352 33.0
TiO, | 404 | 3.69| 248 0.77 479 0.00 355 07 470 (Q.60430 2.97| 3.40 3.74 4.9%
Al,O; | 15.0| 16.1| 142 173 170 145 166 173 158 12451 125| 13.5| 143 132
Cr,O; | 0.00 | 0.00/ 0.000 0.00 0.0 0.00 0.00 0.0 O0j00O Q.00000 0.00| 0.00f 0.00 0.00
FeO 16.3| 15.1| 20.6 12.0 116 12)1 150 12.0 1B.2 427584 15.1| 21.2] 21.3 23.2
MnO | 0.23| 0.20] 0.33] 0.1 0.19 0.18 0.24 018 0}j44 Q.0808 0 0.24| 0.50f 0.37 0.42
MgO | 129 | 13.6| 113 180 1640 19/6 141 180 106 255%.22 16.1| 115 114 9.76
CaO | 242 | 0.18| 0.200 0.13 0.02 091 0.01 O3 0j10 Q.03030 0.19| 0.03] 0.07 0.04
BaO | 2.60| 2.65| 0.12] 2.04 386 056 282 2,04 3}28 0.36140 0.08] 0.15] 1.0 0.67
Na,O | 1.07 | 1.04] 0.21] 094 10y 084 098 0.4 0}78 140941 0.45| 0.57] 0.4Q 0.57
K,0 723 | 7.24] 990 866 751 856 811 8p6 798 801407 9.56| 9.47| 9.50 9.20
F 0.79]| 0.27| 0.00f 030 O00p 033 034 0BO 000 na.a. n0.98| 0.26f 0.0 0.00
Cl 0.06 | 0.05] 0.000 000 0.0p 000 0.9 0p0 0[00 nm.a.a. h0.09] 000 020 0.3
CeO3; | 0.81| 0.89| n.a. n.a n.a. n.q. n.a. n.a. n.a. na.a. [n0.00| 0.00] 0.31 0.1y
Total | 97.3 | 96.0] 96.5 970 968 945 963 970 965 93.289 96.9| 96.5| 975 956

Pietre Nere La Queglic \Val Fiscalina

SiO, 348 | 349| 36.71 39.6 379 375 339 341 336 345538 339| 3504 36.1 37.0
TiO, | 3.63| 351| 562/ 422 552 510 409 367 538 5039 6 5.88| 7.33] 6.63 6.87
Al,O; | 13.6 | 14.2| 159 109 119 132 3.76 400 294 243191 12.8| 151 147 15.0
Cr,O; | 0.00| 0.00f 0.00f 0.00 0.00 0.0 0.00 0.00 0j00O Q.00000 0.00| 0.00f 0.0 0.00
FeO |23.23]25.12|10.57|11.30| 11.86| 11.00| 42.58| 41.27| 40.70| 39.33| 10.03| 26.97| 9.89 | 9.67| 9.31
MnO | 0.52 | 0.64| 0.12] 021 028 0.9 1.06 106 1j12 1.14090 0.54| 0.06] 0.0§ 0.0f
MgO | 9.69| 8.17| 17.7] 196 17y 179 114 1p3 1|58 14701 561| 166 173 176
CaO 0.11| 0.02|] 0.03f 0.20 0.2y 0.13 0.34 049 013 0.48040 0.05| 0.04f 0.0§ 0.08
BaO 0.86| 0.03| 1.17] 097 205 222 0.88 080 1/43 1.13271 0.29| 1.66] 1.1 1.36
Na,O | 0.29 | 0.42] 1.18 023 022 0.29 0.26 06 0}55 (.60580 0.18| 0.57| 0.62 0.50
K,0 9.42| 952| 828 952 932 927 790 770 860 8.64419 9.33| 9.36/ 9.5 9.58
F 0.00| 0.35| 0.000 091 106 1.03 0.00 0.0 000 (.00550 0.24| 0.54/ 0.45 0.61
Cl 0.73| 0.00| 0.47] n.a n.a. n.a. n.a. nia. n.a. n.a.00 0 0.00| 0.00f 0.00 0.00
CeO; | 0.22 | 0.00/ 0.31] n.a n.a. n.a. n.g. nia. n.a. n.a39 00.11| 0.54| 0.44 0.44
Total | 97.2| 97.1| 98.2f 97.6 98.1 980 960 950 96.1 95.6.89 96.0| 96.7| 96.7 98.4
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rims. Sometimes, mica can grow on the olivine ankenp-micro
clinopyroxenes. Inclusions of apatite and Ti-madeedre very frequent. Reverse
pleocroism has been observed as a typical featunaaas in lamprophyreg33].
Basing on the Mg:F&E2:1 ratio, the mica core is phlogopite with a mino
eastonite molar solution, the rim is biotite withmalar solution of siderophillite
and annite, with high Fe-enrichment in Monte la @iae UML. In general,
passage from phlogopite to biotite is marked byrang decrease of Al and Mg.
Phenocrysts cores are generally phlogopite, have®@, MgO, and AD; contents
ranging from 4.3% to 20.6%, 8.1% to 25.2%, and %l ® 17.5% (by wt.),
respectively. GOs is generally <0.1% (by wt.), BaO is up to 5.4% (i), and
TiO, is present at up to 9.8% (by wt.), inversely claterl to MgO content. Light
rare earth elements (LREEsS) were consistently teleth the cores at levels
generally> 1% (by wt.). F is present at up to 1.1% (by w.)phlogopitic cores.
The mica rim is biotite, consisting of FeO, MgOdal,O; at ranges from 14.9%
to 43.0%, 1.1% to 15.1%, and 2.4% to 17.6% (by,wgpectively. BaO is present
up to 3.3% (by wt.) and TiO2 up to 9.1% (by wt.)n®lis up to 1.4% (by wt.) and
Is inversely correlated to MgO. Mg# is presenteaels from 0.91% to 0.63% (by
wt.) in phlogopite cores and from 0.63% to 0.5% (ay) in biotite rims. High
Al,O3; content in phlogopitic cores yields the T sitausation; moving towards the
biotitic rims, AlLO; progressively decreases and it is usually ingefiicto fill the
tetrahedral site, with major undersaturation bellogg to the extreme
tetraferriannite compositions. Micas from Puntdel&lietre Nere AL a have high
Cl content, up to 0.7% (by wt.). &Ds- and TiQ-rich micas are typical of L and
Ti-Fe-Mn enrichment, along with differentiation & typical feature of L and
lamproites, kimberlites, and other Italian ultragsstic rock$3, 27, 39.

Amphiboles

Amphiboles form euhedral phenocrystals or are englroundmass minerals.
Amphibole coronas are widespread on olivine andpside phenocrysts.
Pleocroism is light-yellow to dark brown. They atalcic and can be further
subdivided by their Ti content as kaersutite (T5>@fu) and further into pargasite
(Ti<0.5 afu, Fe< VI Al) and Mg-hastingsite (Ti<0.5 afu, B/l Al). Ferroan
pargasite and Mg-hastingsite are confined to tleumgimass. Kaersutitic cores
have between 36.3% and 40.6% (by wt.) S#4% to 7.6% (by wt.) Tig) 10.4%
to 15.2% (by wt.) AlO;, 9.6% to 17.4% (by wt.) FeO, 1.2% to 3.6% (by wt.)
Na,O, and 0.6% to 1.9% (by wt.),R. F+Cl is present at up to 0.6% (by wt.).
Even if Ti clearly correlates with Ba, kaersutites/e a Ba content lower than 0.3
afu. Sr is detectible in both kaersutite and patgasand up to 0.5 afu. ILS’
kaersutites are subsilicic, having in general |®fdlSi<6% (by wt.). Pargasite and
ferroan pargasite have between 37.1% and 40.6%i(B\SI0,, 1.9% to 6.4% (by
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wt.) TiO,, 9.7% to 14.4% (by wt.) FeO, 11.8% to 15.4% (by) vi,03, 0.8% to
1.9% (by wt.) KO, and 2.2% to 3.3% (by wt.) Ma. Pargasites have a higher
level of BaO, generally higher than 0.3 afu andaR.6% (by wt.). F and Cl are
detectible and up to 0.4% (by wt.). Mg-hastingsites between 36.3% and 46.5%
(by wt.) SiGQ, 0.3% to 7.0% (by wt.) Tig)8.1% to 13.7% (by wt.) AD3, 8.6% to

Table 5a, b.
Representative analyses of amphyboles from Italiabhamprophyres
Pargasite Mg-Hastingsite
Calceranica Nuraxi Figus Punta Pietre NereCalc.| NuF Punta Pietre Nere

