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FOREWORD

The fact is well accepted that alkaline rocks reen¢ unique formations on
the Earth. They have been long attractive for nesebecause large Nb, Ta, Zr, Y,
TR, Cu and P deposits, gemstones of charoite, @rsdie, dianite are associated
with them. For instance, in Australia diamonds @aeovered in lamproites. The
complicated processes of their formation provokeérdific disputes still going
on. The newly developed analytical methods andnigcies provided abundant
information on the composition of alkaline rockieTdata on geochemistry of
isotopes confirm the evidence on the mantle sountd¢be substance of alkaline
rocks. The new concepts of plume tectonics areiegppby scientists when
studying alkaline rocks as the deep-seated geodgeashthe Earth is interpreted
based on these data.

These problems were discussed at the internatwooidshops held in 2001 at
the Institute of Geochemistry in Irkutsk; in 2002 the Far-East Geological
Institute, Vladivostok; in 2003 at the Institute ©éctonics and Geophysics in
Khabarovsk, in 2004 at Geological Institute in Uldde, in 2005t the Institute of
Volcanology and Seismology in Petropavilovsk-Kamskiaand 2006 at TsNIGRI
of the Stock Company “ALROSA” (Mirnyi).

This book offers invited papers of the internatiomarkshop organized in
Irkutsk and Naples under the title “Alkaline magrsat, its sources and plumes”.

These papers view the features of alkaline, catidtenand kimberlite
magmatism. They also disclose the influence offlthid on the thermal regime of
mantle plumes. They discuss thermodynamic analg$isnagnetite+titanite+
clinopyroxene equilibria in apatite-bearing intausi of the Khibina alkaline
complex, geochemistry of the dyke alkaline compmléthe Kola Peninsula. They
show geologic and petrologic characteristics odlatie rocks of Italy.

As to the kimberlites are concerned the papers idensvariations of
picroilmenite composition from many kimberlite pg®f Siberia; discuss the
behavior of some minerals-indicators in kimberlitesntle xenoliths from Nyurba
pipe. The melted inclusions in olivines demonstnati@eral called rhonite and
some papers give thermodynamic parameters of rimiteation.

The articles give grounds for distinguishing forioattypes of lamproites and
give types of their mantle sources. ASM diagrane sarggested to be used for
genetic analysis of magmatic rock series.

The book might present interest to specialists lirea in petrological and
geochemical investigations as well as those stgdgigep alkaline and kimberlite
magmatism.

Chairman of Organizing Committee,
Chief Editor Dr. N.V. Vladykin
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Thermodynamic analysis of magnetite + titanite +
clinopyroxene equilibria in apatite-bearing intrusion of the
Khibina alkaline complex

Ryabchikov 1.D}, Kogarko L.N.?

Ynstitute for Geology of Ore Deposits, Russian Atag of Sciences, Moscow, Russia.
\/ernadsky Institute of Geochemistry, Russian AcgdgrSciences, Moscow, Russia.

ABSTRACT

Most titanomagnetite in the Khibina alkaline ignsoaomplex, sampled
through 500 m of a vertical cross-section, is repnéed by Ti-rich varieties. The
ulvéspinel component is most commonly around 55 %aplarely reaching up to 80
mol %.

We calculated anforT diagram for magnetite + ilmenite + titanite +
clinopyroxene + nepheline + alkali feldspar and n&ge + titanite + clinopyroxene
+ nepheline + alkali feldspar phase assemblagatatenbergite activity of 0.2. The
diagram shows that magnetites with 55 mol % of sibdel crystallized at oxygen
fugacities just slightly below the quartz-fayaliteagnetite buffer. More Ti-rich
varieties crystallized at higher temperatures ahghtty lower [1QMF values,
whereas more Ti-poor magnetites crystallized dtstow about 65(C.

Under the redox conditions estimated for the apdtgaring intrusion of the
Khibina complex (close to the QFM buffer), subs@nguantities of methane may
only form during cooling below 40Q in equilibrium with magma. However, even at
higher orthomagmatic temperatures and redox camditi corresponding to
AQMF=0, the hydrogen content in the early magmatges is not negligible. This
hydrogen present in the gas phase at magmatic tatapes may migrate to colder
parts of a solidifying magma chamber and triggesckeér-Tropsch-type reactions
there. We propose therefore, that methane in pEnaéksystems may form in three
distinct stages: orthomagmatic and late-magmatiequilibrium with a melt and —
due to Fischer-Tropsch-type reactions — post-magnvatequilibrium with a local
mineral assemblage.

Keywords: Oxygen fugacity; Khibina complex; Fe-Xides; Titanite; Alkaline
magmas; hydrocarbons

INTRODUCTION

Oxygen fugacity is an important parameter coningllithe evolution of
magmatic systems. It may determine the crystallizmineral assemblage and
thereby govern the path of fractional crystalliaatiThe most striking example of
this effect is strong iron enrichment without ireese in silica content during the
crystallization of tholeiitic basalts at relativelpw oxygen fugacities (Fenner
trend) and the fast growth of the silica conten¢ du the early crystallization of
magnetite (Bowen trend of calk-alkaline magmatiaies¢ under oxidizing
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conditions [29, 35]. In peralkaline systems, higtegtox conditions may favour the
crystallization of acmite-rich clinopyroxene, whase at lowerfO2 alkaline
amphiboles may appear.

Oxygen fugacity may also control the partitionirfgtrace elements between
melt and solid phases, particularly for elementthwariable valency under the
conditions of magmatic processes. Such elementsdador example Eu, V and
Cr. Recently, the behaviour of V in komatiites asttier magmatic series was
shown to be an efficient indicator of redox corahis [7-9].

Oxygen fugacity also controls the speciation oftitd components and their
impact on magma genesis and differentiation. It bhasn suggested by some
investigators, that reduced C-H-O volatiles ingdpartial melting of mantle rocks
after their ascent from greater depths and afterr thxidation [13]. In alkaline
magmatic systems, oxygen fugacity determines tkegmce of hydrocarbons and
hydrogen which are commonly found in peralkalingpexially agpaitic rocks [3,
15, 18, 20, 23, 26, 27, 32-34, 40].

Several approaches have been used to estimateroiyggecities in magmatic
systems. Some of them are based on equilibriumtaotss for the reactions
between components of solid solutions includinghbfgrrous and ferric iron.
Pioneering work by Buddington and Lindsley [6] meted experimental data for
equilibria of Ti-bearing magnetites with ilmenitesllowing simultaneous
estimates of temperature and oxygen fugacity frompositions of coexisting Fe-
Ti oxides. Later, this method was extended to d$pim@d ilmenites of more
complex compositions by elaborated thermodynamideisof these phases in a
multicomponent system [39]. This method has be@&tessfully applied to fresh
volcanic rocks, but is not useful for plutonic naleassemblages due to the fast
reequilibration of Fe-Ti oxides during slow coolingor plutonic assemblages, it
has been suggested to use equilibria of magnetted ilmenites with
ferromagnesian silicates [10, 11].

Wones [44] discussed the significance of the tieamagnetite-quartz
assemblage. He calculated the equilibriddmand fo, conditions of titanite-
involving reactions for pure phases in the systea@&eO-FgOs-TiO,-SIO, at 1
bar. Later, these reactions were studied experetigrid6]. These experimental
data were used to refine thermochemical data fanite, which permitted the
complete Tky, diagrams for this system to be constructed [4p €xperimental
data were also used to estim@geand T for mineral equilibria in some magmatic
rocks [48]. Numerous estimates of oxygen fugacit@smantle peridotites and
mantle-derived basaltic magmas were performed enb#sis of redox reactions
between components of magnetite-bearing spinalshes and orthopyroxenes [1,
2, 28, 38, 45].

Many authors have addressed the problem of oxyggacities in alkaline
rocks. On the basis of stability relations betwea#@line pyroxenes, amphiboles
and aenigmatite it has been suggested that typiahles for the Lovozero
peralkaline massif are close to the quartz-fayatisgnetite buffer [18]. Data on




Alkaline magmatism, its sources and plumes

spinels from OIBs, which include many alkaline basanephelinites and

melilitites, show relatively high oxygen fugacitigsom the QFM buffer to 2 log

units above this level [1]. Volcanics from Trindadecluding late peralkaline

differentiates [36], also show relatively high oeygfugacities. Extremely high
oxygen fugacities were found for high-Mg effusivsesd dyke rocks (meimechites
and alkali picrites) from the Russian Maimecha-Kopuovince of alkaline rocks

and carbonatites [37, 42]. Even higher oxygen fiugscwere estimated for the
Gronnedal-lka Carbonatite-Syenite Complex, Soute@land [14].

Low oxygen fugacities, possibly reaching the fieldFe-Ni alloy stability,
were reported for the peralkaline llimaussaq massfouth Greenland [23, 24]. It
has also been suggested tiigt rose during the evolution of the llimaussaq
magmatic system, during the late stages exceeden@EM buffer [23, 24]. Thus,
alkaline rocks may form under extremely variabldobeconditions.

GEOLOGICAL BACKGROUND, PETROGRAPHY AND SAMPLING
STRATEGY

The Khibina magmatic complex in Russia’s Kola Psuia is one of the
largest known alkaline intrusions. It has a congenkzonal structure with well-
developed primary igneous layering. There are emyries in the complex —
distinct rings and conical structures formed bycgsgsive phases of intrusion. The
oldest rocks tend to occur towards the margins vgtitcessively younger
intrusions encountered towards the center. Phasenmprises nepheline and alkali
syenites and nepheline syenite-porphyries. Phasm&ists of massive khibinites
(see Table 1 for explanation of rock names), Ptéagd trachytoid khibinites,
Phase 4 of rischorrites (potassium-rich nepheljeaises). Phase 5 is composed of
jjolites, melteigites and urtites and includes aat#fted complex of rocks
containing the well-known apatite ore deposits. $8h& consists of medium-
grained nepheline syenites, phase 7 of foyaites pliase 8 of carbonatites. Phase
5 of the Khibina Complex is of special interest dugse of the rich apatite ore it
contains. The Phase 5 intrusion is shaped likenecabsheet which outcrops as a
discontinuous ring with a diameter of 26-29 km arldngth of ~ 75 km.

The Phase 5 intrusion has been separated intohasks [49]: pre-ore (1),
ore (II) and post-ore (lll). Subphase | consists ijofites interlayered with
subordinate amounts of melteigite, urtite, juvitadamalignite. Their total
thickness is less than 700 m. Subphase Il consfsteassive feldspathic urtite,
ijolite-urtite and apatite ore with a total thiclaseof 200 to 700 m. Subphase Ill is
from 10 to 1400 m thick and includes leucocratic anelanocratic ijolites and
malignites. The principal phosphate ore deposisfannd in Subphase Il where
the apatite-rich rocks are found in the hangingl whlan ijolite-urtite intrusion.
Common accessory minerals in the rocks of this glaeie magnetite, titanite and
apatite. It has been suggested that apatite drgsthlfrom silicate magma and
accumulated in the upper part of the magma chawhberto crystal sorting in the
convecting melt [18, 19]. The upper parts of thata@-rich bodies contain titanite-
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apatite ores (~18% titanite) with elevated Fe-Tidexcontent (>4% magnetite).
The main rock types of Phase 5 and their mineratpmsition are presented in
Table 1.

Table 1.
Representativ mineral composition from the rocks othe Khibina massiv.
Ne 1 2 3 4 5 6 7 8 9
mineral Mt Mt Mt Mt Mt Mt Mt Mt llm
Sio2 0.42 0.28| 0.36f 0.33] 038 038 0.67 033 0.24
TiO2 2.85 | 17.76 19.67| 10.34 | 24.19 18.17 | 28.91] 13.99| 53.26
Al203 | 0.09 0.10| 0.01 0.08f 0.05 0.11 0.03 0 0
Cr203 | 0.07 0.05| 0.08/ 0.04 00 005 0.04 o0.07 0.03
V203 0.40 | 0.33| 0.65 0.26f 033 031 0.22 0.39 0
Fe203 | 61.99 | 33.35 28.83| 48.12 | 20.82 32.83 | 10.55 40.12| na
FeO 33.93 | 44.70 46.84| 39.72 | 50.28 45.8 | 56.13 42.55| 43.18
MnO 0.29 2.02| 2.43 1.17 292 212 210 148 3.99
MgO 0 0.55| 0.01 0.15| 026 0.28 0.08 0.08 0.21
CaO 0.01 0 0
SrO na na na
NiO 0.02| 0.01 0.01
Zn0O 0.07 0.13| 0.23] 0.07 0.20 0.1y 0.05 0.01 o0.01
Na20 na na na
F na na na
total 100.13| 99.26| 99.12| 100.30| 99.41| 100.23| 98.81| 99.03| 100.93
Ne 10 11 12 13 14 15 16 17 18
mineral lIm Ttn | Ttn Ttn Ttn Cpx | Cpx| Cpx] Cpx
Sio2 0.24 | 30.00 29.74| 29.88 | 31.57 52.33 | 52.09 51.58| 51.18
TiO2 52.87 | 37.68 37.54| 38.76 | 36.31] 3.70 | 2.46| 0.78 1.15
Al203 0 0.37| 0.21| 0.22 0.79 054 045 0.44 1.07
Cr203 0.05 0 0.02 0 0 0.01 0 0.0 0
V203 0 na na
Fe203 na na na na na 21.9 25.414.37| 6.70
FeO 41.25| 1.42| 114 0.91 128 48p 290 7,82 7.21
MnO 6.08 | 0.07| 0.077 0.08 0.06 078 0.45 0.p2 0.57
MgO 0.13 0 0.02 0 0.01 0.75 1.09 4.67 9.29
CaO 0.02 | 26.94 26.38| 26.83 | 25.19 3.33 | 2.76| 13.23 20.24
SrO na 0.35| 0.59 0.47 0.44 na na n na
NiO 0.01 na na na na 0 0 0.02 0.01
Zn0O 0.10 na na
K20 0.08 | 0.06/ 0.01 0 0 0
Na20 na 0.28| 0.40; 0.48 1.3y 11.78 12/06.20 2.58
F na 0.56| 0.64 0.43 0.61 na na na na
total 100.73| 97.42| 96.47| 97.87 | 97.42 99.98 | 99.67 99.68| 99.99

Magnetite and titanite are accessory mineralsgotas almost all rock types
of the Khibina pluton with the exception of rargakrites. Clinopyroxene is the
most widespread coloured mineral. Both titanite @hdopyroxene are mainly
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represented by euhedral grains. Magnetite in mases also forms euhedral
crystals, but may be present as subhedral grainseged in between silicate
minerals. All three minerals are undoubtedly sqilthses crystallized from the
magma, and there are no reaction relations amoa.tihey tend to occur in
close spatial association in the rocks of the &paearing complex [22].

Aggregates of all three minerals are often compasfedrains with curvilinear

boundaries (Fig. 1), suggesting that these minéoatsed simultaneously during a
specific magmatic stage. Magnetite is always mammon (up to 11 vol. %) in

titanite-rich cumulates in the upper part of th@anplex. All these observations
indicate that magnetite, titanite and clinopyroxdmelong to an equilibrium

mineral assemblage.

Fig. 1.Clinopyroxene (Cpx), titanite (Ttn), magnetite (Mt) and apatite (Ap) surrounded by
nepheline (Ne) in ijolites from the apatite-bearingntrusion of the Khibina complex.

a) Aggregate of clinopyroxene, titanite and madaeitvith curvilinear equilibrium boundaries;b)
Euhedral titanite surrounded by clinopyroxene wiidignetite grains near the margins of clinopyroxene.

In this study, we analyzed magnetites, titanited alinopyroxenes from a
vertical cross-section of the Phase 5 ijolite-mgite-urtite intrusion using a core
from the Koashva apatite deposit Borehole No 18b2n the southern part of the
Khibina massif. The core covered depths from 450m&ters and intersected rock
series underlying the apatite-rich lode. The caetains juvites and feldspathic
juvites in the upper part of the section and igdiaind melteigites in the lower part.
Based on data from this core, we calculated thdilega of magnetite with other
minerals to estimate upper and lower limits for gaty fugacity during their
formation.

ANALYTICAL METHODS

Minerals from the investigated rocks were analypeda JEOL RL-8900
electron microprobe at the Max Planck Institut @hemie, Abteilung Geochemie,
Mainz, Germany, at 20 kV accelerating voltage, 20sample current, and 2m
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beam diameter. Counting times were 30-s for athelets on peak and 16-s on the
background. Natural and synthetic minerals werel @secalibration standards. Fe-
Ti oxides showing no signs of exsolution under #hectron microprobe might
have had tiny exsolution features only visible viittle TEM. However, nanoscale
exsolution features would not have affected oursussaments, because the2n
electron beam would have integrated their effects.

MINERAL COMPOSITIONS

Table 1 reports representative analyses of Fe-Tidesx titanite and
clinopyroxene from the Borehole No 1312 core. Thagnetites show a slight
increase in YOs5 content towards the lower part of the magmaticytenttd no other
significant compositional trends. The mode of F@ntent in the samples is 18-19
wt %. Similar compositions (17-19 wt.% TjOare typical for magnetites from
other parts of the Khibina pluton including apatidees and titanite-apatite
segregations [22].

N=606 mean=18.28058 std dev=2.557428
240IIII|IIII|IIII|IIII

220
200
180
160
140
Frequency120
100
80
60
40
20

0 10 20 30
TiO,

Fig. 2.Histogram of TiO, contents in magnetites from Khibina massif, Borehie 1312.

Most analyzed magnetite grains are homogeneouglyRae found ilmenite
intergrowths with a texture similar to oxyexsolutitextures. Titanomagnetite and
ilmenite occasionally formed larger discrete gratisnumber of analyzed grains
exhibit higher TiQ contents (20-25 wt %), and one grain has 29 wti@ Which
corresponds to 85 mol.% ulvospinel. MgO contentsnegnetites vary between
0.01 and 0.56 wt %, and MnO concentrations ardivelg high, up to 3 wt % in
Ti-rich varieties. As shown in Fig. 2, the analyzainples average about 55 mol.
% ulvospinel.

10



Alkaline magmatism, its sources and plumes

Clinopyroxenes in the investigated rocks exhibit vade range of
compositions from diopside-rich (80 mol% of diogmido acmite-rich varieties (80
mol% of acmite component). The hedenbergite commtins rather constant and
is close to 20 mol% (the average of 196 analysd®isol%), and only in late
acmite-rich varieties, the hedenbergite contenpsiggnificantly.

Titanites are characterized by relatively constarhposition. In addition to
Ca, Ti and Si they contain 0.3 — 0.8 wt%,8a(average 0.48 %), 0.1 — 0.8 %
Al,O; (average 0.32%), 1 — 2 % FeO (average 1.25 %) 0.Y % SrO (average
0.41 %), and 0.4 — 1 % F (average 0.57 %). They aisy contain 0.5 — 1 %
Nb,Os+TaOs, about 0.5 % REE, 0.2 — 0.4 % Zr@nd possibly some B [22].
We have, however, not analyzed titanites for tleésments.

THERMODYNAMIC CALCULATIONS

We estimatedo, values for the Khibina rocks based on data fomtlagnetite
+ ilmenite + titanite + hedenbergite + Si(gphase assemblage [46, 47],
corresponding to the reaction:

3 CaTiSiQ + 2 FgO, + 3 SIQ = 3 CaFeSDs + 3FeTiQ + O, ().

These results were obtained f§o,=1 and an activity of hedenbergite very
close to 1. We recalculated the reaction with lowdica and hedenbergite
activities defined by the nepheline + alkali feldspphase assemblage and
compositions of clinopyroxenes present in the Kimbrocks. For this task, we
calculatedasio, values from the equilibrium constant of the reatti

NaAISiO, + 2 SiQ = NaAISkOs (2)

Nepheline and albite activities were estimated frdma compositions of
nepheline and K-feldspar solid solutions presentKimbina melteigites [22]
Published excess thermodynamic properties of fraorlewilicates were used [31],
Gibbs free energies for substances participatingpigrreaction are from Shapkin
and Sidorov [41].

Most clinopyroxenes from the apatite-bearing Khébimntrusion have
hedenbergite mole fractions around 0.2 [22], (Bskyt 1988, see also Fig. 3). In
clinopyroxene solid solutions with substitution ®&* by Na* and F&" or Mg
by AI’*, activity coefficients are ~ 1 [30, 43]. As a firapproximation, we
therefore assumed that mixing properties of our GadDs — CaFeSiOs —
NaFeSjOg pyroxenes are close to ideal, and for all ourudatoons acceptedeq =
0.2. We contend that this approximation is a serieaurce of uncertainty for the
estimation of fo, values. For example, an activity coefficient of5 lfor
hedenbergite in clinopyroxene solid solution wosthaft oxygen fugacity for phase
assemblages with clinopyroxene and titanite towdodser values by half a log
unit.

Compositions of titanites in the investigated roaks relatively constant, and
on the average they correspond to the followingntda:

Cay 949N a0 03IMNo 00551000 €035 10.944Al 0.013510.99604(O0.94d0.069 -
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Assuming that the thermodynamics of this phase Ineagpproximated by the ideal
multisite mixing model, the estimated activity cATGSIOQ,0 is 0.85. Substitution
of this value into the equilibrium constant of réa (1) shows that oxygen
fugacity would be lowered by 0.2 log units by comg@n with pure end-member
titanite. In fact, due to the ordering of the catend anion distribution in various
structural positions, the activity of the titanitemponent in the solid solution
would be closer to 1.

Fe2+

Fig. 3.Triangular diagram for mole fractions of Na, F€* and Mg in clinopyroxenes from
the rocks in Borehole 1312.

[1QFM values for various temperatur@sQFM = logo(fo(rock)fo(QFM),
where QFM is the quartz — fayalite — magnetite @ydpuffer) were taken from
the diagram for 1 bar of [47]. Using these valwgivities and mole fractions of
the FgTiO, and FgO, components were calculated by the solution of two
simultaneous equations based on the equilibriursteots of the reactions:

2 Fe04+ 6 FeTiQ=6 FeTiO4+ O, (3)

6 FeOs = 4 FQO, + O (4)
for which ays and a,; were calculated from the mixing and thermodynamic
properties of the endmembers of magnetite and iblmeyolid solutions [12, 39].
These values dd,spandan, together witht/QFM from [47] were used to calculate
for a given temperature the equilibrium constarthefreaction:

CaFeSiOg+ 3 FeTiQ = CaTiSiG+ 2 FeTiO4+ SiO, (5)

Subsequently, this equilibrium constant was usedht@ain [1QFM, and the
compositions and activities of components in bo#iTk oxides ata.e.<1 and
asio<1. For this, we used the constraint that the valuthis equilibrium constant
must be the same dyei1; asio=1 Or aue<l; asio<1. This permits to find a
relation between ilmenite and ulvéspinel activitiesthese two cases, which may
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be expressed @8,y /aim° = & usp(o} /aimo). (@ hed@ sioz), Wherea yspoandaym ) are
the previously estimated values of ulvispinel dnenite activities atne~1 and
asio=1. Using this new value @f s /ay,° we solved the simultaneous equations
based on the equilibrium constants of reactionsa@ (4) and obtained the
compositions of magnetite and ilmenite solid solusi and 1QFM for a magnetite

+ ilmenite + titanite + clinopyroxene + nepheline atkali feldspar phase

assemblage @ <1 andasio<1.
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Fig. 4.T - [1QFM diagram for equilibria of Fe—Ti oxides.
With titanite, clinopyroxene, nepheline and K-fgdds at P=1 bar, activity of hedenbergite equal.® 0
andasio, buffered by nepheline and K-feldspar with composi typical of Khibina rocks. The solid line
is the univariant reaction for the equilibrium dhFCpx+Ne+Kfs with both magnetite and ilmenite doli

solutions. Dashed lines are isopleths for equdilatmong Mt+Ttn+ Cpx+Ne+Kfs with fixed Xusp values
for magnetites.

These values ofl(IQFM for the magnetite + ilmenite + titanite +
clinopyroxene + nepheline + alkali feldspar phasseablage are shown by a solid
line in Fig 4. At higher oxygen fugacities, magteetinay be present, but ilmenite
IS unstable in equilibrium with titanite + clinomxene + nepheline + alkali
feldspar. At lower oxygen fugacities, there is agnetite-free field with ilmenite.
Thus, when titanite and clinopyroxene are prediat,calculated lower limit for
magnetite solid solution stability lies at muchhegfo, than when clinopyroxene
and titanite are absent. In the absence of titamteclinopyroxene, the lower limit
for magnetite solid solution stability is much lavand is defined by the following
reactions:

3 CaSi®® + 3 FeTiO4 + Op = 3 CaTiSi@ + 2 FegO4 (6)

3 FeSiO, + O, =2 FeO, + 3 SIQ (7)

In the ilmenite-free field above Fig. 4's magnetitmenite univariant line,
oxygen fugacity is fixed for each temperature arafjnetite composition. To find
fo, for various temperatures and magnetite compositiave recalculated the
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previously estimated | QFM values for the magnetite + ilmenite + titantte
clinopyroxene + nepheline + alkali feldspar phassemblage to the new
composition of magnetite based on the equatioth®equilibrium constant of the
reaction:

2 CaTiSIQ + 2Fg04+ 2 SIGQ =2 CaFeS0; + 2 FeTiO4+ O, (8)

using the following formula:

QFM = IQFM() + 2Mbg; o(@usdi)/a mi(i)/ BustBem)
where 1QFM(i), ays{i) anda n(i) are values for a phase assemblage with ilmenite
and magnetite and QFM, a,s, anda, represent an ilmenite-free assemblage for a
given magnetite composition. Calculated isoplethsnagnetite composition are
shown as dashed lines in Fig. 4. As in the caseeattion (5), we have not
calculated |G of reaction (8) from tabulated thermodynamic data only used
the fact that the equilibrium constant of this teatmust be the same for a phase
assemblage with both ilmenite and magnetite (foicwhiQFM has already been
estimated) and for ilmenite-free phase assemblaigth® same temperature.

This diagram has been calculated at a pressurebaf,lwhereas the mineral
assemblages in the rocks of the Khibina pluton lgxjated at higher pressures.
However, since the oxygen fugacities of Fig. 4 expressed relative to the QFM
buffer, pressure does not affect it significantgcause 4, values for the QFM
buffer and for the other redox reactions with femnd ferrous iron are displaced
with increasing pressure in the same direction apgroximately to the same
extent. Therefore, increase in pressure by 0.1 GBald shift the calculated
[1QFM values by not more than 0.1 log unit.

Magnetite containing 55 mol% ulvdspinel is the mostinmon composition
for the borehole 1312 core sample. For this conmiposi Fig. 4 shows that
magnetite should crystallize at temperatures al83@C and oxygen fugacities
close to the QFM buffer (QFM = — 0.1 at 88T and IQFM =+ 0.3 at 110).

The observed variations in magnetite compositioplynthat crystallization
took place at a range of temperatures and oxyggacfties. According to Fig. 4,
more Ti-rich magnetites with about 25 % FiQrO mol% ulvdspinel, Table 3,
analysis 5) would have crystallized above 1@3and/QFM close to — 0.2. The
intergrowth of discrete magnetite (40 mol% ulvogbirand ilmenite grains (Table
3, analyses 8 and 9) would correspond to°@48nd [ 1QFM = — 0.1. Magnetite
grains with oxyexsolution textures (Table 3, anesy$ and 10) crystallized at even
lower temperatures.

The most likely temperature range of magnetite tatlygation may be
accessed from the fact that gravitational sortmghe convecting magma of the
Khibina pluton resulted in the accumulation of meatife together with apatite and
titanite in the upper part of the intrusion. Thagplies that magnetite crystallized
simultaneously with apatite. An investigation ofltmaclusions in nephelines and
apatites from the Khibina intrusion yielded magma&mperatures of 850-9%D
[18] which is consistent with the current estimate-88CFC for the most common
magnetite composition in the borehole No. 1312 .core
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Based on our calculations, we estimate oxygen ftigaan this temperature
range (850 — 95C) close to the QFM buffer. A similar conclusionsmaached
for the peralkaline rocks of the Lovozero massiidiacent to the Khibina massif —
based on the relative stabilities of aegirine, edlBonite and aenigmatite [18].
However, a much lower range of oxygen fugacities haen proposed for the
llimaussag massif and neighbouring dykes [23-2%jcokding to these authors,
[1QFM decreased during fractionation in the augitenge of the llimaussaq
massif from about —1 to below — 4, but increaseth@&peralkaline stage to values
above QFM.
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Fig. 5.Composition of the G-H-O gas as a function of temperature atAQMF of 0 and -3.
P=0.1 GPa. H/C=6.

Wide variations of oxygen fugacity in alkaline rackwith very reducing
conditions in local areas, raise the question oftiwbr hydrocarbon-bearing fluids
— present in microinclusions in minerals of perhfi@rocks — may have formed in
the magmatic stage, or whether they could only ftoelyced by non-equilibrium
synthesis at low temperatures [3, 20, 34, 40]. Weutated the composition of gas
in the C-H-O system &fQFM equal to 0 and —3 by simultaneously solvingesalv
equations for the equilibrium constants of the daihg reactions which were
calculated from the standard thermodynamic progef components by [41] and
fugacities of gases from [4]:
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CH,+ 206, =CGO, + 2H,0 (9)

CO+050=C0 (20)

H,+0.5Q=H,0 (11)

We used the additional constraints [1X=1 and

(4XCH4+2XH20+2XH2)/(XCH4+XCOZ+XCO) = 6. We assumed H/C = 6 for all
calculations, because many fluid inclusions in lalkearocks contain substantial
amounts of hydrogen in addition to methane [20,88%] our unpublished data).

The results of these calculations are shown in Figcven ahNQFM = 0, the
hydrogen content at early magmatic temperaturesoappes 1 mol%. Methane is
low at 900C but becomes one of the major species in gas béG#}C [20]. At
AQFM = -3, the methane content in the gas is congphara that of water at both
high and low temperatures. The hydrogen contempis at high temperatures (X
> 0.1 at 908C), but falls during cooling. However, even beloW0d the
hydrogen content remains >1 mol%AQFM = -3.

These results indicate that under the very reducorglitions found in some
alkaline magmatic systems [23], hydrocarbons mayiesent even at the early
magmatic stage through equilibration of the gassphaith the magma. Under
more oxidizing conditions — close to QFM buffenashe case for Khibina magma
— methane may form in substantial quantities dudagling below 408C in the
equilibrium gas phase.

Migration of hydrogen formed at high magmatic tenapares to the cooler
parts of the magmatic system facilitated by fastudion of H, may cause the
production of hydrocarbons at lower temperatured-tsgher-Tropsch synthesis.
The supply of hydrogen is important for this tyder@action, advocated by some
authors for the production of abiogenic hydrocadbdh/, 34, 40]. It has been
suggested that hydrogen is produced by dehydraifoamphibole in alkaline
magmatic systems [34]. However, this explanatioesdaoot seem satisfactory.
Hydrogen may appear during amphibole dehydratiosulsstantial quantities only
if oxygen fugacity is sufficiently low, which hason been demonstrated for
reactions with amphibole in alkaline rocks. Thesenb convincing evidence of
widespread amphibole dehydration in Khibina or Loy, partly because
amphiboles present in these rocks are fluor-amjiésbeith low water contents. In
our opinion, migration of hydrogen from hot to cqddrts of a magmatic system,
triggering Fischer-Tropsch synthesis, is a moregtde mechanism.

CONCLUSIONS

1. Most magnetite in the Khibina alkaline igneous cterp sampled
through a vertical cross-section of 500 m, is repnéed by Ti-rich varieties with
typical ulvéspinel contents of about 55 mol %. &ner cases, ulvospinel reaches 80
mol %.

2.  The calculatedo,-T diagram (Fig. 4) shows that magnetites with 55
mol % of ulvéspinel component in equilibrium asséagles with clinopyroxene
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and titanite crystallize above 9@ at oxygen fugacities just below the quartz-
fayalite-magnetite buffer. More Ti-rich varietiegystallize at higher temperatures
and lower IQMF, while more Ti-poor magnetites crystallize abelow 656C.

3. Under the redox conditions estimated for the apdid@aring intrusion
of the Khibina complex — close to the QFM buffermethane may form in
substantial quantities during cooling below 4Ddn the equilibrium gas phase.
However, even aAQMF=0, the hydrogen content at orthomagmatic teatpess
Is not negligible.

4. Under very reducing conditions found in some aht@limagmatic
systems (Markl et al., 2001), hydrocarbons may Ilbesemt even at high,
orthomagmatic temperatures as a result of equiidoraof the gas phase with
magma.

5. Hydrogen present in a gas phase at magmatic tetopesamay
migrate to colder parts of a solidifying magma chamand trigger Fischer-
Tropsch type synthesis there.
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Formation types of lamproite complex — systematicand
chemistry.
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ABSTRACT

Lamproites of Russia and the whole world have k&enoughly studied for
the last 25 years. The samples, collected in amagddo not fit into one group of
rocks due to various chemical and mineral compmsstiof lamproites. Analyzing all
available data the author suggests distinguishinigrehation types of lamproite
complexes. The article gives a critical reviewarhproite classification and offers a
rational option. The article discusses lamproitéswo large areas of lamproite
magmatism occurrence in Siberia — Aldan and Anddagion, discovered by the
author when studying alkaline rocks in these regiowe discuss mineral and
chemical compositions of lamproites, their petrosloal and geochemical features
and chemical composition of composing minerals.idtrusive type of lamproites
has been revealed. Using the geochemistry of Ndsamsbtopes we give an analysis
of their mantle sources. We also discuss problefrdiamnond-bearing potential of
lamproites.

INTRODUCTION

When it was discovered that Australian lamproitesptential for diamonds,
the scientists started comprehensive investigatiwhgh have been performing in
different provinces of the world for at least treestl 25 years. Thanks to those
investigations the “lamproite problem” expandedwbweer it has not been solved.
A great number of samples collected do not fit imiwe group of rocks or
formation due to various chemical and mineral cositpns of lamproites. When
lamproites were discovered among kimberlites (FidJaChina, Anabar Region) it
becomes evident, that lamproites can have a diffeegin and can be related to
different formations of rocks. The published moragdrs [1, 2, 3] give the detailed
description of many provinces of lamproite volcami§in particular Australian),
discuss mineralogical and geochemical featuresganésis of magma. However,
the criteria towards the lamproite prospecting &l as the criteria in regard to
diamond-bearing potential are still lack. There ne clear classification of
lamproites that is in particular true for Russiaterature sources. Scientists
studying kimberlites but not studying lamproites emhmaking reference to
different literature sources, "consider" pyropessent in lamproites as the
diagnostic features; however lamproites are usuadg of pyropes [2]When
scientists discuss diamond-bearing potential ofplames they mainly take into
account features of only Australian lamproitespamticular those typical of leucite
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(diamond-free) lamproite3hese features include high concentrations ofititan
niobium, zirconium which are accumulated as a tesfudrastic differentiation of
high-alkali agpaitic leucite lamproites. These teas are less common to primary
diamond-bearing poorly-differentiated olivine laropes.

NOMENCLATURE AND CLASSIFICATION OF LAMPROITES

Lamproites were first described by Gross in 1897 Lfeucite-Hills (USA),
and in 1906 for Spain. Australian lamproites weuelied in 1940-ies by Wade and
Prider. The first classification of lamproites wasposed by Niggli in 1923. Thus,
lamproites of all three provinces but not only Aakan one can be considered as
proper lamproites. In each of these provinces laitgs have the local names
(about 20), that is very inconvenient for the dfesstion. Within the last 20 years
in different areas of the world the scope of roa@nsidered as lamproites has
considerably expanded, several lamproite classibiea have appeared [1, 2, 3].
Classification of lamproites becomes more compdiddbecause of variations in
chemical composition of lamproites, for exampléth respect taMigO - from 30
to 5 %; SIQ - from 40 to 65 %; KO from 3 to 13 % that is connected with specific
mineral composition of lamproites. Lamproites destmate six characteristic rock-
forming mineralsContrast chemical composition of minerals (Tableaddl their
varying quantitative ratios in the rock lead to rph&hanges in chemistry of
lamproites.It also results in anique drastic differentiation of lamproites evén a
the stage of crystallization of volcanics - fronivle to leucite varieties [11, 15].
Elements of classification should correspond tociad for all other rocks. The
nomenclature and classification of rocks (intrusesed volcanic) available at
present includes two main elements: 1) chemical position, 2) mineral
composition.For example: if in terms of chemical and minerampaositions the
considered rocks correspond to granites irrespeatifv their genesis, they are
considered to be granites. And a further explanaisofollowed, they could be
magmatic, metasomatic, etc. The same is to be foudamproites. If by the
chemical and mineral compositions a volcanic omdirusive rock corresponds to
lamproite, irrespective of its genesis, it has ®rbgarded as lamproites [17].
Another problem whether it could be diamond-bed&tidghen we have to resolve
this problem we have to compare it with diamondriogalamproites, i.e. with
early olivine, but not with leucite (diamond-fre@mproites. There are also
disputes, whether intrusive analogs of volcanic pderites are available?
Undoubtedly, they have to exist, because if themaagidn’t erupt, it could give
rise to intrusive analogs. Such rocks are availflde 14, 15, 17]; however, it is
difficult to distinguish them from alkaline rock$ another origin.To distinguish
between them we have to apply the geochemical Hawtbat rocks can be
regarded as lamproites?

Lamproites represent volcanic, subvolcanic and inusive rocks
consisting of different ratios of main six rock-foming minerals (which
demonstrate a relatively stable chemical composit: olivine, clinopyroxene ,
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mica, leucite, K-alkaline amphibole and K-feld spar(sanidine). Occurrence of
at least three out of these minerals is required. &ending on ratios of
minerals the chemical composition of the rock sigficantly varies: SiO, - 40-
65 %, Al,O3 - 5-12 %, MgO--30-5 %, KO - 3-12 %, MgO> CaO, KO>>
Na,O [17].

Lamproites, as opposed to other rocks, represagii-gpotash and high-
magnesium rocks of the leucite series. At differeatiations of mineral ratios
lamproites can be similar to rocks of differentisgrkimberlites, picrites, alkaline
melasyenites (minettes), foidites, alkaline basddtoand thus it is necessary to
find the distinguishing border between rocks okthseries and lamproites.

The first, very important diagnostic mineral featwf lamproites includes a
completeabsence of sodium leucophases: plagioclase and nelnie. If the
potash alkaline rock demonstrates plagioclase evidence that this rock doesn’t
belong to the lamproite series.

Table 1
Element concentrations in minerals of lamproite.

mineral SiO MgO CaO K20 Al203
olivine 41 50 - - -
diopside 55 18 26 - -

mica 35-40 24 - 10 8-10
K-richterite 50 18 10 5 -
leucite 58 - - 20 22
feld spar 64 - - 16 20

The second diagnostic feature is the compositionook-forming minerals:
olivine - 86-94 % of forsterite minal, clinopyrox®r diopside- salite series, mica -
Fe-phlogopite-Ti-phlogopite — tetraferriphologopitemphibole — series of K-
richterite - K-arfvedsonite, leucite contains ugpdteO - 1-4 % and surplus of
SiO,, potash feld spar - sanidine, pure potash, antacen0,5-4 % of FeO. In
respect of accessory minerals the characteristitide: chromite, Cr-magnetite,
perovskite, titanate — priderite, jeppeite, armilepZr-Ti-silicates - wadeite, K-
batisite, davainite. However, the majority of theotur in differentiated agpaitic,
leucite lamproites, while the diamond-bearing olevi lamproites usually
demonstrate.chromite Cr-magnetite, perovskite, in cases perovskite,esph
apatite and, infrequently, zircon. By the minerasaciation early olivine
lamproites are insignificantly different from massi(non-brecciated) magmatic
kimberlites. Most likely the main difference fromassive kimberlites is potential
ability of the primary magma for differentiation.agsive crystallized kimberlites
represent extreme differentiates of kimberlitic mag the magmatic process is
accomplished. The magma differentiation starts wittine lamproites (it is the
earliest product), and later differentiates origgnéurther (leucite and sanidine
varieties of lamproites). Suddifference can be connected with various primary
composition of magma, which results from the degvéartial melting of the
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mantle substratum. In order to distinguish simKanberlites and lamproites one
has to study melted inclusion. Such inclusionsustgally lack in kimberlites (that
iIs due to various reasons), while inclusions ingemtes contain melts of later
differentiates.

High-baric minerals, such as pyrope and picroilmenite are not
characteristic of lamproites; this is a feature diinguishing them from
lamproites [2, 17]. Xenoliths of mantle rocks are rare in lames. It does not
mean, that when the primary lamproite magma formedas free of xenoliths,
pyrope and picroilmenite. As the primary lamprait@gma is high-alkaline and
has a high reactivity, deep-seated xenoliths angleigsts are simply dissolved in
it that can result in high titanium concentratiorate differentiates of lamproites.

Geochemical diagnostic features include: high cottaéons of Cr - 500-
3000 ppm, Ni - 300-2000 ppm (Cr> Ni), increasedtents of Zr, Nb, Ti and
cerium TR.Depending on the degree of lamproite differentratjearly - olivine,
late - leucite) rare element concentrations are asying.Early lamproites show
high Cr and Ni concentrations, which decreaseter ldifferentiates, while Zr, Nb,
Ti, TR contents sharply increase in late lamproifssrelatively high Ba and Sr
concentrations early lamproites frequently contamre Ba than Sr, while in late
lamproites Sr content significantly increases, @sosed to early ones.

Fig. 1.Magmatic dissolution (peritectic reaction) of olivhe in lamproites. Ol-olivine, R K-
richterite, T-tetraferriphlogopite, Fl-phenocrysts of phlogopite.

The high titanium content is a feature of differatnon, and a sign that a rock
Is free of diamonds. Central parts of mica phergtsrgontain 2-3 % of Ti©and
0,5% Cr, while the external margin, which crystt together with matrix
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contains 5-8 % Ti@and 0.001 Cr, correspondingly. Similar zoninghserved not
only in lamproites, but also in alkaline basaltsl atkaline rocksBy the way, the
most titanic mica (12-13 % Tipwas discovered by us, as xenocryst, in alkaline
basalts, in Mongolia.

The most rational is the classification proposedh®y Australian geologists
[1] who divided lamproites into olivine and leuc#ad members with a complete
series of intermediate varieties. It is hecessaydd sanidine (feld spar) varieties,
which succeed leucite. Depending on prevalenceagrin mineral in lamproite
phenocrysts, several varieties of lamproites argtindjuished, for example:
phlogopite-pyroxene-leucite or phlogopite-K-ricliersanidine. Mitchell [2]
suggested a more modified classification, takirtg eccount mica in the matrix.
The rock containing phlogopite phenocrysts, isechfiollowing this classification
[2] as phlogopite lamproite, and if the rock contaphlogopite both in the matrix
and as poikilocrystals it is called madupite lanmgr.cSo, there is a problem how to
call a rock if it contains mica both in phenocryatsl matrix? It should be noted,
that early olivine lamproites containing over 20 &b olivine, do not contain
leucite. It is crystallized later from a more drfatiated and silicate magma
residue. Olivine becomes unstable; it reacts adissolved in more silicate leucite
magma (Fig. 1) This process of olivine «corrosiogwisible in dykes of the
Murun lamproites [11, 14, 15]. It is characterist@t intrusive lamproites. We
observed similar structures in lamproites of thaté Aldan and Leucite-Hills. In
some cases, for example in sanidine lamproites pafin$ olivine hadn’t been
dissolved and was preserved in glassy varietidaroproites. In lamproites of the
Anabar Region, Urals Mountains and India olivind &ucite are often completely
replaced by carbonate [13].

FORMATION TYPES OF LAMPROITE COMPLEXES

There are several options of geologic relationsumiproites with other rocks.

1. Lamproites form separate volcanoes and diatremdschware not
genetically associated with other rocks. They ideldamproites of Australia,
Spain and the USA. They are of Tertiary and Quatgrage and it is probable that
their differentiates are not outcropped by the ieros

2. Lamproites form separate bodies (sills, dykes aattaimes) and are
frequently genetically related to kimberlites antgtripes. This type includes
lamproites of Anabar Region, Finland, China, Indibeir age is similar to that of
kimberlites.

3. Lamproites form separate bodies (sills and dykes) @en volcanic
flows among other K-alkaline rocks. Lamproites apatially and genetically
related to these rocks, are of the same age andda@ommon petrochemical trend
of compositions. This type involves lamproites dffedent massifs of alkaline
rocks of the Aldan shield.

4. Lamproites form different bodies (dykes) among oiiiykes of rocks,
demonstrating a higher Na content. Their age idainThey include lamproites of
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Altai, Paraguay [4], Montana (USA). The lamproitdshe Urals and Karelia can
be regarded as belonging to this type.

These 4 genetic types of lamproites can be unitiedtihe following formation
complexes: 1) “pure” (proper) lamproites, 2) peritkimberlite) - alnoite -
lamproite, 3) massifs of K-alkaline rocks, 4) dydats. The above formations can
comprise other important rocks of the association.

Depending on dynamics of intrusion and crystalicmatiamproites can be
divided into volcanic (flows of lava and diatremes)ibvolcanic (sills and dykes)
and intrusive (separate bodies, dykes, stocksphades of intrusion in massifs).

Inside the formation of "pure"” (proper) lamproites distinguish petrogenetic
varieties (olivine-bearing) and olivine-free. Thistf variety includes lamproites of
Australia and Spain. The second one comprises l@taprof Leucite Hills (USA).
The Australian lamproites contain an early phaseloine (absolutely without
leucite) lamproites, while the leucite differenéiatcan contain scarce olivine.
Lamproites of Spain do not show proper olivine eteis, and olivine is found
almost in all varieties. Lamproites of Leucite-Hilnost likely belong to another
genetic group. They do not contain olivine. Thearlg varieties (madupites)
consist of phenocrysts of pyroxene and mica angsglécrystallized) matrix. By
the chemical composition these rocks correspomii¢aceous pyroxenites and are
their volcanic analogBy all parameters they are similar to biotite pyroxesiof
K-alkaline-lamproite complexes of the Aldan shi€l@®, 14, 15]. It is most likely
that these two varieties of lamproites were formaegbartial melting of different
mantle rocks: magma of Leucite Hills from the pyenite mantle, and the rest
ones - from olivine-containing ultrabasic rockgloé mantle.

LAMPROITES OF SIBERIA

There are several lamproite magmatism occurrentesarous genesis in
Siberia. The most studied among them include: Mplaites of the Aldan shield
associated with K-alkaline magmatism [10, 11, 18]; ) lamproites of the
Eastern Anabar Region and Tomtor massif [12, 13, 1%, belonging to
kimberlite-picrite-lamproite-carbonate associatigformation); 3) veined and
diatreme lamproites of Taimyr, lamproites of Sayeountains [7] and lamproites
of Altai, related to dyke complex of alkaline rocks the Asian region of Russia
we have lamproite occurrences in Kamchatka, whiehderivatives of basaltic
magmatism, Urals Mountains lamproites, some bonhidgkhe Okhotsk Region in
Sete-Davan area and diatreme in the Koksharovskgsif) Primorski Krai [18].

