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Foreword

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

The given proceeding contains the invited repatsthe International
Workshop “Alkaline magmatism and the problems @& thantle source”, held at
the Institute of Geochemistry, SB RAS, Irkutsk cifyhe papers consider the
features of the alkaline magmatism on the Earthistoty. A detailed
characteristics of the alkaline magmtism of différgrovinces of the world
(Aldan, Ukraine shields, eastern Kamchatka, Kolaifsla, Ural, India) is given
in this proceedings. The classification of malliteks and determination of PT-
conditions of the crystallization of lamproites gmevided using the data on the
homogenization of melted inclusions. The paperssicien the features of the
genesis of kimberlites from the Urals and Sibegiltaline basalts of the Baikal
Rift and oceanic islands, Transbaikalia and Moragolihe isotope characteristics
of carbonatites of many Siberian massifs are ptedeWe hope that the similar
meetings of scientists to discuss the genetic problof the alkaline magmatism
will be continued. The reports are translated English by the authors.

The Chairman of the Organizing Committee
Dr. N. V. Vladykin
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Alkaline magmatism in the history of the Earth

L. N. Kogarko

Vernadskiy Institute of Geochemistry and Analytiiaémistry,
Russian Academy of Sciences, Moscow

INTRODUCTION

The evolution of the Earth's magmatic regime isnarily controlled by processes
of the global differentiation of the mantle, whishthe largest shale of our planet.
On the one hand, the postaccretionary history ef Earth was generally
related to recurrent episodes of mantle meltingiciwiproduced the continental
and the oceanic crust. In the course of this psycdse mantle should have
continuously lost the so-called "basaltic," loweglimg components (such as CaO,
Al,Os, TiO, and rare lithophile elements) and become a styodgpleted source
material, from which only highly mag-nesian melepttted in rare elements could
be derived later. However, no tendencies of thpe tgccurred during the Earth's
geologic evolution. To the contrary, more and n@riglence suggests that primary
mantle magmas (basalts and picrites) become pigeds more enriched in Ti,
LREEs, and incompatible elements with the passdggealogic time [Campbell
and Griffiths, 1992].
Isotopic studies [Zindler and Hart, 1986] providadence for the existence of
mantle reservoirs strongly enriched in trace elds)ethe occurrence of these
reservoirs could not be explained within the gurted of the model of continuous
global mantle melting during the postaccretionamnet These facts and
considerations caused the recent development ofddee of active crust-mantle
interaction [Hoffmann, 1997], during which largeabx material exchange
occurred and favorable conditions were createdHerdevelopment of enriched
reservoirs.
The continental crust growth, which was definitebntrolled by the intensity of
partial melting in the mantle, principally decekex in Late Archean time [Fyfe,
1978], and the volume of the crust even began toedse, a fact suggesting that
the planet entered a stationary state, in whichatineunt of material ascending
from the mantle became equal to the amount of roeeksning to it. According to
Hargraves (1976), numerous facts suggest that #terral building up continents
and delivered to the oceanic crust in the formaddit magmas is counterbalanced
by the consumption of the oceanic crust and itsieroproducts in sub-duction
zones. One of the most important geochemical irmpbas of this process is the
origin of REE-enriched blocks in the mantle. Evithgnthe development of
alkaline magmatism during the Earth's history,@pss associated with extremely
high concentrations of trace elements, was relatd¢te generation of such zones
in the mantle.
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Synthesis of the extensive materials publishedegan the literature and our
data [Wooley, 1987; Kogarko et al., 1995b; Kogark884] indicates that the
first manifestations in the Earth's history of ditkea magmatism are dated at 2.5-
2.7 Ga. At present about 1500 alkaline and carlttenitrusive and volcanic
complexes are known, but no rocks older than 27@0ndre detected (Fig. 1).
The only exceptions are the syenite and alkalilbésaas of Archean age from
Kirkland, Canada [Basu et al.,, 1984]. However, ¢hemta call for further
studies to be verified.

Number of massifs

Fig. 1. Distribution of alkaline massifs over geologicahé

As can be seen in Fig. 1, the activity of alkalineagmatism increased
continuously throughout the Earth's history. Mommwaccording to Lazarenkov
(1988), the thickness of the alkaline complexe® alxreased throughout
geologic time. For example, the gross volume ofngpplatophonolite in Kenya
is more than 50000 kijLogachev, 1977], i.e., much more than the integra
thickness of alkaline rocks produced over othetago epochs.

The appearance of alkaline rocks at the ArcheareRymoic boundary
coincided with a number of global geologic everithis time boundary was
very important in the history of the Earth:

(1) Most scientists [Drummond and Defant, 1990htelthis boundary to a
radical change in the geodynamic regime of our gilawhen plume tectonics
gave way to plate tectonics [Khain, 1994], althotlgé role of mantle plumes
remains very important up to the present. Neves8®l many authors
[Drummond, Defant, 1990; McCulluch, 1993] allow fubduction processes in
the Archean, believing that the volumes of subdlcteaterial were then
incomparably smaller than those sunk into the reamter post-Archean time.
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(2) This time boundary marked the origin of thetEaroxygen atmosphere
[Walker, 1977; Holland, 1984], which was producedimy by the activity of
living beings and hydrogen dissipation to outercgpdhe precursory atmosphere
consisted of a CiHH, mixture [Rubey, 1955].

(3) The boundary between the Archean and Protemwas the time of the most

active continental crust growth. The effect of ttheygen-bearing atmosphere
caused the origin of "oxidized" marine sedimentshsas jaspilite and carbonates
and the oxidation of paleosoils [Holland, 1984; @lp 1968]. It is interesting to

note that supergiant Archean sedimentary depokitsaminite and pyrite (like the

Witwatersrand deposit) or siderite (on Labradomehao analogues among mineral
deposits of post-Archean age, because the minemiyposing these ores are
unstable in oxygen atmosphere [Walker, 1977; Hdllda:984].

Global processes of plate tectonics at the Arcl&aterozoic boundary
resulted in the subduction of the already signifibaoxidized oceanic crust with a
high oontent ofvolatiles (mainly 4 and CQ), which were then involved in
mantle cycles. The active interaction between tistcand mantle facilitated not
only an increase in the contents of volatiles ia thantle, which had lost these
components in the course of high-temperature doareturing the early
evolutionary stages of the Earth, but also resuhethe oxidation of the mantle
atmosphere, which was most probably dominated methane-hydrogen mixture
in pre-Protero-zoic time [Arculus and Delano, 1980gt us examine these
problems in more detail.

Active studies carried out during past years orréggme of mantle fluids revealed
that mantle redox conditions are highly variabtelight of the data obtained by
Haggerty and Tompkin (1983), the oxygen fugacitthie mantle material varies
over an interval of 5-6 logarithmic units with respto the quartz-fayalite-
magnetite (QFM) buffer system. However, in spitéhaf significant diversity of
redox conditions in the Earth's lithospheric anth@sospheric mantle, these
variations show certain regularities.

Most scientists are inclined to believe that thdest Archean lithospheric
mantle, which was the source of diamond, was cheniaed by quite low J,
values. The point is that diamond, whose age isalader than the age of the host
kimberlite [Richardson, 1986; Kramers, 1979; Ozimal., 1983] and sometimes
exceeds 3 Ga, occasionally bear inclusions of hitke iron [Sobolev et ali,
1981], moissanite, magnesio-wuestite [Meyer, 198A[] methane [Giardini and
Melton, 1975], a fact providing evidence that then@sphere of the ancient
Archean mantle was extremely reduced. These datavery consistent with
materials on the V geochemistry of Archean thdsiitShervais, 1982]. These data
indicate that the Ti/V ratio increases in the ceutgmagmatic differentiation
because of the fractionation of pyroxene, whichobses gradually enriched in
reduced (trivalent) vanadium. Our recent studies tte a discovery of metallic
copper-bearing iron-nickel alloys in the mantle,,iphases composing the Earth's
core [Ryabchikov et al,, 1994]. These minerals loarstable only under very low
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oxygen fugacity, three logarithmic units lower th#me wuestite-iron buffer
[O'Neil, 1991]. These conditions seem to have aeclrearly in the Earth's
geologic history at about 4.6 Ga, when the corefaased.

The experiments of Arculus and Delano (1980) oremeining the redox
conditions in mantle nodules by using electrochahtells detected fairly lows$
values (close to the wuestite-iron buffer) of soramoliths and megacrysts in
basalts. At the same time, Bullhaus (1993) detezthithat most mantle peridotites
are more oxidized (from two logarithmic units belttve QFM buffer to values at
this buffer). Even more oxidized conditions werdedained in mantle rocks
strongly recycled by metasomatic processes (upraddgarithmic units above the
QFM buffer. Fig. 2).

Alog(fo,)spinel

1 1 1 1
0.4 0.6 0.8 1.0
Cl'/( Cr+A l)spine!

Fig. 2. Variations of oxygen fugacity in mantle xenoliiBsllhaus, 1993).
(1) Primitive xenolith; (2) weakly metasomatized xethsli (3) strongly metasomatized
xenoliths.

The most oxidized magmatic associations are istandndesites and basalts
(three logarithmic units above the QFM buffer. Figs 4), whose genesis is
closely related to the subduction of the oceanistcrand alkaline rocks of oceanic
islands (two logarithmic units above the QFM bufféig. 4; [Bullhaus, 1993]).
Kogarko et al., (1995b) demonstrated that the kigilkaline lavas of Trinidad
Island are also strongly oxidized (theds fs higher than the QFM buffer by three
logarithmic units). Studies of the oxidation degrefe modem volcanic gases
[Holland, 1984] revealed that their,® and CO/CQ ratios are 0.01 and 0.03,
respectively, a fact that unambiguously testife$he high oxygen fugacity during
modem magma generation in the mantle. All thesa datther accentuate the
unequal redox conditions in the mantle and prowedielence for the existence of
relics of more ancient reduced mantle in the neddyi oxidized mantle material.
This, in turn, points to global oxidation procesdkat operated in the Earth's
mantle throughout geologic history.
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In my opinion, the most important process of maok&lation is the descent of
the oxidized lithosphere to the mantle, a proceasdontinues from Late

Alog(f; Oz)spincl
3 o DD
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Fig. 3. Variations of oxygen fugacity in basalts (Bullhdi293).
(1) Island-arc basalts; (2) back-arc basalts; (R)neulative nodules in island-arc basalts.

Alog(fo,)
2

Fig. 4. Variations of oxygen fugacity in basalts of oceasiands and mid-ocean ridges
(Bullhaus, 1993).
(1) Basalts of mid-ocean ridges; (2) basalts ofamte islands.

Archean time. Our calculations, which were based tb@ assumption that
approximately 20 km3 of basaltic material is erdpstanually on mid-oceanic
ridges, allowed us to estimate the overall wateowamhthat has been added to the
mantle for the last 2.5 g.y. In the calculationg twok the total length of mid-

9
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oceanic ridges to be approximately 65000 kmaabverage spreading rate to be 5
mm per year, and the thickness of the oceanic dmudie about 7 km. It is
interesting to note that in examining the problemoceanic crust recycling,
Hofmann (1997) assumed that the annual additiomaitrial to the mantle is 20
km3. Provided_that the water content of the altevedanic crust is 2-3% [De
Vore, 1983], the annual water inflow into the mamntiould be approximately 1014
mol, which is one order of magnitude higher thaam thlue cited by Kasting et al.
[1993). At a constant subduction velocity of platée total mass of water added
to the mantle for 2.5 g.y. will be 2.5 x 1023 g-mbaking the mass of the Earth's
mantle to be equal 4.2 x 1024 kg (i.e., 70% of tintal Earth's mass) and the
average iron content to be 8%, the overall amotibivalent iron in the mantle (in
equilibrium with fluid corresponding to the wuestiton buffer system) can be
estimated at 4.7 x 1024 g/mol.

Iron oxidizes in the mantle by the reaction

2FeO + HO = Fe)0; + H, (1)
during which hydrogen can be released to the fand escape to the Earth's
atmosphere or even outer space [Holland, 1984kicgwan increase inpf in the
atmosphere.

Calculations indicate that the above-cited wateoam (2.3 x 1023 g/mol) is
sufficient to oxidize 1/10 of the overall iron cent in the mantle by reaction (1)
and to increasey$, of the mantle to the quartz-fay-alite-magnetidfdr, i.e., to a
value currently accepted by most geochemists [Bubh 1993].

According to De Vore (1983), one-third of the subztibn-related water is lost
to the atmosphere as a consequence of island-dcarvem. Sobolev and
Shoussidon (1996) believe that no more than 60%efvater can be involved
in mantle cycles.

Although our calculations cited above are semi-tjtative, they definitely
point to the feasibility of mantle oxidation by slution-related water.

According to the data of several researchers [Hgstt al., 1993; Ringwood,
1990], the inflow of carbon dioxide into the mantaused by the subduction of
oceanic crust bearing carbonate material is apprately 6 x 167 g/mol per year,
I.e., much less than the addition of water. In ttisnection, it is interesting to note
that, according to our calculations, carbonatitesi¢h contain 20% carbon)
account for no more than 6-27% of alkaline assmeiat Relations of carbonatites
to the recycling of the oceanic cmst is confirmgdtiee very wide spread in the
dC"® values of different carbonatite complexes [Beli8q]. Our analysis indicates
that potassic rocks are younger than the sodic anesappeared at the time
boundary of 1.5 Ga in the Earth's history. Condaiyait was the time when the
notably potassium-enriched oceanic crust startedestend to the mantle much
more actively [Brown, Masset, 1981].

10
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The degassing of subducted material and releasgidized fluid (water and
carbon dioxide) could lead to nielting in thin fdmin accordance with the
mechanism "escribed by Green et al.(1987) and Riogw1990).

Conceivably, it was water- and carbon dioxide-noélts with low melting degrees
that were able to transport vast concentrations@mpatible trace elements and
alkalis [Ringwood, 1990; Wendland, Harrison, 198§ were the principal agents
of mantle metasomatism. The experimental works ydlRhikov (1988) indicate

that aqueous fluid under high pressures can confaito a few ten percent of
silicates enriched in alkalis.

Earlier, Ryabchikov (1988) and Kogarko et al. (1p&&monstrated that
metasomatic processes play a decisive part inghegys of alkaline magmas. It is
only the metasomatic supply of rare lithophile edes to zones of magma
generation that can account for, on the one hdmdstrong enrichment of alkaline
magmas in rare lithophile elements and, on therptheir depletion in radiogenic
isotopes. As an illustrative example, | would licerefer to our data [Kogarko et
al., 1981, 1995b] on the isotopic characteristitshe world's largest alkaline
complexes on the Kola Peninsula (the Khibina ardLitvozero Massif), to which
supergiant rare-metal deposits are related. Itpvaged that the mantle protoliths
of the alkaline rocks were strongly depleted ireralements. In a mantle (SNd-
Ssr) correlation plot, the data points of the roaks ores from the Khibina and
Lovozero massifs fall within the depleted field.ig paradox can be explained only
by the very rapid supply of metasoma-tizing materlaghly enriched with
incompatible trace elements, to the mantle melahgmber. The process should
have been too rapid for the radiogenic isotop&r @nd"**Nd) to become enriched
in the mantle pro-tolith and modify its initial deped Sr, Sm, and Nd isotopic
ratios. Recent detailed studies of the mantle nadtieom various regions [Meen et
al., 1989; Menzies, Murthy, 1980] and our data [&dg, 1986] point to the
significant role of metasomatic processes in trecgemical history of the mantle.
The appearance of amphibole, phlogopite, apatiteygpy carbonates, minerals of
the lindsleyite-mathiasite group, and other phadxs to concentrate rare elements
could be caused only by metasomatic reactions e rttantle material, most
probably in relation to melts with low degrees cltimg. In this connection, it is
interesting to mention the paper by Francis (198Which it was demonstrated
that the partial melting of the strongly amphibetizand metasomatized mantle
results in the generation of alkaline melts (Tab)e Highly alkaline glasses in
metasomatized mantle xenoliths were also descrimpedEdgar et al. (1989).
Studies of intensely metasomatized and carbonipellilas from Montana-Clara
Island, the Canaries, and Femando de Noronha |sBuadil, revealed glasses of
alkali-oversaturated phonolite and trachyte contmwsiin association with the
primary carbonates. Hence, the generation of a&athagmas during the partial
melting of the metasomatized mantle now leavds litom for doubt.

The ideas of nonlinear geodynamics, which were esgfally developed over the
past few years by Pushcharovskii (1994), are irdgagreement with our data on

11
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the geochemical heterogeneity of mantle pro-tolitkes a consequence of
metasomatic processes.

The global oxidation of the mantle atmosphere iyHaroterozoic time gave
rise to extensive mantle metasomatism, becausehtioxidized fluid phase (B
+ NO,) that is capable of transporting vast amountslci$se material [Wendland,
Harrison, 1979]. It is pertinent to reiterate ththe reduced atmosphere is
chemically inert and, thus, seems to have beenlyhaapable of transporting
material under the Earth's mantle under these tiondi This conclusion is
confirmed by the experimental works of Taylor an@éh (1988), who proved that
the reduced atmosphere (£H+ H, mixture) insignificantly affects the
configuration of the basaltic solidus and liquidés. is seen in Fig. 5, oxidized
(H2O) fluid decreases the solidus temperature of pgrddy 300°C at 20 kbar,
whereas the decrease caused by the reduced flidg tCH, mixture) is only
100°C.

There are other concepts concerning the causesuidf dxidation in the
mantle throughout geologic time. For example, sagientists [Mao, Bell, 1977;
Galimov, 1995; etc.] consider the mechanism of BexSolution in the Earth's core
(Fe disproportion-ation) to be among the most irtgrrfor the enrichment of Ee
and O in the mantle. Other researchers [Ringwo®87;1Wanke, 1981; Newsom,
1990; O'Neil, 1991] believe that the Earthxration

40 T 1
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10 | g orthopyroxene phlogopite| =
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Lt 1 1 1 H' 'game't
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Temperature, °C

Fig. 5. Pyrolite solidus in the presence of water (QFMfé)fand CH-H, mixture (I W
buffer) (Taylor, Green, 1988).
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could be heterogeneous, and the partly oxidizedemadt rich in volatiles
(primarily water) produced hydrogen when comingcontact with the strongly
reduced core. The loss of this hydrogen to the spimere and outer space should
have resulted in the continuous oxidation of thentheafluid and the Earth's

atmosphere. Based on the calculated compositiottsecEarth, its mantle,
and
Table 1.
Composition (wt %) of glasses in mantle xenoliths
Fernando de Mor|1tana-
. Noronha Clara Nunivak Island
Locality Island ’
Island T Alaska
. ' Atlantic
\tlantic Ocea
Ocean
Wehrlitized and . . i
Rock carbonized spinel Amphlbt_)le Amphlbole thP'”l‘?'
Iherzolite pyroxenite vein erzolite
Sid, 57.47 6.38 49.02 48.33 52.55
Ti0, 1.02 0.7 1.69 3.26 2.78
Al,05 25.42 16.0 18.69 19.93 18.97
FeO 1.56 2.0 8.99 6.52 3.85
Fe,O3 - - 1.76 1.28 0.76
MnO 0.00 - 0.18 0.17 0.10
Cr,03 0.00 0.06 0.02 0.03 0.04
NiO 0.65 - - - -
MgO 0.00 2.5 2.65 2.35 2.85
cao 0.97 3.8 5.12 8.91 8.03
Na,O 9.04 6.4 6.74 5.16 3.79
K,O 3.87 38 2.47 2.84 3.04
P,Os - - 2.36 1.87 2.27
Total 100.0 41.64 97.22 100.65| 99.03]|

core, Allegre et al. (1995) arrived at the con@uaghat silicon (which accounts for
7.3% of the core by mass) is transferred from twveel mantle to the core, and
oxygen is simultaneously released to the mantlemounts of about 8.3% of the
core mass.

Analysis of the materials presented above indictitas the oxidation of the
mantle fluid was most probably controlled by seldemtors operating in the
history of the Earth. However, | think that it wie crust-mantle interaction that
played the decisive role in the mantle oxidation.

13
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It follows that the oxidation of the Earth's atmbepe and, later, at the Archean-
Proterozoic boundary of its mantle as a consequehahanges of the geody-
namic regime of the planet and the rapid activatércrust-mantle interaction

resulted in global metaso-matic transportation atanal and the development of
zones enriched in trace elements in the subcrisialce areas of alkaline
magmatism. The simultaneous development of theatioid of the atmosphere and
the first appearance of alkaline rocks could noabeidental and definitely points
out fundamental relationships between these presess
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The Aldan Province of K-alkaline rocks and carbonaites:
problems of magmatism, genesis and deep sources

N.V. Vladykin

Institute of Geochemistry SD RAS, Russia, IrkugiB®X 4019,
E-mail: vlad@igc.irk.ru

New geological, petrochemical and geochemical de¢ae used to develop the
scheme of the magmatism for massifs of K-alkalimeks of the Aldan province. A
full set of differentiates of K-alkaline series,ofn K-alkaline-ultrabasic rocks
through the basic and middle to acid alkaline demnis found for the Murun and
Bilibin massifs. A common trend of compositions foicks of the whole series is
observed on petrochemical and geochemical diagrainbinary correlation of
elements. The specific features of the K-alkalinelah complex are: 1) the
occurrence of lamproitic rocks - intrusive analogs lamproites during the
differentiation; 2) alkaline granites are final fdifentiates of K-alkaline series;
3) separation of silicate-carbonate melt from thieade magma on the last stages.
When the silicate liquated melt is layered (shied) the carbonatites (including the
unique benstonite carbonatites and silicate clanmaitks) originate. The study of
melted inclusions in minerals indicates the magengginesis of rocks in the range of
the temperature from 1500 to 68C. The data on isotopic Pb, C, O, Sr, Nd
geochemistry verifies the deep origin of their seuirom the enriched mantle EM-1.
From the Pb isotope data in the galena the ageeo$ubstratum is estimated as 3.2
billion years. The origin of the magmatic soursealated to the mantle plume.

INTRODUCTION

The Aldan K-alkaline province is located (Fig.t)the north-eastern flank of
the Mongol-Okhotsk area of the alkaline magmatistiadykin, 1997; Kalievyi,
1990; Petrologiya, 1967]. The alkaline massifshid province are situated mainly
in the northern periphery of the Aldan schield tbe border with the Siberian
Platform. The whole province can be divided inteeéregions: 1) Western-Aldan
segment with Murun, Sakun and Khani massifs; 2)t@eAldan segment with
Inagli, Jakout, Rjabinovi, Tommot, Yllymakh and Kastir, Kaila and Amga as
well as the groups of small bodies and diatremes the Bilibin massif in its
eastern part; 3) the East-Aldan segment with tlassifs Arbarastakh, Konder,
Ingili and other smaller massifs. A new schemehef tnagmatism for the alkaline
massifs was developed using the data of petrolggozhemical investigations of
the last 20 years [Vladykin, 1997, 2000].

17



Alkaline magmatism and the problems of mantle ssurc

®1 B2 @3 Hasrs s

Fig. 1. The scheme of the alkaline magmatism area of thregel-Okhotsk belt.

Symbols: 1 - alkaline massifs with abundant ultsibaocks; 2 - alkaline massifs with scarce
ultrabasic rocks; 3 - massifs of alkaline granitds: Mongol-Okhotsk lineament; 5 - boundaries
of the alkaline rocks area, 6 - Aldan schield.

Massifs: 1 - Khan-Bogdo, 2 -Lugingol, 3 - Mushug&i; Burpala, 5 -Murun, 6 - Khani, 7 -
Inagli, 8 - Bilibin, 9-Konder, 10-Ingili, 11-Arbaitakh, 12 - Synnyr, 13-Zhidoe, 14-Belay Zima.

THE SCHEME OF K-ALKALINE MAGMATIASM OF THE ALDAN PR OVINCE

The first specific feature of K-alkaline rocks aetAldan province is:

Complexes of K-alkaline rocks from the Aldan sctiidbrm the most
complete series of magmatic rocks. The main prodeading to the formation of
the complete series are magmatic differentiatiod lamination, resulting in the
continuous series of rocks from the K-alkalineallmsic through basic and middle
rocks to acid alkaline granites.

The most complete series of rocks was found indtiaadard, the largest
Murun and Bilibin massifs of the same age (120-M& of the Aldan province.
The area of each massif is 150°%kfhese massifs were formed in different blocks
of the Aldan schield, which were subjected to #adnic movements of different
intensity. The crystallization of the rocks fromettMurun complex occurred
simultaneously with the intensive tectonic moversantthe western part of the
Aldan schield, while the rocks of the Bilibin mdssi the center of the shield
solidified in a quite environment. As a result erun massif contains both the
intrusive and volcanic rocks, which resulted frohe t4 intrusion phases. The
Bilibin massif involves only 2 intrusion phases ahd second stage includes the
gradual facies transitions from one rock to anotfiéee difference in the massif
formation implied an ore potential, which is moreaise for the Murun massif.

The geologic structure of the Murun massif is giwrefig. 2.

The early phasel) olivine-spinel rocks (occurred as xenoliths)hwzones of
the olivine-pyroxene-phlogopite-monticellite rocks;ontaining melilite; 2)
laminated series of alkaline-ultrabasic rocks, ammbg Bt-pyroxenites, olivine
lamproites, calcillite ijolites, leucite fergusitaad sanidine shonkinites.
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Fig. 2.Geological scheme of the Murun complex.

Host rocks: (1) Archean granite-gneiss, (2) Protmic quartz sandstone, (3) dolornite
intrusive rocks, (4) layered series of-fBtroxenites, (5) pseudoleucite syenite, (6) nepéeli
syenite, (7) alkali feldspat syenite, (8) extruso@mplex of leucite phonolites and leucite
lamproites, (9) aegirinhe, (10) alkali feldspat agdartz syenites, (11) alkaline granite, (12)
rocks of the charoite complex, (13) faults.

The main phasecontains the layered series of different pseudaieu
calcillite, potash feldspar syenites, crystalliaatiof which is terminated by the
guartz syenites, dikes and stocks of the alkalmaitges.

The volcanic phasevolves the layered flow of the leucite melaphiaes,
leucites and leucitic lamproites, their tuff lavasff breccias and veined rocks:
leucitic tinguaites, richterite-sanidine lamprojtesachyte-porphyries, syenite-
porphyries, eudialyte lujaurites.

The latest phaswas crystallized from the residual melt-fluid aéodmed the
laminated banded series of the silicate-carboratksr[Vladykin et al., 1983]. It
contains the quartz-calcite pyroxene-microclinekspgotash feldspar, pyroxene-
potash feldspar rocks, calcite and “benstonite’bcaatites, charoite rocks and
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rocks with the quartz-calcite structure. All rodkave the varieties, transitional in
terms of the composition.

The fenites and calcite-richterite-tetraferriptdpge rocks are found on the
contact with the silicate-carbonate group rockse Témination in rocks of the
Murun complex is horizontal (it is found in cerfgom numerous bore holes) and
represents the alteration of rocks (layerd&d m thick) of different mineral
composition (leuco- and melanocratic) dime-, average and coarse-grained
structure. The blocks of the charoite rocks hawetilted and vertical lamination.
The most significant lamination is observed in thear-contact parts of the
massifs, which can be derived from the rate of naghilling.

The geologic structure of the Bilibin massif isgvon Fig. 3.

The early phaseontains the layered series of rocks, involving ticaceous
peridotites (with dunite xenoliths), biotite pyroxies, olivine lamproites, leucite
fergusites and sanidine shonkinites. The thickiés®me rock layers varies from
2to 10 m.

The main phases represented by the leucocratic series of roeksch
gradually alternate each other. The following reekies if found from the massif
periphery to its center: pseudoleucite melano-,ar@sd leucosyenites, feldspar
alkaline syenites, quartz syenites, amphibole m&algranites and alkaline
amphibole-biotites granites. The transition fromeawck varieties to others is
gradual, facies-like. It is evident in some crosst®n from the contact to the
massif center, which is possible owing to the digant (to 90%) outcrop of the
massif at the height of 2500 m.

The magmatic stage in both massifs changes intinteasive hydrothermal
stage. In the Murun massif these are zones of zjaidration and sulfur alteration
with Th, U, Au, Ag, Pb, Cu, Mo mineralization, searwith galena and sphalerite,
quartz veins with anatase and brookite. On thebiBilmassif they include the
greisens with W, Mo, Au, Cu mineralization. The wheal composition of main
rock varieties from these massifs and the concemtraf rare elements are given
in Tables 1 and 2.

PETROCHEMICAL AND GEOCHEMICAL FEATURES
OF K-ALKALINE ROCKS

Petrochemical diagrams of binary and triple coti@tadependencies of the
petrogenic elements, compiled based on 500 siliaatdyses of Murun massif
rocks and 200 silicate analyses of the Bilibin nfaggks are given on Fig. 4 - 6.
These diagrams show that the spectrum of the rachposition in standard
massifs is wide. The classification alkalies-sildtiagrams the rock compositions
of these massifs overlap all fields of th@mposition points (from ultrabasic to
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Fig. 3. Scheme of the geological structure of the Bilibissif.

1- layered complex of K-ultrabasic-alkaline rocks; 2honkinites and melanosyenites; 3-
mesosyenites; 4 - alkaline leucosyenites; 5 - quayenites; 6 - alkaline granites; 7 -
subalkaline amphibole-biotite granites.

granite composition) with the transitional varistieThese diagrams show the
continuity of the composition change from early l&te varieties, that is the
indication of the common origin.

In our viewpoint one of the reasons of the inteasdifferentiation and
magma layering in the Murun massif is their higlalKalinity and high K-agpaitic
content when the K/Na ratio is 15-3. These two irtgott features are observed in
the mineral parageneses of rocks. The charactelgtcocratic paragenesis is the
following: leucite, calcite and K-feldspar when thabite, nepheline and
melanocratic paragenesis (mica, pyroxene, K-ridietand K-arfvedsonite) are not
available. Like other alkaline massifs the rocks$hef Murun massif are
characterized by the similar behavior of sodilt is accumulated from early to
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Fig. 4. Variations of some major element concentrationslinate rocks
of the Malyi Murun Massif.
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late rocks (in the Murun massif it varies from @17-8 %), even in the latest rocks
namely eudialyte lujaurites it is 5-6%,® and 7-8% of N#&. However, the

leucocratic paragenesis remains potash (calciteotasp feldspar), while the
sodium is spent for the formation of pymo&e (aegirine), the non-aluminum

Sis6 Sis6

%,

1""34-’ +

+% \
+ + -Tt]:i.
\ + o+ Fia ) \

o 7T T

Fe203+FeD CaD MgD

Mg0

Fig. 5. Compositional variarion of rocks from the Bilibmassif:
1-lamproites, 2-other alkali rocks of massif.

minerals (K-richterite, K-arfvedsonite and tetraif@nlogopite are formed owing to
K-agpaitic content. The late rocks even the eutkatpntains up to 3-4 % of,R.
The specific indication of the K-agpaitic contestthe accessory mineralization.
The Zr-silicates of wadeite and deliite, Ti-siliest K-batisite, davanites, tinaxite
as well as the group of water alkaline silicatebafoite, fedorite, canasite,
tokkaite, apophilite, mizerite etc.) are originatedhe rocks.

As it is evident from the diagrams (Fig.7) the immpetrochemical features
are common to other massifs of the Aldan alkalioeks. Not the total genetic
series of rocks is observed on the erosion sheaweler, the direction of the
magmatic evolution of the rocks is one and theestonall alkaline massifs of the
Aldan province. A gradual increase of $iQp to maximum values in the
magmatic rocks during the differentiation is of eird@st (88%) (Murun and
Yllymakh massifs). These granites contain quaegjrane and potash feldspar.

We have done the geochemical analysis to studigehavior of rare elements
(Li, Rb, Cs, B, Be, F, Ba, Sr, Sn, Pb, Zn, Cu, Mg, Cr, Ni. Co, V, Sc, Zr, Hf,
Nb, Ta, Y and TR group. The concentration of sagaile elements (Cr, Ni, Co,
Sc) decreases and Ba, Sr, V, Be, Zn, F, Sn, Zr,TIR),Y concentrations increase
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from early to late rocks. Fig 8 and Fig 9 show dinsribution of rare elements in
the rocks from the Murun and Bilibin massifs, noliged from the clarke in

syenites (elements on the plot are located in tegfrthe ionic radius decrease).
The Eu fractionation is found from the TR spectasad that confirms their origin
from the crystallization of the magmatic differeton. The geochemical
specialization of alkaline rocks of the Aldan sdthis determined by the following
features:

[T R B A anan E e I ™)
15 [ K20+Na20 ++ -
r ot + +
Mgt
F Tl +'H§ﬁ¢ I
w - P f#:fd‘ L7 +; ]
L . #3%.&* ++ + - + il 4 + ]
U T Phacis Sl Far ¥ + Ty ]
+ + & & ]
5 - - .-+ i o+ + ]
- +m 4
r s tt ]
L IR A ] ] | | 1 . Si0Z
2”=]p¢'|lz|]|:-:| e } | = 1
+ i
: i, R g, .
L +h + + + + ]
LS + + N
N +7 + 1
.~ A
L +-+.i M 1.
0 e e v e r e e bpr o e g Py e by g by gy sitz
‘J L | i T | L I T | L L ‘ LI L | LR ] LI
I Fe203+FeD
L 1 4
0 ++ AL -
- T R
L T }w%} + 4 +
F A
PR ]
C St YR
N + :\L++ e N
L T 4 1.
" B | ; } I I S
- MgD -
+
w [ Fem .
*u + ]
n ++ 4
2 - Ly -
+ gt o am
# I a ]
1= * +f_+f+$ oy .
- e e Bt 1 siez
L o TSI B S SIS A SR B SR E B AN |W’r L TI"; N
a0 45 50 55 50 [] 70 75 80
[ 3 +¢
Trends of rock composition the Bilibin massif: 1-lamproites, 2-the rest rocks

Fig. 6. Major element compositional variation of alkalicis from the Bilibin
massif:
1 - lamproites, 2 - other alkali rocks of massif.

1) high magnesia content from the early rocks and MgCGrease up to O in
late rocks, the anamaously high potassium condentravhich varies from 4 to
16 % from early rocks to late ones and then ithtljgdecreases up to 10 % (if
K/Na ratio is high);

2) anomalously high Ba and Sr concentrations, whiclhaia rocks namely
benstonite carbonatites form the ore concentrafiin33% of Ba and 10 % of Sr);

3) high Cr and Ni concentrations in early rocks, whildtrease in late rocks;
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4) agpaitic character of Zr, Ti, Nb, TR behavior, whiis evident in the
accessory mineralization;

5) the saturation of magmas with volatile element,ntyain CO,, P,Os, Hy),
hydrocarbons, to lesser extent F;
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Fig.7. Variations of some major element concentrationsilinate rocks
of the Aldan Shild Massifs.

6) the recovered pattern of the crystallization, wHegds to the formation of
numerous phases of native elements and inetrnasllin the late silicate-
carbonate complex.

THE ROCK OF THE LAMPROITIC SERIES IN MASSIFS OF K-
ALKALINE COMPLEXES

Another characteristic feature of K-alkaline roaksthe Aldan province is
the formation of the intrusive analogs of the laoipe series during the
differentiation. In terms of the mineral and cheahicomposition they do not differ
from lamproites of other regions, though they heagaonal features. The trend of
the composition of all rocks of separate massifd #Hreir geochemical features
indicate the genetic association between the laitggaand K-alkaline series of
the Aldan.
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14 occurrences of lamproites are found at presenhe Aldan schield. Five
of them were discovered by the author [Vladykin 3,98997]. The lamproites
compose the sills, necks, eruptive breccias as agellikes, stocks and layers in
rocks of the layered alkaline complexdseyrare observed in the Murun and

Norm: klark_sienite i 0Oz

1568

108

18

Lol

Fig. 8. REE distribution in the rocks of the Malyi Mururasif, normalized to clark values in
syenite. (1) Early silicate rocks. (2) silicate-banate rocks of the charoite complex.