SiO, |37.9/40.6|37.6|37.9|39.5/37.7/39.0/ 38.4| 39.4 | 40.6| 39.1] 39.8337.99|39.7|40.1|40.1|39.5|38.7| 39.46
TiO, |4.14|3.94/4.11|4.14|4.39|4.34| 3.81|3.58|3.52 | 2.38| 4.17 2.35 2.87 2.98.90(2.58|3.76|3.14|3.82
Al,O; | 14.6|13.8|14.4|14.6|/13.6| 15.2{14.1|14.4/11.8| 11.7| 134 132 14.0 11%15|12.2/125]13.1|11.9
FeO |12.2|/10.8/13.7|12.2|10.0|10.8{11.7|11.4{12.9| 16.9| 10.9 115 15.0 11.9.80{9.42|10.4/9.44|12.3
Cr,03|0.09]0.12| 0.02|{ 0.09| 0.02| 0.01| 0.04| 0.00| 0.11 | 0.00| 0.09 0.00 0.02 0.p0.00|0.00|0.00|0.00{0.07
MnO |0.22]|0.25|0.24|0.22|0.23|0.20|0.27|0.23| 0.19| 0.19| 0.13 0.200 0.40 0.22.14|0.11|0.16/0.06|0.22
MgO |11.7|13.6{11.2{11.7{13.1|12.3|12.2|12.7|12.2| 10.9| 13.4 13.8 11.2 14.85.1|15.1|14.3/14.6|12.9
CaO |11.5/11.5/12.2|11.5|13.3|12.1|12.0{11.7|11.6| 11.4| 12.0 11.3 11.1 11.71.8{12.2|12.1|12.3|11.4

Na,O |2.96]3.24|2.88|2.96|2.19|2.41|2.69|2.41|2.83 | 3.28| 2.62 3.11 2.7% 3.23.01|2.64(2.88(2.43|3.05
K,0 1.00/0.98(1.01{1.00|1.05|1.29|1.25/1.23|/1.63| 1.33| 1.55 0.88 1.37 1.03.20(1.22|1.52| 1.37| 1.30
F 0.30{ 0.00| 0.00| 0.30| 0.00| 0.00|0.00{ 0.00{0.18 | 0.15| 0.17 0.00f 0.00 0.00.00|n.a.| 0.1 n.a.| 0.03
La,0O3 | 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00|0.00|0.00 | 0.00| 0.00 0.000 0.00 0.02.00({n.a.| 0.00 n.a.| 0.00
Ce, 05| 0.00| 0.12| 0.12| 0.00| 0.00| 0.00({ 0.00|{ 0.00{ 0.00 | 0.00f 0.00 0.16/ 0.00 0.08.08|n.a.| 0.00 n.a.| 0.00
SrO 0.36/0.34|0.16| 0.36/0.51| 0.30/ 0.30{ 0.35/0.00 | 0.00f 0.00 0.25 0.19 0.00.00|0.00|0.00|0.00|0.00
BaO |0.37]/0.26/0.22|/0.37|0.41|0.47|0.39/0.45/0.00 | 0.00f 0.10 0.28 0.32 0.00.09/0.00|{0.11|0.12|0.00
cl 0.00/000/011/0.00/0.00/000/000[000/000/ 000/ 000 000 000 00000/na | 000na | 000
Total |97.5/99.7| 98.0| 97.5| 98.6| 97.3| 97.8| 97.0| 9kaeragite 97.7 97.1 97.4 96.96.9|95.7|97.5|95.3| 96.8
Senna river Calceranica Pietre Nere

SiO, |40.9|/39.4/38.3|38.2/38.0|/37.9|38.3/38.3|37.7|37.2| 36.9/ 36.3| 39.9| 37.8| 39.8| 38.9| 37.6
TiO, [6.88|7.62|7.03|7.25|6.88(6.47|4.74/5.02|5.17|5.22| 4.88|5.57|4.57|5.52|4.58| 4.49| 5.78
Al,0; |12.6(12.3|11.3]11.7|13.2|12.2| 14.0{ 13.2| 14.8| 14.5|14.5| 14.7|12.3| 13.7| 12.6| 12.8| 13.5
FeO |11.4/12.6|12.4{11.4/12.3|17.4/11.1|11.6/11.1|11.4|12.5|14.5/9.68|10.0{12.9|10.9| 10.9
Cr,03|0.00{ 0.00|0.10| 0.08] 0.00| 0.00| 0.00| 0.08| 0.03|0.01|{ 0.01{0.01| 0.00| 0.00| 0.00| 0.00| 0.00
MnO |0.14|0.18|0.20|0.17|0.20| 0.24|0.20| 0.19/0.16| 0.20| 0.19| 0.28| 0.15| 0.12| 0.22| 0.16| 0.10
MgO |12.7{11.6/11.1|11.4|11.1|8.10(13.0/12.0/12.8{12.4|11.5|10.2| 14.8/14.0(12.2|13.7| 12.5
CaO |11.8/11.9/11.9(/12.0{11.8/11.6/11.6/12.4|/11.7|11.8/11.6(11.7{12.0/11.9|11.9|12.1| 12.2
Na,O |2.49|2.43|2.48|2.27|2.15|2.39|2.99|2.64|2.86|2.73| 3.02| 2.85| 2.80| 2.54| 2.86| 2.64| 2.47
K,O [1.75(1.77/1.78|1.81|1.85|1.83|1.05/0.98|1.00{1.07|1.10|1.06|1.51|{1.72/1.39|1.60| 1.84
F 0.00| 0.00| 0.35|0.00| 0.00| 0.00| 0.00| 0.26| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00|{ 0.04|0.12| 0.02
La,0O3|0.00| 0.00| 0.00| 0.00|0.00|0.00( 0.00| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00(0.00{ 0.00| 0.00| 0.00
Ce,0O3|0.00{ 0.00|0.00| 0.00{0.00| 0.00| 0.14|0.00|{0.14|0.17|{ 0.17{0.00| 0.00| 0.00| 0.00| 0.00| 0.00
SrO |0.00{0.08(0.30|0.39/0.08|0.180.11| 0.40| 0.08|0.19| 0.13| 0.00| 0.00| 0.00| 0.00| 0.00| 0.00
BaO |0.23/0.27|0.27|0.27|0.27|0.23|0.21| 0.24| 0.22| 0.34| 0.20| 0.05| 0.13| 0.18| 0.15| 0.10| 0.17
Cl na.| nal naj ndg na nja 0{IR00|0.00|0.00/0.00|0.00{0.00|0.00|{0.00(0.00| 0.00
Total |101.0100.3 97.6|97.2|97.8198.7|97.7|97.8/97.9|197.3|196.7|97.4/1 98.1| 97.7| 98.8| 97.6| 97.8

15.1% (by wt.) FeO, 1.2% to 4.1% (by wt.) a and 0.5% to 1.4% (by wt.),R.
MnO concentrates in Mg-hastingsite at up to 0.68%owt.). FI+Cl are alway very
low and near the detection limit. Ti@ontent positively correlates with A
andnegatively with Si@and NaO. Mg and Fe contents are inconclusive with
respect to other elements’ variations and Mg# teaed ranges of between 0.8%
and 0.55% (by wt.) in all the three groups. Evethd T site has Si< 6 afu, Ti is
always sufficient to saturate it. Titanian amphdsohre typical of lamprophyres
(33). Kaersutite is typical of AL amphiboles andid® afu (subsilicic) it is
strongly diagnostic of AL and UM[33].

Feldspars
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K-feldspar, albite, and oligoclase/andesine arg émind in the groundmass,
where they form laths of between 100 and 2@® in length. Anorthoclase was
found only in Southern Tuscany rocks. It si asdedavith carbonate, nepheline
and/or sodalite, with coprecipitation relatioqgshK-feldspars are also found in

Table 6.
Representative analyses of feldspars from Italian &amprophyres.
Fosso Castiglioncello . Nuraxi Punta Pietre La Val

Feldspars Ripiglio Senna del T Calceranica Figus Nere Queglia | Fiscalina
SiO, 69.4| 68.1| 65.8 | 65.3/64.2|63.8| 58.1 | 54.0| 66.159.3|68.3|65.5/56.1|56.0/64.7|62.4| 71.6| 64.6
TiO, 0.00| 0.00| 0.00 | 0.091.24|0.08] 0.21 | 0.12| 0.000.00|0.00(0.00|{0.00{0.00|0.00(0.00| 0.00|0.00
Al,O3 19.9(19.6| 18.2 | 18.7/18.1{19.9| 23.8 | 26.4| 18.724.7(20.2{17.8/30.7|30.6|/18.5/18.0| 21.2| 18.5
Fe,0Os 0.09]| 0.74| 0.57 | 1.52/ 3.61|1.10| 0.79 | 0.61| 0.400.48|0.11|0.29|0.07{0.09/0.34/0.81| 0.59| 0.22
MnO 0.00| 0.00| 0.00 | 0.00| 0.00|0.00{ 0.00 | 0.00| 0.000.00{0.00|0.00|0.00|0.00|0.00{0.00|0.00|0.00
MgO 0.00| 0.80| 0.00 | 1.06|1.72|0.00{ 0.00 | 0.00| 0.000.00{0.00|0.00|0.00|0.00|0.00{0.00| 0.28| 0.00
BaO 0.00| 0.00| 0.16 | 0.00/ 0.16|0.00 0.73 | 0.49| 0.001.06(0.00|0.00|0.00|0.00|0.70{0.80| 0.11| 0.00
CaO 0.03| 0.10| 0.00 | 0.09/ 0.16|0.00| 5.19 | 9.16| 0.095.60{0.41|0.00|0.03|0.02|0.00{0.02| 0.24| 0.00
Na,O 114|115 3.50 | 6.59/8.84{0.86| 7.23 | 5.44| 3.1%6.94/11.0{1.82|12.0{12.3]/0.30|0.33|5.71|1.40
SrO 0.00| 0.00| 0.00 | 0.00/0.00|0.00{ 1.36 | 1.68| 0.001.24|0.00(0.00|0.00{0.00|0.00(0.00| 0.56| 0.00
K,0 0.04]| 0.05| 12.31 | 7.08/ 2.20|13.8] 0.72 | 0.32| 12.91.36|0.07|14.5/0.00/{0.00|16.8/16.8| 0.60| 15.5
Total 100.9100.9 100.6 | 100.5100.299.6] 98.2 | 98.2| 101)400.4100.299.9/99.0{99.1{101.599.2|100.9100.2

ocelli. Plagioclases with albite twining form vdae and K-feldspar is pecilitic of
aegirine, biotite, apatite, and Ti-magnetite. Theyprecipitate with sodalite,
nepheline, and carbonate. Sanidine has a notabladacule up to 43% (by wt.).
Selected analyses are reported in Tab. 6. K-fetdspmmoderate Fe and Ba levels
of up to 2.4% and 1.2% (by wt.), respectively. Rialpse has ;< 1 and high