LAMPROITES OF THE ALDAN SHIELD

Lamproites of the Aldan shield are regarded asngghg to massifs of K-
alkaline rocks. 14 lamproite occurrences [10, 1dyenbeen found on the Aldan
shield by now. They compose sills, necks, erupbwveccias, as well as dykes,
stocks and layers in massifs of layered K-alkatiomplexesin the Western Aldan
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lamproites are found on the Murun, Khani massifg dyke of Molbo Riverin
the Central Aldan lamproites have been studied akoKut, Ryabinovyi, Inagli,
Yllymakh, Tommot Yukhta massifs, separate diatremes of the Khatéislgrand
Kaila pipe. In East Aldan they are available inilBii and Konder massifs.
Lamproitic dykes Khani have the Archean age, datexthfrom zircon as 2600-
2700 Ma. These are the most ancient lamproiteshef world. Other Aldan
lamproites are Mesozoic (J and C). The rocks ofdah®roite series form eruptive
breccias with crystallized cement (Kaila and Khgtdsand volcanic and intrusive
bodies. By mineral composition scientists distisuithe following varieties:
olivine, leucite and sanidine lamproites and intedrate varieties.

The lamproites of the Murun massif are well studkedarieties of lamproites
are found here.

The first variety of lamproites- [olivine (Ol) + pyroxene (Py) + mica (Bt) +
sanidine (KFsp)] forms sill, being 20 m thick, imetwestern endocontact of the
Small Murun massif. The sill was penetrated by eebole 111 at the depth of 180
m. Lamproite contains phenocrysts of olivine (F¢ 920 %, diopside - 20 %, Cr-
phlogopite (0,5 % Cr) - 10 % and the matrix comsgstof pyroxene,
tetraferriphlogopite and sanidine (10 %). Sanidimeplaced leucite; however
leucite isometric rounded shapes are still preseriRzimary leucite is found in
melt inclusions [4, 5] in pyroxene. Olivine phengsis crystallized at deeper
horizons, and when intruding and with the pressi@e&ease they became unstable
and reacted with the alkaline magma. Thin sect{@igs 1) show such a zoning:
olivine — K-richterite - tetraferriphlogopite. Freently olivine preserves only the
shape of crystals filled with tetraferriphlogop#ggregate. This process is very
characteristic of lamproites, in particular, subsgfve and intrusive. Accessory
minerals include: wadeite, apatite, chromite, Cgnsite.

The second variety of lamproites olivine-phlogopite -pseudoleucite - [Ol +
Py + Bt + Lp + KFsp)] composes an intrusive bodging 100 m thick in the
stratified complex of biotite pyroxenites in thertieeast of the massif. These
rocks are penetrated by borehole 3 at the deptB0ef50 m. Lamproites are
medium-grained, crystallizedhey consist of crystals of olivine (10 %), diopsid
(30 %), micas (10 %), pseudoleucite (40 %), which @@mented by the sanidine
matrix. Accessory minerals include: Cr-magnetitadeite, apatite, sulfides.

The third variety of Ilamproites - K-richterite-phlogopite-diopside-
pseudoleucite [K-Richt+Bt+Py+Lp] involves dykestigifrom 10 sm to 2 m thick,
which cut lamproites-2. These dykes demonstrateezoof quenching and
crystallized central pariThey consist of phenocrysts of mica (5 %), K-riciee
(10 %), pseudoleucite (5 %), replaced olivine (5 @)d fine-grained matrix (75
%). The matrix contains pseudoleucite, K-richteriteppdide, mica Accessory
minerals include: apatite, K-vatisite, prideritg, (8ulfides. In cases the central
parts of these dykes contain pegmatoid sites domgisf mica (5 %), K-richterite
—arfvedsonite (20 %), aegirite-diopside (10 %), Kibite (20 %), sanidine (45 %)
which are similar to pegmatoids of Walgidee-HiflisAustralia.
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The fourth variety of Ilamproites - K-richterite-sanidine [K-
Richt+Bt+Py+KFsp (L)] composes a number of sillshe south-east of the massif
among rocks of the charoite complex. The thickmésslls varies from 20 sm to 2
m. Lamproites comprise phenocrysts of K-richteft®-20 %), mica (20 %,),
diopside (5-10 %) and sanidine matrix with fineigsaof mica and pyroxene. The
matrix contained earlier leucite and was replacauidine. At present leucite is
found in inclusions in pyroxene. Olivine phenocsystreplaced by
tetraferriphlogopite, is scarce. These sills amilar to dykes of olivine minettes
from Highwood Montana (USA).

Mg Mg Mg

Al Fe+Mn+Ti

Fig. 2.Composition of mica from lamproites of the world (3, Aldan (2) and Anabar Region

3).

The fifth variety of lamproites - K-richterite-phlogopite-leucite: [K-
rich+Bt+L]. Lamproites compose banded lava flowsthe effusive field of the
massif among tuff-lavas and lava-breccias of leughonolites. Lamproites
contain phenocrysts of K-richterite, phlogopiteatte, leucitgpseudoleucite) and
fine-grained matrix consisting of the same minerAlscessory minerals comprise
Cr-magnetite, priderite, wadeite, apatite.

Lamproites of Molbo Riveroccur in the Murun volcanic-plutonic complex.
They are different from Murun lamproites in morelleld (fine-grained) matrix.

The composition of minerals of Murun lamproiteseg different from that of
other lamproites of the Worl&y the chemical composition olivines are similar to
forsterite (foe 86-94 = 40 %), pyroxenes - diopsides, amphibol&srichterites,
mica of phlogopite-annitite series with low Al cents, leucites and sanidines are
completely potash, being lack in Al which is compated by Fe. Fig. 2 represents
composition of mica from the Aldan and Anabar Ragiamproites as well as
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lamproites of the World. They belong to one anddhme isomorphic series and
form a rather compact field on the diagram. Eatlyime lamproites demonstrate
more magnesium mica, while in leucite ones it iserferriferous.

Normchondrit (McDonough, 1989)
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Fig. 3. TR spectra in lamproites of Aldan (b), Anabar Regio (a) and Australia (a): 1-
Argail, 2-Ellendale- 11-olivine lamproites, 3-crosss — Anabar b-Aldan,c-other sites: 1.-
Taimyr, 2-Altai, 3-Ural Mountains, 4-Primorsky Krai

Plots of ternary correlations of petrogenic elersefftig. 3) demonstrate a
common trend of compositions of the Aldan lampmité coincides with a trend
of these elements for lamproites of the Anabar &egexcept for titanium, which
Is lower in the Aldan lamproiés (regional difference).

LAMPROITES OF THE EAST ANABAR REGION

The Anabar diamond-bearing province is located e teastern and
southeastern part of the Anabar shield and extasds arc-like zone 50 km wide
and 300 km long. The province contains kimberlited &imberlite-like rocks
(picrites, alnoites and meimechites). In the rivarthe province there are over 300
diamond placers, their outcrops have not been fasnhe majority of kimberlitic
rocks do not contain diamonds. Studies of the dawifes obtained from some
magnetic anomalies of the Anabar province and withe Tomtor massif which is
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regarded to be a large massif of alkaline rocldicated the discovery of lamproite
rocks in the east part of the province [12, 13, D&}ailed analytical, geochemical
and mineralogical investigations confirmed thatstheocks belong to lamproite
group. These lamproites are regarded as belongikgrberlite-picrite-lamproite-
carbonatite formation complex of rocks.
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Fig. 4.Pair correlation of petrogenic elements in rocks ofhe Bilibin massif: 1-Lamproites,
2-other alkaline rocks of the massif.

We studied the core from all available boreholethansettlements Ebelyakh
and Amakin. Lamproite rocks and their intrusive laga are found in the core
from boreholes of the Tomtor massif and anomalfeéb® Eastern Anabar Region
which penetrated the fields of picrite-kimberliteagmatism occurrences. The
Tomtor massif in addition to lamproite rocks contaabundant altered rocks of the
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picrite series. They are found in the core of tlegamity of boreholes (mainly at the
top). Rocks the picrite group makes up a large horizobtaly (sill or volcanic
flow), occurring over a vast area of the massif @&ethg genetically connected
with alkaline rocks of the Tomtor massif; the pstam rocks are very significant
here. Therefore, abundant lamproites discoverethén Tomtor massif are not
surprising. Here they form sills, dykes and, lefierg pipes (borehole 14, 71).
Lamproites break early silicate alkaline rocks bé tmassif and are cut by
carbonatite veins. The association between langgaind syenite has not been
observed. Early lamproites of the Tomtor massifraptaced by later carbonatites.
It is known, that minerals of lamproites are netbé, and their intrusive varieties
demonstrate replacement of early olivine phenosrysy K-richterite and
tetraferriphlogopite, and replacement of leucite danidine, in cases even to a
complete disappearance of early minerals [19, [Ii]the Tomtorlamproites,
owing to a high reactivity of later carbonatite mey-fluid, the olivine and leucite
are completely replaced by carbonates and onlyeshap former crystals are
preserved. If the dissolution and replacement niir@d and leucite in the Aldan
lamproites is an internal reaction taking placeirdurthe crystallization and
differentiation of lamproites, the replacement béde minerals in the Tomtor
massif is superimposed and consequently in addimomeplaced olivine they
contain unreplaced grains [20]. Another featuréaafproites of this province is a
considerably lower content of pyroxene, as compara other lamproites of the
World. Ca-garnet is sometimes formed in them irtstefpyroxene. The same
feature is characteristic of kimberlite magmatisiiihe Siberian platform. By the
mineral composition olivine and leucite lamproiteieties are distinguished in the
Tomtor massif. [20].

Olivine lamproites are fine-grained (up to micragrkar) rocks of green
color. They consist of rounded and frequently fadetrystals of early olivine and
mica phenocrysts with the size as 2-5 mm and ttaelike fine-grained matrix.
The matrix contains extended grains of mica ands leften, pyroxene (often
altered), which give the trachyte-like texture,uléag from flow texture around
early phenocrysts. In addition to mica and pyrox#res matrix contains altered
olivine, infrequent amphibole, in cases garnet idradite- schlorlomite series,
apatite and, abundant spinellide (titanomagnetgerovskite) and sulfides.
Abundant mica, evenly distributed in the rocks isclaaracteristic feature of
lamproites. Olivines are sometimes serpentinizet] amore frequent, carbonatized
even to a complete replacement by the carbon&ytexene is disintegrated up to
the clay aggregate, while mica is chloritized. Hmalyses of carbonate dissolved
in the hydrochloric acid indicate that its compiositis more often calcitic, but it
can be ankeritic and sideritic, that corresponds¢ocomposition of carbonates of
later carbonatite dykes.

Leucite lamproites are found only in the boreh@®85 and 0855. They form
horizontal bodies (sills) being up to 10 m thickaey are fine-grained (up to
microgranular) very viscous rocks of dark gray colbhey contain fine (1-2m)
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white isolations of rounded (seldom with crystatiyghic faceting) leucite,
completely replaced by carbonate. The matrix ctsgs fine-grained aggregates
of mica, amphibole, infrequent altered pyroxeneatiép, calcite and ore minerals —
including magnetite, perovskite, sulfid&sometimes these rocks contain altered
olivine.

MgO Fe,0g+FeO CaO MgO

Fig. 5.Ternary correlations of petrogenic elements in rock of the Bilibin massif: 1-
Lamproites, 2-other alkaline rocks of the massif.

Diatreme breccias of lamproites (borehole 71) casagrearly xenocrysts of
olivine and mica, being up to 2 sm in size andrmgjlp calcitized matrix. The
carbonate rocks are predominant among xenolittiseohost rocks. By the texture
and structure lamproite rocks of the Eastern AndRagion are different from
lamproites of the Tomtor massif. By these pararsetieey are similar to picrites
and alnoites with which, they possibly, form a aombus series. Recently, among
kimberlites of many provinces (for example in FmdaChina, Prairie-Creek in the
USA, etc.), the rocks related to kimberlites andtam abundant mica (over 20 %),
are regarded as lamproites. A lot of reports del/tdekimberlites and associated
lamproites were presented at tH2 Ifiternational Kimberlite Conference in Cape
Town. The Anabar anomalies contain only olivine paoites. These are gray-
green rocks of porphyritic texture, massive, witphwic, infrequently glassy
matrix. Phenocrysts include rounded isolatiafisearly olivine (often fresh or
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Table 2.
Chemical composition of the lamproites from Siberigweight %).

1 2 3 4 5 6 7 8 9 10 11 12
SiO, | 48,83 | 47,6147,68/48,24| 42,87 | 38,13 31,94, 34,92/ 45,98 38,14| 48,71| 49,11
TiO, | 0,87 | 1,25 1,02 1,12 1,1] 297 468 1117 0,96 2,18650 1,02
Al,O3| 10,30| 8,80f 8,90 9,70 8,4 9,30 840 2{]17 8§,42 129980 | 10,58
Fe,Os| 2,46 | 2,83] 2,94 4,28 3,04 2708| 5,70, 2,40 4,21 8,17
3
1

FeO | 5,45 | 3,31] 4,92 3,58 4,0; 791 7,96 6/80 3,50 10443 | 4,04
MnO | 0,15 | 0,11} 0,13 0,14 0,13 0,16 0,80 0j11 Q0,15 0,2514 0 0,21
MgO | 6,80 | 11,6015,40 11,70 11,60| 11,80|12,70/27,95/13,51|18,20, 13,27 | 4,99

IO+
w
\]
(o))
=
=

CaO | 8,40 | 430, 480 6,10 6,10 8,8 9,80 6{72 1,43 04247 6 3,96
BaO | 0,50 | 0,30 0,50 0,90 0,20 O, 0,0 0j12 (Q,26 0,2646 0 0,37
srO | 0,18 | 0,14 0,09 0,20 0,03 0,2 0,03 0j10 Q30 0,136 0 0,17
KO | 6,61 | 7,16/ 586 7,08 6,20 6,49 282 092 7,89 10820 | 9,62
Na;O | 1,34 | 0,78/ 0,89 1,0y 122 105 0,86 0{20 12,60 0,12021 2,94
P.Os | 1,14 | 1,25 1,22 1,48 1,02 2,2 201 045 196 0,0080 1,31
HO | 2,26 | 3,52] 3,49 4,01 3,41 141 3,84 13,39| 2,79 1,33 1,71
CO, | 403 | 6,36/ 1,54 0,46 10,045,36 | 3,02| 3.0 0,79 0,50 0,10 1,00

F 0,19 | 0,55 0,32 038 038 045 0RO Q1 09 1,0012 0, 0,80

S 0,43 | 0,03 0,04 0,10 0,05 0,02 0,06 0{20 0,20 0,380 0 0,20

Total | 99,71 99,9699,88/100,3 99,87| 99,97]99,74/100,2/100,4{ 99,84 99,58 | 99,82

13 14 15 16 17 18 19 2( 21 22 28 24

SiO, | 46,46 | 48,6047,02 4,27 | 46,48 42,29|38,89 36,89 30,86/ 26,33 30,49| 32,42
TiO, | 0,33 | 0,66/ 0,624 081 1283 0,69 2,04 3|61 7,04 263663 4,74
Al,O3| 7,49 | 9,95 8,04 850 852 557 548 3|07 7,53 44,3068 4 2,88
Fe,Os | 2,45 | 4,22 4,85 12,038,26 | 5,85| 12,405,47| 6,39 5,78 8,13 10,37
FeO | 510 | 4,10 3,94w/o6.| 3,00 | 4,30| 6,13 7,27 8,35 4,76 3,68 3,68
MnO | 0,14 | 0,15 0,12 0,1y 0,11 0,15 0,83 0j13 0,23 0,2%21 0 0,20
MgO | 20,43 | 12,1115,65/10,86, 7,86 | 27,66/12,91 16,17| 8,65 | 20,58 22,08 | 24,01
CaO | 8,01 | 8,44/ 7,13 12,23455 | 6,16| 15,0611,19/11,12/11,32 10,69| 7,13

BaO | 0,08 | 0,30 0,20 0,24 125 0,32 0,80 0{14 0,22 0,2721 0 0,23
srO | 0,13 | 0,17, 0,14 0,08 058 0,03 0,40 0j06 0,13 0,2009 0 0,05
KO | 6,05 | 6,400 4,20 4,82 7,62 3,97 3,b6 2/14 480 432453 6,03
Na,O | 0,70 | 1,77 1,083 0,483 141 0,3 0,04 0{30 2,73 0,602 9 0,25
P.Os | 1,17 | 0,69 0,68 0,78 1,80 0,09 1,15 054 1,30 0,5877 0 0,17
HO | 0,90 | 2,36] 4,40 1283 570 182 040 292 1,63 3,6064 6 4,36
CO, | 0,05 | 0,06/ 1,50 0,50 1,00 0.3 0,10 833 7,75 13402 | 3,20

F 0,30 | 0,15] 0,05 0,29 0,05 0,3 0.0 0j28 (0,46 0,841 0 0,36

S 0.15 | 0,20 0,10 0,30 0,15 0,1 0,05 187 0,31 0,820 | 0,11

Total | 99,79 99,6%99,70/100,4 99,57| 99,75]99,97/100,4{ 99,50 100,6/ 100,05 100,19

Note: 1- Taimyr (sample of Romanov A.P.); 2-5- Altai ifgale of Obolenskyi A.A.); 6 — Urals
Mountains (sample of Pushkareva E.V.); 7 — Kokstsltgi massif (sample Scheki S.A.); 8 — Ingashi,
Sayan mountains; 9-12- Murun; 13 — Bilibin masdit — Ryabinovyi massif; 15- Kaila pipe; 16-
Yakokut; 17- dyke of Molobo River; 18 — Khani; 1%ender; 20-22 — Tomtor (20-bore-hole 101, 21-
bore-hole 0865, 22-bore-hole 14/81); Easten Prianab23-anomaly -36/63, 24-anomaly 97/63. Data of
chemical and quantometr analysis, analytics: MatadeN., Finkelshtein A.L. Institute of geochemystr
SB RAS 1995-2002r.
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replaced by serpentine) and mica laths. Mica sonastiforms a skeleton of the
connected crystals, interstitials of which is fllevith aphyric matrix. Olivine
phenocrysts amount to 10 %, and mica makeg20eB80 % and more. Aphyric

- K20+Na0
10} 1
Si05 |
—
Si05 1
L
[ S0, |
5[ 2]
- —
20} -
15 .
10} ]
5F -
0 _—| —— —— —— .Sl.ozr
20 30 40 50 60

Fig. 6.Pair correlation of rock-forming elements in lamproites of the Tomtor massif.
Unfilled squares — primary analyses. Filled squares samples after treatment by
hydrochloric acid.
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matrix contains fine mica, altered olivine, lesteafpyroxene and amphibole, as
well as apatite, carbonate, in cases garnet. 3igmelare abundant:
titanomagnetite, and possible chromite, perovséitd sulfides. With respect to
genesis these lamproites are less differentiated,ogposed to the Tomtor
lamproites; instead of the superimposed carbormeye ¢ontain proper carbonate,
which hadn’t separated from the silicate magmapd@cg&l lamproite variety is the
dyke in the anomaly 97/63. It represents a finengch rock consisting of fine
olivine phenocrysts (20 %) which are surroundedhegyaggregate of grown grains
of light green amphibole and brown tertraferripldpge and ore mineral.

Petrochemical features of the Anabar lamproites

By the chemical composition the studied rocks bgltm lamproites. They
demonstrate high concentration of MgO (8-28 %QK2-8 %), TiQ (3-7 %) and
low concentration of AD; (3-10 %), NaO (0.1-1 %).The lamproites show
increased concentrations of CaO (3-15 %) and lawetents of SiQ (28-35 %)
which are related to the late carbonate formatigm to 20 % of CaCg¢). Like
xenogenic quartz (to 95%) in sandy diamond-beaangproite tuffs of Australia
the superimposed carbonate in the Anabar Regioprtaitas results in changes of
the chemical composition of rocks. Carbonates d¢fiwa, magnesium and iron
significantly influences the concentration of suajht element as silicon, the
concentration of which in the rock is sharply desed. We made a chemical
experiment for 20 samples. Lamproites with sigaific concentration of
carbonates were treated by 10 % HCI during 3-5 tasurhen the primary and
treated samples were analyzed. The muriatic solwtias analyzed as well. As the
analyses show, the carbonates containing Ba, Sy poskibly, apatite were
dissolved in the solution. Insignificant amount pdtassium is dissolved in the
samples with disintegrated mica. In the treatedpdasnconcentrations of Sy@nd
to lesser extent of Mg, Ti, K [20] drastically ieases, fig. 6. Their chemical
composition completely corresponds to that of lamps. The chemical
composition of the Anabar lamproites is giveable 3.

For normal picrites and kimberlites the concentratof K,O as 0.5 % are
regarded as limiting. The alkaline micaceous meriand kimberlites can contain
up to 3 % ofK,O. The lack of mellilite in these rocks means theayt are not
alnoites. The partial reconstruction of primary asition of rocks by chemical
dissolution of the carbonate component gives rsecamposition similar to
lamproites. Lamproites of certain region has owacr features. The Anabar
Region lamproites are not exception, and they rHbhee& own regional specific
features. In addition to the abundant carbonatediftdérent genesis, low SO
values result from the increased concentratiortsealy minerals — spinelids with
magnetite, perovskite and sulfides (consideringeggit method to determine the
abundance of elements). Ca-garnet is in casesatlistl instead of pyroxene. It
becomes the main Ca concentrator in lamproites. possible that garnet formed
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when pyroxene was replaceggure fig. 7 gives the pair correlations of rock-
forming elements in lamproites of the World (a),adar Region (b) and Aldan (c).

Table 3.
Contains of rare elements in lamproites from Sibea, (p.p.m).

1 2 3 5 6 7 8 9 10 11 12 13
Cr 205 | 1370| 1301 | 1164 | 890 | 890 | 1800 2000( 170 | 420 | 178 | 1200
Ni 79 472 | 394| 157, 157 157 58 1000| 76 | 370 | 100 | 820
Co 26 33 48 40 41 59 84| 110 26 57 37 84
V 177 | 275| 201 229 204 309 29 110 | 260| 120 | 390 | 50
Sc | 20,3 | 15,6/ 18,1 14,3 17,01 144 3| 17,0| 14,0| 30,0| 22,0 | 46,0
Cu 96 91 82 78 26 193 33 47 80 24 | 220 | 15
Pb | 50,5| 66,9| 112,572,8| 6,7 4,7 19| 2,0 | 52,0 13,0 75 | 2,6
Sn u/o u/o u/o w/o | Hlo H/o 2,0 | 8,0 0,8 3 57 | 0,7
Zn u/o u/o u/o w/o | Hlo u/o 54 80 110| 65 | 320 | 46
Zr 240 | 418 | 254| 244 153 191 15 60 185 | 120 | 490 | 45
Nb | 10,4 | 15,2 7,1 7,3 655 81,6 16 1,0 | 20,0f 50 | 50,0| 4,0
TR | 287 | 502 | 359, 373 649 936 150 60 95 148 222 181,0
Y 23,8| 23,3] 23,0 18% 156 54/5 1 7,2 | 10,0| 14,0| 67,0| 12,0
Li 21 34 115 39 224 71 20 92 37 30 90 5
Rb | 218 | 334 | 295| 265 97 63 15/ 120 | 210| 150 | 280 | 280
Cs | 15,8 | 24,3| 47,5 27,7 42 2071 2, 1,0 10| 20| 20 | 50
B w/o | wlo | wlo | #lo | wlo | wlo | 1,12 40,0| 2,0| 2,2 | 11,0| 12,0
Be u/o u/o u/o u/o H/0 /o | 40,0| 18,0| 54| 2,2 | 300| 1,2

14 15 16 17 18 19 20 21 22 23 24
Cr 856 | 1200 580 | 94 | 320 | 69 | 1200f 150| 900 79C 910
Ni 435 | 580 | 170 | 100 | 1300| 94 | 2000 94 880, 1100 1400
Co 86 48 56 24 | 160 | 55 250 | 100 46 65 60
\Y 219 | 160 | 220 | 320 | 100 | 670 | 400 | 440| 200 23( 170
Sc | 33,0 32,0| 450 18,0| 8,0 | 44,0| 15,0/ 16,0 8,9 150 11,0
Cu | 122 | 83 84 | 380 | 18 | 320 76 52 15 120 23
Pb | 30,0| 14,0| 6,0 |140,0f 1,0 | 2,0 6,7 80| 150 2,2 20,0
Sn 16 | 28 | 20 | 10,0| 1,0 | 3,6 3,4 4.5 2,6 3,4 2,6
Zn 60 73 | 130 | 140 | 97 | 180 | 150 96 97 82 100
Zr 150 | 140 | 125 | 230 | 87 | 120 | 109 | 568 248 36( 859
Nb 50| 60| 30| 10| 1,0 | 50 30 40 100 50| 1100
TR | 131 | 126| 126| 184 52 171 857 517 842 552 1660
Y 15,0| 12,0| 15,0| 18,0| 2,0 | 25,0| 20 2,9 10 15| 28,0
Li 20 76 11 20 4 44 20 18 100 30 40
Rb | 164 | 120 | 160 | 250 | 100 | 60 350 | 296| 300] 200 170
Cs 30| 30| 60| 50| 1,0 | 1,0 1,0 2,4 3,0 1,5 2,3
B 18,0| 33,0| 19,0 21,0| 50 | 3,7 | 12,0 91| 23,0 18,0 43,0
Be 55 55 1,8 9,0 1,0 1,4 1,8 8,9 2,7 2/8 15,0

Note: NeNe analysis in table 1. Data of ACP-MS, analytic Mitmova A.Yu., and emissions spectral
analysis, analytics: Smirnova E.V., Kuznetsova,Auistitute of geochemistry SB RAS, 1995-2001
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Figure 8 demonstrates triple correlations of romking elements in
lamproites of Aldan (c), in lamproites (b) and calie rocks of the Tomtor massif
(a) and lamproites of other regiofdy. It is evident that trends of differentiation o
all diagrams are similar. Composititnends of lamproites from the Tomtor massif
lie within composition trends of all silicate rock$ the massif that suggests their
genetic similarityDuring the differentiation from early to late rooksncentrations
of SIO,, AlO; K,O increase while MgO content decreases. Analyzing
differentiation trends of lamproites one can aravé¢he conclusion that the Anabar
lamproites are less differentiated (Mg-Si raticsisfted towards Mg angle of the
diagram) as opposed to the Anabar Region lamproltesicreases diamond-
bearing potential of the Anabar Region lamproitesaddition, the Anabar olivine
lamproites demonstrate significantly higher titanigontent than the Aldan ones.
In our opinion, the increased titanium content |8y a greater differentiation of
the mantle source of these rocks. However, sonfeeitonsider titanium content
to be the indicator of diamond-bearing potential.

Mineralogical features of the Anabar Region lamptes.

Mica. Mica is one of typomorphic minerals of lamproitesthe studied rocks
it has a magmatic origin and defines the trachiketexture. Scientists distinguish
early mica-phenocrysts and mica in the matiW¥e studied, mostly, mica-
phenocrysts from volcanic and diatreme formatiams$ medium-fine-grained mica
from intrusive lamproites. By the chemical composit(Fig. 2) mica of the
Anabar Region lamproites belongs to phlogopitet@nseries that is characteristic
of lamproites. Mica of tertraferriphlogopite comgms is rare in porphyry
lamproite as the olivine carbonate formation is wdiserved. Such mica is
common to differentiated lamproitestica of the Anabar Region lamproites
demonstrates low concentration of,®4, however, it is sufficient for a complete
filling of tetrahedral positions. Tifcontent in mica of lamproites is an indicator of
differentiation, it sharply increases from olivitsnproites (2-3 % Tig) to leucite
lamproites (5-8 % Tig). The highest Ti@ content in mica of the Anabar region
lamproites (5-7 %) is found in apoleucite lampreitdnat confirms our ideas
concerning their belonging to leucite varietiessgite a complete replacement of
leucite by carbonate. The studied lamproite micenalestrates low contents of
fluorine and lithophile elements - Li, Rb, Cs, ah@h contents ofBa and
sierophile elements - Cr, Ni, Cu, Mo. The microprobvestigations of mica from
leucite lamproites (borehole 0865) revealed micasgfly xenogenic) with
abnormal content of Ti&X14 %), as compared with xenocrysts of the mantta
from alkaline basalt volcano Shavaryn-Tsaram in Htia, investigated by us
earlier [8]. The chemical composition of mica armh@entration of rare elements
in them confirm our viewpoint that studied rocks thie Anabar Region are
lamproites.
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TiOg Al»O3

K20 MgO MgO MgO

K20 ' MgOo MgO ~ MgO

K20 MgO MgO MgO

Fig. 8.Diagram of ternary correlations of petrogenic elemats.
a — in silicate rocks and b — lamproites of Tomt@ssif; ¢ - in lamproites of Aldan.

Olivine. By composition olivines correspond to Fe-contagniarsterites that
Is characteristic of lamproites. However, iron camtcation in the Anabar
lamproites are slightly overestimated, in comparisweith typical ones. The
increased admixture concentrations of CaO in oéi\snggest higher temperatures
of crystallization. Olivines in the studied lamges are typical minerals of early
phenocrysts and are rarely found, as the mineré&lsnatrix. In lamproites,
subjected to carbonate formation, olivine is congdereplaced by carbonate, and
only shape of former crystals is preserved.
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Table 4
Contains of TR-elements in lamproites from Siberiain (p.p.m.)

1 2 3 5 6 7 9 10 11 12 13

La 59 79 68 60 175 221 11 23 29 39 35

Ce 116 | 206 145 140 278 351 26 34 53 67 59

Pr 16 34 20 22 40 60| 2 6 9 10 14

Nd 59 127 82 103 1200 19§ 8,2 20 31 36 48

Sm | 119 | 250| 159 214 150 36| 2,8 2,8 79 | 120 ] 11,0

Eu 283 | 513 358 408 384 9,7 0,70] 0,90 | 3,00 | 3,50 | 1,80

Gd | 9,25 | 14,01 11,60| 11,87| 9,05 | 26,93 2,10 | 3,70 | 6,10 | 23,00| 5,00

Tb 1,13 | 1,49 1,38 1,24 1,0] 3,59 0,26 | 0,45 | 0,74 | 2,80 | 0,61

Dy | 545 | 5,71| 5,29 5,04 3,8Y 15,1 3,80 | 2,20 | 3,80 | 12,00| 3,60

Ho | 0,84 | 0,83| 0,80] 0,74 0,5 23 052|031 081 2,00 | 0,55

Er 226 | 2,21 2,10 1,84 1,7] 59 150 | 0,86 | 2,00 | 5,10 | 1,60

Tm | 0,32 | 0,25| 0,27{ 0,21 0,2] 0,9 0,17 | 0,10 | 0,22 | 0,57 | 0,18

Yb 207 | 164 1,49 1,34 1,3] 3,14 0,80 | 1,10 | 1,40 | 8,00 | 0,82

TNTWI™TrTS N

Lu 0,32 | 0,22 0,22] 0,24 0,1] 0,4 0,14 | 0,11 | 0,18 | 0,80 | 0,11

Total | 287 502 | 359| 373] 649 936 6( 9% 148  2P2 181

14 15 16 17 18 19 20 21 22 23 24

La 17 29 27 37 6 27 215 113 200 135 410

Ce 60 47 43 74 19 57 400 230 390 25( 800

Pr 7 7 8 10 4 11 44 27 45 28 70

Nd 26 25 29 34 14 40 145 100 155 100 270

Sm 6,3 4,5 6,7 7,9 35 | 11,0| 20,0 | 16,0 | 21,0 | 15,0 | 50,0

Eu 150 105] 150] 2,40] 0,70 ] 1,50 | 440 | 450 | 5,00 | 3,50 | 11,00

Gd | 530| 470 | 3,30 | 850 | 2,30 | 8,90 | 13,00| 12,00| 13,00| 10,00| 27,00

b | 0,65| 0,57 | 0,40 | 1,04| 0,28 | 1,09 | 150| 150, 160 1,20 3,3

Dy | 2,90| 250 | 3,50 | 430 | 1,00 | 7,00 | 6,30 | 6,60| 6,000 490 12,

Er 1,701 150] 1,30 2,20 | 0,40 | 2,40 | 3,10 | 2,50 2,30 1,80 3,2

\ rJ

Tm | 0,19 | 0,17 | 0,14 | 0,24 | 0,04 | 0,27 | 0,52 0,41} 0,33 0,26 0,2

0
0
Ho | 0,58 | 0,60 | 0,45] 0,92 | 0,20 | 1,00 | 1,14 | 1,03| 0,89 0,73 1,40
D
8
D

Yb 150 120) 091] 200| 0,38 19 | 2,50 | 2,20 1,70f 1,40 15

Lu 020| 1,40 | 0,09 | 0,14 | 0,04 | 0,20 | 0,36 | 0,28 0,24/ 0,174 0,18

Total | 131 126 126 184 52 171 85y 517 842 5p2 1660

Note: NeNe analysis in table 1. Data of analysis ACP-MS am@dngty emissions spectral analusis,
Institute of gochemistry SB RAS.

Pyroxene Pyroxenes in the Anabar Region lamproites areabiest therefore
they are scarce. They are sometimes replaced metgddnaltered pyroxene is
similar by composition to diopside with low conaation of iron that is
characteristic of lamproites.

Spinellide Characteristic minerals of the studied lamprometude magnetite
and titanomagnetite. Unusual spinel is found inesady the composition it is
similar to Ti-variety demonstrating significant ¢ents of all main components -
Cr, Fe, Mg, Al Similar spinel was described by N.Bobolev in unusual
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kimberlites. In addition to the above minerals laames contain abundant
perovskite, apatite and sulfide®vith respect to rock-forming and accessory
minerals and chemical composition the studied ratkbe Anabar Region belong
to lamproites. They do not contain plagioclase ggheline which are uncommon
to lamproites, they are free of alnoite minerald pitrites (melilite, monticellite).
Some varieties contain garnet, which we relateutplss of Ca and COin the
magma. A similar garnet is abundant in kimberliwmsd lamproites of the
Archangelsk province.

Geochemical features of the Anabar Region lamprsite

The geochemistry of lamproites is not well studiguhwever the first
geochemical data confirm the appropriateness d dimgnostics. Rare elements
of lamproites are presented in Table 3, and TRtspe&re given in Table 4. An
imposed carbonate formation slightly affects trenflsare element compositions,
but does not render an essential influence on #m&cbbehavior during the
crystallization.Concentrations dBa, Sr, Cr, Ni in the studied lamproites lie within
the limits of concentrations, characteristic of nheGreater variations of rare
element concentrations in lamproites result fromwale range of their
compositions, from olivine to leucite varieti€shanges of Ba/Sr and Cr/Ni ratios
indicate significant magmatic differentiation dugitheir origin.Concentrations of
other rare elements are within the limits of cohteariations in lamproites. We
will discuss in detail spectra of rare-earth eleteewhich are sensitive indicators
of petrologic processes of differentiation. As ttiagram (Fig. 4) shows, TR
spectra of the Anabar Region lamproites, chondritenalized, completely
coincide with spectra of diamond-bearing olivinepaoites of Australia, both by
the spectrum inclination, and TR-element ratio$ thaather rare for the lamproite
group of rocks. The lack &u fractionation suggests a low differentiatiomfrthe
origin of the melt to its crystallization that is psitive feature for diamond-
bearing potential. Besides, it suggests the lartgroend of rock composition,
instead of the basaltoid one. In the basaltoidsigbiated plagioclase selectively
concentrates Eu that leads to its fractionationthod gives rise to Eu minimum.

Figures 3, 4, 5 give individual analyses of thensizal composition and
concentrations of rare elements in lamproites béosites in Siberia and adjacent
areas (Taimur, Altai, Sayan Mountains, Urals Moin#ta Primorski Krai). As
regard to all considered parameters they do nterdifom lamproites of Aldan and
Anabar Region. As Figure 8 shows, points of thempositions lie in fields of the
Aldan and Anabar region lamproites. Spectra TRheté lamproites (Fig. 3) are
similar to those of the Aldan and Anabar Region deoties. All the above

suggests that these rocks belong to lamproites.
Geochemistry of isotopes, genesis, and diamondAgeROTENTIAL of lamproites

We studied the geochemistry of Sr, Nd, Pb isotopdamproites of Siberia
[14, 19]. The olivine lamproites of the Kondera, tdin and Bilibin massifs
demonstrate 87S#°=0.7045, while for other Aldan lamproites Sr87/Sn@fio
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ranges within the limits from 0.706 to 0.709. Imbs of ratioPb as well as Nd and
Srisotopes [11, 14], lamproites from the Murun sifa®rm a field between fields
of Leucite-Hills and Smoky Butte, the USA. On thagtam of Sr and Nd isotopes
ratio (Fig.9) lamproites from the Murun massif fothe field close to the field of
the North American lamproites. The source of tinegiting is the enrichedM-1
mantle. By geochemistry of rare elements the Altmproites are similar to
lamproites of the North America. Isotope charast@s indicate a deep-seated
mantle origin of sources for lamproitic and K-alkal Aldan magmas [11]. The
age of the primary mantle substratum, which wasl dise melting magma of the
Murun massif, is estimated as 3200 Ma using Ploss.
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Fig. 9. Diagram of ratios of epsilon Nd and 87Sr/86Sr indmproites and carbonatites.

Circles- carbanatites of the framing of the Sibefdatform, Squares — lamproites of Aldan, Rusai a
USA, Triangles-carbonatites and lamproites of fdldesas.

In terms of the geodynamic aspect lamproites ofaAldnd North America,
located on the border between the shield and thd#opin show the enriched
mantle sourc&M-1. Lamproites of Australia and Spain (Fig.9) areated on the
periphery of craton in zones of completed foldifigpe enriched mantle source
EM-2 is characteristic of them.

Diamond-bearing potential of lamproites is due #ngnfactors. The majority
of researchers suggest mostly xenogenic pattetheomost of diamonds, both in
kimberlites, and in lamproites. There are two asgpetthis problem.
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The first aspect concerns the depth of magma otigihshould be located in
the area of diamond stability; and the second amscehe preservation of
diamonds during the transportation and crystalbratof magma. Taking into
account isotope and geochemical characteristi@gbroites, they are regarded as
deep mantle rocks, and the first condition is nh&sty observed. As to theecond
condition is concerned a fast magma transportaisonequired for preserving
diamonds. Such fast magma transportation is the casliatreme structures. A
particular fast cooling is found in sandy tuff wleuartz grains served as a good
cooler, therefore similar lamproite tuffs are vergh in diamonds. It can be
exemplified by the Argail lamproites. Diamond-begrisandy tuffs, consisting of
quartz sand (95 %) and lamproite substance (5 #fpsomore diamonds (in one
order of magnitude), than massive lamproites, abingl of 100 % of the lamproite
substance. Diamonds in intrusive lamproites, mésiyl, burned down during a
relatively slow magma crystallization.

CONCLUSIONS

1. The rocks which in terms of chemical and mineramposition and
geochemical specific features correspond to lartggoup are lamproites.

2.  The volcanic rocks (lamproites) have intrusive agalwhich are also
lamproites.

3. Lamproites can be of various origin and can be uealy related to
different series of alkaline rocks and associatioffe suggest to distinguish 4
genetic types of lamproites and to unite them ie flollowing formation
complexes: 1) “pure” (proper) lamproites, 2) peeritkimberlite) - alnoite -
lamproite, 3) massifs of K-alkaline rocks, 4) dydedts.

4.  After changes in chemical conditions of crystali@a and owing to
the imposed processes indicative minerals of lartggo(olivine and leucite)
become unstable and are replaced by other min@nadas, carbonates, potash feld
spar). However, chemical and geochemical specdatuires of rocks are often
preserved, though they are not so evident. Owingigb potassium content and
leucite trend of crystallization, plagioclases amgheline (even in cases when Na
is higher, than K [3]) are not crystallized, asstls a forbidden association in
lamproites. The primary chemical composition canré@nstructed either under
chemical dissolution of carbonates or when studymglt inclusions which
preserved metastable olivine and leucite.

5. Using the geochemistry of Nd and Sr isotopes itsl®wn, that
lamproite complexes, occurring in rift zones betwége shield and the platform,
have a source enriched by EM-1 mantle, and langgdatcated in folded areas on
the peripheral part of platforms originated fronmmielmed mantle sourcéM-2.

6. The main parameters of diamond-bearing potentiallashproites
include the depth of sources for their magmas (gledgan the level of diamond
stability in the mantle) and its preservation (imtwstibility) before the magma
cooled down. The most appropri@ttethis respect are early olivine lamproites and
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their tuffs (especially those, containing abundgotirtz sand) from diatreme
structures.

The studies were supported by RFBR (grants 06-@3-6406-05-81016).
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ABSTRACT

Dyke rocks of the Devonian Kola Alkaline Carborat®Province (KACP)
range from kimberlites, through alkaline ultramagiticate rocks, to carbonatites.
We have studied dyke swarms in the south of the IR@ninsula, near Kandalaksha,
as well as kimberlite and melilitite pipes in Tar&ereg. Dykes represent magmatic
liquids, whereas plutonic alkaline silicate andbcenatite rocks in the KACP may be
cumulates. The CaO//D; ratios for silicate dyke rocks are much highemtia
Ocean Island Basalts (OIB), indicating a very smddigree of melting of a
carbonated mantle at depth. MgO-gi@lationships suggest the presence of a
spectrum of carbonate and silicate primary magmas.

The similarities of REE and isotopic compositiores fltramafic alkaline
silicate rocks and carbonatite dykes indicate ansgtrrelationship between the
magma types. Their initial Sr and Nd isotope ratadsin the Depleted Mantle field,
suggesting a plume origin. Carbonate magmas weteapty generated in the same
region of the mantle by the same melting procefssformed the silicate magmas.
Experimental results on the melting of carbonateshthe at 6GPa have shown that
kimberlites and carbonatites can be formed fromsés@e source during the same
melting event. Pb isotopes show minor heterogenmitygenerally cluster around an
OIB mantle reservoir (interpreted as an asthenagph®antle plume), except for one
carbonatite that has high’Pb°*Pb and®Pb/*Pb ratios that require an ancient (ca.
1.75 Ga) enrichment in the lithospheric mantle seuKimberlites and melilitites
were formed at greater depths, as indicated by tHBIEE-depletion, and require
phlogopite in their source.

Primary magmas in the KACP originated by a singlecess, triggered by the
arrival of a mantle plume. A spectrum of magmasnficarbonatite to damkjernite to
melilitite to kimberlite was derived from melting carbonated garnet peridotite. The
plume provided heat that initiated the magmatisnd @aused melting of the
carbonated garnet peridotite mantle, forming satigmas and carbonatites. Pockets
of metasomatised lithospheric mantle also meltddnm potassic magmas. Depth of
melting and degree of melting are probably the migotors controlling the precise
composition of the melts formed.

INTRODUCTION

The Kola Alkaline Carbonatite Province (KACP) canganumerous dykes
and pipes of various ultramafic alkaline rocks, lb@rlites and carbonatites [7, 12,
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13, 24]. We present geochemical data for a reptatea suite of dykes and pipes,
and discuss the significance of dyke and pipe mégman the region. We have
chosen to study dyke and pipe rocks as these gleggtesent magmatic liquids
and have not experienced cumulate processes. Nithst silicate rocks in our data
set have MgO contents > 6 wt%, and so are primitiued compositions.

Table 1.
Primitive magma compositions from Kola Alkaline Carbonatite Province (KACP)
. . olivine- | ultramafic . olivine- monti-
Kimber- | Damkjer- : Melili- melilite ; Carbon-
lite nite phlogopite | - lampro- tite mela- _cellite atite
melilitite phyre . kimberlite
nephelinite
1 2 3 4 5 6 7 8
SiO, 35.1¢ 25.2¢ 24.4: 35.1¢ 35.1( 39.2¢ 28.4¢ 4.5¢
TiO, 0.97 1.65 2.0 1.73 1.97 2.73 1.76 0.07
Al,O4 4.48 5.30 5.52 9.01 10.41 8.95 3.04 0.40
Fe,O3* 6.83 10.22 13.72 11.93 13.04 11.69 12.4§ 2.57
MnO 0.19 0.20 0.29 0.24 0.21 0.21 0.24 0.18
MgO 23.99 10.34 12.93 11.42 12.23 9.89 25.33 1.91
CaO 19.97 24.32 19.92 15.96 18.80 16.06 16.78 48.38
Na,O 0.32 0.98 0.72 211 4.18 3.22 0.31 0.01
K,O 2.75 1.46 2.26 1.66 1.42 1.49 0.77 0.13
P,Osg 0.65 1.17 0.69 0.61 0.21 0.36 0.22 0.07
LOI 13.78 17.73 14.95 9.78 2.07 5.34 10.27 39.45
Total 99.06 98.61 97.44 99.64 99.59 100.84 99.68 97.82
K,0/Na,O 8.€ 1.t 31 0.8 0.2 0.5 2.5 13.0¢
CaO/AlLO; | 4.5 4.6 3.6 1.8 1.8 1.8 55 121
Rb 95 40 74 57 37 38 25.4 2.5
Sr 859 1869 1326 1174 1767 2660 972 3498
Ba 1571 951 1191 1351 405 2100 268 476
Sc 15 30 19 23 13 21 20 24.7
\% 38 272 340 244 158 143 87
Cr 1316 196 211 497 300 223 1228 394
Ni 1180 106 247 313 272 137 1003 23.6
Y 16.4 19.7 24.5 24 16.7 22 9.7 26.6
Nb 237 159 189 157 124 120 106 8.5
Zr 123 353 328 251 131 252 90 87
Th 16.3 12.3 17.4 10 13.4 8.4 12.9 22.4
La 201 184.5 160.5 119.1 107.1 104 77.1 169.8
Ce 246 349.5 3114 244.4 223.p 175 153.9 318.2
Pr 36.9 33.8 25.6 34.11
Nd 89 115.2 109.3 87.8 69.4 55 52.1 108
Sm 10.96 14.57 14.1 12.13 9.59 9.5 6.68 13.9
Eu 291 4.04 3.81 3.15 2.56 2.7 1.62 3.94
Gd 6.77 9.84 9.68 8.29 6.58 4.09 9.91
Dy 3.49 5.54 6.01 5.80 3.64 2.56 6.6
Ho 0.91 1.05 0.97 1.16
Er 1.15 1.67 2.25 2.09 1.28 0.96 2.46
Yb 1.04 1.2 1.89 1.87 1.04 1.7 0.74 1.71
Lu 0.16 0.16 0.28 0.31 0.15 0.14 0.10 0.22

Note: 1, 5: Beard et al. (1998), Terskii coast; 2, 3D8wnes and Mahotkin, unpub. data, Kandalaksha

dyke swarm; 4: Beard et al. (1996), Kandalakshd;®ulvanikov et al (1998), Turiy peninsula; 7: &d
et al. (2007) Niva river, near Kandalaksha. * Tétalas F£Ds.
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Two major Devonian dyke swarms are exposed ondbthsoast of the Kola
peninsula. One swarm is located in the north-wasdtqf the Kandalaksha Gulf
and the other occurs on the Turiy Mys. Togethey tteenprise more than 1000
bodies. From field relations, supported by spageedeterminations, dyke
emplacement appears to have occurred in two stadgesly and Late Devonian
times. The Early Devonian magmatism comprise®it@, aillikite, damkjernite

20
195- & Turiy dykes
O Terskiy pipes
wi o 10-
* Kandalaksha dykes
Nazo + -
K50 (o] Khibiny dykes
A ® Oceanlsland Basalts
0
15

Wt % Si0 5

Fig. 1.Total alkalis vs SiQ, diagram for dyke rocks in KACP

and carbonatite dykes, together with monticellitaberlites and ultramafic
lamprophyres [18]. The Late Devonian magmatismtig@aarly developed in the
Turiy Mys, consists of dykes and pipes of kimbedijtalkaline and melilite
picrites, melilites, nephelinites and carbonatisdsSome of the dykes and pipes
contain crustal and mantle xenoliths that yieldghts into the nature of the
lithosphere beneath the region [3, 7]. We comparaesults withy previously
investigated carbonatite and ultramafic lampropluyiees from Kandalaksha [1],
kimberlite pipes and dykes in Terskiy Bereg andaN®, 10], the melilitite-
carbonatite-nephelinite dyke series of Turiy MysdAd dykes cutting the Khibiny
massif [19].