Khani massifs and on the Molbo River in the Westzart of the Aldan schield, in
the Yakokut, Rjabinovy, Inagli, Yllymakh, Tommotukhta massifs of the Central
Aldan, Bilibin and Konder massifs of the Eastatdan. Some diatremes which
are not related to the massifs of alkaline roclksfaund in the northern part of the
central Aldan. They include Kaila pipe and Khatasigid. However, xenoliths of
the alkaline rocks, the massifs of which were ngiosed by erosion, are found in
them. The rocks of the lamproitic Aldan series Blesozoic [Makhotkin et al.,
1989] and only Khani lamproites are Proterozoioutih they are located within
the area of the alkaline rocks. The Aldan lampeowere described in detail earlier
[VIadykin, 1997].

The rocks of the lamproitic Aldan series form badtie eruptive breccias
with the fine crystallized matrix and the rockssobeffusive and intrusive outlook.
In terms of the mineral composition the olivineydge and sanidine varieties are
found. The varieties of the transitional compositeze available between them.

In terms of the chemical and mineralogical comipmsi the Aldan
lamproites do not differ from the lamproites of ettparts of the world (Tabl. 3),
which is verified by the common trend of the compos on the plots of binary
correlation of rock-forming elements. The graduahsitions from early olivine
lamproites to less magnesia leucite and sanidineties are observed during the
differentiation of the lamproitic magma. Moreovtite early olivine is replaced by
K-richterite and tertraferriphlogopite while leteiis replaced by the K feld spar.
The presence of these minerals (olivimdlaucite) is found in the melted
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Table 3.
Chemical Composition of Lamproites, Aldan Shieldgs. %).

N\N 1 2 3 4 5 6 7 8 9 10 11 17 1 14 15 16 17 18

SiO,| 45.47 44.07 51.9q 52.29 46.02 50.34 46.33 47.2( 46.49 42.29 41.7Q 42.72 46.0§4 50.40 44.23 45.13 40.25 52.9¢
TiO,] 1.077 1.0 2.02 6.5 084 080 134 125 123 0.69 054 0824 .06/ 0.7 0.4 0.60 0.50 0.77
AlLOsl 7.25 6.2 740 7.30 7.29 8.20 9.4Q 8.65 852 557 3.14 5.08 8.6 10.19 4.50 6.33 5.3 13.39
Fe,Os] 649 6.03 149 890 490 3.7 8.20 8.00 8.2 5.8 4.83 6.47 3.84 4.33 11.00 5.33 5.51 5.0G
FeO|l 4.671 450 280 1.80 330 440 400 224 3.00 430 6.82 6.92 450 3.89 0.00 4.74 4.83 2.59
MnO| 0.200 0.1§ 0.29 0.09 0.13 0.09 0.17 0.13 0.1 0.1§ 0.2 0.27 0.1§ 0.13 0.17] 0.1 0.1 0.13
MgOJ] 12.59 16.74 4.80 1.5 10.0§ 7.0 6.30 6.04 7.8 27.69 32.76 16.04 13.20 10.87 22.57 17.64 21.19 6.6Q
CaO] 828 9.89 290 142 8.03 6.0 3.74 5.7 4.55 6.1 3.10 10.1q 8.37 7.79 9.11 1042 7.27] 5.24
BaO] 0.11 0.13 233 529 029 234 142 221 125 032 029 029 034 030 0.12 0.24 0.3 0.31
SrO] 0.277 0.20 0.23 0.09 0.22 0.7 0.22 0.82 0.58 0.03 0.03 0327 0.17 0.19 0.07 0.11 0.17 0.19
KOl 7.10 6.20 6.92 828 840 9.24 8.8 848 7.62 397 312 382 65§ 6.624 329 3.77 3.34 6.95
Na,O|] 1.35 1.11f 4.47 49 195 239 3.1 1.77] 1.41 0.30 0.23 1.83 1.000 0.94 0.6 0.8 0.64 1.99
P,Os] 189 1.47 058 0.03 190 0.6 1.91 1.61 1.8 0.09 0.0 1.5 0.78 0.6 0.377 0.49 0.47] 0.54
HO] 1.87 113 0.97 094 280 140 263 294 551 19§ 204 141 24 179 214 1.74 258 2.28
CO,] 169 044 0.224 010 3.00 3.1 150 225 1.1 0.2Z 050 2.74 280 1.20 1.20 2.07 6.99 0.97
F| 030 0.12 0.3 0.2 120 1.00 1.25 0.15 0.4Q0 0.2 0.3 0.1 0.1§ 0.08 0.1 0.10 0.14 0.19
Total| 100.4 99.48 99.48 99.73 99.8]f 100.9 99.51 99.44 99.57 99.77 99.51 99.79 99.55 99.68 99.95 99.74 99.74 99.84

N\N | 19 20 21 22 23 24 25 24 21 28 20 30 31 B2 33 3435 36

SiO, | 52.5¢ 45.87 45.59 50.73 48.7q 42.4q 48.99 44.03 44.66 42.64 45.83 48.27 50.16 42.43 51.04 46.4¢ 44.03 45.7(
TiO» 0.65 0.64 0.72 059 1.15 0.66 0.70 0.60 060 063 113 0.85 090 1.03 055 0.33 0.8§ 0.89
AlLO; | 12.8] 835 7.73 10.61 12.4Q9 7.9 12.14 6.21] 6.80 8.1 9.47 9.8§ 1240 3.1 1289 7.49 7.50 8.03
Fe,Os;| 554 750 532 433 523 513 4.03 570 6.259 568 3.77] 6.48 482 3.00 3.33 245 8.8 9.52
FeO 1.34 198 4.47 3.13 550 6.20 4.34 590 4.80 4.1 8.17 5.21) 5.03 4.03 233 510 1.08 0.54
MnO 0.1y 0.13 0.1 0.13 0.1 0.5 0.13 0.1§ 0.1 0.12 0.19 0.177 0.1 0.11 0.0 0.14 0.1 0.11
MgO 5.12 12.44 15.4Q 11.74 6.71 10.84 6.3 19.64 17.54 15.65 7.71 8.27 7.700 31.89 7.62 20.43 22.72 20.5(
CaO 6.24 6.99 993 6.05 8.27 1054 8.54 8.7§ 9.23 13.5(Q 12.19 9.44 930 7.9 7.30 8.0)f 1.90 1.98
BaO 0.31] 0.69 0.28 0.19 0.22 0.40 0.17 0.22Z 028 0.20 0.27 024 0.19 0.1 0.12 0.08§ 0.0 0.02
SrO 0.12 0.14 o0.17 0.13 0.1y 0.15 0.1 0.13 0.1 0.077 0.1 0.077 0.13 0.09 0.1 0.13 0.03 0.03
K20 6.5 4.14 493 4.20 640 7.224 4.65 341 5.2 4.3 6.5 6.79 514 2.29 11.69 6.0 5.23 5.50
Na,O 198 104 079 213 258 155 239 139 1.12Z 1.00 0.61 143 267 044 054 0.70 0.8 0.88
P>0s 0.50 0.94 091 0.45 099 109 048 052 0.62 0.84 102 0.70 0.777 1.03 1.09 1.17 0.0§ 0.0]
H20 563 5.27 16Q 429 1.74 1.7 0.47 247 1.8 270 0.17 058 090 198 0.41 043 7.0 6.33
CO, 0.38 3.64 191 120 0.0 4.1q 6.27] 050 0.4Q 0.34 200 093 0.0Z 0.04 0.15 044 0.22 0.11
F 0.20 0.07f 0.07 0.077 0.7q 0.15 0.1 0.20 0.1 0.20 0.7 0.42 0.08§ 0.1 0.48 0.14 0.04 0.17
Total | 100.0 99.81 99.94 99.95 99.6(0 99.50 99.7q 99.80 99.74 100.] 99.64 99.49 100.3 99.70 99.62 100.5 99.52 100.2

Note. Murun massif Mel-7 Dike Molbo: N 8 — by contact part; N 9 — cehfpart Khanl
massif (Ukduska): N 10 — dike in adit; Ryablnowassif: N12 — N 14 . Yakokut massif: N 15
—N17 - Tabuk-Khalastyr field: N 18 — N 20.Pipe "HalN 21 -N 22 . M. YakhU: N 23 — N
24. R. Dzhekonda: N 25. Massif Inagli: N26 -N 28mmot massif: N 29 - N 30. lllymakh
massif: N 31 .Bilibln massif: N 32 -36.

inclusion in the pyroxenite impregnation. The cajlstation temperature of
lamproites from homogenization data of these inchssis 1300-10060C [Panina,
Vladykin, 1994].

The high K, Ba, Sr, Cr, Ni and low Zr and Nb cort¢eare characteristic of
the spectra of rare elements from the Aldan lamgso(Tabl.4). The latter are
different from the Australian lamproites. The lawipg occurrences were found to
relate genetically with the massifs of K-alkalireks (Fig.5,6). It is confirmed by
the common trend of the lamproite compositions #émel hosting K-alkaline
massifs a well as the common evolution of rare el@mand spectra of rare earths
(Tabl.5). The studies of Nd, Sr, Pb isotope geodsieynin lamproites and alkaline
massifs indicate their common origin [Vladykin, 99which is one of the genetic
features of Aldan lamproites.
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Table 5. Composition REE in Lamproites of the Aldan Shipfzm).

NN

1

2

3

6| 7] 9| 1913|15[18]22|23|25| 26

30

31

33

35

La
Ce
Nd
Sm
Eu
Gd
Dy
Ho
Er
Yb
Lu

50
68
31
6.8
1.9
5.1
3.8
0.52
15
1.6

29
53
31
7.9
3.0
6.1
3.8
0.81
2.0
1.4

0.14

37
49
18
4.5
1.2
4.3
3.7
0.82
3.2
3.1

0.18

0.35

4417213715518 27|23|30|52|21|40
741130 74| 19| 55|44 |36 |53|87|43|50
32|68|34|14(25(29|26|21|44|25]| 36
6.1{19| 7 |3.5/6.1|6.8/4.7{4.7/8.1|5.2| 5
1.3|5.112.4|0.701.4{1.5(0.83 1 |1.9/1.8|1.8
3.7|42|18.5|2.3|5.3|3.3|3.1{4.7/6.8| 5 | 6.8
22|120(43| 1 |29|35(2.7/25(4.9|3.9|3.8

0.3] 3 {0.940.200.580.45 .54(0.60 1.1 {0.680.62

0.8 722|040 1.7{1.3| 1 [15|22| 2 |18
063 9| 2|0381.4/1.1|11.3{1.4|2.2{15|1.8

0.11 1 ]0.140.040.200.090.200.200.300.160.14

41
86
50
10
1.6
11
7
1.2
3.4
2.7

0.41

26
42
20
4.7
1.3
4.7
2.7
0.56
15
1.3
0.14

35
59
48
11
1.8
5
3.6
0.55
1.6
0.82
0.11

27
57
40
11
1.5
8.9

2.4
1.9
0.2

Note.Analized by E. V. Smirnova, Institute of Geochemitrkutsk. The numbers and
descriptions of samples as in Table 3.

The third characteristic feature of K-alkaline reaif the Aldan province is:
one of the final magmatic differentiates of K-alkalseries of Aldan rocks are the
agpaitic alkaline granites. In terms of the geocleainparameters these granites
are different from the palingenic alkaline granitemd rare-metal plumasitic
granites in higher concentrations of siderophileraénts (Cr, Ni, Co, Ba, Sr, Cu)

Fig. 9. REE distribution in the rocks of the Bilibin Massiormalized to clark values in
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and lower contents of lithophile (granitophile) mlents (Li, Rb, Cs, Zn, Sn, F).
The main fluid component of their differentiatisndG instead of F.

As it was shown above (Fig. 4-6), the quartz sysngind alkaline granites are
the final magmatic differentiates of th@nplete K-series of rocks in the
reference sites. Depending on the intensity oftdutonic movements and fluid
saturation of the residual magma during the diffeation and crystallization of
massifs the fluid components separate in a deffevap. Under the calm tectonic
setting and when the fluid accumulation is insigwaifiit as it is found for the
Bilibin massif, the alkaline and subalklaine granitoriginate under the gradual
crystallization of the magma, forming the faciesiese shonkinites, syenites-
quartz syenites alkaline granites, subalkaline granites. If the tectonic
movements are intensive and the accumulation of &@ HO is significant, the
alkaline granites are separated as dikes, stocHssiinate-carbonate melt-fluid
(charoite-carbonatite complex), the main silicatet pof which contains mainly
quartz, potash feldspar and pyroxene and corresptnthe alkaline granite. In
addition to these two reference massifs the quydnites and alkaline granites are
available almost in all alkaline massifs of the @idpart of the area, though the
volume of the outcrops is various in different ssis.

They are found in the Sakun, Khani and Murun massithe western Aldan;
Yllymakh, Tommot, Inagli, Rjabinovi, Yukhta massifsf the central Aldan;
Bilibin and Konder massifs of the Eastern Aldan.

The magnesia content decreases, silica contek#&dintly (total alkalies) and
agpaitic content increase during the magmatic iiffeation. When the agpaitic
coefficient (Ka) is more than 1, the alkaline gtasiare crystallized, if it is less
than 1, the subalkaline granites originate. A zgrdifferentiation of the alkaline-
granite residue is found for the Murun and Yllymakassifs, which are marked by
abundant alkaline granites. The concentration &éles and aluminum in the
magmatic alkaline granite gradually decreases &edstlica acid concentration
increases to 88%. Two types of formations are ttase among the granites,
being the residue differentiates of the ultrabasitan complex. The first types
involve formations with almost equal K and Na ratiavhile the second ones are
marked by K predominance. The petrochemical diagrafthe binary and tertiary
correlation of the petrogenic and some rare elesnfamtall studied Aldan massifs
are characterized by the common trends of rock ositipn from biotite
pyroxenites to granites, which verifies the gendtiglonging of the granite
formations to these complexes (Fig. 3-7).

The analysis of spectra of rare earth elementslddialkaline massifs also
proves the unity of all rock series. The Eu fragéitoon is found. It is most evident
in the granite rocks from the complex that indisétee granite origin as a result of
the crystallization differentiation of complex rackDespite a wide spectrum of the
rocks (from ultrabasic to granites) the differetdia of the rocks of the Bilibin
massif was proceeded in a single stage with gradamsitions from one rock into
another and took place within an short time sparedulted in the absence of rare
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earth elements accumulation; the concentrationsam@ earth elements (REE) in
granites (from early to late rocks) are similathiose in syenites and shonkinites.
It can also explain the anomalous high MgO conedioiis in granite micas
(18%). In terms of the concentration of rare eletmerthe granites being the
derivatives of the ultraalkaline complexes aréedént from granites of the crustal
origin. They possess the significant Cr, Ni, Co,B4, Sr, Cu contents and low
concentrations of lithophile elements (Li, Rb, €8, Sn, F). Fluorine was initially
low in the primary magma. The main volatile compane the rocks of the
ultraalkaline complexes was GOIt's accumulation towards the end of the
differentiation led to the separation of the stiezaarbonate melt. The silicate part
of the melt is similar to syenites (Khani massifgoanites (Murun massif).

CARBONATITES OF K-ALKALINE COMPLEXES OF THE ALDAN
AHIELD

The fourth characteristic feature of K-alkalinekeof the Aldan province is:
another final differentiate of K-series of the Atdprovince are carbonatites. As
opposed to the carbonatites of Na-series they dnaracterized by ore
mineralization (TR, Ba, Sr, F). In addition to tpare calcite carbonatites TR-
apatite rocks, Ba-Sr “benstonite” carbonatites amibn-typical dolomite and
ancerite varieties originate. The carbonatite ofs&res are separated from the
silicate magma during the later period of diffenatibn within the syenite and
alkaline granite crystallization

As to the Aldan province the carbonatites are nadrendant in the Murun
massif as well as in the Arbarastakh and Inaglisi®sThey are scarce in the
Khani, Rjabinovy and Bilibin massifs.

In terms of the chemical composition and volatiléeneents (fluid
modifications) in the carbonatites and related sosle divide these carbonatites
into three types:

I. Silicate-carbonate with the fluid modifications buas CQ, H,O, H, F
(Murun and Khani).

Il. Phosphate-carbonate with the fluid modifications, CB, F (Arbarastakh).

ll. Carbonate with fluid modifications G@F, P) (Ingili, Rjabinovy, Bilibin).

The carbonatites of Aldan K-complexes are differénoim the classical
carbonatites of Na-complexes (Kola Peninsula) imaral parageneses and ore
potential. One of the characteristic carbonatitesnfthis group is the essentially
calcite composition with the addition of the Ba- 8enstonite carbonatites and the
entire absence of the dolomite, ankerite and ga&lecarbonitites which are
common for the sodium complexes.

We will consider the association of rocks from somassifs and the
significance of carbonatites.

The Khani massif (Ukduska). The main phase involves the biotite
pyroxenites with the apatite mineralization. Théned rocks contain shonkinites,
melasyenites, leucosyenites, granites. The dikedivohe lamproites are available
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as well. The carbonatites are found in the bedontkrop as a vertical dike of 5 m
thick, which cuts Bt-pyroxenites. The dike includbe layers of pyroxene-potash
feldspar and carbonate compositions. The carltenatintains calcite, apatite,
pyroxene, Ti-garnet and accessory zircon, ortlffijemonacite. Some dikes of the
carbonatite of small thickness (0.3-1 m) are olesgtrin the core from various
boreholes in the biotite pyroxenites.

The Arbarastakh massift The rock association involves pyroxenites, Bt-
pyroxenites, biotite and carbonatite pyroxenitegkesl of ijolites, cancrinite
syenites, tinguaites, pulaskites, syenite-porplyraend alkaline picrites. The
abundant ring dikes and a large ring dike of celapatite-magnetite rocks
occupies up to 20% of the massif area. Carbonatite®f calcite composition. In
addition to the calcite the carbonatites contaikalale amphibole, alkaline
pyroxene, mica, khondrite, cancrinite, nephelinbjte, potash feldspar, apatite,
magnetite. The accessory minerals involve pyroehltmaddeleyite, zirconolite,
betaphite, zirtolite, sphene, perovskite.

The Ingili massif. The massif is composed of the amphibole rockh e
sites of amphibole-pyroxenite rocks. The centrat pathe massif contains a big
body of Bt-pyroxenites of 500 m thick. The dikdsijolites, nepheline syenites,
alkaline syenites and tinguaites are found as Wak. carbonatites form the veined
bodies of 30 m thick. The carbonatites contain itglcmica, subalkaline
amphibole, apatite, magnetite. The accessory nigenglude zircon, sphene,
pyrochlore, sulfides. Some dozens of small pipes kwhberlite-like rocks
(ingilites) occur outside the massifs.

The carbonatite occurrences of the Murun massif
In terms of the mineral composition 6 varietiescafbonatites are revealed
[Vladykin, 1997, 2000]:

1. Calcite carbonatitesare the most widely spread variety of carbonatites
They are found on all sites of silicate-carbonateks occurrences, except for the
“South”, where only “benstonite” carbonatites ardserved. The calcite
carbonatites are found as elongated schlierenicgatg-carbonate rocks, veins, and
horizontal bodies of 1-30 m thick and up to 1 knmmgo The carbonatites are
composed of calcite, potash feldspar, pyroxenesmagice quartz. The secondary
and accessory minerals are charoite, pectolitexit®, sphene, torite, deliite,
sulfides. All transitional compositions between cgal and charoite rocks are
found.

2.“Benstonite” carbonatites The mineral benstonite is given in inverted
commas, as at present it represents the pseudob#es{as pseudoleucite),
decomposed into several carbonate phases [Vorebayv, 1989]. The big body of
carbonatites of this composition is located atdite “South”. The thickness of the
body is up to 30 m, the hosting potash feldspaoysne rocks are cut by
numerous carbonatite veinlets and are enrichedrimonatite. Carbonatites contain
the “benstonite”, pyroxene (50% of aegirine, 25 % dopside, 25% of
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gedenbergite), feldspar (microcline), K-richterifdne carbonatite body is divided
into the leucocratic “benstonite”-potash feldspaad anelanocratic pyroxene bands.
The secondary and accessory minerals include quarézoite, sphene, wadeite,
sulfides, rarely apatite. There are no transitibesveen calcite and “benstonite”
carbonatites in this body.

3.Calcite veins with quartz-benstonite corend calcite-“benstonite”
carbonatites of the stock-work zone. They form tetned body on the site
“Original” of 2 m thick and 10 m long. The body ¢aims the calcite, tinaxite,
pyroxene, potash feldspar and quartz. The centdl ¢f the body involves the
coarse-grained quartz with large “benstonite” a@alsst(up to 10 cm). The
stockwork zone of the calcite-“benstonite” carbaeatis found in the core from
the borehole N 107 of the “Andreevsky” site at tlepth of 20-60 m. The alkaline
syenites are cut by numerous veinlets of thecderatic carbonatite. The veinlets
are from 1 cm to 10 cm thick. The carbonatites @onthe calcite, “benstonite”,
potash feldspar. This carbonatite variety is widdigtributed in the silicate-
carbonate rock complex and cut the earliest cateitbonatites.

4. Carbonatite veinsconsistingof quartz-calcite graphicsPyroxene, potash
feldspar, richterite, sphene and abundant sulfatesobserved among secondary
minerals.

5. Calcite carbonatites with iron mica and magnetit€hey occur in the core
from the borehole N 107 in syenites as veinletsoupO cm thick. These veinlets
contain the fine-grained calcite and larger impeggm of mica and magnetite.
The fluorite is abundant (to 20%) in some veinlets.

6. Pyroxene-phlogopite-calcite carbonatitese found in the hosting rocks of
the south exocontact of the massif in the cores) fomreholes N 1026, N 1052.
Carbonatites contain the layered calcite, makimgtthchyte-like texture of rocks,
pyroxene, tetraferriphlogopite and quartz. The ssog/ minerals include apatite,
brown zircon, ilmenite (geikelite). The carbonatiedy of 20-30 m thick cuts the
hosting gneiss. In the upper part the body is feared into the eruptive breccias
of rounded tetraferriphlogopite-microcline “xenbbt, cemented by the calcite
aggregate.

The geochemical specification of K-series carbdestis marked by the
increased and ore concentrations of Ba and Sr db asethe heightened
concentrations of TR, Pb, Cu, V, P and in casesQtp,Zn. The TR spectra of the
Murun massif carbonatites are given on Fig. 10.fiagtionation is typical of
carbonatites that indicates the origin of residoagma.

K-series carbonatites as opposed to Na-seriegratibes are different from
the silicate magma at the later stage of thet@ifyation of syenites and granites.
It is confirmed by the drop-like separation of #erbonate in some syenites and
granites from the Murun massif. The later sepanabd carbonatites from the
silicate magma explains the accumulation of TR Baebr concentrations and not
higher temperature Nb.
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GENETIC FEATURES AND PROBLEM OF THE MANTLE
SOURCES

In terms of the spectrum of rocks composition, geoacal and mineragenic
specialization the studied K-alkaline series of tAklan province rocks is similar
to the lamproite series.

The main feature of the magmatism of alkaline rdoish the Aldan province
are: 1). The formation of the complete spectrumradks (from K-alkaline-
ultrabasic to alkaline granites with all transitd@ompositions) during the of the
primary magma differentiation, 2) the occurrencetred lamproitic rocks in the
massifs; 3) formation of the alkaline granites twe fast stage of the magma
differentiation; 4) separation of silicate-carbanénelt-fluid) portion, which gives
rise to different carbonatites of K-series and cliarrocks on the late magmatic
stage. The carbonatite liquid separates in tdiei K-series on the later stage of
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Fig. 10. Chondrite-normalized REE patterns in carbonatites.

magma differentiation as opposed to Na-series rowkmely it is separated on the
stage of crystallization of syenites and granitéstesults in the geochemical
specialization and ore potential of carbonatitesKe$eries: 1) high (to ore)

concentrations of Ba and Sr; 2) TR is accumulatestead of Nb. The

differentiation is prolonged in the K4s=r rocks. From the homogenization
temperatures of melted inclusions it is estimatedhf1500t0 700°C. The above

statements can be confirmed by the occurrence efniblted inclusions of 1)

lamproitic composition, 2) separated from the atkcpart the carbonatite saline
melt [Panina et al., 1989, 2000].
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(/) Greenland, (2) Smoky Butte, (3) Montana, (4diRe Creek, (5) Leucite Hills, (6) Murun, (7)
Australian alkaline basalts, (8) Australian lampies, (9) Spain lamproites, (10) Italian alkaline
rocks.
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Fig. 12. Carbon and oxygen isotopic compositions in soanbanaates.
Massifs: (1) Murun, (2) Khani, (3) Bilibin, (4} Kekarovki, (5) Arbarastakh, (6) Ingili, (7}

Mushugai, (8) Kola Peninsula, (9) Belaya Zima, (&)li, (11) Darai-Pioz, (12) Tagna, (13)
Burpala, (14) Seligdar, (15) Bayan-Khushu, (16) inggl.
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The first data on Nd isotope composition and addél data on Sr, O, C, and
Pb isotope composition on the K-alkaline rocks asslociated carbonatites of the
Aldan province have been for the first time obtdirilitchell et al., 1994]. For
comparison we use the available isotope data oMtregol alkaline province and
on carbonatites from alkaline massifs of the fragnof the Siberian Platform as
well as literature data on lamproites from the wdMitchell, Bergman, 1991,
Jaques et al., 1986].

The ratio of Pb isotopes in lamproites of the waddyiven on Fig.11. The
iIsotope data of lamproites lie on the direct lfo@ming a common trend. Only the
Australian lamproites are not involved in this tteiThe Pb isotopic compositions
of the Murun lamproites lie in the field of the NlorAmerican lamproites, which
are similar in terms of the geocheinigadicators. The age of the mantle
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Fig. 13. Strontium and neodymium isotopic compositions aksmf the Murun Massif and
lamproites worldwide.(1) Murun, (2) Yakokut, (3)ildn, (4) Khani, (5) Leucite Hills, (6)
Montana, (7) Australia, (8) Spain.

substratum is evaluated as 3.2 billion years. Tigare is obtained from the
calculation of analysis of Pb isotopes in the galeh the Murun massif rocks [
Vladykin, 1997].

The ratio of carbon and oxygen isotopes in the Aldarbonatites and
carbonatites of Siberia and Mongolia are given og. A2. The isotopes of
carbonates of the Murun and Khani massifs lie erttantle square (from Yavoy,
1986) and have the deepest origin. The isotopesgatdi other carbonatites lie on
the line of trends of the mantle differentiation.

39



Alkaline magmatism and the problems of mantle sssirc

16 T T L} 1 T L} 1 T L}
eNd /DM
6.5 P g |
] 9 &
g Q_ﬁo hd
3 %%~ -
-1.5 —
-4 -
2.5 -
11 .
-14.5 —
@
-18 -
—21.5 - it 87Sr/86Sr |
L
_25 1 1 ] 1 1 ] 1 1 1
762 .785 707 .709 P12
la203 +4%x5 %6 ¢7¢8 +9 210 211 =12 0l3 old IS
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Kola massifs; 15 - Sayan massifs. DM - depletedtimanth the line of the mantle succession.

The greatest variety of isotope ratios in lampsowed carbonatites is found
for Sr and Nd isotopes (Fig. 13, 14). The isotaaerof studied alkaline rocks are
divided into 3 fields, which correspond to threffetent mantles. The carbonatites
of the Siberian platform framing (subduction zohe)in the field of the depleted
mantle (DM). The alkaline rocks and carbonatitestred Western and Central
Aldan lie in the field of the enriched mantle (EM-The points of the isotope
composition of North American lamproites lie thaswell. The magmas of these
massifs were melted from the deepest sites of thetlmnon the boundary of the
Aldan schield with the Siberian Platform and Camadschield with the North
American Platform. The points of isotope compossiofrom carbonatites of
Mongolia, Transbaikalia, Tian-Shan and Baikal Ragle in the field of the
enriched mantle EM-2 and overlap with the ®eatd the Australian, Spanish and
Italian lamproites. These regions of the completelding later adjoined the
platforms. The plume processes are significanttfese two last types .

The geochemistry of Nd, Sr, O, C, and Pb isotopedkaline rocks from the
Aldan and Mongolian massifs indicates the deepirgd mantle sources of the
substance of studied massifs.

The investigations were supported by the RFBR1itgré0-05-65288, 01-05-
67243-Baikal).
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Alkaline magmatism of the Ukrainian shield

S.G. Kryvdik

Institute of Geochemistry, Mineralogy and Ore Fotima NAS of Ukraine

ABSTRACT

The Ukrainian shield is the unique and the richesivince of the Proterozoic
alkaline magmatism. The are known about 40 magssif @ccurrences of alkaline
rocks and carbonatites. They belong to two discegfe formations (complexes):
alkaline-ultrabasic (2,0-2,1Ga) and gabbro-syenffi¢7-1,8 Ga). There are also
Paleozoic (Devonian) alkaline rocks in the Ukranghield, but their spreading is
limited (only in marginal parts of this region). 8@ massifs of gabbro-syenitic
formation are spatially and genetically relate@morthosite-rapakivi-granite plutons.
Quite a few deposits and mineralizations of apatiteenite and rare metals (TR, Y,
Nb, Ta, Zr, Sr) are related to alkaline and carliitoacomplexes of the Ukrainian
shield.

INTRODUCTION

The Ukrainian shield (US) is the unique and théhest province of the
Proterozoic alkaline magmatism. There are knownubb#40 massifs and
occurrences of alkaline, subalkaline rocks and araabtes there (Fig. 1). It is
interesting that US is rather passive in referemocePhanerozoic alkaline
magmatism unlike to other similar Precambrian negigBaltic, Canadian,
Brazilian, African, Siberian shields and platform&ven recently discovered
kimberlites and lamproites in central part of thegion are aged as Proterozoic.
There are known some massifs of Paleozoic (Devdmilkaline rocks in US, but
their spreading is limited only by marginal partstlis region. Paleozoic and
Mesozoic alkaline rocks (predominantly volcaniciéay spread wide in more
young depression (Dnieper-Donetsk, Near Black Seapunded US from North,
East-North and South.

The Proterozoic alkaline and subalkaline rocks & hklong according to
views [Kryvdik, Tkachuk, 1990], to two discrete afigmations (complexes):
alkaline-ultrabasic (2,0-2,1 Ga) and gabbro-syen(ti,7-1,8 Ga). Recently the
older (2,8 Ga) quartz syenites were found in taggan [Artemenko, 1998].

ALKALINE-ULTRABASIC FORMATION

The alkaline-ultrabasic formation of US includes e@hgovka (Novo-
Poltavka), Proskurovka, Antonovka and partly Matsh massif, Gorodnitsa
intrusion as well as a number of bodies and velradkaline rocks and carbonatites
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Fig. 1. Massifs and
occurrences of carbonatites, alkaline
and subalkaline rocks in the
Ukrainian shield.
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Ultrabasic-alkaline formation
or?utn-No\Ilomyrgorod 8 (Complexes) 1 - ChernlgOVka
[T I/ \ (Novo-Poltavka), 2 — dikes of
/

v ’VI

metajacupirangites, 3 — Proskurov-
ka, 4 — Antonovka, 5 — Gorodnitsa
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Gabbro-syenitic formation; 7 — Oktyabrsky, 8 — Malarsa, 9 — Pokrovo-Kyreyevo, 10 —
Davydky, 11 — Velika Vyska, 12 — South Kalhyk, 1¥elanchyk, 14 — Kalmius, 15 -
Yastrubetsky, 16, 17 — aegirine syenites of Kormoated Korsun-Novomyrgorod plutons, 18 —
Prymorsky, 19 — Melitopol, 20 — Stremygorod apatitesnite deposit.

Geological blocks of the Ukrainian shield: | - Nieft¥Vestern; 1l -Dniepr-Bug; Il - Ros-Tikich;
IV - Ingulo-Ingulets; V - Middle-Dniepr; VI - Azov.

in different area of this region (Fig. 1). Mostroissifs of the alkaline-ultrabasic
formation belong on their alkalinity type to potassodium series. Only
Kolarovka complex in Western Azov area representagsium series. Potassium
ultrabasites of this complex are considered asusite analog of low-titanium
lamproite of Aldanian type [Razdorozhny et al., 9P9ypical rocks of alkaline-
ultrabasic formation are alkaline pyroxenites, @ngites, melteigites, ijolites,
carbonatites, nepheline and alkaline syenites,udweq their quartz bearing
varieties (nordmarkites). As a distinctive featafanassifs of this formation is an
intensive fenitization of the country granitoids.

The massifs and occurrences of potassic-sodiurassdisplay very different
geochemical peculiarities. Alkaline rocks and cadides of Near-Azov region
have a district metallogenic specialisation on Mb, TR and P. Ultramafic
members of this rock suite are enriched in Ti. Agaus alkaline rocks of
Dniester-Bug region (Proskurovka and Antonovka rfg)sare poor in these minor
and rare elements (see Table 1). Alkaline-ultrabestks (olivine jacupirangites
and melteigites) of Gorodnitsa intrusive body (MeWYest region) show an
another geochemical and petrological peculiarittigh contents of Cr (0,1-0,2%)
and presence of chrome-spinels, including the blgiomian and magnesian
varieties (to 62,6% GD;and 14,6% MgO), are characteristic for these rotks.
latter represent a little differentiated primitiveantle-derived melt like alkaline
picrites - olivine melanephelinites.

Some features related to alkaline-ultrabasic foiwnamanifest also alkaline
rocks (fenites, alkaline and nepheline syenites)Maila-Tersa massif (Middle
Dnieper region). There are also gabbros (not ckexiatic rocks for the mentioned
formation) as well as vein carbonatites and carbi@bke rocks in this massif. It
Is some grounds to admit that in Mala-Tersa massirocks of two age different
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Table 1.
The contents of minor and rare elements (pfi@; in %) in some alkali rocks of US.
Massif, Rock  |TiOp| Cr | Ni [Nb |zr |TR | Ce| Y | Ba| Sr| Rb
region
Ultrabasic-alkaline formation
Alkali
pyroxenites 5,63 370 90 205 460 400 213 41 30591114 46
Chernigovk |[Melteigites 0,24 226 20| 820 173300Q150Q 27| 4708477 93
a Canadites 0,24 - -l 3621811 200 100 10 9601690 142
Alkali 0,34 - -l 60 80 600 324 10159Q230Q 151
pyroxenites
Western |Metajacupiran-
Azov |gites 4,40 740 100 151 656 400 190 46| 203 381 25
belt of dikes|(hornblendites)
Alkali
Proskurovk |pyroxenites 1,65 150 <30 8| 130 300 180 28 2501230 21
a Melteigites, 1,00 18 20 10 74/ 250 130 19 256 940 34
ijolites
Antonovka |Alkali syenites | 1,88 78 20 23 122 -l 142 51 251 81Q 17
Gorodnitsa[2'V" 10341023 374 7| 48 -| 50 20 85 507 22
jacupirangite
Kirovograd |Kimberlite to
-sky block |(lamproite) 3,54100¢ v0q 404 300 - - 18000 i
Gabbro-syenitic formation
Oktyabrsky |Gabbro 548 108§ 80 28 80 -l 100 18 273 924 5
Mala Tersa|Gabbro 2,6f 50 65 2| 30 -l 20 5 306 968 14
Davydky Gabpro 5,63<100 40 27| 335 -l 90| 49 970 43§ 73
Syenites 1,50 - -| 581059 -| 174 160100Q 170 130
Velika 1o onites 0,67 -| -| 1442479 | 237 112 197 42 127
Vyska
2000
Yastrubetsk . 50- | - 604 190{ 134 15- 200-
y Syenites 040 -1 - 600(6000 110426741529 60| 1285
0

formation are combined: early (2,05 Ga) alkalingaldasic, and later (1,86 Ga)
gabbro-syenitic [Zagnitko et al., 1993]. There al® carbonatites in Oktyabrsky

gabbro-syenitic massif [Zagnitko, Matviychuk, 2001]
Among all other massifs of alkaline-ultrabasic fatran of US most detailed

is studied Chernigovka’'s one (Near-Azov area). Hg\all characteristic features
of alkaline-ultrabasic formation this massif digg@a some phenomenal
mineralogical, petrological and geochemical pecitiéss.