Table 7.
Representative analyses of feldspatoids from ItallaLamprophyres.

nepheline sodalite | analcite

La Queglia Punta Pietre Nere

SiO, 42.7|42.4|42.0| 376 | 375| 374 373 373372 | 36.7| 47.447.4]|46.9|50.8
Al,O; |31.1]31.6|30.5| 30.0 | 309| 30.8| 29.7 29/529.7 | 30.9| 0.000.00|0.00|0.00
Fe,0; |2.64|260|258| 0.17 | 0.28| 0.12] 0.000 0.1210.05 | 0.14| 27.227.4|28.2|26.1
MnO 0.00| 0.07| 0.00| 0.04 | 0.00| 0.00/ 0.00 0.000.00 | 0.00| 0.300.00|0.20|0.00
MgO 0.70| 0.29| 0.65| 0.00 | 0.00| 0.00/ 0.00 0.000.00 | 0.00| 0.0Q0 0.00|0.06|0.00
CaO 0.27|0.28| 0.25| 0.05 | 0.07| 0.00/ 0.00 0.090.03 | 0.06| 0.0Q0 0.00|0.00|0.00
Na,O 10.9|12.8|14.3| 26.2 | 253| 25.2| 257 25/426.1 | 24.8| 0.08 0.04|0.22|0.12
K,0 8.81/8.88/8.79| 0.00 | 0.00| 0.00f 0.09 0.090.00 | 0.06| 15.816.2|16.5|15.2
SrO 0.00| 0.00| 0.00| 0.00 | 0.00| 0.00/ 0.00 0.000.00 | 0.00| 0.130.07|0.05|0.05
BaO 0.00|0.10|{ 0.00| 0.00 | 0.00| 0.00/ 0.00 0.000.00 | 0.00| 0.0Q00.00|0.00|0.00
Cl 0.00|0.00| 0.00| 7.26 | 7.17| 7.43| 7.4 7.207.25 | 7.20| 0.0Q0 0.00| 0.00| 0.00
SG; 0.00| 0.00| 0.00| 0.00 | 0.08| 0.25| 0.00 0.000.00 | 0.18| 0.0Q0 0.00| 0.44|0.00
Total 97.3/99.1{99.0| 101.3| 101.3] 101.2 100.0 99,6100.4| 100.1] 91.191.3|92.6| 92.3

SrO and BaO levels up to 1.7% and 1.3% (by wt9peetively. K-feldspar and
plagioclase association, having this chemical fegtus typical of AL32].

Foids
Fresh nepheline is reported in small euhedra ingtbendmass at Monte La
Queglia, Calceranica, and Corvara in Badia. Sagaltas recognised as a
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groundmass mineral associated with K-feldspar aarbanate. Analcite was
detected in Corvara in Badia, Punta delle PietreeNduraxi Figus, and reported
from Tuscany. Analcite is present in the ocelli, end it coprecipitates with
carbonate and/or K-feldspar. The above associatfoncontrary to leucite
occurrence as diagnostic of UML or AL. Analysedreth nepheline are available
only from UML of Monte La Queglia. This nephelinasha high Ks molar solution
of 30.3% to 33.1% (by wt.) and variable TSi leadioga Qmol of between 2.6%
and 10.9%. Mn, Ba, and Sr are generally near thectien limits. FeO; and CaO
are present up to 0.5% and 0.3% (by wt.), respalgtisodalite from Punta Pietre
Nere (Tab. 8) has Cl up to 7.5% (by wt.) and veny 5G averaging 0.07% (by
wt.). SrO and BaO are below the detection limitakite has NaO up to 16.5%
(by wt.), variable FeO up to 0.3% (by wt.), and IO and CaO. Sr and Ba are
below detection limits.

Spinel group

Spinels are Ti-magnetite and trevorite, frequefdiynd in mica and
amphiboles, and are abundant in the groundmassewtihey are associated with

Table 8.
Representative analyses of spinels from Italian Laprophyres.

spinels| Murci | Senna river| Fosso Ripiglio | Castiglioncellg Corsara in badia Calceranica
SiO, |0.980.00 1.57| 1.52| 0.001.18|2.20| 0.40 0.30 0.06| 0.000.12| 1.91|2.60 4.37| 7.86
TiO, [16.613.1 24.2| 26.3| 11.57.46|5.82| 5.11 2.80 9.45| 8.689.01| 11.4|9.42 12.9| 7.91
Al,O; [0.533.99 0.71| 0.15| 0.000.00|0.00| 10.1 18.0 5.05| 8.608.96| 9.48(9.9510.1411.56
FeO |72.6/46.7 63.8| 63.6]/ 59.853.1|49.3| 42.6 28.7 72.6| 70.568.0| 63.6(63.5 58.1| 55.2
MnO |0.040.00 0.25| 0.12| 0.001.15/0.00| 1.54 | 0.31 1.13] 0.8p0.71| 0.73]0.35 0.33| 0.25
MgO |0.000.00 0.03| 0.03| 0.000.00|0.00| 5.88 12.2 3.98| 5.8116.61| 3.66|5.69 5.90| 8.93
CaO |0.15/0.00 0.22| 0.22| 0.680.00(0.80| 0.29 0.19 0.14| 0.1p0.05| 1.14|0.62 0.36| 0.31
Cr,03 |0.0015.7/ 0.00| 0.05| 0.000.00(0.00| 29.2 355 0.00| 0.000.00| 0.00(0.00 0.00| 0.06
NiO 0.000.00 0.00| 0.00| 28.0137.1541.88 0.13 0.17 0.07| 0.100.11| 0.00|0.18 0.19] 0.19
ZnO |0.3911.9 1.83| 0.08| 0.000.00|0.00| 1.06 0.00 0.00| 0.000.12| 0.13|0.06 0.14| 0.06
Total [91.491.3 92.6| 92.2| 100 100 100 96.3 98.3 92.6 949.7|92.1/92.4 92.5| 92.3
Sample| Nuraxi Figus| La Queglia Punta delle Pietre Nere Val Fiscalina
SiO, |0.100.08 0.14| 0.26| 0.19 0.50( 0.00| 0.00 0.93 0.97| 0.092.99| 3.30|0.72/ 0.27| 0.00
TiO, (9.999.97/11.02| 2.52| 2.46| 1.10| 0.00| 0.00 | 15.42| 5.22 6.084.48|1.87|0.00 2.55|1.31
Al,O; [8.338.58 8.86| 22.5| 22.50.04|0.00| 0.00 0.67 | 11.569.43/0.80(10.100.0015.78 0.00
FeO |73.572.5 71.2| 25.7| 25.290.0|80.8| 80.5 72.7 40.8| 53.7/80.9| 36.9|35.1 33.4| 31.7
MnO |1.121.05 0.95| 0.40| 0.3§0.26| 0.00| 0.00 3.36 0.26| 0.510.00| 0.880.00 0.37| 0.00
MgO |2.933.28 4.10| 13.5313.42 1.05| 0.03| 0.00 0.00 | 10.427.63|0.00| 3.99(4.78 9.01| 6.60
CaO |0.05/0.07, 0.03| 0.09| 0.050.13|0.00| 0.00 0.33 0.99| 0.0p0.15| 0.25|0.00 0.10| 0.51
Cr,0; |0.000.00 0.00| 33.0] 33.20.70(0.00| 0.00 0.00 26.3] 19.80.08| 37.2|55.4 35.5| 49.6
NiO 0.06(0.00 0.00| 0.13| 0.120.00|0.69| 0.93 0.00 0.21f 0.090.62| 0.00|0.00 0.16| 0.00
ZnO |0.160.14 0.15| 0.00| 0.00 n.a.| n.a.| n.a. 0.00 0.0p 0.18.83| 0.56|0.00 0.19| 0.00
Total [96.295.71 96.5| 98.3] 97.6 93.8 81.5| 81.4 93.6 96.7| 97.890.9 95.1(96.0 97.3| 89.7

apatite, K-feldspar, and carbonate. The most abmingg@e is a complete solid
solution between magnetite and ulvospinel, whiamf@ continuous series. This
ulvospinel-magnentite serie contains a franklisidéd solution up to 5% (by vol.)
(ZnO = 1.8% by wt.) and jacobsite up to 11% (by .m@MnO = 3.4% by wt.).
Other composition are from 5% to 20% (by mol.) spimel and 40% to 80% (by
mol.) magnetite with up to 20% of quandilite or tgp 24% (by mol.) spinel.
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Trevorite with NiO up to 42% (by wt.) was found Bbsso Ripiglio. Solid
solutions of chromite and spinel have 30% to 50%r{wl.) chromite and up to
41% (by mol.) spinel. In addition, these solid $ioliis can contain up to 34% (by
mol.) ulvosopinel, 16% (by mol.) quandilite, 2% (byl.) hercinite, and 6% (by
mol.) franklinite. Chromite is found only as inclos in olivine and diospide.