GEOCHEMISTRY

Table 1 presents geochemical data for a selecfialylee and pipe rocks of
the south Kola coast, assumed to represent truenatagliquids. The values for
LOI (Loss on Ignition) are high due to the preseatearbonate, phlogopite and,
in the case of the kimberlites, serpentine. OnTib&al Alkalis vs Silica diagram
(Fig. 1) the dykes and pipes fall outside the fiefdcommon magma types and
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mostly have lower Si©contents than common silica-undersaturated magonas

as basanites and nephelinites. They also gendraltg low total-alkali contents
(<5 wt%). Only some evolved (< 7 wt% MgO) meligs and melanephelinites,
particularly those from Turiy Mys and the Khibinyassif, have higher total alkali

@ Kandalaksha dykes
Turi kes
Wit % Fa fy oy
K40 A Terskiy pipes
O

Khibiny dykes

Wit % Na 50

Fig. 2.K20 vs NgaO diagram for dyke rocks in KACP

contents. Within the dykes and pipes, sodic typesmore abundant than the
potassic varieties (Fig. 2), with the potassic soténding to be melilitites and
damkjernites. Dykes from Turiy Mys and Khibiny middend to be only sodic
varieties.

A Turiy dykes
i O Texskiy pipes
64 * Kandalaksha dykes
O o] Khibiny dykes
Cal/ ] Ocean Isdand Basalts
AlpO3 *
~ *
4 ot
*
*
[m™
*
2 %qi 5 o
YN 5. ° %
0 T T T T

20 30 40 50

Wit % $i0 3

Fig. 3.CaO/Al,0O3 vs SIG for dyke rocks in KACP

Among the dyke rocks, CaO/A&D; ratios range from 1 to >5, with the higher
values greatly exceeding those of ocean-islandlimsaagmas (Fig. 3). Those
from Kandalaksha and Terskii Bereg tend to be neateeme in composition than
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those from Turiy Mys. The MgO-SiQliagram (Fig. 4) shows that the dyke rocks
display a wide variety of compositions. Some amghly magnesian (>12 wt %
MgO) and have moderate SiContents (30-40 wt%). Carbonatite dykes are low in
both MgO and SigQ) damkjernites plot as intermediate between cartitesaand
Mg-rich alkaline silicate magmas and form a positivend between MgO and
Si0,. Some evolved magmas form a fractionation trenuigh SiQ and low MgO
(phonolites), mimicking the trend of the nephelsyenite plutonic complexes.

60

| &  Kandalaksha |
50_%430 | A Turiy dykes |
401 A% A’%zgﬁﬁ P e
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g?o? . * 00 * oo
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Wit % MgO

Fig. 4.MgO vs SIiO, for dyke rocks in KACP

Figure 5 shows chondrite-normalised REE abundaotaglected primitive
dykes and pipes from the KACP. They show strong EREBrichment with La/Yb
between 70 and 200. The LREE abundances are mgblerhthan those of OIB.
Significantly, carbonatites have extremely simiREE patterns to those of the
silicate magmas. Kimberlites and melilitites hasevér HREE abundances than
the other magma types (Fig. 5). Mantle-normalisecbimpatible trace element
diagrams for dyke compositions from Kola (Fig. Bbw that they are enriched in
strongly incompatible elements relative to oceden basalts, especially Nb, Th
and the LREE. Kimberlites and melilitites show augh at Zr, which may be
related to the specific mineralogy of their marsteirce. Both potassic and sodic
magmas show very similar trace element patternscoimrast, a Kandalaksha
carbonatite dyke shows distinct troughs at Rb abd dthough in all other trace
elements it is identical to melilitites and/or kienbtes, including the trough at Zr
(Fig. 6).

A mantle origin for the parental melts within thel& province is strongly
supported by Sr and Nd radiogenic isotope studie?| 14, 15, 16]. Figure 7
shows the age-corrected Sr-Nd results for all aealypipe and dyke rocks from
the KACP. Initial®’SrP®Sr ratios at 380 Ma for carbonatites show variatifrom
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0.7030 to 0.7041. Most silicate dyke types plothmitthe Depleted mantle field
with low #’Srf°Sr and higheNd; values; carbonatites tend to plot in a similalidfie
or with even more depleted values. In contrastagmt samples tend to show
either higher’’Srf°Sr, ratios or lowereNd. In detail, these variations in isotope
compositions have previously been explained by mgixaf melts from two, three

1000
—e-e--- Kimberlite

—a— Damkjernite

100+ —¥— Carbhonatite

—@— Ol phl melilitite
10 —m— Melanephelinite
—e— Ultramafic lamprophyre

-------  helilitite

—0O— Ocean lsland Basalt

Fig. 5.REE plots of primitive magma compositions derivedrom dyke rocks in KACP

or even four mantle and crustal sources [8, 1518622, 25]. Pb isotope results
for the dyke rocks tend to plot around the Northieemisphere Reference Line
(Fig. 8) and show the strong influence of an Odsknd Basalt source. However,
one carbonatite dyke shows remarkably high vald€8’®b/*Pb and®*PbF**Pb
ratios (without a high value 8f%Pb/*Pb). This appears to require formation of an
unusually high U/Pb reservoir about 1.75 Ga agorhaes linked with
metasomatism in the lithospheric mantle.

DISCUSSION

There is no obvious age progression for the varitypes of magmatic
activity. Thus, all of the magma types were fornmmedhe same series of events
over a relatively short time span and over a nebditi restricted area, and must
therefore be related to some extent. The noble syagematics [21] strongly
suggest an origin related to mantle plume actifRgcent experimental results on
the melting of carbonated mantle at 6GPa [6] hdwave that kimberlites and
carbonatites can be formed from the same sourdagdtire same melting event,
suggesting a strong petrogenetic link between cetites, kimberlites and
alkaline ultramafic rocks. Therefore the KACP magjam probably originated in
a single event that was triggered by the arrivabahantle plume beneath the
Archaean/Proterozoic lithosphere of the Kola region
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A very important consideration about KACP dyke gnok rocks is that they
show a very strong tendency to low Si€antents, much lower than most common
alkaline magmas such as OIB (Fig. 1). This maydatdi an extremely low degree

1000

—a&— Kimberlite

—8— DCernkjernite
100 4 §
—&— Ol phlog moelilitite

—&—  Ultramnafic kroprophyme
10 - —a&—  Idelilitite
—8— Idelanepbelinite

Rock ! Primitive Mantle Y —¥K—  Carbomatite

l T T T T T T T T T T T T T T T ERCH] « Ll Oeean Island Basalt
RbBaThNb LaCe St Nd ZrSmEuGd Y Yb Lu

Fig. 6.Mantle-normalised trace element plot of primitive magma compositions in KACP

of partial melting in the source mantle. Howevére tabundance of magmatic
carbonate suggests that the primary magmas weieedefrom a carbonated
mantle and the effect of the presence of carbanatiee mantle may enhance the
degree of silica undersaturation of the magmas ddrnfrom it. The high
CaO/ALO; ratios (Fig. 3) are also strongly indicative ofcarbonated mantle
source. The dyke and pipe rocks also have much monehed REE patterns
compared to OIB (Fig. 5), again indicating a lowlegree of melting than normal.
The low HREE abundances of all primitive rock typedicate the presence of
residual garnet, and the presence of diamondserkitmberlites [10] is a clear
indication that at least some of the magmas werergéed at depths >120km.
HREE values of potassic rocks such as kimberlnasljlitites and damkjernites
tend to be lower than those of the sodic rockshainty due to being derived from
a deeper source with a higher amount of garnes iBhalso in agreement with the
negative Zr anomaly shown only by these samples @i

Dyke rocks clearly represent magma compositiond, l@nce they can be
used to investigate the primitive magmas of the RATable 1). Many alkaline
ultramafic silicate rocks have high MgO (>12 wt%ddrequently have >500ppm
Ni and >1000ppm Cr, and are derived directly frome tmantle. It has been
suggested [9] that an olivine melilite melanephtdinvas the primary magma for
the Turiy dyke series. However, some melilititesl anelanephelinites have low
MgO contents (<10 wt%) and must therefore be thadyets of fractionated
magmas [9]. They also have much lower Ni and Crteras (4-20ppm Cr; 35-65
ppm Ni), supporting the suggestion that they haxeesenced fractionation of
mafic minerals.
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On the MgO-SiQ diagram (Fig. 4) some of the dyke rocks show atipes
correlation between these oxides, which must retataixing between more and
less carbonated mantle source regions. Damkjerfatewithin this array, having
low silica contents (25-27 wt% Sjpand only 10-12 wt% MgO. Although they are
potassic magmas, they appear to be transitiortaliéocarbonatites as they contain
>20% CaO. CaO/AD; ratios for silicate dyke rocks range up to 5 (F3),
indicating a very small degree of melting of a cerdted mantle at depth. The
damkjernites again have the highest Cagibjl transitional to silicocarbonatites
which have ratios >7. Mantle-normalised trace el@ntkagrams for rocks from
the dykes and pipes (Fig. 6) show that kimberhtelilitite and damkjernite have
the lowest HREE abundances, indicating a lowerakegf melting, more garnet in
the mantle source, and probably greater depthrofdton.

* Carbonatites €  Kandalaksha dykes
(o] Khikiry O Terskii pipes
8
= 3 *
6- #
# *
4. *

. O ¢
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Fig. 7.Sr-Nd isotope diagram for Kandalaksha dyke rocks, gpplemented by data for
melilitite and kimberlite pipes from Terskii Bereg and dykes from Khibina massif

Initial Sr and Nd isotope ratios of most KACP dykek-types (Fig. 7) fall in
the Depleted Mantle fielceNd; = 2-4;%'Srf°Sr = 0.7035-0.7045) and the magmas
must therefore have been derived from a depletettlenaource. However, some
pipes and dykes, particularly the potassic oneg otopic compositions that are
quite different from those of the majority of theld magmas. Several processes
could have given rise to these unusual isotopiosaDne possibility is that they
could have been derived from the mantle lithospharehich either phlogopite or
amphibole was present. Phlogopite has a high Rim&over time would cause the
region of the mantle in which it was situated toéna high®’Srf°Sr. However,
mantle phlogopite has very low REE contents, andsseffect on the Nd isotope
ratio would be limited. In contrast, mantle amplbbas modest Rb/Sr ratios but
is often highly LREE-enriched, which would causer leyg values to evolve. The
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impact of the mantle plume on the lithosphere mayehcaused these low-solidus
domains to undergo partial melting, thus produ@ngnge of sodic and potassic
magmas. An alternative possibility is that sampiés low eNd, values may be
contaminated by the granulite facies lower contiakenorust [11], whereas those
with high®’Srf°Sr may result from hydrothermal alteration that htiscted Sr but
not the REE. Without detailed oxygen and Sr isotogasurements of separated
minerals within the samples, this suggestion catmoterified. However, it is
supported by a leaching experiment [1] in which tmeasured Sr isotope
composition of an ultramafic lamprophyre was redué®m 0.711 to 0.709 by
leaching in hot acid. No leaching experiments hlagen carried out prior to Pb
isotope analysis, so the effect of alteration onidetopes is as yet unknown. Pb
isotope ratios of the dyke rocks cluster around typ@cal values of modern
Oceanic Islands, indicating that much of the Pbesved from an asthenospheric
(plume) source. Nevertheless, a single carbonabdlee suggests that ancient
metasomatised mantle lithosphere is also a componethe source of Kola
magmas.

208Pb/204Pb 207Pb/204Pb
43 16.2
* Kandalaksha dykes
42 4 @ O Terskii pipes
Northern Hemisphere Reference Line
] 16.0 4
41 4 *
Y|
40 4 d:] ® 15.9 -
L 4 & \ 4
39 - s =
* 15.6 4
38
3T 206Pb/204Pb 15 4 206Pb/204Pb
19 20 22 24 2% 28 18 20 2 24 2B 28

Fig. 8.Pb isotope compositions (present-day) for dykes amulpes from KACP, compared to
the Northern Hemisphere Reference Line (locus of M@&B and OIB magmatism)

Figure 2 shows that there is a spectrum of sodit @otassic magma types
within the dykes and pipes. Potassic magmas cleadgt have had a different
mantle source mineralogy than sodic magmas, andatien from a phlogopite-
bearing lithospheric mantle is one possible explanaPhlogopite is present in
mantle xenoliths from beneath the Kola region [Sg¢vertheless, the REE and
trace element patterns of the potassic rocks ame similar to those of the sodic
magmatic rocks, indicating a broadly similar sourédthough some potassic

37



Alkaline magmatism, its sources and plumes

magmas have Sr and Nd isotope compositions ovengmaith the main field of
Kola dyke magmatism (Fig. 7), many show much highsrf°Sr or lowereNd,
values. These unusual values may be derived frerertniched mantle lithosphere.
Alternative explanations could be that these raokseither hydrothermally altered
or contaminated by the Archaean/Proterozoic crust.

The evolution and source characteristics of cartienaagmas in the KACP
have been recently reviewed [4]. There is a loaging debate about whether
carbonatite magmas are products of liquid immisityoor can be derived directly
from melting of the mantle (or both). However, maegent experimental studies
[5, 20, 23] have demonstrated that carbonatite smein be formed from
carbonated |herzolite at moderate to high press(8e0 kb). The presence of
carbonatite dykes indicates that carbonate magreas present as separate entities
in the KACP. The similarities of the REE and trabement patterns for ultramafic
alkaline silicate rocks and carbonatite dykes iatlicthat there is a strong
relationship between the two magma-types.

CONCLUSIONS

From the data reviewed above, we conclude that ofdsie primary magmas
within the Kola alkaline province were derived fraanshallow mantle source
although a Devonian asthenospheric mantle pluni@ated the magmatism. The
influx of heat caused melting of the carbonatechgaperidotite asthenospheric
mantle, forming sodic magmas and carbonatites. &sclf metasomatised
lithospheric mantle were also melted and formeag®t magmas. The depth of
melting and degree of melting are probably the mdgmtors controlling the
precise composition of the melts formed.

A spectrum of primary magmas from carbonatite tmkjarnite to melilitite
to ultramafic lamprophyre was derived from melting carbonated garnet
peridotite. Most magmas have very similar tracemelst and isotopic
compositions and therefore are derived from a ammmhantle source. Potassic
magmas may have been derived from enriched maitilesphere containing
phlogopite, at a deeper level than the sodic magmas
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ABSTRACT

Italy is the site of complex Plio-Quaternary volcaactivity, ranging from
mafic to felsic, and from subalkaline to ultra-dika. Mafic rocks display variable
abundances and ratios of incompatible elementsghwbover both orogenic- and
anorogenic-type compositions. This testifies to phesence of very heterogeneous
upper mantle beneath Italy. Orogenic-type rocksgearirom calcalkaline to
ultrapotassic and are mainly erupted in the Aeohdan and along the Tyrrhenian
border of the Italian peninsula. Anorogenic rocksaentrate in Sicily (Etna, Iblei),
Sicily Channel and Sardinia.

When considered collectively, the mafic rocks friéaly show wide variations
of radiogenic isotopes, defining continuous trenkdstween distinct mantle
compositions, such as FOZO and EM1, and betweenGr@ad the upper crust.
These trends have been interpreted as mixing imgldeep reservoirs, emplaced
into the upper mantle by uprising plumes. Howewke occurrence of abundant
rocks in Italy with arc geochemical signatures.(iregh LILE/HFSE ratios) are best
explained by multiple episodes of mantle metas@ngtilinked to Oligocene to
present subduction processes occurred during cgenee between Africa and
Europe. Anorogenic magmas represent uncontamirestibenospheric material that
underwent passive ascent and decompression mettifigack arc areas or along
transfer faults at the boundaries between extrlitleaspheric blocks of the African
margin.

INTRODUCTION

Plio-Quaternary magmatism in Italy occurs in atredy restricted area, in
and around the Tyrrhenian Sea basin (Fig. 1). Roakge in composition from
calcalkaline and shoshonitic to Na- and K-alkalared ultra-alkaline, and from
mafic to felsic, making up a very complex magmatdtting [33]. Most rocks are
intermediate to silicic in composition and werenfied by processes of fractional
crystallisation, mixing, crustal assimilation and, some cases, crustal anatexis
[33, 34 for a review]. However, there are also gigant amounts of mantle-
derived mafic rocks that represent parental mditgotcanic suites and provide
important information on upper mantle beneath Italy

Plio-Quaternary mafic magmas in Italy have veryialde major, trace
element, and radiogenic isotope signatures. Moshoasi believe that these
complexities can be conveniently explained by assgra genesis of magmas in
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mantle sources that were modified by multiple swidn-related metasomatic
processes, coupled with melting of uncomated asthenospheric material
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Fig. 1. Schematic map showing location, ages (mremaeses) and petrochemical
affinity (indicated by different symbols) of Pliov@ternary magmatic centres in
Italy. Inset: distribution of orogenic (i.e. higHUE/HFSE ratios) and unorogenic
(low LILE/HFSE ratios) volcanism.

passively upwelling in zones of lithospheric extens Both subduction and
extension processes would be the effects of theergence between the European
and African plates [e.g., 13, 31, 38]. This hasnbaetive from Oligocene to
present, during south-eastward rollback of the saton zone from southern
France to southern Tyrrhenian Sea, and the contemeous opening of the
Balearic and Tyrrhenian back-arc basins [6, 12thlas context, some magmas (i.e.
the calcalkaline to K-alkaline rocks of the Aeoliarc and the Italian peninsula)
were generated in the mantle wedge above the stibguslab, whereas other
magmas were formed by decompression melting otasttpheric mantle in back-
arc areas (e.g. Plio-Quaternary tholeiitic to Nealthe volcanism in Sardinia and
the Tyrrhenian Sea) or at the margin of the Afrigdate along strike-slip faults
(e.g. Sicily Channel Na-alkaline volcanism) genedaby block expulsion along
geometrically irregular colliding continental mangi[24].
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Other authors believe that the entire recent halialcanism has no genetic
link with subduction, and is related to either #sgent and melting of deep mantle
plumes or to melting of asthenospheric materiannarea of passive rifting [e.g.,
5, 21, 45]. Finally, other authors suggest thathbetibduction and plume
components had a role in the genesis of magmatrsihis case, the Na-alkaline
volcanism in eastern Sicily would represent alnpste plume material, whereas
the calcalkaline to K-alkaline magmas in the south&yrrhenian Sea and the
Italian peninsula would represent plume materiahtaminated by subduction-
related fluids and melts [16].
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Fig. 2. Total alkalies vs. silica (TAS) classificat diagram showing the large
compositional variations of Plio-Quaternary volaaniin Italy.

In this paper the most significant petrologic ambghemical data on Italian
Plio-Quaternary mafic volcanic rocks are revieweithwihe aim of evaluating
mantle source characteristics and exploring thearing on models of geodynamic
evolution of the Tyrrhenian Sea area.

MAGMATIC SETTING

Plio-Quaternary volcanic rocks in Italy range imyaosition from tholeiitic
and calcalkaline, to shoshonitic, Na-alkaline, &xdlkaline, and from mafic to
felsic covering almost completely the compositioraalge of rocks occurring at a
global scale on Earth (Fig. 2). Data on mafic roekth variable petrochemical
affinity can furnish important information on theper mantle beneath Italy [27].
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Based on incompatible trace element ratios, twadbrgroups of mafic magmas
have been distinguished. A first group, generadifemred to as “orogenic”, has
high ratios of LILE/HFSE (Large lon Lithophile elemts such as Rb, K, Th, U,
LREE, Pb; High Field Strength Elements such asNIg,Zr, Hf. Ti) and resemble
magmas erupted at converging plate margins. Angtaip, generally referred to
as “anorogenic”, has low LILE/HFSE and resembleajpfate OIB-like magmas.
Patterns of incompatible elements normalised togdial mantle compositions
for representative samples of the two groups apgvshn Fig. 3. It can be noticed
that orogenic rocks (Fig. 3a) have fractionatedegpas with negative spikes of Ta,
Nb and other HFSE, and positive spikes of LILE eesqlly Cs, Rb, Th, LREE and
Pb. By contrast, anorogenic rocks (Fig. 3b) habelashaped pattern with a peak
at Ta-Nb, resembling closely typical OIB. Th/Yb vea/Yb diagram of Italian
mafic rocks, discriminating between intraplate amnslibduction-related
compositions, are shown in Fig. 4.
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Fig. 3. Incompatible element patterns normaliseprtmordial mantle composition
for mafic (MgO > 5 wt%) orogenic- and anorogenipayrocks in Italy. The
patterns of the Virunga (East Africa) potassic so@nd of average OIB are
reported for comparison.

The orogenic rock group is formed by a few arcéhtds plus abundant
calcalkaline, shoshonitic, potassic and ultrapatassks. These make up several
volcanic provinces or districts (e.g. Aeolian aBampania Province, Roman or
Latium Province, Umbruia, etc.; see Fig. 1 and [88]), and some seamounts
(e.g. Marsili, Palinuro, etc.) in the TyrrhenianaS@-ig. 1). The second group
consists of tholeiitic, transitional and Na-alkalimagmas, mainly occurring in
eastern Sicily, Sicily Channel, Sardinia and in egotaces of the Tyrrhenian Sea
(e.g. Ustica). The geographic distribution of Rloaternary orogenic and
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anorogenic rocks around the Tyrrhenian Sea basschematically shown in the
inset of Fig. 1.

The calcalkaline rocks of the Aeolian arc and saant®are associated with a
seismic zone whose earthquake foci increase inhdepin Calabria towards the
Campania volcanic area (Vesuvio, Campi Flegrei,).efthis defines a narrow
Benioff zone, which is believed to be related te tinmersion of the lonian crust
beneath Calabria and the southern Tyrrhenian Sgaq [&3, 26], and references
therein).
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Fig. 4.Th/Yb vs. Ta/Yb variation of Plio-Quaternary mafic (MgO > 5 wt%) rocks in Italy.
The line divides the field of orogenic and anorogea compositions at a global scale.

The potassic alkaline rocks represent the most itapb magma types in
central Italy. They show a wide range of potassammchment and degree of silica
saturation, from nearly saturated shoshonites atpotassic lamproites to
strongly undersaturated kamafugites and Roman-kypeite-bearing rocks [32-
25]. However, all the potassic alkaline rocks shawious arc-type trace-element
signatures with negative HFSE anomalies and hidlEMHFSE ratios (Fig. 3a).
Some mafic ultrapotassic rocks in Tuscany show leaguilibrated compositions
(Mg# ~ 70-75; Ni ~ 200-300 ppm, Cr ~ 500-700 ppraipd contain mantle
xenoliths [8]. However, their incompatible elem@atterns resemble very closely
upper crustal material such as the Tuscany gn8idgpe granites and average
global subducted sediments [e.g., 39, 43] (Fig. 5).

The anorogenic rocks range from tholeiitic to Nikealihe and nephelinitic,
and have low LILE/HFSE ratios. These rocks are tetaeither on the African
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plate (e.g., at Iblei, Linosa, Pantelleria and Etomin back-arc positions with
respect to the Apennine compressional belt (iyarhEnian Sea and Sardinia).
Radiogenic isotope compositions show continuousatran of Sr-Nd-Pb
isotope ratios from southern Italy to Tuscany amddiBia. Rocks in the south
(Etna, Iblei and the Sicily Channel) hawdatively low 2’Srf°Sr and high
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Fig. 5.Incompatible element patterns normalised to primordal mantle composition for
mafic (MgO > 5 wt%) calcalkaline to ultrapotassic 1ocks

From Tuscany (A) and for representative upper atusicks (B; Tuscany crustal anatectic rhyolites,
Tuscany paragneiss, global subducted sedimentgpeSgranite from Western Alps). Note the close
similarity between the mantle-derived Tuscany magaral the upper crustal rocks.

“Nd/*Nd, close to MORB (Fig. 6), and radiogenic Pb ipetoatios (Fig. 7).
Overall, these rocks resemble the so-called FOZ@tlmaeservoir (Focus Zone;
[17, 47], and references therein). Rocks in Saadihave relatively poorly
radiogenic Sr- and unradiogenic Pb-isotope comijposiaind resembles the so-
called EM1 mantle reservoir. Finally, the magmatisnthe Aeolian arc and the
Italian peninsula shows intermediate Sr-Nd-Pb isictaccharacteristics between
Etna and the typical upper crustal rocks, with t@idiike isotopic signatures
increasing from south to north [9, 16, 18, 48, 4Bblje Tuscany mafic rocks,
therefore, have Sr-Nd-Pb isotopic signatures vergecto those of S-type granites
and metapelites, as also observed for incompagielement patterns (Fig. 5); [39,
and references therein].

SUBDUCTION-RELATED VS. PLUME-RELATED HYPOTHESES
FOR ITALIAN MAGMATISM

There has been an intense debate on the origihoe@QBaternary magmatism
in Italy [see ref. 35 for a review]. Most of thesdussion has been focused on the
dilemma whether this magmatism reflects emplacerokdeep mantle plumes or
it is the products of shallow mantle processesh sas subduction and passive
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asthenospheric upraise and melting [38]. Here,ntaén evidence in favour and
against of the two classes of hypotheses arealhtisummarised.

Evidence in favour of plume-related models

The idea that the Plio-Quaternary magmatism iny ltasults from the
emplacement and melting of a deep mantle plumesdstek to '70. Vollmer [48]
suggested that the entire magmatism along thaiitgdeninsula, from Vulture to
Tuscany, was genetically related to a mantle pluimgnging beneath the Italian
lithosphere during its south-eastward migrationctSa hypothesis, however, was
unable to explain several first-order charactasstf the magmatism, including
trace element geochemistry and timing of magma acephent in the different
volcanic districts [see ref. 29]. Recently, the rp& hypothesis received new
support thanks to seismic tomographic studies arhle et al. [ref. 19, 20]. These
authors presented evidence for the occurrencdmf-aelocity layer at about 100-
300 km beneath the eastern Atlantic, Central Eur@gmel the Western
Mediterranean Sea. They interpreted this layer pisime head and suggested that
magmatism in Italy and western-central Europe maykimately related to this
plume. More specifically, it has been proposed thetp-mantle plume material
(indicated as LVC and FOZO; [19, 20]) ascended a#dnthe eastern Atlantic and
Europe, and interacted with different types of dest upper mantle rocks and
crustal materials generating the wide range ofoghic isotopic compositions
observed in the eastern Atlantic, Central Europd Bfediterranean volcanic
provinces [19].

Based on trace element and radiogenic isotope Gaisperini et al. [ref. 15]
suggested a plume origin for the Quaternary EMXEtypagmatism of northern
Sardinia, whereas the entire compositional vamatiof Plio-Quaternary
magmatism in central and southern lItaly was suggest results from mixing
between a HIMU-like mantle plume and componentsutsiduction origin [16].

Bell et al. [ref. 5] proposed that a plume has Eim depth of 600 to 400 km
for at least 30-35 Ma, beneath the Western Meditean area. Although remote
from the lithosphere, this plume would have beeapoeasible for most if not all the
most important geodynamic and magmatic events oagduin this area from
Oligocene to Present.

Sr-Nd-Pb isotope variation is considered as thenreaidence in favour of the
occurrence of a mantle plume beneath Italy [e.gL6% Sr vs. Nd isotope (Fig. 6)
and Sr vs. Pb isotope diagrams (Fig. 7) show xegtismooth trends that indicate
mixing among at least three distinct and discretd-members. According to
promoters of the plume hypothesis, at least twthae of these components (i.e.
FOZO and EM1) originate in plume(s). Some autherg.( 7) suggest that also
another end-member, represented by the mafic fooksthe Tuscany and Roman
(Latium) provinces, could represent a mantle plulnesuch a view, the high
8Srfsr and low™Nd/*Nd of these magmas would reflect aging and recgclin
of old subduction-contaminated mantle for at léaska in the deep earth before
being emplaced as a plume at shallow depth to gempotassic magmas.
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Other evidence invoked to support the plume hymighencludes the
occurrence of abundant K-alkaline magmatism andpteeence of carbonate-rich
pyroclastic rocks in central Italy (Umbria-Abruzzagion) and at Mt. Vulture. It
has been pointed out that ultrapotassic rocksygieal of intraplate setting [e.g.,
2, 21, 45] such as the East Africa rift, which iassically believed to have
developed above mantle plumes. Moreover, the catbench rocks from Vulture
and Central Italy are associated with melilititesd aare believed to represent
carbonatitic magmas. As for the K-rich alkaline kecthe carbonatite-melilitite
association is believed to be typical of plumetetlasettings such as East Africa
[2, 42, 46].
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Fig. 6.Variation of ***Nd/***Nd vs.?’Sr/?®Sr for Plio-Quaternary mafic rocks (MgO > 5
wt%) from the Tyrrhenian Sea area.

Finally, seismic tomographic images reported by rHeeet al. [ref. 19] are
considered as an important if not decisive evidendavour of the occurrence of
mantle plumes beneath the Western Mediterraneastemecentral Europe and the
eastern Atlantic.

However, the plume hypothesis conflicts with a nembf petrological and
geochemical data that represent first-order featafehe Italian magmatism. The
idea that FOZO or other so-called mantle reserV¢iiMU, EM1, etc.) represent
plumes is based on the concept that geochemicapasitions of mantle end-
members can be linked to specific geological emvitents and tectonic settings.
This assumption is far from being demonstrateddidsussed in a recent paper by
Stracke et al. [ref. 47] FOZO is likely to represerustal material of various ages
introduced into the mantle by subduction processewyarious stages of the

48



Peccerillo A.

evolution of the system Earth. The implication att FOZO or other mantle
compositions do not necessarily represent disaeservoirs preserved for long
periods in the deep mantle and successively emplasactive plumes [see 25]. In
other words, the occurrence of FOZO in Italy oeelsere by no mean implies, by
itself, the presence of a plume.

The Italian ultrapotassic rocks have incompatilidenent distribution patterns
totally different from East Africa potassic volcambcks (i.e., Virunga). The latter
show enrichment in Ta and Nb and depletion in R, T and other LILE ([30],
Fig. 3a). In contrast, Italian potassic rocks (@aohg carbonate-rich rocks and
associated melilitites) show high enrichment in Eland depletion in HFSE (Figs.
3a, 5a). This suggests different source compositaord, most probably, different
tectonic settings for ultrapotassic rocks in Afrimad Italy. As discussed earlier,
the ultrapotassic rocks from Tuscany have radiagesotope signatures and
incompatible element patterns very similar to thokapper crustal rocks, such as
metapelites and S-type granites. If these magmasgedefrom a plume sampling
material that was recycled through the mantle fitiiob of years, it should be
concluded that the original trace element pattdrmcompatible elements were
perfectly preserved and did not undergo any sicgfi modification while
travelling through the mantle in these billion &ays. According to this Author’s
opinion, such a possibility is extremely unlikely.

The occurrence of carbonatitic magma in centrdy Isahighly dubious. It has
been demonstrated that carbonate-rich rocks imaldtdly (Umbria-Abruzzi ultra-
alkaline district) represent ultrapotassic magmasla to those of the Roman
Province (Latium) that have suffered secondary tamdiof carbonate material
from the carbonate sedimentary wall rocks. Thisvislenced, for example, by the
high 00 (around +25) of calcite (see discussion in [3]),3y the high*%0
(around +12 to +14) of phenocrystic olivine andhapyroxenes occurring in the
associated melilitites, and by the high MgO contdrdlivine (Fo up to 99 mol %;
[4, 35-37, 42]). All these data indicate strongemattion of silicate magma with
carbonate sedimentary rocks, which are presenhenrégion with thickness of
several thousand meters. In contrast, the occuerehcarbonatitic material at Mt.
Vulture is well demonstrated, but this has littkeaing on petrogenesis of other
Italian rocks. It must be recalled that Vulturesited east of the Apennine chain on
the edge of the Apulia foreland (i.e. intraplat&isg). Vulture is a volcano that
shows different petrological, geochemical, isotop&nd volcanological
characteristics with respect to volcanoes of UmBiauzzi monogenetic centres
[33, 34]. It likely derived from subduction contarated intraplate mantle [10] in a
zone of slab breakoff [50]. Suggestion that allsth&olcanoes belong to a single
magmatic province and have similar genesis is agall the available field,
petrological, volcanological and geochemical evaden

As for seismic tomography,s\and \b anomalies can be also related to mantle
compositional heterogeneity, in addition to therraabmalies related to plume
ascent [e.g., 11, 22]. Tomographic models are glyodependent on the chosen
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reference mantle structure [e.g., 41]. Using déifgrstarting assumptions, some
anomalies (e.g., mantle plume heads and conduég)appear strong or disappear
entirely [e.g., 1, 41]. Moreover, new S-wave tonagty presented by Panza et al.
[ref. 28] for the circum-Tyrrhenian mantle has shothat there is no evidence of
plumes in this area.
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Fig. 7.Plot of 2°Pb/%*Pb vs.8’Sr/2%Sr for Plio-Quaternary mafic rocks (MgO > 4 wt%)
from ltaly.

The compositions of some mantle end-members (FQMM, EM1, HIMU; 17, 47) are
reported. Hyperbolic lines indicate mixing trends$viieen EM1-FOZO and Upper Crust-FOZO.
For further explanation, see text.

Finally, it has to be pointed pout that the Tyrra@nSea (i.e., the focus of the
proposed mantle plume ascent) is not the site mh@nt magmatism as observed
in other plume-related Large Igneous Provinces (Eelg. East Africa). It also has
undergone strong subsidence in the last 7 Ma @enbs 3700 m deep) instead of
being uplifted as expected for areas of activelyisipy asthenosphere and as
observed in East Africa.

EVIDENCE IN FAVOUR OF SHALLOW MANTLE PROCESSES

There are several petrological, geochemical anglgesical data that support
a subduction-related origin for Italian Plio-Quatary magmatism. First of all, the
bulk of the rocks in the Aeolian arc are calcalkalto shoshonitic, an association
typically related with subduction settings. Theampatible element patterns of
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these rocks show high LILE/HFSE ratios, a featina ts typical of subduction-
related magmas. These same characteristics aresht®on by potassic and
ultrapotassic rocks from the Italian peninsula,ludong those from Umbria-
Abruzzi region (Fig. 3).

The isotopic signatures and the incompatible elémpatterns of Italian mafic
ultrapotassic rocks, especially those from Tuscaagemble closely the upper
crust (Figs. 5 and [6; 33, 34]). Such a close caitjpmal matching requires a
genesis in a mantle that had been contaminated pgperucrustal material.
Subduction processes are well able to bring uppsstal rocks into the mantle
[e.g., 39]. If this process occurred billion of ygago, as implied by the plume
hypothesis, the problem arises of how such a coitiposcould has been
preserved with little or no elemental modificat@iter billion of years of recycling
through the deep mantle. In contrast, these crliktalgeochemical and isotopic
signatures are easily explained if a young contation of mantle sources is
assumed, e.g. by subduction processes occurred®iigacene to present during
Africa-Europe convergence. Finally, the Benioff eofeneath the southern
Tyrrhenian Sea is another important evidence imdawf subduction and of its
role in the genesis of at least the Aeolian arc @athpania volcanoes. A vertical
rigid body cutting the asthenosphere has beenda@taxted by seismic tomography
beneath the Apennine. This suggests the occurreh@ remnant of a young
subducted slab beneath the Italian peninsula [6e4(d]. Most if not all these data
can be hardly explained by any plume theory.

The FOZO-type composition of some anorogenic Italiacks (Etna, Iblei)
remains difficult to explain. Such a problem applt® a larger scale than the
Italian magmatic province [47]. It may represend cdubducted crust, or
lithosphere contaminated during Mesozoic times [d4d¢lse. Some authors [e.g.,
44] suggest that there is not an actively risingr@ beneath the Mediterranean but
the source of anorogenic magmatism is represemnteah lold plume head that was
emplaced long ago and is now standing beneathtkhiwsphere. Such a hypothesis
cannot be excluded. However, it also cannot be dénaked and, therefore,
remains highly speculative.

CONCLUSIONS

Plio-Quaternary volcanism in Italy shows strong positional variations,
which reveal heterogeneous compositions and comeletution processes of
mantle sources. Both subduction-related and infate gompositions are observed.
These complexities are the heritage of the geodimanolution of the circum-
Tyrrhenian (and, more widely, of the Western Mad#eean) region during
Cenozoic. The mantle sources of the Italian magmatsuffered metasomatic
modifications by subduction processes. Meltinghaflse sources gave calcalkaline
to ultrapotassic magmas with clear upper crustalclgemical and isotopic
signatures. The most recent subduction processasred from Oligocene to
present by immersion of the Adriatic-lonian plaelonging to the African block)
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beneath the Tyrrhenian Sea area and the Italianngda. Subduction also
generated backarc opening, where uncontaminatetieraxpheirc mantle
passively ascended and melted, giving magmas withrogenic geochemical
signatures. Other OIB-type rocks on the African gimar(Etna, Iblei and Sicily
Channel) were formed by passive upwelling and mglof upper mantle in zone
of transfer faults developed between extruded b&dckg the collision zone [24].

Mantle plume has been invoked by some authorsp@exsome if not all the

Plio-Quaternary volcanism in Italy. However, itléato account for many key

compositional parameters of volcanic rocks, esfigcihose with arc-type trace

element signatures. The plume hypothesis is thexefionecessary and insufficient
to explain the compositional characteristics ofitireeous rocks in the Tyrrhenian
area, although it cannot be excluded that plumelarement occurred in the past
geological history of the area and is still infleely magma compositions,

especially beneath the northern margin of the Afriplate.
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ABSTRACT

Picroilmenites from the kimberlites of Siberian tfdam are the result of
polybaric fractionation of protokimberite meltsthe stage of the creation of feeder
systems. They are formed in three levels in martlemn usually in the interval
from 70 to 40 kbar according to the ilmenite thebam@metry (Ashchepkov,
Vishnyakova, 2006). Protokimberlites of Siberiaatfurm revel the long trends of
the evolution supposed to be the products of tiybpac AFC processes.

The variation tends of Picroilmenites from Hi-Tiltow —Ti reflect the rising
of melts and reveal inflections due to mantle lageiand pulsing intrusion, several
levels of Cr — enrichment due to contamination aBrahching in the finishing stage
due to the crystallizing in veinand veinlets.

TRE patterns reveal three modes: 1) enriched td0.C1 flat, S,W-shaped, or
inclined REE patterns with Pb peaks — result of Hielting and channel
crystallization, HT metasomatites and pyroxeni@BNIX, IRPS, MARIDS); 2) 10-
100C1 - lineal inclined patterns La/Yb 10-25 with HFSE peaks — result of
polybaric crystallization of protokimberlite meltsixed with partial melts from
peridotites in garnet facies (typical megacrys33$)1000C1 with now peaks of HFSE
low degree partial hydrous melting and mixing witighly evolved partial melts
(middle —low pressure melts and metasomatics).

Only in Myrninsky field the long trend suggest threlatively close
fractionation in long channels to garnet —spinahsition the other demonstrate the
extension only to 40 kbars

INTRODUCTION

liImenite is one of the most wide spread minerahm kimberlites [2, 14, 15,
20-25, 29, 34-36, 39-40, 42-43, 49, 52-53]. Usuallypccurs as the discrete
rounded nodules and there fragments and more rar@iyergrowth with the other
minerals such as phlogopites, olivines and Cr- (esdow) pyropes [44, 46, 55]
and clino- and othopyroxenes [14, 15]. Smallerrggan kimberlites refers to the
different pyroxenitic [44], MARIDs [18, 22, 28] anghetasomatic compositions
[4]. The later are enriched in £k up to 6 %. The small grains common in
kimberlite matrix are lower in MgO and of courseNi© and C30;

And reflect relatively low pressure kimberlite digiization
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Picroilmenites are the indicators of the kimbeslismurces in the placers and
are used for the prospecting due to the higher heand resistance to the
alteration [Muggeridge, 1995] in surface conditions

Number of papers devoted to the picroilmenites rtheariations of
compositions and origin [35, 39, 41, 45, 23, 52vhrtheless many questions are
not solved yet.

The most MG-rich ilmenite considered to be prodwtt the deepest
crystallization in megapyroxenites [15] and in MARI[22] and other
metasomatites. limenite megacrysts reveal veryeclosmpositions to the host
kimberlites [39]. Nevertheless trace element contipos highly very and differ
mach from the kimberlites. This fact supposes tigh kegree of fractionation of
the melts responsible for the megacryst creati@, 3B]. Variations from pipe to
pipe differ much nevertheless some similaritiesdsiofor the picroilmenite from
the same region suggest close way of creation.

In this paper we compare the megacryst composifiamm 50 pipes from 6
regions of the kimberlite magmatism in Yakutia [B:1Here we give the
interpretation of the suggesting megacrysts to benéd by the polybaric
fractionation of the protokimberlite melts [7, 9].

MINERAL ASSOCIATIONS OF THE PICROILMENITES IN
KIMBERLITES

Most common are the megacrystalline nodules whiehcammonly Cr- poor
[24, 45] (<0.5 %). But in Sytykanskaya pipes soargé megacrystalline nodules
in contacts with the dunites are enriched inbQgr(~2%) [3]. Sometimes
megacrysts are surrounded by the polycrystallirgreggates and sometime found
in a cement in polymict peridotites [53]. Which mlag more Cr- rich [46, 55] or
an opposite Cr- poor. Cr- enrichment found for mahgroilmenites from N.
America are more Cr- rich [46] but in the ilmenifesm Prianabarie they are Cr-
poor and lower in MgO.

In the megacrystalline garnets with the zonatio@&®© contain ilmenites and
Cr- low clinopyroxens are found as the intergrow@iant grained ilmenite and
phlogotites intergrowth are common in micaceousbdriites. Judging by the
contacts megacrystalline associations became fgrained as well as the
peridotites [34] and numerous observations in Satgkaya and Dalnyaya pipes
[44]. In pegmatite aggregates they may containireivand clinopyroxenes more
rarely Cr- poor garnets. In intergranular spacéesiiand perovskite are common
and more rarely zircons and apatites. Fine andseograined glimmerites are
common in group Il kimberlites. In turn ilmenitecarutile grains are common in
phlogopite megacrysts.
llImenites are common in high temperature pyroxenimmonly composed from
clinopyroxenes and pyrope-almandine garnets [4BgyTare typical in black hot
othopyroxenites and websterites suggested to beatkes from the plum magmas
as well as in hybrid and anatexic pyroxenites tegulfrom the remelting of
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metasomatites or hydrous remelting of peridotifék. Symplectites of pyroxenes
and ilmenites are common in S.Africa and other larhtes [14] what suppose
enrichment of the parental melts in BiO
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Fig. 1.Integrated compositional trends for the ilmenitefrom different kimberlite
provinces from Yakutia.

Picroilmenites are common in the metasomatic agsons [20-22; 26, 28] in
veins and veinlets in peridotites. Usually in tb&ése they reveal several levels of
the enrichments. For example in Sytykanskaya pipenites in veins contain 2, 4
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or close to 6% GOs. They are more common in the lherzolites on Crbsterites

in Alakite region in Yakytia then in more depletampositions. But in

Prianabarie depleted mantle peridotites (mainlyitdsh often contain Cr- low
ilmenites in association with mica. Carbonatite nletis in peridotites sand
pyroxenites commonly contain fine Cr- less picrahie grains.

MARID- type of [18] are composed from (mica — anipile - rutile —
ilmenite - clinopyroxenes) suggested to be dersséitem the basic hydrous melt
and separate group compile the IRPS (ilmenite #erut phlogopite - sulphide)
rocks which probably are the results.

llmenites are common in the contact zones and myites from
Obnazhennaya and other pipes. limenites well ale rate a common mineral in
the eclogites.

limenites are rarely found as diamond inclusiond dwese are most &3; (8-
12 %) and Mg- rich varieties [47], they are simitarthose from the ilmenite —
bearing peridotites [43]. The others with,Gf (~1%) are similar to those from
diamonds of [27] and MARID [14].

VARIATIONS OF THE COMPOSITIONS

limenite trends (Fig.1) with lowering of T©OMgO, NiO, and often AD;
contents and rising Fea FeOs; and commonly MnO, MOs, and HFSE
components — Nb, Ta, Hf, Y and as a rule REE &aweltiag from the fractionation
in magmatic systems [23, 35], as it was supposdatieabase of the lithosphere.
Direct contacts [34] suppose nevertheless the wature of the fractionation.
Geochemistry with the variations in L0k, Al,O3, V,0; reveal the AFC type of the
fractionation [36]. Some rare contacts also revéal polybaric nature of the
fractionation.

In analogy with the megacrytalls of alkali basatisgacrysts should be the
result of creation of the feeder at the pre eruptgiage and possibly are
crystallizing in he channels where the protokimiberinelts were migrated and
pulsing several times.

Nearly continuous trends with several inflectionnp® are supposed to be
referring to the layering of the mantle columnsci2ase of TiQand MgO in our
opinion reflects the pressure decrease duringgrigthich is in accord with the
increase of the parameters of the ilmenites crystdk. This is proved by the
pressure calculated using orthopyroxenes [30] athdopyroxenes [7] in
associations with the ilmenites. Thus in the varatiagrams the decrease of JiO
- FeO, MgO (fig 1) reflect crystallization duringsing of protokimberlite melts
from the lithosphere base The fluctuations of M@ &,Os probably are due to
the variations of the oxygen conditions,(4 and reactions in the contacts
(MnO). Probably the admixture of eclogites and sudbeld material may increase
the MnO.
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Fe- rich and ilmenites probably are the resulthef lbwest temperature (and
pressure) crystallization in the upper most pathefupper mantle column beneath
the kimberlite pipes.
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Fig. 2. Temperature (T ilm [50]- T Cpx [37]) and pressureP correlations between the
pressures [4] and P determined by the clinopyroxersg6].

llImenites with low TiQ laying in MgO - TiQ diagram within the cratonic
conditions [52] reflect according to FeO{Bg the conditions lower QMF buffer
[48] and are close to the ilmenite crystallizingrr alkali — basalt melts.