Recently Chernigovka ultrabasic-alkaline massibbgk to one of the oldest

(2,09 Ga by U-Pb data of zircon). Unlike to typicadssif of this formation, which
usually have round concentric-zonal forms, the @Gigevka massif is linear

stretched. The associated with carbonatites akaliicate rocks - biotite-albite
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nepheline syenites (canadites) and peralkaline xeyites (nephelineless

jacupirangites) - are unaccustomed too. The miresmsdciation olivine + dolomite
+

0,5135
0,513 | I fSm>0
5 05125 F T
£ 0512}
5 05115 ¢ \
& 0511} ~,
% 05105 [ fSm<0 fSm<0
0,51 [ Ro<C T | v Rb>0
05005 Eve e v n e
0,695 07 0705 0,71 0,715 0,72 0,725 0,73
¥'Sreesr
1 === 2 _3 — —4 —0—5 —_— 6
---7 ----8 ——9 —10 —=—11 e=—12

Fig. 2. Hyperbola of mixing for rocks of continental crusbntinental tholeitic basalts
and carbonatites [Zagnitko, Matviychuk, 2001]

Carbonatites of massifs and occurrences: 1 — Clgenka, 2 — Khlebodarovka (vein), 6 - Mt.
Weld (Australia), 7 - Spanish River (N. America),Borden (ibid.), 9 - Cargill (ibid.). 3 — upper
crust; 4 — low crust; 5 - continental tholeites., Ml - subcalcian garnets from inclusions in
diamond of Baltfouteen (Kimberli) and Finish. 1&antle sequence.

calcite is typical for Chernigovka carbonatites &edy rare for other ones. As that
olivine belong usually to iron-rich varieties, kg and even to Fain melteigites.

In Chernigovka carbonatites Ce-fergusonite is tha&nmore Nb-mineral
together with columbite and pyrochlore-hatchetoliThere are typical rare in
nature amphiboles of intermediate composition lh&ttween edenite - katophorite
and hastingsite - katophorite in alkaline rocks aadbonatites of this massif.
Moreover, carbonatites of Chernigovka have someipa isotopic data: low
8’Srf°sSr (0,7013) at loveNd (+0,64) (Fig 2, Table 2, 3); proportional incseaof
5'%0 (from 5.0 to 17.5%) in carbonates in parallelhwtecrease of FeO contents
in these minerals and increase of magnetite amioutiite rocks [Kryvdik et al.,
1997]; those wide variation range 8O have not any influence on «normal»
isotopic composition 08*°C in carbonates (from -3 to -9%o). At that we caneno
that modelling Sm-Nd age of Chernigovka carbonatitevalued in 2,4 Ga (the
same one also by Pb-Pb isotopic ratio in calcitejexthe U-Pb (zircon) and K-Ar
age (amphiboles) of these rocks counts 2,0-2,1\Ea.explain these and many
other extraordinary peculiarities of Chernigovkaboamatites by abyssal condition
during crystallization of carbonatitic melt in deepagmatic chamber (recent
erosion cutting about 20 km). Other massifs of lalkaultrabasic formation of US
are less eroded (to 3-5 km).
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Table 2.
Izotopic composition of Sr, O and C in alkalineks and carbonatite of US.
Massif, Mineral and 87 /86 138 18 Source of
intrusion Rock rock SIS | 8CT % | 807 % | intormation
Ultrabasic-alkaline formation
Chernigovk | Carbonatite calcite 0,7013 -3+-9 5-13 [5, 11]
a graphite - -9,5+-12,1 - (5]
Nepheline-olivine | -"- - 7,7 - [5]
Nepheline syenites| rock - - 7,5 [5]
(canadites)
Alkali syenites - - - 8,6 [3]
Canadites apatite 0,70346 - - [3]
Carbonatite - 0,70245 - - [3]
Alkali syenites - 0,70333 - - [3]
(nordmarkites)
Apogranitic fenites| -"- 0,70478 - - [3]
Proskurovk | Melteigites - 0,70304 - - [3]
a ljolites - 0,70324 - - [3]
Apogranitic fenites| -"- 0,70435 - - [3]
Melteigites calcite ingrained - -1,9 15 [3]
Carbonate veins | calcite - 0,2+-1,3 11,9-16,8 [5]
Apatite-calcitic - 1,6-1,7 11,6-11,8 [3]
Gorodnitsa | Melteigites apatite 0,7035 - - [3]
Berezova Apogranitic fenites| calcite - -6,8+-9,3 | 10,9-13,6 [3]
Gat The same apatite 0,7029 - - [3]
0,7036 - - [3]
Gabbro-syenitic formation
Oktyabrsky | Alkali syenites apatite 0,70288 - - [3]
Pulaskites - 0,70333 - - [3]
Vein foyaites - 0,70651 - - [3]
Carbonatite calcite 0.7024 -6.3 9.5 [12]
Mala Tersa | Alkali syenites apatite 0,70511 - - [3]
Fenites 0,70397 - - [3]
- 0,70497 - - [3]
Davydky Gabbro - 0,70300 - - [3]
- 0,70305 - - [3]
Syenites - 0,70295 - - [3]
- 0,70332 - - [3]
Yastrubetsk | Syenites =" 0,73719 - - [3]
y - 0,75306 - - [3]
Velika Syenites - 0,71536 - - [3]
Vyska - 0,85593 - - [3]
Pokrovo- Ore pyroxenites "= 0,70536 - - [3]
Kyreyevo Peridotites rock - - 4,0 [3]
Pyroxenites - - - 4,5-55 [2]
Gabbro - - - 9,0-10,5 [2]
Malignites "= - - 6,5-8,0 [2]

GABBRO-SYENITIC FORMATION

Notwithstanding on above-mentioned interest toladkaultrabasic rocks and
related carbonatites, the overwhelming majorityakb&aline massifs of US belong
to gabbro-syenitic formation. In the latter two égpof massifs (subformations) are
distinguished:
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Table 3.
Isotope systems in carbonatite of US [Zagnitkal e22000].
Massif K-Ar U-Pb | Pb-Pb Sm-Nd o) C
Age Age 8786, ModelinaNd(T 0°0,%|  0°C, %o
Mineral | Mica |™PM Zircon | calcite 9 Carbo-|Carbg Gra-
bole age nate | -nate| phite
Cherni- | 1900- | 2100- 4 L 5.6+1.|19.4+1.
govka 1750 | 1950 2090 | 2400( 0.7013 2400 +0.68.0+3 7 4
Khlebo-
darovka 1835 0.70254 2155 | +1.7| 9.1e2 |
(dike)
Oktyabr-| 1800- | 1870- 6.3t1.
sky 1600 | 1750 1795 0.7024 9.5+1.5 >
Petrovo-
Gnutovo| 1950 2000| 0.706: 12'0&2' roe
(dike)

The first with final nepheline syenites differetéis including their
peralkaline varieties (Oktyabrsky, Mala Tersa).

The second the development of witch was termindigdalkaline and
subalkaline quartz syenites with iron-rich femic nemals such as fayalite,
hedenbergite, aegirine, ferrohastingsite, taramiieheckite, annite (Davydky,
South Kalchyk, Yastrubetske, Velika Viska etc.)fféence in residual melt of the
two named type of massifs (subformations) causedour view, by different
composition of initial parental basic magmas: néipke and quartz-normative for
the first and second ones accordingly.

It is shown that in Oktyabrsky and Mala Tersa nfagbie agpaitic direction
of evolution from carby gabbroides through alkalsyenites and foyaites to latter
aegirine foyaites and peralkaline phonolites (vatidialite and astrophyllite) was
realized [Kryvdik, Tkachuk, 1990]. As that eachldaling differentiate of this
series have been enriched by incompatible elen®&ntNb, REE, Y). There are
specifical rocks as mariupolites in Oktyabrsky nifag3yrochlore and britholite
(often in high concentration) are characteristictfese rocks.

As into petrological, geochemical and metallogemspects, the massifs of
second type (subformation) are very interestingeyTare spatially and genetically
related to anorthosite - rapakivi - granite plutoiifiese syenitic and gabbro-
syenitic massifs (Davydky, Velika Viska, Yastrubbgfs practically are
contemporary with rapakivi granites and are usubldlyated on borderlands of
these plutons or not far from them (Fig. 1). | eiew, the South Kalchyk massif
(Azov area) represents an abyssal gabbro-syeméto@ of anorthosite-rapakivi-
granite plutons and demonstrates their deep-cyestite differentiation trend (by
the Fenner scheme). Beside syenites there are talhdgpical for anorthosite -
rapakivi - granite plutons rocks (gabbro-noriteg ogabbros and peridotites,
plagioclasites, granites with ferrohastingsite rdeedenbergite and fayalite) in
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South Kalchyk massif. The gabbroids of the lattassif are fairly similar to those
rocks in Korosten and Korsun-Novomyrgorod plutoas, well as plagiclasities
(andesinites) of the first one are analogous tmlddrites of the second ones.

A possibility of syenitic differentiation trend ahorthosite - rapakivi - granite
plutons to the US we had confirmed on petrochengeddulation. It was shown
[Kryvdik, Tkachuk, 1990] that fraction crystallizan on Fenner scheme of
parental basic magmas like leuconorite or labragloporphyrite (Hogland
Island)could have produced from 12 to 36% residtethytic melt similar on
composition to fayalite-hedenberite syenites of USecipitated minerals
(cumulates) have been represent by basic plagmckaesro-magnesian olivine,
ortho- and clinopyroxenes, ilmenite and apatite.

If such parental basic magmas had crystallized owdd’'s scheme with
precipitation of magnetite, residual melts wouldd@ granitic composition (like
rapakivi granites). As a realization of Fenneractronal crystallization is more
probable in abyssal conditions, it can rely on @éase in volume of syenites and
one decrease of granites by the deepening of eréesvel of anorthosite-rapakivi-
granite plutons. Erosion cutting of South Kalchykssif is more than 10 km and
the latter represents an abyssal gabbro-syenitatognof such plutons. Other
anorthosite-rapakivi-granite plutons (Korsun-Novegorod and particularly
Korosten) are less eroded, but they are followedy@pites too (Fig. 1).

Thus the Ukrainian shield belongs to unique Precambregion with a
district displayed syenitic differentiation trendl anorthosite - rapakivi - granite
plutons.

These gabbro-syenitic and essentially syenitic ifsasspresent usually by
layered intrusions with clear rhythmic and cryptagering. Gabbroides of these
massifs belong to subalkaline series and are aleagished in Ti and P but poor
in Cr and Ni. The deposits of iimenite and apaiite related to those gabbroides.

As it was mentioned above, syenites (usually qbagrnng) of these massifs
are characterized by present of high-ferruginoumide minerals (fayalite,
hedenbergite, aegirine-hedenbergite, ferrohastmgtaramite, annite) but by
absent of primary magnetite. Evidently such rockd briginated under conditions
of low oxygen fugacity. Final differentiates of &gd syenitic intrusions are
represented by aegirine and (or) riebeckite quaatieties and granosyenites.

Moreover there are aegirine syenites of separateedeand indistinct layer
forms among the rapakivi granitoids in Korosten atorsun-Novomyrgorod
plutons. Such rocks have maybe the same origirttleadbove mentioned aegirine
syenites from layered intrusions, but they can dsoas a residual melt by
plagioclase fractionating of basic (anorthositi@gma.

The studying syenites are very enriched by sucbhmpatible rare elements
as Zr, REE and Y. They have moderate contents adridbtheir final differentiates
are very depleted by Sr and Ba. In South Kalchyk dastrubetsky massifs there
are rich zirconium and rare earth ore varietiesyahites (Table 4). In these rocks
zircon, britholite and orthite become rock-formimgnerals.

48



S.G. Kryvdik

Table 4.
The chemical composition of some varieties oft@aring rare-metal syenite from
tne Azowand the Yastrubetsky deposits [Melnikov et al. 0200

Compo- The Azov deposit The Yastrubetsky deposit
nent 1 2 3 4 5 6 7 8

SiO; 46.70| 48.04 | 44.98 | 60.81| 57.50| 47.20| 59.50 | 56.60
TiO» 053 | 080 | 0.26 | 0.04 | 0.08 | 0.74 | 0,10 | 0.19
A1,03 11.73| 12.20| 16.51| 20.21| 16.67| 13.80| 16.75| 15.50
Fe0s 770 | 447 | 440 | 1.44 | 0.42 | 200 | 145 | 2.29
FeO 10.00| 895 | 829 | 0.86 | 2.73 | 11.70| 1.94 | 4.52
MnO 030 | 035 | 037 | 0.05| 0.08 | 0.17 | 0.07 | O0.16
MgO 042 | 1.02 | 099 | 0.62 | 0.48 | 0.98 | 0.43 | 0.55
CaO 305 | 396 | 256 | 0.70 | 1.92 | 480 | 1.23 | 2.57
Na,O 380 | 394 | 260 | 5.10 | 596 | 424 | 6.04 | 551
K20 360 | 3.58 | 290 | 3.80 | 490 | 452 | 480 | 5.02

S — — 0.08 | 0.02 | 0.02 | 0.08 — 0.01
P>Os 0.10 | 0.10 | 0.06 | 0.04 | 0.15 | 0.14 | 0.04 | 0.08
COy 3.00 | 1.23 | 0.74 — 082 | 1.11 | 0.46 | 0.92
F 0.40 | 0.55 — — 040 | 0.78 | 0.23 | 0.70
Zr0 5.25 | 530 | 10.36| 6.24 | 6.61 | 490 | 6.00 | 4.40
TR,O3 | 1.80 | 452 | 251 | 0.14 — — 0.15 | 0.27
H-.0 0.20 | 0.20 | 0.02 — — — — 0.04

H,O " 040 | 060 | 1.33 | 0.22 | 0.98 | 2.87 | 0.59 | 0.86
Total 98.98 | 99.81 | 98.96 | 100.29] 99.72|100.03] 99.78 |100.19

Note. 1, 6 — melanocratic; 2, 3, 8 — mezocratic; 4, 5-Teucocratic layers.

Thus a very high ferruginosity of femic mineralsdastrong enrichment by
incompatible rare elements (Zr, REE, Y) testifyatdnigh fractionating degree of
these syenites. A present of such syenites is @fgppeculiarity of Proterozoic
alkaline magmatism in US.

PALEOZOIC ALKALINE ROCKS

A spreading of Phanerozoic alkaline rocks in U3imgted. They are only
known in Azov part of this region. As it mentionadove, these rocks are widely
spread in surrounded US depressions (expeciaDniapr-Donetsk avlacogene).

In Azov part of US the Devonian Pokrovo-Kyreyevkadine massif is known
a long time ago. This massif consists of alkaligeogenites, peridotites, gabbros,
malignites, juvites, epileucitites etc. Malignit@sd juvites are very similar on their
poikilitic texture to Khibinian rischorrites. Thes®cks belong to peralkaline
(agpaitic) varieties and have a high concentrabbnsome rare incompatible
elements.

Recently in Azov part of US were discovered soneioPaleozoic massifs of
alkaline and subalkaline rocks (Zirka, Prymorskyaripol, Berezhna ravine,
Kyryllovka, Kychyksu). Some of these massifs haveeav for Ukraine types of
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alkaline rocks (essexites epileucite shonkinited pyroxenites, two-feldspathoid

syenites, sannaite-like lamprophyre). There aresualuitanian fassaitic pyroxenes
and magnesian chrome—spinel in melanocratic roplgsoxenites, shonkinites,

essexites) of these alkaline massifs. But on thetragy to alkaline rocks of

Pokrovo-Kyreyevo massif the analogue rocks of these occurrences are pure in
incompatible element such as Nb, Zr, REE, Y ete Thuse of this difference in
distribution of trace elements in Paleozoic allkalincks from Azov part of US id

unknown for the present. We think that these diffiéron rare-element contents
alkaline rocks were formed under another geotectoomnditions.

The formation belonging of Paleozoic alkaline roaksAzov part of US is
discussed. Some investigators [Buturlinov, 1979¢mrehese rocks to different
formation type (alkaline ultramafic and alkalinesizd. We think that these massifs
belong predominantly to alkaline basic (basaltar)rfation and partly to alkaline-
ultrabasic one. As it mentioned above, alkalineablsic volcanic and subvolcanic
rocks are wide spread in Dnieper-Donetsk depregbeyond the borders of US).

GEOCHEMICAL PECULIARITIES OF ALKALINE ROCKS AS ON
INDICATOR OF GEODYNAMIC CONDITIONS OF THEIR
FORMATION

It was shown [Buturlinov, 1979] that massif and wecences of alkaline-
ultrabasic formation are located in tectonic blookdJS with more crust (47-52
km) comparatively to those gabbro-syenitic (less K@). The granulite
metamorphism is often present for the first typ®lotks.

Alkaline rock and carbonatite intrusion of alkalnkrabasic formation mark
probably the earliest Proterozoic (2,0-2,1 Ga)fptat stage of US or its separate
blocks. The later Proterozoic (1,7-1,8 Ga) tectoragmatic activization epoch of
this region resulted of alkaline and subalkalinekso of gabbro-syenitic and
anorthosite-rapakivi-granite formations. The Patgozand partly Mesozoic
alkaline magmatism of US is connected as with thgiriming of formation of
rifting depression surrounded US well as with oroggrocesses in neighbouring
territories (Tethys, Scythian plate, Hercynian a&lgine Folding in Carpathians
and Crimea).

The alkaline rocks of US formed in rifting (ruptireones are usually
enriched in Nb, Zr, REE. The early melanocraticetses of alkaline rock series
(alkaline pyroxenites, jacupirangites, melteigit@snproites and kimberlites) are
simultaneously enriched in Ti, Cr and Ni too. Spatture we see in Chernigovka
massif, dikes of metajacupirangites in the West VAzawea, kimberlites and
lamproites of Kirovograd (Table 2) [Tsymbal et 4099].

While the depletion of these rare and minor elesemtalkaline rocks of
Proskurovka Antonovka and partly Mala Tersa allalittrabasic massifs we
explain by another geotectonic conditions of tHemnmation. These massifs are
probably located in pressure zone. Maybe subductoarrences took place here.
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At least we have some evidences, based'® andd'*C data, for contamination
of mantle-derived magmas by crust material (TablB/vdik, 2000].

On geochemical peculiarities two type of lampoike| rocks are
distinguished. The first one (pipe Mriya, Azov greapresent intrusive analog of
lamproite which consist of olivine, phlogopite aathphibole. These rocks are
poor in Ti, Nb, Zr, REE and approximate on theiremihcal composition to
lamproite of Aldan shield [Vladykin, 1997]. The sead type of lamproite-like
rocks (the same Azov area) belong to dike facesraoently represents, in our
view, epileucitic metalamproites (microcline-amp#iéo rocks). They have high
concentration of Ti and Nb, and moderate conterftsZip Ba, Cr. These
metalamproites are similar on geochemical pectikarito lamproite of West
Australia.

Other massifs of alkaline rocks in US have a lestsndt tectonic position and
on geochemical peculiarities of their rocks occuggrmediate position between
«rifting» and «subduction» formations. We do nabwra cause of low contents of
Nb in Ti-rich gabbroids and ilmenite ores of Komstpluton and Stremygorod
deposit. In general there is moderate or conceéotraf Nb in rich on Zr and REE
syenites related to anorthosite-rapakivi-graniteitgeis. We think about a
considerable admixture of crust material in thesks. Such syenites pay attention
to their high value ot’Sr°Sr (0,715-0,859; Table 2). It is difficult to exjslahese
date proceed only from crust mixing and assimitatibhis phenomenon can take
place by intensive increase of Rb and decreasalrfiost full absent) of Sr during
crystal fractionating of trachytic melts. Maybe teristence time of such melts
was to long and sufficient for essential additibmaaliogenic Sr.

Thus isotope geochemical peculiarities of alkalioeks and carbonatites of
US demonstrate as initial proportion of geep-detigad crust materials well as a
degree of differentiation of alkaline melts.

The Ukrainian shield is a unique and richest pro@iof Proterozoic alkaline,
kimberlitic and carbonatitic magmatism.
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Western Kamchatka alkali-potassic basaltoid volcarsm:
geological and geochemical review
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INTRODUCTION

The actuality of the problem of origin alkali-podas volcanic rock
complexes in geodynamic settings of island-arc actd/e continental margins is
defined by their specific substantial pecularia@sl comporative rarity with regard
to middle-potassic and high-potassic calc-alkalinek series which are more
typical for "ocean-continent” transition zones. e$h rocks are usually localised in
back areas of island-arc systems or wihin multtpltonic structures, like large-
scale fault zones, local riftogenic structures lootfields", which have applied or
transit character of evolution. The petrologicglexg of the problem is determined
by difficulties in reconstruction of alcali magnsti development in ocean-
continent zones from the positions of simple mod#lissland-arc or intraplate
magmageneration. Most known provinces with alkaliggsic magmatism in
island-arc and continental margin settings are ied@n Archipelago [Stolz et al.,
1988], Kamchatka [Volynets et al., 1987] (develomsdialic structures), Sierra-
Nevada (West of U.S.A) [Van Kooten, 1980], SpaimifBy, 1967; Venturelli et
al., 1984], Eolian arc [Keller, 1982] (modern and active continental margins).
Among noted provinces, alkali-potassic magmati&saaf Kamchatka are the least
studied. They are wide spread in the back areéhisfripe island-arc system,
significantly vary on composition and depositiomnig. So, it is nesessary to clear
the place of this large magmatic stage in the émwiof Kamchatka ctructure as a
whole. Data on Oligocene-Miocene-(Pliocene?) adesdkali-potassic rock series
from Western Kamchatka allow to connect this maggnatvith one of large-scale
tectonic reconstructions taken here the place ingeee. During such stages of
island-arc development there is a probability obdsiction zones declining,
riftogenic episodes and the start of forming a n&and-arc systems. According
with age, tectonic and structure position, the iarigf Western Kamchatka alkali-
potassic rock series may be considered in the igehiek with the so-called
"postsubduction” geodynamic regim of magmatism. Thestsubduction
magmageneration suppose participation of prosasdesent both as island-arc
and intraplate settings in forming of melt compaosio

Areal of Cenozoic alkali-potassic basaltoid volsamiin Western Kamchatka
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Is constrainted by volcanic belt of Sredinny Rigetle East, by Okhotsky Sea on
the West, by Sopochnaya river on the South, anéddgna river on the North.

This areal extends in submeridional direction nmtblen 500 km. The outcrops of
igneous rocks cover here less then 10% of the &wthin Paleogene-Neogene
sedimentary country rocks it is known more then 20@bvolcanic bodies of alkali

rocks which are localized, in main, to Tigil anind rise.

B.F. Dyakov (1939) was first who described alkadtassic volcanites from
Western Kamchatka; more full information about thgeological position, age,
petrographic and petrochemical pecularities is shbwl.S.Guziev [Guziev, 1964;
Guziev, 1966; Guziev, 1967; Guziev, 1971]. He ddtethree pertographic series
of Western Kamchatka magmatic rocks: 1) trachydeleikrinanites; 2) sanidine
basaltoids; 3) andesite-basalts, trachyandesita@itbaand trachyandesits. Sanidine
basaltoids series included absarokites, microsindeki selagites, banakites,
shonkinites, also alkaline syenits and limburgi@ssides that, shoshonites were
noted among the rocks of third, sub-alkaline series

In 1982-2000, new data about composition, minesabgd bedding forms of
alkaline and sub-alkaline rocks of Western Kamchatlere obtained [Volynets et
al., 1985; Volynets et al., 1990; Volynets, 199drdpelov et al., 1987; Perepelov,
1990; Volynets et al.,, 1990; Volynets, 1994; Pel@peet al., 2000]. It was
determined that they belong, in main, to two serssshonite-latitic and K-
alcaline. Except of them, the group absarokite lb@ida was confirmed here.

Shoshonite-latitic series is not a subject of gaper and not discussed here.

Analogues of absarokites are microshonkinites,-duystallic varieties of
magnesial K-basaltoids. The undetermined petrogepesition of this group of
rocks and similarity of their composition to trablagalts make consider them
together with volcanites of K-alkaline series.

The rocks of K-alkaline series were investigatedthe region of rivers
Khlebnaya, Napana and Amanina (Fig.1). In conttadiBon to |.S. Gusiev
nomenclature (1964, 1971), among the rocks of laladk series we differ
trachybasalts, melanocratic and leucocratic shawesinporfiric shonkinites, also
properly shonkinites and syenites (Fig.2). Syenitegheir turn, are differed on
syenites from small veins and syenites of apicalspaf shonkinite subvolcanic
bodies. They differs not only by conditions of beglibut in composition too.
Besides, specific type of K-Na shonkinites is saagbut. Thachybasalts, porphiric
shonkinites and absarokites have an effusive appear Among absarokites we
differ high-Mg (MgO>9 mas.%) and middle-Mg (7<MgO#tas.%) types.

Classification diagrams (Fig.2) clearly show tha tost of compositions of
the rocks attribute to alkaline and sub-alkalineese Some types of shonkinites,
microshonkinites and trachybasalts also may besified as subalkaline by
presents alkaline components,,0aand KO.

Most rocks of K-alkaline series are basaltoids I(idmg absarokites and
microshonkinites): Si@= 46-50 mas.%. The syenites are extended much more
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Fig. 2. K20 - SiQ diagram of potassic alkaline basaltoids of Westeamchatka
Rocks: 1- absarokites; 2- trachybasalts and porghywhonkinites; 3- shonkinites; 4-

syenites of massive zones; 5- syenites of veinsvdution direction of rocks composition of
potassic alkaline series.

Volcanic rocks serieses: LK - low-kalium series; MKniddle-kaluim series;HK - high-
kalium series; SHO - shoshonitic series; PA - psitaslkaline series.

AGE OF K-ALKALINE BASALTOIDS FROM WESTERN
KAMCHATKA, THEIR STRUCTURAL POSITION AND
GEOLOGICAL FORMS

Volcanic zone of Western Kamchatka is located lun liack (relatively to
volcanic belts of island-arc system of Kamchatkde ©f Okhotomorskay plate.
According to V.A. Legler model (1977), most of La&enozoic magmatism is
concerned here with the end of early island-ateviie in Oligocene-Miocene
time. Quatenary volcanism is a result of magmator@sses in modern island-arc
system. There are three stages distinguishedructge of this area: Upper
Cretaceous (f, Paleogene - Middle Miocene (Pg?N and Upper Miocene-
Pliocene (N*-N,), and all stages are discordanted. (T.F. Moroz519..1.
Mohonina,1968; G.P. Singaevsky, 1971). The folceb@ent for Tertiary volcanic-
sedimental layers is Upper Cretaceous metamorpleksrformed in geosynclinal
stage of Western Kamchatka development. Paleogétiedle miocene stage is
presented by sedimentary rocks of geoanticlingestat the end of which Upper
Miocene and Pliocene sedimentary rocks were forndgdong deposits of last
stage tuffs and debrises of alkaline basaltoid$caned.
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K-alkaline magmatic complexes of Western Kamchatleanear to Tigil rise
and located in submerged parts of the fold basemedtin borders of joint of
Palansky and Bolsheretsky synklinories. The agbedecomplexes is estimated as
Miocene - Upper Pliocene (NN,) [Guziev, 1964, 1966, 1971]. But older data on
K/Ar dating gave their age 13-14,7 ma, i.e. a borbetween Low and Middle
miocene (N) [Amirhanov et al, 1986]. New unpublished resolts/Ar and Ar/Ar
dating (O.N. Volynets, 1998, oral poster) show mealy age of K-alkaline rocks
of Western Kamchatka - 42-21 ma. Paying attentien gossibility of long time
interval of studied rocks development, we suppbsée age as Oligocene-Miocene
(Pg-N,).

The K-potassic alkaline rocks forms dykes, silistrusions, domes,
lakkolites, sparse flows, also explosive pipes whaonsist of absarokite breccias
and thrachybasalts. Near subvolcanic bodies oftertudfobreccias showing that
the magma had ways out on the surface. All kindK-@lkaline rocks, except of
absarokites, has joint bedding with shonkinitegspnted by a small veins both
absarokites and trachybasalts, and among shorkitote In the apical parts of
large shonkinite bodies, syenites forme massivezomhe most low horizons of
differentiated bodies consist of melanocratic shoitds, upper ones are presented
by shonkinites and leucocratic shonkinites. The tmupper parts of the bodies
contain vein zones and zones of middle-grained;sesgrained and pegmatoidal
syenites. Effusive rocks forme, as a rool, thein@ubvolcanic bodies and dykes.
K-Na shonkinites are found in the structures ofasafed subvolcanic complexes.
The thickness of subvolcanic bodies vary from 05@ 60 m. The thickness of
lakkolites and domes reaches to 1-1,5 km.

PETROGROPHY AND MINERALOGY OF K-ALKALINE ROCKS
OF WESTERN KAMCHATKA

There are three groups of rocks were selected ialkKline series by
mineralogical and structural characteristics: ig3aaokites and microshonkinites,
2) porphyric shonkinites and trachybasalts, 3)dujistalline varieties of the rocks
- shonkinites and syenites.

Absarokites contain to 10% phenocrysts of &ld Cpx in their groundmass.
Ore minerals are CrTiMgt, TiMgt, and sphinel irclusions within olivines.
Groundmass consists of of Pl, K-Na feldspar andromgeral grains with small
inclusions of chloritized glass, also with moreerand small grains of biotite and
analcime. Trachybasalts differ from absarokiteddyger quanity of Cpx among
their phenocrysts, whereas Ol is spreaded much spaesely. Porphyric sructure
of some shonkinite is determined by large (to 3 nnmgja (and more rare Cpx)

* shortened names of minerals, its minals and coeffents: OI- olivine, PI- plagioclase, Cpx-
clinopyroxene, Illm- ilmenite, Bt- biotite, Amp- amipole, TiMgt- titanmagnetite, CrTiMgt-
crometitanmagnetite, Or- ortoclase minal, Fs- fatite minal, Fo- forsterite minal, An-
anorthite minal, f- iron coefficient.
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phenocrysts in fine-grained ground mass. Cimass of porphyric shoncinites

AN

30 30 An
Fig. 3. Compositions of feldspars from potassic alkalioleanic rocks of Western Kamchatka.

Ab

1. phenocrysts; 2. microlites.

consists of K-Na feldspar, in joints with small stgls of Cpx, Bt, TiMgt and IIm.

Melanocratic and leucocratic shonkinites of différated bodies are
connected between each other by gradual transittomsineral composition and
types of structeres. Sometimes, leucocratic varaieshonkinites are characterized
by pegmatoid structures and have some similaritih vgyenites. The general
mineral components of leucocratic shonkinites ard&feldspars, Bt, Cpx, small
quantity of analcime and ore minerals (TiMgt, Q). is very seldom in it. K-Na
shonkinites have relic plagioclases in cores of &-féldspar grains and are
enriched in analcime. Melanocratic shonkinites aonimuch of large grains of
chloritized Bt and Ol. Cpx is presented here by ph@mocrysts, the main
component of ground mass is K-Na feldspar. Syenitesnassive zones are
leucocratic and consist of large crystals of K-Nad$pars, mica, Cpx and
analcime. Vein syenites characterized aplitic $tmas. Both varities of syenites
contain rare small grains of Amp.

Thus, in differ to other high-K series of Kamchatkae rocks of K-alkaline
series are characterized by very various parageneemain and accessory
minerals. Except of feldspars, pyroxenes and adwithese rocks contain such
specific for them minerals as phlogopite, spin&l analcime, while orthopyroxene
Is absent.

Among feldspars of K-alkaline rocks Na-sanidinesdmminate (Fig.3; Tab.l).
Absarokites, microshonkinites and trachybasaltscheracterized by two-feldspar
mineral paragenesis. Bitovnite is presented in ralkgas only as microlites;
shonkinites contain this mineral both as microlaesl subphenocrysts (Ad.s2.).
With transition to trachybasalt rock compositionbecomes more acid (labradore,
andesine). Na-sanidines from full-crystalline roadsalkaline series belong to
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interval Ok,6.763 Syenites from massive zones and K-Na shonkinsentain
small crystals of properly Kfs (@49.99 sand Og 5).

Table 1.

Representative microprobe analyses of feldspars fsotassic alkaline rocks series of
Western Kamchatka

Sample KT-622 7038/1 7249 7214 7036/1 KT-633| 1027
Phase m m c m m m m c m m m c
SiO, 47,07| 61,100 47,89 64,40 64,49 52|72 64,55 56,46 076R,62,82 63,61 65,7p
TiO, 0,05 0,24 0,04 0,26 0,04 0,12 0,83 0/01 0,10 0,12,37p 0,11
Al,O4 33,36| 19,79] 33,74 19,70 19,60 28,96 18,86 27,18 592[1,20,64| 20,03 19,1p
FeO' 0,72 0,28 0,64 0,22 0,30 0,71 0,29 0)45 0,48 0,56,40p 0,29
MnO 0,01 0,02 0,00 0,00 0,0pR 0,02 0,p0 0J01 0,06 0,00,00p 0,01
MgO 0,03 0,04 0,02 0,00 0,00 0,07 0,p0 0J05 0,01 0,09,05p 0,00
CaO 16,34 0,68 15,593 0,91 0,75 10,81 0,79 9,23 4,70 4p51,16 1,42
Na,O 2,39 4,19 1,78 4,50 2,46 3,70 2,81 5|79 5,18 420,21p 3,36
K,O 0,12 9,96 0,12 9,483 13,18 1,48 10,81 024 8,27 D,32,01| 11,11
Cr,04 0,00 0,00 0,00 0,04 0,01 0,00 0,02 0Jj04 0,05 0,03,00p 0,03
Total 100,0y 96,30| 99,78 99,47 100,81 98,59 98,47 99,47 99,51 100,85 99/8301,3
An 78,48 3,39 82,2( 4,50 3,0 56,10 420 46,20 23,1@,001 5,94 6,80
Ab 20,82| 37,71 17,00 40,20 21,30 3480 27,20 52,40 1046,35,70| 20,53 29,4D
Or 0,70 | 58,90 0,890 55,3p 75,10 9,20 68|70 1,40 30,8Q,3059 73,53 63,8(
Sample| 1027 | 7038/&KT-632 7047/1 1032 7382/1 AA-1023/2
Phase c c c C c c m c c m m c
SiOo, 64,35| 60,020 64,18 63,88 53,60 632 57,94 6%,66 285,66,29| 66,63 66,2B
TiO, 0,20 0,26 0,21 0,06 0,11 0,19 0.,p6 0j11 0,11 $,00,00p 0,15
Al,O4 19,01( 20,16 19,72 19,60 28,66 18,87 2559 19,38 7518,18,84| 19,00 19,4p
FeO 0,30 0,29 0,23 0,20 0,5p 0,22 0,9 0J15 0,14 0,14,13p 0,18
MnO 0,02 0,00 0,00 0,00 0,00 0,04 0,04 0J00 0,02 0,00,03p 0,00
MgO 0,00 0,00 0,00 0,00 0,0B 0,00 0,p2 0J00 0,00 0,00,00p 0,00
CaO 0,51 0,84 0,91 0,78 10,45 0,66 8,80 0[92 q,61 D,08,95 0,97
Na,O 2,04 3,02 2,65 4,42 4.8/7 4,05 6,04 3|54 2,35 0,214,314 2,79
K,O 13,60 9,45 12,0% 10,1P 0,87 10,19 0/86 11,56 18,02,47| 10,40 12.,2%
Cr,04 0,03 0,00 0,07 0,00 0,04 0,06 0,00 0J00 0,05 0,00,00p 0,01
Total 100,04 94,64 99,94 99,18 99,14 97,33 9945 ,B01100,3] 97,90( 101,44 102,0
An 2,50 4,50 4,52 3,50 51,50 3,30 41,00 4130 3,00 D,2@,50 4,70
Ab 18,10| 35,200 23,89 38,40 43,40 3640 5390 30,408020, 1,70( 36,90 24,50
Or 79,40| 60,300 71,59 58,10 5,10 60,80 5|10 65,30 76,28,10| 58,60 70,80

Note m - microlite; ¢ - phenocryst. KT-622 - absarekit038/1, 7249 - microshonkinite; 7214,
7036/1, KT-633 - trachybasalts; 1027 - porphyricoskinite; 7038/6, KT-632 - leucocratic
shonkinite; 7047/1 - leucocratic K-Na shonkiniteA-1032 - melanocratic shonkinite; 7382/1 -
massive syenites of differentiated body; AA-10234Znite from veins.