limenite
liImenite is abundant in ILs from Tuscany and Puygiad is only found in
groundmass. limenite-hematite solid solution hasiHgp to 33% (by mol.) and

Table 9.
Representative analyses of ilmenite from Italian Lenprophyres.
iimenite Pietre Nere Fosso Ripiglio
SiO, 0.33/0.10| 0.32 | 0.6§1.01| 0.06 | 0.24| 0.00 0.09 0.0 0.07 0.09 000 0[15 0.18

TiO, 45.6/31.8| 38.3 | 41.243.8| 49.8 | 49.55 49.3| 49.2| 49.0 48.9 48.) 48(7 486 485
Al,O3 0.311.05| 0.23 | 0.891.73| 0.07 | 0.03] 0.06 0.07f 0.0f 0.7 0.06 007 0[08 0.08
FeOt 45.8/56.3| 52.4 | 49.545.4| 37.6| 36.3| 36.] 36.2 36.9 36/9 3.1 375 3p.1 377
MnO 4.13/1.33] 2.13 | 1.841.81/10.83|10.79/12.13|11.60{ 11.11| 11.39| 11.47| 11.38| 11.75| 10.61

MgO 0.71|4.81| 1.24 | 3.323.92| 0.00| 0.00{ 0.00 0.00 O0.0p 0.03 0.04 0/00 000 0.00
CaO 0.11/0.03| 0.32| 0.100.04| 0.32| 0.67| 0.25 0.28 0.3 0.25 0.36 012 0[39 0.49
Cr,03 0.01/2.23| 0.02 | 0.000.01| n.a. | n.a.| n.al| na na. na nla. na na. n.a.
NiO 0.02|0.02| 0.00 | 0.040.03] 0.00| 0.00{ 0.06 0.00 0.0 0.00 0.00 0J/0 0[O0 0.00
Zn0O 0.19/0.09| 0.01| 0.040.11| 0.00| 0.00{ 0.00 0.00 0.0p 0.00 0.00 0J/0 0[O0 0.00
Total 97.1/97.8/95.00{97.6|97.8| 98.7| 97.7| 98.0 97.6 97/ 97(8 96.9 97.8 9.1 97.6

minor amounts of geikielite up to 15% (by mol.) gngophanite up to 26% (by
mol.) (= 12.1% by wt. MnO). GD; is present at <0.1% by wt. and MgO is present
at up to 3.9% by wt.. ZnO is present at up to O(B¥owt.), with other compounds
near the detection limit.

Titanite and Perovskite

Analyses of titanite have detected,®@{ at levels of up to 2.4% (by wt.) and
Fe0s; up to 2.9% (by wt.). L#;+Ce0s is present at up to 1.2% (by wt.), ZrO is
present at up to 1.8% (by wt.), BaO is presentpatau0.4% (by wt.). Fluorine
content is detectible and present at levels up.00(by wt.). Perovskite is the
dominat Ti-phase in the Southern Tuscany and Puidhe Pietre Nere
lamprophyres and it is subordinated in the CorwaiBadia lamprophyres. It forms
octahedra in the groundmass or inclusions intolt@eaAnd pyroxenes. Perovskite
contains 1.7% (by wt. FeO, with SrO present atap.4% (by wt.), NBO; and
La,O; at levels up to 0.5%, and p@ and CgOs at levels of up to 1% (by wt.).

Garnet

Garnet forms small, red-brown, high- relief, eulzedr the groundmass of
UML of the Monte La Queglia. It is a titanian garmath a 45% to 75% pyrope,
25% to 34% andradite molar solution with a detéetdrossular molecule up to
23.7%. TiQ is present at up to 8.3% (by wt.) and,@as present at up to 0.7%
(by wt.). This composition should be stable onlyhagh pressures and high
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temperatures, but La Queglia UML seems to havetati®d garnet at much
lower pressure.

Table 10a, b.
Representative analyses of titanite and perovskiteom Italian Lamprophyres.
titanite Pietre Nere
SiO, 30.7| 30.4] 30.3| 30.1 30 300 30.0 29.9 299 29.8.7229.6/ 29.0 28.9
TiO, 358| 356/ 36.1| 353 33D 36/8 365 36.1 382 359.4337.4| 36.6 36.8
Al,O3 237| 1.14| 151 091 149 128 0.8 101 111 1.0747[11.23| 1.34 1.25
FeO 1.36| 2.52| 2.87| 169 26p 188 1.66 1/79 130 1.8%31 1.40| 1.88 1.54
MnO bdl | 0.04| bdl | bdl| bdl| bdl| 007 0.04 0.05 bdl 0.05 |Hd0.05| 0.06
MgO bdl | 0.03| 0.02| bdl| 0.04 bdl bdl bd 002 011 0/0505 0.09| 0.02
caO 28.7| 27.7| 28.1| 27.6 27p 285 27.7 27.8 279 27.89Pp28.1| 279 27.2
Na,O bdl | 0.15 bdl 0.200 0.10 bd bd 0.0 bdl 0.11 009dl b bdl | bdl
SrO bdl | bdl bdl bdl | bdl| bdl| bdl| bdl| bdj 0.11 bd bdl Ibd bdl
BaO 0.28| 0.26] 0.22| 0.25 024 0.36 0.32 021 033 0.28400.22| 0.28 0.29
La,O3 bdl | bdl bdl bdl | 0.29 bdl| bdl] bd| bdl 0.2 bd bdl db| bdl
Ce0s bdl | 0.40/ 0.25| 0.3 0.90 025 0.33 0.30 0/24 0.4860.0.36| 0.33| 0.29
Zn0O bdl | bdl bdl bdl | bdl| bdl| 020 bd| bdl bdl 0.15 bdl db| bdl
Zr0, bdl | 0.66| bdl | 1.35 1.4% bdl 178 0.88 bdl 048 0/7846| 0.80| 0.53
F bdl | bdl | 060 | 0.62 bdl| bd| 026 bd bdl 030 bdl bdbdl | bdl
Total 99.5| 99.3] 100.3] 98.7 974 9914 99.7 985 99.6 926.7| 99.3] 98.9 975
perovskit La Queglia
SiO, 0.00{0.00/0.06{0.08(0.00| 0.08| 0.00| 0.00| 0.09| 0.08| 0.00| 0.06| 0.06| 0.07| 0.08| 0.00| 0.09
TiO, 57.1/57.1|56.9|56.9|56.9/56.8|56.7|56.7| 56.7| 56.7| 56.7| 56.7| 56.6| 56.6| 56.5| 56.6| 56.4
Al,O3 0.00{0.00|0.03(0.05|0.00/ 0.00| 0.03| 0.03| 0.00| 0.00| 0.03| 0.00| 0.00| 0.00| 0.08| 0.03| 0.07
La O3 0.32/0.31/0.34/0.27/0.43/0.30/ 0.32| 0.40| 0.25| 0.37| 0.41| 0.27| 0.21| 0.27| 0.26| 0.32| 0.39
Ce0s 0.58/0.66|0.62(0.53|0.88/0.51| 0.74 1.00| 0.32| 0.80| 0.92| 0.54| 0.29| 0.77|0.72| 0.86| 0.82
FeO 1.11/1.13|1.18|1.14{1.11|1.17|1.24{ 1.22] 1.48]1.17| 1.24/1.11| 1.20| 1.20( 1.34| 1.31| 1.48
MnO 0.03/0.03/0.02(0.03|0.03/0.02| 0.02| 0.01| 0.04| 0.02| 0.01| 0.04| 0.04| 0.01| 0.02| 0.03| 0.03
MgO 0.02|0.02|0.03[0.04|0.02/0.00| 0.02| 0.04| 0.02| 0.02| 0.05| 0.00| 0.00| 0.00| 0.00| 0.07| 0.02
caO 39.7|39.5/39.5(39.4|39.5/39.5/ 39.4/ 39.2| 39.1| 39.3| 39.0| 39.7| 39.4| 39.3| 39.0| 39.0| 39.3
Na,O 0.26/0.18/0.27(0.28/0.22/0.26/ 0.29/ 0.31| 0.31| 0.19| 0.29| 0.24| 0.38| 0.18| 0.29| 0.21| 0.22
Sro 0.29/0.23/0.26(0.34/0.23/0.29/ 0.21| 0.21| 0.40| 0.22| 0.19| 0.27| 0.38| 0.22| 0.20| 0.18| 0.18
Y203 0.03]0.03]0.04{0.03|0.02| 0.04| 0.03| 0.02| 0.04| 0.04| 0.04| 0.03| 0.04| 0.04| 0.01| 0.03| 0.05
Zro, 0.02|0.03/0.00{0.02|0.02/0.02| 0.00| 0.00| 0.04| 0.03| 0.03| 0.03| 0.06| 0.03| 0.02| 0.03| 0.02
Nb,O3 0.31]0.26/0.27(0.39/0.35/0.40| 0.27| 0.23| 0.48| 0.31| 0.26| 0.32| 0.44| 0.30| 0.24| 0.21| 0.26
Ta,0s 0.04|0.03/0.03(0.01|0.03/0.02| 0.06/ 0.01| 0.03| 0.02| 0.03| 0.02| 0.01| 0.03| 0.03| 0.03| 0.07
ThO, 0.02/0.07/0.01{0.02|0.07|0.04| 0.07|0.07| 0.00| 0.06| 0.10| 0.05| 0.00| 0.09| 0.06| 0.09| 0.10
Totale 99.8/99.6/99.6/99.5|99.8| 99.4| 99.4/ 99.4 99.3]| 99.3| 99.4] 99.4| 99.2| 99.0| 98.9] 99.0| 99.4
Apatite