MONOMINERAL ILMENITE THERMOBAROMETRY

Monomineral thermobarometry suggest that the ¢adissof the minerals are
determined by the TP conditions. For ilmenite itsvgown different reaction of
the FeFe - MgTi exchange to the pressure and textyyes. Nearly linear behavior
for pressure was found for the entire interval bat temperature the linear
correlation is determined only for HT conditions].[Numerous works where
ilmenite was in experimental products [1, 20, 31] %lo not reveal good
correlations for the temperatures and pressurds thé compositions but it was
found for the cell parameters.

We used the OI- Iim thermometer [50] in monominecahfiguration to
determine the temperatures. The forsterite contestfounding according: Fo=1-
0.12-0.00025*P for pressures lower then 30 kbar Bod1-0.11-0.00025*P for
greater pressures. For Cr- bearing picreitites (CsO5s>1%) the correlation Fo=1-
0.033*F§/Mg;m-0.0133-0,0008*P-0.00005*(°T, -1000) (f.u.) found in ilmenite
peridotites (>150 associations) [20] allow to detee forsterite content in olivine
using the iteration scheme.
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The dependence of geikilite minal from pressure P& from pressure was
used for calibration of pressure. From preliminfoymula P= 27+0,4* TiQ (%)
which was based on the pressure gap from condigstisnated for most deep
metasomatites [22] and most shallow mantle iimeagsemblages from alkali
basalts we checked the correlations of the presstor more then 50 pipes. The
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0 N [ M [ M [ N [ o [ M [
T°C .
" SEA . & Ilmenite-
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e TR Gar- Sp metasomatites
2037 i N
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Fig. 3. TP diagram for the kimberlitic iimenites and minerals in the association.
Garnet thermobarometry for peridotites [5], gathermobarometry for pyroxenites [5]; 3.
clinopyroxene thermobarometry [6] ;4. Clinopyroxeéhermobarometry [37]; 5. orthopyroxenes

thermobarometry [16]-[30]; 6. ilmenite thermobardmé4].

modified equation obtained by the correlation te finessure parameters based on
clinopyroxenes usinf the data base of [2] and ftbenjournal publication allow to
resave a good coincidence of the pressure usinggiine temperatures (fig. 2).

Po= (TiO,-23.)*2.15-(T°C-700)/20*MgO* CpO5-1.5*MnO)* T°C/1273 and
further corrections P1=10*(60-P0)/60s+P
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The correlation lines between the methods of mingermobarometry and
PT diagrams based on pyroxenes and ilmenites rgeealgood coincidence. (Fig.
3).

VARIATIONS OF ILMENITE ASSOCIATIONS IN THE MANTLE
SECTIONS

The TP conditions according to pyroxene thermobatomfor ilmenite
bearing associations are shown on the diagram3)-ifhe most deep part of the
diagram reflect TP conditions of most hot pyroxesitind eclogites (70-60 kbar)
tracing convecting branch of the geotherm. Numblie¢he hybrid pyroxenites and
hot temperature metasomatites are plotting withie transitional part between
lithosphere and asthenosphere from 55 to 60 kbawreMow temperature
conditions are traced by phlogopite metasomatinsveiith ilmenites and MARID
composition from 55 to 40 kbars. Hydrous pyroxenitsometimes are
correspondent to the layer which may be found imtleacolumns beneath the
most pipes. This is due to the accumulation of ware this level due to
dehydration of peridotites and metabasaltic partswbducted slab due to the
pargasite - hornblendite amphibole decompositi@8$ The upper mantle hydrous
metasomatic veins and disseminated phlogopitesegioond to the 40-25 kbar
interval. Relatively rare l|herzolites with largeirpary phlogopites reflect low
temperature conditions in the spinel facie.

VARIATIONS OF THE TRENDS WITHIN DIFFERENT REGIONS
OF SIBERIAN CRATON

Average MgO contents of ilmenite from the pipes arelused to estimate the
probability of the diamonds in the pipes and trecets wich is in accord with the
thermobarometry. But most Mg — rich compositions &#om the metasomatic
associations and do not reflect in reality the ndestp seated mantle assemblages.

We also at the diagram (Fig 1) plotted together ¢benpositions of the
ilmenites from different pipes to show the most awon features of ilmenites in
each region.

For Daldyn pipes [12, 13, 43, 44] the nearly continuous trentypical from
55 to 45 TiQ, FeO — MgO and mor descrete for the others comgen&rowth of
the Fe and incompatible elements is mainly duelitine fractionation supported
by Ni decrease. Nearly constant Al evidences feol#itk of precipitating garnet.
The step - rising Cr content in 3 intervals frord th 2% Cr20 for Zarnitsa pipe
suggests the three steps of contamination possildyring the melt rising what is
coinciding with the layering determined by the T&lcalations [12]. The 50-55
(70-55 kbar) refer to the mantle metasomatites. #&redlarge inflection 45 and
finishing of the major trend refer to the pyroxenliéns where the lherzolites trend
for garnet in CJOs- CaO [48, 49] has an inflection. The abrupt desirepof TiG
content probably refer to the garnet crystallizatibmenites from Osennyaya are
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shifted to the interval 44-50% interval compariogrore TiQ and MgO rich from
Udachnaya and Zarnitsa.

Daldyn field
Ukrainskaya
100.08
[
10.00. =
5 1.004
2
]
-
& 010
0.01
O W Sm_Gd_ Dy B v5. % :
La"%Pe ™ e e T e CoRb=oh U b L L2 Cope T N S 2r T B0y 0 v Byt
V1.
100.60- v 2. 1000.00
A3
X 4.
10.00 + 5 fpa.oo
ki * 6.
F: S IG.W
% 1.004 . §
B 75 1.00
£ g
« 0.103 A%
o0
0.0t o]
0 0003
Ce Nd SmxGd_Dy Er_ Yb
LaCop M SmRGA Dy Er Ve Gy B U Te e P St 2 WP oY £
100.00- 1000.00-
100.60-
10.004

0.
Sm_ Gd_ Dy Er. Vb
1a"%p N S Gy Dy, Er Ve, CapBar U Te) Con STt 2 B Pr Y g Yy,

Zarnitsa

1000.00+

Himenites

Chromites

% Dy B Vo ™ :
1oC0pNd " Sim_ Cd_ Dy, Er Vb CogBap, U yTa, CepyFry Srs il Ti .9y fi0y Eryty

Fig. 4.REE and trace element spider diagrams for ilmenite from heave mineral separates
from Daldyn field kimberlites.

In MgO- TiO, diagram [53], ilmenites from Daldyn are less ozl
then forAlakiteregion InAlakite the ilmenite trends the stlitting in £ are
typical. The most low < 0.5 % Cr 203 are show daseeand starting from
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51% continuous rise of this component. Step rise 5Sinintervals is
characteristic for Yubileynaya ilmenites. But cliystocated Ozernaya pipe
cutting Yubileinaya already contain only Cr- lebranites what refer to the
lack of the metasomatic ilmenites in the mantleuowl of this pipe.
Komsomiskaya and Sytykanskaya pipes where metagpomaherals are
common in the mantle column Cr-less compositionse amore rare.
Comparison of ilmenites from metasomatic xenolidnsl heavy concentrate
from Sytykanskaya pipe reveal that the garnet xdrsofrom lower part of the
mantle section (>55 kbar ) mainly drop to the 586500, interval and those
from the upper 40-55 kbar — to the 42-50% JiBor Aykhal pipe ilmenite
trend is restricted 46-53% TjOIt possible to subdivide it to 7-8 groups. At
the end of trend MgO, NiO is lowering fast but®@4 not so much.

limenite trends for the pipes fromalo- Botuobinsky9] region ilmenite
trends for Dachnaya and Mir are very long 31-50%,Tand similar and
exponential shape looks like a result of continubastionation. They are
similar to those from Angola. Low NiO, &; suggest small degree of
exchange and rise of &); suggest olivine as a and ilmenite to be the main
prcioitation phases. Ilimenites from Amakinskaya amternational’naya
reveal 4 intervals, Cr content is very low and loeednigher in beginning and
at the end of crystallization trend.

Crystallization trend of picroilmenites from DeimOgper — Muna field
Is similar to those from Alakite pipes (fig.1) shiog the increasing in Cr at
the middle part of the trend. Nearly continuousdrenay be separated to 7-8
groups referring to the mantle layering. Similagndl but more long and
discrete was determined for Zapolyarnaya pipehédthers pipes ilmenites
are rather rare.

Only in one probe of tuff from Nyurbinskaya pipecqailmenites are
abundand. The trend is restricted from 55 to 48@, &ind consist from three
groups. Rapid decrease of NiO, MgO and increade=@f, \LOs probably is
due to the olivine fractionation. limenites fronetplacer near the pipe reveal
more long and fractionated trend.

In kimberlites from Prianabarie ilmenites are mooenmon. The trends
commonly are restricted by 55-40% TiBut in several pipes the Fe-ilmenite
compositions are found. Cr-content is low from 4060 kbar and rise only
for varieties >50% TiQ@ Only in Trudovaya pipe the step wise decreasing
from 4 to 1% CyO; was determined.

GEOCHEMISTRY OF ILMENITE MEGACRYSTS

limenites analyzed from the left part of the treemttiched in TiQ as a rule
show low concentration of TRE but the configuratdfier. The middle part show
lineal inclined patterns fro REE and high peaksHHSE. The most enriched
compositions from the left part of the trends destatie the high concentrations
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of all the elements up to 1000 C1 but Ta, Nb, 4raté¢ not higher then the nearest
elements on the spider diagrams.
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Fig. 5.REE and trace element spider diagrams for ilmenite from heave mineral separates
from Alakite field kimberlites.

For four pipes from Daldyn region, only ilmenitesorh Zarnitsa and
Ukrainskaya (fig. 4) demonstrate the patterns whadyy be produced by the
melting from the source containing garnets. Smeafirdssion in MHREE and Pb
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peaks for ilmenites from Zarnitsa suggest the mglarigin of the protokimberlite
melts. The REE patterns of ilmenites and Chromates very similar what may
mean their close nature of origin. But Ukrainskpy@e demonstrate PB minima’s
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Fig. 6. REE and trace element spider diagrams for ilmenite from heave mineral separates
from Malo-Botuobinsky, Nakynsky, and Uper-Muna fields kimberlites.

suggesting fractionation of their parental meliisiehites from Festrival’naya pipe
also demonstrate melting inclined Lajfmtterns with the spreading in the HREE
what suggest the melting of garnet in for the dratt compositions. They also
demonstrate Hf elevation under Zr quite unusualti@r others pipes as well as
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enrichment of some compositions in Ba- Th. The ktwe REE show the Eu and
two folded patterns. limenites from pipe Dal'nydyaving nearly S- shaped REE
distributions.

For the ilmenites from Alakite region the all theeénites from different pips
reveal the own features. Aykhal ilmenites are shearly flat REE patterns for the
compositions from the Ti reach- most deep compmsiti(fig. 5). The mildly —
enriched compositions of Picroilmenites also rewbal TRE pattern typical for
fractionation after melting. And the most enriclgEmonstrate the patterns which
are typical for the very low degree partial mefke ilmenites from Yubileynaya
demonstrate the REE patterns close to S- shap¢ernmthey are also close to
those from chromites. For Ozernaya the shape oREBE distribution is another
the more flat, the degree of the enrichment ddied reveal the combination of the
melting and fractionation. Nearly flat and even atege inclination REE was
found for Sytykanskaya pipe Cr- low ilmenites destoating that protokimberlite
melts often had flat primitive patterns. But ilmesi from xenoliths and large
megacrysts in contact with the peridotites demaustthe inclined pattern slightly
U- shaped in HMREE which possibly formed due totrpekcolation as the result
of chromatography. limenites from Komsmolskaya pgsmonstrate W- shaped
inclined patterns with the inflection on Gd posgilue to the chromatographic
effects though the Pb show that probably meltiisg &bok place.

limenites from International’naya pipe reveal thetern similar to garnets
from pyroxenitic type. They reveal Y minima typidak diamonds. One of them
demonstrate Eu minimum.

In Nakynsky region (fig. 6) the most of high-pregsgarnets show nearly flat
two folded patterns. But the most enrich demonstihie lineal distributions
similar to alkali basalts and other melt came frgamnet facies. Most enriched
compositions reveal no peaks in Hf- Zr.

In Prianabarie three populations of ilmenites aredy demonstrate the
different distributions (fig. 7). Those from Nebgilhave S- shape patterns for
REE, TREE patterns show enrichment both in Nb- fié &r-Hf and varying Y.
Samples from Khardakh pipe show the enrichment b@at1, flat and U — shaped
REE distribution or lineal inclined basalt- like RHElistributions with peaks in Pb.
limenites from Trudovaya pipe reveal the distribatishow three different
distributions. Those with REE near 1-C1 show sligitd — shape and inclined
patterns with Pb peaks in TRE spider diagrams aitdlenrichment Zr-Hf and Ta-
Nb. Those with distributions near 100C1 for La destoate the REE inclination
just close to melts produced in garnet. For mostked ilmenites with the degree
of enrichment up to 1000C1 for La reveal Laj¥15. They show even lower Hf-
Zr concentration then nearest elements.

MODEL OF ORIGIN

The main model responsible for the creation of fiteeis the fractionation of
the kimberlites of protokimberlite melts [23]. Netreeless from our materials it is

66



Ashchepkov 1.V., Vladykin N.V., Pokhilenko N.Rl et

seen that there are at least three different typedmenites with different TRE
and REE patters.

Prianabarie region
Trudovaya

1000.00 1000.004

100.00 100.007

Sample/C1
S
=3
S
>Dqoxxl 3 ¢O+X
- D G0\ N BN -
e B

Sample/PM
g

S

2

=)
5

0.014

000 —Nad sm_Gd_Dy Er_ Yb 000
Pr Eu Tbh "Ho Tm Lu

100.00 1000.00+

[2)

stBaTh u NbTa LacePbPrNdS’Sme zr Ti EquDyHo y Er YbLu

Nebaib
100.00+ vt
10.00+

oOXpEOD
NN AW -

10.007

o
o E
% 1.00 % oo
5 1.00§)\
5 S
9 ]
0.10] 0.104
0.01+
0.01
0.00
Ce_Nd Sm_Gd_Dy,  Er_ Yb
La Pr Eu Tb "Ho Tm Lu CoruBan U Nb T L2 ®®en P Na S sm™ 2 E6d™ Ho ¥ Er PLu
e + 1. Ilmenite
X 2. Ilmenite 1000.00
Hardakh
100.00 % 3. Chromit
100.00
10.00
N S
3 3
= 2 10.00%
Q Q
£ g
]
9 1.004 @
1.004
0.104
0.104
Ce Nd Sm_Gd_ Dy Er. Yb B T P Hf . Ti Ho. Er_ L
La °Pr Eu b YHo  Tm' Lu CoruBan U Nb T L2 ®®pb P Na S sm™ 2 T Eu®%y 1y EryptY

Fig. 7..REE and trace element spider diagrams for ilmenés from heave
mineral separates from Prianabarie fields kimberlites.

Those ilmenites with low concentrations of TRE etets demonstrate
different Cr- enrichment due to admixture of thetiph melts from wall rock
Iherzolites, those with higher Cr concentrationvghagher La/Yl ratios. But
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many of the ilmenite association were formed wiginyvsmall influence of garnets
and thus were produced from very primitive meltsd grossibly within the
essentially dunitic matrix which usually serves teenduit for the melt
movements. Each pipe has there own type of TREatfro such a melts which
are usually very similar to those for chromites.

The middle part and most common ilmenites demotestreommon
enrichment for the fractionation processes andibigton which very close to
those of kimberlites. But taking into account loelR KD for ilmenites [54] it
should be noted that this must be the melts bytder of 2 or more enriched thus
should be the protokimberlite or even carbonatitdtsn Calculated liquids show
the deficit of HFSE typical for carbonatiliguids, that are of course melts.
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Fig. 8.Modeling of the TRE for picroilmenites from Aykhal pipe.

Calculations of the fractionation using as the mprecipitates olivine (90%)
ilmenites (10%) show that enrichment 2 orders ghoeder to the nearly complete
crystallization of the protokimberlite or carboniatimelts. llmenites with the
extreme enrichment to 1000 C1 must be formed fioenmelts that were resulted
from the small degree partial melting of the gatesring associations.
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Looking at the trends of the main components tlore@more separate lines of
enrichment are detected as a usual. Most probedatgls are formed as a result of
repeated pulsation of melts in the magmatic feeddtsthe repeated remelting of
primary formed associations. This model may expiaavery high enrichment of
the melts that formed ilmenites in Ti®Gecause the simple fractionation model and
origin from the kimberlites hardly ever can expl#iese phenomena. Remelting of
the metasomatic front produced by hydrous or makelyl carbonatitic
metasomatism near the intruded kimberlites and ngivof this melts with the
evolved kimberlites is much more realistic model.

Thus we suppose for he creation of kimberlitesahstage model. At the
initial stage the ultramafic melts intruded carldedaand hydrated base of
lithosphere produce a high temperature Metasomatigimthe essential depletion
of the base of lithosphere and formation of chremiand ilmenites precipitates
(rarely subcalsic garnets within the feeders). Tineak up of the immiscible
liquids during cooling brings to the separationtloé major part of Ti@in the
carbonatitic melts which produced the Ti rich Metaatism near the feeding
system. Next impulses of the melt intrusion was ifeated by the remelting of
metasomatites and high enrichment of this meltBi@y. Step wise process of the
melt rising were resulting in continuous enrichmémtthe Cr and Ti@Q and
creation of the megacrysts with step rising of @Gibke for ilmenite trend from
many pipes (Yubileynaya, Zarnitsa etc.) [3, 8-13].

Ad the last stage at the top of the magmatic sysisumally upper then 40kbar
the enrichment in water nears this level bring tee tbranching of the
protokimberlite melts and growth of the phlogopitiésenites veinlets in the
peridotites with the very low melting degree whiahne typical for hydrous
metasomatites. Sometimes fluctuations of Hf, BaSBHFY, Pb, Sr and show that
ilmenite crystallization at least at the last lowmperature stages were
accompanied by the growth and dissolution of zirecatile, phlogopite, perovskite
and apatite.

Concrete mechanism of the contamination and metiluéen is not
determined yet. It should vary between three modeldolybaric step rising
chamber fractionation in the semi closed systenth wie dissolutions of the
minerals from the roof.2. Interaction and dissolutions of the wall rock
metasomatites during melt movements with the pugpinthe partial melts from
the contacts3. Magmatic substitution by the rising melts enrichedsolatiles of
the large volumes of the host rocks at the frorthefrising magmatic systems.

Concrete mechanism may be the combination of thrmaye complex model.
For Mir and Dachnaya pipe the long crystallizatime is likely the result of the
fractionation in the continuous magma feeder. Flakite pipes the pulsing rising
with the remelting of the metasomatics is moreiséal

69



Alkaline magmatism, its sources and plumes

CONCLUSIONS

1. Crystallization trends of the ilmenites reflectethpolybaric
fractionation at the stage of the creation of geder systems.

2. TiO, - MgO in Picroilmenites increasing with the prasswvhile
entrance of Fe and Mn indicate the temperaturecdser

3. Correlations between the layering and changes efPilsroilmenites
components are explained by the exchanges of thggmam responsible for the
ilmenite creation with mantle wall rocks.

4. Mantle layering determine the three levels way pasisible stages of
megacrysts origin: 1) deep HT mantle metasomatifgsoxenites and
crystallization in the feeding systems; 2) fraciton of the protokimberlite melts
mixed with the partial melt from the wall rocks; BWw degree partial melting of
the hydrous metasomatic fronts and mixing withetelved protokimberlites.
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ABSTRACT

The studying of indicator minerals from kimberlitemd mantle xenoliths
allowed to conclude that main kimberlitic mineralgch as garnet, olivine and partly
chromite and ilmenite are xenocrysts from the degimated mantle rocks as well as
diamonds itself.

In this paper are described associations with th@mand from the
Nyurbinskaya and Sytykanskaya pipes that combineethdifferent groups:
inclusions in diamonds, intergrowth of diamondshwihegacrystic minerals and
diamondiferous xenoliths. Chemistry of minerals geduliarities of diamonds are
discussed. Garnet inclusion compositions from diaaisoof the Sytykanskaya pipe
suggest that peridotitic paragenesis predominathisnpipe but in intergrowth with
diamonds are found eclogitic garnets. The distrdoutof eclogitic diamonds is
confirmed by the finding of 11 diamondiferous edleg. According the wide
distribution of partial melt products and othertteas not excluded the metasomatic
origin of diamonds in some xenoliths.

Presented in this paper data are important consgléneir implication to this
problem at least in three aspects: 1) first of ladicause of their wide variations in
composition of studied samples, 2) in connectiothwie unusual peculiarities of
kimberlites and mantle associations of these pipesd, 3) as samples containing
diamonds.

It is possible to speculate from these evidencasrttany eclogitic and part of
pyroxenitic xenoliths are experienced a strong s@tatic influence. There is ample
evidence that this statement is confident andithebnfirmed by wide distribution of
zoned garnet in investigated parcel of diamondifsrosamples from the
Nyurbinskaya pipe and intensive development of ghigte and other metasomatic
minerals in eclogites of both pipes.

Keywords: kimberlites, indicator minerals, xenoliths, ecl@git diamonds,
garnet

INTRODUCTION

At present possible consider and it is enough ratgty by different facts that
suppressing part of kimberlitic indicator mineral$ormed due to disintegration of
mafic and ultramafic mantle xenoliths [1-40]. That,the first place is a main
indicator mineral - garnet, amongst the broad variety contiposiof which
possible only some separate megacrysts preselitdesgevate of the kimberlitic
magma or sooner have a related relationship withb&rlites. To such, as judged
by given fine geochemical and isotopic of the stadican be referred low
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chromium and somewhat high titanium garnets, whiehconsidered as formation
related kimberlites or having with them united sBuf19]. At least, even precise
isotopic of the study do not allow to select amangsgacrystic garnets certain
types of garnet, which could be considered as ddridue to magmatic
differentiation of the kimberlitic magma. More paddly that the overwhelming
part of megacrysts is also formed due to breakdafnilmenite bearing
ultramafites or others mantle rocks. Xenogenic measll others pyropic garnet as
high chromium, so and low chromium to account perid and pyroxenitic or
eclogitic xenoliths does not cause the doubts.

The most ambiguous is a question of the chromeelgpisource and
recognition amongst them xenogenic grains from nientle ultramafites and
strictly kimberlitic chromites. To the last, ceripi, can be referred spinel
microcrystals from the kimberlitic ground mass, leeer evident criterion of the
difference their composition and principle of thepparation clear paragenic types
all do not exist, in spite of it is enough detailddsigned categorization that
developed in works [3, 8, 27].

Before recent time was considered that main paotioihe in kimberlites is a
direct derived of the kimberlitic magma, but whaté shown the detailed studies
Re-Os systems of the in situ sulfides in largergraif olivine from the Udachnaya
pipe [9], overwhelming quantity of large more tham® mm olivines, is also
xenogenic.

limenite, in the opinion of some researchers inamty its crystallized right
in kimberlitic substratum that is motivated its geemical particularity and in the
first place that exists specifics a compositionegivmineral, as in respect of
different kimberlitic fields, so and somewhat separkimberlitic pipe [14]. The
possibility to crystallizations ilmenite right inrkberlitic substratum is confirmed
beside detailed geochemical and experimental suglieen mineral and does not
cause of the considerable doubts. However we studél that ilmenite the less
wide-spread mineral in comparison to spinels inugtmass of majority of
kimberlites. Garanin V.K. is distinguished 11 geémegroups of ilmenite for
kimberlites of the Archangelsky province, that qarallelize as well as with
ilmenite groups in kimberlites of the Yakutian pimze [3]. It is shown that in the
high grade diamondiferous pipes of Yakutia (Mir,dddnaya and other) is noted
consistent narrow and clearly directed evoluti@mdr of the ilmenite composition
from the peridotites through ilmenite-pyroxene tarrget-ilmenite intergrowths
with increase in this direction geikelite componeémtilmenite. From brought
statement, obviously that genesis of ilmenite limkth the mantle ultramafites.
Moreover the composition varieties of ilmenite enwliths practically completely
overlap the spectrum of this mineral in kimberlifgs8, 14, 33].

Thereby, we can not deny the fact of the presehdenenitebearing mantle
xenoliths and hence the presence of two differaugs of this mineral in
kimberlites. However on present stage of the sjdikear toolbox on division of
the origin given mineral in kimberlites is not ialk¢d, since if consider only
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chemical particularities of ilmenites from kimbé&eb and mantle xenoliths, that
exists enough big field of their composition ovpdang. Using the geochemistry
also does not give the clear criterion of divisibese two in principal different
genetic groups of one mineral type and given prabtequires undertaking the
additional studies and generalizations.

ANALYTICAL METHODS

The study of the garnets and others minerals compogredominantly was
realized by means of x-ray microprobe Superprob&-8800R of "ALROSA" Co.
Ltd. (Mirny) and partly with electron microprobe i@aca (IGIG, Novosibirsk) and
Institute of Geology diamond and precious metalsakQisk) in reference
conditions. In separate cases analysis of seconphages of partial melting
products and some other minerals was execwittd using Link ISIS - 300.

0.00,1.00 *+ Mir (287)

¢ Internationalneva (189)
& Zapolyarnaya (313)

*  Yubileynava(511)

* Kom:z=omolskaya (366)
* Zarnitsa(620)

A Udachnaya (74)

1,00
0.00 025 0,50 0,75 1,00

Cr303 CaO

Fig. 1a.Plot of the garnet compositions in the kimberliteof main industrial
diamondiferous pipes in coordinates on Cr-Fe-Ca.

Analytical conditions included an accelerating agk of 15 keV, a beam current
of 20 nA, beam size of 5 um, and 20 seconds cagititime for all elements. In all
cases natural minerals and synthetic were usedtaaslasds. Predominantly
certificated in IGIG (Novosibirsk) natural mineral®re used as the standards. All
analyses underwent a full ZAF correction.

RESULTS

Studies of the chemistry of indicator mineral werecuted during of the last
four years from the Yakutian kimberlite pipes wilfferent productivity. As a
whole, indicator minerals in association with diasddrom high-grade kimberlites
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have a following particularities: for garnet, asidem high contents of chromium
and comparatively low - calcium, characteristic rafsed content sodium and
lowered content of titanium; chrome spinels ditfez lowered contents TIOMgO
and raised - Fe; in olivine noted lowered amountideoxide and titanium, but in
clinopyroxenes - lowered concentrations Al, Fe,Min and raised - Mg, Ca, Cr
and Na.

CaO,wt%

6
Cr,0,,wt.%

Fig. 1b.Plot of the garnet compositions in the kimberliteof main industrial
diamondiferous pipes on diagram of N.V.Sobolev [27]

Major portion of these regularities it is enougtviolns from data given on
garnet from different kimberlitic pipe, which anaglsnitted on triple diagram CaO-
FeO-CgO; and are illustrated also on the known diagram of.N6obolev [27],
reflecting distribution of garnet in associationtiwidiamond (Fig. 1a,b). From
presented illustrations it is enough obviously thia® compositions of garnet
population from the industrial diamondiferous pipeactically are completely
overlapped, to say at least, in ratio of Ca, Cr & that is indicative of
resemblance composition variations of main indicatoneral - garnet, within not
only separate field, but also different fields. iHatly that these regularities can be
kept only under it is enough representative amoohigrains in analysed garnet
sets from each pipe.

The small differences are fixed on diagram Ca@ogrin particular, raised
calcium content differ the garnets from pipes Migmsomolskaya and Zarnitsa,
but garnet compositions from pipes Jubileynayalddadchnaya are wide-spread in
area of raised Cr-content (Fig. 1b). With standpdalefining influences of the
composition mantle source on the composition ofciadr mineral kimberlites of
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interest discuss the results, got in process ostiha@y of diamondiferous xenoliths
collections from the Nyurbinskaya and Sytykanskaipes.

MINERAL  ASSOCIATIONS WITH DIAMOND IN  THE
NYURBINSKAYA KIMBERLITE PIPE

Paragenetic associations with diamond in kimberidan be split into 3 main
types: a) association different mineral, being kept inclusions in diamond
crystals, b) minerals intergrowth with diamonds,xenoliths of diamondiferous
mantle rocks. The picked types, in that or otheowm are discovered in all
kimberlitic pipes with the industrial content ofadionds. These associations
always attracted the stare attention of the rebesascsince they contain the most
reliable information about condition of the diamondgin in the nature and
information on particularity of the environmentthe time of diamond formation
I.e. petrologycal particularity of the upper mardfegiven region.

As any new object, kimberlites of relatively redgntliscovered pipes
Botuobinskaya and Nyurbinskaya were a subject@irntensive studies in the last
decade. In spite of this short term, study of teelggy and mineralogy kimberlites
and the other particularity of the composition lnége pipes is dedicated series of
publications [1, 4, 13, 16, 31, 34]. In these workslemonstrated singularity of
kimberlites of the new field, as on isotopic featjrthat approaches them with the
2-nd group of kimberlites and on particularity ¢fetcomposition of indicator
minerals, in the first place garnet and chrome edpinThey are revealed also
essential differences of the lithospheric mantleleuneath the Nakynsky field,
both on set of petrographic types of the mantle&ksp@and tectono-magmatic
evolution in comparison with nearby Malobotuobinskygd Daldyno-Alakitsky
regions [31].

Already first information on study of the diamoralgernal morphology from
kimberlites given field have shown that they arsoatlifferent on spectrum and
ratio of the morphological groups from the diamgoapulations of the others
kimberlitic pipes of Yakutian province [4, 34]. ldiamond population raised
amount round crystals was fixed from kimberliteskitesky field, diamond "in
coat" and diamond with cavity, channel of the gindland the other sign of the
natural dissolution and resorption. Under visuatigtof the mineral inclusions in
diamond from kimberlites of this field, was noteadsed contents in them orange
garnet and the other mineral supposedly eclogg®oeaiation [4, 34, 40]. This
conclusion was confirmed by microprobe study reswt the inclusions in
diamonds from the Botuobinskaya pipe, which havanshthat more than 50 %
crystal belongs to the eclogites paragenesis thiatqu to the high abundance of
eclogites crystals amongst diamonds of this pigd.[That makes obvious the
specificity of the new region and importance of 8tady of the particularities
mantle xenoliths, especially with the diamondshian.

The material for given studies have included thatteaocks or monomineral
garnet megacrysts containing single diamond intevtr or in rare cases several
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crystals on their surfaces. Xenoliths and megasmygh diamonds (more than 160
samples) were extracted from kimberlite ore in pescof its enrichment by means
of X-ray separators. Since sample are presentatdeogarnetbearing xenoliths, in
which of primary mineral only garnet was fresh re@mar nearly monomineral
garnet megacrysts, given mineral alongside wittmdiads was a main object of
the studies. The microprobe study of its compasiti@as done for all samples and
morphological study of diamonds was executed.

Table 1.

Average composition of garnet groups of diamondiferus xenoliths from the Nurbinskaya
pipe, after [38].

Sort 8 Gl G2 G3 G4 G5 G6 G7 G8
Eclogite | Eclogite | Eclogite | Eclogite | Eclogite | Websterite | Webhrlite- Dunite-
Group B | Group B| Group B | Group B| Group C| + Eclogite | Lherzolite | Harzburgite
SiO, 39.3(7)*| 39.7(5)| 40.2(4) 40.5(14) 40.2(4) 4Q1% 40.5 (4) 40.7 (5)
TiO, 0.27 (9) | 0.45(12) 0.29(6) 0.38(14) 0.40(11) 00:BO) 0.37 (13) 0.15 (6)
Al,O4 21.2((3)| 21.2(5)| 21.8(3) 22.0(19p) 21.9(B) 221 22.0 (18) 15.4 (13)
Cr,0; 0.07 (5)| 0.08(5)| 0.08(6 0.10(7) 0.10 (%) 0.61 (| 0.17 (7) 9.87 (16)
MgO 9.38 (20)| 10.2(14) 12.4(4) 14.1(1R) 9.00(97) .51H0) 20.6 (33) 19.1 (9)
CaO 5.09 (75)| 8.27(84) 5.05(79) 10.2(22) 16.3(15).82383) 3.37 (95) 6.12 (11)
MnO 0.48 (12)| 0.39(7)| 0.38(6 0.19(7) 0.14(®) o8y 0.34 (12) 0.47 (9)
FeO 23.1(21)| 18.2(23) 18.8(9) 10.8(3p) 11.0(45) .4184) 10.7 (37) 7.46 (42)
Na,O 0.10(4) | 0.16(6)| 0.12(2 0.22(6) 0.17 (B) 0.22 (| 0.12(5) 0.04 (2)

NiO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

Total 98.99 98.65 99.12 98.49 99.21 99.32 98.17 99.31
#samples 7 13 40 6 10 30 8 7
Relative % 5.8 10.7 33.1 5.0 8.3 24.8 6.6 5.8

Note: *- Numbers in () represent the 1 sigma precisibthe analysis in terms of the least unit cited.

The representative samples collection is presdmtedund form xenoliths or
monomineral garnet, containing visible diamondstow of samples is discovered
on the surface 2 and more diamond crystals. Thisngcollection of xenoliths and
megacrysts with diamond is unique in having multipl of samples and that they
are found in kimberlites recently open pipe. Intsmf a many years industrial
mining of such known pipe as the Mir and Udachnayee whole amount
discovered in them xenoliths with diamond, as a,rdbes not exceed 100 samples
in each pipe. This is rightly for xenoliths withadnonds collected from studied in
detail kimberlitic pipe, as of Yakutia, and Soutfriéa [5, 10, 17, 18, 23-29, 33].

Not stopping in detail on features of diamonds gegmmesent in xenoliths,
shall note only that in most cases they are preddoy octahedral crystals. In the
whole, on collection the following morphologicabdiond groups are in the ratio:
octahedrons - 65%, transient forms - 22%, interginov8%, different twins types -
5%. In several studied samples the diamonds asepten amount five and more
crystal. Herewith in some xenoliths noted accunmabf diamonds, those form
the separate chains and veins. In rare sampleslitbmonds are presented by
coated crystals, which usually have yellow-greeloradion. The size of diamonds
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varies from 0.5 mm to 4-5 mm on long axis. It isessary to emphasize that many
diamonds contains the channels of the pickling #wedother signs to corrosions,
amount such like crystal on collection as a wholens~ 30%.

As was it already noted, in all xenoliths garnetsavanalysed on subject of
the determination main rock type, moreover in masses, was realized
determination of the composition central and pestphgarnet zones for the reason
of possible zonation discovery. On this base alm08t of studied garnets reveal
zonation in respect of the main element - Ca, Mfjlégm The results of microprobe
analysis composition this mineral in explored xé&hel were recalculated by
means of factorial analysis that has allowed selg@& groups garnet; it is enough
clearly differing on that or other main componesit][ There were given amount
of analyzed samples and percent contents of tharaepgroups in the studied
xenoliths parcel (Table 1). Chosen as a resultudter analysis the garnet groups
are correspond enough close upon their composiiorthat garnet types in
varieties of mafic or ultramafic mantle xenolither particular, group G-8
completely corresponds to the garnet of dunitethangite paragenesis, according
to high chrome (> 8.0 wt.%,03) and magnesium and answer the group G10 of
Dawson-Stephens classification [6]. The garnetshef group G-7, with similar
high magnesium, are differing much more low corge@®O; and CaO and link
with garnet of lherzolite or wehrlite xenoliths. &lgarnet group G-6 corresponds
to this mineral from garnet websterites, which mile$s magnesian in contrast
with garnet two previous groups, but also has lawDQ@ontents. Is not excluded
that separate sample from this groups xenoliths lm@ong to the magnesian
eclogites. The garnet group G-5 corresponds comldgldte mineral from the high
aluminous eclogites, including grospydites, kyamitel coesite eclogites, as well
as samples of this group with corundum. High Ca@amnet is a criterion for
separation of these type xenoliths [29]. The garoédth group close previous on
magnesian, but differ the smaller contents CaO wgmuh their composition can
belong to the different types Mg-Fe-eclogites [31llster groups garnet G-1, G-2
and G-3 for that typical low Cr raised Fe and vagyCaO contents correspond to
the garnets from varieties of magnesian and Mg-d¢tegées. It is necessary to
note that garnets of the group G-6 with raised Mg#é lowered Ca can belong to
both xenoliths types’ as magnesian eclogites amdegavebsterites. Close on
composition of main oxides garnets can be found alsmegacrysts association
from kimberlites [6]. Somewhat ambiguous also mahexuster group G-7, that
differ the raised Cr and Mg and low contents cafciThe similar garnets meet as
in composition of Iherzolites and pyroxenites x#éhs| and also can be correlated
with garnet megacrysts association, probably, reessonable to select those in a
group of transient rocks. In any case, the firgé fcluster groups, that unite the
garnets with moderate Mg, raised Fe and low Ciy Wigh degree of probability,
answer the varieties of mantle rocks predominaotigclogitic composition. On
share of this type diamondiferous xenoliths hapgensiore than 60% sample in
given parcel of diamondiferous samples. It showddelmphasized that samples,
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certainly, of dunite-harzburgite paragenesis foressl 10% from the whole
population of diamondiferous xenoliths (see table 1

The analysis of the inclusions in diamonds of tlduBbinskaya pipe of the
same Nakynsky field have shown that eclogite paragis forms not less 50% of
the whole diamond population of this pipe [16]. Bwchigh content of eclogitic
paragenesis diamonds never was noted earlier amdragaond populations of
any kimberlitic pipes of the Yakutian province. Ebedata are persuasively
confirmed by our results of studies of diamonditexoxenoliths from the
Nyurbinskaya pipe. As it was shown aboves thain part of samples amongst
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Fig. 2.Plot of the composition of garnets in diamondiferas xenoliths and in kimberlite
concentrate from the Nyurbinskaya pipe.

1 - garnet from diamondiferous xenoliths and 2 mgafrom the kimberlite concentrate (level 612-687
AKB).

diamondiferous xenoliths consists of garnet bemegponsible by its composition
for different type’s eclogites or less garnet wehgts. The portion of ultramafic
paragenesis samples: dunit-harzburgites or in szames, probably, Iherzolites or
pyroxenites of the composition amongst the whol#ectbons forms < 10%.

Herewith necessary to note that percent contentliamondiferous eclogitic

associations can be even above since in givenctiolhs practically were absent
xenoliths containing diamonds of cubic form. Asged by author's material, the
amount of those crystals in diamond population$ pape forms not less than 3-
5%. Since all xenoliths were recovered with theihaacent separator, naturally
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that xenoliths containing cubic diamonds, could l®extract due low intensity of
X-ray luminescence of these crystals. At the same,tas it was noted earlier,
kyanite eclogites are a maternal source of this ;odiamonds [29]. Thereby, is
not excluded that portion of eclogitic substratdraying been a source ambience
for diamond formation in the subcontinental lithbepc mantle under this
kimberlitic field, was else above.

All received results on garnets chemistry from mddxenoliths and
megacrysts with diamond are shown on triangulargrdim of the garnet
composition in coordinate Mg-Ca-Fe (Fig. 2). Asldals from presented data,
garnets field from diamondiferous xenoliths of tyurbinskaya pipe occupies the
broad range on all main component. Moreover on @sitipn variety garnets
from xenoliths and megacrysts with diamond ovetlsg field of diamondiferous
xenoliths from pipes Mir and Udachnaya [28]. Oniatiwns of the contents CaO
range garnet in associations with diamond from Nparbinskaya broader, than
in xenoliths with diamond from the Mir pipe. Necass to note that garnets
composition in Nyurbinskaya xenoliths turned oub®broader, than on separate
horizons and in concentrate from bore holes of thge. The comparison of
garnets composition variations from concentrate @iadondiferous associations
shows that field of the garnet associated with diaats several broader, than field
of garnet from concentrate (see Fig. 2). That goort the necessity of the more
careful selection of garnets in test when undentplsearch and exploratory work
on territory of the Nakynsky kimberlite field. Tligange garnets of eclogite type,
sometimes close on external look to almandine garinmetamorphic rocks and in
some cases can be rejected and be not includeanplisig of indicator kimberlite
minerals associating with diamond.

The received data indicate a specific compositibthe ambience diamond
formed and accordingly that the lithospheric maitleegion of new Nakynsky
kimberlite field. Probably, this explains high geadf diamonds in kimberlites of
both pipe, which is in this instance provided bghhcontent of diamonds in mantle
xenoliths, in the first place in eclogites. We c¢ait confirm on all 100% - is this
result of selective seizure or effect of the ana@uslcomposition to mantles in
given region. However, the results, received ircpss of the study xenoliths with
diamond from the Nyurbinskaya pipe, indicate ofsed widespread of
diamondiferous eclogite xenoliths and pyroxenitekimberlites of this pipe. This
allows considering the more probable reason foridant of eclogites paragenesis
diamond - raised spreading eclogites substratunthen lithospheric mantle
composition under Nakynsky kimberlite field. Asiftem this, such indirect signs
as broad spreading of round dissolved forms of drada and crystals with channel
and the other signs of corrosions are indicatorseaed influence the processes
metasomatism and partial melting on diamonds fdonaf28, 36, 38]. These
processes, probably, have not only defined theepcss of the separate types of
crystals and specificity diamond population, bwbalprobably, have provided the
arrival of sufficient amount carbon, due to inteesipenetration of fluid
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components. The participation of metasomatic pseEsand accompanying fluids
in origin of diamonds is emphasized by the presearigghlogopite in rims around

diamonds in xenoliths and by the zonation in gaofeiamondiferous xenoliths of

this pipe [28].

It is well known that garnets in the majority oflagite and websterite
xenoliths from kimberlites uniform on composition ithin sample and
homogeneous in separate grain [18, 31], but in edafrom diamondiferous
xenoliths of the pipe Nyurbinskaya this regularisy not a case. Performing
microprobe analysis has discovered the presengmosdible garnet zonality in
many samples. Special attention was done and sestilmicroprobe study of
chemistry of central and peripheral parts garnaingr from many samples are
presented in [38], where it is enough obviouslyalemated inhomogeneity of this
mineral on that or other component. This is exmess changing of contents Ca,
Mg and Fe, and in more rare cases of titanium am@ngium. It should be
emphasized that zonation in garnet can result framleast, two different
processes: 1) magmatic crystallization or subsselidtansformation and 2)
zonation can be a result of metamorphic transfaonaf35].

If garnet or other mineral zonations were formedaasesult magmatic
crystallizations, that usually define the falls ofagnesian and increases the
contents a ferric from the centre to peripheriegarhet grains. Zonation of garnet
in studied xenoliths, on the contrary, is expresaegrowth of magnesian, as well
as, in contents CaO to the rim of grains. The cunt¢ FeO, opposite, falls to
periphery garnet grains in the majority of samp®sch behavior of the row of
petrogenic elements indicate that the most probabdmario was a change the
contents Mg, Ca and Fe under influence of metasorflaids. The conclusion
about forming zonation in the process of metasoseai® emphasized also by the
emplacement rims around zonal grains and veins utagcby metasomatic
minerals, in the first place by phlogopite.

MINERAL  ASSOCIATIONS WITH DIAMOND IN  THE
SYTYKANSKAYA KIMBERLITE PIPE

The Sytykanskaya pipe, opening in 1955 and is éatah 27 km to the
northeast from the Ayhal town. Almost 98% of itse@arwas overlapped by
terrigenous-carbonate sediments with thicknes220m and traps 5 to 72 m [29].

Diamondiferous eclogites from this pipe were ddxai in four separate
publications [12, 15, and 24], however compositionsin minerals garnet and
clinopyroxene are brought only on two samples. Hyxaalso episodic and
fragmentary is brought information on morphologasd other particularity of
diamonds in xenoliths. Analyses of minerals pratycare absent in literature on
composition of diamond inclusions from this pip€snsidering that at present the
developing of the Sytykanskaya pipe practicallgosnpleted, we have considered
expedient to characterize as minerals, associattly diamond in intergrowth,
inclusions and diamondiferous eclogites, and mingreal particularities diamond
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themselves from these association on author's rakterth attraction of the
literary information.

The Sytykanskaya pipe consists of two independediels: northeast (main)
and south-west. The pipe is built by three phaseseokimberlite intruding. As a
whole for kimberlites of the Sytykanskaya pipe m@cteristic of raised amount
of pyropic garnet and picroilmenite. Herewith biiacaf northeast part of the main
body is characterized by smaller contents pyrope ranore high - picroilmenite,
than breccia of central part. In south-west bodsopg contents are lower than in
both parts of the north-eastern body, but picrailitee occupies the intermediate
position between amount of this mineral in centmatl north-eastern parts. The
content of the mantle xenoliths varies from raresouth-west body to 3.5%
volume in the central. Characteristic is the shmgvalence of ultramafic types for
central part. Except of presence of cataclasticztiides and diamondiferous
eclogites, central ore pole differs from north-eastby raised amount of dunites,
garnet-spinel |herzolites, lowered - an ilmenitéraldasites and equal-grained
garnet l|herzolites. The Sytykanskaya pipe pertaimsdeposits with sharp
difference in diamond grade and different typomarfieatures of diamonds of
separate ore poles. Content of diamonds in porfihkimberlites of north-eastern
body is less, but in autolitic kimberlite breccian-7 times less in contrast with
autolitic kimberlite breccia of the north-easteondi [40].

Previously than give the short description of xéhelwith diamond it should
be noted that all of these samples were displaygd products of the enrichment
of the exploratory tests Amakinskaya expeditiont thas conditioned the small
size of xenoliths or mineral-intergrowth with diantb The consolidated features
of the modal composition of samples, amount crystalthem and sketch
description of diamonds were provided in [32]. Frbrought data turns attention
on itself that diamonds are discovered in xenolitbs only in xenoliths and as
intergrowths with pyrope of peridotitic or eclogititype, but counter also in
associations with ilmenite or with orange titangpe typical of xenoliths
iimenitebearing ultramafites. This, certainly, isedto raised and wide-spread
content of the ilmenitebearing mantle xenolithgiven pipe.

The petrographic features of xenoliths and megasryBhe size of studied
sample varies within 1-5 sm on long axis of xemalithat as noted above, is to a
considerable extent conditioned by selection prodiaenple enrichments. As a
rule, they have an oval form. In principal can kdand out two groups of
diamondiferous samples. The first group is presehtemonomineral megacrysts,
containing inclusion of the diamond. In most case&gacrysts minerals are
presented by garnets mainly peridotites or eclegitethe composition [32]. The
garnets of these two types could be enough cediaide even by visual study
under binocular microscope upon their typical cafimn: violet Cr-pyropes from
peridotites and orange from eclogites. It is nemgs$o note that in one of the
sample garnet on its composition can be referrdégpe of Iherzolite or pyroxenite
paragenesis, that is characterized by high magnesid lowered contents of the
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chrome component (< 4 wt.% £%). Amongst these formations also megacryst-
intergrowths with diamonds have been met, wheresralrhost is presented by the
iimenite [32].