Pyroxenes from K-alkaline rocks correspond in cosipmn to salites,
diopsides, Mg-augites (Fig.4, Tab. 2). Salites lguaredominate but in
trachybasalts diopsides prevail. Clinopyroxeneschig@acterised by the tendence
of Fs-minal growth from core to ring zones of phamwsts and furher to microlites.
The fassaite evolution direction of Cpx composit®tracked here, from diopsides
and saltes to Ti-fassaites. There is a differenc&anium concentration between
pyroxenes from absarokites and shonkinites. Theee separated trends of
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increasing TiQin Cpx from absarokites to trachybasalts and futbeshonkinites
and syenites.

Olivines from absarokites and microshonkinites hagerthonolitic
compositions (Fg s.7gd; in Ol phenocrysts from trachybasalts are fowsrdterites
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Fig. 4. Compositions of clinopyroxenes from potassic alkealolcanic rocks of Western
Kamchatka.

(Fos24.859 (Tab.2). In range from phenocrysts to microlitesreasing MnO
concentration and Fe/(Fe+Mg) in olivines take place

Amphiboles from Western Kamchatka syenites cormegpo compositions to
ferroedinites and ferroedinite hornblend. Besidesbecites and arfvedsonites
present among amphiboles from syenites and leuttosfzonkinites (Tab. 3). The
mica of K-alkaline rocks evolute from phlogopites Mg- and Fe-biotites.
Phlogopite present among phenocrysts in trachytsagatl porphyric shonkinites.
In the ring zones of phenocrysts its compositionobses more magnesial (Tab.
3).The micas of trachybasalts and porphyric shatdgsnhave moderate T;O
concentration; Mg- and Fe-biotites from shonkiniée®l syenites are enriched in
TiO..

Composition zonality of trachybasalt micas is espesl by increasing of
Fe/(Fe+Mg) and Ti@ contents and decreasing of MgO angDKconcentrations
from cores to rings of phenocrysts, and further niccrolites. In micas of
shonkinites and syenites zonality is more complexs nesessary to mark, the
compositions of Mg-biotites of ring zones ofpherysts from porphyric
shonkinites and trachybasalts are the same asitrfrelanocratic shonkinites.

Except of TiMgt, CrTiMgt and llm, absarokites anddhybasalts contain
some alumocromic spinels (46-60 mas.%Qg) and pleonast (8-9 mas.% ,Og
and 54-55 mas.% ADs); microshonkinites bear some Cr-Al-Fe-spinels ety
to CrTiMgt compositions.

Analysis of mineral compositions show that shorteisi and syenites
demonstrate common features of composition evalubbK-Na feldspars, Cpx,
TiMgt; absarokites and microshonkinites form isethgroup. It is found also, that
comositions of minerals from porphyric, melano@atnd leucocratic shonkinites
and syenites are similar.
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GEOCHEMISTRY AND COMPOSITION EVOLUTION OF
WESTERN KAMCHATKA K-ALKALINE ROCKS

General material pecularities of Western Kamchatkalkaline rocks in

comparison to high-K rocks of island-arc volcangtt® are: more high

Table 2.

Representative microprobe analyses of olivinesdindpyroxenes from potassic alkaline rocks
series of Western Kamchatka.

KT- 7029 7038/1 7214 KT-622 7038/1 AA-1030A
Sample| 622
ll\/llnera Ol Ol ol Ol Ol Ol Cpx Cpx Cpx Cpx Cpx Cpx
Phase C C C C C C C m c c c C
SiO, 38,47| 38,58 36,96 38,35 39,07 38pR5 49,67 47,080040,52,61| 53,31 53,2B
TiO, 0,02 0,03 0,07 000 000 003 180 1)87 1421 0,41,62p 041
Al,O4 0,00 0,01 0,00 000 000 000 4p9 6j77 439 1,755201 0,86
FeO 22,81| 20,55 29,22 20,60 14,33 19[/6 6,73 6,99 5,74,72| 5,45 7,40
MnO 0,54| 0,39 0,672 03% 0283 042 oOJL7 0j14 016 0,16,11p 0,21
MgO 39,56| 39,821 31,51 3854 435%3 3971 14,28 12,251718,16,05| 15,76 16,7p
CaO 0,21| 0,23 0,3¢ 0,19 0,15 025 22,p4 22|52 21,29 22201,21,89| 18,871
Na,O 0,02 0,06] 0,00 003 000 O0Q0 083 0§36 0,24 0,22,20p 0,19
K,0 0,00 0,00 0,00 000 o01 003 oOpO0O 0j01 004 0,00,00p 0,02
Cr,0; 0,00 0,04 0,00 002 006 000 0B85 045 065 0,60,29p 0,19

99,70
Total 101,6 98,64 98,10, 98,00 98,44 99,76 9912 96(91 97,73 0499,98,12
2

Fm 24,88| 22,800 34,70 2340 1580 22p0 2133 23,618022,14,60( 16,54 20,4p
Wo 47,28| 48,88 47,3p 44,80 4546 39|30
doy | | T es30| 7660 8420 7780 41e 3007 4070 4710 5:6,48.40
Fs 11,24 12,08 12,00 8,10 9,01 12J30
Sample KT-633 AA-1027 AA-1032 KT-632 7382/1
Mineral | Cpx Cpx Cpx Cpx Cpx Cpx CpX Cp Cp Cpk Cpx Cipx
Phase c m C m C m C m c c C m
SiO, 51,99 50,21f 52,14 50,00 50,92 5111 47,87 48,29 5250,50,74| 51,99 48,8}
TiO, 0,87| 1,25 1,03 130 09 109 167 173 159 1,2296p 1,53
Al>,O4 2,20 3,13 2,23 3,11 3,14 254 4y4 409 335 281,19p 3,55
FeO 5,66 7,00/ 7,85 8,78 496 6,96 9,84 11|93 7,14 8,09,35| 13,17
MnO 0,11| 0,22 0,23 024 011 013 O0OpR5 0j46 0,13 0,20,34p 0,44
MgO 15,80| 14,300 14,59 13,49 14,71 13,86 11,98 10,57 2714,13,87| 12,93 9,80
CaO 23,07| 21,821 21,36 21,33 2243 22[14 2280 22,32552p,21,47| 22,52 21,3p
Na,O 0,19| 0,14/ 0,18 013 o047 022 o0p8 021 0,10 0,6,01p 0,23
K,0 0,00 0,09 0,01 0,11 o002 006 OpO 0j11 000 0,01,08p 0,01
Cr,0; 0,23| 0,00 0,01 001 o772 000 OpO 0J02 0,18 0,00,00p 0,00
Total 100,11 98,15 99,60, 98,51 98,13 98,10 98[74 99,73 99,83 5798,101,3¢ 98,93
Fm 17,02 22,09 23,70 27,30 16,20 22830 31,02 39,6920P,25,10f 31,70 43,8p
Wo 46,55| 46,08 44,50 4530 47,90 47,010 4856 47,79 9046,45,50| 46,10 46,8p
En 44,35| 42,000 42,30 39,80 43,70 41,00 3548 31,50 304{1,40,90| 36,80 29,9p
Fs 9,10| 11,92 13,20 150p 8,40 11,80 15(96 20,71 1[,88,60| 17,10 23,39

Note Ol - olivine; Cpx - clinopyroxene; m - microlite;- phenocryst. KT-632 - absarokite; 7029
421- trachybasalt; AA-1038
microshonkinite; AA-1030A, KT-633 - trachybasalf-A027 - porphyric shonkinite; AA-1032 -

- high-Mg absarokite;

7038/1

microshonkinite;
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melanocratic shonkinite; KT-632 - leucocratic skioite; 7382/1 - syenites of differentiated
subvolcanic body.

Mg/Mg+Fe, contents of Ni, Co, Cr, and sigraht enrichment in incoherent
elements such as P, K, Rb, Ba, Pb, Sn, Be, F, ZThUREE (Tab. 4). Absarokites
are the most magnesial (MgO to 11 mas.%) amongsrotkk-alkaline series.
They differ from trachybasalts by low contentsitfdphile elements. These rocks
form isolated group of compositions but they arenaxted with other rocks of the
series by transitional variaties.

Trachybasalts, porphyric shonkinites and melanacrsttonkinites are the
most titanic among K-alkaline basaltoids. Concémns of TiQ, K,O and values

Table 3.

Representative microprobe analyses of amphiboldsw@inas from potassic alkaline rocks series
of Western Kamchatka.

Sample 7382/8 7038/|L 10309KT-633[ 7214 6982/7 AA-1027

Mineral ] Amp [ Amp Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt

Phase m m m c m m C C c C C c

SiO, 47,72| 43,31 38,00| 38,06 38,18 37,84 37,24 3481 3844 37,345737,35,46
TiO, 1,22 1,13 6,71| 4,90 4,08 6,04 366 848 4pb3 801 8§26 9,59
Al,O3 7,11 6,96 12,99 14,09 151% 12,81 14,49 14,09 1357 13,76 3213,13,98
FeO 23,91 23,49 13,59 9,08 6,88 9,30 6,70 12,8 7,93 11{79 13,39,251
MnO 0,88 0,96 0,11 0,09 0,05 o1y o007 0412 o0Op6 0/08 0,11 ,10
MgO 6,85 7,75 13,91| 17,76/ 193¢ 17,29 18,74 1236 18,88 13,36 101)2,10,80
CaO 10,59( 10,24 0,07 0,11 0,0d 0,10 o002 0,03 o0p1 0j04 0,02 ,00
Na,O 2,02( 1,86 0,70 0,45 0,61 058 04 031 082 0/43 041 ,32
K,0 1,49 1,291 9,78| 10,18 9,34 9,48 10,42 9,28 1032 971 9,78 3p1
Cr,0; 0,00, 0,05 0,00f 0,33 0,89 000 143 0,05 oOpP5 0j05 0,01 ,40
OH 1,89 1,91 4,04 4,08 4,13 408 4,02 388 4p7 4j02 401 B,92
Total 98,68 98,91 99,87| 99,121 98,71 97,64 96,92 95099 98,17 98,60 9798,96,95
Fm 67,00 63,90 3560| 22,500 16,73 23,50 16,90 36,90 19,20 33,30 5038,40,90
Sample KT-632 7038/6 7047/3 7047/1 AA-1032 7382/1 1023/2
Mineral Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt
Phase c c c c c c c c c c c c

SiO, 35,15| 34,78 34,26 3580 36,38 33[/6 3576 37,16 6534,34,84| 34,43 36,8p
TiO, 9,29| 9,87 10,65 805 7,98 10,21 9p4 7|58 1,85 D,29,38| 7,15
Al,O4 14,89 14,62 14,54 14,03 14,%0 141 1346 13,19 6713,13,21| 13,44 12,7B
FeO 11,24( 15,19] 14,04 16,72 12,80 1319 1835 10,84 4212,17,40| 16,23 16,6p
MnO 0,04| 0,18 0,17 0,19 009 0,22 O0Rk4 010 008 0,22,19p 0,14
MgO 13,49( 10,14 11,10 11,22 13,Y3 11,0 913 14,38 413,19,74| 10,93 11,33
CaO 0,01, 0,06 0,0¢ 000 o000 0,01 OpP4 OO1L 000 ©,00,00p 0,00
Na,O 0,42| 0,48 0,57 078 072 069 084 057 076 (,38,51p 0,66
K,0 9,13| 9,27 9,03 928 9383 936 9p2 945 §71 9,67,29Pp 9,86
Cr,03 0,00 0,00 0,01 000 o001 0,04 oOpP8 001 005 0,03,03p 0,00

OH 3,99| 3,95 3,95 39y 404 394 3Pp6 3198 38 389,90B 3,94
Total 97,65| 98,54 98,26 99,89 99,65 97,0300,7] 97,29| 9519 98,61 98,37 99,34
Fm 31,94 45,97 41,80 46,10 34,50 39,00 53,30 29,90 803¢4,50,40| 45,80 45,4p

Note Amp - amphibole; Bt - biotite; m - microlite; cphenocryst. 7038/1 - microshonkinite;
1030a, KT-633, 7214, 6982/76982/7 - trachybasai&:1027 - porphyric shonkinite; KT-632,
7038/6 - leucocratic shonkinites; 7047/3 - melamadicr K-Na shonkinite; 7047/1 - leucocratic
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K-Na shonkinite; AA-1032 - melanocratic shonkint@82/1, 7382/8 - syenites of differentiated
subvolcanic body; 1023/2 - syenite from veins.

Table 4.
Average compositions of potassium alkaline basddtfiom Western Kamchatka.

Rocks MgA* A TB B LSH | MSH SH PSH S1 S2

n* 8 2 9 1 6 10 4 2 5 8
SiO,, wt.% 47,24 49,24 49,84 50,31 50,65 48,64 51,80 52,34 5559 59,33
TiO, 1,02 1,14 143 154 151 1,84 1,84 1,84 193 1,04
Al,O4 14,64 14,41 14,21 13,71 15,84 14,13 13,78/ 13,85 15,67 17,73
Fe,0; 299 338 389 453 382 352 478 431 348 1,89
FeO 513 508 4,29 287 349 40§ 247 323 2,62 1,3
MnO 018 014 o029 o019 013 012 0,13 0,11 0,08 0,06
MgO 10,471 808 7,02 7,04 579 944 6,63 546 3,3§ 1,35
caO 6,9 6,63 644 590 382 511 428 647 313 240
Na,O 274 321 243 194 322 214 1,57 1,920 245 3,61
K0 243 359 449 519 541 467 688 582 811 8,57
P,Os 057 o074 o079 073 o064 081 067 081 058 0,21
H,0 563 360 450 577 538 552 498 339 264 229
Total 100,09 99,30 99,49 99,69 99,71 99,694 99,81| 99,63 99,60 99,74
Rb, ppm 59 112 123 120 167 116 189 166 204 2353
Ba 1119 1245 1549 130d 2080 1560 1530 1550 2230 104d
Sr 755 635 660 670 550 720 925 1215 1140 450
Pb 8,0 7,7 7,5 6,3 12,5 7,4 4,5 5,1 9,00 1375
Co 37 35 29 22 20 31 19 25 16 10
Ni 260) 150 87 120 53 224 89 42 34 11
Cr 5500 375 173 160 148 229 118 110 93 20)
Y 2300 245 300 330 230 270 3500 390 290 159
Be 1,7 3,2 3,1 2,9 4,3 3,2 3,1 2,9 4,2 2,9
B 16 18 16 7.8 10,3 46 33 20 38 23
F 7300 12090 1900 2500 144Q 1250 2450 1950 2900 945
Ta 0,3 0,5 0,5 0,5 0,7 0,56 0,9 0,77 0,75
Nb 3,1 5,4 6,5 74 13,5 9,1 75 11,4 16,7
Zr 175 240 4470 495 1120 527 494 621 836
Hf 4,0 7,8 119 114 250 14,6 13,9 11§ 159 21,3
La 17 25 35 36 41 44 36,7 51 42 55
Ce 39 43 96 95 135 97 81 110 94 130
Nd 23 25 46 49 54 50 44 57 46 50)
Sm 4.8 6,4 8,2 7,1 100 11,2 8,4 10 7.1 8,3
Eu 1,3 1,5 1,6 2,2 2,5 3,2 1,96 2,0 2,0 2,0
Gd 5,0 5,9 6,7 6,5 5,4 8,2 4,5 8,8 6,3 8,3
Dy 4,3 4,0 4.4 3,2 3,2 4.6 3,2 3,8 7.4
Er 2,5 2,6 2,1 1,9 2,4 1,6 1,8 3,5
Yb 2,0 2,0 2,3 1,9 1,5 1,8 1,7 1,7 1,7 3,8
Lu 028 02§ 031 029 008 0,23 02 0,18 0,22 0,39
Y 19 21 22 14 19 22 19 13 30)
Th 3,5 5,4 4,5 5,1 6,2 4,1 3,5 3,9 7,7 9,4
U 1,9 2,7 2,5 2,2 3,3 2,0 2,5 2,3 4,0 5,2

Note. MgA* - high-magnesium absarokite,- absarokite,75 - trachybasalts, LSH - leucocratic
shonkinite, MSH - melanocratic shonkinite, SH - shonkinite, PSbbrphyric shonkinite, S1 -
syenite of differentiated subvolcanic body; S2yengte from veins. n* - number samples. Rock
data: Perepelov A.B., Volynets O.N.
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K,O/N&O increase from trachybasalts to shonkinites, anddgwn to
syenites (TiQ from 2 to 0,8 mas.%). Behaviour of 8; is opposite (Fig. 5).
Besides, concentrations of Fe, Mg, Ca, P, Co, Ng&down, Rb, Ba, Sr, Sn, Be,
F, Zr, Nb, U, Th increase In this direction, theusual for differntiated series. All
rocks of K-alkaline series are significantle enedhin REE and charcterised by
high degree of their fractionation (La/Yb 8,5 - 37for absarokites and
microshonkinites, 10,4 - 34 for shonkinites andnsigs) is characteristic to rocks
of potassic alcalic series. Trachybasalts, K-Nankimites and syenites are the
most enriched in REE (TR+Y= 330, 318, 312 ppm). Ri6Gcentrations increase
from absarokites to shonkinites. (Tab. 4, Fig. 6).
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Fig. 5. Distribution of major elements in potassic alkalirocks of Western Kamchatka.

Rocks: 1- absarokites; 2- trachybasalts and porhghonkinites; 3- shonkinites; 4- syenites of
massive zones; 5- syenites of veins. 6- evolutrectin of rocks composition of potassic
alkaline series. TH - tholeitic series, CA - calgaline series.

K-alkaline rocks of Western Kamchatka are alsoatr@d in F (to 2600 ppm in
shonkinites and to 3100 ppm in syenites) and B& (@m in leucocratic
shonkinites and 4,2 ppm in syenites). According high TiO, contents in
trachybasalts and shonkinites, these rocks, as msidyenites, are enriched in Zr
and Hf (1120 and 25 ppm in leucocratic shonkinite830 and 23,5 ppm in
syenites). It is necessary to say, that the mgsifgiant contents of Nb, U and Th
are in the K-Na shonkinites (38,2; 26,6; 6,0 ppmawerige) and syenites (7,3;
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11,7; 16,6 ppm in averige).

THE QUESTIONS OF WESTERN KAMCHATKA K-ALKALINE
ROCKS ORIGIN

Significant difference between K-alkaline rocks\Western Kamchatka and
high-K island-arc series in material and minerahposition, as much as specific
behaviour features of petrogenic and rare elemehisw that their forming in
conditions which can not be considered within tfeanlework of simple models,
like subduction or riftogenic magmatism.

1 000 I T T T T T T T T T T T T T T
A\ potassic basaltoids of Central Sierra-Nevada A

100

10

2000 + lamproites of Western Australia B
1000 H

lamproites of Spain

100 -

10 fommmmmme e e .

0.5

Rb Ba Th U K Nb LaCe St P ZrSm Ti Y Yb
[ 1 | |2 [@e—8] 3 [C=0]4

Fig. 6. Spidergram of distribution of gigromagmatophyliereents in basaltoids of
potassic and lamproitic serieses (primordial maftéod, 1979]).

A: 1- potassic basaltoids of Central Sierra-Neva#amiaskitic lamproites of Aldan, Siberia;
3 - 4- potassic basaltoids of Western Kamchatkaa3sarokites, 4 - trachybasalts).
B: 1- lamproites of Western Australia; 2- lamprgitef Spain.
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Bedding conditions and character of subvolcani& mmplexes construction
show the fact that processes of rocks forming tgkaoe in near-surface cameras.
It seems that source melts for K-alkaline rocks ewelosed in composition to
absarokites, microshonkinites, trachybasalts amghgoic shonkinites. Emanation
differentiation of absarokite magmas in soo@ses led to formation of syenitic
shlires and veins within subvolcanic bodies of aflgées. As a result of
intracamera differentiation of trachybasalt meltaultiple melanocratic and
leucocratic shonkinite and syenite massives wemndd. This process was
connected with separation of melts at the emanadimh crystal differentiation
during short intervals of time. Melanocratic shamids are the result of
cumulative fractionation of Ol, Cpx and TiMgt wiieparating of remaining melt
of leucoshonkinite and syenite composition.

The questions of primary for K-alkaline series magrorigin are still under
discussion. O.N. Volynets et al. (1987) are madegarison K-alkaline basaltoids
with lamproites of orendite row. To proceed frongthicontents of K, Mg,
litophilic elements, the presence of high-Cr spiaetl high Cr concentration in
clinopyroxenes and phlogopites, they made conatusimut possible belonging of
K-alkaline basaltoids to lamproites. But Bogatiket al. (1991) suppose this
conclusion to be not proved enough. High Al and emate concentration of Ti,
Ta, Nb in potassic basaltoids, side by side with fidct of their forming within
island-arc system (probably, during the periodative subduction stopping), need
making the model of primary K-alkaline magmas arigvith provision of
influence of processes attributive to island-amdittons of magmageneration. In
addition to all, "lamproitic* (more exacly, "mantl®r "intraplate") hypothesis
haven't confirmation in this case, becouse of atesen K-alkaline rocks of
xenogeneous high-pressure minerals (garnets of naimapyrope line, etc.).
Available data about finds of these minerals aretrustworthy enough and must
be checked. Though, recently in trachybasalts wedorare crystals of pyrope-
almandine.

On the Onuma and Motya (1984) diagrams (Fig. 7ukMmn lines of K-
alkaline rocks compositions say about fractionabbprimary K-alkaline melts at
the different melting degrees of the same metaseethimantle substratume. The
highest melting degree determined the absarokiggmaaappearance, the lowest -
magmas closed in composition to porphyric shonésit Displacement of
evolutional lines of K-alkaline rock compositions diagram Fig. 7 to side of high
values of Sr/Ca from the trend of chondrite mantig@arnet peridotite melting is
probably determined by high dergee of mantle sahstie metasomatism. We
suppose that in generation of K-alkaline magmaseun®/estern Kamchatka
metasomatized (in result of preceding stage of scioeh zone development) and
enriched in litophylic components mantle substrataok part.

Like shoshonites and latites, the K-alkaline roekies are described in
regions of some other island-arc systems and actiménental margins. However,
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it is well known, they are more usual in riftogemsituctures of itnracontinental.
On the spider-diagram Fig. 6 potassic basaltoid&/estern Kamchatka are shown
in comparison with miaskite lamproites of Aldan W&iia), lamproites from
Australia and Spain, and potassic basaltoids ofrr&idevada (USA.).
Concentration levels of main hydromagmatophiliaredats (with the exception of
Ti, Y, YD) in studied rocks are more high thanstand-arc volcanites. Distribution
patterns underline the enrichment of K-alkalineksodn lithophyle elements.
Character features of their patterns are the absaginSr maxuma and presence Th
and Nb minima. Lamproites of Spain and Western raliat (Jaques et al., 1984;
McDonough et al., 1985) are more enriched in hydg@matophile elements than
Western Kamchatka K-alkali basaltoids; their disition graphs have more steep
slopping (Fig. 6). Spanish and Australian lam@g®itas common features of their

10°

Sr/Ca

| I N |
ot

10%

! Ba/Ca
10° N LI T T T T T
107 10"

Fig. 7. Diagrams Sr/Ca-Ba/Ca [Onuma, Motya, 1984] for msimm alkaline rocks
of Western Kamchatka.

GP - composition of garnet peridotite, ChM - conipos of chondrite mantle.
1 - line of compositions K-alkaline rocks of Westéamchatka.

spider-diagrams: La maxima, Sr and P minima. Simipecularities are

characteristic for the most alkaline varieies ofmthatka potassic basaltoids.
Compoitions of Spanish lamproites have Nb minimuao, t but they are

characterised by Th maxima on this diagram. Andteatypical lamproites of any
geostructural settings are differed from Kamchatkéassic basaloids by higher
concentrations of hydromagmatophile elements. Hewel-alkali basaltoids of

Sierra-Nevada are very similar in composition witlose of Kamchatka. The
presence of Nb minimum on spider-diagrams of stug@assic basaltoids, like of
basaltoids of Sierra-Nevada and of Spanish langsplirings them together with
subalkaline basaltoids of active continental mas@nd island arcs which usually
forms at postsubduction period.
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The model of K-alkaline magmas of Western Kanchatkgin must be based
on exact data on the geodynamic history of theoregAt present, absence of
sufficient isotopic age data for studied alkalioenplexes make it difficult.

The areas of K-alkaline basaltoids are located iwiteological structure
which placed between Palogene margin-continentigbwec belt, some fragments
of which are fixed in western and north-westernsgks of Kamchatka, and
island-arc Oligocene-Quaternary volcanic belt oédamy Ridge. Analysis of
geological materials and age data obtained allovexjpect that the time of K-
alkaline basaltoids forming is corresponding with time between the stopping of
Paleogene subduction and the beginning t of modénd arc development. This
interval may be approximately estimated in 10-1&.m.

It seems probably that, as a result of lithosph&retching in Western
Kamchatka during Oligocene-Miocene time, the lew#lsnagmageneration could
moved to more deep mantle horizons. Source maunbstimtum from which the
potassic magmas could form was, probably, phlogagatrtzburgite. It is proposed
that the K-subalkaline (absarokite) melts were fminfirst, at relatively low
degrees of melting, and trachybasalte alkaline nasgmlater, at the rising of
melting degree. In this case absarokoites and jasaltes age data are to be lie
within short time interval (10-15 ma), and absatedkiages data are to be younger.

One of important questions on K-alkaline volcanigendynamic position is
the question is it attributive to the back sideRaleogene island-arc system of
"west-east" direction or to back side of Oligocd&iecene island arc in direction
"east-west" belongs it? In first case, the decig®rconnected with proofs of
existence of subduction zone in Paleogene time) fdkhotsky sea-side, i.e., with
the geodynamic history of this sea basin and Okiye@hukotsky active
continental margin.

This study was supported by Russian FoundatiorB&mic Research, grant
01-05-64206.
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Sr, Nd, C and O isotopic compositions of carboratitom Siberia were measured in
order to clarify the geochemical nature of subgawarital lithospheric mantle of the
Siberia region. Carbonatite samples were collechenn 16 alkaline rocks-
carbonatite complexes occurring in various tect@meironments. Two different
types of carbonatites were recognized from #&FiandeNd values. One (Group 1
carbonatites) includes the carbonatites which hpesitiveeNd (2.7-7.0) and
negativesSr (-20.2 - -4.5) values. Carbon and oxygen isat@pimpositions of the
carbonatites free from secondary alteration ardairo those of mantle COThese
facts indicate that Group 1 carbonatites were ddrivirom the slightly depleted
mantle source.

Another type (Carbonatites of Group 2) includesoaatites having negative, low
eNd and positive, higtbr values. The Malomurunskii and Khani bodies he t
Western Aldan subprovince show this unusual isctapiaracter for carbonatites.
The carbon and oxygen isotopic ratios for the caaktites are plotted near mantle
CO; field in the5'®0 versus**C diagram.

The Malomurunskii and Khani bodies occur closely space, but the age of
emplacement is completely different. The facts léadhe view that carbonatite
magma is not related to mantle plume derived frathenosphere but originated in
subcontinental lithosphere. It is inferred that casidinental lithospheric mantle
below the Siberian Craton consists essentiallylighly depleted mantle, except for
the Western Aldan area.
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INTRODUCTION

The view that carbonatite magmas were generattdteimantle region is now
widely accepted. Carbonatites commonly show conalde enrichments in Sr and
Nd. This means that carbonatitic magmas or thernpal magma of carbonatites
were generated through the partial melting of trgd volume of mantle source.
Therefore, the Sr and Nd isotopic ratios of carbitgs may reflect the mean
isotopic ratios of Sr and Nd of the mantle souildee occurrences of carbonatites
are virtually restricted in continental regions. eTlgeochemical nature of
subcontinental mantle, unlike that of oceanic n&grthas not been well understood.
Thus, to study the Sr and Nd isotopic compositiofiscarbonatites is very
promising to elucidate the geochemical nature tfe mantle below continental
regions [Bell and Blenkinsop, 1989].

The aims of this study are, firstly, to clarify ti&, Nd, C and O isotopic
characteristics of Siberian carbonatites overaiid secondary, to infer the
geochemical nature of subcontinental mantle belosv $iberian Craton, on the
basis of Sr and Nd isotopic ratios of the carboesti

SAMPLES

The samples studied and the petrographic descrgp@oe given in Table 1.
The ages of each carbonatite body used for thauleéilen of initial Sr and Nd
isotopic ratios ratios are also described in théeta

ANALYTICAL PROCEDURE

The details of Sr and Nd isotopic analysis havenlgeen in Miyazaki and
Shuto (1998). Initial Sr and Nd isotopic ratios evealculated from the measured
87SrFosr, ¥ RbFOSr, M3Nd/MNd, 1*'SmA*“Nd ratios and ages for the bodies which
were taken from literatures. Initiabr(t) andeNd(t) values were also calculated.
For the calculation okvalues, the following parameters for Bulk Earth ever
employed:  {'Srf°Sr)pr=0.7045,3’ Rbf°Sr=0.0827, **Nd/**"Nd)pr=0.512638,
14'Smf*Nd=0.1966 [Goldstein et al.,1984, Depaolo,1988].

The experimental procedure for carbon and oxygeatope ratio
determination follows that outlined by McCrea (1950 he oxygen isotope
fractionation factor determined by Sharma and Q@laytL965),0c0.c=1.01025,
was used to calculate th#/*°0 ratio of calcite. The isotopic data are preseired
terms of thed notation relative to PDB for carbon and SMOW fotygen.
Analytical uncertainty is about +0.1%. for bai'C ands'®0.
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Table 1.
Descriptions of the carbonatite samples studied dhdir carbon and oxygen isotopic
compositions.

Sample

Rock type

Calcite

Dolomite

%0 (%o)

| °C (%0)

%0 (%o0)

| °C (%0)

Maimecha-Kotui province.

Guli (240Ma, Kogarko et al., 1988) The age 230Ma used for the calculation of Srand Ndl.
Phl-Cal-carbonatite(1st
Gl stage) 6.3 -5.3
Ol-Dol-Cal-carbona-tite
G2 (2nd stage) 7.2 4.4 7.3 -4.0
Dol-carbonatite
G3 (3-4th stage) 6.4 -3.8
802/2 Dol-carbonatite 9.0 -2.9
803/2 Cal-carbonatite 8.1 -4.2
823/2 Dol-Cal carbonatite 11.6 -3.3 10.2 -3.2
Essei (not dated) Age used for calculation: 230Ma
2000/8f Dol-Cal-carbonatite 9.0 -3.9 9.4 -3.2
2014/14 Dol-Cal-carbonatite 8.0 -3.9 8.0 -3.3
2028/1 Cal-carbonatite 8.7 -4.6
Enisei province
Kiiskii (251Ma, Plyushin et al., 1990) Age usedf calculation: 250Ma.
K240 | Cal-carbonatite | 4.7 | -35 | |
Srednetatarskii (660-675Ma, Sveshnikova, et al.976) Age used for calculation: 640Ma.
162/35 Trem-Dol-carbona-tite 8.2 -5.0
Sodic amph-Dol-
1704/27 carbonatite 7.4 -5.2
2371/10 Ol-Dol-Cal-carbona-tite | 15.5 -4.1 15.3 -3.8
East Sayan province

Bolshetagninskii (628Ma, Chernysheva, et al.,1992)\ge used for calculation: 600Ma.

BT1 altered carbonatite 12.0 -2.6

BT2 altered carbonatite 12.4 -3.1
carbonate-microcline

BT3-4 rock 13.9 -3.9
Hematitic  carbona-tite

BT5 (last stage) 13.2 -3.7

TC8/11 Cal-carbonatite 12.5 -2.9

Nizhnesayanskii (675-720Ma, Kononova, 1976, Cherntysva et al., 1992

Used age: 600Ma.

HCla SCtZIg—]cé?rbonatite(lst 74 59
HC1b g)t;;:gl—carbonatite(lst 6.6 58
HC1c str;g—]g)ell-carbonatite(lst 6.7 55
HC2a coell_rﬁghgg;e(an stage) 6.6 6.0
HC2b ,Sb\tzgg—ec):al—carbonatlte(an 6.9 59
HC6white ?tg';'ga"carboname(‘”h 6.6 5.7 6.1 5.0
HC6gray ?tg';'ga"carbona“te(‘“h 7.3 4.9 6.3 48
HC7 calAnicoarbonatite | 10.7 41 9.8 4.0

Verhnesayanskii (660, 725Ma, Kononova, 1976) Ageadfor calculation: 600Ma.

C1/1

| Bio-Cal-carbonatite

6.8

| -55
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End of Table 1.

Calcite Dolomite
Sample | Rock type 0 (%) TC (%)) 0 (%) TC (%))
CC86/7 Bio-Cal-carbonatite 7.6 -5.7
CC113/3 | Cal-carbonatite 6.9 -5.5
Zhidoy (680Ma, Kononova, 1976). Age used for calcation: 600Ma.
Zhd316/3 | Cal-carbonatite 7.5 -5.2
Zhd327 Cal-carbonatite 7.1 -5.5
Baikal province
Burpalinskii (325-327Ma, Arkhangelskaya, 1974) . Ag used for calculation: 300Ma.
?ur311/2 Qtz-Cal-carbonatite 12.8 -1.8
Aldan alkali province
Malomurunskii (130-138Ma, Orlova, 1990, Bogatikov €al., 1991) Used age: 145Ma.
Murl43 Cal-carbonatite 7.9 -8.1
Murl57 Benst-carbonatite 8.3 -6.5
2/Iur136/5 Cal-Benst-carbonatite 9.4 -7.5
Murl73 Cal-Charo-carbonatite 9.4 -7.7
Murl37/5 | Qtz-Cal-carbonatite 9.7 -7.9
g/lour1052/ Cal-carbonatite 9.8 -5.2
Murl86 Cal-carbonatite 10.4 -6.6 9.7 -6.2
Khani (1818-1870Ma, Bogatikov et al., 1991) Age ed for calculation: 1835Ma.
Khn205 Aeg-Cal-carbonatite 8.6 -8.0
Khn206 Aeg-Cal-carbonatite 8.5 -8.4
Seligdar (1844-2038Ma, Smirnov et al., 1975). Agsed for calculation: 1950Ma
Aslg50 | Qtz-Ap-Dol-rock | | | 225 | 25

Arbarastakh (690-720Ma, Glagolev and Korchagin, 1B4) Age used for calculation: 675Ma.