Apatite is abundant and forms several millimeterglgrisms or inclusions in
mica and amphiboles. It coprecipitates with caJditdeldspar, and analcite in the
groundmass. Most of the analyses are hydroxyflpaitiee but F-apatite and CI-
apatite are also present and relate to specifirops$. Apatite modal abundance is
evident up to 5% (by vol.) and reflects variabld bigh BOs content in the IL.
Silica content averages 1% (by wt.),up to 3.5% \{lty); Sr averages 0.7% (by
wt.), up to 1.6% (by wt.); L#s+Ce0; averages 0.5% (by wt.) and is up to 1.8%
(by wt.). F averages 1.6% (by wt.), up to 4.6% {ty); SG; averages 0.4% (by
wt.), up to 1.6% (by wt.), while Cl averages 0.4Bf§ (vt.), up to 1.6% (by wt.).
Generally speaking, high Si+LRE+Sr inversely cate$ with FOs and volatile
content. High but variable content of Si+LREE+Srtypical of lamprophyres,
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kimberlites, lamproites, melilitites, and carbotetti{17, 18, 19, 20, 26, 27, 31,
33]. Even if CQ is not readily detected in apatite, some IL apatihay contains
detectible amounts of GQas suggested by consistent P-site occupancy <6.

Table 11.
Representative analyses of garnet from Italian Lammphyres.

garnet La Queglia

Sio, 42.6 39.5 39.0 37.3 36.8 36.0
TiO, 5.13 5.79 7.03 7.31 7.61 8.32
Al,O4 8.36 10.2 9.66 10.4 11.5 11.5
Cr,03 n.a. n.a. n.a. n.a. n.a. n.a.
FeO 6.31 9.08 9.44 10.7 9.36 9.97
Fe,03 n.a. n.a. n.a. n.a. n.a. n.a.
MnO 0.05 0.17 0.16 0.23 0.13 0.18
MgO 11.8 10.0 9.79 9.00 9.10 8.88
CaO 23.4 23.1 22.7 22.7 22.9 22.6
Na,O 0.47 0.68 0.68 0.57 0.63 0.65
Total 98.1 98.6 98.5 98.2 98.0 98.2

Carbonate

Carbonates are ubiquitous as very fine-grained ocete patches in the
groundmass or forming the bulk of it. Ocelli (upZonm in diameter) and globular
structures are widespread. Small veins of secontiojte can be present, as well
as pseudomorphs after olivine, melilite, and pynese Carbonate proved to be
mostly calcite with MgO, generally up to 2.60y wt.), dolomite with MgO

Table 12.
Representative analyses of apatite from Italian Lamprophyres.

apatite | Calceranica| Corvarg Nuraxi Figus| Pietre ner| La Queglia Val Fiscalina
SiO, 0.69 | 0.78| 1.792.29| 1.09 0.75| 0.12 0.34 3.58.21/1.64{1.94/1.99/1.98|1.57|2.01
FeO 0.65 | 0.57| 0.1y0.24| 0.39 0.27 | 0.41 0.4% 0.32.48/0.22/0.17|0.24/0.36|0.28|0.52
MnO 0.00 | 0.05| 0.0%0.05| 0.00 0.00 | 0.08 0.03 0.00.04/0.03/0.00/0.00]0.03|0.05|0.04
MgO 0.31 | 0.22| 0.200.10; 0.27 0.22 | 0.25 0.34 0.28.13/0.13|0.14/0.17/0.24|0.16|0.29
CaO 53.6 | 53.1| 55.453.4| 55.0 545 | 52.6 52.7 57.%6.0/55.8/55.8/55.7|55.0/54.5|54.3
Na,O 0.15| 0.12| 0.180.30| 0.16 0.13 | 0.3 0.37 0.06.04{0.09/0.00{0.04|0.07|0.05|0.06
SrO 0.52 | 0.50| 0.6y71.23] 0.49 0.70 | 1.54 0.93 0.38.65[0.40/0.51/0.40/0.56|0.73|0.56
|

D

BaO 0.00 | 0.00| 0.000.00/ 0.00 0.00 | 0.00 0.01 0.00.00{0.00{0.00/0.00|0.00|0.00(0.00
Ce03 0.00 | 0.17| 0.491.17| 0.31 0.42 | 0.35 0.36 0.16.19/0.00{0.00/0.00|0.56|0.65| 0.51
La,03 0.00 | 0.00| 0.2%0.61| 0.00 0.21 | 0.23 0.22 0.00.00/0.00{0.00/0.00|0.34|0.33|0.29
P,Os 41.0 | 42.0| 38.938.5 39.6 40.2 | 40.8 40.9 36.37.1{39.9/40.0/39.2/37.7|38.2|37.8

SO3 n.a. n.a.| 0.880.28/ 0.89 0.45| 0.47 0.5% 1.55.19/0.95/0.95/0.97/0.73|0.50({0.77
F 3.72 | 4.62| 1.201.03 1.25 147 | 0.42 0.59 1.4%.92(1.35/1.62/1.42/1.55/1.62(1.48
Cl 0.44| 0.49| 0.290.18| 0.88 0.76 | 1.64 1.08 0.20.16/0.24/0.24/0.27/0.19|0.23|0.21

O=F,Cl | 1.68 | 2.07| 0.580.48| 0.73 0.80 | 0.55 0.49 0.60.86/0.62|0.74/0.66|0.70|0.74|0.68
Total 99.6 | 101 | 99.999.0f 99.7 99.4 | 98.6 98.0 10m00|100|{101|100/98.7|98.1/98.2

between 12.6% and 20.9% (by wt.), and ankerite nsméution up to 40% (Tab.
14). Siderite-rich carbonate also occurs and costaip to 70% (by mol.)
FeCQ+MnCQO;. Dolomite and calcite contain SrO up to 2.2% (ky) \&nd up to
1.8% (by wt.), respectively. LREEs are generally lout can be detected at up to
0.6% (by wt.) (2,000 ppm) in calcite. MnO is pressahup to 1.5% (by wt.) in
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calcite and up to 19.2% (by wt.) in dolomite. Sitkecontains MnO at up to 38.3%
(by wt.). In general, greater amounts of Sr, BaEERand MnO indicate higher
temperature and igneous origins of the calcitedmidmite. Calcite composition in
the various textural occurences in ILs is describedichi et al.[40].

Table 13.
Representative analyses of carbonates from Italiabamprophyres.
carbonate Murci Castiglioncello Senna Corvara Catemica
SiO; 0.00| n.a. | 0,47| 0,06/ 0.00 0,09 0,94 0.0 0,4 0/00 0.00.000
FeO 0,14| 8,48 | 1,10| 6,08 0,63 0.00 0,64 0,05 2,87 7,29 197,321
MnO 0,21| 0,53 | 0,29| 0,71 0,20 0,05 0,74 000 089 0440 036350
MgO 0,02| 14,16| 1,08| 14,89 0,9f 0,00 0,59 0,00 1887 16,34710, 1,10
CaO 55,1 31,5 | 51.0| 31,6| 52,3 54,1 50,8 55(2 30,2 28,8 51,00,6 5
Sro 0,95| 0,04 | 0,36| 0.00f 0,15 0,93 0.00 086 065 0/19 012050
BaO 0.00| 0.00 | 0.00| 0.00{ 0.00 0.00 0.00 0.0 0.0 0/00 0.00.000
La,O3 0.00| 0.00 | 0.00| 0.00| 0.00 0.00 0,2f 0.00 0.0 0J00 0.00.000
Ce03 0.00| 0.00 | 0.00| 0.00| 0.00 0.00 0,3R 0.00 0.0 0J00 0.00.000
Total 56,5| 54,8 | 54,5| 53,4 54,8 55,3 54,4 56/2 53,6 53,4 54,38,48
Nuraxi Figus Pietre Nere La Queglia Val Fiscalina
Sio, 0.00| 0.00 | 0,08| 0,16] 0,12 0,06 0,06 0,06 nja n.a .a n.a
FeO 0,06| 0,09 | 0,45| 1,49| 0,17 0,19 0.00 0.00 42|62 21,42 ,56,62
MnO 0,24| 0,23 | 0,09| 0,28 0,07 0,28 0,1p 0.00 10,6 33,3 19,1661
MgO 0,19| 0,08 | 20,40 20,90 0,05 0,03 2,683 149 0.p0 0}85 ,109,15
CaO 54,4| 545 | 30,9| 29,4 534 55.0 51,p 54/0 1,86 012 27,87,82
SrO 0,48| 0,87 | 2,20| 2,16| 1,78 0,37 0,08 0,07 0.00 0/00 1,46.00 0
BaO 0.00| 0.00 | 0.00| 0.00{ 0.00 0.00 0.00 021 000 000 009d b
La,03 0.00| 0.00 | n.a. na.| n.a n.a. 0.00 0.00 0.p0 0j00 .0000 0
Ce03 0.00| 0.00 | n.a. na.| n.a n.a. 0.00 0.00 0.p0 0j00 .0000 0
Total 55,6 56,0 | 54,1| 54,3| 556 55,9 54,1 557 55,1 55,7 5521,15
Ocelli