The xenoliths of diamondiferous eclogites differleggthened oval form, and
small size (< 30 mms on long axis). The coarsengchsamples with granoblastic
or poikilitic structure are predominating. The mé#jof them are cataclastic. Two
groups of xenoliths stand out: bimineralic and kiebearing. As that, so and other
are contain visible products of intensive proceds tlee partial melting,
metasomatism and later secondary transformatidtis [3

Fig. 3.Diamonds in xenoliths from pipe Sytykanskaya.

a) Oktahedron with polycentric construction of theets in bimineral eclogite, sample S-16; b) Round
form octahedron in magnesian eclogite, sample S-17.

The garnet is a main mineral and forms from 500%&nd even 90% modal
composition of the samples. The mineral possessegye or pale-orange color,
composing main fabrics of the sample in the fornrm@gular grains with the sizes
2-4, and sometimes 6 mm. The clinopyroxene fornegular grains 1 to 5 mm and
Is intensively changed by amorphization that safed its porcelaneous look and
pale-green or sometimes bluish coloration. Prin@mnphacite is present as rare
relicts in separate samples.

At presence in samples of kyanite, he forms lengttegrains, usually,
colorless transparent, sometimes with bluish tonsibe 1-2 mm. In quantitative
attitude kyanite forms less than 5 % of rock. Adiden these minerals the sulfides
are present in most of xenoliths and ilmenite i®da@s ore mineral in 2 samples.

The diamonds characteristitn accordance with separation of two groups
associations with diamond it is reasonable to disaunystal particularities in these
two types. The diamonds being present in the fofrmtergrowths and inclusions
in megacrysts are presented in most cases by singdeals mainly of octahedral
habit, with size 1-3 mm [32]. Usually, those ardabedrons with polycentric
rising facets that answer the | varieties of YuQrlov [20]. In one of the garnet
megacrysts the diamonds forms intergrowth of ctyséad in the other, like on
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garnet composition, the diamond is present in tmefof globous sulphur of the
unit of the type board (variety Il according [20])
In xenoliths of diamondiferous eclogites the dian®@are presented by three
main varieties [12, 24, and 32]. Diamonds of octilbe habit are installed in three
samples with polycentric construction of the facatsl belong to | variety [20].
The examples of diamonds in eclogites are giveRign3.

Table 2.
Composition of minerals in association with diamond from the Sytykanskaya pipe (after [32])
@ | Sample| SiQ | TiO, | Al,O3 | Cr,O3 | FeO | MnO | MgO | CaO | NaO | Total
1| TC-75 | 41,3| 0,17 233 0,07 692 0,09 122 16,3 0 10,3
2 | TC-145| 41,1| 0,14 23,3 0,08 7,04 0,12 133 17,6 0,090,713
3 S-15 41,23 0,23 22,63 0,18 8,6 0,19 13,08 13,74 099,92
4 S-16 40,5| 0,45 22,9% 0,04 8,74 0,18 12,63 13,66 4 0,199,33
5 S-17 40,44/ 0,22 23,11 0,11 8,1 0,19 13j12 13,61 6 0,098,98
6 S-14 38,63 0,35 2382 0,05 11,18 0)2 6,58 18,66 5 0,199,69
7 | TC-146 | 41,2| 0,16/ 23,1 0,07 6,79 0,1 10,3 18,8 0j050,58
8 | TC-6a/2 | 41,2 0,2 231 0,08 6,74 0,12 1113 14,6 0/03 400,
9 | TC-16/2| 40,9| 0,27 22,8 0,06 118 0,23 116 12,9 0,080,62
10| TC-16/1| 40,9| 0,24, 23,2 0,03 706 0,12 10,9 18 0/03 0,30
11| TC-145| 40,9| 0,13] 221 0,06 534 0583 1231 18 0j08 249,
12 | TC-146 | 40,9| 0,12 234 0,08 576 0,15 i 18,3 0j07 ,380
13| 102/14 | 42,2| 0,16 17,9 8,33 6,94 0,27 22,5 2|53 0 0,4
14 | TC-56/2| 40,5| 0,12| 15,11 10,8 7,78 044 19,2 521 0,099,18
15| TC-2a/2 | 41,4 | 0,96| 19,6 351 956 033 196 5p8 0,03 ,500
16 | TC-16/3| 41,3| 0,03 16,3 9,92 734 039 234 0/66 0,0929,35
17| TC-41 | 40,1| 0,76| 21,4 0,16 139 0,38 11,7 11 0j11 199,5
18 | C-42/92| 41,07, 0,02 16,22 9,8 6,86 0,38 22,39 2|22 098,96
19| C-40/87| 41,49 0,03 16,45 9,83 6,38 0,29 234 127 099,14
20 | C-42/97 | 41,22 0 15,56 10,28 7,24 0,8 23|52 0|78 0 ,998
21| C-42/9 | 41,24 0,06 15,5 10,6 7,09 0B 22186 1,7 0 339,
22| C-16a | 41,89| 0,03| 1547 10,65 7,97 0,35 22|28 1|96 0 6100,
23| C-216 | 41,61 0,05/ 1528 10,88 6,68 0,34 22|62 2|04 0 99,4
24 | C-42/91| 41,65 0,07] 15,2y 10,8 7,39 0,31 2212 2,26 099,87
25| C-42/8 | 41,29] 0,01 15,4 11,04 6,5 0,29 23|71 0}j99 20,099,25
26| C-56 40,62| 0,15 1457 11,3t 7,42 0,42 1956 519 D,29,44
27| C-32 41,61 0,03| 14,87 11,44 6,49 0,32 23,2 1/|86 0 ,8X19
28| C-16 | 41,08 0,08 14,79 1162 6,78 0,34 21|86 2/52 0 29,0
29 64/1 41,914 0,03 14,87 11,04 6,37 0,31 2327 137 098,45
30| 69/4 41,090 09| 16,58 6,1 6,88 0,27 21j09 657 0 438,
31| 110/6 | 41,66/ 0,47 18,3 6,17 6,46 0,26 21,71 3}43 0 8,4®
32| C-15a | 42,12 0,02| 17,64 8,12 7,4 0,27 235 131 0 100,38
33| C-126 | 41,31 0,08| 16,87 8,6 7,2 0,36 21,02 3,92 0 99,34
34| C-21a | 41,93 0,01| 17,01 8,7 6,9 0,32 23/12 142 0 99,42
38| S-14 55,3| 0,524 8,98 0,09 4,29 0,03 9,/7 14,7 5,929,776
39 S-15 54,15 0,16/ 8,83 0,18 1,97 0,05 11,03 17,83 2 3,498,16
40| TC-145| 56,2 0,45 9,02 0 5,8 0,04 101 126 6/91 21
41 | TC-145| 55,01 0,61] 5,85 0 1,7 0 14833 21,7 075 100
42| TC-146 | 54,46 0,34| 5,42 0 1,7 0,08 1506 22,35 04300 1

Note: Analyses: 1-37 - garnets (1-12-from xenoliths,1¥3from intergrowths, 18-37-from inclusions),
38-42-clinopyroxenes from xenoliths.
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The diamonds of the transient form and laminar #hiendodecahedrons are
the most wide-spread in xenoliths of the eclogitem the Sytykanskaya pipe, as
well as intergrowths of the lasts. Only in one XNeghoof kyanitic eclogite are
installed 2 crystals of the cubic form of the yalloolor of IV variety [20]. To say
the least, in three samples (S-14, 15, 17) is lgledaacked that diamonds are
related to product of the partial melting developetiveen garnet and clinopyroxe
grains that witnesses in favor of their more laetasomatic origin [36, 28, 38].
Not excluded similar genesis of crystals in sampe-145 and -146, where
detailed are characterized secondary phases grtiueicts of the partial melting,
presented new-forming clinopyroxene of phassaitenpmsition, sanidine and
spinel [15].

If consider the morphological particularities ofdionds from xenoliths and
mineral-megacrysts as a whole, it is possible tte rtbhat on wide-spread and
variety of the morphological forms they are closediamond population from
kimberlites of this pipe. Either as amongst diamdethg present in kimberlites
[40], amongst diamond from xenoliths and intergtmsmvith garnet and the other
minerals, dominate transient, round or close tonihic dodecahedrons crystals.

Chemistry of minerals associating with diamandise main mineral as in
intergrowth with diamond, so and in eclogite xetldiis a garnet. The garnets
from imtergrowths with diamond (Table 2) are chéeazed comparatively broad
variations composition as on correlation main ogidég, Fe, and Ca, and on
contents Cr and Ti. The presence of garnet with kmntents GO; (more than 8
wt.%) allows to select dunit-harzburgite paragemesimongst megacrysts
containing diamonds. In explored collection are spr¢ also garnets with
comparatively moderate contents@y (1.0-4.0 wt.%), which can be referred with
Iherzolite garnet. At the least, two samples of amegsts in intergrowth with the
diamond (see tabl. 2) differ the low contents (<w#%) CrOs; that allows
considering them as garnets of pyroxenitic or dtlogaragenesis.

The garnets from some intergrowth samples are ctaized by high
contents TiQ and, probably, can belong to the associationgGinperidotites. The
presence of given paragenesis is confirmed alsihdypresence amongst samples
diamond in intergrowth with ilmenite.

The garnets of eclogitic type as from intergrowthih diamond, so and from
xenoliths are characterized essential variationmpasition in respect of three
main components Ca, Mg, and Fe (Table 2). Moreivemecessary to emphasize
that garnet with high contents Ca is fixed not anlkyanite eclogites, but also in
intergrowth with diamond, where this mineral, asigad by given chemical
analysis, contains 54% of grossular component ancsponds to the grospydite
garnet type.

Primary clinopyroxene of the omphacitic composittbat present only as a
rare relicts, is fixed in 3 eclogite samples moerowm 2 cases he is installed in
kyanite eclogites. On its composition mineral igypical omphacite with high
contents NgO (see table 2). Only in sample of bimineralic gi® he is differ the
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lowered content of sodium oxide and ;8. For omphacites is typical
comparatively low contentsc{0 wt.%) oxides Mg and Ca, as well as small
quantity of FeO (< 6 wt. %). In clinopyroxene orfelee sample is installed raised
content of titanium (0.45 wt.% TR For all omphacites is typical unessential
admixture or absence (below limit of sensitivity) @dhromium and manganese
oxides.

We can not to discuss in detail the condition &f tormation all xenoliths
since relicts of primary clinopyroxenes are foumdlyan three samples. Based on
given experimental studies results of equilibriuhm@ntle mafic rocks minerals
[7] the temperatures of their formation are valuednterval 1200-130 under
fixed pressure of the order &0ap.

CaO

© Ffrom congedrate
&> from imergrowths

I from xcnoliths

A inclusions im dinmomds

0,50
FeO MgO

Fig. 4.Plot of garnets associating with diamond in kimbeites of the pipe Sytykanskaya

(1) — garnet from the diamondiferous xenoliths, 2)garnet from megacrysts in intergrowth with
diamond, (3) - garnet from inclusions in diamonds.

In two samples of eclogites authors of the work] [Afe analysed phases of
the products of the partial melting, and amongstltlinopyroxene of fassaite
composition, which are wrongly considered by thesrpassible primary phases.
The analyses of these mineral are provided in &b8l, as it is shown in works [33,
36], low contents sodium in their composition amyelopment them on primary
omphacite, as well as the other particularitieqjuely witnesses in favor of their
more late formation in process of the partial meltiand metasomatose. To
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associations of the products of the partial melbetpngs also noted in that sample
sanidine, which analyses are given in [15]. As miaeral in sample of disthen
eclogite is installed ilmenite, which is once iwhile noted amongst accessories in
eclogites [33]. In this instance it, either as Uisuas presented by high iron and
nearly without Mg mineral that is close to titangnatite with the high admixture
of pyrofanitic component [15].

The carry out studies have shown that associatwite diamond in
kimberlites of the Sytykanskaya pipe are preseriigdcomparatively varied
formations, which can be split into three main griudiamondiferous xenoliths,
monomineral megacrysts different on garnet compositn intergrowth with
diamond and inclusions in diamonds (Fig. 4). Todbeond group are pertain also
comparatively rare intergrowths of diamond with eimite and olivine. Such a set
of the mantle formations associating with diamoisdgsual for kimberlitic of the
majority pipes of the Yakutian province. Does ndffed on composition and
garnet from inclusions in diamond from given pipecomparison with mineral of
the inclusions from diamond other pipes, for inseabldachnaya as well as garnets
from the diamondiferous xenoliths of Mir and Udaapa pipes [23, 26. 27].

If judge about distribution of eclogitic and periiic paragenesis in diamond
population of this pipe on the ground of availaioleus 30 mineral inclusions [32],
peridotitic diamonds sharply dominate, since onnuk&y all garnets belongs to
the dunite-harzburgite paragenesis. If value onrdiien of different paragenesis
diamonds is done on the ground of the distribuabmtergrowths of diamonds in
mineral-megacrysts, in the first place on garngitst picture is greatly changed.
Alongside with presence diamond in intergrowth withrnet of lherzolite and,
probably, pyroxenite composition, more than a lwdlfall explored samples are
presented by diamonds in intergrowth with the oeaeglogitic garnet. Unusual
and rare are discoveries of diamond in the formntérgrowth with ilmenite
megacrysts. Raised distribution of ilmenitebeaimond associations in given
pipe is confirmed by the presence of high titaniom-Cr pyrope in intergrowth
with diamond [32]. If we are going to discuss tletgularities of diamondiferous
xenoliths, shall in the first place note that antoohdiscovery these unique and
rare xenoliths in given pipe is 11 samples and fifuhem are kyanite eclogites.
On its petrographic particularity and the othertdeas, they are similar with the
kyanite eclogites from the Udachnaya pipe, which @raracterized in detail [23,
29]. The bimineral eclogites of the Udachnaya agtyKanskaya pipes are close
also; those correspond to the magnesian varietgasnet composition and the
other features.

Resuming results on this paragraph, possible tchasipe that the study of
associations with diamond in kimberlites of theyBghskaya pipe allows selecting
amongst them three types that are usual for otipespof the Yakutian province:
inclusions in diamonds, mineral-megacrysts in grewth with diamond and
diamondiferous xenoliths. Inclusions in diamond presented in the first place by
garnet; moreover on result of the study of themposition amongst them sharply
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dominate dunite-harzburgite paragenesis. The pdatity of diamond, residing in
the form of intergrowth in megacrysts, is more hidistribution of eclogitic
paragenesis and ilmenite that is fixed by host-nailse as evidenced as well by the
presence of high-Ti pyropes, associating with diagio

CONCLUSION

The raised portion of diamonds, formed in ecloginbience, is emphasized
comparatively broad distribution amongst mantleokéms of Nyurbinskaya and
Sytykanskaya pipes of diamondiferous eclogites, ctvhparticularity is the
presence amongst them of highly aluminous varietie&yanite eclogites and
grospidites. It should be pointed out as it is obgly from brought data that
estimated paragenesis of diamond populations froyrkamberlite pipe on base of
inclusions in diamonds does not fully correlatehwitiamond association of as
mantle xenoliths and megacrysts either as with asmipn of indicator kimberlite
minerals. This in turn, points to possibility thiaitcould be enough principle
difference in distribution and ratio of mantle xétis of given composition,
indicator mineral and source ambience forming diagnpopulations in separate
pipes.

Another remark concern that according results afndindiferous xenoliths
investigations in eclogites of both pipes are fitlbd features of intensive partial
melting and metasomatose that altogether with padigs of diamonds allowed
to conclude about the possibility of diamond graswvtbnder influence of
metasomatic fluids and connected partial meltingvas demonstrate for some
xenoliths from the Udachnaya pipe [36].
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ABSTRACT

The importance of COn the Italian mantle and magmatism is supported by
the presence of Middle-Upper Pleistocene carbasatidong the Italian Apennine
graben-systems. Carbonatites are co-eruptive anémichlly conjugate to
kamafugites (kalsilite melilitite or foidite). Immeibility phenomena largely explain
the genetic relationship between the two rock-typseir peculiar geochemistry
reflects the differing solubility of the high fielgtrength elements in rocks which
have different peralkalinities. Dolomite and cacdominated inclusions occur in
mantle nodules and plutonic rocks such as sovietselilitolites, which have been
brought up by extrusive carbonatites. Nyerereits vound in melilite and apatite
inclusions although the Italian extrusive carbdesati are always calcitic.
Sequestration by abundant leucite, kalsilite, hatgmd nepheline, and dispersion of
alkalis in subvolcanic aqueous fluids, may expltie low alkaline character of
Italian carbonatites.

The high Ca, CQ F, S, Cl content of primitive melt inclusionshigh pressure
crystals suggests that these elements were nohikgsd by the magma from the
crust during its ascension towards the surfaceaddition, the high radiogenic
isotopic composition and compatible element conteré regarded as primary
magmatic characteristics. Veined mantle noduleswspervasive reaction with
carbonatitic melts as illustrated by the presentermphibole, fassaitic cpx and
phlogopite phases. Metasomatising carbonatiticsvaett thought to be released from
a deep plume. The geodynamic and geochemical gettinitalian carbonatites
implies a very deep source for heavy Carbon ahdsteven been speculated that this
Carbon could be originated from the Earth’s core.

Keywords: Italy, Pleistocene, carbonatites, kama&gy mantle metasomatism.

INTRODUCTION

Carbonate inclusions in mantle nodules, large vekinof mantle C©
discharges at the surface, and the eruption ofocatiies are a large scale
geological window on deep geodynamic processeshndrie active underneath the
central southern Italian peninsula. This area ha®raplex mixture of peculiar
geological features among which is an outstandiregmmatic association of
leucitites, melilitites, kamafugites and carborestit (Tab. 1 and Fig. 1).
Carbonatites occur in Middle-Late Pleistocene c¢wmrtial grabens in an
approximately 100 km wide belt and have been distoously traced for 450 km
along the Apennines of Italy, called the IUP (Inffapenine Ultra-Alkaline
Province[19, 20, 4%.
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Italian carbonatites are mostly extrusive and addifscantly to the number
of worldwide occurrences. Both their importance dhe way they differ from
intrusive carbonatites have been recently strefs&d Carbonatite volcanism in
Italy and its intriguing association with kamafuegt became internationally known
after that Polino (Umbria) carbonatite was desctiged]. Other carbonatites were
found in the following 4 years at Cupaello (Latiyrt8an Venanzo (Umbria) and at
Vulture [39, 42, 50, 5/ More recently, the geographical gap between drtharn
outcrops and the Vulture area has been partidlgdfiby the discovery of the
Grotta del Cervo and Oricola (Abruzzo) carbonatibteurrenceg52, 53. Other
carbonatitic rocks occur in Italp7] but are much older and not related to the
Pleistocene examples and so will not considered. her

® Carbonatites

=@ Roman Region
volcanoes

Normal faults

Fig. 1.Geological map and tectonic sketch map of table cks, mofetes and active
volcanoes.

Much data have been published on the volcanologyemalogy, petrology,
geochemistry and the tectonic setting of the caabtmkamafugite association.
D.K. Bailey, K. Bell and A.R. Woolley were all inixed in the research from the
beginning and contributed greatly to the study hod ttalian carbonatite. Other
outstanding contributions came from A. Cundari,a@ning the relationship with
leucite-bearing rocks, and from F. Lloyd for stidrelating to tufissitisation and
diatreme formation. Russian scientists also praliebgert contribution relating to
mafic/ultramafic alkaline rocks associated withli¢ga carbonatites, notably their
mineralogy, inclusion studies and petrogenesit@é complex roc25, 37, 38.
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Apatite was studied in detail in collaboration wlthu Y. of Fuzhou University,

China. Several field trips at IUP volcanoes andfe@nces, notably EUROCARB
2002, during the last 15 years have revealed ttassating rocks to hundreds of
international geologists. However, the importan€dtalian carbonatites may be
still underestimated as they are not easily accodated in the long established

Table 1.

Italian extrusive carbonatites and conjugate rocksonsidered in this work.

Location Age| Occurrence Lithology Conjugate Mineralogy Mantle debris
ka rocks (alphabetical)
San |~265Maar, tuff ring| Ca-carbonatitel Kamafugitic Ankerite, calcite, Micronodules
Venanzd agglomerate, ol melilitite | perovskite, Si-CO-OH-  (scarce):
airfall apatite, Ti-magnetite, | forsterite, Cr-
diopside,
chromite
Polino [~265 diatreme, | Ca-carbonatite; none Cr-phlogopite, Fe- | <2 cm nodules
tuffisite, monticellite, forsterite,| (abundant):
Sr-Ba-calcite, Ti- dunite,
magnetite, Tkperovskite| glimmerite
Zr-schorlomite
Cupaell|~49] Lapilli ash tuff| Ca-carbonatitel kalsilitite apatite, calcite, Xenocrysts
o] and perovskite, Zr- (abundant): Cr-
agglomerate schorlomite, Kybinskytg,phlogopite, Cr-
Kymzeinite clinopyroxene
Grotta [<30Q  vent not Carbonatitic |Kamafugitig Calcite, diopsié, hatiyng Micronodules
del localised, lapill kamafugite foidite |kalsilite, leucitemelanite| (frequent):
Cervo ash tuffs phlogopite, Sr-REE-richclinopyroxenite
apatite, Ti-magnetite,
Oricola [~531 tuff rings and| Ca-carbonatitel Kamafugitid Mn- Calcite, Si-Sr-S-rich Xenocrysts
lapilli ash tuffs foidite fluorapatite, Ba-Sr-rich|(rare):forsterite
sanidine, Melanite, Cpx, chromite
Ba-rich phlogopite, Ti-
magnetite
Vulture [~132 maars and | Ca-carbonatite ol apatite, calcite, Large nodules
lapilli tuffs melilitite/foi| clinopyroxene, Nb-Ba-| (abundant):
dite perovskite neyrereite, Tji- |herzolite,
magnetite wherlite, amph-
peridotite,

subduction models adopted for Italy. Carbonatitesehnot been found in any
subduction environment either oceanic or conting®@. This is too much of a
coincidence to be ignored. The assumption, madhye, that Italian carbonatites
occur purely in a subduction environment is axiomas there is no geophysical
evidence for a slab beneath IURQ]. Theories concerning the generation of
carbonatite in a subduction environment would naetiore robust cause-effect
demonstration. Therefore, it is felt that Italiaarlmonatites need to be interpreted in
a larger geological context which can include tleeent discovery of large
extrusive carbonatites in Spain and Frafidewhich are remote from subduction
in time and space.
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CARBONATE MANTLE NODULES, METASOMATISM AND
MINERAL INCLUSIONS

Spinel Iherzolite, wherlite and phlogopitite nodsilgescribed in a number of
IUP outcropg 16, 31, 48, 5fare re-equilibrated to lithospheric mantle pressur
but contain rare relicts of Cr-Mg garnet, indicgtia deeper origins. Detailed
analyses on 300 xenoliths from Mt. Vulture have feored that 20% contain
carbonatd 31]. Mantle debris from Polino, San Venanzo and Veltaontains a
large number of carbonate melt inclusi¢Bs, 38, 43. Mantle nodules host calcite
globules often linked by menisci-necks and are amsed of a mosaic of 2-2im
crystals, with varying optical orientation. Some tfese globules contain
liquid/gaseous C®bubbles and are pierced by quenched microphertscofs
silicate phases. The carbonate composition var@es talcite to Mg-calcite (3.8-
5.0 wt% MgO) both within the carbonate globules dman globule to globule.
The Sr-Nd isotope ratios of the carbonate in theokths are similar to the
extrusive carbonatite and silicate rocks of Mt. tMtg supporting derivation from
the same mantle sourf®, . These features are consistent with formation faom
guenched calciocarbonatite melt suggesting thaetiiehment of the lithospheric
mantle in incompatible trace elements and LREE bwgaused by the infiltration
of such a melt. Reaction between carbonatite nmeltpeeridotite have been studied
in detail in the Vulture nodules and it has beeggested that this could be
produced by a percolating alkaline-carbonatite swtatising a previous pyrope
harzburgite mantl¢31]. Formation of the immiscible silicate-carbonatitpuids
within mantle xenoliths occurred via disequilibriunmmiscibility during their
exhumation.

VOLCANIC CO , AND MOFETES

Central-southern Italy and Etna emit 2.5-5X1@nol. & of deep CQ
contributing to a worldwide total of 1.5-8.3Xf0mol a'. The IUP area has an
average deep GQdischarge of 3-10 x £omol. @ km?, with Vulture volcano
alone producing 3.7 x f0nol a' km? of CQO,, and is one of the biggest producers
of continuous deep-seated £@egassing in the worlfll2]. Others impressive
occurrences known as mofetes or mefites, emi @@mounts only slightly less
than volcanoes. The mefite d’Ansanto is locatedr®0OWV-SW of Vulture in a non
volcanic area and emits ~300,000 ton/year ot (X9]. Several casualties have
occurred in Italy due to rapid G@ischarge or accumulation in both volcanic and
non volcanic areas. Most of the ltalian Ci@as a5™*Ccy between 2 and -2%o vs
PDB indicating a mantle/magmatic contribution. Uedd Italian carbonatites has
8" Caypoe between -8 and -fB0, 33. This is also confirmed by He isotopes that
displays varying R/Ra values but can be up to aimamx 7.33, nearly a plume-
type valueg29]. Due to a complex water-rock interaction mosthaf €Q released
from the Italian mantle is sequestered in non magnsystems and confined to
ground waters and in travertine, a rock of frequgattiogical occurrence in Italy.
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In the last 2 m.y., the IUP lithosphere has experee a rapid thinning,
decreasing from a thickness of >100 km to <60 kmwewver, thermal flow is low
indicating adiabatic mantle cooling. Rapid adiabatantle decompression is more
suggestive of volatile expansion as opposed togh Hegree of partial melting.
This also fits well with the presence of such aagr€Q flux and the
carbonatitic/ultrapotassic magmatism.

MAARS, DIATREMES AND TUFFISITES

There is abundant physical evidence of,Gfuptions produced by rapid
localised transfer of COto the surface. Intense GQOlowing in a conduit
(diatreme) leaves a distinctive tuff produced hydisation of carbonatitic (and/or
silicate) melt, ultramafic rocks and other solidbdg. The highly explosive release
at the surface of such an amalgam produces adtisgrnvolcanic morphology, the
maar. A maar is a crater deeply excavated in thstgatum, surrounded by a thin
apron of lapilli ash tuff. The lapilli are peculiaften displaying spin, layered or
cored internal structures made of concentric niédiland carbonatitg}7]. Most of
the tuff-ring strata are outward dipping around vieat and are inclined between
10-15°. This is typical for air-fall deposits whassting angle have been modified
by surges. The surge deposits can have impressive-ldyers and in some cases
there is a laterally continuous, layered blanketvefded agglutinated lapilli ash
tuff (San Venanzo in Umbria, Oricola in Abruzzo,|ae Toppo del Lupo and
Lago Piccolo at Vulture). This distinctive “flaggytuff mantles the previous
morphology and lies unconformably either on thevjanes tuffs or substratum and
may even mantle the inside of previous craters.hkiggle layers show
reomorphic structures such as plastic folds antkestisides. Such features were
also observed in the large carbonatitic field oftFeortal, Ugand42]. They are
related to high temperature deposition in a neastid state which also explains
the agglutination, compaction and welding of lapiihich previously led some to
confuse pyroclastic layers with lava flowWy49]. However, most of the Italian
carbonatites have typical pyroclastic features sashlarge concentric and/or
nucleated lapilli, interlapilli empty spaces, laypgr and gradations and cross
lamination (Plate 1).

DIAMONDS

No discrete large sized diamonds have yet beendfauritalian ultramafic
rocks. However, the occurrence of lamproites, migdé and carbonatites
containing chromite, pyrope and Cr-diopside aregssgive of their possible
presence. Nanodiamonds are reported at Etna asw paksibly, in Iblei, Sicily.
Carbonatites are a interesting new source for dmamcaand the mystery of the
origin of some large diamond placers could be d@uedathering and dissolution
of extrusive carbonatites.
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Plate 1Polished hand-scale samples.

A= Polino carbonatite massive block in the tufésiB=Vulture carbonatite from Vallone Toppo del
Lupo, lapilli ash tuff with mafic xenocrysts andlite lithics; C= Oricola carbonatite lapilli ashft, D=
Cupaello carbonatite ash tuff with kalsilitite IhipiE= Polino tuffisite, carbonatite lapilli andthics in
carbonatite matrix; F= San Venanzo carbonatitifisité, olivine melilitite in carbonatite ash madri

CARBONATITES

These are calcite-carbonatites carrying abunddicate ultramafic debris.
The compatible element content of the carbonaistesfunction of the amount of
chromite, Ni-forsterite, Cr-phlogopite, Cr-diopsidend Cr-amphibole which
reflects the main mantle mineral phases of the tadmonatite source. Primary
calcite has a variable composition in both interd antra-outcrops, but it generally
contains high amounts of Mn, Sr, Ba, LREE of upwo orders of magnitude with
respect to bulk rock and silicate fraction (Tab.F3j. 2). This is due to the
presence of cements which are virtually pure aalicitthe bulk carbonatite rock.
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Calcite from different carbonatites has distinctisleemical composition which
allow for a definite association with individualtotops. Nyerereite and dolomite
are rarely reported and when found are only presem mineral inclusion§30,

34]. Sr-Ba carbonates are frequent and generally deresi to not have a primary
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origin but have exolved from a primary Sr-Ba-ricilatte during its alteration to
secondary, almost pure calcite. Olivine and ittiea product, Fe-monticellite,
are frequent hitherto demonstrating recombinatiocasbonatite melt to form Ca-
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silicates. Some other recombination products faamnedghelenite, wollastonite and
rankinite. Silicate ground mass minerals in Italextrusive carbonaties have a
very specific composition and often work as HESE (Ti and Zr group)
scavengers, for example Zr-schorlonfifd]. Non-silicates, perovskite and apatite
concentrate LILE and HFSE" and may be competitors of calci46]. Most of
the other minerals, which can be present in substbhamounts, are likely to be
xenocrysts incorporated mechanically from co-emgptsilicate rocks during
volcanic activity or during the period of melt imguibility.

Table 2.
Representative analyses of IUP carbonatites (labG® Canada Inc, Toronto, XRF, NA,
ICP-MS).

Locality | Polino | Cupaello | Oricola | Vulture* Locality | Polino | Cupaello| Oricola | Vulture*
Sio, 16 18.1 24.7 16.8 Ce 232 166 316 1095
TiO, 0.51 0.37 0.38 0.54 Sr 1824 1295 2395 6955
Al,O3 3.9 2.51 10.45 5.81 Pr 28.2 21.1 30.7 104
Fe,0; | 3.65 2.25 4.91 6.28 Nd 113 715 88.4 310
FeO 1.31 0.12 1.3 1.3 Sm 22.2 12.3 10.4 40.1
MnO 0.07 0.04 1.19 0.48 Zr 345 201 104 96.8
MgO 7.31 7.83 1.12 1.52 Hf 8 7.95 6 2
caO 38.3 34.3 27.5 36.6 Eu 4.7 2.305 2.7 9.11
Na,O | 0.05 0.03 1.47 0.42 Gd 15.8 12.2 9.5 31.5
K,0 0.49 1.01 4.18 0.29 Tb 1.7 0.9 1.1 3.9
P,Os 0.59 0.82 0.28 2.3 Dy 75 5.6 5 15.2
CO, 24 25.6 19.6 19.55 Y 38 14 20 82.7
LOI 2.93 6.59 - 5.25 Ho 1 0.7 0.7 2.6
Total 99.1 99.6 97.1 97.2 Er 2.6 1.7 1.9 7.2

Rb 26 81.5 186 18.7 Tm 0.3 0.2 0.2 0.9
Pb 31 50 129 65.5 Yb 1.5 0.79 1.9 5.7
U 9 5.3 76.5 51.9 Lu 0.2 0.09 0.3 0.7
Th 59 41 72.8 86.7 Ni 308 29 27 4.4
Ba 3181 789 2945 6050 Cr 501 335 16 22
Nb 20 17 25 349 sisr | 0.71041] 071007 07109 70813
Ta 0.9 0.9 0.9 9.4 0.70598
La 111 88.9 170 637 Nd/Nd | 0.51207| 051188 0.51297 >->12°8
0.51265

Note: Data from[54] and * unpublished analysis (2007).

The chemical composition of Italian carbonatitegigen in Tab. 2. Major
oxides show high silica (16-24wt%) which is largelye to xenocrystic content.
High MgOwt% is generally associated to forsterme/ar diopside containg often
chromite inclusions. Mantle-normalized bulk rockogleemistry shows negative
spikes of HFSE (e.g. Nb-Ta an Zr-Hf) and high LREEEE fractionation (Fig. 2
A and B). Negative spikes of Nb-Ta and Zr-Hf areyveypical of worldwide
carbonatites, both intrusive and extrugis8] and cannot be considered a hallmark
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of subduction[7, 43. More evolved carbonatites with lower Mg# (Mg/MgfE
at.), lower compatible element contents and fewtlaatebris (e.g Vallone Toppo
del Lupo and Oricola), have higher LREE/HREE andatgr HFSE/HFSE"*
fractionation (i.e. Nb-Ta/Zr+Hf). HFSEs having largionic radius are lesser
fractionated but U and Th values are particularighhat Oricola and Vallone
Toppo del Lupo. These features suggest that sombortatites are more
differentiated than others and concentrate lighEBFand LILE in the final stages
of melt evolution. Some other minor differencesaslied among HFSE ratios may
be the result of the slightly different solubilgi®f HFSE in the parental magma
[9], which is most likely to be a carbonatitic foiditnelilititic melt [25, 3§. In
fact, Italian carbonatites are chemically conjudaded are often co-eruptive with
kamafugitic melilitites and foides.

Intrusive carbonatite examples are limited to swahd alvikite eject@30,
51]. These rocks have a different composition in caimpa with extrusive
carbonatites as they contain substancial amounk&fefdspar and sphene. Rare
olivine, cpx and Ti-garnet form the cafemic fraatid his is probably a result of
differentiation that occurred with slower cooling.

UMBRIA CARBONATITES

Umbrian carbonatites were initially identified by $toppa at the end of the
1980. They are in newly discovered outcrops sometinreassociated with well
known occurrences of kamafugitic rocks (kalsiliealing melilitites or foidites).

The Polino carbonatite occurs in a diatreme apigay, shallow level tuffisite
breccia exhibiting both crater facies and massagef (Plate 1). Its high content
of xenocrystics forsterite and Cr-phlogopite expldhe relatively high silica
content, as well as very high content of compaté&ments (Ni+Cr>1000 ppm),
which is similar to that of kimberlite; however gtiminerals in the groundmass are
typical of carbonatites: Sr-Ba-calcite, Th-perowskiZr-shorlomite, Ti-magnetite,
Si-CO-OH apatitd21, 46, 48. There are no directly associated silicate robks,
chemical composition, age and tectonic setting esigg conjugate nature with the
San Venanzo kamafugit43].

San Venanzo comprises a large maar, a tuff ringaasdall diatreme-tuff
cone. The volcano is composed of 80% vol. of kagiéduand phonolitic foidite
including two lava flows of olivine leucite kalg# melilitite (local name:
venanzite). The remaining 20% is carbonatitic aadbanatite tuffs form indurated
beds of agglutinate lapilli and a mixed carbonatiilitite breccia of thin ash fall
layers (Plate 1). The mineralogy and geochemistfytlee San Venanzo
carbonatites have been somewhat neglected; inplocated by the comminution
of kamafugite and carbonatite component of the ter@pmelt, a mechanical
processes due to the movement of the grains, @mgsubbles into a range of ash
particle sizes which in turn is influenced by exgne activity. Other causes are
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agglomeration, immiscibility and mingling of therbanatite and melilitite liquids
as well as alteration of primary carbonate in ¢alcement.

Table 3.
Primary calcite in lapilli groundmass from Polino and Oricola (EMPA and LA-ICP-MS)
Locality \ Polino | Oricola
EMPA
Sio, 0.66 | 3.30| 0.03 2.28 3.32 00L 005 0.07 0.4 0/05.010
FeO* 0.26 | 0.47| 0.18 0.31 042 02 017 0p1 0J17.160 0.22
MgO 034 | 135| 1.13 1.04 1.85 0.3 031 031 033320, 0.34
MnO 0.02 | 0.01| 0.05 0.03 0.04 1.6f 158 157 142 601 1.67
caO 53.40| 49.58 53.40  50.87 4990 55/96 59.53 55.589.63| 56.51| 55.96
P,0s 028 | 0.19| 0.19 0.29 1.35 025 022 020 019 0/32.250
Total 54.96| 54.9| 54.94 54.77 56.88 5845 57|86 %$7.%7.98| 58.96| 58.45
LAICPMS

Rb 20.36| 4.04| 9.16 6.33 7.9i 118 184 412 2p4 122 8 11

Pb 106 40.4| 25.1 14.4 19. 56.1 198 253 3p8 219 1 56.

u 105 | 10.8| 5.94 3.52 4.88 62.1 168 209 182 211 162

Th 297 | 3.09| 8.45 4.18 1.11 419  81)0 113 142 or.41.9

Ba 2186 | 1864| 818 1660 1368 2620 4491 2596 5463 428620

Nb 651 | 6.10| 4.82 3.53 3.74 22.83 45/4 520 7%3 449.223

Ta <0.08| <0.1| <0.2 <0.1 <0.2 0.9 1.9 2.6 32 213 9 0.

La 147 128 107 56.7 65.9 1146 196 252 335 207 116

Ce 229 184 155 78.1 90.7 179 324 413 595 380 179

Sr 3440 | 4592| 2090 6046 4691 3070 39B9 4489 6238 8 53070

Pr 28.0 | 234| 196 9.9 10.8 186 32/7 425 566 36.98.6

Nd 109 77.3| 748 36.0 39.6 59.7 101 119 164 108 7 59.

Sm 205 | 12.8| 13.1 55 6.4 6.7 112 151 210 149.7 6

zr 69.9 102 71.9 31.3 80.6 134 240 293 372 270 134

Hf 196 | 521 | 2.48 0.95 3.58 1.5 3.1 5.5 55 41 1.5

Eu 426 | 223| 207 1.16 1.39 1.5 2.8 2.8 4[2 2.6 1.5

Gd 14.7 6.2 11.8 5.4 4.6 10.2 132 150 181 1B8.20.21

Tb 1.33 | 047| 0.72 0.43 0.39 0.6 1.0 0.9 16 019 0.6

Dy 745 | 1.66| 3.27 1.82 1.53 3.1 4.2 5.0 73 412 3.1

Y 342 | 6.88| 134 8.9 7.9 16,1 24p 2512 391 2386.11

Ho 1.07 | 0.21| 0.49 0.29 0.24 0.4 0.8 0. 12 08 0.4

Er 255 | <0.6| 0.73 0.59 0.8( 1.3 2.1 2.1 29 119 1.3

™m 021 | <0.1| 0.13 0.09 <0.08 0.1 0.3 0.p 0l4 02 1 0.

Yb 1.56 <1 <0.9 <0.7 <0.7] <21 <19 <21 2.6 23 .1<2

Lu 0.16 | <0.1| 0.10 <0.1 <0.1 0.2 <0.p 0.2 0.4 02 20.

Note: FeO* = Total iron; data frorf81, 33.

Cupaello is a thin kalsilitite lava flow, which haseserved fine-grained
carbonatite tuff and mixed kalsilitite / carbonatiagglomerate beneath the flow
[39]. Concentric or massive carbonatite lapilli andri#@p shaped juvenile
fragments show porphyritic texture with calcitehkin a very fine grained calcite
groundmass.
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ABRUZZO CARBONATITES

The Oricola carbonatite is a widespread surge depbdine grained Mn-
calcite containing large concentric lapilli and aitd laths. There is a notable
amount of kamafugitic-foiditic silicate glass shanthixed within the carbonates
which were probably produced by highly explosivénay [52]. Apatite is the
only non carbonate mineral detected although alninsiicate debris including
cpx and phlogopite are also found. The chemistryhf rock indicates possible
conjugation with the near kamafigutic foidite ofd@a del Cervo.

Less information is available about Grotta del ©eoccurrence due to its
poor exposure. The rock is a carbonatitic tuff whiocludes some kamafugitic
foidite blocks. The calcite forming the tuff mattvas high Sr and Ba content. The
kamafugitic foidite blocks contain kalsilite, hai&nreucite and nepheline plus cpx,
melanite and sping]55]. The apatite contains up to 6.73wt% of RBE and
2.17wt% Srgq11].

VULTURE CARBONATITES

The Vulture volcano there are at least 7 major maardiatremes which are
related to carbonatitic tuffs (or tuffisite) thakacomposed of carbonatite/melilitite
concentric lapilli immersed in a carbonatite matit Sr and LREE rich
carbonates. These form a swarm which extends bewdritie main volcanic
edifice and are about 130 ka old. The main outcrapes Casa Rossa/Mulino
Vecchio, near Masseria Cuscito, Piano Comune, LRBmeoolo, Lago Grande,
Vallone Toppo del Lupo and Serra di Bra[d8-15, 27, 28, 33 The structure and
composition of Vulture carbonatites differ from owap to outcrop due to the
effects of diatremic transport and volcanic mecti@si which can modify the
carbonatite/melilitite volume ratio and granulomgewf the deposit[41, 47.
Welded-ash and lapilli layers that are true carbénodal carbonate >50vo0l%)
have been reported from Lago Grande, Lago PicaudoVallone Toppo del Lupo.
Also mantle nodules are variably concentratedy timieiximum frequency and size
are found at Casa Rossa and Lago Grande. Ultrardabds are widespread in
Vulture carbonatites as attested by relatively lpgbportion of SiQ, which is very
similar to the Umbria and Abruzzo carbonatites. dgeneral, the larger
concentrically shelled lapilli have inner layersdaaof melilitite and outer layers
made of agglutinated, smaller porphyritic carbdedapilli which also form most
of the blanket tuffs that are widespread around vbets. In addition, small
melilititic spin-lapilli are sprayed into the canatite droplet-ash matrix of the
tuffs. The accretion of carbonatite droplets aroanchore viscous melilitite, or a
solid kernel has been described in detail in séveapers[41-43. Depth of
accretion is suggested by the kernels coring tipdlilaperidotites and mega-
xenocrysts indicate mantle lithosphere origin; fielite, clinopyrossenite and
felsic rocks indicate crustal depths. Vulture cadides contain clinopyroxene,
apatite, zoned Ti-magnetite with Mn-Mg-rich rim aperovskite with Nb-Ba-rich
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rim. Secondary phases are ettringite, barite, hanand Fe-hydroxides often
replacing sulphide. Large crystals found in carlbibmamatrix are xenocrysts or
cognate macrocrysts of forsterite, Cr-hastingsi@;phlogopite, Cr-diopside
showing a reaction rim.

Intrusive coarse calcite-carbonatite (sovite) ané fjrained (alvikite) ejecta
from the plutonic complex are associated with nenge, melilitolite
(uncompahgrite and ultramelilitolite), ijolite arainopyrossenite and have been
reported from the Monticchio Lakes syntheme andhfagher older volcanic units
[30, 51.

Vulture sovite is coarse grained and shows somer@xand mineralogical
layering. It is mainly formed by calcite (1.5 tb®&1t% MgO, up to 0.24wt% SrO)
and much lower amounts of dolomite (18wt% MgO, aplt21% SrO), spinel
(60Wt% AI203, 26.5wt% MgO, 10.7wt% FeO), forsteriperovskite and apatite.
1NdMNd (0.512648 +/- 15) antfSrf°Sr (0.705978 +/- 10) ratios are similar
between soévite and the Vulture alkali mafic stikceocks.5,3C (-4.8) is in the
range for mantle derived carbonatit8¥0 has values which plot within a broad
range of worldwide carbonatites and is believetidoe been slightly affected by
fractionation as well as deuteric alteratif80]. Compared with world average
sOvite compositions, the Vulture soévite has high Thand Sr. LREE/HREE
fractionation is also typical of carbonatites hgvanvalue around 100.

Vulture alvikite is equigranular fine-medium gratheock formed of rare
large euhedral Ti-garnet in a groundmass of mosaitured calcite and cpx.
Calcite contains abundant small rounded inclusioh&-feldspar. Wollastonite
forms patches. Accessory euhedral sphene, Ti-midgraetd apatite constitute the
remainder. Modal composition is calcite 85%, cp&9%, K-feldspar 3.9%, Ti-
garnet 0.5%, sphene 0.4%, apatite 0.3%, wollagto@iB%, magnetite 0.1%.
Calcite has a very low MgO, with a typical SrO aritbetween 0.15 and 0.25wt%
and FeO up to 0.3wt%. Garnet has TiO2 up 4.7wt%is@dsolid solution of 87-
89mol% andratide, 9-12mol% grossular and 0.5-1m@iope. K-feldspar is
sanidine in composition with limited Ab moleculaid solution between 15 and
17%, FeO has a concentration up to 0.52wt%.

FOIDITE, MELILITITE AND MELILITOLITE

This complex rock suite can have types which areially carbonate free of
also types which are carbonate-rich, in both céseg are strictly associated with
carbonatites in tectonic setting, age, trace elésremd isotope geochemistry. They
are rarely vented physically separated from cartii@saand are often finely
comminuted into carbonatite by explosive activitgafg Venanzo, Cupaello,
Oricola, Grotta del Cervo, Vulture). Only Polinorloanatite occurs in isolation.
Thus makes Italian carbonatites and kamafugitc Ititelifoidites a very typical
conjugate pair§52]. The extrusive mafic rocks associated with Itakanbonatites
have been exhaustively described in a number afrisagnd not repeated here. For
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those readers who may be unfamiliar with their Bpediterature we would
mention that the rocks are melilitites or foiditesth more potassic variants being
kamafugites or even kalsilitites (tab. 1). Minegglds extremely complex owing
to the etheromorphic nature of the rocks and cilysdon under variable
composition and pressure of volatiles. In some sageto 4 different types of
foids are present (e.g. Grotta del Cervo kamafugididite). In melilitites,
ghelenitic molar proportion is possibly correlateith the CaO content of the rock.
Distinctive Ti-Zr-Ca-silicate, Zr-cuspidine, kybkite, kymzeinite, Zr-cuspidine
and gotzenite occur as a response to the highkpdéired nature of some of these
rocks[35, 3. The diversity of mineral compositions suggestomplex history
of crystallization for the IUP kamafugitic rockshd investigation of melt and fluid
inclusions indicate that the earliest magmatic malseof these rocks are olivine
and clinopyroxene, which form large and rather hgem®ous phenocrysts. The
high maximum Mg# of olivine phenocrysts (up to Q.8liggest that the magma
was almost undifferentiated and close to a prinmaayntle melt.