Arb273 Dol-Cal-carbonatite 7.6 -5.0 7.9 -4.6
Arb275 Phl-Cal-carbonatite 9.3 -5.3
Ingili (648-704Ma, Orlova et al., 1986) Age usefbr calculation: 665Ma.
Ing314 Bio-Cal-carbonatite 8.1 -6.6
Ing309 Bio-Cal-carbonatite 8.0 -6.5

Fluo-Cal-
Ing42/50 carbonatite(later stage) 13.0 -5.9 13.9 -5.4
Sette-Daban Range/
Ozernyi (280-350Ma, El'yanov and Moralev, 1961) de used for calculation: 360Ma.
Gol Phl-Cal-Dol-carbonatite | 8.5 -4.7 8.3 -4.4
Go2 Dol-carbonatite 17.8 -2.5
Primorye region
Koksharovskii  (135-145Ma, Rub and Levitsky, 1962) Age used for calculation: 165Ma.
Ksh22 Cal carbonatite 11.2 -4.2

Note. Abbreviation for minerals: Cal:calcite; Dol:.dolot&; Ank:ankerite; Ol:olivine;
Bio:biotite;  Phl:phlogopite;  Aeg:aegirine;  Ap:ap&¥; Fluo:fluorite;  Qtz:quartz;
Trem:tremolite; Sodic amph:sodic amphibole; Chahawite; Benst:benstonite.

Concentrations of rare-earth elements of the caties were determined by
the instrumental neutron activation analysis at Research Reactor Institute of
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Kyoto University following the procedure describbg Koyama and Matsushita
(1980).

RESULTS

The results of carbon and oxygen isotopic analigsigresented in Table 1,
and those of Sr and Nd analysis in Table 3. Rarttelement analyses are given
in Table 2.

Maimecha-Kotui province
Guli(Gulinskii) body.

Initial Sr and Nd isotopic compositions of the carhtites from the Guli body
are plotted in the upper left (depleted) quadranthie eNd versuseSr diagram
(Fig.5). With the exception of sample 823/2, carlaond oxygen isotopic ratios of
the rocks fall within or near the infatrmantle CQfield (Fig.3). Chondrite

Table 2.

Rare earth element analyses of the carbonatites fBiberia.

La Ce Nd* Sm* Eu Th Yb Lu
(epm)  J(epm) | (epm) | (ppm) | (ppm) | (ppm) | (PPM) | (PPM)

Complex Sample

Maimecha-Kotui province

Guli Gl 95.9 99.7 32.3 5.57 1.82 0.80 1.41 -
Essei 2014/14 | 63.9 105.0 48.9 7.68 2.08 0.97 0.99 -
Enisei province

Kiiskii K240 55.7 131.0 66.1 11.6 3.00 3.02 - 2.58

Srednetatarskii  [1704/27 | 32.6 72.2 32.4 5.00 1.22 0.32 - -
East Sayan province
Bolshetagninskii [BT1 61.3 79.4 19.9 2.21 0.64 -
BT5 97.9 118.0 41.2 6.36 1.95 0.92 0.89 0.14

Nizhnesayanskii [HC2a  [296.0 | 803.0 [ 320 49.2 12.0 8.85 4.46 0.82

Zhidoy Zhd327 | 419 804 348 46.6 10.6 3.85 6.05 0.99

Baikal province

Burpalinski —— |BUrSLl2ly76 322|146 | 410 | 350 | 093 | 262 | 0.34

Aldan alkali province

Malomurunskii  |Murl43 | 224 377.0 117 15.0 3.20 - - 0.56
Murl86 |[59.6 83.2 22.2 2.33 0.54 0.18 0.51

Khani Khn206 | 1190 2320 1060 146 30.1 12.2 2.47 0.97

Seligdar Aslg50 |[470 - 403 49.7 9.21 - - 0.35

Arbarastakh Arb273 [201 - 453 66.7 11.5 - - -

Ingili Ing314 | 551 1190 522 74.2 17.9 6.67 5.67 0.95

Sette-Daban Range

Ozernyi |Gol [192 360 | 150 | 19.4 | 451 | 146 | 0 | 0.34

Primorye region

Koksharovskii  |[Ksh22 [361  [609 | 228 | 344 | 917 | 411 | 575 | 1.13

Note. (-)not detected. * Isotope dilution analysis.
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Sr and Nd isotopic results for the carbonatitesyirSiberia. Table 3.
147, 14 14

smo(Nd fuan 1443,'1‘13/ 1443,'1‘13/ R[St |"Rufsr |"susr sifsr | |
Sample (ppm) | (ppm) (atomic) l(JTe%a)s' (initial)  |(ppm) (ppm) (atomic) measurec |(initial)
Guli (230Ma)
G1 5.57 [32.3 [0.1042 0.512fM5125814.3 [7370 | 0.0056 | 0.70309 0.70307 4.7 -1p.4
G2 34.3 [234 [0.0889 0.512j81512610.62 [4370 | 0.0004 | 0.70321 0.70321 §.2 -14.5
G3-4 [12.0 [80.8 | 0.0895 0.512{85126(Q1.24 [3720 | 0.0010 | 0.7031¢ 0.70315 §.1 -1p.2
Essei (230Ma)
2000/8f [8.69 [45.5 | 0.1155 0.51268512522.80 [2890 | 0.0028 | 0.70344 0.70343 3.5 -1j..3
2014/14 |7.68 [48.9 | 0.0950 0.512j®512581.18 [4190 | 0.0008 | 0.70334 0.70333 4.7 -1p.7
Kiiskii (250Ma)
K240 [11.6 [66.1 | 0.1062 0.512655124810.6 [928 | 0.0331 | 0.70400 0.70398 3.2 -4|5
Srednetatarskii (640Ma)
162/35 [93.5 |[552 | 0.1024 0.5128m5120845.2 [7220 | 0.0181 | 0.70268 0.70242 4.1 -1J7.4
1704/27 |5.00 [32.4 | 0.0943 0.512§0512111.38 [6690 | 0.0006 | 0.70233 0.70233 4.7 -2p.2
Bolshetagninskii (600Ma)
BT1 2.21 [19.9 [0.0677 0.512fm512030.90 [645 | 0.0040 | 0.70438 0.70434 33 7.
BT34 [2.31 [25.6 | 0.0549 0.512¥5120483.9 [1550 | 0.1566 | 0.70439 0.70305 3.7 -1p.6
BT5 6.36 [41.2 [0.0932 0.5128¥512000.59 [429 | 0.0040 | 0.70662 0.70658 4.7 39.7
Nizhnesayanskii (600Ma)
HCib [39.5 [240 | 0.0999 0.512455120722.0 [4040 | 0.0157 | 0.70318 0.70305 4.0 -1p.6
HCic [16.4 [130 | 0.0764 0.5128%51205362.0 [5800 | 0.0309 | 0.70321 0.70294 3.6 -1p.1
HC2a [49.2 [320 | 0.0930 0.51288512031.46 [6850 | 0.0006 | 0.70304 0.70304 3.2 -1p.7
HCéw [37.5 [307 | 0.0739 0.5128m512030.65 [8690 | 0.0002 | 0.70308 0.70347 4.9 -1p.2
HC6g [43.4 |510 |0.0519 0.512#%512050.45 [11300] 0.0001 | 0.70308 0.70393 3.7 -10.9
Verhnesayanskii (600Ma)
C1/1  [26.0 [158 | 0.0994 0.5124®512098.28 [6940 | 0.0035 | 0.70295 0.70292 4.5 -1p.4
CC86/7 |19.4 [118 | 0.1001] 0.5128m51211152 [1580 | 0.2783 | 0.70547 0.70309 4.7 -1p.0
CC113/3[22.7 [139 | 0.0985 0.5124¥5120913.9 [5400 | 0.0074 | 0.70308 0.70297 4.3 -1j.7
Zhidoy (600Ma)
Zd316/3 [57.4 [393 | 0.0883 0.512#1512040.48 |[13600| 0.0001 | 0.70300 0.70300 3.8 -1h.2
zhd327 [46.6 [348 | 0.0810 0.512§8512012.65 |7770 | 0.0010 | 0.70318 0.70317 2.8 -§8
Burpalinskii (300Ma)
Br311/21/4.10 |14.6 | 0.1694 0.5126511931.37 [3230 | 0.0012 | 0.70851 0.70891 -6/3 §1.9
Malomurunskii (145Ma)
Mur143 [15.0 [117 | 0.0777 0.5118B5112515.7 [41400] 0.0011 | 0.7069#4 0.70694 -2B8.4 B7.0
Mr36/52 [25.2 [199 | 0.0764 0.5114151134152 [27200] 0.0162 | 0.70711 0.70708 -21.8 B9.0
Mur173 [9.39 [69.5 | 0.0817 0.5118B5112855.5 [23400| 0.0069 | 0.7072# 0.70722 -2p.9 h1.1
Mr137/5[2.84 [18.3 | 0.0937 0.511885113015.7 [4730 | 0.0096 | 0.7068) 0.70678 -22.5 B4.8
Mr1052/24.62 |46.2 | 0.060§ 0.511855115925.5 [29600| 0.0025 | 0.7068L 0.70681 -165.8 B5.2
Mur186 [2.33 [22.2 | 0.0639 0.511f®5112350.1 [8060 | 0.018 0.70731 0.70737 -23.9 $#1.7
Khani (1835Ma)
Khn205 [74.0 [539 | 0.0831] 0.5104750946126 [4370 | 0.0837 | 0.70671 0.70440 -15.7 B1.1
Khn206 [146 [1060 | 0.0834 0.510425094216.1 [4790 [ 0.0097 | 0.70531 0.70506 -16.6 B9.0
Seligdar (1950Ma)
Aslg50 [49.7 [403 ] 0.0745 0.5108m509891.69 [149 [0.0328 | 0.7075¢6 0.70644 -5]3 3.6
Arbarastakh(675Ma)
Arb273 [66.7 [453 | 0.0890 0.51282512131.65 |[7980 [ 0.000§ 0.702f0D70249 7.0| -17.2
Arb275 [39.8 [279 ] 0.0860 0.512§15121428.5 [3480 [ 0.0237 0.7028R70260 7.0| -15.7
Ingili (665Ma)
Ing314 [74.2 [522 | 0.0860 0.5128M5121348.2 [12200 | 0.0114 0.702/8770246 6.8] -17.4
Ing309 [58.0 [393 | 0.0893 0.512§15121244.1 [6600 [ 0.0193 0.702§¥70239 6.7| -18.9
Ozernyi (360Ma)
Gol  [19.4 [150 | 0.077§ 0.5126%5124634.2 [3690 | 0.026d 0.703[270298 | 5.5] -15.4
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End of Table 3.

147, 14 14
sm  |Nd 1442[1”’ 14413'33’ 14413'33’ Rb Sr “ROSr  [fsisr  |Psrsr

Sample Nd |Sr

(Ppm) | (ppm) | (atomic) l(JT:da)S

Go2 _ |1250 | 16800 | 0.0450 0.5128B512420.56 |1530 | 0.0011 0.703[%70376 | 4.8] -4.5

Koksharovskii (165Ma)
Ksh22 [34.4 [228 |0.0912 0.51281512711.83 [10300| 0.000§ 0.703@B70363 | 5.6/ -9.6

(initial)  [(ppm) (ppm) (atomic) |(measurec |(initial)

normalized rare-earth element pattern for the Galbonatite is similar to that of
common carbonatites from the world [for example)shie et al., 1988] (Fig.1).
Calcite and dolomite in sample 823/2 show slighilyhe$'®0 value than that of
the mantle CQ The sample contains numerous drusy cavities;iwinidicates the
crystallization of the carbonate minerals at |atage

Essei body.

The Essei carbonatite has chemical and isotoptaresgenerally similar to those
of the Guli carbonatite (Figs. 1, 3, 5). Howevéme tarbon and oxygen isotopic
variation is smaller than that of the Guli carbateat

Enisei province

Kiiskii body.

The initial Sr and Nd isotopic compositions of tkeskii carbonatite fall in the
slightly depleted field in theNd versus:Sr diagram. Thé'®0 value for the calcite
in the sample is 4.7%o, which is unusually low farlwonatites(Fig. 3, solid square)
The chondrite-normalized REE pattern for the sangpkiso unusual (Fig.1, solid
square). Kogarko et al. (1995) has described thaha rocks from the Kiiskii
body were intensively altered.

Srednetatarskii (Tatarsk) bodyTwo samples (162/35, 1704/27) out of three
have carbon and oxygen isotopic compositions sinidhose of the mantle GO
(Fig. 3, open circle). Their initial Sr and Nd ispic ratios are plotted in the
depleted quadrant in tbld versusSr diagram (Fig. 5, open circle)). Another
sample (237/10) show remarkable enrichmerif@in both calcite and dolomite.
The C and O isotopic data are plotted in the inésliate position between the
mantle CQ and marine limestone field (Fig. 3, open circ®).and Nd isotopic
compositions for the sample, however, were notinbth

East Sayan province

Bolshetagninskii (Tagna) body.
Five samples from the Bolshetagninskii body wermgtogically analyzed.
Most samples underwent intensive alteration andrs#ary minerals such as
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hematite occur in the rocks. Carbon and oxygemsotratios of the rocks deviate
significantly from the range of mantle GOThey are plotted just intermediate
position between the mantle @@nd marine limestone fields (Fig. 3, solid circle)
eSr value for the rocks vary widely; it ranges fref©.6 to +39.7 (Fig.5, solid
circle). Sample BT3-4 has Sr concentration of 150@nd it has the lowes&r
value of -10.6. Sample BT5, which is the latestboaate vein in hematitic
carbonatite, has the higheStr value (+39.7) and the lowest Sr contents (429ppm
Sample BT1 has intermediate value bothe8r and Sr contents. Thus we can
conclude that, for the carbonatites from the Bdkipeinskii body,eSr value
increased with the decrease in whole-rock Sr cagsiten

Nizhnesayanskii (Belozima) body.

Except for one sample (HC-7), carbon and oxygetoso compositions of
the carbonatites from the Nizhnesayanskii bodypéotted within the mantle CO
field(Fig. 3, plus). The initialSr andNd values for the rocks are plotted in the
depleted quadrant in theNd versusSr diagram (Fig.5, plus). TREO value of
sample HC-7 is higher than any other sample froenbibdy. HC-7 contains drusy
cavities, which were produced by leaching. Thugeweock interaction must have
occurred after the crystallization of the rock.

Verhnesayanskii(Sredneziminskii) body.
Three carbonatite samples from the Verhnesayabskiy were isotopically
analyzed. Rare-earth element analysis wasmmade for the rocks. Carbon and
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Fig. 1. Chondrite-normalized rare-earth patterns for theoGp 1 carbonatites.
(Footnote) Chondrite values are those of Taylad &orton (1977).
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oxygen isotopic compositions for the samples aottqad within mantle C@field
(Fig.3, open plus). linitial Sr and Nd isotopicioatfor the rocks are plotted in the
depleted quadrant in theNd versuseSr diagram (Fig.5, open plus). These
carbonatite samples show little variations in Srd, NC and O isotopic
compositions.

Zhidoy body.

Zhidoi carbonatite has the same isotopic featurss ttee Verhnesayanskii
carbonatite. Further isotopic data for the bodyehaeen presented in Morikiyo et al.
(2000), where they have interpreted the large tiarian Sr concentrations agfér values
seen in the Zhidoi carbonatites as being due tordiselts of carbonatite-carbonatite
mixing.
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Fig. 2. Chondrite-normalized rare-earth patterns for tBeoup 2 carbonatites.
(Footnote) Chondrite values are those of Taylad &orton (1977).
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Fig. 3. Carbon and oxygen isotopic compositions for theuprl carbonatites.
(Footnote) Abscissa®0 values(%o) relative to SMOW. Ordinat&’C values (%o) relative to
PDB.
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Baikal province

Burpalinskii(Burpala) body.

The carbonate rock from the Burpalinskii body hags%r andeNd value of
+61.9 and -6.3, respectively. The data fall inltweer right (enriched) quadrant of
thesNd versusSr diagram. But the data for the rock is not shaomvthe figures,
because, as described later, there is a doubt aisoortigin. Carbon and oxygen
isotopic ratios &C=-1.8%0p'°0=12.8%0) plot in the intermediate position
between the mantle G@nd marine limestone fields (also not shown either
Fig.3 or Fig.4). REE concentrations of the sampéeramarkably low as compared
with common carbonatites. The chondrite-normaliREtE pattern for the sample
is almost flat and it shows positive Eu anomaly.
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Fig. 4. Carbon and oxygen isotopic compositions for tiheup 2 carbonatites.
(Footnote) Abscissa‘®O values (%o) relative to SMOW. Ordinaf€C values(%o) relative to
PDB. Inferred mantle CgXield was taken from Nelson et al.(1988).
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Aldan alkali province

Malomurunskii (Murun) body.

The carbonatite samples from the Malomurunskii bady distinct, because
they have negative, very loeNd values and positive, higébr values (Fig. 6,
heavy cross). The Sr and Nd isotopically enricheature of the Malomurunskii
carbonatites has already been reported by Mitokelal. (1994). Carbon and
oxygen isotopic ratios for the carbonatites (Fighdavy cross) are close to the
range of mantle C£ but the data points of the both Malomurunskiiafhecross)
and Khani (open circle) bodies are plotted at daffie position from those of other
carbonatites from Siberia. It is noteworthy tha¢ tllalomurunskii and Khani
carbonatites have lowest™C values among the carbonatites from Siberia.
Chondrite-normalized REE patterns of the carboesmttre not different from those
of common carbonatites from the world (Fig. 2).

Khani body.

The Khani carbonatite has quite similar isotopicatiiees to the
Malomurunskii carbonatite in both radiogenic (Srdamd, Fig. 6) and
stable(carbon and oxygen, Fig. 4) isotopes. Howedheremplacement age of the
two bodies is completely different. The age of Kieani body is 1818-1870Ma
[Bogatikov et al., 1991], while that of the Malormuaskii body is 130-138Ma
[Orlova, 1990; Bogatikov et al., 1991].

Seligdar.

The carbon and oxygen isotopic ratios ratidSq=2.5%0p %0=22.5%o) for
the sample from the Seligdar apatite ore field ifallhe marine limestone field in
the3'®0 versuss'®C diagram. But the data are not shown in the figuwe this
paper. The dolomite, quartz and apatite graitkersample carry many two phase

10

¥ Malomurunskii

5 O Khani

Fed

red

-5 i 28 50

Fig. 6. InitialeNd versusSr for the Group 2 carbonatites.
(Footnote) Absissa: Initiabr(t) values. Ordinate: InitiaNd(t) values.
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(vapor+liquid), aqueous fluid inclusions. Thudsitonceivable that these minerals
were precipitated from a hydrothermal solution.haligh the REE concentrations
as well as chondrite-normalized REE pattern of sample are compatible with

those of common carbonatites, we regard the roclobsarbonatite.

Arbarastakh body.

Carbon and oxygen isotopic compositions for the@asifrom the Arbarastakh
body fall in the range of mantle GQ-ig. 3, plus-like symbol). Initial Sr and Nd
Isotopic ratios are plotted in the depleted quadnarine eNd versusSr diagram
(Fig.5, plus-like synbol). The Arbarastakh carbdeat possess the highestd
values (+7.0) among all the carbonatites from &Hdrhe concentrations of light
REE for sample Arb273 are similar to those of comroarbonatites, but those of
heavy REE were not obtained.

Ingili body.

Two samples (Ing309, 314) have Sr, Nd, C and sotfeatures similar to those
of the Arbarastakh carbonatite (Figs. 3, 5, crosgnother sample, Ing42/50,
shows remarkable enrichment i in both calcite °0=13.0%0) and dolomite
(8"%0=13.9%0). The sample contains fluorite, which islicative of later-stage
crystallization.

Sette-Daban Range

Ozernyi (Gornoozerskii) body.

Two samples from the Ozernyi body were isotopicahalyzed. One (sample
Gol) has carbon and oxygen isotopic compositionsecto those of mantle GO
and has positivdNd and negatiwesr values (Figs.3, 5, square with solid circle).
Another sample (Go2) has much higher isotopic satioboth carbon and oxygen.
It is noteworthy that sample Go2 has also higieralue than sample Gol. Thus
we may generalize thaSr value of the carbonatite increased ¥/4t® . Although
the rise imSr value from samples Gol to Go2 is seen, thepsottata of Go2 are
still plotted in the depleted quadrant in tidd versusSr diagram (Fig. 5, square
with solid circle).

Primorye region

Koksharovskii body.

The sample Ksh22 has relatively hgtD (11.2%., Fig. 3, sharp). But the initial Sr
and Nd isotopic ratios fall in the slightly depleétéeld in theeNd versuseSr

diagram (Fig. 5, sharp). Another carbonatite sanmae the body, which is not
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described in this paper, contains an yellowishdamacarbonate vein of probably
hydrothermal origin. Theéd*®0 value for the vein is 20.1%. , which value is
distinctly high for carbonatites [Morikiyo, in pragation]. It has been reported that
the rocks in the body underwent various degreesmefasomatic alterations
[Zalishchak, 1969].

DISCUSSION
1. Classification of the Siberian carbonatites acding to isotopic features.
On the basis of Sr, Nd, C and O isotopic featufesadbonatite samples, Siberian
carbonatites are classified into four groups, 1a,1t, and 2. As will be discussed
below, we conclude that the differences betweerihaand 1c were caused by the
secondary process and that group-1la, -1b, -1c catibes were derived from Sr
and Nd isotopically similar mantle source. Thuyugp-1a, -1b, -1c carbonatites
are put together and are designated as Group areartes.
A Carbonatites derived _ from _ slightly depleted _mamntl source
(Group 1 carbonatites).

Group la carbonatites: Many carbonatites from Siberia have carbon and
oxygen isotopic compositions similar to those ofmtle CG, and have initial Sr
and Nd isotopic ratios correspondent to those efslightly depleted mantle. The
carbonatite bodies showing the above isotopic featuypically are the Essei,
Nizhnesayanskii, Verhnesayanskii, Zhidoy, and Aaktakh bodies. These
carbonatite bodies are designated as Group laraitss. The Guli and Kiisk
bodies may be included in this Group, althoughrtbharbon and oxygen isotopic
ratios are slightly different from those of mar@e..

Since their carbon and oxygen isotopic ratios athin or near the mantle
CO, field, we can consider that the carbonatites dat ondergo crustal
contamination during their emplacement. Thus ti@iral Sr and Nd isotopic
ratios must represent the geochemical nature ofsthece for the rocks. The
source material for the Group la carbonatitesasstightly depleted mantle, which
Is similar to that for some ocean-island basalts.

Group 1b carbonatitesThree samples from the Ingili body are plottetinat
different positions separately in t&°0 versuss'®C diagram. Two samples are
plotted within the mantle C{rield, whereas another one is obviously outside th
field. The latter has highérlSO value than the mantle GOrhe initial Sr and Nd
iIsotopic ratios of the former samples fall in theame range as Group la
carbonatites (i.e., slightly depleted mantle soutekd). The carbonatite bodies
showing the similar isotopic features to the Ingbdy are Srednetatarskii body
and probably, Koksharovskii body. These bodies dasignated as Group 1b
carbonatites. The Ingili carbonatite having high® value (Ing42/50) carries
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fluorite. The carbonatite from the Koksharovskidgcshowing highep'®0 value
has yellowish secondary carbonate vein of hydratlérorigin [Morikiyo, in
preparation]. Concerning to the Srednetatarskiybtte occurrence of widespread
hydrothermal alteration has been described [Kogakal., 1995]. These facts
make us to consider that the increase #°0 is due to the results of the
crystallization of carbonatitic magma to hydrothalrstage, and that the primary
Sr and Nd isotopic features for the bodies are lamto those of Group la
carbonatites. Morikiyo et al. (1990) described éx¢reme’®O enrichment in the
Catalao | carbonatite in Brazil and concluded that carbonates with extremely
high 8'°0 values were precipitated from low-temperaturerbgreermal fluids.

Group 1c carbonatitesin the case of Ozernyi body, one of the two samples
(Go2) has carbon and oxygen isotopic ratios clostha@se of marine limestone.
ItseSr value is higher than that of the sample Gol Oy It the case of the
Bolshetagninskii body, the variation ¢br value is very large, ranging from -10.6
to 39.7. ThesSr value increases with the decrease of whole-8rckontents, as
described before. The carbon and oxygen isotopiosréor the rocks fall in the
intermediate position between mantle £fd marine limestone fields. The high
eSr and highs'®0O values found in these bodies are interpreteceasytdue to the
results of crustal contamination in carbonatitiegma. However, the detailed
process of the contamination is not well understood

Although the isotopic compositions of the OzernyidaBolshetagninskKii
bodies have been modified as the results of crustatamination, we can still
estimete the primary Sr and Nd isotopic signat@ioeshe carbonatites from the
variation trend okSr an@dNd values. It is concluded that the primary carlib@a
magma for the Ozernyi and Bolshetagninskii bodiesl I5r and Nd isotopic
characters similar to those of the Group la cartitessa

B. Carbonatites derived from the enriched mardiecse

(Group 2 carbonatites).

The carbonatites from the Malomurunskii and Khandibs have negative,
very loweNd and positive, higlaSr values. The carbon and oxygen isotopic ratios
for the rocks are almost similar to those of thentieaCQ. Since Sr and Nd
concentrations of the carbonatites are remarkaigly, it is not possible to ascribe
these enriched isotopic features to the resultsustal contamination. Therefore, it
Is concluded that the Malomurunskii and the Khearbonatite bodies were
derived from the enriched mantle source. The sapmelasion has already been
described for the Malomurunskii body by Mitchetlal. (1994).

The carbonate rock from the Burpalinskii body adbows positive, higtsr
value. However, the Sr and Nd isotopic rastios plahe different position from
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those of the Malomurunskii and the Khani bodieghieeNd versusSr diagram.
Furthermore, REE contents of the sample are low darbonatites and the
chondrite-normalized REE pattern is unusual. Stheenumber of sample studied
is only one for the Burpalinskii body, it is noiear whether or not the chemical
and isotopic features obtained in this study isineic to the body. There is a
possibility that the studied sample is not carbibaat

2. The site of generation of the parental meltsdarbonatite. Lithosphere
versus asthenosphere.

As described above, most of the Siberian carb@saftEroup 1 carbonatites)
were derived from the slightly depleted mantle. Butwas found that the
Malomurunskii and Khani bodies (Group 2 carbongjiteere derived from the
enriched mantle source. Although both of them ocdecuthe Western Aldan
subprovince, their ages are completely differehie €mplacement age is 130-138
Ma for Malomurunskii and 1818-1870 Ma for Khani Ibex] respectively. If the
above ages are true, then this leads to the coowclukat isotopically similar
magmatism occurred at the particular area at @iffelage. This fact does not
support the view that carbonatite magma origin&tech a mantle plume from the
asthenosphere. Instead, the fact favors the vieat ¢tArbonatite magma was
generated at the subcontinental lithospheric matttie presumed that the unusual
enriched mantle is quite locally distributed in thestern Aldan subprovince, and
that the site of generation of parental carbomatitiagma is subcontinental
lithospheric mantle. In order to confirm this ingegtation, it is necessary to re-
determine the age of the Khani body and to obtaiard Nd isotopic data for the
other alkaline bodies occurring in the Western Aldabprovince, such as Molbo,
Bolshemurunskii, Dogaldynskii, and Yuzhnosakunbkidies.

CONCLUSION

1. The geochemical nature of the source materialsttier Siberian
carbonatites are, mostly the slightly depleted ieasitnilar to the source of some
ocean-island basalts.

2. The unusual enriched mantle is locally distributedthe Western
Aldan subprovince.
3. The site of carbonatite generation is considerebdetsubcontinental

lithospheric mantle region.
The investigations were supported by the RFBR (gra-05-65288, 01-05-
67243 - Baikal).

85



T. Morikiyo, T. Miyazaki, H. Kagami, N. Vladykin, Ehernysheva, L.Panina, N. Podgornych

ACKNOWLEDGEMENTS

One of the authors, Morikiyo, wishes to expressapipreciation to Dr. A. P.
Berzina of the Institute of Geology and Gephysi€#herian Branch of the
Academy of Sciences, Russia, for her consideratdestance. The authors would
like to thank Prof. Y. Miyake and Prof. M. Musashifor their help in neutron
activation analysis.

REFERENCES

1. Arkhangelskaya, V.V. (1974) Rare-metal alkaline complexes of the sauthe
margin of the Siberian platform. Nedra, Moscow, 3128

2. Bell, K. and Blenkinsop, J. (1989) Neodymium and strontium isotope
geochemistry of carbonatites. In: Carbonatites|(BelEd.). Unwin Hyman, London, 278-300.

3. Bell, K., Kjarsgaard, B.A. and Simonetti, A. (1998) Carbonatites-Into the
twenty first century. Jour. Petrol., vol. 39, 18BM5.

4. Bogatikov, O.A., Ryabchikov, I.D. and Kononova, V.A (1991) Lamproite.
Nauka, Moscow, 320pp.

5. Butakova, E.L. (1979) Regional distribution and tectonic relatiafshe alkaline
rocks of Siberia. In:The Alkaline rocks (SorensenEd.). John Wiley and Sons, London, 172-
189.

6. Chernysheva, E.A., Sandimirova, G.P., Pahol'chenkd).A. and Kuznetsova,
S.V. (1992) Rb-Sr age and some specific features ofgeresis of the Bolshetagninskii
carbonatite complex (East Sayan). Doklady of th&R3\cademy of Sciences. Earth Sci.Sec.,
vol.323, 942-947.

7. DePaolo, D.J.(1988) Neodymium isotope geochemistry: Springerade New
York, 187pp.

8. El'yanov, A.A. and Moralev, V.M. (1961) New data on the age of the ultramafic
and alkaline rocks of the Aldan Shield. Doklady Aemii Nauk SSSR, vol.141, 687-689.

9. Glagolev, A.A. and Korchagin, A.M. (1974) Alkaline-ultrabasic massifs.
Arbarastakh and Inagli. Nauka, Moscow, 176pp.

10. Goldstein, S.L., O’'Nions, R.K. and Hamilton, P.J.(1984) A Sm-Nd study of
atmospheric dusts and particulates from major rsgstem. Earth and Planetary Sci. Lett.,
vol.70, 221-236.

11. Kogarko, L.N., Karpenko, S.F., Lyalikov, A.V. and Teptelev, M.P. (1988)
Isotopic criteria for the origin of melteigite magtism (Polar Siberia). Doklady Academii Nauk
SSSR, vol.301, 939-942.

12. Kononova, V.A. (1976) The jacupirangite-urtite series of alkalieks. Nauka,
Moscow, 214pp.
13. Koyama, M. and Matsushita, R. (1980) Use of neutron spectrum sensitive

motions for instrumental neutron activation anay®ull.Inst. Chem.Res., Kyoto Univ., vol.58,
235-243.

14. McCrea, J.M. (1950) On the isotopic chemistry of carbonates and
paleotemperature scale. Jour. Chem. Phys., v@4®2857.

86



Alkaline magmatism and the problems of mantle sssirc

15. Mitchell, R.H., Smith, C.B. and Vladykin, N.V. (1994) Isotopic composition of
strontium and neodymium in potassic rocks of thdd_Murun complex, Aldan Shield, Siberia.
Lithos, vol.32, 243-248.

16. Miyazaki, T. and Shuto, K. (1998) Sr and Nd isotope ratios of twelve GSJ rock
reference samples. Geochem. Jour., vol. 32, 305-35

17. Morikiyo, T., Hirano, H. and Matsuhisa, Y. (1990) Carbon and oxygen isotopic
composition of the carbonates from the JacupiramghCatalao | carbonatite complexes, Brazil.
Bull. Geol. Surv. Jpn, vol.41, 619-626.

18. Morikiyo, T., Miyazaki, T., Kagami, H., Vladykin, N .V. (1998) Sr, Nd, C and
O isotope characteristics of Siberian carbonatitésinese Sci. Bull., Supp., p.90.

19. Morikiyo, T., Takano, K., Miyazaki, T., Kagami, H., Vladykin, N.V. (2000)
Sr, Nd, C and O isotopic compositions of carbomaasihd peralkaline silicate rocks from the
Zhidoy complex, Russia: evidence for binary mixihiguid immiscibility and a heterogeneous
depleted mantle source region. Jour.Mineral.P&cal vol.95, 162-172.

20. Nelson, D.R., Chivas, A.R., Chappell, B.W., McCulich, M.T. (1988)
Geochemical and isotopic systematics in carborsatited implications for the evolution of
ocean-island sources. Geochim. Cosmochim. Act&h2,0l-17.

21. Orlova, M.P., Ardontsev, S.N. and Shchadenkov, E.M.(1986) Alkaline
magmatism of the Aldan Shield and its specific mafegical features. In: Geology and
geochemistry of the ore-bearing magmatic and metaso associations from the Maly BAM
area (Frumkin, I.M. Ed.). Yakutia Branch of théo&ian Division of the USSR Academy of
Sciences, Yakutsk, 4-12.

22. Orlova, M.P. (1990) Mesozoic stage of magmatism. In: Potasskaline
magmatism of the Baikal-Stanovoy rift system (Pkbxa G.V. and Kepezinskas, V.V. Eds.)
Nauka, Siberian Division of the USSR Academy of&ces, Novosibirsk, 65-123.

23. Plyusnin, G.S., Kolyago, Ye.K., Pakhol'chenko, Yu.A Almychkova, T.N. and
Sandimirova, G.P. (1990) Rubidium-strontium age and genesis of thigakalkalic pluton,
Enisei Ridge. Doklady Earth Sci. Sec., Amer. Gawdt., vol.305, 207-210.

24. Rub, M.G. and Levitsky, V.V. (1962) Petrological-geochemical features of the
Koksharovka massif of ultrabasic-alkaline rockshmpbst magmatic products. Alkaline rocks of
Siberia. Publishing House of the USSR Academy adig&es, Moscow, 99-124.

25. Sharma, T. and Clayton, R.N. (1965) Measuremen©$fO™ ratios of total
oxygen of carbonates. Geochim. Cosmochim. Acta29pll347-1353.

26. Smirnov, F.L., Entin, A.R., Ugrumov, A.N. and Burnaikin, A.l. (1975)
Precambrian apatite mineralization at the faultezonf the central part of the Aldan Shield.
Phosphorite of Yakutia. Yakutsk, 53-74.

27. Sveshnikova, E.V., Semenov, E.I. and Homykov, A.P.(1976) The
Transangarsky alkaline massif, its rocks and mlaeNauka, Moscow. 80pp.

28. Taylor, S.R. and Gorton, M.P.(1977) Geochemical application of spark source
mass spectrography-. Element sensitivity, precigiod accuracy. Geochim.Cosmochim.Acta,
vol.41, 1375-1380.