Ocelli concentrate at the contacts, where theyfoem 25% (by vol.) of the
igneous rock. Usually are smaller than 2 mm in @i@m spherical, and sometimes
coalescent. The ocelli structure is made of commemhica, clinopyroxenes,
sulphides, and rarely brookite. Clinopyroxene pss(aegirine-augite) can also
grow towards the ocellus centre. The inner parfilisd with mosaic-textured
calcite and/or analcite and apatite. Calcite exa®wyriads of strontianitie grains
concentrated at the crystal boundaries. Conceotibf ocelli towards the contact
indicate primary carbonate migration towards theleo contact rock, as seen
typically in lamprophyres. Segregation patches secific to lamprophyres and
are better seen into coarser-grained facies. Theepce of selective alteration
patches in the matrix contrasts with some freshemainspecies, giving the typical
autometasomatic look of ILs.

BULK ROCK GEOCHEMISTRY
Major elements

The ILs have a consistent silica undersaturatiahaage ultrabasic or basic, having
between 36.6% and 49.8% (by wt.) $fOr rocks with carbonates lesser than 10%
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(by wt.), wheras carbonatitic ILs (containing carhtes at levels of 10% to 50%
by wt/) have from 27.4% to 42.5% (by wt.) $i@l,0; averages 10.5% (by wt.).
Na,O and KO are detected at up to 5.7% and 4.4% (by wt.peessely. The ILs
have AIlk/Al averaging 0.54 in atoms. They anetalluminous rocks

Table 14.
Location Fos. Ripiglio Murci Castiglion. Senna Rive Corvara
SiO, 46.1 49.7 | 39.639.6| 44.2 | 425| 27.3| 40.243.9]/29.1|40.7|41.7]| 41.3
TiO, 2.39 2.38 | 2.952.89| 2.70 | 2.85| 1.73| 2.362.26|1.80|1.79|1.78| 1.80
Al,O4 10.7 11.0 | 11.111.6| 105 | 11.8| 9.39| 11.713.3|10.0|/10.1|/9.71|10.0
Fe,0s 5.03 524 | 4292.79| 498 | 3.63| 1.82| 2.584.12|2.38|5.75|5.76| 5.51
FeO 4.40 3.90 | 5506.30| 5.00 | 4.60| 3.00| 6.203.70|8.00|5.00|5.10| 5.40
MnO 0.14 0.14 | 0.090.10| 0.14 | 0.10| 0.28| 0.170.09|0.18|0.15| 0.15| 0.16
MgO 11.6 8.11 | 11.310.3| 11.6 | 6.74| 1.98| 6.718.87|12.0{10.1|11.7|12.3
CaO 7.45 9.36 | 7.998.62| 9.00 | 9.60| 26.9| 11.16.07|14.6|15.4|15.0|14.3
Na,O 1.35 194 | 1.562.11| 0.88 | 2.36| 3.25| 2.063.47|1.12|2.71|2.33|1.81
K,O 2.74 3.68 | 0.700.81| 3.08 | 1.76| 0.46| 2.483.31|0.57|0.79|1.06| 1.07
P,Os 1.01 0.97 | 1.010.99| 1.28 | 1.33| 0.76| 1.0p1.13|1.36|1.36|1.34|1.36
CO, 0.16 0.73 | 5.796.60| 0.06 | 6.24| 20.25 7.7R2.55|9.75|2.07|0.93|1.02
LOI 6.74 3.77 | 7.216.80| 6.24 | 6.36| 2.35| 5.087.15|6.95| 3.43| 3.57| 4.38
Total 99.8 101 | 99.299.5| 99.7 | 99.8| 99.5/ 99.499.9|97.8|99.3|99.7| 100
Mg# 0.82 0.79 | 0.790.75| 0.81 | 0.72| 0.54| 0.660.81]0.73|0.78] 0.80] 0.80
8'Sr/3%sr 0.70476 0.70574 0.70551 0.705945 0.70775
1Nd/M*Nd 0.51278 0.51276 0.51282 0.512782 0.51243
Location Calceranica N. Figus Pietre Nere La Quegli Val Fiscalina
SiO, 42.9| 41.9) 43.2 43.4 41.841.1]475|36.1| 36.9 33.5| 42.4| 41. 40.3
TiO, 1.76| 2.01| 2.08 1.68 2.693.00| 2.99| 3.48| 3.75/ 3.52| 3.05| 2.66 2.63
Al,O; 12.3| 11.3] 11.7 11.6 10.7 9.89| 15.0| 9.81| 8.31| 7.74| 11.1| 8.95 8.93
Fe,0s 4.04| 4.57| 4.40 4.39 4.614.91|4.60|6.38| 8.08/ 5.91| 3.71| 3.51 2.61
FeO 7.10| 6.50| 6.30 5.80 6.40 6.70| 6.20| 3.70| 3.40| 4.10| 6.40| 6.60 7.30
MnO 0.18| 0.14| 0.15 0.17 0.19 0.17| 0.18| 0.18| 0.13/ 0.15| 0.15| 0.14 0.14
MgO 8.84| 8.04| 8.15 9.83 9.29 9.45| 3.88| 12.5| 10.8/ 13.1| 8.14| 12.3 11.8
CaO 11.7| 13.3| 12.4 12.1 13.7 14.3| 7.28| 13.4| 14.3/ 15.3| 12.0| 10.3 10.1
Na,O 3.40| 1.99| 2.00 2.39 3.54 2.70| 5.70| 0.89| 0.44| 0.68| 1.60| 0.89 0.62
K,O 1.00| 1.50| 1.96 1.67 2.171.46| 2.22| 1.25| 0.90| 0.91| 3.55| 4.08 4.42
P,Os 1.28| 1.57| 1.66 1.31 1.3§1.34(1.12| 1.40| 1.14/ 1.04| 1.04| 0.84 0.84
CO, 3.36| 2.41| 1.78 2.71 1.42 0.97 | 0.39| 3.09| 3.21| 5.60| 4.79| 7.08 9.00
LOI 1.54| 3.39| 2.92 3.09 1.58 2.53|1.51|7.41| 8.79/ 7.60| 1.51| 0.92 0.50
Total 99.4| 98.7| 98.8 100 99.1 98.6| 98.6| 99.5| 100/ 99.7 99.4 99.p 99.3
Mg# 0.69] 0.69 0.70 0.642 0.610.60| 0.40| 0.70| 0.64]| 0.72| 0.69| 0.77 0.74
8'Sr/%%sr 0.70370 0.70475 0.70355 0.70393 0.70603
1Nd/M*Nd 0.51297 0.51281 0.51283 0.51274 0.51264

Bulk rock composition in major oxides of Italian lamprophyres.

having (Ca+Alk)/AlI>1. The ILs are generally potassack [K;O>(Ng0O-2)] with
a K;O/N&O ratio averaging 1.3, but ultrapotassic types h&@/NaO ratios up
to 7.8. TiQ averages 2.5 and is present at up to 3.8% (by @& ranges
between 6.7% and 15.4% (by wt.) in non-carbonaititscand 8% to 26.9% (by
wt.) in carbonatitic ILs. fOs is 1.2% (by wt.) and up to 1.7% (by wt.). Mosttlo¢
rock types represent primitive melts, with Mg# \eduanging between 66 and 86.
Only a very limited number of samples have Mg# ealas low as 53-54 and still
show a relatively evolved felsic composition. Cotilpla element content
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correlates positively with Mg#. These values areaimge with primary mantle

melts such as kimberlites. The hydroxilated ang-@G€h nature of ILs prevent the
use of the TAS diagrafi22]. Major element discriminating diagrams proposed by
Rock[32] for kimberlites, lamproites, and lamprophyrnesicate these rocks are
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Fig. 2.Mantle-normalised trace elements and chondrite-norralised REE spider diagrams for Italian
Lamprophyres
lamprophyres, belonging to the alkaline and ultf@aamprophyre groups.
ILs are well-separated by lamproite in thepGkMgO-Al,O3; content, having lower
K,O, and are separated by CAL, having lower,SiCthe SiQ/10-CaO-TiQ*4
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diagram. Chemical distinction between Al and UMInat easy on a purely
chemical basis, but they are clearly differentiait taxonomy.

Trace elements and isotopes

All lamprophyres have very high content of bothampatible and compatible
elements. This is directly related to their contfnafic minerals and to a liquid

Table 15.