Coarse intrusive rocks are much less well known aredthe subject of a
minority of paperg36, 44, 53. They are found as either discrete subvolcanic
bodies or, more frequently, as ejecta or blocksarbonatites or melilitite/foidite.
They are generally leucite-calcite melilitolite andltra-melititolite or
uncomphagrite which are virtually olivine-free andntaining wollastonite and
rankinite instead of monticellite. Other accessmiperals are hatiyne, nepheline,
Ti-garnet, Ti-magnetite, phlogopite and Ti-magreetiMelilitolites have a much
higher CaO contents of melilitites and have vaggiralkalinity, in some case it
Is extreme (AI>20). They can contain variable antsuof carbonates up to
>20%vol.. However, when they are carbonate-frde @teserve contents of CaO
(>35wt%) usually found only in carbonatites. Thegsential mineralogy, further
modified by phenomena typical of intratelluric eiféntiation, is largely explicable
by decarbonatation reaction between carbonatit¢ anel silicate phasq40, 44.
These rocks are associated with sovite and alviyeeta and indicate plutonic
differentiation of the parental carbonate ultramafiagma which, when erupts, is
able to preserve much better primitive or near princharacteristics.

GEOCHEMICAL AND GEODYNAMIC CHARACTERISTICS AND
PLUME ACTIVITY

Italian carbonatite and melilitite/foidite are cniptive conjugate pairg38-

40, 53 and it has been demonstrated that there is naiatilby sedimentary
limestone or any other crustal assimilat[@n 4. The geochemistry of Zr-Hf, Ta-
Nd, Ti depends on the differing solubility of thedements in alkaline/peralkaline
melts and therefore have different geochemical \aeha with respect to basaltic
melts [9]. This was already noted and others, who discréditee tectonic
classification ability of popular diagrams basedHIESE ratios for non basaltic,
cratonic and potassic rock4].
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Italian carbonatites and conjugate silicate rocksehC, O and B isotope
ratios ranging from typical mantle values to enedhheavy isotope values which
disprove the derivation of carbonatitic melts frararustal reservoirs. However, by
plotting Sr, Nd and Pb isotopic ratios for IUP reck is possible to detect a
relationship between two separate mantle end-menb&Z0 and ITEMS3, 4, 5,
6]. Any involvement of sedimentary limestones candiszharged, as those are
much less radiogenic than ITEM. Furthermore, additf crustal material is in
disagreement with high Cr+Ni content, stronglycsiliundersaturated character,
peralkalinity and, in general, with the geochergistf comagmatic kamafigite-
carbonatitte paif52]. Mantle melts associated with subduction do notehan
ITEM or FOZO component, which appears to disposehypothesis of an origin
of IUP carbonatitites by subduction adopted by sd&f}. ITEM is a highly
radiogenic reservoir which may be located outsierhain convective mantle. It
IS accepted that the deep mantle that remainstésbfar a time scale of over a
billion years would allow for the radioactive decalylight nuclides such as K.
Light nuclides are a likely, volatile component wainiexsolves slowly during
cooling and contraction of the outer core. Sevebalervations suggest it is likely
that C (and other light elements) were incorporated the Earth's core during
accretion[56]. Graphite and carbides are commonly present mnneteorites and
this is consistent with the dissolution of C inte-Ri liquids. The carbon isotopic
composition of graphite in iron meteorites exhibitsuniform value of -B.
identical to the mode in the distribution found diramonds, carbonatites and
oceanic basaltg23]. If there is C (and K-RD) in the core, which ig m@ached by
subduction there is no point making the deep C wtasi more complex by
involving shallower Earth layerf8]. Movement of heavy carbon towards the
surface is simple when differentiation of the inpart of the planet takes place
over billions of years. If FOZO is representativie @0 common asthenospheric
reservoir then the ITEM isotopic characteristica ba related to the hypothesised
‘D’ layer of the mantle as on the Earth it doesxist any other similar reservaorr.
To date, Italian carbonatites and melilitites hamvays been associated with
continental lithospheric thinningl7, 18, 2. However, plume models have long
been proposed for Italy but plume size and comjoositave as yet been poorly
addresse(i22]. More recently, the existence of a very large @wuonfined to the
transition layer beneath the Central Mediterran8an, Azores-Canary area and
continental Europe, has been suggefted. Plume head expansion in the mantle
would produce an asynchronous mosaic of extendiagsaand extensive mantle
metasomatism driven by a general eastward manti. fMost of the rare
ultralkaline rocks found in the Central Mediterranesea and the active volcanoes
can be explained from fingers emitted by the degggsilume head or simply by
metasomatised sub-lithospheric mantle melting duiithosphere thinning.

DISCUSSION AND CONCLUSIONS
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The high Ca contents and carbonate inclusions it lvg-rich olivine
phenocrysts found in Italian carbonatites and kagigfs indicate that high Ca is a
primary characteristic of Italian mantle melts. Tdaenposition of mantle melts has
been characterized by primary high(s NaO, F, Cl and S contents, which are
inherited by all later derivatives. This rules oamy crustal assimilation of
carbonate, chlorides or sulphates. The conditioris thee initial magma
crystallization during its ascension towards thdasae has been estimated from the
results of thermometric experiments with melt ahddfinclusions and mantle
nodules as proxy geobarothermometers. The highgstallization temperature
recorded by melt inclusions in olivine is 1240°360°C[25, 3§. The occurrence
of associated Iherzolites indicates that the pymaagma segregated from the
source at about 22 kbft6]. The complex rock mineralogy results from primary
mantle magma crystallization under open-systemitiond, with strong variations
in H,O/CO,, and probably oxygen, potential. The parental negvas clearly a
carbonated melilitite/foidite which becomes immidei with carbonatite at some
point in this proces$25, 37-40, 5]L Primary silicate—carbonate inclusions in
calcite were also reported from the Mt. Vulture is®\{30]. Their carbonate
component is dominated by dolomite. The carbonak coexisting with alkaline
silicate melt should contain substantial amountalkélis and neyrereite has been
found in melilite and apatite inclusiof84]. However, considering the rarity of
alkali carbonates in IUP carbonatites we postulat alkalies could be consumed
at crustal pressure by the crystallization of fomdskamafugites and potassium
feldspar in phonolites and/or be dissolved in agsefiuid separating during
eruption.

In our opinion there is nothing about Italian caratites and their tectonic
setting to lead us to consider them as exceptimnather worldwide carbonatites.
There is very strong evidence that Italian mants wmvaded by carbonatitic melts
(alkaline?) and that mantle minerals reacted tonf@@ complex metasomatic
assemblage. Fluid inclusion studies indicate thigtipe parental magma was rich
in CaO and C®and that carbonatite-silicate immiscibility ocadrover a wide
range of T/P conditionfs2]. Co-eruption of physically separated but chemycall
conjugated kamafugite and carbonatite is a clearotistration of immiscibility.
Silicate-carbonate immiscibility is considered ®the most effective evolutionary
process in the kamafugitic/carbonatitic melts, lmgen system conditions and a
variable volatile ratio can explain the complex emalogy of
kamafugite/carbonatite association. In additiomiateon in the solubility of HFSE
in alkaline/peralkaline liquid explains HFSE chasig8dvite/melilitolite formation
relates to slow differentiation and decarbonataitoplutonic conditions.

Italian carbonatites cannot be linked to subducpoocesses and it is more
likely that a continental lithosphere extensionymed by a deep plume expansion,
may relate to the more general Mediterranean geokejting and the location of
central Europe carbonatites.
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ABSTRACT

The Archaean craton in southern West Greenland deef numerous
occurrences of ultramafic alkaline rocks includkagnberlite (senso lato), ultramafic
lamphrophyre, lamproite and carbonatite. The kidileeresearch group at GEUS
has since 2001 been concerned with the task o¥isimikknown and tracing new
occurrences using geochemical and geophysical.téotgudy of geochemical and
geophysical surface signatures of these rocks kas Buccessful and resulted in
many new occurrences. The work conducted by thearek group includes storing
and systematising information and data reporteéxmptoration companies and field
data obtained by GEUS. In addition, the data isdusestudy the origin of the
alkaline magmas, and to assess the diamond pdtehifdest Greenland. Presently,
the origin of the alkaline magmas is addressed lyeral chemistry and melt
characterisation. A significant diamond potentiak tbeen established for southern
West Greenland based on the physical regime inlithespheric mantle and by
indicator mineral chemistry.

INTRODUCTION

The Archaean cratoand adjacent Proterozoic terramé$Vest Greenland
host a variety of ultramafic alkaline rocks inclugidykes of kimberlite (senso
lato), lamproite, ultramafic lamphrophyre and cawdtiite complexes (Fig. 1The
alkaline and carbonatite magmas were emplacedecifgptime windows in the
geological evolution, which can be related to majoisodes of continental break-
up [13]. The oldest episodes are Archaean anddbrgest dated are Palaeogene.
Mantle xenoliths and xenocrysts, including diam¢ek Fig. 2), are known from
many dykes and have for decades encouraged diaexphatation.

The present kimberlite research group at the Deyant for Economical
Geology at GEUS has existed since 2001 and incldeiscientists, technicians
and students. This group has mainly been concestbcthe study of kimberlitic
rocks in the Sarfartoq and Maniitsog regions, bwamafic alkaline rocks from all
parts of Greenland are included in the investigatitis paper focuses on work
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conducted in the Sarfartoq and Maniitsoq regiong. (B). The primary aim of the
group has been to find new occurrences, to corstudtes related to the origin of
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the ultramafic alkaline magmas, the lithospheraicstre, and to assess the
diamond potential of West Greenland. The invesbgat are carried out in

corporation with theBureau of Minerals and Petroleum (BMP), Governmant

Greenland

GENERAL GEOLOGY

A review of known occurrences of ultramafic alkalirocks and carbonatites
in West Greenland is published in 1992[b8]. Since then, more dykes have been
discovered in the northern part of the Archaeamoaraand a Jurassic carbonatite
and ultramafic lamprophyre (UML) dykes centrallytive craton, see below. The
northernmost occurrence is a group of c. 1700 MaLUdgkes intruded into
Archaean basement east of Disko [13]. Three clsistbultramafic alkalinedykes
have been recognized within the northern part ef ¢haton (see Fig 1). The
Sisimiut swarm comprises 1284-1203 Ma old lampeaiykes and c¢. 590 Ma old
kimberlitic dykes, which generally have a vertidalWw to SE-NW striking
orientation [22, 24, 29]. The Sarfartoq swarm cstssimainly of 560-600 Ma
kimberlitic and UML dykes with several orientatiom®wever, the northern part is
dominated by a N-S trend. The 560 Ma old kimberlahd UML dykes of the
Maniitsog swarm have orientations in a predomiryalBNE-SSW direction. A
carbonatite complex is known from the Sarfartoqaegthe 600 Ma old Sarfartoq
carbonatite complex (Fig.1a). Further south in Memniitsoq region the ca. 3 Ga
old Tupertalik carbonatite complex (Fig. 1b) [2hdathe 165 Ma old Qagarssuk
carbonatite complex (Fig 1c) [24] are located. Uttte discovery of the 158 Ma
Tikiusaaq carbonatite complex (Fig. 1d) east ofikgehavn in 2005 [26], only a
few UML dykes were known from the central part &k tArchaean craton.
Towards the southern edge of the craton, the almeedaf alkaline dykes
increases, and they comprise UML, monchiquite, @aakite and a few
occurrences of kimberlite. The southern occurrerazesMesozoic in age, and a
presently interesting occurrence, the Pyramidefdprises a small swarm of
diamond bearing kimberlite sheets. Further soutihinvthe Palaeoproterozoic
orogen around 61°N latitude, the large Mesoprotecogardar rift and related
alkaline igneous province [31] comprises UML dykasd intrusive complexes
including a carbonatite body within the Grgnneda-(Fig. 1e) complex and
carbonatite lavas at Qassiarsuk (Fig. 1f). For noi@mation on the occurrences
east of Disko please refer to [1].

EXPLORATION

West Greenland has attracted diamond exploratimeshe early 1970s. (Fig.
2. shows the known diamond occurrences in soutthst Greenland). The first
diamonds from kimberlitic/UML rocks recovered in 8¢eGreenland were two
microdiamonds and one macrodiamond from UML dykeByaamidefjeld. After
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that followed regional kimberlite prospecting cawgr large parts of West
Greenland resulting in the recovery of two microdgoeds from bulk stream
sediment samples from the broad Sarfartoq valle§]. [Field campaigns by
exploration companies from 1994 onwards have irealvegional till and stream
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West Greenland.

114



Sand K.K., Nielsen T.F.D., Secher K. and Steeffelt

sediment sampling programs aiming to locate kinigerindicator minerals,
airborne magnetic and electromagnetic surveys aitithgl on frozen lakes for
possible diatremes. In 1997, diamonds were extlacteom in situ
kimberlitic/lUML dykes east of Maniitsoq, where oii82 kg sample of a large
dyke yielded 25 microdiamonds <0.5 mm) and 16 n@iaroonds (all 0.5<1 mm).
The focus subsequently shifted north to the Sadaregion, where a large number
of microdiamonds were recovered from a single kirnii@UML occurrence (sub-
cropping sill returning 474 microdiamonds and 5 md@monds). In 2004, a
diamondiferous dyke was located in the Sarfartggoreby the company Hudson
Resources Inc. The company recovered 151 diamonti874.9 kg of host rock [6].
Since then the company has increased its actividash year completing
establishing an excavation site an®ense Media Separation plant setup in 2007
[7]. In 2006 Crew Minerals ASAollected 20 samples of 50 kg of five kimberlitic
dykes in the Maniitsoq area and discovered thabflthe 20 samples returned
diamonds with two to eight stones in every sampje [

PETROLOGICAL AND GEOCHEMICAL RESEARCH

Most of the first known alkaline dykes were foundhe well-exposed coastal
zones during reconnaissance related to generalogjeal mapping. Inland
occurrences, particularly dykes, are much morecditf to locate because they
weather more extensively than the country rock gges and form vegetated
depressions in the landscape. In addition, larges paf the inland areas are
partially covered by till. A few inland occurrencegere found by exploration
companies looking for base metal mineralization.

In recent years exploration companies and the GEt$®arch group have
made use of geochemical and geophysical explorat@thods to find new
occurrences of alkaline, kimberlitic and carbomatitocks. Presently, the
exploration data comprise: reconnaissance scadamstrsediment geochemistry,
regional and local scale abundance and chemistkyndferlite indicator minerals
in samples of till and stream sediment, a hypectsgkesurvey [30], and regional
and local scale aeromagnetic and electromagnetieyst Much of the data have
been acquired by companies and successfully usedhéy to locate new
occurrences of kimberlite dykes, including the onth the presently known best
diamond grade (see below). All acquired exploratiata are archived at GEUS,
and the research group has the benefit of makiagptithe comprehensive dataset
compiled over the years [8, 11]. In addition, GEW&intains a comprehensive
sample archive (sediment samples, ultramafic alkaliocks, and crustal and
mantle xenoliths) from which samples can be ex#dctor examination and
analysis as methods and ideas develop.

At present the data and the collections are usestdalies of the structure and
properties of the West Greenland lithosphere, arghtn knowledge of the origin
and genesis of kimberlites, ultramafic lamprophyaed carbonatites. The regional
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distribution patterns of many chemical and petrpgra parameters provided by
the exploration data are studied by the researchpgrThe studies indicate that
high Nb in stream sediment and abundance of gépeeidotitic and eclogitic) in
tills outline areas with occurrences of kimberlitasd UML. These research
themes aims at assessing the diamond potentialstaplshing where in West
Greenland favourable conditions for the formatipreservation, and transport of
diamonds to upper crustal levels can be expected.
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On a regional scale, the abundance and chemist§fMfoutline the known
areas with kimberlite and UML intrusions well, asitbw that the chemistry of the
indicator minerals is very useful in the evaluatiohdiamond potential of the
regions [8, 9, 11, 27]. However, on a local scélis ithe experience that tracing
KIM in till back to a kimberlitic or UML sources isot straightforward due to
disturbances related to glacier movements. A stahducted by the kimberlite
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research group in 2004 concluded that the abundah¢dMs is high close to
kimberlitic and UML dykes (sills) or among kimbeidi and UML boulders, but
the number decreases significantly within a sh@tiadce down-ice or downslope
from the occurrence [9, 27] (Fig. 3). The use dflmined discrimination diagrams
for identification of mineral phases derived frome tdiamond window has been an
efficient discrimination tool in the evaluation theformation from the surface
samples [9].

The main accomplishments in exploration by the grbas been: 1) to find
new occurrences of kimberlite in the Sarfartoq @ndniitsoq regions and to
emphasise the diamond potential of the regions7[2]1] ; 2) to describe the
dispersion of KIM from kimberlite dykes [27]; and B locate a new Jurassic
carbonatite complex and associated UML dykes ircérgral part of the Archaean
craton [26].

A CASE STORY: SUCCESSFUL RESULT OF COMBINED
GEOCHEMICAL AND GEOPHYSICAL EXPLORATION FOR
ULTRAMAFIC ALKALINE ROCKS; THE TIKIUSAAQ CARBONATIT E
COMPLEX

A stream sediment sample collected during the gaoatal mapping of West
Greenland [25] had a chemical composition thatngfisoindicated the presence of
carbonatitic rocks similar to those at Sarfarto@][2nd Qaqarssuk [12]. The
anomaly occurred in an area where there were nogu® records of carbonatites
or alkaline ultramafic rocks. A small-sized butosiy magnetic anomaly displayed
by the aeromagnetic map of West Greenland (seR@])gwas located upstream
from the a anomalous stream sediment sample s@aptiné suggestion for a new
carbonatite occurrence. In addition, KIM in tillnsples showed a small cluster of
picked peridotitic garnet, which suggested the gence of kimberlitic/lUML
rocks (Fig. 4)

During fieldwork (2005), the field visit on thesechtions resulted in the
discovery of a new carbonatite complex (named TEikag) and ultramafic
lamprophyre dykesThe complex appears to be centred whereitu massive
carbonatite was found in the walls of a creek nogttthrough a gentle slope
covered by gravel and vegetation. The prelimingidfobservations indicate that
the emplacement of the carbonatite has affectedraea of more than 100 Km
within highly metamorphosed and strongly deformedh&aean basement. Field
observations indicate that parts of the intrusioerav explosive [26]. The
dimensions and internal structure of the core zbage not yet been fully
established. However, by analogy with other carbtsmacomplexes in West
Greenland, it is expected that the core zonetisarorder of 1-2 km wide [26].

U-Pb isotope compositions of zircons and perovskdastrain the age of
ultramafic lamprophyres and carbonatite to the tapan from 165 to 152 Ma, i.e.
Late Jurassic [26, 28]. The age makes the new patibe near-coeval with the
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Qagarssuk carbonatite complex [164 Ma, 24] and WML dykes located at
Feeringehavn on the coast west of Tikiusaaq [13].

TERMINOLOGY AND GENESES OF THE GREENLANDIC
ULTRAMAFIC ALKALINE ROCKS

The 600 Ma old ultramafic alkaline dykes were ahllemberlitic’ by [13],
but [15] concluded that they were best referredatdcarbonatite ultramafic
lamprophyre suite (aillikites or melnoites [15]).was further suggested that the
West Greenland province represents “one of the lbmma fide examples of
ultramafic lamprophyre which contain diamonds”. Bep on indicator mineral
assemblages [11] and diamond contents [e.g. 6] rexepened the discussion on
the classification of the dykes. This has l¢adan investigation by the GEUS
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Fig. 4.The area of the Tikiusaag complex.

Phosphorus (®s) anomalies in stream sediment and mantle-derieedeg grains in till in combination
with the magnetic anomaly reveal the presencecaflaonatite and UML dykes in poorly exposed tetrain
Massive carbonatite was located within the extérih® magnetic anomaly, while fracturing and vegnin
related to the intrusion of the carbonatite magsavell as UML dykes were recorded within the arka o
the dashed line.
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research group of the groundmass mineralogy anchctegisation of these rocks.
The investigation was initiated by a detailed stadlythe Majuagaa dyke in the
Maniitsoq area [17], together with preliminary riégswf a regional investigation of
the groundmass minerals of the dykes [16].

The Majuagaa dyke is 2.5 km long and up to 2 m vadeé diamondiferous
[10]. It is located c. 50 km SSE of Maniitsoq (Fig.and strikes WSW-ENE. The
dyke is dark grey with many olivine-rich fragmerftgo to 10 cm) and rounded
megacrysts of ilmenite (up to 4 cm). It containe ttlassic kimberlitic suites of
megacrysts and mantle nodules, including eclodi®. [The groundmass is fine-
grained and composed of olivine fragments, caldidéomite, serpentine, ilmenites
and minor Mg-rich spinel. Phlogopite and apatite asre. Mineral data from
groundmass, megacrysts and nodules, the bulk ctrgmiand analytical
techniques are reported in [17]. It is further daded that the Majuagaa dyke is a
calcite-kimberlite with significant similarities tevell established kimberlites [17].
In addition it was concluded that dykes in the Naong region bear strong
resemblance to archetypal, South African, on-cratgpe 1 kimberlites.

DIAMOND  POTENTIAL OF THE  SOUTHERN  WEST
GREENLANDIC LITHOSPHERIC MANTLE

The diamond potential of the southern West Greelntalithospheric mantle
has been assessed in a master thesis [21] usinfjeg@obarometry mainly
applied to 4-phase mantle peridotitic xenolithsriigs olivine, clinopyroxene,
orthopyroxene) from ~600 Ma old kimberlitic (sensto) dikes and sills. In
addition, lithological and major element geochermatzservations have been used
to construct a model mantle transect [Not showa,ZH. The xenoliths included
in the study originate from 13 localities in thental, northern and marginal
region of the Archaean craton Fig. 2.

The mineral chemistry of the southern West Greeahtarenoliths resembles
in general that of the Slave and Kaapvaal crat@etailed testing of different
thermobarometer combinations allowed an evaluatibrwhich combination is
most applicable to the West Greenlandic peridotiBetause of problems relating
to lack of equilibrium in the clinopyroxenes in #ee rocks, the favoured
thermometer is a Ca-in-orthopyroxene formulatiop.{Iopy [4]. For harzburgites
and wehrlites, a formulation based on the Fe-Mdgharge between olivine and
garnet [18] is favoured. Three Al-in-orthopyroxebarometers yield radically
different xenolith-geotherms, resulting in threestoict models for mantle
evolution in southern West Greenland. Fig. 5 shbw variation displayed by
Iherzolites between the Brey and Kohler barometgk P4] and the McGregor
formulation Ry [14], both at the d..inopx temperature formulation. They®
barometer, based on the chemically simple MAS-sygfet], is favoured and it is
argued that barometers requiring correction for anirelements propagate
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analytical errors into the P/T estimates, when iadpto the present suite of
peridotites.

The combined results suggest a layered mantle bedouthern West
Greenland displaying increasing fertility with deptn agreement with previous
studies [e.g. 3]. No lateral variation in pressteeperature or heat flow at mantle
depths can be identified in the investigated s@asrdespite variable crustal
histories. Using the favoured pressure and temperabmbinations, twenty-seven
of thirty-one samples are from the diamond stabfild, whereas the Brey and
Kohler [4] formulation depresses pressures andlyialweaker diamond potential.
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Fig. 5.Comparison of the P/T distribution of lherzolites fom eight localities in southern
West Greenland (For simplicity only P/T estimatesdr lherzolites are shown).

Temperatures are calculated using theg.lox (favored for lherzolitic rocks in the present studly
combination with Rc and RBxy. Two distinct apparent xenolith geotherms are ewid The Bc
formulation defines a near-linear trend and theg, Rlisplay a convex trend. The P/T array based oh eac
of the barometers results in a distinct interpietabf mantle evolution and diamond potential. g
formulation is preferred in the present study.

Based on the thermal conditions established by [2i concluded that a
significant diamond potential existed in the lithberic mantle at the time of
kimberlite/UML eruption ca. 600 Myr ago. This ispgorted by the conclusions of
[17] that based on mineralogy of the host rock peapthat all regions of the West
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Greenland province of ultramafic magmatism are daable for diamond
exploration.
CONCLUDING REMARKS

The research group at GEUS has successfully apgjesmthemical and
geophysical tools in order to locate new occurrerafeultramafic alkaline rocks in
southern West Greenland. The knowledge and datactad during this process
has been used to improve the techniques of geochemand geophysical
exploration and to conduct studies on diamond p@ienand magma
characterization and nomenclature. Based on thezomatraints in the lithospheric
mantle in southern West Greenland it is argued #hatonsiderable diamond
potential exists in the Sarfartog and Maniitsoqiorg. This is supported my
mineralogical studies of and by recent diamonddimdthese regions.

FUTURE WORK

In the coming years the kimberlite research groupoentinue the study of
samples of West Greenland alkaline rocks and catiies including their mantle
xenoliths. The group will make use of advanced wdshto obtain new isotope
data and chemistry in minerals and melt-inclusieitb the objective of improving
our understanding of where conditions are favoerdbl diamond occurrences.
Using the experience gained in the Sarfartoq andiikdaq regions, the area of
interest will be extended to include the southeart pf the Archaean craton with
the objective of creating a model for the entires?WV&reenland subcontinental
lithosphere.
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ANNOTATION

Mantle xenoliths (nodules), occurring in abundameerock related to all
plausible intrusion phases in the Nyurbinskaya pyaey in size from 2-6 cm to 21
cm. In all, more then 240 nodules have been examiRetrologically, the xenoliths
are dominated by various garnet peridotite andoplmoxenite rocks and chrome
spinel peridotite, with a minor proportion of sdiperidotite and eclogite (groups A
and B). There also occur rare megacrysts of Ti@aBon orange garnet and
macrocrystals of orange and red garnet of eclagiiee. Mantle xenoliths have a
granular structure, with an almost complete abseoiceataclastic (“sheared”)
peridotite, although fragments of banded (layeredks and rocks with unbalanced
mineral paragenesis are abundant. About 10% of etjamperidotite and
clinopyroxenite xenoliths contain picroilmenite kita peculiar composition
appearing atypical of kimberlitic ilmenite, and ithelinopyroxene also features a
quite uncommon mineral chemistry. The behavior Bf Jarameters characterizing
the examined nodules fits the 40 m\W/conductive geotherm. The kimberlite pipes
of the Nakyn field appear to be older than the othemondiferous kimberlite pipes
of Yakutia. Their peculiar geochemistry and mineggl might reflect the early state
of the lithospheric mantle, which appears to beenpimitive, i.e., unaffected by Fe-
Ti mantle metasomatic processes triggered by aRat@nian asthenospheric diaper
(mantle plume) so intense as obviously was cadethwt younger kimberlite rocks in
the Malo-Botuobinsky, Daldyn-Alakitsky and Verkhiainsky provinces. A similar
shift in rock chemistry (a sharp increase in Ti &edcontent along with a decrease in
Al content) is also shown by the relatively youpggt-kimberlite) mafic rocks in the
Nyurbinskaya pipe with respect to the relativelg @pre-kimberlitic) mafic rocks
occurring in the same pipe.

INTRODUCTION

Diamondiferous kimberlite rocks of the Nakyn fiettiscovered in 1994
appear solitary with respect to diamond-bearingbartites from other Yakutian
districts, not only in location but also in the widly of compositional
characteristics. In particular, the Nakyn kimbeditare characterized by a
predominance of chrome spinel and pyrope amonghible pressure minerals
(with almost total absence of picroilmenite), aseggially phlogopitic rock matrix,
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and a peculiarly low concentration of all incompbdielements except for K and
Rb [6, 9, 11, 23, 25 and many others].

Particular high-pressure mineral species from Nakgld pipes (primarily
garnet and chrome spinel and, mare rarely, clinmmme and picroilmenite) have
been (and still are) the subject of quite extensteeature [2, 9, 11, 13, 23], while
the information about mantle xenoliths in Nakynldi&kimberlite rocks is a yet
scanty. A very detailed research was devoted tatigue diamondiferous mantle
xenoliths and mineral intergrowths encountered he tourse of kimberlite
concentration during mining at the Nyurbinskayaedipl1, 22]; along with this, the
presence of mantle nodules in this pipe was meatian these reports just in
passing. Some attention was given to the presehesenall single inclusions of
serpentinite, garnet serpentinite, kyanite eclogid glimmerite [7]. A somewhat
more detailed description has been given to manximoliths from the
Botoubinskaya pipe [20], which is very similar ioangposition to the Nyurbinskaya
pipe. This is why mantle rock xenoliths of the Nyuskaya pipe are worthy of
thorough investigation, which undoubtedly wouldpghghin more information on
the structure and composition of lithospheric nmantbr the whole Nakyn
kimberlite field and establish the reasons fordheady notified peculiarity of the
Nakyn kimberlites.

A prominent feature of the Nyurbinskaya pipe cassis the presence of a
pre-pipe dolerite intrusion (xenoliths of which acdn pipe kimberlites) and a
post-pipe (penetrating) dolerite intrusion [8, 1H#nalysis of compositional
peculiarities for the igneous rock bodies with @liiig age from the Nyurbinskaya
pipe would contribute to revealing the peculiartieas of temporal evolution of
the upper mantle in the study area.

RESEARCH TARGETS AND ANALYTICAL METHODS

Description of core samples (800 meters run) arsiiali examination of
quarry walls and ore yard stock-piles during aguk period since August 2006
till September 2007 revealed that mantle xenoldhsur in sizable amounts in
rocks related to all intrusion phases evident enNlyurbinskaya pipe; in some drill
core intervals, their concentration ranges up 8x@&noliths per 10 m run. In all,
more than 240 mantle xenoliths were identified. SEh&enoliths are generally
quite large, with a prevailing size between 4 am6(Fig. 1), and the biggest one
proved to be as large as 21.2 cm (weighing as raa¢h5 kg). Nothing of the kind
(neither in quantity nor by size) was ever encowaateén our analysis of more than
20,000 m run of drill core samples examined altogetor kimberlite pipes of the
Lomonosov deposit (Arkhangelsk district), to whittie Nyurbinskaya pipe is
commonly compared [6]. Along with thia, xenolithgeslike this is quite common
with kimberlite pipes from other Yakutian districts

Most of the examined xenoliths are oval, very gjilgrisometimes in a zoned
fashion) altered (serpentinized, saponitized, aaabred or silicified), with only
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garnet and opaque minerals remaining unalteredspachdically occurring relict
of phlogopite, clinopyroxene and amphibole.

The mantle xenoliths were examined both visuallg amstrumentally (in
transparent thin sections). Mineral chemistry (aRalyses) was analyzed using a
Camebax SX-50 X-ray spectral microanalyzer (U k¥51 = 15 nA) (Analytical
Laboratory of GINTSVETMET; analyst: A.l. Tsepin).
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Fig. 1.Histogram for the sizes of mantle xenoliths in th&imberlite rocks from
Nyurbinskaya pipe (top) and Lomonosov deposit pipeZimni Bereg, Arkhangelsk
province (botom)

Pre-pipe dolerite xenoliths and post-pipe doles@gmples were examined in
thin sections, by silicate analysis (Analytical badtory of GIN RAS), by ICP-MS
analysis (Analytical Laboratory of IMGRE MNR RF)hdlastly, by Nd-Sr isotope
analysis (Analytical Laboratory of IGGD RAS).
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MANTLE NODULES: PETROGRAPHY

To typify the mantle nodules, we used a numbetaxsification schemes and
criteria proposed by different researches [5, 8226, 30]. Deep-seated inclusions
can be generally subdivided irdeep-seated rock inclusiofiacluding their
disintegration products, e.g., xenoliths, microxXghs, intergrowths, oikocrysts,
xenocrysts) andhegacrystgmacrocrystals).

Classification of mantle xenoliths from the Nyurklitaya pipe proved to be
quite difficult due to intense alteration of theke involved, peculiar composition
of some essential minerals, and significant contjprsil variability often shown
by different grains of a common mineral specieshivita common sample (in
some cases, these variations have a zoned diginpugprobably pointing to
certain deviation from equilibrium in respectiven@ial suites. At the present-day
stage of investigation, the subdivision of the itfesd mantle xenolits into definite
types or varieties can be jyseliminary.

The spectrum of mantle inclusion varieties occgrmnn Nyurbinskaya pipe
kimberlites is rather rich, including various ultrafics (with some combined,
complexely structured rocks among them), mafic antkgacrysts (or
macrocrystals).

Mantle xenoliths are sharply dominated by ultramafivarieties
(predominantly garnet-containing, with a minor pydmpn of chrome spinel ones)
with relatively equigranular (allotriomorphic andygidiomorphic granular)
structures and some evidence of dynamo-metamorpbiggn present as small
zones and bands of recrystallized olivine, whetgpgal cataclastic ultramafics
are almost totally absent. Metasomatic featuresietyg phlogopitization of garnet
and clinopyroxene, occur quite frequently.

Garnet-free ultramafics are represented essentillyspinel-bearing and
chrome spinel peridotite varieties.

Spinel peridotitexenoliths occur rather rarely (in all, they argh¢iin number,
which is 4.8% of the identified mantle xenolithdhey have a fine-grained
crystalline texture (with some sideronitic elemgmttsd a massive structure. Small,
irregularly shaped chrome spinel grains are homegesly dispersed in an
olivinic ground-mass and fill the interstices betnelivine grains.

Chrome spinel peridotiteenoliths are more abundant (16 in number, whsch i
9.6% of the identified mantle xenoliths). Theseksoconsist predominantly of
altered olivine, with pseudomorphs after clinopyo& occurring in amounts of 1-
3% (occasionally, up to 10%) in some samples. Chrapinel concentration is
also quite low, varying from single grains to 1%.dddition, coarse-grained laths
of chloritized mica also occur sporadically. Theeeks have a fine-to-medium-
grained crystalline texture and a massive strucQhgome spinel occurs as small
(0.1 - 0.2 mm) grains with varying habit: flat-facectahedral, combination-type
crystals, myriohedral crystals and xenomorphicrgriachrome spinel grains with
differing morphology often occur together in a coomsample.
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Most of the Nyurbinskaya pipe mantle xenoliths gaenet-containing rocks.

Granular, massive garnet peridotie the most abundant and diversified
group of mantle xenoliths in the examined collatt{@ includes 106 xenoliths,
which is 63.9% of the total number of mantle xethaliidentified). Although the
proportions of the main rock-forming minerals ireske xenoliths vary, most of
them are characterized by an essentially olivimmgosition (70-99% olivine).
Clinopyroxene occurs in most of the samples buthoderate amounts (usually
less than 5%, rarely up to 10-30%). Segregationthisf mineral are irregularly
shaped (quite commonly appearing as interstitiglpst of the clinopyroxene
grains are altered, but relicts of emerald-greeaingralso occur. Ortopyroxene
pseudomorphs are difficult to identify; they ocaura few samples in amounts of
not more than 1-2%. Pyrope, like clinopyroxene,uncoi amounts from single
grains to 20-25%. Pyrope grains vary in color vergely, from orange-red, red
and crimson to violet and lilac, with varying demthcoloration. Some samples of
this group contain chrome spinel grains (similamarphology to chrome spinels
from chrome spinel peridotite xenoliths), rare piktnenite grains of size about 0.5
mm, and coarse-grained laths of (usually chlont)jzehlogopite and, rarely, bright
green amphibole. The texture of these garnet piedas fine-to-medium-grained
crystalline, allotriomorphic or hypidiomorphic grdar, occasionally with some
polygonal (protogranular) elements. The structuréhese rocks is massive or,
more rarely, with certain oriented elements appgaais subparallel, discontinuous
chains of garnet grains in the olivinic groundmass.

Granular, banded garnet peridotkenoliths are less abundant (in all, these
are seven in number, which is 4.2% of the idertifireantle xenoliths). These
rocks are complexely structured and heterogenebhusr texture is medium-to-
grained crystalline, panidiomorphic or allotriombip granular, and the structure
of these rocks is taxitic. Rocks of this group bamded, with band-shaped zones
enriched with clinopyroxene and garnet (up to 3@pOand, rarely, with
orthopyroxene. All their rock-forming minerals (et for garnet) are altered, with
relicts of emerald-green chrome-diopside occurimgust a few samples. Pyrope
varies in color from red and crimson to violet, ma$ the grains being pale
colored. In some of the samples, pyropes with difecolor shades (pale crimson
and pale violet, pale pink and pale red) occur ttogrein garnet-rich zones, being
therewith quite similar in composition.

In some samples of granular garnet peridotite, atdilel banding is very
clearly defined, such that alternating layers ofnga peridotite and garnet
pyroxenite are evident. These samples are sometndreditional between garnet
peridotite and garnet pyroxenite, both in structame garnet composition (usually
low-Cr). Rocks of this type quite commonly contamterstitial picroilmenite
segregations.

Garnet clinopyroxenite (17 xenoliths, which is 28.2f mantle xenoliths
analyzed) are characterized by a medium-to-coawseayl crystalline,
hypidiomorphic granular texture, a massive strietand approximately equal
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proportions of garnet and clinopyroxene. Some efdgamples show large zones of
fusion (or metasomatic working) manifested as zords clinopyroxene
replacement by a fine-grained scaly aggregate triobbied phlogopite. Garnet
shows a variety of color shades: orange, pale wetlcange, pale yellowish-pink,
pale reddish-crimson. In some samples, garnet grath differing color and
composition occur together. Relicts of clinopyroxeare of pale green color.
About one third of clinopyroxenite samples contaimegularly shaped
picroilmenite segregations; in some cases, rufil@resent instead of ilmenite.
Some of garnet clinopyroxenite samples could besdiad as very high-Mg
Group A eclogite [26], in spite of their low-Fe mabipyroxene and olivine
composition (see below).

+pb00OO
o nhs WN =

Fig. 2.Chemical composition of mantle xenolith mineralsom Nyurbinskaya pipe on
diagrams (wt. %): A - garnets [19], B — chrome spial [19], C - picroilmenite [32], D -
clinopyroxene [15, 16]
Symbols: minerals from xenoliths: 1 — spinel petitds, 2 — chrome spinel and garnet peridotites, 3

garnet peridotites with picroilmenite, 4 — garneinapyroxenites and eclogites, 5 - garnet
clinopyroxenites and eclogites with picroilmenite; garnet megacrysts

Garnet megacrysts (macrocrystals) are rare (inlallinclusions of this sort
were identified, which is 7.2% of the xenolithsdiad). These garnet grains vary
in size from 0.8 to 3 cm and in color from orangedd.

MINERAL CHEMISTRY

Chrome spinefrom chrome spinel peridotitsamples is characterized by a
vide variation in mineral chemistry (Fig. 2B). $tiiepresented by high-Cr varieties
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(45-62% Cy0s) with lower than average FeO (below 20 wt. %) &id, contents
(below 1 wt. %). Much the same composition is tgpiof chrome spinel from
garnet peridotite with only TiO, content occasionally ranging up to 1.56 wt. %.
Judging from the compositional similarity of chronspinel grains with a
characteristic Cf ¢ AI**, isomorphism, these xenolith types are related to
different dept facies, from grospydite ,§JCGand coesite (§ to diamond-pyrope
facies (D), therewith belonging to a common, symgenpopulation of nodules.
Along with this, chrome spinel from spinel perides corresponds in composition
(below 30% CyOs;, about 30% AIO;, and 26-44% FeO) to the low-pressure
spinel-pyroxene depth facidd [5, 15, 16], therewith differing drastically from
chrome spinel from the other two nodule groups.sThuggests that spinel
peridotite xenoliths might represent a peculiardivilual nodule type (not
necessarily of mantle origin), in contrast to mantéknoliths from the Lomonosov
deposit (Arkhangelsk district), where chrome s@riedm different nodules form a
continuous compositional sequence from picotitei¢m B) to chromite (facies
D)[15, 16].

Garnetfrom massive garnet peridotites characterized by a rather widely
varying CgO; content (0,5 — 9 wt. %), with a predominance o#-Gr and
medium-Cr garnet varieties of lherzolite suite, anmdy a few garnet grains of
wehrlite and dunite-harzburgite suite (Fig. 2A). télahat garnet grains with
relatively high C§O;(5-9 wt. %) and Ti@ contents (0.2-0.6 wt. %) occur in those
nodules that contain no chrome spinel. All the yred garnets fronbanded
garnet peridotitenodules represent a low-Cr (0.6-3.74% wt. %Qgx garnet
variety of lherzolite suite with higher than avesdéeO content (8-10%)).

Garnet clinopyroxeniteenoliths can be subdivided into two groups based
garnet chemistry. The first, high-Mg garnet varietyh low CrO; (0,07-0,18 wi.
%) and higher than average FeO contents (9.9-11..%o)vcorresponds to garnet
from Group II(A) eclogites (according to the cldissition scheme of Schulze
[30]), being similar in composition to G7 clusterogp garnets from diamond-
bearing rock xenoliths of the Nyurbinskaya pipe,[22], whereas the high-Mg
garnets with higher than average@y (1.84-2.24%) and lower than average FeO
contents (7.6-9.1 wt. %) are similar to garnet frpenidotite and clinopyroxenite,
both of these garnet varieties occurring togethaome of the analyzed nodules.

Garnets fromilmenite-containing peridotite and clinopyroxenitedules are
characterized by a medium Q¢ content (up to 2 or, rarely, 3 wt. %) and, in some
cases, higher than average Jgontent (up to 0.25-0.5 wt. %).

Orange garnemacrocrystalsare characterized by a low g content (0.11-
0.17 wt. %) and higher than average FeO (9.68-2@1686) and, in some cases,
TiO, (0.40-0.76 wt. %) and CaO contents (up to 10.33 %). Red garnet
macrocrystals show a higher,Og content (0.71%) and lower FeO (8.74 wt. %)
and TiQ contents (0.15 wt. %). According to the classiima scheme proposed in
[30], orange garnets correspond to Ti associati@gauarysts and Group A and
Group B eclogites, and the red garnets to grouplégée.
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Picroilmenitefrom different mantle xenoliths is characterizgdhigher than
average Ti@ MgO and CsO; contents, being almost free of hematite component.
In the classification diagram (Fig. 2C), its comfioa falls outside of the
compositional field of typical kimberlitic picroilemite [32]. Along with this,
picroilmenite from peridotite nodules, when compared to that from the
clinopyroxenite ones, is generally characterized by higher MgO.9156.3%
against 9.98-13.75 wt. %) and, especially,@grcontents (1.12-1.82 wt. % against
0.25-0.89%).

Clinopyroxenefrom different nodules in the Nyurbinskaya pipek® (Fig.
2D) are unexpectedly similar in composition, begenerally characterized by a
high #Ca index (47.6-50.6, with an average of 4h@her than average b (2-

5 wt. %) and AIO; contents (3.5-5.5 wt. %) and lower than average @e3-2.4
wt. %) and MgO contents (12.6-15.0 wt. %), withaying CgO; content (0.07-
3.85 wt. %). Only in a few samples does clinopyrexehemistry fall outside these
narrow ranges. This being so, clinopyroxenes framet-containing and chrome
spinel peridotites are very similar in compositichnopyroxenes from peridotite
and clinopyroxenite (including eclogite) noduledfati only in CrO; content
(respectively, below 1 wt. % and more than 1 wtC%0s); lastly, picroilmenite-
containing rocks only slightly differ in clinopyrexe chemistry from respective
ilmenite-free rockvarieties. In general, nodulemirthe Nyurbinskaya pipe differ
significantly in clinopyroxene composition from slar nodules hosted in Zimni
Bereg kimberlites, both those of the Al-series (tbenonosov deposit) and the Fe-
Ti series ones (the V. Grib deposit)[14, 16, 18[,grobably, from nodules of the
same type hosted in kimberlite pipes of other kirgefields in the Yakutian
province.

Generally speaking, minerals of mantle nodules ftbenNyurbinskaya pipe
vary in composition rather widely, some of themr{jealarly, clinopyroxene and
picroilmenite) showing compositional features atgpiof respective kimberlite-
hosted mineral species occurring in other regiéh@ng with this, the presence or
absence of picroilmenite in the nodules has noceffe the composition of other
minerals involved (namely, clinopyroxene and garreet is typical of ilmenite
peridotite xenoliths (Fe-Ti series mantle rockemaiMarakushev [12]). With this in
mind, almost all the examined xenoliths can beat®rdly classified as Mg-Al
series mantle rocks (after [12]), while only someégdrnet macrocrystals
(megacrysts) can be (also tentatively) classifisd~a-Ti series mantle rocks. In
addition, the significant dissimilarity in compasit sometimes shown by different
grains of a common mineral species (primarily ggrimea common sample, i.e.,
some deviation from equilibrium in their mineraltes, is also worthy of note.

NODULE FORMATION: TP PARAMETERS

To establish the TP parameters that governed timeation of the examined
mantle xenoliths, we used mineral chemistry datatlie clinopyroxene+garnet
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(Cpx+Ga) mineral paragenesis, which is most comtoodifferent nodule types.
The temperature was determined from the NS94T gewoibmeter, and the
pressure from the NS94P barometer [28], with thedydical method respectively
modified for peridotite and eclogite. The moderatspersion of the results
obtained and the fact that they are not contradidtm petrographic characteristics
of the examined xenoliths confirm the correctneSsiging this method in this
study (Fig. 3).
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Fig. 3. TP parameters of formation of mantle xenoliths fromNyurbinskaya pipe
kimberlites

The temperature and pressure are calculated ogeyasis garnet-clinopyroxene [28]. A line graphite
diamond on [27]; lines a conductive geoterm on [29]

Garnet peridotite (23 samples) is characterize@ wery restricted range of
TP forming parameters: 768-928 (up to 1002C) and 29.8-37.5 kbar (up to 40.5
kbar), and it is interesting that different petgitmal varieties of peridotite
(including the ilmenite-containing ones) are simitathese parameters. Nearly the
same TP parameters are characteristic of diffegambet clinopyroxenite and
eclogite varieties (eight samples): 796-945(up to 948°C) and 30.3-35.5 kbar
(up to 43.7 kbar). Only one eclogite sample fails ithe field of diamond stability
[27] (essentially at the graphite-diamond boundamhile all the remaining
nodules correspond to grospydite and coesite dagdtfacies [5]. In general, the
behaviour of forming parameters for the examinedutes and different types of
peridotite and eclogite fits well to the 40 m\W/29].
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RESULTS AND DISCUSSION

Mantle xenoliths of the Nyurbinskaya pipe are daméa by various garnet
peridotite and clinopyroxenite rocks and chromenspperidotites, with a minor
proportion of spinel peridotite and Group A and @yoB eclogites [26]. In
addition, rare megacrysts of Ti-assiciation oraggeet and orange and red garnet
of eclogite suite also occur. The analyzed man#aokths have a granular
structure, with almost total absence of cataclgstiidotite and certain abundance
of banded (laminated) rocks and rocks with unbadmaineral suites. About 10%
of garnet peridotites and clinopyroxenite xenolittentain picroilmenite with
peculiar mineral chemistry (atypical of kimberlitienenite), and clinopyroxene
chemistry is also somewhat uncommon.

Judging from mineral chemistry data calculated ®fning parameters, the
examined mantle xenoliths are related just to thddia part of the sequence of
mantle rocks captured by kimberlite magmas. Howewame high-pressure
minerals from kimberlite concentrate samples temccharacterize a somewhat
wider range of penetrated mantle rocks.

In general, the Nyurbinskaya pipe kimberlites aarsimilar in abundance
and size of mantle xenoliths and in sharp predongeaof garnet peridotite
xenoliths to kimberlites from other Yakutian kimlser fields and to Group 1
kimberlites than to geochemically similar kimbex$itof the Lomonosov deposit in
the Arkhangelsk province [6]. Along with this, tHemberlite rocks of the
Nyurbinskaya pipe differ drastically from other Ydian kimberlites by their high
chrome spinel peridotite xenolith content, by thhesence of picroilmenite with
atypical composition in the xenoliths, and by a ptate absence of characteristic
picroilmenite megacrysts.