29. Zalishchak, B.L. (1969) Koksharovskiy massif of ultramafic and étkarocks
(South Primorye). Nauka, Moscow, 116pp.

87



V.V. Sharygin

Lamproites: a review of magmatic inclusions in mineals

V.V. Sharygin

Institute of Mineralogy and Petrography, SB RASptioga Pr. 3, 630090 Novosibirsk, Russia.
sharygin@uiggm.nsc.ru

In this paper diverse petrographic types of woddhproites are reviewed and
discussed in context of magmatic inclusions in mafse According to high- and low-
temperature thermometry of fluid and silicate maltlusions, olivine lamproites
began to crystallize under T>>11@0%and P=4-6 kb with formation of olivine
phenocrysts. In leucite and sanidine lamproitesnpbiysts appeared at T>1200°
and groundmass minerals — at T=950-110(tudy of inclusion glasses in minerals
has shown that there is a common compositionaldtren olivine and leucite
lamproites from different occurrences (W.Kimberlegucite Hills, etc.). Initial melt
evolution during their crystallization had an adjairend and was towards gradual
depletion in A}JO3;, CaO, MgO, FOs and enrichment in SK) FeG, BaO, TiQ,
ZrO,, alkalis. This resulted in the formation of K-rigi-undersaturated or Al-free
silicates and K-Ba-titanates on the late stagesdi crystallization. According to
cryometric, microprobe and Raman studies, volatdenponents such as F, Cl, S,
CO,, Ny, and HO played a significant role in the evolution ofrpary lamproitic
magmas. In some cases, sulfide melt may be imnhysséparated from silicate melt
at early stage of lampoite magma evolution. Moreowarbonate melt and aqueous-
saline fluid (or melt) may be separated from sikclquid during the latest stages of
lamproite crystallization. Lamproitic rocks fromrse localities of SE Spain (verite,
fortunite) contain only inclusion glasses differeimt composition to those in
lamproites from other localities. They are not atypand have shoshonite-dacitic
affinity.

In general, the evolution of lamproitic magma dgrorystallization differs strongly
from that of other potassic liquids (in particulahoshonite and K-basaltoid) in its
peralkaline trend. Melt evolution during crystadiion of these potassic rocks had a
strong miascitic trend and was directed towardsaaupl increase of SYOAILOs,
alkalis and depletion in FeOMgO, CaO, TiQ and ROs.

Silicate melt inclusions in lamproite minerals @ntdaughter phases. In general, the
majority of them are similar in composition to tp@undmass minerals of the rocks,
whereas chemistry of kalsilite is very specific.isTmineral from lamproites is poor
in Al,O3 and rich in MgO (up to 4.2 wt.%), §@; (up to 8 wt.%) and Si9O(up to
43.4 wt.%), and to be magnesioferrikalsilite. Ch&tnyi of sulfide blebs in early
lamproite minerals and conditions of the appearacal-spinel in lamproites are
also considered.
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INTRODUCTION

Thermobarogeochemical investigations of diverseeagis rocks provide
insight into the physicochemical conditions of rockystallization in each
particular case [Roedder, 1984; Sobolev, 1996]eEigfly it is very important for
such unique rocks as lamproites. The origin ofdhEerpotassic rocks has attracted
the attention of many scientists due to their diadh@otential and exotic
mineralogy and geochemistry.

Magmatic inclusions in lamproite minerals may devichto silicate melt, fluid,
sulfide and crystal species, including their comlions. They have been studied
in lamproites from famous occurrences such as tlest\ViKimberley province
(Western Australia), Leucite Hills (Wyoming, USAjmoky Butte (Montana,
USA), Prairie Creek (Arkansas, USA) and the Mumlmeria province (SE
Spain). In general, this paper represents a l#igéw of magmatic inclusion study
of lamproites carried out by the author and otmesgarchers during last 15 years
[Bogatikov et al., 1991; Logvinova, Sobolev, 1984tchell, 1991; Ryabchikov et
al., 1986; Salvioli-Mariani, Toscani, 2001; SalwMariani, Venturelli, 1996;
Salvioli-Mariani et al., 1991; Sharygin, 1991; Sjwn, 1997; Sharygin, 1998;
Sharygin, Bazarova, 1991; Sharygin, Pospelova, ;1888rygin, Vladykin, 1994;
Sharygin, et al., 1998; Sobolev et al. 1985; Sobefeal., 1989; Sobolev et al.,
1975; Solovova et al., 1989; Solovova et al., 1988]

ANALYTICAL METHODS

The various analytical techniques have appliecheyauthor during magmatic
inclusion study. Double-polished rock sections bbwt 50-100 pum in thickness
were used for optical microscopy in transmitted aefected light. The JEOL
JSM-35 scanning electron microscope (SEM) and relectmicroprobe
CAMEBAX at the United Institute of Geology, Geoplogs and Mineralogy,
Novosibirsk were used to identify crystalline preasd magmatic inclusions. A
high temperature (<1600) heating stage with silicon carbide heating strip
[Mikhailov, Shatsky, 1975] and Vernadsky heatinggst calibrated at the melting
points of Ag, Cu, Au, Mn, Si and Xr,0O; was used for microthermometric
investigations. The accuracy of temperature detetitin is around 10-16.

The chemical composition of crystalline phases gladses of silicate melt
inclusions was determined with the CAMEBAX electroicroprobe at the United
Institute of Geology, Geophysics and Mineralogyybdiabirsk. Diopside (Ca, Mg,
Si), orthoclase (K, Al), albite (Na), TgKalmandine (Fe), spessartine (Mn), zircon
(Zr), F- and Cl-bearing apatites (P, F, Cl), Srd &a-rich glasses, CaS(5) were
used as standards. Counting time = 10 sec, actetgxaltage = 20 kV, current =

89



V.V. Sharygin

20-40 nA. The spot microprobe analyses was caoigdvith a focused (2-3 um)
beam due to small sizes of the inclusions. It shhdea noted that the glassy nature
of the analyzed inclusions placed some limitationghe reliability of Si, Al and
alkalies analyses. K and Na may be volatilized lastiduring analysis of glasses,
leading to overestimation of Si and Al contentspéesally, for miascitic
compositions). In some cases (when inclusions age) to minimize alkali loss
during analysis was undertaken by defocusing tleetein beam. Devitrified
silicate melt inclusions were specially prepared fiucroprobe analyses. They
were initially heated to temperatures close to hgendization temperatures by the
heating stage and then rapidly quenched.

Raman spectra were obtained using a RAMANOR U-1Q@BIN YVON)
at the United Institute of Geology, Geophysics &fideralogy, Novosibirsk to
determine fluid composition in fluid inclusions amdgas bubbles of silicate melt
inclusions.

DESCRIPTION OF MAGMATIC INCLUSIONS IN MINERALS
West Kimberley province, Western Australia
Olivine lamproites, Ellendale-7, -9, -11 pipes

Magmatic inclusions have been identified only invioke-2 and in a thin
(@about 100 pm) marginal zone of olivine-1. Somesinthey form a solid
framework within the olivine-1 grains and are lidkeiith groundmass. Isolated
silicate-melt and fluid inclusions are scarce. Tlsze varies from 5 to 20 um,
sometimes up to 50 um. The phase composition avithehl melt inclusions is
glass + high-density fluid + daughter/trapped @lgstrepresented by phlogopite,
orthopyroxene, kalsilite and others minerals (Fig. Polycrystal inclusions,
consisting of chromite + orthopyroxene, or comborad of these with some glass
or fluid, are most common. All the above inclusio(slicate melt, fluid,
combined) are considered as primary in origin [Bbo& et al., 1991; Sobolev et
al. 1985; Sobolev et al., 1989]. However, it isgbke that some of them may be
secondary [Sharygin, 1991]. Similar melt inclusiovexe also observed in olivine-
2 from olivine lamproite of Prairie Creek [Solovogtal., 1989].

Distinct secondary fluid and melt (glass + low-dgnfluid) inclusions also
occur in olivine of the Ellendale-11 rocks and generally confined to healed
microfractures in the periphery of the host olivine
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Phlogopite-leucite lamproites, 81 Mile Vent

Primary melt inclusions have been identified in qgapite and apatite
microphenocrysts. Their phase composition is glagas, diopside mainly occurs
in phlogopite-hosted inclusions as daughter phHse .sizes vary from 1 to 20 um.
Melt, fluid-melt and fluid inclusions sometimes gt in apatite [Sharygin, 1991].
Primary and secondary melt inclusions (2-20 pm) ehdoeen observed in
microphenocrystal diopside only. Primary onessgstmmainly of devitrified glass

Phlogopite-diopside-leucite lamproites, WalgidedIHnassif

20 pm
——

Fig. 1. Digital microphotographs of silicate melt inclus® in minerals of olivine
lamproites from the Ellendale field (W.Kimberley.Astralia).

A — in olivine-1 of the E-11 pipe, polarized ligh; — in olivine-2 of the E-11 pipe,
ordinary light; C — in olivine-1 of the E-9 pipe, ordinary lighD — in olivine-2 of the E-9 pipe,
ordinary light. See [Jaques et al., 1986; Mitch&krgman, 1991] for location and description
of pipes.

Note for photographsGl — glass,g — gas bubbleKs — Mg-Fe-kalsilite,Phl — phlogopite,
Carb ?— carbonateArm —armalcolite,Cpx — clinopyroxeneAp — apatite,Prd — priderite, Sulf
— sulfides)im ? — ilmenite (pseudobrookitd)c — leucite,Cr-sp— Cr-spinel,Spots— spots after
microprobe beam.
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Fig. 2. Digital microphotographs of silicate melt inclus® in minerals of lamproites from
Leucite Hills (Wyoming, USA).

A — in phlogopite of wyomingite, Steamboat Mountaample LH14-11, ordinary lighB
— in apatite of wyomingite, Steamboat Mountain, ganbH14-11, ordinary lightC — different
types of inclusions in leucite of wyomingite, sangt15-2, Spring Butte, ordinary lighD — in
the outer zone of olivine-1 of olivine orenditemngde LH10-2, North Table Mountain, ordinary
light; E — in sanidine of olivine orendite, sample LH1(N®rth Table Mountain, ordinary light;
F — in K-richterite of olivine orendite, sample LH20North Table Mountain, ordinary light.
See [Mitchell, Bergman, 1991] for location of tlaerlproite outcrops of Leucite Hills.

and gas. Phlogopite is a common daughter phasese tinclusions, whereas other
minerals are scarce. Secondary inclusions are glgss and form chains through
the host mineral [Sharygin, Vladykin, 1994].

Among other leucite lamproites of the W.Kimberlagynce, melt inclusions
were also studied in minerals of olivine-leucitenfaoite from Mt.Cedric and in
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olivine-leucite hyalolamproite from Oscar Plug [bhiell, 1991; Sobolev et al.,
1989].

Leucite Hills, Wyoming, USA
Wyomingite (phlogopite-diopside-leucite lamproite)

Primary melt and fluid inclusions have been foumd phenocrysts and
microphenocrysts of the major rock-forming minerafs wyomingite from
different outcrops (Emmons Mesa, Steamboat Mount8pring Butte, Zirkel
Mesa): phlogopite, diopside, apatite and leucitetdhell, 1991; Sharygin, 1997,
Sharygin, Bazarova, 1991; Sobolev et al. 1985]irT$iees vary from 1-5 to 50-70
um. The phase composition of the melt inclusioss ahries from glass to glass +
gas = daughter/trapped crystals (Fig. 2). Minefalshd in the rock groundmass
represent mainly the daughter phases in the n@iisions. The most evolved melt
inclusions in phlogopite phenocrysts contain Chralivine, barite, apatite and
kalsilite as daughter/trapped phases [Sharygin/198arygin, Bazarova, 1991].
Coexisting melt and fluid inclusions are typical ghlogopite phenocrysts and
microphenocrystal leucites, where they usually dseogrowth zones of the host
minerals. Two-phase (greenish glass + gas) inalgsere rare in leucite. Melt
inclusions where gas bubble is partially or conglleffilled by carbonate (or
barite) are most common (Fig. 2C). The presenceanbonate/barite in a gas
bubble is also common in melt and fluid-melt inauns hosted by phlogopite and
apatite.Mitchell [Mitchell, 1991] has observed chalcopyrite and teagsis daughter
phases of leucite-hosted inclusions in the Zirkeki rocks.

Olivine orendite (phlogopite-olivine-sanidine-leuel lamproite)

Melt inclusions (primary in origin) were observealyin the peripheral zones
of poikilitic crystals of sanidine and K-richteriten rocks from North Table
Mountain (Fig. 2E-F). Their phase composition isagrish glass + gas, the size is
5-15 um. Coexisted fluid and silicate melt inclusovere found in phenocrysts
(xenocrysts?) of olivine. They form trails in theiter zones of olivine. Phase
composition of silicate melt inclusions is glasg + daughter crystals represented
by diopside, apatite, priderite (Fig. 2D). The cahtzones of olivine somtimes
contain Cr-spinel and sulfide blebs (MSS + chalcigy [Sharygin, Pospelova,
1998].

Smoky Butte, Montana, USA

Two main rock varieties of this occurrence werasd: olivine-armalcolite-
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phlogopite-leucite hyalolamproites and armalcglildegopite-diopside-sanidine
lamproite [Sharygin, 1998; Sharygin, Pospelova,819harygin, et al., 1998].
Primary silicate melt inclusions were generallyntigeed within olivine-2 Mg
number— 0.88-0.85, NIO - 0.2-0.4 wt.%, small grainsildhe outer zones of

Gl

1\ 40 pos ‘ p 20pm

Fig. 3. Digital microphotographs of silicate melt inclua®in minerals of lamproites from
Smoky Butte (Montana, USA).

A —in olivine-2 of glassy lamproite, sample SB-5%ljmmary light; B — in the outer zone of
phlogopite of sanidine-bearing lamproite, sample@Bordinary light;C — inherited inclusions
in analcite of glassy lamproite, sample SB-47, mady light; D — in clinopyroxene of sanidine-
bearing lamproite, sample SB-60, ordinary lighte $®litchell, Bergman, 1991; Mitchell et al.,
1987; Sharygin et al., 1998] for location and degtion of samples.

olivine-1 Mg number— 0.92-0.89, NiO - 0.5-08 wt.%, size -1-5 mm).lusoon
sizes vary from 10 to 50 um. The phase composigoglass + gas + daughter
crystals. The common crystalline phases found er&laolite and apatite, while
diopside and priderite occur rarely (Fig. 3a). mme silicate melt inclusions
hosted by olivine, the gas bubble is completelgdilby calcite. In addition to melt
inclusions, single minute crystals of Cr-spinel asulfides (Ni-rich sulfides +
chalcopyrite) are rarely observed in olivine-1 [Bfiggn, 1998; Sharygin,
Pospelova, 1998].

Analcite microphenocrysts also contain melt in@uasi This mineral is not a
primary magmatic mineral and has pseudomorphedtéeut the Smoky Butte
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rocks [Gulliver et al., 1998]. Fresh leucite wasygoreserved as crystal inclusions
in pyroxene Thus, silicate-melt inclusions in anel@re inherited from leucite.
They are concentrically aligned and similar to lebosted inclusions in the
Leucite Hills and Oscar Plug rocks [Mitchell, 1998g¢bolev et al., 1975]. Melt
inclusions in the Smoky Butte analcite are chieflipnophase (green or yellow
brown glass), sometimes with armalcolite and dgsas trapped minerals (Fig.
3C).
Sanidine-bearing lamproites

Silicate-melt inclusions are observed in groundnthspside and apatite, and
also in the peripheral zones of phlogopite phersisryFig. 3B, D). They are
primary in origin and their phase composition iasgl + gas, the sizes are 10-20
um. Crystalline phases are rare and are mainlyseniSingle crystals of apatite,
armalcolite and leucite occur in diopside and pbjotg grains.

Murcia-Almeria province, SE Spain

Silicate melt inclusions have been found in the erafs from some
lamproites from SE Spain (verite, fortunite, jum@] cancalite and olivine-bearing
lamproite of Puebla de Mula) [Bogatikov et al., 199alvioli-Mariani, Venturelli,
1996; Sharygin, 1997; Solovova et al., 1989; Wagvelde, 1986].

Lamproites of Jumilla and Cancarix

In jumillites primary silicate melt inclusions werfeund in olivine-1, 2,
apatite and clinopyroxene [Salvioli-Mariani, Verdlly 1996; Sharygin, 1997;
Wagner, Velde, 1986]. Their phase composition &g+ gas + daughter/trapped
crystals represented by olivine, leucite, Cr-spinedanidine, ilmenite
(pseudobrookite), apatite (Fig. 4A-B). Single caystof Cr-spinel are sometimes
associated with melt inclusions in olivine and epgroxene [Salvioli-Mariani,
Venturelli, 1996].

In cancalites silicate melt inclusions were obsérie essential minerals
(olivine, phlogopite, sanidine, clinopyroxene, a@gat K-richterite and
pseudobrookite) [Salvioli-Mariani, Venturelli, 1996I'heir phase composition is
glass + gas * daughter/trapped crystals (Fig. 4.CFDe sizes are up to 50-70 pum.
Phlogopite, diopside, sanidine and other minenggcal of the rock groundmass
occur within silicate-melt inclusions as crystafliphases. Such exotic minerals as
dalyite and britholite were also found as daughgbases in sanidine-hosted
inclusions from the Cancarix rocks [Salvioli-ManaWventurelli, 1996]. These
minerals also occur as late-crystallizing phasegroundmass of the rocks of
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Cancarix [Contini et al., 1993].

Lamproites of Vera, Fortuna and Puebla de Mula

Silicate melt inclusions were found mainly in pherystal olivine, orthopyroxene
and phlogopite from these rocks [Bogatikov et dl991; Sharygin, 1997;
Solovova et al., 1988]. Other minerals of thesks rarely contain melt

g /
Ap
‘T —— ! -llﬂ um

Fig. 4. Digital microphotographs of silicate melt inclus®in minerals of lamproites from
Jumilla and Cancarix (SE Spain).

A — in apatite of jumillite, Jumilla, sample SPO5&dJioary light; B — in the central zone of
clinopyroxene of jumillite, Jumilla, sample SP46&]inary light; C — in olivine-2 of cancalite,

Cancarix, sample SP725, ordinary ligld; — in the outer zone of phlogopite of cancalite,
Cancarix, sample SP725, ordinary lighd;— in sanidine of cancalite, Cancarix, sample SR725
ordinary light; F — in K-richterite of cancalite, Cancarix, sampl®%25, ordinary light. See
[Mitchell, Bergman, 1991; Salvioli-Mariani, Ventdle 1996; Venturelli et al., 1984] for
description of samples.
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Fig. 5. Digital microphotographs of silicate melt inclus®in minerals of lamproites from
Fortuna, Puebla de Mula and Vera (SE Spain).

A — in orthopyroxene of fortunite, Fortuna, samplB089, ordinary light;B — in
phlogopite of fortunite, Fortuna, sample SP049,ilmady light; C — in olivine-2 of olivine-
sanidine lamproite, Puebla de Mula, sample SPO&dinary light; D — in olivine-2 of verite,
Vera, sample SP516, ordinary ligHE - in olivine-2 of verite, Vera, sample SP516, oaty
light; F - in clinopyroxene of verite, Vera, sample SP5a&fjinary light. See [Mitchell,
Bergman, 1991; Venturelli et al., 1984] for destiop of samples.

inclusions. Magmatic calcite containing silicatemeclusions has been noted in
verites [Solovova et al., 1988]. The phase compsif the melt inclusions varies
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from glass to glass + gas + daughter/trapped dsy@tay. 5). Minerals found in the
rock groundmass represent mainly the daughter phasthe melt inclusions. In
olivines of Vera and Puebla de Mula silicate maltlusions usually associated
with Cr-spinel crystals (Fig.5 C-E). Melt inclus®nin orthopyroxene- and
phlogopite-hosted inclusions from Fortuna sometincesitain Ni-rich sulfide
isolations or are associated with sulfide blebg.(lHA). In addition Al-spinel
occurs as single crystals in the Fortuna phlogopach Al-spinel crystals
occasionally contain melt inclusions (glass + g&3js bubble in some mineral-
hosted inclusions from Vera and Fortuna may berbgémeous and consist of
liquid H,O [Bogatikov et al., 1991; Solovova et al., 1988].

THERMOMETRY OF INCLUSIONS

Table 1 presents homogenization temperatures foats-melt inclusions in
minerals of lamproites. Primary inclusions in atiei2 of the Ellendale olivine
lamproite homogenize at 950-1£00[Bogatikov et al., 1991; Sharygin, 1991;
Sharygin, 1991; Sobolev et al. 1985; Sobolev et H89]. Homogenization
temperatures of primary (?) melt inclusions hoshbsdolivine phenocrysts in
olivine lamproites from Prairie Creek are 1050-1ID(QSolovova et al., 1989].
Primary inclusions in leucite lamproite mineral®rr Western Australia and
Leucite Hills are homogenized at 1130-1250°C [S®dihMariani et al., 1991;
Sharygin, 1997; Sharygin, Bazarova, 1991]. Meltlusions in lamproites of
Smoky Butte and SE Spain are homogenized in braage: at 1200-1350 (early
minerals) and at 800-1150 (late minerals) [Shary@azarova, 1991; Sharygin,
1997; Sharygin, et al., 1998; Solovova et al., 1988me inclusions in olivine-1
from the E-11 olivine lamproite [Bogatikov et al991] and in phlogopite from
wyomingite [Bogatikov et al., 1991; Sobolev et al975] show too high
homogenization temperatures that seem to be dugossible leakage during
heating experiments. It should be noted that, imes@ases, the temperature of
primary inclusion homogenization might be considegs minimum trapping
temperature of the inclusion and approximate mimmtemperature of host
mineral formation.

Freezing studies of olivine-hosted &{clusions coexisting with melt ones may
be used to interpret the PT constraints of crygtdlbn of lamproites from
W.Kimberley and Prairie Creek. Minimum PT condigaare estimated as follows:
950-1106C and >5-6 kb for the W.Australian olivine lampsoiiSobolev et al.,
1989]; >1056C and >4 kb for the Prairie Creek olivine lamprdBelovova et al.,
1989]. Oxygen fugacity during olivine-2 crystallimn in olivine lamproites was
close to the FMQ buffer [Bogatikov et al., 1991j@®ova et al., 1989].
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The presence of the,B-liquid in gas bubbles of silicate melt inclusioms
phlogopite in Ellendale lamproites [De Atluerque Sgarbi, Gomes Valenca,
Table 1.Homogenization temperatures,¢F) of silicate melt inclusions in lamproite minerals

Melt inclusion

Locality Rock Host origin T, °C Reference
. Ol-1 primary 1170-1210 [5]
O'F'f_"”gf’l“l"te OF2 | primary | 950-1050| [32,42, 43
Ol-2 secondary| 950-1010 [34]
Ol lamproite, p. E-7, -9 Ol-2 primary 995-110pD [43]
. Phl-Lc lamproite Phl primary 1130-1200
V\\//\}ﬁyskig:;y 81 Mile Vent Ap primary 1170 32]
Lc-Di-Ol Iam.proite Ol-2 primary 1095-1100 [43]
Mt.Cedric Di primary 1025-1045
Phl-Di-Lc lamproite, p. E-26 Ap primary 1070-1090 [5]
PhI-Di-L_c Iamp_roite Di primary 1190-1220 [39]
Walgidee Hill Di secondary| 1140-1150
Prairie Creek Ol lamproite Ol-2 primary 1050-1100 [45]
Arkansas, USA Phl primary 1240-1280
_— Phl secondary| 1040-110D
Evr\éﬁg::ggl\l/fzsa Ap primary >1150 [36,44]
Lc primary 1150-1250
Di primary 1220-1270
Leucite Hills wyomingite Phl pr.imary 1080-1220
Wyoming Steamboat Mountain Ap primary 1170-1190
USA Lc primary 1135-1150
Ol-1 secondary| 1010-1100 this work
Ol orendite Phl primary 1190-1220
North Table Mountain Di primary 1180-1210
San primary 990-1050
Ol-Arm-Phl-Lc hyalolamproite 0Ol-2 primary >1250
STA%gaBn‘gte Ap | primary | 12201230 o
USA Arm-Phl-Di-San lamproite Phl primary 1085-1210
Di primary 1160-1205
verite, Vera Ol primary >>1200 [5, 46]
Ol-1 primary >1200
jumillite OA"2 primary 1200
Jumilla p pr_|mary 1170
Di primary 1100-1150
San primary 830-1055 [30]
Ol primary >1200
Murcia—AIm.eria cancalite Di primary 1170-1195
SE Spain Cancarix Ap primary | 1020-1200
San primary 1070-120(
Richt primary 990-1150
Ol-Phl-San-Di lamproite Ol primary 1350-1355
- - [34]
Puebla de Mula Di primary | 1150-1215
. Opx primary 1350-1365
fgsxﬂgg Al-Sp pri_mary 1210-1240Q this work
Phl primary 1185-1190
Ol primary >1250
Egtfégg;g gaussbergite Di pri_mary 1100-1260 [29]
Lc primary | 1150-1280D
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1993], as well as in olivine and calcite from Sganverite [Contini et al., 1993]
has been demonstrated by freezing/heating invéisinga

CHEMISTRY OF MELT INCLUSION GLASSES

It should be noted that the composition of inclasgiasses (initial, residual
and artificially chilled) may be interpreted as tt@mposition of melt remaining
after crystallization of their host minerals [Roedd1984], while glasses of
homogenized inclusions in the earliest minerals \aag/ close in chemistry to
initial magma [Sobolev, 1996].

According to electron microprobe analysis, the us@n glasses hosted by
olivine phenocrysts of the E-11 olivine lamproitiffer in composition from the
host rock with regards to their MgO, TiCBaO, ZrQ, and alkalis contents and
correspond to olivine-leucite and leucite lamp®iteith exception of Si@and
Na,O (Table 2, Fig. 6). The residual glasses in thestnewolved inclusions are
more enriched in Ti®@(up to 11.5 wt.%), BaO (up to 6 wt.%), ZrQup to 0.75
wt.%) and depleted in AD; (down to 0.6 wt.%) and have a very high agpaitic
index (31.0). Glasses in homogenized melt inclusionthe E-11 olivine-2 also
drastically differ from the host olivine lamproite having higher contents of TO
alkalis, F and lower amounts of MgO [Sobolev et #B85]. The same
characteristics of inclusion compositions are agoical of glasses in olivine
lamproites from other occurrences in the Ellendiddd and Prairie Creek
[Sobolev et al., 1989; Solovova et al., 1989]. Hoare glasses of some unheated
inclusion glasses drastically differ in compositionm the above data. They have
higher contents of SO (up to 64 wt.%), AIO; (7.8 wt.%) and lower
concentrations of BaO (<1 wt.%), p@ (down to 1.2 wt.%), FeO (down to 3
wt.%) and TiQ (<1 wt.%). Possibly, these glasses represent tist avolved melt
after crystallization of priderite.

In leucite lamproite (phlogopite-leucite lamproitef 81 Mile Vent,
phlogopite-diopside-leucite lamproite of the Wakgd Hill, wyomingite and
olivine orendite of the Leucite Hills volcanic ftBl the primary inclusion glasses
trapped by the earliest phenocrysts (phlogopitatity clinopyroxene) are similar
in composition to the rocks investigated. Glasedate minerals (leucite, diopside,
sanidine) are richer in SpOBaO, TiQ, ZrO,, FeQ, Cl, alkalis and poor in ADs,
CaO, MgO (Table 3, Fig. 6) and correspond to grouesbs glasses of leucite and
olivine-leucite lamproite [Gunter et al.,, 1990; bhell, 1991; Prider, 1982;
Sharygin, Bazarova, 1991]. Like olivine lamproitiee most evolved silicate melt
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inclusions are also enriched in BiBaO, ZrQ, and are strongly agpaitic.
Natural compositional analogues are found for sofitte most-evolved inclusion
glasses. For example, secondary inclusion glasseted by diopside in the
Walgidee Hill phlogopite-diopside-leucite lamproit8harygin, 1997; Sharygin,
Vladykin, 1994] correspond approximately to veineEdymatoid lamproites of this
massif [Jaques et al., 1986]. The same compositieatures were also found for
inclusion glasses from other olivine-leucite anduclee lamproite from
W.Kimberley and Leucite Hills [Mitchell, Bergman991; Sobolev et al., 1989].
Unfortunately, distinct melt evolution during rockystallization has been traced
only for wyomingites (Emmons Mesa, Leucite Hills) which silicate melt
inclusions in four minerals were formed in the daling sequence: apatite,
phlogopite => leucite, diopside [Sharygin, Bazardl@91]. Melt evolution during
wyomingite crystallization envolved depletion of,@®, MgO, CaO, FOs and the
enrichment in SiQ alkalis, Fe®, TiO,, BaO, and Zr@ (Table 3, Fig. 6). The
origin of liquids depleted in alumina and enrichedmafic components (except
CaO) may be related to the crystallization of leicin general, the compositions
of diopside-hosted glasses are similar to thosethef groundmass glass of
wyomingite. The actual residual liquid led to caejstation of priderite, K-
richterite, barite and wadeite during the late st@@armichael, 1967]Mitchell
[Mitchell, 1991] has observed leucite-hosted inidas with two coexisting silicate
glasses differing in composition (low and high Kagges, Zirkel Mesa) and
described them as example of silicate-silicate idigummiscibility. Inclusion
glasses in sanidine of olivine orendite (Leucitésjlicorrespond in chemistry to
glasses of leucite-hosted inclusions from wyommgit should be noted that
orendites and wyomingite are very similar in comipas and their difference in
moda is a result of various PT-conditions of inijimary magma [Mitchell,
1991; Barton, Hamilton, 1982; Gunter et al., 190ehner et al., 1981].

The primary inclusion glasses hosted by mineratsnfithe Smoky Butte
lamproites drastically differ in composition frorhet host rocks with respect to
their SiQ, TiO,, MgO, AlLO;, CaO, and }Os5 contents (Table 4, Fig. 7). They are
similar to groundmass glass of the Smoky Butte soekcept that the latter
typically has low alkali contents [Mitchell, Bergmal991; Mitchell et al., 1987;
Sharygin, et al., 1998]. In general, their composg approach those of glasses in
minerals of the W.Kimberley and Leucite Hills letgclamproites. However, some
differences exist. Unlike glasses from W.Austraie the Leucite Hills, inclusion
glasses at Smoky Butte contain higher amounts g4111-12.5 wt.%) and lower
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abundances of N@ (<1 wt.%), Fe® (<3 wt.%), MgO (<2 wt.%), Ti®(2-3
wt.%), and have an agpaitic index close to 1 (T@bde Fig. 6-7). The low Ti®
and BaO contents may be explained by early cry=asitbn of armalcolite and
priderite in the Smoky Butte rocks [Gulliver et,dl998]. The presence of Fi-Ni-
sulfides and armalcolite is an evidence of reducedditions during early
evolution of the Smoky Butte initial magma.

W.KIMBERLEY, W.AUSTRALIA LEUCITE HILLS, WYOMING, USA
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Fig. 6. Variation diagrams of AD3; versus SiQ K;O+Na,O and MgO+FeO+CaO (in
wt.%) for inclusion glasses in minerals and lampesiof W.Kimberley (W.Australia) and
Leucite Hills (USA).

Fields are rock compositions. Data on rocks ararfrfCarmichael, 1967; Gunter et al.,
1990; Jaques et al., 1986; Kuehner et al., 1981hdkev et al., 1975]. Some data on inclusion
glasses are quoted from [Mitchell, 1991; Sobolealel1985; Sobolev et al., 1989].
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Alkaline magmatism and the problems of mantle sssirc

The inclusion glasses in minerals from Spanish lantgs also differ from their
host rocks. They are rich in SiQAIL,O3, alkalis, ZrQ, Cl and poor in MgO,

CaO, and FOs (Table 5, Fig. 8), and generally similar to gromass glasses in the
rock studied [Contini et al., 1993; Venturelli et 4984; Venturelli et al., 1991].
Previous studies of some melt inclusions frgmaif§, indicated the presence of F
1988].

SMOKY BUTTE, MONTANA, USA
75 15 o 30
s | 3 |
1 o G ] +
65 10 20
s g | s Poofn | 3§ "
@ g5 " Q 51 r Y 10 -
.‘ b4 o] p
m =
45 . 0 . = 0
5 10 15 5 10 15 5 10 15
AlL,O, Al, O, Al,O4
W rocks O unaltered inclusion glasses in minerals

Fig. 7. Variation diagrams of AD3; versus SiQ K;O+Na,O and MgO+FeO+CaO (in wt.%) for
inclusion glasses in minerals and lamproites of Brdutte (USA).
Data on rocks and inclusion glasses are from [Maithet al., 1987; Jaques et al., 1986;
Sharygin, et al., 1998].
(up to 0.9 wt.%) and CI (up to 0.4 wt.%) [Bogatiketval., 1991; Salvioli-Mariani,
Venturelli, 1996]. Their agpaitic index varies frddm-0.6 (verites, fortunites) to
0.65-1.1 (olivine-bearing rocks of Puebla de Muknd 1.2-16 (jumillites,
cancalites). On the whole, among investigated Spaaimproites, only rocks from
Jumilla, Cancarix and Puebla de Mula are approxipasimilar to leucite
lamproite from W.Kimberley and the Leucite Hillstime bulk composition of melt
inclusion glasses [Salvioli-Mariani, Venturelli, 98 Sharygin, 1997; Wagner,
Velde, 1986]. Nevertheless, glasses in Spanishsratitfer from those of W.
Kimberley and the Leucite Hills with respdot their high Si@and low BaO
contents and are similar to those from Smoky Buttegeneral, inclusion glasses
from some Spanish lamproite varieties (especialgrite and fortunite) display
shoshonitic affinity and closely correspond in maglement composition to
dacites widespread in the Murcia-Almeria provindéerjturelli et al., 1984;
Venturelli et al., 1991].

RAMAN SPECTROSCOPY OF THE FLUID PHASE IN MELT
INCLUSIONS

Raman investigations may reveal semi-quantativedypresence of following
volatiles in inclusion bubbles: GON,, H,S, CH, and heavy hydrocarbons.
Unfortunately, the determination of,@ is precluded. Raman data on the fluid
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phase of silicate-melt inclusions in olivine-2 (Smdutte glassy lamproite SB-
11, see [Mitchell et al., 1987]; and verite) indexhthe presence of only G@nd

N,. The gas bubble in an olivine-hosted inclusioSaioky Butte consists of 26.6
mole % CQ and 73.4 mole % N while that of an olivine-hosted inclusion in
verite contains 51.7 mole % G@nd 48.3 mole % N Some inclusions in verite
olivine also contain about of 10 mole %M4liquid in gas bubble [Solovova et al.,

AGPAITIC ROCKS MIASCITIC ROCKS
(jumillites, cancalites) (verites, fortunites, efc.)
75 75
70 | 70 | % o
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” Tm oo ||°
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m]
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frnillites
s Iamproites of Puebia de Mula
45 - 45
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20 20
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+ cancaites + Q
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o™ [\ o
$ ) o > ) / 1
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Inclusion glasses in minerals: Inclusion glasses in minerals:
M cancalite || verite ] fortunite
O jumillite O Lampr oite of Puebla de Mula

Fig. 8. Variation diagrams of AD; versus SiQ K;O+Na,O and MgO+FeO+CaO (in
wt.%) for inclusion glasses in minerals and lampesiof SE Spain. Fields are rock
compositions.

Data on rocks are from [Contini et al., 1993; Vemli et al., 1984; Venturelli et al.,
1991]. Some data on inclusion glasses are quotedhf{Bogatikov et al., 1991; Salvioli-
Mariani, Venturelli, 1996; Sharygin, 1997; Sharygik®97].
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Previously, the presence of, M1 both glass and the gas bubble has been
found in an olivine-hosted nclusion from the Edlivine lamproite [Ryabchikov
et al., 1986]. The maximum contents of iN the gas bubble of this inclusion are
estimated to be 20 mole %. Cryometric and Ramaesitnyations of primary fluid
and combined inclusions in olivine-2 of the E-livioke lamproite have shown
that fluids are C@rich (>85 mole %) and }D-poor (<10 mole %). The minor
components of the fluid have been accurately aedlymly by the Raman method.
They are (in mole %): N- up to 3.5, CO - up to 2.5, GH<0.2, H - <0.4, HS -
<0.3, NH - <0.4, NO - <2.0, HF - <1.0 [Carmichael, 1967arRan study of a
fluid inclusion (possibly, secondary in origim olivine-2 of the E-9 olivine
lamproite indicates that fluid contains 83.8 mole®®, and 16.2 mole % N
[Sharygin, 1997]. Preliminary cryometric study dficate melt inclusions in
orthopyroxene of fortunite shows the presencewtfdensity CQ in gas bubble.