Trace element composition of Italian lamprophyres.
produced by very low partial-melting degrees ofrtintle source. However, trace
Calceranica [N. F|Punta Pietre Nere la Queglia | Val Fiscalina |F.Ripiglio| Murci |C.Trinoro| Senna River Corvara in Badia
Ba|876|755(1470125( 848 | 498 | 617 13001110101Q 780| 755|478|515/3630 715|181|608|755/1940 1470116101610
Rb| 31| 46| 55| 55 43 26| 31 120(170|184| 33 | 27| 16/18| 40 | 36| 9 | 35|41| 19 | 29| 35| 32
Sr|1140116Q1420/142Q 817 | 611 | 616 1170 847|764| 346|565 |465/533/1090 852|539912(874| 833 |168010501140
Cs|3.5|2.7|36|80/06| 05| 0.4 29.6 4.4(23.710.7| 0.2|0.8/0.8/ 0.7 | 2.9|0.5/3.6/6.3| 1.8 | 1.6| 1.5 1.5
Ga| 17 | 18| 19| 17| 19 16| 14 19| 18| 17| 18| 17 2222| 19| 22|14|22|22| 22 | 17| 16| 16
Tl (0.20/0.20,0.30|0.18 0.00| 0.00 | 0.0d0. 1.77/0.47/0.42(0.15|0.16/0.000.01 0.01/0.120.120.010.01 0.10| 0.18|0.18 0.21
Ta|29|35|36|36/56| 70| 6.4 51(4.1|4.1|4.6|45|52|54]/59]6.3/3.4(49|5.3| 24| 24| 2.2 2.2
Nb|64.0/73.0/76.0|76.7 143| 136 | 119 82.9/69.7/80.1/82.1/82.6/95.298.2 128 | 134/63.493.694.1 48.0| 50.0|46.0, 43.0
Hf|46|58|6.1|5.6/89| 91| 8.1 74(6.7|7.1|54|58(6.9|7.3/7.3|7.9/5.2(7.0/7.9| 58| 56| 5.6 5.6
Zr |204|234| 245|198| 372 | 338 | 307 287|241|258| 198|209 (270|285| 289|321|195|265/308 225 | 224 | 222| 223
Y |29.0/29.030.0030.9/28.8| 26.2 | 22.9 24.6/21.6(22.1{15.4{15.417.117.519.5|19.120.517.620.2 29.0| 32.0|31.030.00
Th|11.0[8.30/8.72|16.3/8.26| 13.6 | 11.98. 19.4/15.1{15.85.16|5.17|5.015.25 6.26|6.524.495.917.12 49.0| 49.0|47.0, 45.0
U |2.80/2.21{2.26|3.46(3.10| 1.95 | 2.271. 4.96/3.583.27/1.61/1.68|1.431.57 1.99|1.991.361.962.09 8.07| 8.96|8.72 8.37
Cr|224|199| 183|308| 295| 720 | 671 422|538|520| 610| 400|286|289| 394 | 241| 85 |265|270| 367 | 375|417| 425
Ni|238|152| 140|226| 170| 379 | 341 171|378|371|562| 400|314|285| 326|165| 59 |220/278| 234 | 229 | 269| 243
Co0|42.9/38.7/ 36.8|42.8/ 38.9| 50.00| 49.4 37.6/52.051.7/82.8/60.7/44.240.2 39.8|57.225.034.452.6 45.0| 47.0|48.0, 45.0
Sc| 18| 17| 16| 22| 16/ 25| 23 20| 21| 20| 13 14 1f12| 13| 12| 9 |11|12| 22| 21| 23| 23
V [188|173| 177|200| 316| 264 | 251 256|221(219| 152| 154 |154|151| 165|157|107|137/132 218| 214 | 209| 215
Cu|101(57.2/84.4|64.0/64.7| 38.7 | 47.2 70.5/60.9/60.746.1] 45.4{44.150.7 77.6|49.741.738.655.4 67.0| 67.0|68.0, 76.0
Pb|0.00[0.000.00| 4 | 3 | 0.00| 0.0(D. 0.00 4 | 5| 6 |0.00 8 [0.000.00(0.00 16| 3 [0.000.00| 57 | 49| 57
Zn|118|123| 126|109|91.8| 100 | 81.8 108|94.5/96.8| 114| 120(121|126| 132|115(71.§119/125 150| 113|97.0| 105
Bi|0.1]0.000.00/0.1| 0.1| 0.2 | 0.000. 0.1]0.10.1{0.00]0.00[0.000.04 0.00| 0.1]0.1/0.000.0Q 0.4 | 0.3| 0.3 0.4
Snl0og 2| 2| 1| 2| 2| 2 3 2 2 2 2 R B B 3191212 |2 |2 |2 2
W|22(22|21|14|/ 10| 06| 0.8 2.0(2.2|2.8(207|144(1.3|1.6| 2.0 | 15868.71.4|158 4.8 | 2.2| 3.0 3.4
Be[1.0(2.0| 20| 2.0|30| 20| 20 2.0(2.0[2.0(2.0]2.0(3.0/3.0{ 3.0| 3.0/2.0{3.0/3.0| 2.0| 3.0/ 3.0 3.0
Ag|0.90{1.00/1.10(1.10/1.70| 1.60 | 1.4Q1. 1.2011.00{1.20/1.30| 1.20[1.301.50 1.60|1.600.901.301.40 0.80| 0.70|0.70, 0.70
As|0.00/0.00 0.00|0.000.00| 0.00 | 0.0d0. 7.0/ 9.0(10.0{0.00|0.00{0.000.04 0.00|0.04 5.0{0.000.0410.00 11.0| 7.0 | 14.0
Sh|0.3/04|0.3|06/03| 05| 0.3 0.4[0.4|0.4(0.3|0.3(0.3/0.4| 0.4| 0.4/05/0.3/0.3| 0.4| 0.6| 0.4 3.2
Ge|0.00/0.60,0.00/0.00/ 0.60| 0.70 | 0.8d0. 0.70/0.00/0.60/0.50/0.00/0.600.00 0.00/0.500.600.040.0Q 0.70| 0.70|0.80, 0.90
La|96.0[93.8/ 102 |143(90.4| 107 | 94.5 122|100 101|42.4|42.9/44.846.554.9|54.933.146.350.3 197 | 215|201| 199
Ce|183|201| 216|271| 160| 215 | 188 240|200| 205(97.5/96.0{103|106| 122|127|65.3104/114| 407 | 439|417| 405
Pr|17.5/20.1 21.6|24.2 15.4| 21.2 | 18.9 23.7/19.9/20.2(10.1/9.93(10.911.312.8|12.87.5910.7111.4 40.0| 43.0|41.0, 40.0
Nd|71.4/86.1/ 92.5/94.3 65.3| 89.1 | 78.9 97.1/82.4{83.1{45.1|44.9/49.251.8 57.0|58.234.847.852.0 156 | 165|163| 158
Sm12.9/16.0/17.0|15.1{12.5| 16.2 | 14.3 16.6/14.2/14.5(9.27|9.28[10.110.7 11.5|11.97.509.7410.§ 24.0| 26.0|25.0, 25.0
Eu|3.77|4.60/4.94|4.01/ 3.67| 4.40 | 3.973. 4.353.76/3.77/3.04/3.06(3.173.36 3.79|3.732.513.113.62 5.63| 5.89|5.75 5.63
Gd|11.0/13.5/14.5]12.3[10.8| 12.8 | 11.7 12.8/10.9/11.07.52|7.55/8.278.55 9.47|9.506.458.029.2717.6018.4017.9 17.7
Th|1.46(1.70/1.81|1.59 1.44| 1.61 | 1.441. 1.531.35/1.34{0.95(0.94(1.021.09 1.17|1.170.871.041.16 2.01| 2.11|2.04{ 2.04
Dy|7.53/8.068.60|7.607.36| 7.44 | 6.797. 7.016.07|5.95(4.38/4.37|4.884.89 5.44/5.504.834.775.6( 8.46| 8.79|8.44 8.45
Ho|1.23/1.21/1.30|1.22 1.20| 1.14 | 1.031. 1.05/0.92/0.90/0.66|0.65/0.720.74 0.81|0.820.820.740.84 1.25| 1.30|1.26/ 1.26
Er [3.24{2.96/3.15(3.41| 3.10| 2.92 | 2.662. 2.61/2.27/2.28/1.64/1.60[1.771.83 1.961.942.291.852.14 3.20| 3.31|3.18 3.16
Tm|0.45(0.37/0.39(0.47/0.41| 0.36 | 0.320. 0.3410.29/0.29/0.21/0.20/0.210.23 0.25|0.240.300.240.27 0.41| 0.43|0.41 0.41
Yb|2.54{2.062.13|2.72/2.30| 2.05 | 1.80_2. 1.931.65{1.63{1.20/1.13(1.191.25 1.33|1.351.721.261.47 2.37| 2.38|2.30, 2.33
Lu|0.33)0.26/0.28|0.36/0.28| 0.26 | 0.230. 0.250.20/0.20/0.15/0.15/0.140.15 0.16|0.160.210.150.18 0.30| 0.31|0.30, 0.33
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elements are not very efficient for discriminatohfferent ILs and intra- and infra-
outcrop variations are comparable (Fig.2). ILs hilee<100 ppm, excluding ultra-
potassic lamprophyres from Val Fiscalina, whichénap to 184 ppm; in general,
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Fig. 3a.Diagrams that combine LILE-HFSE ratios. HIMU, EMII and EMI are indicated.

this distinction positively correlates with Ba aKd Ba and Sr are variable
both in carbonatitic and non-carbonatitic lamprapeisy with Ba averages of
>1,000 ppm and up to 3,630 ppm. The Sr averag@Sppm and up to 1,680 ppm.
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LILE distribution seems largely controlled by mi@nphibole, feldspar (Rb, Ba)
and apatite-carbonate (SP)LILE ., average value is 684.(= normalised to the
primitive mantle), having Gs= 408, Ri,= 63, Ba,= 181, Sgn= 32. Zr averages
257 ppm and is up to 372 ppm. Hf averages 6.6 ppthigup to 9.1 ppm. Ta
averages 4.5 ppm and is up to 7 ppm. Nb averagppr@dand is up to 148 ppm.
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Fig. 3b, cHFSE* /HFSE>, HFSE®* | HFSE>* diagrams.