It is conceivable that the prominent compositigp@tuliarity of Nakyn field
kimberlites may be related to lateral heterogeeiin mantle substrate of the
Yakutian province. Of course, it is also not impble that the revealed sharp
distinctions in rock composition may be just retate nonsynchronous intrusion
of kimberlite magmas, which “recorded” the specsiate of mantle characterizing
different periods of its evolution. However, theofmund scatter of available
radiogeochronological dating results for Nakyndiklmberlites, as broad as form
332 to 450 Ma [1, 24, 31], leaves this suggestidghaut any support.

Having subjected a common set of Nyurbinskaya gip#erlite samples to
K-Ar dating (three samples: 396+/-8 Ma, 404.5+/-8)8, 399+/-8 Ma, with an
average of 399.8+/-8 Ma) and to Rb-Sr dating (ismcl age: 399.6+/-4.6 Ma,;
N=5; initial ®’SrP®Sr = 0,70522+/-0,00019; MSWD=1,3), we establishkd t
intrusion age for the Nyurbinskaya pipe (and, pbipafor the other pipes of the
Nakyn field) as 399.6+/-4.6 Ma, which is Early Deiem, Emsian (em) [17].
This age is more than by 40 Ma older than the LB®onian to Early
Carboniferous (340-350 Ma) age of kimberlites frother Yakutian districts [3].
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It is conceivable that it is precisely the olderagf the Nyurbinskaya pipe as
compared to kimberlites in other Yakutian diamomauing kimberlite fields that
Is responsible for its compositional peculiarity.

The Nyurbinskaya kimberlite pipe is a complicatedcanic complex, which
formed as a result of multiple local volcanic ewefrulti-stage volcanic activity).
In addition to several magmatic rock bodies relateddifferent phases of
essentially kimberlite intrusion, this complex ingorated a pre-pipe dolerite
intrusion (xenoliths of which occur in the kimbégk) and a post-pipe dolerite
intrusion penetrating the kimberlites [8, 11].
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Fig. 4.Chemical composition of volcanic rocks from the Nytbinskaya pipe in coordinates:
FeO[Ot = TIOZ

Circles — kimberlites of different types; a squargenolits of the pre-pipe dolerits; triangles sppipe
dolerite intrusions; a rhombus - a body of bas&ltd60 m to the east from Nyurbinskaya pipe (skv
4/660).

Our preliminary investigation (a comprehensive gtofl mafic rocks is now
still on run, such that only first, tentative rdsuire presented here) revealed that
petrographically similar but obviously nonsynchrasanafic volcanic rock bodies
(separated from each other by the kimberlite imbrusstage) show not simply
dissimilar but radically differing geochemical caateristics. Only Si¢@) N&O,
K,0 and Co contents of pre-kimberlite and post-kirit@edolerites are somewhat
similar. Pre-kimberlite dolerites are 1.5 timeshagin ALO; and MgO, 2 to 3
times higher in Ba and Pb, 5 times higher in Ni 45d') times higher in Cr as
compared to post-kimberlitic dolerites. Along withs, post-kimberlitic dolerites
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are richer than the pre-kimberlitic ones in theredeeiming majority of elements:
FeOtot, CaO, Be, V, Ga, Rb, Cs, Sr, (by a factdt.6¢2.5), TiQ, MnO, BOs, Cu,
Zn, Y, Zr, Hf, REE, Th, U, (by a factor of 3 to @&nd more than ten times richer in
Nb and Ta(!). The most prominent geochemical festusf the pre-kimberlitic
(“old”) mafic rocks of the Nyurbinskaya pipe areethsignificantly lower Ti and
Fe contents and higher Al content as compared deettof the post-kimberlitic
(“young”) mafic rocks of this pipe (Fig. 4). Geocheally, the pre-kimberlitic
dolerites are likely to be related to some geochaltyi depleted source, whereas
the inferred source of post-kimberlitic doleritesish be sharply geochemically
enriched.

This radical geochemical dissimilarity between dtds with differing age in
the Nyurbinskaya pipe may be indirect evidenceheirtdiffering mantle origin
and profound difference in time of intrusion. Alomngth this, in most of the
published literature these dolerites are all deertedbe Devonian (Middle
Paleozoic), and to have mantle sources similaath ®ther and to those of Nakyn
field kimberlites, including the almost common @iah model age for kimberlite
and mafic rocks with respect to depleted mantig{OM) = 1100 Ma [8].

Our preliminary isotopic dating of different volgarbodies incorporated in
the Nyurbinskaya pipe complex (kimberlites, predsariite and post-kimberlite
dolerites) revealed a drastic dissimilarity in thage and Nd-Sr characteristics
(including the model age\{(DM)). The Rb-Sr dating gave an inferredly Late
Riphean age for pre-kimberlitic dolerites (isocleaage 703+/82 Ma; N=3; initial
87Srf°Sr = 0.70750+/-0.00015; MSWD=1.9) and a supposkdtg Carboniferous
to Early Permian age post-kimberlitic dolerite®¢isrone age 269+/-12 Ma; N=3;
initial ®’Srf°Sr = 0.70817+/-0.0003LC’KBO=1,01). The K-Ar age of one of the
pre-kimberlitic dolerite samples (656 Ma) agreedl wéh its age determined from
the Rb-Sr isochrone (703 Ma). The K-Ar age of tweo samples with a higher
than average 3O content (326-346 Ma) might be “juvenated” by #ion of
post-kimberlitic dolerites (328-356 Ma). For postikerlitic dolerites, the age of a
basalt glass sample appears to be the most trubinwas this sample represents a
rock that most adequately reflects the compositbthe primary basaltic melt
(328 Ma). Based on K-Ar and Rb-Sr dating resultssatered together, there is
reason to believe that the pre-kimberlitic doleritge of Late Riphean age (700
Ma), while the post-kimberlitic dolerites appearlt® Middle Carboniferous (328
Ma). This sharp difference in dating for the thidistinct stages of magmatic
activity in the Nyurbinskaya pipe agrees well bttk sharp boundaries between
the rock bodies related to the three differentusibn stages and with their
profound geochemical dissimilarity. The Nd-Sr igmaharacteristics of the rocks
related to the three different intrusion stagesadse drastically dissimilar, as can
be seen from the eSr — eNd diagram (Fig. 5). Rrés&rlite dolerites are related to
old enriched lithospheric mantle (EM I, eNd = -.22eSr = +54.6) with a model
age Rq(DM) = 2450 Ma, probably with some old lower cruséaterial involved.
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Post-kimberlitic dolerites originated from depletethntle (eNd = +4.7, eSr =
+43.7) with a model ageyd(DM) = 770 Ma, inferredly with some participatioh o
young upper crust material. The mantle source airbipskaya pipe kimberlites
appears to be close to BSE and enriched with radiogSr (eNd = +1.0, eSr =
+25.2; model age {(DM)=1100 Ma), which fits well to previously reped data
[6, 10].
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Fig. 5.Sr and Nd isotope composition of the volcanic rockisom the Nyurbinskaya pipe in
comparison by volcanic rocks of Zimni Bereg (Arkhamelsk province) [4].

Symbols - see figure 4.

To summarize, the rock bodies related to threandisstages of magmatic
activity in the Nyurbinskaya pipe differ drastigalboth in intrusion age and in
essentially all geochemical and isotope charatiesis The most profound
geochemical distinction consists in that the praderlitic (“old”) mafic rocks
involved in the examined volcanic complex are digantly lower in Ti and Fe
and higher in Al as compared to the post-kimberlityoung”) mafic rocks in the
same pipe (Fig. 4). It is interesting that the mpsbminent petrochemical
difference between Nakyn field kimberlites (relaty old, Early Devonian) and
kimberlites from other Yakutian kimberlite fieldselatively young, Late Devonian
and Mesozoic rocks) also consists in comparatilely Ti and Fe contents and a
relatively high Al content of the “old” Nakyn kimdées (Fig. 4). In addition,
protolith model age of the “young”, post- kimbadijtFe- and Ti-enriched dolerites
of the Nyurbinskaya pipe ({(DM) = 770 Ma) proved to be close to that of the
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relatively young (as compared to Nyurbinskaya kipeberlites), also Fe- and Ti-
enriched, kimberlites in other Yakutian kimberlitelds (Tyg(DM) = 0.7-0.6
Ga)[10].

It is not inconceivable that these characteristenapemical distinctions
between the “old” and “young” mafic rock bodiestive Nyurbinskaya pipe and
the geochemical difference of quite the same typavéen the relatively old
Nyurbinskaya pipe kimberlites and relatively youkgnberlites from other
Yakutian districts (Figure 4) are due to the actminsome similar geological
processes which exerted a similar effect on coarding zones in upper mantle,
I.e., zones of magma generation for mafic rockskamiberlites.

The role of a global geological factor that couétvé such a profound impact
on (an least) upper mantle geochemistry and caosmsive Fe-Ti mantle
metasomatism could be played by an asthenosphaperd intrusion, or mantle
plume. The relatively old rocks (both mafic and kerlites) that intruded prior to
the plume effect might have bearing on the compmusiof old, geochemically
depleted lithospheric mantle, while the relativgbung rock bodies (both mafic
and kimberlite) that intruded after the action lué mantle plume might reflect the
composition of geochemically enriched (by the plumngper mantle with varying
degree of metasomatic transformation. This diffeeemanifests itself both in
geochemical peculiarities of respective rock vagetwith differing age and in
peculiar characteristics of “directly” mantle rodkagments, i.e., deep-seated
xenoliths, which could be treated as “records” leé state of mantle in different
periods of its evolution (prior to the plume intiws and after this event).

The relatively old (pre-plume) magmatic rocks, ,i.&arly Devonian
kimberlites of the Nyurbinskaya pipe and the maficks penetrated by the pipe,
are characterized by low Fe and Ti contents ana toyal absence of picroilmenite
in kimberlites, along with the atypical, “non-kimtiBc” composition of
picroilmenite in rare mantle xenoliths. The relatw young (post-plume)
magmatic rocks, i.e., the mafic rocks penetratimg tkimberlites of the
Nyurbinskaya pipe, as well as the Late Devonian Elesozoic kimberlites in
other Yakutian kimberlite fields, are characterizmdhigher than average Fe and
Ti contents and a ubiquitous presence and/or vagh lconcentration of
picroilmenite in kimberlite rocks, along with thgptcal “kimberlitic” composition
of picroilmenite both in kimberlites and in mantienoliths.

The post-plume, metasomatized state of upper mantkflected in different
rock characteristics in the majority of Yakutiamkerlite fields, whereas the pre-
plume, “relict” state of geochemically depleted apmantle is only inferred for
Nakyn field kimberlites. This is why the direct exaation of mantle rock
fragments from kimberlites of the Nakyn field isdanbtedly of interest as an
investigation of relict rocks characterizing thenes that previously existed in the
upper mantle but than vanished as a result of cetegransformation in later
geological events. Thidirect examination of mantle rock fragments is no less
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(and, maybe, even more) important and interestivap ttheindirect study of
mantle rocks through the medium od geochemicalisoipic characteristics of
their host kimberlites.

CONCLUSIONS

In general, kimberlite rocks of the Nyurbinskaygeiare more similar in
abundance and size of mantle rock xenoliths inslpgedominance of garnet
peridotite xenoliths to kimberlite rocks from théher Yakutian kimberlite fields
and to Group 1 kimberlites than to geochimicallynigar kimberlites of the
Lomonosov deposit in the Arkhangelsk province [BJlong with this, the
abundance of chrome spinel peridotite rocks, tresgmce of picroilmenite with
atypical composition in rock xenoliths and the algse of characteristic
picroilmenite megacrysts make the Nyurbinskaya piperply different from other
Yakutian kimberlites. Judging from mineral chenysand calculated TP forming
parameters, the examined mantle xenoliths charaetgust the middle part of
succession of mantle rocks captured by kimberlagmas.

The Nyurbinskaya pipe, like all known kimberlitgpps of the Nakyn field,
might be older than the other Yakutian kimberlitpgs. Its geochemical and
mineralogical peculiarity might reflect the earltate of the mantle, somewhat
more primitive, yet unaffected by a Fe-Ti mantlgasematism under the action of
a Late Devonian asthenospheric diaper (mantle plementence as was the case
with mantle substrate of relatively younger kimiesd of the Malo-Botuobinsky,
Daldyn-Alakitsky and Verkhne-Munsky district.
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ABSTRACT

Silicate melt inclusions containing rhoni@a,(Mg,Fe*")Fe* Ti[Al 3Siz02q]
were studied in olivine phenocrysts from alkali ddes of six different volcanic
regions: Udokan Plateau, North Minusa Depressieag@n-Khurtei Ridge (Russia),
Bakony-Balaton Highland, Nograd-Gomor Region (Hugyyand Makhtesh Ramon
(Israel). Rhonite-bearing silicate melt inclusiare relatively common phenomena
in alkali basalts and usually coexist with inclusaontaining no rhonite. Inclusions
with rhonite generally occur in the core of thevimle phenocrysts. According to
heating experiments and g@icrothermometry, all the rhdnite-bearing incluson
core of the olivine phenocrysts were trapped asasd melt at T>130C and P>3-5
kbar. Rhonite crystallized in a narrow temperataege (1180-126@) and P<0.5
kbar. The petrography and thermometry of rhonitariog silicate inclusions show a
general crystallization sequence: * sulfideAl-spinel — rhonite— clinopyroxene
— apatite—~ + amphibole, Fe-Ti oxide (ilmenite or Ti-magnelite glass.

There are no essential differences in chemistryrgnrbdnites from olivine-
hosted silicate melt inclusions from phenocrystelibcand groundmass of alkali
basalts, from alteration products of kaersutiticoaibole mega/xenocrysts and of
kaersutite in deep-seated xenoliths in alkali hlas@he rare occurrence of rhonite as
regular constituents in rocks may be explained frisnmicrostructural peculiarities.
This mineral is an intermediate member of the pmtyatic spinel-pyroxene series.
Possibly, the structural feature of rhonite dogslar why it is an unstable mineral
in under changing crystallization conditions.

Keywords: Rhonite; Clinopyroxene; Spinel; Silicatelt inclusions; Olivine
phenocryst; Alkali basalts
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INTRODUCTION

Rhonite is a rare Ti-bearing aluminosilicate, whioglongs to the aenigmatite
group. Its simplified formula can be written &s,(Mg,Fe*),Fe* Ti[Al 3Siz02q]
[49]. This mineral principally has been describedtcur in silica-undersaturated
mafic to intermediate igneous rocks (e.g., alkadisddt, phonolite, tephrite,
nepheline syenite) in which the rhonite can be @ased with several minerals
(e.g., olivine, clinopyroxene, plagioclase, feldhoeds, and spinel) [66, Johnston,
Stout, 1985; 73, 42 and others]. The first detadledcriptions of rhdnite appear at
the beginning of 20 century from nepheline-bearing basalts of Scharséua,
Rhon district, Germany [79] and from Puy de Saiahd®ux, Auvergne, France
[53]. Since that discovery, rhonite has been fomngarious localities and different
geological environments, but particularly in alkbksalts as groundmass or as
ocelli mineral and as a product of alteration ofphihole, which occur as
mega/xenocrysts or as a constituent in ultramaftt mafic xenoliths. Origin and
occurrences of rhonite are summarized in Table arellver, recent studies on
silicate melt inclusions have shown that rhénita ®mmon daughter phase in the
silicate melt inclusions of olivine phenocrystsnmost alkali and subalkali basalts
and in their xenoliths [3, 51, 29, 44-46, 39, 87, 88, 28, 83]. This work is a
compilation of the data on rhonite from silicate limmclusions in olivine
phenocrysts from alkali basalts of six differentlcamic fields from Russia,
Hungary and Israel.

EXPERIMENTAL AND ANALYTICAL TECHNIQUES

Olivine phenocrysts with rhonite-bearing silicateelin inclusions and
coexisting fluid and crystal inclusions were callgfuselected from doubly
polished thin sections of rocks and individual wiev grains, which were specially
handpicked under stereomicroscope from differeadtions of crushed rocks.

Experimental study on individual melt inclusionsrev@erformed using high-
temperature heating stage (up to 1%®DO0in argon atmosphere with visual
monitoring technique developed by Sobolev and Bufg7] and installed at the
Institute of Geology and Mineralogy (IGM) in Novbssk, Russia. This technique
was used to evaluate homogenization temperaturasdti inclusions and ranges
of melting for specific daughter phases (Al-spinghdnite, clinopyroxene).
Additionally, we used a heating stage designeddiyuBhin et al. [67] in the IGM
for heating of inclusion “in blind”. Separated agcbundmass-free olivine grains
(30-100 pieces) with inclusions were put in alundempsule with graphite cover
and then in platinum capsule, and were heatedganaatmosphere up to a given
high temperature. Grains had been held at this eéestyre for 20-30 minutes and
then quenched.

Low temperature experiments on the fluid phase eft nmclusions and
coexisting fluid inclusions were made using FLUINA-USGS low temperature
heating/freezing stage equipped with a Leitz (LAborS) microscope at the
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Lithosphere Fluid Research Lab (LRG), Department Bé&trology and
Geochemistry, EGtvOs University, Budapest (ELTE] ahthe IGM.

Rock-forming minerals and solid phases of the atiécmelt inclusions were
performed at the IGM using a Camebax 50X electracraprobe (accelerating
voltage 20 kV, probe current 30 nA, beam 2-3 pmasneng time 40 s) and at the

Table 1.
Summary of rhénite occurrences and origins
Association Appearance/Origin Locality Reference
Rhon and Eifel distric [79, 20, 72, 48, 8]
Germany
Central France [53, 32, 60]
Sakhalin, Russia [86]
Greenland [79, 41]
Trinidade hotspot [22]
Texas, USA [11]
_phenocrystal, Eastern Austria [35-37]
microphenocrystal .
. ) or groundmass mineral Hawaii, USA [40]
Si-undersaturated mafic Southern Sweden [66]
to intermediate rocks Iceland plume [68]
(alkali basalt, phonolite Western Romania [73, 16]
tephrite, etc.) Hungary [64]
Antarctica [52, 85]
Cape Verde [42]
Cameroon [65]
Kamchatka, Russia [3]
Transbaikalia, Russia [55, 51]
daughter phase of silicate melt Khakasia, Russia [29, 81]
inclusions in olivine Hungary [44-46, 87, 88]
Southern Israel [83]
Central France [39]
Oki Islands, Japan [82]
. . New Zealand 52
Kaersutitic amph|bqle product of complete or partidl  Central France [L, 6]0]
macro/xenocrysts in Iteration of kaersutite Al [ 33
basalts altera rmenia [33]
Cameroon [65]
Ustica Isl., Etna, Italy [1, 58]
Central France [4]
Eifel district, Germany [74]
Amphibole-bearing and . o . : Antarctica [26, 31]
amphibole-free mafic |nterst|t|fél mmt;rl?l or alteration Hungary-Slovakia [88, 38]
xenoliths in basalts product of kaersutite Canada [12, 23]
Australia [71]
Khakasia, Russia [28, 30]
Diamonds in kimberlitesphase of inclusions in diamonds South Africa [43]
Metasomatic on the basalt-coral contagt Isle ofriR&u [34]
. .| high temperature annealing g€helyabinsk coal basin,
Technogenlg combustign petrified wood pieces Russia [14]
metamorphism (burned - -
. ' phase in basic paralavas [13]
spoil-heaps, fields of -
charcoal preparation, etg.) charcoal preparation Etna, Italy [15]
pyrometallurgy [47]
Extraterrestrial phase of refractory inclusions Allende, Efremovka | [21, 24, 25, 61,
(meteorites) in chondrites and Axtell meteoriteg 62, 75, 76]
: melting experiments with [7, 6, 48, 50,
Synthetic basalts, xenoliths and meteorites 55, 57]
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ELTE using an AMRAY 1830 I/T6 type scanning eleatronicroprobe
(accelerating voltage 15 kV, probe current 1-2 héam 2-7 um, measuring time
100 s). The accuracy of major element determinatias better than 1-2 % of total
value.

GENERAL CHARACTERISTICS OF STUDIED ALKALI BASALTS

Rhdnite from olivine phenocryst hosted silicate nmetlusions were studied
at six Si-undersaturated alkali basaltic volcametds from Russia, Hungary and
Israel. These volcanic regions developed in highifferent ages and slightly
different geodynamical environment (Table 2). UdoKalateau volcanic field
(UPVF) occurs in the northeastern Baikal rift syst¢Transbaikalian region,
Russia) and its development is related to late @@nanagmatic activity [69, 70].
Tsagan-Khurtei Ridge volcanic field (TKRVF) is Ided in the central part of the
Mongolo-Transbaikalian province of alkaline gramt and bimodal basalt-
comendite volcanic series (Transbaikalian regiomsdi). The formation of
TKRVF is connected to late Triassic rifting procé&sshe Transbaikalian portion
of the province [56]. North Minusa Depression voicaield (NMDVF) is located
in the southwest part of the Siberian craton aSalair segment of the Altai-Sayan
fold belt (Khakasia, W-Siberia, Russia). The appree of NMDVF is related to
short-time Cretaceous magmatic activity due tongftof continental lithosphere
[2, 9]. Bakony-Balaton Highland volcanic field (BBAMf) is situated in the central
Pannonian Basin (W-Hungary), whereas the Nograd<omolcanic Field
(NGVF) occurs at the northern edge of the Pannormasin (N-Hungary/S-
Slovakia). Development of both volcanic fields islated to extensional-
postextensional processes, which formed the NeoBaneonian Basin [80, 17, 18
and references therein]. Makhtesh Ramon volcaretd f{iMRVF) located in
southern Israel was developed by pre-rifting magnmatorresponding to a Late
Jurassic-Early Cretaceous event which is also knawrthe Middle East in
Samaria-Galilee fields in Central Israel, Jordaghdnon, and Syria [27, 83].

Source materials of these volcanoes are assumedetive from the
asthenosphere, which produced alkali basalts geuch#y similar to OIB.
Compositions of the studied rocks vary from olivimelanephelinite to basanite,
hawaiite and trachybasalt. The total amount of iévx clinopyroxene =+
plagioclase phenocrysts usually does not exceeall%. Forsteritic olivine (Fg-
63) IS the major phenocryst, whereas clinopyroxerg amorthitic plagioclase are
not abundant. The groundmass consists mostly ofneli(Fao.s9, Ti-Al-rich
clinopyroxene, Ti-magnetite, plagioclase and/od$phthoids (nepheline, leucite),
and minor glass, apatite, phlogopite, ilmenite (&&). All of these basaltic rocks
contain no rhonite as phenocryst, microphenocrystgmundmass mineral.
However, rhonite can be observed as a phase aélpartcomplete replacement
after kaersutite or pargasite occurring as megabmsts and as metasomatic
constituents in mafic and ultramafic xenoliths iashlts of the studied volcanic
fields [30, 28, 88].
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Table 2.

Location, ages and mineralogy of investigated alkabasalt rocks

Locality | Rock |Age, MalPhenocryst# Groundmass | Reference
Udokan plateau volcanic field (UPVF), Transbaikali®ussia
volcano Pravyi Lurbun Ol nephelinite 14 Ol+Cp Ol+@piag+Ap+Ne+Lc+Phl+lIm+Cc+Kfg  [55]
extrusion Nizhnii Lurbun| Ol nephelinite 14 Ol+Cp HQpx+Mag+Ap+Ne+Lc+Phl+IIm+Cc+Kfg [69, 70]

lava flow Verkh. Ingamakit  basanite 2.5 | OI+Cpx+Rl Ol+Cpx+Mag+Pl+Ap+lim+Kfs+Ne+Lc
volcano Kislyi Klyuch hawaiite 1.8 Ol+Cpx+PI Ol+Cpx+Mag+PI+Ap+Iim+Kfs
Tsagan-Khurtei ridge volcanic field (TKRVF), Transbaikal, Russia
Tsagan-Khuntei suite trachybasa‘t 21|Z OI+Cp><|+PI Ol+Cpx+Mag+PIl+Ap+Phl+lim+Kfs | [51, 56]
North Minusa depression volcanic field (NMDVF), Khalsia, Russia
pipe Bele basanite 79 Ol+Cpx+PI Ol+Cpx+Mag+PI+Ap+Iim+Kfs [9]
dike Bele basanite 79 Ol+Cpx+PplI Ol+Cpx+Mag+PI+Ap+lim+Kfs [29]
pipe Tergesh hyalobasanite 77 Ol+Cpxx Ol+Cpx+Mag+PhAp+Gl [81]
Bakony-Balaton Highland volcanic field (BBHVF), Western tthgary
volcano Badacsony basanite 3.6 Ol+Cpxf+PlOI+Cpx+Mag+PIl+Ap+Phl+Iim+Kfs+Ne [5]
volcano Kabhegy basanite 4.6 Ol+Cpx+1BI+Cpx+Mag+PI+Ap+Phl+IIm+Kfs+Sod+Anc[17, 18]
volcano Zalahalap basanite 2.9 Ol+Cpx+PI0OI+Cpx+Mag+PIl+Ap+Iim+Kfs+Sod+Ne [80]
volcano Hegyest Lc basanite 6 OI+Cpx+Rl Ol+Cpx+Mag+PI+Ap+Lc+lim+Ne+Sod [45, 46]
Nograd-Gomor volcanic field (NGVF), Northern Hungargouthern Slovakia
Eresztvény, Medves plateau basanite 2.6 | Ol+Cpx+PRI Ol+Cpx+Mag+PI+Ap+Kfs+Ne [5]
Magyaﬁi?giu’ Medves| o canite 2.6 | OMCpx+Rl Ol+Cpx+Mag+Pl+Ap+Phl+lim+Kfs+Ne | [17, 18]
Terbelét (Terbelény) basanite 2.4  OHCpxtPl  Ol+Cpx+Mag+Pl+Ap+Phl+lim+Kfs [80]
Pécsk hawaiite 4.5 | Ol+Cpx+R| Ol+Cpx+Mag+PI+Ap+Kfs [44]
Makhtesh Ramon volcanic field (MRVF), Southern Israel
S. Qarnei Ramon basanite 110-1Z8+Cpx+PI Ol+Cpx+Mag+PI+Ap+Ne+Phl [59]
Mt. Arod bas.nephelinite 110-12®I+Cpx+Pl| OIl+Cpx+Mag+Ap+Ne+PI+Phltlim+Anc [19, 83]

Note: Ol=olivine; Cpx=clinopyroxene; Pl=plagioclase; Mdg-magnetite; Ap=apatite; lim=ilmenite;
Lc=leucite; Ne=nepheline; Kfs=K-feldspar; Phl=phdpite; Cc=calcite; Gl=glass; Sod=sodalite;
Anc=analcite; bas. = basanitic.

DESCRIPTION OF RHONITE-BEARING SILICATE MELT AND
COEXISTING INCLUSIONS IN OLIVINE PHENOCRYSTS

Rhonite-bearing silicate melt inclusions were comidound in the core of
olivine phenocrysts from all the studied regionssublly, rhonite-bearing
inclusions coexist with rhonite-free inclusions hit the single olivine grain.
However, rhonite-free silicate melt inclusions, @hiwere not considered in this
study, are generally confined to the outer zonesolofine phenocrysts. All
inclusions, either rhonite-bearing or rhonite-basreare primary in origin.
Distribution of silicate melt inclusions in olivines different: they are single
inclusions or sometimes groups of inclusions our§rgrowth zones. The shape of
inclusions is oval, rounded or negative crystabpsila The sizes vary up to 200 um
(Fig. 1-2). All silicate melt inclusions studied yneontain daughter phases such as
rhonite, clinopyroxene, Al-spinel, Ti-magnetite, aipe, phlogopite, kaersutite,
ilmenite, nepheline, feldspars, sulphate and sdipbieb. A C@bearing bubble is
also always present in the inclusions. Sometimesp@rel occurs as xenogenic,
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accidentally trapped mineral in the silicate mettlusions. In some cases, halos of
minute silicate melt and fluid inclusions (sizeleb um) occur around the large
melt inclusions (>50 um) suggesting partial leakafer entrapment (Fig. 1-2).
Besides the silicate melt inclusions, olivine phawgsts also contain coexisting
sulphide blebs, C&Xluid inclusions and single Cr-spinel crystals.

35 um

Fig. 1.Photomicrographs of primary rhonite-bearing silicate melt inclusions in
phenocrystal olivine from alkali basalts of NMDVF,UPVF, TKRVF and MRVF.

Ordinary and reflected lights. Symbols and analgsesTables 2-4.
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NMDVF, Khakasia, Russia

Bele

Olivine-hosted silicate melt inclusions with rh@nivere occasionally found
in basanites from the major body of the Bele pi@6].[ Besides rhonite, the
inclusions also contain clinopyroxene and apatg#edaughter minerals. Rhonite-
bearing inclusions have also been recognized wneliof the Bele dyke (0.5 km

A '._“ 4
- \‘7‘ Ea
Alsp — :

Pécsks, NGVF___

Badgcsony, BBHVF .. 25pm

Fig. 2. Photomicrographs of primary rhonite-bearing silicate melt inclusions in
phenocrystal olivine from alkali basalts of BBHVF and NGVF, ordinary light.

Halo of very small melt and fluid inclusions exésbund some large inclusions evidencing aboutgarti
leakage after their entrapment. Analyses see Table
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rhonite + clinopyroxene + sulphide bleb + fluid bld+ Al-spinel (Fig. 1a-b). The
petrography of inclusions shows that rhonite is $eeond crystallized daughter
phase after Al-spinel. The fluid bubble in thecgite melt inclusions is two-phased
at room temperature and is almost pure,.G&mogenization of the fluid into the
liquid happened at >+2Q, which corresponds to density near of ca. 0.5/
assuming pure CO

Tergesh

Abundant silicate melt inclusions were found in thigine phenocrysts of the
Tergesh hyalobasanite [Timina et al., 2006]. Thegasionally decorate the
growth zones of the host olivine and are associaiéd single Cr-spinel crystals
and CQ fluid inclusions. Phase composition of the sikcahelt inclusions in
olivine is glass + fluid bubble + daughter crystalsulphide bleb + accidentally
trapped Cr-spinel. In some inclusions glass is tdéed. Rhonite and
clinopyroxene are the principal daughter phasegreds apatite, ilmenite and Ti-
magnetite occur very rarely (Fig. 1c). The relagiwips between minerals within
the olivine-hosted inclusions show that rhonitéhis earliest-crystallized daughter
phase. The single fluid inclusions coexisting witle silicate melt inclusions are
almost pure C@ The melting point varies from -57.0 to -580 homogenization
into the liquid happened at +Z2, which corresponds to density near of ca. 0.7
g/cnt, assuming pure GO

UPVF, Transbaikalia, Russia

Rhdnite-bearing silicate melt inclusions were omuzaly found in olivine
phenocrysts of olivine melanephelinite (Pravyi Lumbvolcano, extrusion Nizhnii
Lurbun), basanite lava flow (Verkhnii Ingamakit) dammawaiite (Kislyi Klyuch
volcano). In the olivine melanephelinites the silec melt inclusions sometimes
coexist with CQ fluid inclusions and individual solid inclusion$ Gr-spinel. The
silicate melt inclusions consist of glass + bubblgaughter minerals. Rhonite, Ti-
Al-rich clinopyroxene and apatite are common daegpbhases (Fig. 1d), whereas
Ti-magnetite, Ba-Ti-phlogopite, nepheline and Ilésici which are typical
constituents in the groundmass of the rocks, ocanaly. The petrography of the
silicate melt inclusions shows that rhonite is ¢agliest daughter phase. The fluid
phase in the silicate melt, as well as single flnmusions is almost pure GOThe
melting point of the fluid phase varies from -5606-58.0C. The homogenization
into the liquid happened at +21°2 which corresponds to density of ca. 0.75
g/cnt, assuming pure GO

BBHVF, Western Hungary

Silicate melt inclusions containing rhénite wererd in olivine phenocrysts
of basanites and trachybasalt from several volcanonethe central Pannonian
Basin. The first petrographic and thermometric ssidor some BBHVF melt
inclusions were provided by Sobolev et al. [78].

Kabhegy

Rhonite is a common daughter phase of large sligalt inclusions from the
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cores of olivine phenocrysts [46]. Assemblages wfhsinclusions are glass +
rhonite + clinopyroxene + amphibole + apatite +dlbubble + sulphide bleb + K-
Na feldspar £ Al-spinel (Fig. 2a-b). Accidentallgpped Cr-spinel is also rarely
seen. The relationship of phases in the silicatdt melusions suggests the
following crystallization sequence: sulphide bleb Al-spinel — rhonite —
clinopyroxene— apatite— amphibole— K-Na feldspar— glass. There are no
microthermometry data of single G@uid inclusions and the COphase in the
silicate melt inclusions.

Halap

Rhonite is an extremely rare phase in the oliviostéd silicate melt
inclusions of the Halap alkali basalt. The inclisiaalso contain glass, sulphide
bleb, clinopyroxene, Al-spinel, apatite, iimeniganphibole and bubble (Fig. 2e-f)
[44, 46]. Rhonite is the earliest daughter minengistallized within inclusions.
Note that rhonite-free silicate melt inclusions amere common and their phase
composition is glass + Al-spinel + clinopyroxenelmenite + sulphide bleb +
bubble. According to microthermometry and Ramarcspscopy, gas bubbles in
silicate melt inclusions is pure GMut in some case with small amount of CO and
CH, [46].

Badacsony

In the Badacsony alkali basalts rhonite occurs stswocely in the silicate melt
inclusions. The most typical phase composition wéhsinclusions is glass +
rhonite + clinopyroxene * sulphide bleb = Ti-magweet+ bubble (Fig. 29).
Rhonite can be considered as the earliest crysdllimineral. Rhonite-free
inclusions contain such daughter crystals as clirmgene, apatite, ilmenite,
leucite, phlogopite. Xenogenic accidentally-trapg&dspinel frequently attached
to these inclusions. There are no microthermomdata of single CO fluid
inclusion and the C{phase in the silicate melt inclusions.

Hegyesii

Olivine phenocrysts in the Hegyésilkali basalt contain primary silicate melt
inclusions, CQfluid inclusions, individual Cr-spinel inclusioréd sulphide blebs
[44, 45]. Usually, silicate melt, fluid and sulpkidnclusions are grouped in the
way that outlines the growth zones in the coréhefltost olivine phenocrysts. The
common mode for melt inclusions is glass + bubb#litate daughter minerals +
sulphide globule. Accidentally trapped Cr-spinelaiso observed in the silicate
melt inclusions. Clinopyroxene and rhonite arertre@or daughter minerals. Some
inclusions also contain apatite, ilmenite, Al-spirte-Na-feldspar and nepheline.
Halos of minute silicate melt and fluid inclusio(@ze - 1-5 um) occasionally
occur around the largest melt inclusions (>50 puggesting partial leakage after
entrapment (Fig. 2c-d). The relationship of phaeethe melt inclusions suggests
the following sequence of crystallization: sulphlileb— Al-spinel — rhonite—
clinopyroxene— apatite— (ilmenite, K-Na-feldspar, nepheline} glass.

Freezing experiments on bubbles in silicate meadtusions and coexisting
fluid inclusions in olivine phenocrysts show thabbles contain almost pure O
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The melting points for fluid from silicate melt insions vary from —-56.8 to -
60.9C. This CQ-rich fluid is expected to have low density. Howevthe
existence of halos around large inclusions (Fig. &$umes partial leakage after
entrapment in the host olivine, which, in turn,icades that the initial density of
fluid was higher. Fluid inclusions coexisting wihicate melt inclusions show two
phases (Coliquid + CG, vapour) at room temperatures with homogenizatido

Table 3.
Compilation of thermometric data for rhonite-bearing inclusions in olivine of some alkali
basalts.
Locality Region Rock PhaS(_e composition T melting for main phasesic TE‘O"" P, kb Reference
of inclusions Cpx Rho Al-sp C est.
Kamchatka |FERussia hli)%r;?“l Rﬁéi(ézgﬁlnfgrfw 1123%% >2-3 [3]
vendusya| YPF | Ve ApMagerg | 1200 | 71200 >1250 >4 GO0
chomte sute| TRVF | acan ApNmgeliiiorg T30 7081 151
Bele |NMDVF basanite kaiv;;%"* >1250| >2 | [30]
Tergesh |NMDVF| hyalobasanite fﬂ:gmfspjmfg 1301 >1200 0 53 | el
Hegyest |BBHVF|  Lc basanite G'iﬁ[_;;‘;gﬂf;ﬁ%x* 1190~ | 1220 1270 4| )
Kabhegy | BBHVF basanite Aggﬁ:ﬁ;ﬁ?ﬁ;ﬁlgﬁ:g 1123%% aLétgtc;r's
Zalahalp | BBHVF |  basanite fﬁ&"ﬁ&ﬁ’;ﬁf@"ﬂl& 1220 [46]
Pécsié | NGVF hawaiite Aggﬂ:ﬁ;ﬂ‘gﬁgﬁg Vo | s1200 | 22> | B0 53 | jag
ey sgs| Nove | HSpreumit - Capimionepc | oo | 120 | 1200 | o s | 7,0
S e | vese | Somecpe | me | weo | melory
Mt Arod | MRVF ig;gg‘ﬂ%“p’ﬂ:ﬁ% GHRQS;J?,E);AW >1250| 7.0-7.0 [83]
Puy Beaunit|C.France  alkali basalt GIETJ_%Z%?:;H 1122%155 1260 [39]

Note: Rho=rhonite; g=gas bubble; Al-sp=Al-rich Cr-poopirgel; Amph=Ti-kaersutitic/pargasitic
amphibole; Cal=calcite filling gas bubble; Sulphligide bleb; est=estimated. Other symbols see Zab.

the liquid phase (at about +25 and with melting point at -57@. It suggests
density of ca. 0.7 g/ctmassuming pure COcomposition. According to Raman
studies, fluid bubble in the silicate melt inclussois also recognized as low-
density CQ with small amount of CO and GH#46].
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NGVF, Northern Hungary-Southern Slovakia

Rhonite-bearing silicate melt inclusions were obsdrin olivine phenocrysts
of alkali basalts from several localities of the W& However, only the Pécék
hawaiite are well studied with respect to silicatelt inclusions [44]. It is more
interesting that silicate melt inclusions with riténalso occur in olivine from
cumulate xenoliths (olivine-clinopyroxene-spinebamphibole) in the Nagy-Salgo
basanite [87, 88] and in spinel and olivine fronmsp lherzolite in the Terbeléd
(Trebel’'ovce) basanite [38] of the NGVF.

Pécslé

Rhonite-bearing silicate melt inclusions frequentbccur in  olivine
phenocrysts. Such inclusions are commonly greatesize than the rhonite-free
inclusions and show random distribution in the hpbkenocryst. Their phase
composition is glass + Al-spinel + rhonite + cliyopxene + Ti-amphibole *
sulphide bleb + bubble. Accidentally trapped xemigeCr-spinel are also
observed attached to the silicate melt inclusibtmsome inclusions the bubble is
filled by carbonate minerals. The petrography dflusions shows that rhonite
crystallized after Al-spinel. The silicate melt lmsions in olivine coexist with
individual crystals of Cr-spinel, rounded Cr-rictopside xenocrysts and sulphide
blebs. Halos of coexisting minute silicate melt dldd inclusions (size <1 pm)
occasionally occur around the largest melt incluisiandicating partial leakage
after entrapment (Fig. 2h).

Medves plateau and other outcrops

In these rocks rhonite was occasionally identifiedsome olivine-hosted
inclusions from Eresztvény, Magyarbanya and Terbelésually it coexists with
clinopyroxene, apatite and sulphide bleb, sometwidsphlogopite.

TKRVF, Transbaikalia, Russia

Rhonite was previously described in some olivineted silicate melt
inclusions of the Tsagan-Khuntei suite trachybas@&ll]. The phase composition
of inclusions is glass + rhonite + clinopyroxenapatite + sulphide bleb + bubble
(Fig. le-f). Daughter Al-spinel, amphibole and K-féédspar occur occasionally
in the silicate melt inclusions. Xenogenic acciadiyittrapped Cr-spinel sometimes
can also be seen attached to the inclusions. Theratirelation within inclusions
shows that rhonite is one of the earliest daughieerals, which crystallized after
Cr-spinel. Sometimes the glass is devitrified derald. In these cases late stage
carbonate mineral fills up the bubble. The silicatelt inclusions coexist with
individual Cr-spinels, sulphide blebs and rarelyidl inclusions. The fluid
inclusions show heterogeneity (€@quid + CQ, vapour) at room temperatures
with homogenization into the gas phase at aboufG2thd melting at —56°8.
These values suggest low density of ca. <0.1 Y&ssuming pure COAccording
to Raman studies, fluid bubble in the silicate nmettusions is also recognized as
low-density CQ.
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MRVF, Southern Israel
Rhonite-bearing silicate melt inclusions were foundolivine phenocrysts from

the S. Qarnei Ramon basanite [83]. Their commonposition is glass + rhonite +
Table 4.
Representative analyses of phases from rhonite-beag inclusions in olivine from alkali

basalts of the UPVF, TKRVF, NMDVF and MRVF
Comp. of inclus.| Phase|n| SiO, | TiO, | Cr,05 | Al,O; | FeO | MnO | MgO | CaO | N&O | KO | P,0s| ClI | Sum [H.in Fo
ol nephelinite, volcano Pravyi Lurbun, UPVF

Gl+Rho+Cpx+ Gl | 255.19| 0.87 | 0.00| 2374 084 00L 0.0 091 6.p7 11.883| 0.23 99.58 76.9
Ap+Mag+g Rho | 325.78|11.86| 0.10 | 15.26] 17.87 0.11 | 14.56 11.63| 1.19 | 0.00| 0.08 0.0p 98.44 -
Cpx |2|41.82| 527 | 0.05| 9.56| 6.1 0.08 11.6@2.70| 0.66 | 0.00| 0.94 0.0D 98.83 -
Mag |1 - 17.16| 10.13 | 16.80, 43.72 0.53 | 6.70 - - - - - 95.04 -
ol nephelinite, extrusion Nizhnii Lurbun, UPVF
Gl+Rho+ Gl |159.70| 0.25| 0.01| 25.7Q 156 0.01 0.28 0.10 7.7 3|47 020| 99.32 75.9
Cpx+g Rho | 124.31|12.20| 3.30 | 16.63] 15.00 0.10 | 15.00 10.60| 1.65 | 0.00| 0.00 - 98.74 -
basanite, lava flow Verkhnii Ingamakit, UPVF
Gl+Rho+ Gl |1 5564 097 | 0.01| 26.34 1.24 - 043 260 6.57 2p7 100 |-7.00| 854
Cpx+g Rho | 224.56| 10.07| 0.40 | 16.73| 17.21 - 14.26| 12.51| 0.86 | 0.03| 0.03 --| 96.66 -
Cpx |1/ 45.24| 3.02 | 0.01| 8.13] 6.87 - 11.993.34| 0.59 | 0.00| 0.16 99.35 -
hawaiite, volcano Kislyi Klyuch (Polyakov), UPVF
Gl+Rho+ Gl |1 65.50| 0.17 - 22.90, 0.54 - 0.06 174 243 413 0|87 0(.0B.46 70.7
Cpx+g Rho | 125.70| 8.64 - 16.91] 23.01 - 10.59| 10.93| 1.49 | 0.05| 0.25 - 97.57 -
Cpx | 1] 41.95| 3.90 - 11.58| 8.08 - 10.2422.44| 0.64 | 0.00| 0.17 - 99.0( -
trachybasalt, Tsagan-Khuntei suite, TKRVF
Gl+Rho+ Gl | 56458/ 032] 001| 2353 103 0.02 018 119 556 2|38 3P6| 99.20 74.8
Cpx+Ap+ Rho | 127.03| 846 | 0.01| 17.24 22.340.18 | 12.27| 11.04| 1.34 | 0.00| 0.0 - 99.91 -
Sulph+g Cpx| 144.44| 199 | 0.00| 1063 8.81 0.15 10.6@1.82| 0.68 | 0.00| 0.8Y] - 99.92 -
Gl+Rho+ Gl |46217| 065| 0.01| 23.79 1.0 00L 028 185 6p5 2|34 @96| 99.24 78.0
Cpx+g Rho | 124.87| 912 | 0.34| 179 22.4P0.08 | 12.71 11.24| 1.04 | 0.00| 0.00 - 99.85 -
Cpx |1/43.22| 390 | 0.00| 9.94 824 0.0 11.421.77| 0.63 | 0.00| 0.7q - 99.96 -
Gl+Al-sp+ Gl |3/6155| 0.69| 0.02| 2319 133 0.02 0.62 217 6.9 234 ®97| 98.78 77.7
Rho+Cpx+ Al-sp| 1 0.00 | 0.31| 0.02| 63.283 19.30.15 | 16.31 0.00 | 0.00| 0.00[ 0.0 - 99.65 -
Ap+g Rho | 4 24.29| 956 | 0.12 | 18.64 22.430.10 | 12.20 11.27| 0.92 | 0.00| 0.00 - 99.53 -
Cpx |1/43.88| 3.73| 0.00| 106§ 7.74 0.09 11.821.15| 0.66 | 0.00| 0.00 - 99.77 -
basanite, pipe Bele, NMDVF
Gl+Rho+ Gl | 15553 0.24| 0.02| 2457 113 0.02 0.36 0.22 1404 160 01| 97.74 70.7
Cpx+Ap+g Rho | 126.45|11.21| 0.32 | 15.26] 21.61 0.18 | 10.27| 11.59| 1.20 | 0.00| 0.00 0.0p 98.09 -
basanite, dike Bele, NMDVF
Gl+Rho+ Gl |157.04] 0.24| 0.00| 2697 098 0.00 035 0.8 6.J/8 481 1a25| 99.31 79.6
Cpx+Sulph+g Rho| 1125.71|10.26| 0.11 | 16.09| 20.67 0.10 | 13.11] 11.35| 1.22 | 0.00| 0.02 0.0p 98.65 -
Cpx |1/ 42.68| 397 | 0.00| 11.33 7.36 0.08 10.822.85| 0.77 | 0.00| 0.54 0.0D 99.96 -
hyalobasanite, pipe Tergesh, NMDVF
Gl+Rho+g Gl | 154.42| 1.18 | 0.00| 2325 316 008 038 362 440 3j21 1.48 | 9518 75.7
Rho | 1 26.27| 11.38| 0.02 | 15.70| 19.58 0.12 | 13.99 11.36| 1.28 | 0.00| 0.00 - 99.7( -
Gl+Rho+ Gl | 15279 1.68| 0.00| 2299 390 00y 017 346 5p6 535 129 | 96.95 76.7
Cpx+g Rho | 124.89|10.54| 0.92 | 17.02| 19.73 0.14 | 12.37/ 11.49| 0.94 | 0.00| 0.00 - 98.04 -
Cpx |1/41.61| 599 | 0.00| 1141 7.15 0.1l 9.76 21/90.71 | 0.00| 1.1§ - 99.81 -
basanite, S. Qarnei Ramon, MRVF
Gl+Rho+ Gl | 26035/ 029 | 0.02| 2369 173 0.04 148 058 5p4 4/99 632| 99.73 83.8
Sulph+g Rho | 223.77| 11.44| 1.64 | 19.48| 12.64 0.10 | 17.32 10.02| 2.25 | 0.00| 0.00 - 98.64
Gl+Rho+ Gl |261.06] 0.24| 0.00| 2449 091 00L 041 05%7 b5p6 5|73 31 | 99.05 81.5
Cpx+Sulph+g Rho| 1127.38(10.72| 0.49 | 17.59| 1451 0.11 | 14.73 12.45| 1.21 | 0.00| 0.00 - 99.19 -
Cpx |1/ 43.60| 440 | 0.02| 1060 5.85 0.0 11.921.93| 0.75| 0.00| 0.61 - 99.74 -

OI-Cpx cumulate xenolith in basanitic nephelink#, Arod, MRVF
Gl+Rho+Cpx+ Gl | 159.24| 0.02 | 0.01| 2523 0.8 0.0p 047 041 753 593 028| 99.66 74.6
Ap+Sulf+g Rho | 1 26.90| 8.76 | 0.04| 19.82 18.310.10 | 12.62 11.23| 1.37 | 0.00| 0.00 0.0p 99.15 -
Cpx |1/43.90| 0.10| 0.00| 1743 6.4 0.09 8.88 21/{78.12 | 0.00| 0.19 0.0p 99.91

4

1

1

Gl+Rho+Cpx+ Gl 60.07| 0.07 | 0.00| 25.29 0.7 0.01 0.3 058 5p2 419 a31| 97.21 74.6
Ap+Sulf+g Rho 26.81| 8.36 | 0.07| 19.74 18.310.11 | 12.66 11.52| 1.19 | 0.00| 0.00 0.0p 98.77 -
Cpx 49.10| 0.73| 0.00 | 7.81| 6.5 0.1 13.920.86| 1.00 | 0.00( 0.20 0.0p100.33 -

Note: Comp. of inclus. = composition of inclusion; H.Fo = host in Fo.
clinopyroxene + sulphide bleb + bubble * apatikeg(1g). Rhonite is the earliest-
crystallized phase. Accidentally trapped Cr-spimgls also recognized in the
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olivine. Note that rhonite-barren inclusions mayntain ilmenite, too. All the
silicate melt inclusions coexist with gl Cr-spinel and rarely with
polycrystalline inclusions (Cr-spinel + rhonite o€Cr-spinel + Cr-rich
clinopyroxene +Cr-rich ilmenite). Freezing expemtseon fluids in bubbles of the
silicate melt inclusions showed that fluid is richCO, (melting point at -57.2C,
homogenization in liquid at °6). Rare rhonite-containing inclusions were
occasionally found in olivine-clinopyroxene-spimeimulate xenoliths in basanitic
nephelinite from Mt. Arod. Such inclusions contailso clinopyroxene, sulphide
bleb and apatite (Fig. 1h).