COMPOSITION OF DAUGHTER PHASES OF MELT INCLUSIONS
AND SINGLE CRYSTALS IN LAMPROITE MINERALS

In addition to glasses, crystalline phases in tiidusions and single crystal
inclusions in phenocrysts have been studied (T@plén general, the majority of
them (phlogopite, diopside, Cr-spinel, K-richterigc.) are similar in composition
to the groundmass minerals of the rocks investijatgoexisting enstatite,
phlogopite and olivine in some inclusions seemnitidate high pressures (P>10
kb) during the earliest stage of lamproite crysation, according to melting
experiments undertaken on natural samples [ArimdgaE 1983; Barton,
Hamilton, 1979; Barton, Hamilton, 1982; Edgar et d992; Edgar, Mitchell,
1997; Foley, 1989; Foley, 1990; Gulliver et al. 989 Mitchell, 1995]. Garnet,
mantle indicator mineral, was not found in anyled melt inclusions. This mineral
is observed only as single crystal inclusions inoofite macrocrysts (>0.5 mm)
from the Ellendale-4 and Prairie Creek olivine laomgs [Logvinova, Sobolev,
1995]. The presence of such phases as kalsilitspiel and sulfide in lamproite
minerals is very interesting.

Kalsilite

Kalsilite as a daughter phase (up to 10-15 pm)he ihclusions has been
identified in olivine phenocrysts in the E-11 and Blivine lamproites, in olivine-
2 of the Prairie Creek olivine lamproites and iroglopite phenocrysts in Leucite
Hills wyomingites (Fig. 1) [Sharygin, 1991; Shanmygil997; Sharygin, Vladykin,
1994; Sobolev et al. 1985; Sobolev et al., 1989lowa et al., 1989].
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Unfortunately, the alone composition does not perman unambiguous
identification of the mineral as kalsilite or kaialite. The minute size of the
phase and location within the inclusions precludeay diffraction studies.
However, thermometric study of the Prairie Creekpeoites shows that this
mineral has low melting temperature (about @0&nd seems to be kalsilite. The
origin of this mineral in lamproites is very enigieaas, according tMitchell and
Bergman[Mitchell, Bergman, 1991], kalsilite is consigd as a “prohibited

Table 6.
Daughter/trapped phases of silicate melt inclusion&mproite minerals.
Locality Rock Host | Daughter/trapped phases of inclusions Reference
Ol lamproite ) Opx, Di, Richt, Phl, Ks, Ap,
pipes E-11, -9, -7 O-1,2 Per, llm, Cr-Sp, Fluor, Carb? [32, 34, 42, 43]
Phl-Lc lamproite .
81 Mile Vent Phl | D Ap [32]
W.Kimberley Phl-Di-Lc lamproite : 5 Keo
W.Australia Walgidee Hill D" |Phl, Prd, San?, Ks [39]
Lc-Di-Ol lamproite
Mt.Cedric O-2 | Phl [43]
Ol-Lc hyalolamproite
Oscar Plug Lc |Ap, Sulf [22]
wyomingite Phl |Ol, Ks, Ap, Di, Bar, Cr-Sp, Lc, San,Caib?
EmmonsBlIE{[Iteesa, Spring Ap |Bar, Prd, ore, Carb, Sulf [34, 36, 39]
Leucite Hills : :
: Steamboat Mountain Di ([San, Lc
Wyoming, USA Zirkel Mesa Lc_|Bar, Carb?, Suff [22]
Ol orendite 0OI-1,2 |Ap, Di, Prd, Cr-Sp, Sulf [38]
North Table Mountain | San | Ap, Di this work
Prairie Creek . : .
- 2
Arkansas, USA Ol lamproite Ol-2 | Di, Per, Richt, Sph, Ks, Carb~ 5]14
Ol |Di, Phl, Ap, Lc, San, Cr-Sp
jumillite Ap |[Ol, Phl, lIm? [30, 31, 34, 52]
Jumilla Phl |San, Lc, Anc, Ap, Cr-Sp this work
Di |Ap, Lc, Phl, San, Cr-Sp
verite Vera Ol-2 |Phl, San, Ap, Cr-Sp, Carb [46] this wofk
Murcia-Almeria fortunite Opx |Di, Phl, Ap, Sulf
SE Spain Fortuna Phl | Di, Ap, Sulf, Al-Sp [38]
OI-Phl-San-Di lamproite : > this work
Puebla de Mula Ol-2 |Di, Ap, Phl, Lc?, Cr-Sp
Ol |Di, Ap, San, Lc, Phl
cancalite Ap |Richt, San [30]
Cancarix Di |Lc, San
San | Richt, Phl, Ap, Dal, Brit
Ol-Arm-Phl-Ic 0OI-1,2 |Arm, Ap, Di, Prd, Carb, Cr-Sp, Sulf
hyalolamproite Anc |Arm, Di
Smoky Butte —
Montana, USA Arm-Phl-Di-San Zhl DD_l, SSan, I,_Armp,:l\p, Carb [35, 38, 40]
lamproite p , >an, L¢,
Di |Arm, San, Ap, Lc, Carb

Note. Fluor - fluorite, Dal - dalyite, Brit - britholite Sph - sphene, Per - perovskite. Carbonates
are localized in gas bubble.
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mineral” for lamproites. However, in contrast tdsid#es from kamafugites and
other potassic rocks [Allan, Carmichael, 1984; GundFerguson, 1991; De
Albuquerque Sgarbi, Gomes Valenca, 1993; Kostyullgt1990], the mineral
from lamproites is poorer in AD;and richer in MgO (up to 4.2 wt.%), && (up
to 8 wt.%) and SiQ(up to 43.4 wt.%), and thus a magnesioferrikaésifirable 7).
Its unusual composition may be explained as a cueee of two possible
substitutionsAl** <=> F€* and2AI** <=> Mg®* + Si** (Fig. 9). The appearance

of this mineral seems to reflect the undersatunatibinitial lamproitic magma in
Al,O; and SiQ [Sharygin, 1997] or reaction of olivine witkelatively Si-rich

14 0.2 -
oo
d a e %,
w 1.2 n. b3 0,1 ‘
o o & ®
[ ] L
kamafiigites
10 kamafugites “ 00
0,0 0,5 1,0 0,0 0.3 0,5 0.8 1,0
Al Al
0.4
o [ ] Ellendale
O [m} Prairie Creek
= 02 ° = Leucite Hills
‘e
00 Kamafugites W
0,0 0,5 1,0
Al

Fig. 9. Compositional variations for kalsilites (in a.fat O=4) from lamproites compared
with kalsilites from kamafugitic rocks.

Data are quoted from [Allan, Carmichael, 1984; Cangd Ferguson, 1991; De
Albuquerque Sgarbi, Gomes Valenca, 19939; SalMalitani et al., 1991; Sharygin, Vladykin,
1994; Sharygin, et al., 1998; Sobolev et al., 1988lovova et al., 1989].

magma [Mitchell, Bergman, 1991]. According to theeriments ofWendlandt
and Eggler [Wendlandt, Eggler, 1980a; Wendlandt, Eggler, 1f80the
coexistence of kalsilite with olivine, enstatitéhlggopite, liquid and gas within
inclusion (in particular, in olivine lamproites Bf11 pipe) possibly evidences of
high PT conditions (25-34 kb, 1160-1425°@) the formation of the earliest
phenocrysts in some lamproites. However, kalsiitas not observed in the
products of high PT-experiments on natural lampsoifArima, Edgar, 1983;
Barton, Hamilton, 1979; Barton, Hamilton, 1982; Bdget al., 1992; Edgar,
Mitchell, 1997; Gulliver et al., 1998; Mitchell, 28] and instead of it diverse
potassic phases (K-Mg fluoride, K-Ti silicates, l&-Bhosphate) appear.
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Al-spinel

Aluminous spinel (pleonaste-hercynite) was foundiagle crystals in leucite
phenocrysts of the W.Kimberley leucite lamproiteadudes, Foley, 1985], in
phlogopite of wyomingite from Leucite Hills [Wagnarelde, 1987], in phlogopite
of some Spanish lamproites (Vera, Fortuna, Barqg)dWagner, Velde, 1987] and
the Smoky Butte lampoites [Sharygin, et al., 1998 presence of this mineral is
uncommon of such peralkaline rocks as lamproitdsprasent there are several
points of view explaining the appearance of Al-gpin lamproitic rocks:

Individual resorbed pleonaste grains in assoiatith salite in wyomingites

Table 7.
Kalsilite from silicate melt inclusions in lampreitninerals.
Locality Ellendale field, W.Kimberley Prairie Creek Leucite Hills
p. E-11 p.E-7 Emmons Mesa

Rock Ol lamproite Iacr;lp Ol lamproite wyomingite
Host Olivine-2 0Ol-2 Olivine-2 Phlogopite
SiO, 43,40 43,02 43,45 41,63 4540 44,93 42,70 46,64 45,59 40,02 40,82 40,63
TiO, 043 039 050 037 062 059 043 061 050 0,22 0,17 0,19
Al,O3 17,83 18,08 18,57 19,32 12,00 12,50 16,93 9,43 11,40 27,11 26,74 26,84
Fe,03 592 562 556 781 703 7,19 7,44 766 7,74 4,72 457 4,68
MgO 247 395 329 219 491 6,284 4,19 6,17 6,04 0,70 0,70 0,99
CaO 0,04 005 0,04 0,03 0,03 002 0,044 o000 000 0,02 0,02 0,01
Na,O 0,54 040 0,08 007 051 059 008 083 0,78 197 2,26 4,87
K,O 28,7C 28,61 28,4t 28,3t 28,75t 28,071 28,41 27,91 25,31 25,32 24,83 22,01
BaO 029 0,18 0,06 0,10 036 037 009 0,20 0,40 0,10 0,06 0,11
Total 99,62 100,30 100,00 99,85 99,81 100,50 100,22 99,45 97,80 100,2 100,17 100,37
Referen : .
ce [32, 34, 39] this work [34] [45] [34] this work

from Leucite Hills are supposed to be fragmentsledintergrated xenoliths of
granulites or ultramafic rocks [Kuehner et al., 1P8

Single crystals of Al-spinel in leucite of leuciemproites from W.Australia
(Oscar Plug, Ellendale-7) and in leucite from sgmneducts of PT-experiments
with gaussbergites from Antarctica are interpretedxsolution inclusions formed
due to a considerable excess of Al, Mg and Feitrally honstoichimetric leucite
[Jaques, Foley, 1985]. Single crystals of pleonastenica phenocrysts from
wyomingites of Leucite Hills, some lamproites of &pain and Smoky Butte
might be regarded as decay products of biotite cmsts (or unstable phlogopite
enriched in Al) with decreasing pressure and consfar increasing) oxygen
fugacity [Contini et al., 1993; Sharygin, et al998; Venturelli et al., 1984;
Wagner, Velde, 1987].

Crystallites of Al-spinel in phlogopite of forturitfrom SE Spain are one of
the early phases crystallized from melt. This isfcmed by the presence of melt
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inclusions with homogenization temperature 12100224(Table 1) in them and
high-alumina miascitic composition of inclusion ggas in early fortunite minerals
[Sharygin, et al., 1998].

Sulfide inclusions

The presence of small amounts of sulfides is tym€éamproites. They were
recognized in the groundmass of different lamprojges: in the Smoky Butte
hyalolamproites - pyrite and pyrrhotite, in the daidlale-11 olivine lamproite -
chalcopyrite, in the SE Spain jumillite - galenif€harygin, et al.,, 1998].
Pentlandite and pyrrhotite occur with talc in atiei pseudomorphs from the
groundmass of the AK1 olivine-phlogopite lamproii@gaques et al.,, 1986].
However, taking into account the influence of atem processes on the above
rocks, the nature of these sulfides may be coresidas secondary. Chalcopyrite
has been previously identified as daughter phassilicate-melt inclusions in
leucite from the Leucite Hills wyomingite and thesdar Plug olivine-leucite
lamproite [Mitchell, 1991]. This is strong evidenabout magmatic nature of
chalcopyrite in lamproites. Polyphase sulfide isehns were found in the earliest
phenocrysts of lamproites during fluid inclusiorudst. They are observed in
lamproites of Smoky Butte, Fortuna and Leucite Hjbharygin, 1997; Sharygin,
Pospelova, 1998; Sharygin, et al., 1998].

In olivine hyalolamproite from Smoky Butte (MontandSA) sulfides rarely
occur as rounded globules (1-30 um) in olivine-Ergtrysts only (Mg# - 0.87-
0.92, 0.5-0.8 wt.% NiO, size -1-5 mm). Sometimesytlare associated with
primary melt inclusions (£>125C0C). The blebs are represented by following
mineral associations: pentlandite + chalcopyritenosulfide solid solution (MSS)
+ chalcopyrite; violarite. Chalcopyrite in the esgal amounts (up to 20 vol.%)
occurs only in the largest (up to 20-30 pum) globutghile in small blebs it forms
thin outer rim.

In fortunites of SE Spain sulfides are observedah single globules (up to
20 um) and isolations in primary silicate-melt ursibns hosted by orthopyroxene
and phlogopite phenocrysts. Enstatite-hosted sulflbbules are represented by
following assemblages: pentlandite + heazlewoogiemtlandite, heazlewoodite,
pentlandite + godlevskite, pentlandite + pyrrhotgenall octahedral crystals of Fe-
oxide occasionally occur in some sulfide globuldsmogenization temperature of
silicate-melt inclusions coexisted with sulfide lidein enstatite occurred at
1350C.

In olivine orendite of North Table Mountain (Leweitills, USA) sulfides are
found as globules (1-20 pum) in phenocrystal (xeysial) olivine only. They form
rare trails in the host olivine and are associat@tl secondary fluid inclusions,
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sometimes with secondary silicate-melt inclusiohg£1010-1106C). The large
sulfide blebs consist of MSS or MSS + chalcopyi@emetimes oriented isolations
of pentlandite may be observed in MSS.

Table 8.Phase and chemical composition of sulfide inclusionamproite minerals.
Phase

Fe Fe

composition| Phase| n Ni Co Cu S Total Ni  Co Cu S | Me/SNi/Fe
. . wt.% at.%
of inclusions
In olivine-1 of Ol-Arm-Phl-Lc hyalolamproite, Smokutte, Montana, USA
Pn+Cp Pn 2 | 28,7937,37 0,17 0,46 33,30 100,123,4228,92 0,13 0,3347,19 1,12 0,5§
Pn+Cp Pn 2 | 28,4337,57 0,17 0,68 33,19 100,123,1629,12 0,13 0,4947,10 1,12 0,54
Mss+Cp Mss | 1| 4,3656,32 0,00 3,42 35,4999,59 3,5543,64 0,00 2,4550,3§ 0,99 0,92
Pn+Cp Pn 2 | 26,5539,70 0,10 0,09 33,4399,8721,6330,77 0,08 0,0647,45 1,11 0,59
Pn+Cp Pn 1| 26,7639,75 0,20 0,10 33,1399,9421,8330,85 0,15 0,07 47,09 1,12 0,59
Viol Viol | 2 [11,0745,47 0,13 1,6041,5099,77 8,64 33,75 0,10 1,1056,41 0,77 0,80
Mss+Cp Mss | 2| 3,2058,27 0,00 2,69 35,8199,91 2,59 44,93 0,00 1,9250,5 0,98 0,95
Mss+Cp Mss | 2| 5,5253,03 0,00 5,5135,7999,85 4,48 40,96 0,00 3,93 50,62 0,98 0,90
Mss+Cp Mss | 2| 5,9355,03 0,00 3,68 35,46100,1 4,8142,46 0,00 2,6250,11 1,00 0,90
Mss+Cp Cp 1] 30,37 0,14 0,00 34,28 34,91 99,70 25,01 0,11 0,00 24,8150,07 1,00 0,00
Pn+Cp Pn 2| 29,1137,35 0,17 0,17 33,31100,1 23,67 28,89 0,13 0,1247,14 1,12 0,5§
Cp 1] 30,50 0,21 0,00 34,3034,9299,9325,07 0,16 0,0024,7749,99 1,00 0,01

ISM 29,3231,78 0,14 5,29 33,55100,123,8824,62 0,11 3,7947,6d 1,10 0,51
Pn+Cp Pn 27,3039,21 0,11 0,19 33,1899,9922,26 30,41 0,08 0,1447,12 1,12 0,58
Cp 30,67 0,21 0,00 34,19 34,9099,97 25,20 0,16 0,00 24,6949,95 1,00 0,01
ISM 27,8133,36 0,09 5,29 33,44 99,9922,6925,90 0,07 3,7947,54 1,10 0,53
In olivine-1 of Ol orendite, North Table Mountainl_eucite Hills, Wyoming, USA
Mss+Pn Mss | 6| 34,7325,59 0,61 0,00 38,7299,6527,3319,15 0,45 0,00 53,07 0,88 0,41

=N

'V'Sr?*P 1 |33,4327,40 0,56 0,04 38,61100,1 26,26 20,47 0,42 0,0352,83 0,89 0,44
Mss+Cp | Mss | 1|33,3427,40 0,47 0,15 38,69 100,126,17 20,46 0,35 0,1052,91 0,89 0,44
Cp | 131,24 0,64 0,0732,9134,9199,77125,68 0,50 0,0523,7849,99 1,00 0,02
ISM 33,0323,39 0,41 5,06 38,12100,126,1017,58 0,31 3,5252,49 0,91 0,40
Mss+Cp MSS‘”C 1 |33,1819,93 0,37 8,04 38,3299,84 26,27 15,01 0,28 5,5952,85 0,89 0,34

In orthopyroxene of fortunite, Fortuna, SE Spain

Pn+Cp Pn+Cp| 1 |28,3630,99 0,09 7,25 33,2399,9423,2124,13 0,07 5,2147,3§ 1,11 0,51
Pn+Gd* Pn 1| 18,4348,15 0,06 0,11 33,2099,9515,0837,48 0,05 0,0847,32 1,11 0,71
Gd 1| 10,3357,29 0,00 0,22 32,1299,99 8,54 45,05 0,00 0,16 46,25 1,16 0,84
ISM 16,0050,89 0,04 0,14 32,8899,9513,1339,73 0,03 0,1047,00 1,13 0,75

Pn+Gd* Gd 1| 4,4462,85 0,00 0,0532,6299,99 3,67 49,37 0,00 0,04 46,93 1,13 0,93
Pn+Hzss Pn 2| 25,7640,72 0,27 0,06 33,20100,421,0131,58 0,21 0,0447,14 1,12 0,60
Hzss | 2| 8,5462,36 0,00 0,26 28,6599,81 7,2450,27 0,00 0,1942,30 1,36 0,87

ISM 18,8749,38 0,16 0,14 31,3899,9315,6338,89 0,13 0,1045,24 1,21 0,71

Pn Pn 1| 27,2838,91 0,23 0,06 33,4099,8422,2330,15 0,18 0,0447,40 1,11 0,5§
Pn Pn 1| 25,1840,52 0,12 0,50 33,5199,8320,5331,43 0,09 0,3647,59 1,10 0,6¢
Pn+Hzss Pn 4| 28,5937,96 0,07 0,02 33,28 99,94 23,2929,42 0,05 0,0147,23 1,12 0,56
Hzss | 1| 12,5157,37 0,07 0,09 29,77 99,8110,5145,83 0,06 0,07 43,55 1,30 0,81

Pn+Po Pn 2 | 36,4029,76 0,35 0,04 33,3599,9029,5522,98 0,27 0,0347,17 1,12 0,44
Po 1]6222 1,11 0,00 0,02 36,5699,9149,00 0,83 0,00 0,0150,1§ 0,99 0,07

ISM 38,9826,90 0,32 0,04 33,6799,9031,5520,71 0,24 0,0347,47 1,11 0,40

Pn+Po Po 60,91 0,28 0,00 0,0138,7899,9447,31 0,21 0,00 0,0152,47 0,91 0,00
Hzss Hzss 17,5661,15 0,08 0,25 30,9099,94 14,59 40,43 0,06 0,18 44,73 1,24 0,73
Pn+Hzss Pn+Hzg 20,2345,84 0,16 0,14 33,4699,8316,5335,63 0,12 0,1047,64 1,10 0,68

S
Pn+Hzss Pn
Po+Pn Po
Pn+Fe-ox Pn

29,7836,64 0,25 0,02 33,2599,9524,2528,38 0,19 0,0247,14 1,12 0,54
57,62 3,97 0,00 0,28 37,9299,7945,12 2,96 0,00 0,1951,73 0,93 0,06
28,1438,17 0,20 0,01 33,3599,8722,9329,58 0,15 0,0147,33 1,11 0,56

NR R P ar
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Note. Pn - pentlandite (Fexhi)osSs, Cp - chalcopyrite CuFgSMss - monosulfide solid solution(i&;.,):.,S, Viol

- violarite (F&Niy,)Ni,S,, Gd - godlevskite (RMli;)sSs or godlevskite solid solution (Ri;)74Ss, Hzss -
heazlewoodite solid solution (fdi1.)3:S, Po - pyrrhotite Fe,S, Fe-ox - cubic Fe-oxide (wistite or magnetite),
ISM - calculated initial sulfide melt, n - numbdranalyses. * - sulfide isolation in silicate maitlusion (Pn+Gd

or Pn+Hzss).

The main distinctive feature of sulfide inclusioms lamproites studied is
extremely high content of Ni (Table 8). In the Smdutte rocks the MSS contain
up to 50-63 wt.% of Ni. No MSS with that composttiare found anywhere. The
MSS from Smoky Butte is characterized by Me/S ratual to 0.98-1.00 and
seems to be a member of the hexapyrrhotite soludisons (Fe,Ni).,S. The

Leucite Hills MSS (Ni - 27.4 wt.%) has compositioriermediate between
(Fe,NixS,;- and (Fe,NphSs-types of solid solutions. Initial sulfide melt (VB
calculated for some blebs from three localities wshothe difference in
composition. The Fortuna ISM has Me/S ratio eqoal.i-1.2, the Smoky Butte
ISM — Me/S=1.1, the Leucite Hills ISM — Me/S=0,9wad last compositions are
also rich in Cu (5 and 8 wt.%, respectively).

Homogenization temperatures of silicate-melt inclos coexisted with sulfide
globules in early lamproite minerals are an eviégerabout high trapping
temperatures of sulfide melt and theisterce of silicate - sulfide liquid
immiscibility at high temperatures in lamproitic inelrapping temperatures of
sulfide melt vary for different lamproite localie >1256C - Smoky Butte;
[M350C - Fortuna; >>110T - Leucite Hills [38]. The abundance of Ni in the
sulfide blebs probably should be related to madéeved source of lamproites.

DISCUSSION AND CONCLUSIONS

Regardless of the above-mentioned differences legtweverse petrographic
types of lamproites in the composition of inclusglasses (Fig. 6-7, 10), a general
trend is characteristic of both rock types fronfafé#nt occurrences of lamproitic
magmatism (W.Kimberley, Leucite Hills, Smoky ButteE Spain). Initial melt
evolution during crystallization had an agpaitictura and initial melt was
involved gradual depletion in AD;, CaO, MgO, and J®s with enrichment in
SiO,, Fe@, BaO, TiQ, ZrO,, and alkalis. Volatiles, such as F (or HF), £®,,
and HO played significant role in primary lamproitic nmags. This evolutionary
trend resulted in the formation of K-rich Al-undatgrated or Al-free silicates (Fe-
rich K-feldspar, K-Ti-richterite, scherbakovite,edderite-chayesite and wadeite)
and K-Ba-titanates (priderite, jeppeite) during thee stages of crystallization.
Sulfide-silicate liquid immiscibility sometimes ags in lamproitic melts at early
stages of their crystallization. The presence ¢DHsalts (possibly chlorides),
barite and calcite within some melt inclusions amproite minerals is evidence
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that aqueous-saline (sulfate-carbonate-chlona)/or fluid might separate from
silicate liquid during the latest stages of evalotiln some cases, this is expressed
as late magmatic-hydrothermal activity. For exampleatite-hematite-carbonate
assemblages occur as thin veins in jumillites [B&Mariani et al., 1991,
Venturelli et al., 1991]. Late-crystallizing carladas and barite are also typical of
rocks from Prairie Creek, Smoky Butte and the LieuElills [Mitchell, Bergman,
1991; Sobolev et al., 1975; Wagner, Velde, 1986im& deviations in evolution of
initial melt for lamproites of different localitiegossibly reflect processes which
occurred with primitive lamproitic magma during iplifting (contamination of
mantle olivine, mixing in the mantle, contaminatiointhe crustal material, mixing
in the Earth crust).

ALO,

= rocks (+ glasses of homogenized
inclusions in early minerals)

e  residual glasses of unheated

inclusions in early and late minerals

T i Y

K;0+Na;0 50 MgO+FeQ+Ca0

Fig. 10. Evolution of lamproites from different word loitis (bulk rock -> inclusion
glasses in minerals) compared with evolution ofasditoids and shoshonites.

1 — olivine lamproites of W.Kimberley and Prai&reek; 2 — leucite lamproites of
W.Kimberley; 3 — wyomingites and orendites of Lieutlills; 4 — jumillites of SE Spain; 5 —
cancalites of SE Spain; 6 — lamproites of SmokyeBidt- verites and fortunites of SE Spain; 8 —
lamproites of Puebla de Mula, SE Spain; 9 — K-biasd$ and shoshonites. The line in triangle
conventionally divides agpaitic and miascitic comsiions (in wt.%).

Data on rocks and inclusion glasses are quoted ffiBagatikov et al., 1991; Carmichael,
1967; Contini et al.,, 1993; Gunter et al., 1990;qles et al., 1986; Kostyuk et al., 1990;
Kuehner et al., 1981; Mitchell, 1991; Mitchell, Benan, 1991; Mitchell et al., 1987; Salvioli-
Mariani, Venturelli, 1996; Sharygin, 1991; Sharygii993; Sharygin, 1997; Sharygin,
Bazarova, 1991; Sharygin, Pospelova, 1994; Sharygiadykin, 1994; Sharygin, et al., 1998;
Sobolev et al. 1985; Sobolev et al., 1989; Sobelal., 1975; Solovova et al., 1989; Solovova et
al., 1988; Vaggelli et al., 1993; Vaggelli et al993; Venturelli et al., 1984; Venturelli et al.,

116



Alkaline magmatism and the problems of mantle sssirc

1991; Wagner, Velde, 1986;].

The majority of inclusions in some Spanish rockspéeially, in verites and
fortunites) are different in composition to incloisiglasses from other lamproites.
They are rich in Sig Al,Os, alkalis and depleted in BaO, TiOwith a low
agpaitic index (<1). Such features may be explam&desult of mixing between
lamproitic and shoshonitic/dacitic magmas accordmg@ hypothesis proposed by
Venturelli et al.[Venturelli et al., 1984; Venturelli et al.,, 1991Alternatively,
some Spanish rocks related to the lamproitic fasdgm actually to be members
of the shoshonitic clan (generally, leucite-freeetzes).

In summary, the chemistry of glasses and daughbersgs from melt
inclusions hosted by lamproite minerals and thelwgom of their composition
from the earliest to latest minerals might be uasdan additional parameter for
distinguishing lamproites from other potassicks (especially, K- basaltoids)
which are similar to lamproites in chemical and mlodomposition (Fig. 10).
Recent studies of magmatic inclusions in other lakarocks (shoshonites, K-
basaltoids) demonstrate significant difference$ waspect to lamproites [Kostyuk
et al.,, 1990; Sharygin, 1993; Sharygin, Pospeld@®4; Vaggelli et al., 1993].
Melt evolution during crystallization of these rotkpes was directed towards a
gradual increase of S¥OAI,Os, alkalis and depletion in mafic elements, showing
strong miascitic trend.
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THE CLASSIFICATION OF MELILITITE CLAN

R.H. Mitchell

Department of Geology, Lakehead University, Thurhey,
Ontario, Canada P7B 5E1

INTRODUCTION

The melilitite clan includes melilite-bearing rockformed by the
crystallization of melilititic parental magmas umdplutonic, hypabyssal and
extrusive conditions. The clan does not include &faigites or melilite-bearing
rocks associated with kalsilite-bearing potassalale complexes. Representative
examples of the clan are described below in theilessoe: melilitites and related
melilite nephelinites; melilitolite complexes; meltes; followed by a brief
exposition of current petrogenetic hypotheses mwegofor primary melilitite
magmas.

MELILITITES

The extrusive facies of the melilitite clan inclgdmelilititessensu strictpi.e.
rocks composed primarily of melilite plus clinopyeme, and melilite-bearing
nephelinites. There is a complete modal and cortippal gradation between
melilitites, melilite nephelinites and nephelinitathough this does not necessarily
imply any simple petrogenetic relationships betwé&sn magmas forming these
rock types. Increasing amounts of modal melilite aeflected by increasing
calcium orthosilicate (larnite) in the CIPW normvaticomposition.

Mineralogy

Melilitites typically consist of phenocrysts of whe, melilite and
clinopyroxene set in groundmass which may contdinopyroxene, spinel,
perovskite, melilite, nepheline, apatite, montitelland phlogopite. In many
examples melilite does not occur as phenocrystitamqulesence is restricted to the
groundmass. Velde and Yoder (1976) have noted thelilite occurs as
phenocrysts only when (Ma + K ,0)> 7.25 wt.%. Detailed discussion of the
composition and paragenesis of the constituentnamef melilitites is beyond the
scope of this paper and comments are provided bieloanly the major phases.

Olivines in the majority of melilitites exhibit aharacteristic skeletal
morphology (Fig. 1), and are commonly termed “hoppe/ines”, with reference
to olivines of similar morphology formed experimaify under conditions of rapid
crystal growth [Moore and Erlank 1979, Donaldsorvd]9 The olivines are
forsterite-rich (mg= 0.8 - 0.9) and may comprise a mixed populationle# and
high pressure phenocrysts plus mantle-derived xgatsc [Moore 1988, Moore
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and Erlank 1979].

Melilite occurs as slender laths which commonlyibik a median parting.
The laths may contain very small optically distimdmains of melilite, termed
“peg structures” (Fig. 2), set orthogonal to thetipg. The origins of the structures
are not well understood and are attributed to slibtss decomposition and/or
inversion [Yoder 1973]. Melilites may be recognizgatically by their common,

Fig. 1. Camera lucida dra-wings of skeletal or F19- 2. Peg-structured meli-lite lath [Yoder
hopper olivine [Moore and Erlank 1979]. 1973]. Field of view is about 200 microns.

but not characteristic, anomalous blue interferecmeurs. Figure 3 shows
that most igneous melilites are essentially memioéra solid solution between
Dkermanite (CaMgSi,O;) and soda melilite (CaNaAl§);) and that gehlenite
(CaAl,SiO;) contents are typically very low. Melilites are stmble at low
temperatures (<50Q) in the presence of water. Consequently, deutiuids
commonly cause melilite to be altered to, and/@ugsmorphed by, wollastonite,

CaNaAlSi,0,
CaMaFe 50,0,

FIELD OF
IGMEQUS
MELILITES

Ca:ﬂll,siﬂ, Ca MgS5i.0,
Ca,Fel "SI0, CaFe’*5i,0,

Fig. 3. Compositional range (mol.%) of melilite in igneotscks [after Yoder 1973,
Dawson et al. 1985].
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monticellite, calcite, xonotlite [G&isO17; (OH),], cebollite [CaAl,SisO:, (OH)],
vesuvianite, diopside, and hydrogrossular. The attaristic tabular morphology
of many melilites is due to the dominant developiathe {001} faces and is
commonly preserved during replacement.

Clinopyroxenes are typically titanian aluminiangbales with very low N#
(<1 wt.%), but substantial TJ1-5 wt.%) and AIO; (1-10 wt.%) contents. They
are essentially members of the solid solutioneselCaMgSIOg (diopside) -
CaTiAl,Og (titan-pyroxene) - CaAl(Al,SjDs (Calcium Tscher-maks’s pyroxene).

Composition

Table 1 presents representative bulk compositidnsalilitites and shows
that they are sodic silica undersaturated (<40%)Si6rks characterised by low
alumina and high CaO and MgO contents. Melilitiles’e high concentrations of
Sr, Ba, Nb, Zr and REE relative to common basalticks. REE distribution
patterns (Fig. 4) demonstrate that the rocks aomgly enriched in the light REE
and that Eu anomalies are not present. A charstitefeature of most melilitites
and melilite nephelinites is enrichment in Ni and d@upled withmg numbers
[(Xmg/ (Xmg + Xge).100] from 65-75; the bulk compositions of sucltk® are
commonly considered to be representative of themiemtal primary mantle-derived
magmas [Frewt al. 1978, see below].

Table 1.
Representative compositions of melilitites.
W1t% 1 2 3 4 5 6 7 8

SiO, 34.40 36.62 36.74 39.05 38.31 39.97 35.52 38|84
TiO> 4.92 4.25 2.28 2.41 3.54 1.74 2.78 3.34
Al,03 6.24 7.51 8.02 9.14 10.18 11.15 11.01 9.80
Fe03 16.78 14.09 10.87 11.30 4.28 4.70 9.82 16410
FeO - - - - 7.72 6.11 7.13 -
MnO 0.24 0.20 0.20 0.19 0.19 0.19 0.25 0.21
MgO 15.77 16.74 18.91 18.19 15.20 14.15 11.46 14}31
CaO 14.39 12.83 16.36 13.74 13.16 15.64 12.17 12|32
NaO 1.91 3.16 1.94 2.31 2.63 3.00 4.84 2.28
K-0 2.03 2.07 0.68 1.21 0.96 1.32 1.72 1.08
P05 1.76 0.91 0.86 0.70 0.75 0.87 1.05 0.65
CO; - - - - - - 0.26 -
H,O+ 0.12 1.24 - - 2.20 - 0.58 -
LOI 1.45 0.26 2.40 1.20 - 0.30 - -
Total 100.01 99.88 99.26 99.44 99.19 99.14 98.59 98193
Ni 232 425 563 545 379 273 230 357
mg# 0.70 0.75 0.78 0.76 0.70 0.73 0.72 0.18

Note. 1, 2, Garies and Gamoep, respectively [Rogerslell@2]; 3, 4, Urach and Hegau,
respectively [Wilson et al. 1995]; 5, Balcones [Rar et al. 1987]; 6, Freemans Cove [Mitchell
and Platt 1984]; 7,Honolulu [Clague and Frey 19838, Koloa [Maale et al. 1992].
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OCCURRENCE OF MELILITITES

Melilitites are typically found in intra-plate testic settings. They may be
associated with either rift structures or linearserdind are not exclusively
confined to continental settings. Melilitites mag ¢rouped into:

1. Melilitites occurring as minor members of volmasuites dominated by
either basalts or nephelinites. Examples includaw&lian Islands [Maalret al
1992, Clague and Frey 1982]; Canary Islands [Heearld Schmincke 1993];
Ahaggar massif, Algeria [Dautret al. 1992], south eastern Australia-Tasmania
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Fig. 4. Representative chondrite normalised REE distrdyupatterns for diverse
melilitites.
Data sources: 1, Koloa [Clague and Dalrymple 1988]; Honolulu [Clague and Frey
1982]; 3, Urach [Wilson et al. 1995] ;4 - 5, Gamogmnd Garies, respectively [Rogers et
al.1992].