225



Lennikov A.M., Zalishchak B.L., Oktyabrsky R.A. baghov V.V.

Smaller HFSE" and HFSE" have a strong positive correlation with Ti. Th
averages 15 ppm and is up to 49 ppm. U averagesn3apd is up to 9 ppm. Th/U
ratio is fairly constant at approximately 3HFSE,, average value is 607, while
the La average is 95 ppm and up to 215 ppm, anadv€eges 193 ppm and is up
to 439 ppm. LREEs are equally distributed amongbaaatitic and non-
carbonatitic lamprophyres and mainly relate {@4thus apatite is likely the main
acceptor for LREE in ILs. LREE/HREE average valge6? and up to 112. Y
correlates very well with HREE. Higher HFSEpositively correlates with REE.
> REE., (cn= chondrite normalised) average value is 1431,rtpla,= 398, Ceg,
=317, Pg,= 201, Nd,= 171, Smg,= 93, Ey,= 68, Gd,= 55, Th,= 37, Dy,,= 26,
Ho.,= 17, Egn= 15, Tny= 13, Yh,= 11, Lu,= 9. Compatible elements Cr, Ni,
Co, and V total up to 2,036 ppm. Cr and Ni contetdtes to chromite/olivine and
Cr-pyroxene; Ni also relates to trevorite in soroeks. Incompatible elements,
normalised to primitive mantle, show a distinctnagative spike of Rb, K, and Sr
(Fig.2). Southern Tuscany has positive Nb-Ta spéresCorvara in Badia (eastern
Alps) has Nb-Ta-Ti negative spikes, whereas all dtieer outcrops do not show
appreciable anomalies. Punta della Pietre NerairSay and the outcrops of the
eastern Alps show variable Zr-Hf negative spike€£ER pattern shows a
negligible Eu negative anomaly, LREE/HREE ratioreases with increasing
2> REE. ILs’ incompatible element geochemistry andtiehship with notional
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Fig. 3d.Combined diagrams of radiogenic isotope ratios foltalian lamprophyres.
FOZO, ITEM and otrher relavnt mantle end-memebssulised in the text are indicated.

crustal and primordial mantle compositions may bpicted using diagrams
that combine LILE-HFSE ratios. ILs have relativébyv LILE/HFSE ratios near
the primitive mantle values and lower than HIMUyegheless, a clear enrichment
trend towards EMII and EMI is apparent (Fig. 38p]. LILE/HFSE ratios are
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believed to preserve those of the source, but testainly cannot be used for
combining calculations of non-dimensional numbéréhen they are plotted
against the elemental concentration in ppm, ibsydo see that ILs’ compositions
are far apart from any possible crust-mantle mixaowgve (Fig. 3b). This is
confirmed by using “twin” nonvariable pairs of stnanic radius HFSE and
HFSE* (Fig. 3c). HFSE" / HFSE" fractionation is much greater in ILs if
compared with basaltic rock29]. High HFSE content of lamprophyres makes
these rocks capable of precipitating specific HF8E-mineral phases, a fact
which is not observed in subalkaline ro¢kd]. Thus, geochemistry of HFSE can
be greatly influenced by the settling of crystdlfi@avy minerals (e.g., titanates).

Isotope taxonomy of ILs is described in term ofdiorone (FOZO), which is
best observed in Punta delle Pietre Nere and Gadmer outcrop$5-7] and the
Italian enriched mantle (ITEM). In a conventionatNBi-Pb isotope diagram, IL
isotope ratios follow a trend from FOZO towards #m@riched mantle, which
greatly exceeds EMI-EMII and rests on a curve limks FOZO to an extremely
8’Sr- and'**Nd-enriched radiogenic end-member ITEM. ITEM hastdgic value
in excess of the average crust and must represesryald Rb/Sr reservoir that is
characteristic, even if not exclusive, of the Balmantle. This is not surprising and
confirms LILE additions from a very old and ferti®urce to justify such long-
term®'Sr decay.

CONCLUSIONS

The notable carbonatitic component of ILs couldabkey feature in their
interpretation but worldwide carbonatites have af#ht trace element
concentrations, including higher LREE/HREE. In aidai, Vichi et al.,[40] noted
that there is no HFSE fractionation operated byddwdonatitic component. High
SiO,.undersaturation and high carbonate content of armuiltra-alkaline rocks
have been considered by some authors to be a amrs=xr of limestone
assimilation or other crustal additions to the seuwia subduction2, 30.
However, limestone assimilation cannot explain thstribution of strontium
iIsotopes because Sr is at least one order of magnilower in sedimentary
limestones if compared with lamprophyres and othléa-alkaline rocks. This
means that lamprophyres are virtually insensitik@n an isotopic point of view,
to limestone addition. Furthermore, limestone asatran would dilute the
compatible elements of ILs, which are, insteady Vvegh. There is no evidence of
eruptive melts on the earth, with komatiite commestand liquidus temperatures
in excess of 1,700°C, which could retain such ahhigntent of compatible
elements and still be thermally capable of asstingasubstantial amount of
limestones. On the other hand, if high Sr crustdi¢ rocks had been added, this
would produce saturation -not understaturationSii@. These facts also discredit
the old ideas for which lamprophyres would be “miafilifferentiates of felsic
melts. Notional progressive undersaturation eqoat@an be always written but, in
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nature, this lead to limited skarn formation, tistthe turning of limestone into
calcium silicate rocks by metasomatism on contéhts is because there is not
sufficient heat in mafic magma to assimilate caddkis on a large scale. The
crustal rocks assimilation hypothesis is highlyoingistent with the observed major
and trace element and isotope distribution in layppyres and other ultra-alkaline
rocks. Addition via subduction is more complex w@aleate, especially if followed
by further melt-mantle reactions but cannot be itmred a truism. We note that
only a few elements were added to the lamprophyuece and this certainly is not
the case of a bulk crustal contribute via meltimdnich would have produced
substantial chemical changes in the mantle. Ofssgusubduction models can be
made more and more complex and complicated umyl thay partially respond to
experimental conditions. However, geochemical diges that are common in
lamprophyres, carbonatites, kimberlites, lamproitesl other continental potassic
rocks (kamafugites) has been not observed at alllmluction-related melts.
Basing on modern modal classification of lamprophyocks, taxonomy of
Italian lamprophyres indicate they are carbonatitdkaline, and ultramafic
lamprophyres. Mineralogy, geochemistry, and is@@@ochemistry indicate these
rocks are largely a quenched primitive magma preduxy a mantle modified by a
deep-seated radiogenic component rich in LILE aadbanate. High Rb and K
content of the enriched end-member suggests thysbmaadiogenic antiSr-rich.
ILs have variable high LILE/HFSE ratios, which cowartually a range from
FOZO to EMI-EMII to ITEM. The FOZO component, preusly associated with
the lower mantle, may be better understood as ldyhigeterogeneous mixture that
constitutes the matrix in which larger plumes ofEIHFSE-enriched material
float. ITEM origin seems much more speculative, ibig rare and ILs distribution
and chemistry do not seem to be constrained bgdghere tectonics. The lower
Cretaceous to lower Oligocene timespan coveredhbyllis is much larger and
earlier than the time of formation of the otheradilke Italian rocks and, if they
share the same ITEM component, this implies thatstburce was constant over a
very long period of time. These facts suggest fh&M could be a long-term fed,
very deep-seated component. In addition, ILs odcuwider cycles, which may
refer to major perturbation of the deep earth bdtian upper-mantle tectonics.
This aspect is germane to lamprophyre isolatioraggociation with ultramafic
ultrapotassic rockB4]. The disappearance of lamprophyres may corresporie
later cycle, to a source evolution in terms of dihyation. In fact, lamprophyres
are hydrated correspondents of kamafugite-leucititeich occurs in the recent
magmatism of Italyj25, 3. Notably, carbonatite component seems a congtant i
all this story, maintained in both lamprophyres &adnafugitic associations. In
theory, C-H-O-K-rich fluid could be released by thmntle/nucleous boundary
during igneous “storms” as well as radiogenic elet®i@ccumulating during very
long sealing period of the core-mantle interfacelyQiltramafic, deep melts such
as kimberlites, lamprophyres, lamproites, carboestiand leucitite-kamafugite
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seem able to escape more superficial contributvamsh are seen in basalts and
other upper-mantle magmas.
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