HIGH-TEMPERATURE HEATING EXPERIMENTS ON MELT
INCLUSIONS

More than 50 primary silicate melt inclusions withonite in olivine from
alkaline basalts of the six volcanic fields studwedre used for homogenization
experiments and study the crystallization sequebodéortunately, in some cases
the complete homogenization (disappearance ofidiek fubble) was not achieved
due to reequilibration of the inclusions owing kee texistence of a halo around
inclusions containing silicate melt + G@uid + sulphide phase (Fig. 1h, 2a,d,h) or
even partial leakage during heating. Despite th#isadvantages, the melting
intervals of daughter phases were established targe number of silicate melt
inclusions (Table 3). All thermometric data suppoetrographic observations for
melt inclusions. Rhonite is one of the earlieststalfized daughter phases with a
melting temperature range of 1180-12B5 It melted after ilmenite (or Ti-
magnetite), apatite (>1180) and clinopyroxene (1130-124%) and before Al-
spinel (1255-132C). It should be noted that the same melting iratisrfor other
daughter phases are common of rhonite-barren dsisBased on thermometry
of the coexisting single CQOnclusions and silicate melt inclusions, the tiagp
pressure may be estimated as high as 3-5 kbargBabl

PHASE CHEMISTRY OF RHONITE-BEARING SILICATE MELT
INCLUSIONS

Glasses and daughter minerals of rhdnite-bearliogit® melt inclusions were
analyzed by electron microprobe. The representainadyses are given in Tables
4-5. It should be noted that the majority of theiglater minerals (clinopyroxene,
amphibole, magnetite and ilmenite) in vicinity dionite in the silicate melt
inclusions are enriched in Ti. Moreover, we did fintd any essential differences
in chemistry of phases between rhonite-bearingrbddite-barren melt inclusions.

Rhdonite

Rhonite has a large variation in major element amsitwn even in inclusions
from the same locality. Its compositional variascare remarkable: S{G- 21.4-
29.4 wt.%; TiQ — 8.1-12.4 wt.%; GOz — up to 3.8 wt.%; AlO; — 13.2-22.5 wt.%;
FeQu — 12.5-25.0 wt.%; MgO — 10.1-17.3 wt.%; CaO — 9207 wt.%; NaO —
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0.6-2.0 wt.%. Rhonites studied strongly differs nfro the ideal
Cay(Mg,Fe”")4(Fe** ADTIi[Al 5Sis0,) composition (Fig. 3). We cannot explain
such broad deviations. Possibly, it depends onctiraposition of silicate melt
trapped by host olivine and the redox conditionsmducrystallization. We found
no any correlations between compositions of rhaité other neighboring phases
within melt inclusions.

Clinopyroxene and other daughter phases

Clinopyroxenes show strong compositional variatiorisey are rich in TiQ
(2.0-6.0 wt.%) and AD; (8.0-13.0 wt.%) and poor in S$3(Q38.0-45.0 wt.%).
According to IMA terminology, such compositions @&y to the Fe-Al-rich
diopside or augite [62]. In some zoned clinopyreesethe core of crystals contains
Cr,O; up to 0.5 wt.%. In general, the core-to-rim eviot of inclusion
clinopyroxene is directed towards the increase lgDAand TiQ and decrease of
Si0O,. Such compositional evolution is common for pheyst@al-groundmass
clinopyroxenes in the host alkaline basalts [17, 48 Timina et al., 2006, 83].

40 =
Cay(Mg,Fe)sTi* [AlSi] O
Hagtuavite . +
P Serendibite Rhonite b
3 5 22 & OQ
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> . o o X% X
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Fig. 3.Classification diagrams (after Kunzmann [49]) forrhonites from silicate melt
inclusions in olivines of alkali basalts.

Ideal compositions are plotted for comparison. Diaten Nagy-Salgo, NGFV [88] and Puy
Beaunit, Massif Central, France [39] is includedehe
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Table 5.
Representative analyses of phases from rhonite-beag inclusions in olivine from alkali
basalts of the BBHVF and NGVF

Comp. of inclus. | Phase|n| SiO, | TiO, | Cr;03 | Al,O; | FeO | MnO | MgO | CaO | NaO | K,0 | P,Os| CI | Total [H.inFo

basanite, volcano Badacsony, BBHVF

Gl+Rho+ Gl |162.36( 0.11| 0.00| 27.90 0.84 - 008 044 249 462 (21 |-88P| 748
Cpx+Mag+ Rho | 224.45| 9.08 | 0.29 | 17.39 224) - 12.03| 11.65| 1.18 | 0.00| 0.00 - 98.53 -
Sulph+g Cpx| 146.09| 3.79 | 0.11| 847 6.95 - 11.7%1.19| 1.36 | 0.00| 0.00 - 99.75 -
GI+Rho+ Gl |1 6045/ 0.35| 0.00| 26.62 1.17 - 011 025 413 687 (02 |-99B| 728
Cpx+g Rho | 226.30| 10.70| 0.14 | 13.23| 24.2% - 12.79| 9.89 | 1.60| 0.00[ 0.0 - 98.88 -
basanite, volcano HegyagtBBHVF
GI+Rho+ Gl |1 56.71| 0.00 - 22.44 084 0.00 0.0p 093 3.72 1092 |0.00| 9556 | 84.7
Cpx+Ne+g Rho| 125.89| 9.23| 0.34| 19.84 15.110.00 | 15.43 12.66| 1.46 | 0.00 - - 99.96 -
Cpx | 1] 42.65| 3.24 - 11.54/ 7.16/ 0.00 10.023.79| 0.80 - - - 99.23 -
Ne | 1| 41.42| 0.00 - 32.51) 0.81] 0.00 0.0p 237 1464 4/59 D.C®.34 -
Gl+Rho+ GlINa| 155.35| 1.03| 0.00| 25.72 130 0.0L 056 061 8B1 4/96 @82 98.23 | 84.1
Cpx+g GIK | 1 51.96| 0.70 | 0.00| 24.65 0.74 0.00 031 042 551 14.026]| 0.03 98.60 -
Rho | 3/ 25.22| 949 | 0.07 | 19.23 17.4p0.10 | 14.58 12.63| 0.80 | 0.01 - - 99.55] -
Cpx |2/ 41.91| 3.62| 0.01| 1313 6.85 0.09 981 23228.64 | 0.00| 0.43 0.0D 99.73 -
Gl+Rho+ Gl | 252.04| 1.07| 0.00| 2456 2.0§ - 064 091 750 95 (.282pD.89.10| 85.0
Cpx+Ap+ Rho | 124.29| 9.45| 0.04| 1893 18.7L - 14.33| 12.34| 0.82 | 0.00| 0.00 0.0D 98.93 -
IIm+Sulph+g Cpx | 241.05| 403 | 0.00| 12.17 8.49 - 10.6722.32| 0.68 | 0.00| 0.20 0.0D 99.55 -

basanite, volcano Kabhegy, BBHVF

Gl+Rho+ Gl K
Cpx+Amph+ Gl Na

61.59| 0.11 | 0.01| 2331 054 0.0p 007 0.06 646 7|18 @32| 99.91 82.2
61.90| 0.18 | 0.00| 25.67 050 o0.01L 003 0.34 1063 023 0BDO| 99.79 -
Ap+Sulph+ Rho 26.53| 10.55| 0.28 | 18.76| 14.14 0.10 | 14.61 12.24| 1.04 | 0.00| 0.00 0.0p 98.25 -
Flsp+g Cpx 43.70| 414 | 0.01| 11.08 6.14 0.1 11.092.57| 0.65| 0.00| 0.41 0.0D 99.85 -
Amph |2]| 39.26| 7.61 | 0.04| 15.83 6.27 0.0 13.802.05| 2.88 | 0.85| 0.09 0.0f 98.23 -

Fisp | 1/ 62.65| 0.12 | 0.00 | 23.19 043 0.0 0.04 415 7.8 0|65 000| 98.41 -

Gl+Cr-sp+ GIK| 25885| 0.09 | 003| 22.26 0.46 0.0 0.02 0.2 452 13.8822| 0.04 99.94 82.2

Rho+Cpx+ GINal 361.83| 0.22 | 0.01| 25.13 0.37 0.0 0.4 0.26 11135 0,20 80| 99.61 -
Amph+Ap+ Rho | 7 26.14| 11.10| 0.34 | 18.82| 14.37 0.07 | 14.12 12.32| 0.88 | 0.00| 0.00 0.0p 98.14 -
Sulph+g Cpx | 343.02| 455| 0.02| 11.04 6.61 0.0y 10.922.69| 0.69 | 0.00| 0.20 0.0p 99.84 -

Gl+Rho+ Gl | 16038 020 | 0.02| 2554 056 000 014 022 7p0 4|48 @P7| 99.21 81.5
Cpx+Sulph+g Rho| 1126.22]| 10.74| 0.93 | 18.20| 14.28§ 0.05 | 14.85 11.95| 1.64 | 0.00| 0.00 0.0p 98.87 -
Cpx | 1] 43.95| 4.07 | 0.09| 1161 5.69 0.10 11.1@2.36| 0.83 | 0.00| 0.20 0.0p100.00 -

O |

PO =W O

basanite, volcano Zalahalap, BBHVF

Gl+Rho+Cpx+ Gl | 262.93| 061 | 0.00| 2390 104 o001l 0.9 132 4p9 335 047| 99.08 | 722

Ap+lim+g Rho | 1] 27.45| 11.42| 0.48 | 15.30] 17.94 0.14 | 13.21) 11.75| 1.24 | 0.00| 0.07 0.0p 99.00 -
basanite, Eresztvény, NGVF
Gl+Rho+ Gl |155.30| 0.14| 0.14| 25.6Q 167 0.183 0.01 0.11 962 6(28 0495| 98.99 77.1
Cpx+Ap+g Rho | 124.90| 9.03 | 0.37 | 18.10 18.200.35 | 13.80 12.10( 0.94 | 0.00 0.00 97.79 -
basanite, Magyarbanya, NGVF
Gl+Rho+g Gl | §52.60( 0.03 | 0.00| 23.2Q 0.33) 021l 0.04 7.88 1260 0[96 00@21| 97.98 62.8
Rho | 1§ 24.30| 12.00| 0.20 | 14.00{ 24.30 0.61 | 10.10| 10.20| 2.03 | 0.00 0.00 97.74 -
basanite, Terbelét, NGVF

Gl+Rho+ Gl |156.70| 0.13| 0.15| 2490 090 0.2 0.17 082 9.p4 5(89 0a7| 99.42 72.5
Cpx+g Rho | 124.10( 9.05| 0.35| 184Q 21.3p0.71 | 10.70 11.50| 0.83 | 0.00 - | 0.00 96.94 -
Cpx | 1| 44.30| 1.87 0.05| 13.00 7.14 0.29 10.8@2.10| 0.67 - - - 99.72 -

GIl+Rho+ Gl 1 55.60( 0.19 0.00 | 24.90 1.39 0.00 034 024 9f1 5|67 003| 98.06 73.3
Cpx+Sulph+g Rho| 124.90| 9.38 | 0.29 | 18.2Q0 19.800.40 | 11.60 11.30| 1.10 | 0.00 - | 0.00 96.97 -

hawaiite, Pécsl, NGVF

Gl+Al-sp+ Gl |1/ 62.49| 0.78| 0.00| 26.11 0.54 - 0.14 0.84 217 5[19 0.7630.29.31 87.0
Rho+Cpx+ Al-sp| 1 0.00 | 0.70| 0.22| 64.04 14.83 - 20.06| 0.00 | 0.00| 0.00, 0.00 0.0099.86 -
Sulph+g Rho| 125.43|11.63| 0.12 | 19.12| 14.3% - 15.67| 11.64| 1.35 | 0.00| 0.04 0.00 99.35 -
Cpx | 1] 42.35| 6.00 0.03 | 11.86 4.0¢ - 12.222.13| 0.82 | 0.00| 0.04 0.0p 99.51 -

Gl+Al-sp+ Gl |2/ 62.26| 0.72| 0.00| 26.783 0.5(¢ - 0.2 122 217 37 14760.29.26 86.0
Rho+Cpx+ Rho | 125.24|12.42| 0.35 | 19.77| 1250 - 16.44| 11.02| 1.67 | 0.00| 0.00 0.00 99.41 -
Amph+ Cpx | 1 44.13| 4.19 0.01| 11.41 4.23 - 12.5@1.74| 0.69 | 0.00| 0.04 0.0p 98.95 -
Sulph+g Amph|1| 38.93| 10.21| 0.00 | 13.93| 5.78 - 13.4412.44| 295 | 0.68| 0.37 0.0 98.74 -

Note: Gl K, Gl Na = coexisting K-rich and Na-rich glass€omp. of inclus. = composition of inclusion;
H. in Fo = Host in Fo

Daughter Al-spinel is poor in TKX0.3-0.7 wt.%) and GO; (0.0-1.2 wt.%)
belonging to the FeAD,-MgAl, O, series. In some inclusions the xenogenic Cr-
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spinel is overgrown by Al-spinel. The trapped Cimsp has variable composition,
is poor in TiQ (<5 wt.%) and corresponds to single spinel crgstakexisting with
silicate melt inclusions in the host olivine. Datgghmagnetite occurring rarely in
rhdnite-bearing inclusions is rich in TiQup to 17 wt.%).

Amphibole from inclusions contains up to 10.2 wil%@, and belongs to Ti-
rich kaersutite. Apatite is rich in fluorine, conte of Cl, SiQ and SrO do not
exceed 1 wt.%. According to scanning microscopiplsde blebs consist mostly
of pyrrhotite, which is poor or free in Ni, othenases (pentlandite, chalcopyrite or
intermediate solid solution) are minor.

Glass

The compositions of glasses in unheated inclusaresstrongly variable in
content of SiQ (49.5 -65.5 wt.%), AO; (20.6-28.2 wt.%), total alkalis (up to 19.5
wt.%), whereas Feg) CaO and MgO usually do not exceed 5 wt.%. The
Na,O/K,0 ratio is also highly variable, even for the irgthns from the same
locality. In silicate melt inclusions from NGVF aBBHVF (Table 5), coexistence
of K- and Na-rich glasses was observed within timgls inclusions [44, 46].
Variable composition of glasses may refer to thigalncomposition of silicate melt
trapped by olivine as inclusion. From the otheesidl also depends on the total
amounts of daughter phases crystallized within fhelusion and their
compositions.

DISCUSSION

Occurrence and stability of rhonite in alkali bastal and their xenoliths

The review of the literature on volcanites aroumel world shows that rhonite
occurs mostly as phenocrystal/groundmass and oacalleral in silica-
undersaturated alumina-rich (miaskitic) volcanick® like alkali basalt, alkali
lamprophyre, phonolite, tephrite, shoshonite angheénite or a phase after Ti-
amphibole replacement in deep-seated xenoliths.adewy rhonite has never been
reported from peralkaline volcanic rocks and relatarbonatites. Thus, the
presence of rhonite, as an alumina-rich phase,agc¢ordance with composition of
miaskitic rocks.

In alkali basalts rhonite very rarely occurs asnuuoeyst [42] and is more
common as microphenocryst or groundmass mineras. more typical of glass-
bearing rocks or rocks with quench-textured groussk{60, 7, 66, 40]. There is a
little information about the petrographic relatiooisrhonite to other minerals in
marfic rocks. Lacroix [53], Kyle and Price [52] aBa&ghedi et al. [73] suggest the
following crystallization sequence in the groundmas alkali basalts: olivine»
rhonite — clinopyroxene— Ti-magnetite. However, relationships of olivinedr
phenocryst association in more siliceous volcanfiiephrite-phonolite, [42])
indicate reverse sequence: Ti-magnetitelinopyroxene— rhonite.

Some publications indicate that rhonite is an abuhghase of assemblages,
which partially or completely replace amphibolenmega/xenocrysts and mafic-
ultramafic xenoliths (Table 1). The genesis of sdutnites may be advocated to
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1) solid breakdown of amphibole [50, 31], 2) decoasgion melting of amphibole
[7] or 3) reaction of amphibole with evolved hoselminfiltrating into the
lithosphere section which the host basalts san@kld In all these cases, the

Table 6.

Chemistry of rhonites after amphibole replacement ad from xenoliths in alkali basalts of
studied volcanic fields

1 2 3 4 5 6 7 8 9 10 11

n 10 6 8 3 11 13 11 4 13 3 4
SiO, 27.12| 25.50| 26.01 2853 23.64 2597 2491 2897 48p.25.21| 24.35
TiO, 9.18 | 8.67 8.42 8.47 11.13 10.02 11/30 8.34 13.5087 8 11.56
Cr,0; | 0.09 0.03 0.00| 0.29 0.0( 006 0.01 0.06 029 0/02.200
Al,O; | 16.20| 15.26| 16.26 18.93 18.22 1592 1595 1479 131)7.16.51| 16.44
FeO, | 18.64| 20.37| 22.38 9.90 19.44 20.56 20{52 20|29 718.25.76| 21.72
MnO 0.15 0.07| 0.11] 0.13 0.14 0.12 0.06 0.15 0.16
MgO 14.73| 15.69| 1293 17.77 13.37 13,64 13139 1427 7613.10.48| 11.60
CaO 11.09| 11.31| 11.68 1207/ 11.68 1119 11134 1027 8711.11.24| 11.36
Na,O 1.65 1.86 1.62 128 10% 132 1.30 2.02 0,98 112.151
Sum 98.85| 98.68| 99.30 97.30 98.64 98.80 9886 99.11 3598.99.36| 98.54
Fe,0O; | 9.04 | 16.71| 1250 322 790 8.38 8.17 9.02 6(55  9/48.02
FeO 10.51| 5.34 11.13 7.00 12.34 13.p2 13{17 12{17 12.38.28 | 16.31
Sum 99.76| 100.36 100.56 97.62 99.43 99,64 99.68 10094.00| 100.3] 99.14
Formula calculated on the basis of 14 cations and @xygens

=

Si 3.584| 3.362| 3.463 3.710 3.173 3.480 3.350 3.828 413[03.431| 3.324
Al 2.416| 2.372| 2537 2290 2.827 2513 2527 2.172 312/72.569| 2.645
Fe**V | 0.000| 0.266] 0.000 0.000 0.000 0.007 0.123 0.000 280.20.000| 0.032
(2] 6.000| 6.000| 6.000 6.000 6.000 6.000 6.000 6.000 006.06.000| 6.000
AV 0.107| 0.000| 0.015 0.612 0.0%5 0.000 0.000 0.130 000.00.079| 0.000
Ti%* 0.913| 0.859| 0.843 0.828 1.124 1.010 1.143 0.828 731/30.908| 1.187
Cr 0.009| 0.003| 0.000 0.029 0.001 0.007 0.002 0.007 310,00.002| 0.022
Fe*V' | 0.898| 1.392| 1.253 0.315 0.798 0.838 0.703 0.897 380.40.966| 0.586
Fe*V' | 1.155| 0.589| 1.239 0.762 1.337 1.409 1.454 1.315 761/31.900| 1.827
Mn 0.017 0.008 0.012 0.013 0.015 0.013 0.007 0.0170180
Mg 2.901| 3.085| 2.566 3.444 2.674 2.724 2.683 2.810 752/72.127| 2.360
ca” 0.000| 0.073| 0.084 0.008 0.000 0.000 0.000 0.000 000.00.000| 0.000
[Y] 6.000| 6.000| 6.000 6.000 6.000 6.000 6.000 6.000 006.06.000| 6.000
ca’™ | 1570| 1524| 1583 1.678 1.680 1.606 1.634 1.453 201/71.639| 1.661
Na 0.424| 0.476| 0.417] 0.322 0.273 0.344 0.340 0.517 560/20.295| 0.304
Fe*V"" | 0.006| 0.000| 0.000 0.000 0.047 0.050 0.027 0.029 240.00.066| 0.034
[X] 2.000| 2.000| 2.000 2.000 2.000 2.000 2.000 2.000 002.02.000| 2.000
Mg# 0.58 | 0.58 051| 076 05% 054 084 086 057 0/42.490
Mg* 0.72 | 0.82 0.66| 082 067 06 065 0.88 067 0553.560

Note: 1 - xenomorphic grain in clinopyroxene phenocrystechybasalt, PECSKNGVF; 2-3 - an product
of complete replacement of amphibole xeno/phentgrysbasalts: 2 - volcano Hegyesd, BBHVF; 3 -
volcano Bondoré, BBHVF; 4-8 - an interstitial phaseamphibole-bearing xenoliths: 4 - Ol horblengdite
Fulek, NGVF; 5 - Sp clinopyroxenite, pipe Krasnoskaya-satellite, NMDVF; 6 - Sp clinopyroxenite,
dike Bele, NMDVF; 7 - Ol clinopyroxenite, volcanachuchei, UPVF; 8 - Ol clinopyroxenite, UPVF; 9-
10 - an interstitial phase in amphibole-free xeheli 3 - Sp harzburgite, volcano Ingamakit, UPVE;-1
clinopyroxenite, pipe Botikha, NMDVF; 11 - Ol-Cpxumulate xenolith, Mt. Arod, MRVF. Mg# =
Mg/(Mg+Fey); Mg* = Mg/(Mg+Fé&"). Formula calculated according to the scheme sigdeby
Kunzmann [49].

(products after amphibole are represented by teenalslage of olivine + spinel +
rhonite + clinopyroxene + Ti-magnetite/iimenite fagioclase or foid minerals +
glass (in approximate sequence of crystallizatittnls suggested that such phase
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association formed at >100 during temporary residence of xenoliths in shallo
magmatic chamber and cannot be directly relatecirtp metasomatic events
occurred in the mantle [74, 31]. Such rhonite-bearenocryst and xenoliths are
common in studied basalts from the BBHVF, NGVF, NWBH MRVF and UPVF

Table 6). In some cases, rhonite occurs in prodofctomplete replacement
of amphibole phenocrysts. Moreover, rhonite ocaarsmelt pockets” of some
xenoliths, which did not contain primary amphib@# 31]; author’s data in Table
6). In agreement with Babkine et al. [4], we sudggéat such rhonite-bearing
assemblages might be formed by local melting ofoktnclinopyroxene with or
without participation of host melt or due to peagtn of host melt into xenolith.

Kunzmann [48, 49] summarized all known data on iedrstability.
According to this author, rhonite is stable fron@8B0CC at 1 bar to at least 900-
1100°C at 5 kbar; there is no limitation on the oxygegdcity. The stability of
rhonite in alkali basalts experimentally determitgdkunzmann [48] is restricted
to pressures below 0.6 kbar, and temperatures Ba®1200C. Based on
experiments [7, 48, 31] indicated that “melt potkeicrophenocrystal association
(rhonite + olivine + clinopyroxene + plagioclase) the Mount Sidley xenoliths
formed within a narrow temperature range of 1190eiC at pressure <0.5 kbar.
Moreover, these authors showed that rhonite rapdaicaersutite crystallized under
more oxidizing conditions~NNO buffer) than rhonite from “melt pockets”
(=QFM bulffer).

Our data show that rhonite in olivine-hosted sticanelt inclusions from
alkali basalts crystallized within a narrow tempera range (1180-1260}.
However, we could not constrain the stability okgsl rhonites in terms of
formation pressure and oxygen fugacity. Homogeiunaemperatures for silicate
melt inclusions and microthermometry data of caexgsCQO, inclusions indicate
that olivine trapped these inclusions at >1°8D@nd pressure at least >3-5 kbar.
However, it is not known at what pressure rhonibel ather daughter phases
started to crystallize within the inclusion: at\eleed pressure or after decreasing
of pressure to less than 0.5-1 kbar. However, byalogy with
phenocryst/groundmass rhonite, we suggest that as \at <0.5 kbar. The
petrography of studied inclusions indicates thelofang sequence of
crystallization: Al-spinel — rhonite — Ti-Al-clinopyroxene — apatite —
amphibole— Ti-magnetite (and/or ilmenite). The small sizeslafighter phases of
olivine-hosted silicate melt inclusions do not allestimating precise oxygen
fugacity for rhonite crystallization, although & possible to evaluate roughly from
the crystal chemistry of rhonite (see [31]). Howg\tkese estimations give a very
wide range (from lower than QFM to NNO), even faclusion rhonites from
particular rock and locality (Fig. 4). Calculatigrizased on the host olivine-Cr-
spinel pair, provides values of oxygen fugacity.&-fg units higher than the
QFM buffer for the earliest stage of initial metystallization in the Hegye$tand
Tergesh basalts [45; Timina et al., 2006].

Our data to some extent contradict the conclusadrisunzmann [49] about
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temperature stability of rhdnite. Apparently, sotdmecrepancies may be related to

5.0 H= r— — -
D‘x. Cay(Mg,Fe")o(Fe™* Al Ti**[Al3SE] Oz
. \.
° o s
X
> R
o
S 2 ®9
=1 e
© °
=z X
2 4.0 1
+
©
O
s
3.0 P S S S S S S S S SR
2.5 3.0 3.5 4.0 4.5 5.0
ViNa + 'VSi, apfu
6.0 < gy - T T
8~ CalMg,Fe)sTi [AlSi Oz |
N sof wloF 1060 °C
j_ NNO 0.3 kbar
N
2 Saof -
% % Air
- +
c <
_2 ‘53.0— -
> o)
+ S
(@)
52 2.0 1 L 1
+ Yy Fe32*',0apfu 0
&
i e
>+ c\\
[ o RN
s 4.0 1 “Q
Increasing oxidation Sso
X Sso
3 \'\
35 P S S S S S S S SR )
0.0 0.5 1.0 1.5 2.0 2.5

VIFe®, apfu

Fig. 4.Plots of "' Na +"VSivs.V" ca + VAl and V'Fe** vs. V' Ti** +V'Fe** + V'Mg + V'Mn
(apfu) for analyses of terrestrial rhénites compard with those in olivine-hosted silicate
melt inclusions from alkali basalts (shaded field).

Solid circles = phenocrystal-groundmass rhonitemfalkali basalts [79, 53, 11, 32, 52, 60, 10,4/,685,

40, 49, 8, 73, 16, 68, 22, 64, 42]; Open circlebanites after kaersutite in mafic-ultramafic xetid and
after xenocrystal/phenocrystal kaersutite from labasalts ([52, 60, 33, 74, 31, 1, 88]; authosadfrom
Tab. 6); Cross = rhonite quenched microphenocigsiselt pockets" of mafic-ultramafic xenoliths fro
alkali basalts ([4, 26, 74, 31]; author's data frdrab. 6). Ideal compositions are also plotted for
comparison. Inset shows trend of rhonite composstion nepheline basanite synthesized under IQF,
NNO and air conditions at 1080/0.3kbar [49].

the chemistry of rhdnite because this mineralighlly variable in the contents of
Fe&*, F€*, and other cations due to isomorphic substitutibftsvever, there are no
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experimental data on the dependence of rhonite islignon the temperature. In
addition, the chemical and physical conditions @afdsfication in olivine-hosted
melt inclusions and in groundmass of alkaline hasalight be different. Thus,
direct study of melt inclusions in rhonite help ¢stablish the immediate PT-
conditions for crystallization of this mineral frodifferent environments.

Compositional comparison of olivine-hosted and othlreonites

The new author’s data for rhonite from xenolithstfdied volcanic fields are
given in Table 6. The general comparison of all ldwide rhonites from alkal
basalts and their xenoliths is shown on Fig. 4id@ssolivine-hosted mineral, new
rhonite analyses made by the principal author aatd dvailable in the literature
were conventionally subdivided into the three gsougl) phenocryst and
groundmass rhonite from alkali basalts; (2) rhorfitem partial or compete
products of amphibole alteration from phenocrysenocrysts and xenoliths; (3)
rhonite from amphibole-free ultramafic-mafic xemlod. It should be noted that
some mineral compositions initially labelled as nie [35-37, 72] and
leucorhonite from burned spoil-heaps [14] are yepbor or free in Ti@ Using
50% rule such species seem to belong to one ofdgheal end-members proposed
by Kunzmann [49] for the aenigmatite-rhonite familyith general structural
formula Cax(Mg,Fe*")4(Fe** Al),[Al ,Si,0,q. Extraterrestrial rhonites are beyond
the scope of this review due to the presence dlant titanium in their structure
and their origin in extremely reduced conditions FBl, 62]. According to
Bonaccorsi et al. [8], the majority of terrestriabnites are virtually free in 4. In
general, very broad variations in composition am@mon of rhdnites from various
environments. Olivine-hosted rhdnite compositioahly in very compact region
in contrast to those of other rhonites (Fig. 4)e Tiegative correlations of Ca+Al
vs. Na+Si and Ti+P&+Mg+Mn vs. F&" are pronounced for all rhénites indicating
possible isomorphic substitutions with other miteraf the aenigmatite-rhonite
family.

Problem of rhénite appearance in olivine-hosted lasions

The problem why rhonite occurs in some silicatetnmelusions in olivine
phenocrysts, whereas other neighbouring inclusiare virtually free in this
mineral is arisen by the melt inclusion studiesatdali basalts from different
regions. The similar problem is also relevant ftkak basalts with comparable
bulk and modal composition. In the case of mellusions, it is clear that rhonite-
bearing inclusions are generally confined to theecof host olivine whereas
rhonite-free inclusions are always situated indb&er zones. In addition, ilmenite
or Ti-magnetite is common of rhonite-free inclusoand scarce or absence in
rhonite-containing ones. Moreover, there are noerdgd differences in
composition of other daughter phases (e.g., Aldpiolinopyroxene) between
rhonite-bearing and rhonite-barren inclusions.

It is highly likely that the solution of the proloeof rhonite appearance is
connected neither with chemical composition of rt@and other daughter phases
nor with distributions of inclusions in host olién Possibly, it deals with the
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structural peculiarities of rhonite and its paragme. The studies of the crystal
structure indicate that rhonite is chain silicaB $4]. This mineral constantly
coexists with clinopyroxene and minerals of thenspifamily (Cr-spinel, Al-
spinel, Ti-magnetite). Bonaccorsi et al. [8] madee tfirst remarks and
interpretations about such close association ifemdiht geological environments.
Moreover, according to these authors, the rhontieicgire represents an
alternation of “pyroxene” and “spinel” slabs. Inglsense, rhonite is not only a
transitional member between Al-spinel and Ti-ARopyroxene in a
crystallization sequence, but also an intermediagenber of a polysomatic series
having spinel and pyroxene as the end-members. fBaisire of rhonite may
indicate that it is a short-lived mineral (or uld&a“‘ephemeral” mineral) and very
sensitively reacts on the changes in any paramdteisg crystallization. In case
of melt inclusions or rocks, it maybe the coolingter and, as a result,
clinopyroxene or Ti-magnetite (other spinel) oritheoexistence will be more
stable paragenesis than rhonite. The associati@amghibole + rhdnite seems to
reflect possible microstructural relations betw#ese minerals.

CONCLUSIONS

1. Rhdnite is very rare mineral, which occurs in aledhosted inclusions
from alkali basalts of different volcanic regionslsually, rhdnite-bearing
inclusions are confined to the central parts oft lmbsine. Such inclusions were
trapped at T>130C and P>3-5 kbar.

2. The petrography and thermometry of rhonite-beaiimgjusions in
olivine shows the general sequence: Al-spirerhdnite — Ti-Al-clinopyroxene
— apatite— amphibole, Ti-magnetite (or ilmenite} glass.

3. Rhonite in olivine-hosted silicate melt inclusiogsystallized in a
narrow temperature range (1180-126pand at pressure <0.5 kbar. Temperatures
for inclusion rhonites are slightly higher than skdfor phenocrystal/groundmass
rhonite from alkali basalts (840-12).

4.  The rarity of rhonite both in melt inclusions antther associations in
alkali basalts may be explained from its microdued features. Rhonite is an
intermediate member in the polysomatic series spyi@xene. It is suggested that
this mineral is not a stable in varying conditiayfscrystallization. Possibly, the
changing in some parameters may lead to preferaiiestallisation of
clinopyroxene or Ti-magnetite (Al-spinel) or thparagenesis instead of rhonite.
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THE HARDENESSING OF THE ASM DIAGRAM FOR GENETIC
ANALYSES OF THE MAGMATIC ROCK SERIES
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ABSTRACT

The genetic series of the magmatic rocks: basgtilite, stratifom massif
rocks, komatiite and komatiitic basalts, stratifonmassifs rocks and alkaline rocks
are analyzed by ASM diagram (A —28k, S — SIQ + TiO,;, M — the sum of the
metal oxides mole fraction). It is demonstratedt thasalt- rhyolite series of rock
form two genetic groups are distinguished ob@ content. The andesites are
divided on two groups. One group is in the badajblite series another is
represented by hybrid rocks. The stratiform massitks are represented by two
groups also. The first group is combined the S@rdyeanassif type, where there is no
spatial separation of the leucocratic and melanieccieumulates. The second is
combined massifs where these rock compositionsdatided. The alkaline rocks
form two areas of composition on ASM diagram: theaaof basic and ultrabasic
compositions and the area of nepheline-fieldspason

INTRODUCTION

There are many different diagrams, which are usedhlemical classification
of magmatic rocks: QAPF [14], TAS [16] and so orne$e diagrams allow to
divide the volcanic and intrusive rocks on the eliént types, but petrology would
require a diagram, which allows to describe the mmatgc systems evolution. The
evolution of the magmatic systems points towardgmssive polymerization of
melt or toward the framework mineral rock compasif. The polymerization
degree is expressible in term of Q:

Q — 2(NSi02 + NTiOZ) + 3NAI203
2(N5i02 + NTiOZ) +3NAi203 + z NMexOy

We proposed also the ASM diagram for graphical espntation of this parameter for
different genetic series of the magmatic rocks [1].

The ASM diagram is build up in form of rectangutaangle with apexes:
Al,O;5 (SIO, + TiO,) and), MeO, — the sum of the molecular fraction of,©e,
FeO, MgO, CaO, N® and KO. The content of oxides in the rock is expressed i
molecular fraction. In order that A); content variation is more descriptive the
(SIO, + TiO,) — AlLO; triangle side must be two times greater than {Sdi0O,) -
Y>'Me,Oy one. The curves, which is connected the olivink amorthite composition
IS represented the cumulose compositions, whichf@reed as a result of the
fractional crystallization of the basalt magma. Hteit line, which pass through
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(SIO, + TiO,) apex and anorthite point is connected the ligitpolymerization
compositions of the magmatic melt and magmatic spekhich are comprised
from framework silicates only. The alkaline fields@nd granite composition are

on this line.

THE BASALT-RHIOLRTE SERIESES OF MAGMATIC ROCKS

Two chemical differentiation ways can be realizednagmatic systems: the
partial melting and fractional crystallization. Thmwv-fusible fraction of melt is
formed by partial melting. It separates from th&astory material and goes up
because it has low density. The hard high-meltmgchaed by olivine composition
Is accumulated in the melting zone as a result.néking in the system pyrope -
diopside - forsterite allows to illustrate thpmsocess [17], figure 2. The patrtial

*Me,O

<

0.6 — v

0.5

04—

03 —
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Granit

Mg O,
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Hed
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Fig. 1. The compositions of the basalt-rhyolite series rock

1- cumulative rock of the Ram island massif; 2 e dompositions of the basalt-rhyolite rocks; 3 e th
melt composition, which is formed from KLB-1 pertide at 1478C and 30kbar; 4 - the melt
composition, which is formed from KLB- peridotité 2425°C and 25 kbar; 5 — the melt composition,
which are formed as the result of the fractiongistllization of the olivine tholeite; 6 — Ringwded

168



Anfilogov V.N.

pyrolite composition; 7 plateau Parana rockc contjpos; 8 — olivine, anortite, nepheline, alkaline
fieldspar and granitic compositions; 9 — E and Xpositions from figure 2.

melting begins at 167%C in this system. Te eutectic composition, E is |szdeat
this temperature and refractory composition issfared to the point R. As soon as
the refractory composition has been attained @®itite fusion process stopps until
the temperature goes up to 17%Ztnd composition B begins to smelt. The melt
composition in the points E, X and R are enteredh@enASM diagram together
with basaltic, andesitic and rhyolitic ones, figdre

Fo _ .
2075

1790°
Di 1690° Py
Mas.%

790

Fig. 2. The phase relationships in the system anortite-pygme-olivine at 40kbar.

The composition of basalt and basic rocks formrtagow variational trend
enclosed by two curves. The curve | is begins ftbenmelt composition, which is
smelted from the garnet peridotite KLB-1 at 30kpegssure and 1475 [12]. The
composition E and melt composition, which is sntkls 1428C are closely
spaced to this point. There are the compositiortgctware formed by olivine
tholeite fraction crystallization [10] on the curVeBy this means the curve | is
reflected two processes: the formation and comiposibf the primary basaltic
melt and its changing as the result of fractiorstakization.

The line Il compositions differ from line | by tHewer Al,O; content and
higher SiQ one. It seems likely that they have not own printaagma. Using the
experimental data Green and Ringwood [10] conctngeline Il compositions are
formed by the primary melt fractional crystallizati in the intermediated

169



Alkaline magmatism, its sources and plumes

chambers, which are disposed on the level less fttarkm, whereas line |
compositions are formed on the deep more than 15[1h The basic rock
compositions on the figure 1 are taken from [7].

The lines | and Il follow to andesite and dacitenpositions and ended at
rhyolitic ones, figure 1. There are two andesitgetibe series: high- and low-
aluminiferous. The Kuril Islands rocks compositi@re on the line | and The East
Kamchatka ones on the line Il, [11, tables 10, figlire 1. It is beyond reason to
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Fig. 3.The rocks compositions of Scergaard, Alamdjakhskiad Norilski layered intrusions.

1 — the composition of the initial Scergaard intrasmelt; 2 — the composition of the leucocratic
cumulates; 3 — the compositions of the melanoc@tmulates; 4, 5 — the ferrodiorite and granophyre
compositions; 6 - the melt composition, which isnfied from KLB-1 peridotite at 1476 and 30kbar; 7

— olivine and anortite compositions

confirm that these rocks were formed by fractioolstallization of the “dry”
basaltic magma, which compositions are on the linasd Il. This idea do not
receives support among researches now [6]. Noresthehust be the mechanism,
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which gives rise to the uninterrupted series basalthyolite. There are two
possible ways for andesite and rhyolite composittmation: by saturation of the
basaltic melt with water, or by partial melting thfe waterferrous metabasalt.
Water suppresses the temperature pyroxene bamiéh is between basaltic and
andesitic compositions and waterferrous basaltidt rgains the capacity for
evolution to rhyolitic one. The cotectic andesitielt is formed in the second way.
There are basalt-rhyolitic series, which is formég the basaltic melt
contamination of the acid rocks at the same timasaR-rhyolitic formation of
Parana plateau (Brasil) [4] was formed by this whlias the bimodal composition
distribution and forms own line on the ASM diagrdmgure 1.
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Fig. 4.The rocks compositions of the Djugdjurski anortosie massif.

1 — melanocratic rocks; 2 — leucocratic rocks; @ 4r- see on the Fig. 1

ASM diagram is shown on the figure 1 is represetivedmelt compositions,
which are flow out on the Earth surface. They fdoynthe mantle substratum and
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their compositions depend of fractional crystati@ma degree, which has been
going in the intermediated chamber. The melt, wificwed out on the surface can
to contain a quantity of crystals and its compoasitmay be distinct from the
primary one.

THE MAGMATIC ROCKS OF THE STATIFORM INTRUSIVES

There are three parameters, which govern the rookposition in stratiform
massifs: the melt density, contamination of thentgurocks by melt and regular
melt updates in the magmatic chamber. The melt igena Skergaard
differentiated intrusion and stratiform trappeare®ilosely related to plagioclase
density. There is no spatial separation of the detatic and melanocratic
cumulates in these intrusions and plagioclase énmth@-pyroxene layers alternate
to one another [18]. The compositions of Skarda Alamjachski and Norilski
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Fig. 5.The joined ASM diagram for layered massifs.

A — ultrabasic cumulates; B — leucocratic cumuta@spyroxenites; D — basic hybrid rocks; E — acid
hybrid rocks. 1 — picrite by Dally; 2 — the layersstks from the East Goldfield (Australia); 3 — The
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layered rocks of island Rum massif; 4 — the rock®janchin intrusion; 5 — the layered rocks of the
Stillwater massif; 6 — the layered rocks of Dirdadomplex; 7 — Skergaard's ferrogabbro.

intrusions on the ASM diagram are shown on figur&l@ ferrogabbro is the end
product of fractional crystallization in Skergaandtrusion. Ferrodiorite and

granophyre are forming as a result of the greygmeontamination [1, 18]. Their
compositions are the same as plateau Parana roeks fogure 1. It is agree with
8’Srf°Sr in quenched border Skergaard gabbro and in 9fie8 By this means

Skergaad intrusion is the exemplify of magma ciiyg&dion in enclosed chamber,
which is accompanied by contamination of the cqugtreiss. This is a reason of
the wide scatter of the rocks composition on thdAdtagram, figure 3.

ALO;

'~ SI0+TIO,

Fig. 6. The komatiites and komatiitic basalts compositions.
1 and 2: the mating komatiite and komatiite basafhpositions; 3 and 4 — see Fig. 1.

The rocks compositions of Djugdurski anorthositessifa[15] are shown on
the figure 4. The leucocratic and melanocratic cositpns of this massif are
disposed in two different areas. Origin of the #masite is controversial. Once the
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lunar anorthosite was investigated it has becomedeat that it able to form if
magma density more than anortite one. It may be@raptished by high Ti@
content in the melt. The summary ASM diagram fgetad intrusions is sown on
the figure 5. There are 4 areas of the rocks compo®n this diagram. The areas
A and B are conformed to leucocratic and melanac@imulates. The area C
conforms to pyroxenites. The areas D and E areesepted by hybrid rocks.

KOMATIITES AND KOMATIITIC BASALTS

ASM diagram for komatiites and komatiitic basaltsisown on the figure 5
[2]. Their compositions form two areas identicattwarea A and B on the figure 4.

We proposed that komatiite and komatiitic basaltsvfout in form of
magmatic mush: komatiite as mixture of basaltictraeld crystals of olivine and
pyroxene [2, 3] and komatiitic basalt as mixturebakaltic melt and crystals of
plagioclase.
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Fig. 7.The alkaline rocks compositions.
1 — basic rocks; 2 — leucocratic rocks; 3 — basglblite rocks; 5 — see Fig. 1
ALKALINE ROCKS

The compositions of alkaline rocks are shown onfithee 6. They form two
areas:. A - the area of basic and ultrabasic coripnsand B - the area of the
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nephelin- fieldspar ones. The alkaline basalt, hi@yabasanite, limburgite,
ankaramite and another rock compositions are ira ahe The Maimecha-
Kotuyskaia province is the region where these raulksrepresented widely [11].
The typical region of leucocratic alkaline magmaiticks is Kola peninsula [5, 8].
It is evident that rocks in area | and Il are nmthagmatic.

Origin of alkaline rocks is contraversal. The rqckéich are formed by the
mantle substrate are represented on the figurédy fmever contain nepheline and
rhyolite is the resulting product of their evolutiorhis brings up the question as to
transform the quartz-fielspar paragenesisis to elapdfielspar one. It can be
realized if the basaltic magma interacts with cagdte [20]:

CaAlLSi,Og + 2CaCQ = CaAl[(SIAl)O ;] + CaSIQ + CG;,

NaAiSi;Og + 2CaCQ = NaAISIQ, + CaSiQ + 2CQG

The gelenite and nepheline components are formeatdse reactions and the
basaltic magma enriched by CaO. The compositioriseobasic alcaline rocks are
shifted to ultrabasic ones as a result, figure 7.

CONCLUSIONS

1. The ASM diagram allows to separate the magmatiksrachich are
formed by the crystallization of the primary andffelentiated melts and
leucocratic and melanocratic cumulates.

2. The magmatic rock compositions, which are formed rogntle
substrate form on the ASM diagram two variationaives. The compositions of
the hybrid rocks form on the ASM diagram own vaoaal curve.

3. The rock compositions of the layered intrusions fam@ned on the
ASM diagram two separated areas.
4. The compositions of komatiites and komatiitic bess&lave the same

positions on the ASM diagram as layered massifs.one
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