[Frey et al. 1978]; Freemans Cove, Canada [Mitchell and RIa&4]; Gregory
Rift, Kenya-Tanzania [Williams 1970, Dawsoet al. 1985]; Rhine Graben
[Wimmenauer 1974]. Suites occurring in a conttaksetting are commonly
associated with phonolites.

2. Petrological provinces in which melilitites atee sole or volumetrically-
dominant extrusive and/or subvolcanic rock typearagles include: Balcones
province, Texas [Spencer 1969] Namaqualand, SoufiticaA [Moore and
Verwoerd 1985]; Sutherland area, South Africa [DetWL975]; Eshowe, South
Africa [Colganet al. 1989];the Urach and Hegau volcanic districts, Germany
[Brey 1978]; Plou...nice, Czech Republic [Ulryat al 1988]; Missouri River
Breaks [Hearn 1968]; Hudson Bay Lowlands [Jagisal 1989]; the Terskii Coast
of the Kandalaksha graben [Kalinkiet al1993]; Maimecha-Kotui province,

123



R..H. Mitchell

Siberia [Egorov 1970, Kogarket al. 1995]; north-eastern Anabar province
[Kovalskii et al. 1969], Malaita, Solomon Islands [Nixet al. 1980]. This group
of melilitites, with the exception of some oceaklawaiian examples, typically
have lower silica contents than those associatddbasaltic volcanisreensu lato
(Table 1). Diatremes are common in these volctelids.

Representative examples of each group are deschbkdv, in order to
illustrate some aspects of the petrological vemmafound within and between
melilitite-bearing provinces.

Although there are some similarities, the overdfedences are so significant
that it is considered premature to conclude thamamon petrogenetic scheme can
be applied to all occurrences.

KOLOA AND HONOLULU VOLCANIC SERIES

Hawaiian volcanoes are characterized by three stagactivity: an initial
shield building stage, represented by the rapighteom of voluminous tholeiitic
basalts; eruption of post-shield alkali basalt®gosing less than 1% of the

100 =

Ce { ppm )

Fig. 5. Ce versus Th abundances of Honolulu Volcanic S¢aeer Clague and Frey
1982].

volume of the volcanoes; and after a period oéseence, small amounts of very
undersaturated magmas erupted as lavas and toffssinort lived vents scattered
along the flanks of the shield. Termed the “passm®nal series”, these latter
magmas are exemplified by the basanites, olivinpheknites and olivine
melilitites of the Koloa (Kauai) and Honolulu (Oghvolcanic Series [Clague and
Dalrymple 1988, Clague and Frey 1982].

The melilitites form small flows and pyroclastic pisits, the style of
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volcanism being sub-aerial Hawaiian. Curiously, tlephelinites and melilitites
have apparently not been subjected to detailed modeneralogical studies,
although some data for nephelinites are given bysWer et al (1979) and
Wilkinson and Stolz (1983). The latter show thavioke melilite nephelinite from
Moiliili  (Oahu) contains phenocrysts of olivine sdah a fine grained
microphenocrystal groundmass of clinopyroxene, ekpd, titanomagnetite,
melilite, olivine, sodalite and apatite. Clague dvalrymple (1988) note that the
rocks are mainly aphyric and holocrystalline. Corepato other melilitite
provinces, the major characteristics of the Haavamelilite-bearing suites are the
very small amounts of undersaturated rocks reldoviose of associated basaltic
rocks and the absence of diatremes, hypabyss&lorate-rich rocks and
phonolites. With regard to the Ilatter, Wilkinson darStolz (1983) have
demonstrated that Hawaiian olivine melilite nephigdi cannot differentiate to
phonolitic residua.

Geochemical studies of the Honolulu and Koloa valcsuites [Clague and
Frey 1982, Clague and Dalrymple 1988, Maateal 1992] have demonstrated
that most rocks have major element compositionscatithg derivation from
mantle-derived primary magmas, ieg-numbers >65 and Ni> 200-250 ppm
(Table 1). Incompatible trace element abundance® slystematic variations with
rock type, thus La/Yb ratios increase in the seqagtholeiite (4), alkali basalt
(12), nephelinite (18), melilitite (33), with ireasing light REE abundances being
directly correlated with increasing P and Th cotdgerinear correlations exist
between the abundances of highly incompatible esnguch as Nb and P or Ce
and Th (Fig. 5). These data are interpreted decate that the melilitites cannot
be formed by the extensive fractional crystalli@aatof a basaltic or nephelinite
parental magma. Rather, Clague and Frey (1978) bameluded that the rocks
represent the products a partial melting sequeark suggest on the basis of trace
element modelling that as the degree of meltinthpeimantle sourceéecreasesthe
melts produced become richer in Ca, Ti, P, Th, RE#& poorer in Si and Al. On
the basis of Th abundances, Clague and Frey (1882 concluded in the case of
the Honolulu Volcanic Series the degree of melbhghe source ranges from 2%
for the nephelinite melilitite to 11% for alkali &t and basanite. Sr, Nd and Pb
isotopic compositions of the rocks indicate thagyttwere formed from upper
mantle-derived magmas (Fig. 6). Although the ip@ovariation is not large,
within the Kauai lavas, there is a trend of insirg'*Nd™**Nd and decreasing
8’SrP°sr with decreasing SiQcontent [Clague and Dalrymple 1988]. The post-
erosional lavas are enriched in radiogetiitid and depleted in radiogeniéSr
relative to Hawaiian tholeiites. These differencesypled with significant intra-
formation and inter-island differences in isotomompositions, indicate that
mixing of material from several distinct sources sinilhave been involved in
establishing the isotopic signature of any givem@a. Opinions differ as to the
nature of these sources and the extent of miximegaBse of the association of the
Hawaiian Islands with a mantle plume or hot spdagGe and Frey (1982), Chen
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and Frey (1985), and Clague and Dalrymple (1988¢ iavoured mixing between
large volume melts of a plume-type source with $madounts of incipient melts
of a heterogeneous MORB source. In contrast, Mdamlal. (1992) claim that
MORB sources are not involved in the generatiothefmagmas and that all are
derived from a zoned plume, whereas Stlleal. (1983)claim derivation from a
highly depleted MORB-like source.. While discussarthese diverse hypotheses
Is beyond the scope of this paper, it is signifidhat all geochemical and isotopic
studies have concluded that Hawaiian melilitites andifferentiated low degree
partial melts of a mantle source material.
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Fig. 6. Sr and Nd isotopic composition of some melilitded related rocks.

Hawaiian post-erosional volcanics of the Koloa aHonolulu series [Maakt et al. 1992,
Feigenson 1984, Stille et al. 1983]; Freemans Csuige [Mitchell and Platt, unpub], Garies
and Gamoep melilitites [Rogers et al. 1992]; Hedauach melilitites [Wilson et al. 1995].
Fields for MORB and all Hawaiian lavas from Cherddfrey (1985). BE = Bulk Earth.

FREEMANS COVE SUITE

The Tertiary (46 Ma) Freemans Cove volcanic suiteBathurst Island
(Canada) consists of 5 agglomeratic vents, appabeiyn 75 dikes and small plugs
together with several sills [Mitchell and Platt B98984]. Lava flows are absent at
the present level of erosion although lava fragsemiombs and scoria are
common as clasts within the agglomerates. Stratanoles, subaerial pyroclastic
deposits, diatremes and carbonate-rich rocks asendbThe province consists
primarily of olivine nephelinites and basanites hwihinor amounts of olivine
melilite nephelinite, basalt (tholeiitic and alkad) and phonolite.
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Fig. 7. Trace element abundance varia-tion in the Freent@mge Volcanic Suite.
(A) La versus Th (B) Ni versus Th (All data Mitchelbld@iatt, unpub.].

The nephelinites contain phenocrysts of forsteatizine and Ti-Al diopside
set in a groundmass of Ti-Al diopside, spinel, redple, apatite, Ti-Ba-rich
phlogopite, zeolite and glass. Melilite occurs a®grless laths in melilite bearing
examples. Nephelinites form two groups based onpilesence or absence of
normative larnite; melilite-bearing types (Tableat¢ associated with the latter.

The melilite nephelinites, nephelinites and basanitavang numbers and Ni
contents characteristic of mantle-derived prinrapgmas and cannot be related to
each other or the basaltic rocks by fractional tafligation processes. REE
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contents, La/Yb ratios and incompatible trace elgnadundances increase in the
sequence basalt, basanite, nephelinite, larnitenaibre nephelinite, melilite
nephelinite. Incompatible elements exhibit systeenatrrelations (Fig.7A) similar
to those observed for the Honolulu [Clague and BE@82] or S.E. Australian

[Frey et al. 1978] volcanic suites. Fig. 7B shows that roekth high Ni
contents also have high Th contents, a geochemigaature that is inconsistent
with Th-enrichment by fractional crystallization.nQthe basis of these data,
Mitchell and Platt (1984) have suggested that thee dormed from a series of
primary magmas derived by the sequential pani@lting of a common upper
mantle source. The basalts may represent extepani@al melts of this source but
have undergone some fractionation and/or crystaturaalation during
emplacement. REE distribution patterns lack Eu al@® indicating that the
nephelinites and phonolites cannot be differergiatethe basanites, although the
phonolites may be derived by high pressure fraation of primary nephelinitic
magmas.

Sr and Nd isotopic studies [Mitchell and Platt, uibp Fig. 6) indicate that
Freemans Cove magmas were derived from mantledhigéxperienced long term
depletion of LREE and Rb relative to bulk Eartrowéver, their sources are not
as depleted as those of the Hawaiian post -erdsimbeanics. The data may be
interpreted to suggest that the Freemans Cove nsmgmeaord a local
asthenospheric signature or represent mixing betwedawaiian-type or MORB-
type source and a lithospheric mantle component.

The paucity of associated basaltic magmatism aasepice of phonolites are
notable differences between this and the HawairaviRce; implying significant
differences in the partial melting regimes and estgff magma emplacement
between the two provinces. Consequently, petrogermabdels advanced for
Hawaiian undersaturated volcanism are unlikelydorblevant to this province.

The Freemans Cove suite is an example of intraple@matism associated
with continental rifting [Mitchell and Platt 1983]There is no compelling
geological evidence, e.g. contemporaneous floodaltsasto indicate that
magmatism was directly related to the melting ofmantle plume, Although
extensive, possibly plume-related tholeiitic magemtoccurred earlier (58 Ma)
in the Baffin Bay area it is considered that thiaswoo remote from Bathurst
Island (>500 miles) to have been involved in tleaeagis of the Freemans Cove
suite. Mitchell and Platt (1984) have suggested BEraemans Cove magmatism
was initiated by decompressional melting of a n@tagized lithospheric mantle
source in response to tectonic uplift. Howevers ggheme is difficult to reconcile
with the Sr and Nd isotopic data regarding the meatdi the source.

BALCONES PROVINCE

The 67-86 Ma rocks of the Balcones Province ocaupnwer 200 volcanic
centres in a 400 km-long belt stretching from baueést of Uvalde to northeast of
Austin, Texas [Spencer 1969, Barladral 1967]. The centres lie parallel to the
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northern limit of the Ouachita fold belt. The rocksesent include hypabyssal
intrusive, extrusive and pyroclastic units. Stralcanoes and diatremes do not
appear to be present, although submarine hydravioleetivity occurred at some

of the vents. Most of the Balcones volcanoes areently buried beneath younger
coastal plain sediments.

The province is dominated by melilite olivine nelufiges. Rock types in
order of increasing abundance are nepheline basapitonolite, alkali basalt,
olivine nephelinite and melilite olivine nephelmitDetails of the petrography of
the rocks are given by Spencer (1969). The majasitythe melilite olivine
nephelinites contain phenocrysts of olivine ananBiugite set in a groundmass of
titan augite, melilite, nepheline, spinel, apasitel perovskite. The basaltic rocks
are found primarily in the Austin area, whereasekpression of the activity in the
Uvalde area is bimodal phonolite-melilite olivinepghelinite volcanism.
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Fig. 8. Mantle or chondrite normalised incompatible traement distribution diagrams (A)
Balcones [Wittke and Mack 1993] and Honolulu [Clagand Frey 1982]; (B) Urach [Wilson et
al. 1995]; ( C) and (D) Gamoep and Garies [Rogetrale 1992]. Note the significant K anomaly

present in all examples and the Sr anomaly preselytin the Namaqualand suite.

The melilite olivine nephelinites, olivine nepheéles and basanites have
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major element compositions and Ni contents (Tablesuggesting that they are
unmodified primary partial melts of the upper n@nincompatible trace element
abundances and LREE enrichment increase in a tensistent with decreasing
degrees of partial melting of the source from kasamelilite olivine nephelinite
[Barkeret al1987, Wittke and Mack 1993]. Even though erupted ontinental
environment, the nephelinites are considered bytke&/iand Mack (1993) to
display no signs of a lithospheric or subducti@térelement or isotopic signature,
as Figure 8 shows that the trace element signasuigentical to that of the
Honolulu Volcanics and Ti-Nb-Ta anomalies are abse®r and Nd isotopic
studies suggest that the parental magmas wereedefrem sources with time
integrated LREE depletion, and Wittke and Mack @9%opose derivation of the
magmas by variable degrees of partial melting of amthenospheric garnet
Iherzolite source that was slightly less depletehtthe source of N-type MORB
and comparable to that of oceanic island basal3)(®b isotopic studies [Wittke
and Mack 1993] demonstrate clearly that interactbthe magmas with the crust
was negligible.

The Balcones province is obviously very differant character to the
Hawaiian post-erosional series and although coreii® be mantle-derived there
is no direct geological evidence for the partiapatof a mantle plume in the
genesis of the rocks. The province is similar ams respects to the Freemans
Cove suite but differs in that melilite-bearing ke@re dominant. If derived from a
similar source this difference must reflect a aéfg melting regime.

HEGAU - URACH VOLCANIC FIELDS

The basalt-free Hegau and Urach volcanic fields ll{eet al. 1990,
Wimmenauer 1974, Engelhardt and Weiskirchner 1968¢h may be regarded as
transitional to phonolite- and basalt-free metditiprovinces (Namaqualand,
Hudson Bay Lowlands, Terskii Coast), consist ofyvBr-poor melilitites (Table
1), associated with minor amounts of phonolite.iVAist resulted in the formation
of both intrusive and extrusive (lavas and pyrdaia¥ rocks and, particularly in
the Urach region, is characterized by diatreme &tion (see below).

Detailed modern mineralogical studies have natnbendertaken and
investigations have been concerned primarily witlolcanology and/or
geochemistry of the rocks [Cloos 1941, Brey 1978|stv et al 1995]. In
common with other melilitite occurrences, the roaks characterised by highg-
numbers and Ni contents together with enrichmeninocompatible elements,
especially Ba (100-150 ppm), Nb (100-140 ppm) aiREE (150-175 ppm Ce).
Trace element signatures have significant K anasalFig. 8), suggesting the
presence of a residual potassic phase such asopite®gn their sources. Sr and
Nd isotopic compositions (Fig. 6) indicate derivatifrom depleted mantle
sources. Compared to the Freemans Cove provineasdigmas are derived either
from more depleted mantle and/or contain smalleowts of OIB-type or
lithospheric sources mixed with MORB-type sourcdamal.
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NAMAQUALAND

The Namaqualand province [Moore and Verwoerd 19&fjresents the
extreme of the melilitite-bearing provinces in titatonsists entirely of extremely
silica-poor melilitites. Although, previous publte@ans [Moore and Erlank 1979,
Taljaard 1937] state that kimberlites occur in thevince, it is now evident that
the most of these rocks are altered or inadequatkbracterized melilitites
[Mitchell 1986, 1995].

The province consists entirely of pipe-like intawss and sediment-filled
diatremes (see below), and is divisible into twalds; the northern older (59-77
Ma) Gamoep cluster and the younger (54-56 Ma) emélhries cluster, located 80
km to the southwest [Moore and Verwoerd 1985]. éiliph the Gamoep
melilitites have enhanced MgO contents (Table 1g tuolivine accumulation,
both they and the Garies melilitites appear to héwened from primary
undifferentiated magmas derived from depleted rearftheir sources appear to
depleted in Rb relative to those defining the maiantle array of Sr and Nd
isotopic compositions upon which the majority ohert melilitites lie (Fig.6).
Melilitites in each cluster are distinct in theirajor and trace element
characteristics [Rogerst al. 1992; fig. 9]. These differences do not resulinfro
differentiation processes and Rogetsal (1992) suggest that the Garies cluster
melilitites are derived by smaller degrees of jpantnelting of the same source as
those of the Gamoep cluster. If Nb/Y ratios areaative of the relative degrees of
partial melting involved in the genesis of meliés, it would appear that the
Garies melilitites, with Nb/Y ratios typically grea than 7, represent the least
degree of partial melt extracted from the manti@ses of all melilitite provinces.

MELILITITE PRIMARY MAGMAS

From the above data, it is apparent that undifteated primary melilitite
magmas are commonly erupted either as componeitpaitial melting sequence
or as discrete episodes of melilitite magmatism.all instances small degrees of
partial melting of a mantle source that has undeggong term depletion in Sm
and RbD relative to bulk Earth are required by #wapic and trace element data.
Isotopic characteristics may reflect those of disziasthenospheric mantle sources
or mixing between material derived from MORB- antB@ype sources with or
without lithospheric contamination. There is noqua primary melilitite magma
composition, rather there exists a range of contposi which, in general,
become poorer in incompatible trace elements, @adMgO and richer in SKO
as the extent of partial melting of the source eases (Figs. 9 and 10). The
compositions listed in Table 1 represent the specttof primary melilitite
magmas which might be expected to undergo diffagon in hypabyssal and
plutonic environments. This variation may explaie wide variety of rock types
observed in diverse melilitolite complexes.
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LOW PRESSURE DIFFERENTIATION

It is significant that low pressure (1-2 kb) di#atiates are typically absent
from melilitite provinces. Where differentiationdhaccurred (Balcones, Hegau-
Urach) it has apparently taken place at relatiiiy pressures (5 kb?), with
kaersutite fractionation leading to the generatibsome types of phonolite, but
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Fig. 9. Nb/Y versus SiO2 for Namaqualand [Rogers et 8R],Hegau-Urach [Wilson et
al. 1995], Balcones [Barker et al. 1987] melilitite
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without the formation of magmas of intermediate positions [Barkeret al
1987]. The formation of large stratovoloas or long-lived, continuously
replenished, fractionating magma chambers doesseein to be typical of
melilitite volcanism, although both are characterifeatures of nephelinitic
volcanism. These differences may be related tosthall volume of melilititic
magmas coupled with their rapid emplacement astilelach magmas. The
reasons for the absence of low pressure interneedrad evolved lavas of the clan
remain as yet poorly understood.

Experimental studies of the low pressure cryziaion paths of natural
olivine melilitites of the Urach or Namaqualand ¢yipave apparently not yet been
undertaken. With regard to melilite nephelinitesd anlivine nephelinites,
considerable experimental work has been undertakesynthetic systems [Onuma
and Yagi 1967; Platt and Edgar 1972; Gugtal 1973; Onuma and Yamamoto
1976, Yoder 1979; Pan and Longhi 1990] but vetlelinformation is available on
the low pressure crystallization paths of natwainples [Gee and Sack 1988,
Wilkinson and Stolz 1983]. The study of Gee andkSé©988) although of
importance in establishing some critical phase tiorlahips between olivine,
melilite and liquid, is not directly relevant to dso melilitites, as the study
investigated a strongly potassic rock composition.

Peterson (1989) has summarized the experimentdiestuapplied them to
nephelinitic volcanism and suggested that two dkffidation trends (Fig. 11) may
be possible in sodic undersaturated liquids: (Mired nephelinite to nephelinite;
(2) olivine melilite nephelinite (or melilitite) melilite nephelinite ! wollastonite
nephelinite ! combeite nephelinite. The first taa considered to be exemplified
by Shombole and other mildly peralkaline nepheadiniblcanoes in the Gregory
Rift. The second trend is exceedingly rare andxesn®lified by the strongly
peralkaline lavas of Oldoinyo Lengai. Althoughbttends may lead to phonolitic
residua, Wilkinson and Stolz (1983) have shown linatpressure fractionation of
Hawaiian olivine melilite nephelinite leads to #oemation of very small amounts
of residual melilite-bearing nephelinite but nobpblites.

The relevance of these studies to melilitite pnoes is debatable. There is no
doubt that the east African nephelinite differetiia trends suggested by Peterson
(1989) are realistic, but it is questionable whetr@umetric relationships actually
have permitted trend 2 to occur, as olivine nigkls are volumetrically
insignificant compared to the nephelinites. Thémited abundance is in accord
with them being very small partial melts. Thus,hi@grs of greater significance is
the possibility that each batch of the spectrunpmary melts generated by
sequential partial fusion would have the opporgundt differentiate. Hence, the
rare olivine melilitites need not necessarily be éimtecedents of the nephelinites,
and petrological relationships in the Gregory Ritty be more complex than the
hypotheses of Peterson (1989), Peterson and Kend@d995) and Kjarsgaaet
al. (1995) suggest.
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Fig. 11. Projection of the compositions of alkaline ultradiodavas onto the plane Ab-Ln-
Fo in the quaternary system Ne-Ab-Ln-Fo, togethién the cotectics, liquidus phases and
nephelinite crystallization trends postulated byd?Pgson (1989).

Point C is a distributary reaction point, involviraivine or melilite, which determines the
crystallization trend followed. D is reaction poio the Oldoinyo Lengai trend at which melilite
reacts with liquid to form wollastonite.All liquidyhases may co-exist with nepheline. WOL =
wollastonite; CPX = clinopyroxene; Ol = olivine; ME= melilite; L = liquid. [after Peterson
1989].

The formation of a sequence of partial melts dpesnit melilitites and
nephelinites to co-exist within a province, althbufge geochemical data indicate
that consanguineous olivine nephelinites cannadifferentiates of melilitites (or
basanites) andice versaDifferences between provinces such as the Grelgdty
and Namaqgualand may simply reflect the cessatidheopartial melting process in
sources of the latter before nephelinites were ywwed. In this instance tectonic
reasons must be sought to explain the discontimatf melting. However, other
possibilities such as derivation of the provincesf different sources and depths
cannot as yet be excluded. Regardless, signifisaiimes of melilititic magma
must have been involved in the formation of the &lefyrach and Namaqualand
provinces and their failure to undergo low pressumfferentiation along
Peterson’s (1989) trend 2 remains inexplicable.

DIATREME FACIES MELILITITE

Whereas phreatomagmatic vents are typical of thiditites associated with
basalts and nephelinites (Balcones, Freemans Gdawaii), the formation of
diatremes appears to be a characteristic styleagfnmtism associated only with
more silica-poor melilititic magmas (Hegau, UraBlshowe, Namaqualand, Avon,
etc). The Urach melilitite field may be regardedias type locality for diatremes,
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the initial detailed descriptions of their struetsi being given by Cloos (1941). As
the volcanology of most melilitite provinces hagbensufficiently investigated, it
is not known if diatreme formation is a style of @atement that is intrinsic to
these magmas types, or is merely a local phenomenon

Diatremes are sub-volcanic intrusions whose origimesnot well-understood.
To reflect the association of diatremes with aetgriof magma types, Mitchell
(1986, p.74) has defined diatremes as “cone shamed)ward tapering, inclined
or vertical structural units (intrusions), composelolly or partly of angular, or
rounded, clasts of cognate or xenolithic originttwar without a matrix. Xenolithic
clasts maybe derived from the walls or roof of bloely. They are commonly well
mixed and some xenoliths have apparently sunk mwithe diatreme”. Diatremes
are volcanic features associated with volatile-nohgmatism commonly of an
ultrabasic composition. Note that the term “diateéns not synonymous with
“volcanic vent” and that the rocks comprising ceates are not described as
agglomerates. According to modern textural-geneassifications [Clement and
Skinner 1985, Mitchell 1995], rocks occurring imatdlemes are described as
diverse volcaniclastic rocks belong to the diatrdames of the particular magma
type involved in diatreme formation, e.g. volcaastlc melilitite breccia, autolithic
volcaniclastic kimberlite breccia.

Fig. 12. Cross-section of the Jussi diatreme, Urach volcdieid [after Cloos 1941].

6] have demonstrated that there are such significkferences in the
structure and contents of diatremes associatedkiitberlites and melilitites that
they are unlikely to have formed by similar proessPiatremes which are similar
in structure to melilitite diatremes are also fodman association with the
phreatomagmatic eruption of some volatile-rich klkasaltic magmas [Lorenz
1975, 1984], however it is as yet unknown whetheelilitite diatremes were
formed by the same processes.
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Fig. 12 presents a cross-section through a typnedilitite diatreme from the
Urach volcanic field. In this field diatremes rangediameter from a few tens of
metres up to 1.2 km.

Significant characteristics of the diatremes i3 #und other melilitite provinces
are: (1) the presence of pyroclastic and resedmdentolcani-clastic rocks
(epiclastic) in bowl-shaped depressions (craterefacocks) at the top of the
diatreme; (2) characteristic presence of autolithd pelletal lapilli (see below);
(3) permeation of highly mobile (fluidized?) tuffamus/pyroclastic material into
fractures and around displaced blocks of countck;r¢4) marginal subsidence and
downward transport of earlier erupted pyroclasaosl detached country rock
blocks; (5) late stage intrusion of hypabyssal socko the central conduit of the
diatreme, with in some instances lava lake fornmatiothe subsiding crater; (6)
occurrence in thick sequences of highly porouspertheable sedimentary rocks.;
(7) association with hydraulically active fault Zmnand lineaments. Detailed
descriptions of melilititic diatremes may be foundCloos (1941), Hearn (1968),
Lorenz (1975, 1984), Clement (1982) and Mitchelig@).

Pelletal lapilli are characteristic components @tr@me facies rocks. These
consist of discrete spherical-to-elliptical, lapdized (2-64mm) clasts consisting of
fine grained igneous material. The lapilli commomigntain at their centres, a
single relatively large euhedral crystal or crydtagment. This core or kernel
consists typically of olivine (fresh or pseudomaegh and less commonly of
phlogopite or other minerals. Country rock clastsyvrarely form the cores of
lapilli and juxtaposed country rock clasts are ¢gily devoid of igneous mantles.

The mantles consist of fine grained melilitite an‘ize. Microphenocrysts of
melilite and olivine are commonly tangentially eriated around the kernel of the
lapillus and a poor-to-well developed concentrraciure may be evident. Pelletal
lapilli are not equivalent to accretionary lapilli found in subakrmyroclastic
deposits. The origins of pelletal lapilli remairetBubject of considerable debate.
Currently, they are believed to represent magmaleit® formed by the explosive
fragmentation or frothing of magma due to the ragexpulsion of dissolved
volatiles [Clement 1982] or interaction of magmidwgroundwater [Lorenz 1979,
Mitchell 1986].

Discussion of the genesis of diatremes is beyordstiope of this work but
detailed information on this topic may be found lkmrenz (1975, 1979, 1984),
Clement (1982); Clement and Reid (1989); and  Miich(1986, 1995).
Hypotheses fall into two major groups; emplacenisneither fluidized intrusion
(volatile escape) with no or minor hydrovolcaniarmgmonents or hydrovolcanic
processes (phreatomagmatism and fluid-coolant aotens) dominate and
fluidization is not significant. Hydrovolcanic presses seem applicable to most
alkali basaltic and many melilititic diatremes lare not entirely satisfactory for
kimberlitic diatremes. Fig. 13 illustrates therf@tion of a diatreme according to
the hydrovolcanic model of Lorenz (1975, 1984).

The association of diatremes with £d@rh melilititic, orangeitic and
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kimberlitic magmatism cannot be co-incidental. Ma&t and Bergman (1991)
have suggested that this is a consequence of Wer kolubility of CQ in these,
relative to HO-rich, magmas [Brey and Green 1976]. Consequethify, may de-
gas violently by fluidization-like processes at ajgx¥ depths than basaltic or
lamproitic magmas. The latter may not degass uhily enter the shallow

hydrovolcanic regime.
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Fig. 13. Ato E., Stages in the development of a hydranatadiatreme as envisioned by
Lorenz (1975, 1984); F., Vertical cross-sectionhw Black Butte diatreme, Montana [after
Hearn 1968]. Note the central conduits of diatrerkeand F are filled with hypabyssal
magmatic material.

MELILITOLITES

The plutonic facies of the melilitite clan includaswide variety of rocks
composed principally of melilite, olivine, phlogogi clinopyroxene and
perovskite, and to lesser degree nepheline anthapyicalcite. Some phlogopite-
rich rocks, e.g. okaite, uncompahgrite, phlogopyeoxenite may be regarded as
examples of the plutonic lamprophyre facies ofrtiedilitite clan. With decreasing
grain size there is complete transition to hypaalysecks, sometimes termed
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micromelilitolites and with increasing modal phlogopite to melno{sese below).

Melilitolites are known primarily from plutonic adkine complexes and less
commonly as xenoliths within volcanic rocks. Thétda are apparently derived
from cumulates formed in sub-volcanic magma chamberg. blocks of

afrikandite in pyroclastic rocks at Kerimasi (Tanm@).

OCCURRENCE

Alkaline complexes containing melilitolites are iggly composed primarily
of ultramafic alkaline rocks, principally the ijadi suite, and commonly associated
with carbonatites. Although nepheline syenites nemgur in some of these
complexes, they are of relatively small volume cansg to the ultramafic rocks.
The paucity of nepheline syenite is one featurackviserves to distinguish
melilitolite-bearing complexes from ijolite-nephs#i syenite carbonatite
complexes associated with the nephelinite clan, @&lgpak (Kenya), Fen
(Norway), Magnet Cove (USA), Grrnndal-lka (Greenlgn Nizhnesayanskii
(Russia).

Two regions are characterized by the extensiveldpmeent of melilitolite-
bearing complexes: the Kola-Kandalaksha and Maiedabtui regions of Russia.
In other parts of the world they are found as igmlantrusions in alkaline rock
provinces dominated by nepheline syenite-carbanabimplexes e.g., Gardiner in
East Greenland, Oka in the Monteregian Hills progiriCanada) or associated
with alkaline ultramafic complexes lacking melilites but which are otherwise of
similar petrological character, e.g. Tapira in tGeias-Minas Gerais (Brazil)
pyroxenite-carbonatite province. Their appareneabs in the latter varieties may
be merely related to the local extent of erosiot @anelilitolites may be present at
depth. Melilitolite complexes have been insufficignnvestigated to determine if
there are real petrological differences betweersgéhfbund in the different
associations. Most melilitolite complexes have been subjected to modern
mineralogical studies and published descriptionsceatrate primarily upon their
petrography. Exceptions include Iron Hill [Nash 29p@and the Gardiner complex
[Nielsen 1980].

Melilitolite-bearing and associated complexes tgfljc contain rocks
enriched in magnetite, perovskite, apatite and gopde and hence are major
economic sources of Ti, Nb, Fe, REE, mica and jphate. The complexes are not
agpaitic and the typomorphic Zr- and Nb bearingcaiés and titanosilicates of
such rocks e.g. eudialyte, lovozerite, lorenzensiecherbakovite etc., are not
present. Instead Zr is typically sequestered iwony zirconolite (CaZrt0y),
zirkelite [(Ca,Ti,Zr}Os], calzirtite (CaTi,ZrsO46) etc., and Ti and Nb in perovskite
and pyrochlore. Economically significant Zr minézation is not present.

KOLA-KANDALAKSHA REGION
Fig. 14 depicts the Kola-Kandalaksha region whintiudes the melilitolite-
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bearing complexes of Turiy, Afrikander, Kovdor, ®agorskii, and Kontozerskii.
Others complexes in which melilitolites are not agmtly present at the current
level of exposure but which are otherwise petraally similar include; Seblyavr,
Ozernaya Varaka, Lesnaya Varaka, Sallanlatvi, Waovi. These complexes are
on average slightly older (364-405 Ma) than thedz®ro (361 Ma) and Khibina
(365 Ma) agpaitic complexes [Kogarlat al. 1995]. A 470-480 Ma swarm of
melilitite-bearing lamprophyric and carbonatite eikoccurs along the shores of
Kandalaksha Gulf [Bulakh and Ivanikov 1984]. Alsuhd on the Terski Coast are
numerous diatremes of melilitite and ultramafick®evhich are contemporaneous
with the Turiy complex [Kalinkiret al. 1993].
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Fig. 14. Simplified geological map of the Kola Peninsulasfa [after Zaitsev
and Bell 1995 and Kukharenko et al. 1965] showlmgylocations of alkaline
complexes (black).

Descriptions of the melilitolite-bearing complexashe region may be found
in Kukharenkoet al. (1965) or Kogarkat al (1995). Three groups of rock appear
to be present in most examples: an early suiteltohmafic rocks (olivinites,
pyroxenites); followed by members of the ijoliteitey and finally intrusion of
carbonatites. Melilitolites appear to be typicalgsociated with the initial
ultramafic suite e.g. melilite olivinites and afkdites at Afrikander, but may
occur as intrusions emplaced subsequent to théeijsuite e.g. okaites and
turjaites at Turiy. However, interpretations oé fhetrology of the complexes must
not be accepted uncritically given that these n&aynluenced by the metasomatic
hypotheses favoured by many Russian petrologists.

The Afrikander complex is a small (7 krarea), poorly-exposed intrusion, which
consists primarily of many textural and modal viae® of mela-ijolite and
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nepheline pyroxenite [Kukharenla al 1965]. The central portion of the intrusion
is composed of olivinites, melilite olivinites amtlopside- amphibole-bearing
calcite carbonatites together with numerous veirsijaite pegmatite and
perovskite-titanite-titanomagnetite. The olivigitborm megaxenoliths amongst
coarse-grained pyroxenites. The main constituengs adivine, perovskite and
magnetite. The rocks are commonly modally-layeismime layers contain very
little silicate and are essentially magnetite-pskite rocks. Melilite olivinites
occur as thin layers adjacent to layers of finairged olivinite. Melilite is present
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Fig. 15. Simplified geologi-cal map of the Turiy melilitelicomplex, Terski Coast of
Kandalaksha Gulf, Russia [after Bulakh and Uvanik®84 and Kogarko et al. 1995].

either as isolated plates and prisms whose long axe orientated parallel to
layering giving the rock a trachytic texture, orchgsters and segregations (up to
25 cm) composed essentially of melilite in ritelifree host. Also present
aremonticellite, phlogopite and calcite. Modal a#ions lead to rocks composed of
melilite, perovskite and titanomagne-tite i.e. kdndite. The melilite crystals
contain inclusions of olivine and perovskite and eammonly altered to cebollite,

140



Alkaline magmatism and the problems of mantle sssurc

wollasto-nite and calcite. Melilite is not found the associated coarse grained
olivinites.

The Turiy complex con-sists of three large invos [Central (28 ki),
Southern (13 k@ and Kuznavolskii (15 kf], several smaller ones (Letnegorsk,
Gornoozersk) together with pre-, syn- and postisitte dike swarms (Fig. 15).
The intrusions are composed of, in order of intmosi olivinite and
clinopyroxenite; members of the ijolite suite; rhiiites; ijolites; phoscorites
(phlogopite-magnetite-apatite-forsterite rocks) awndrbonatites.  Figure 16
illustrates the structure of the Central intrusias envisaged by Bulakh and
Ilvanikov (1984). Detailed modern mineralogical stésdof the melilitolites have
not been published, although some data are givéRoognsoret al. (1981).
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Fig. 16. Interpre-tation of the structure of the Centnatrusion of the Turiy complex
[after Bulkah and Ivani-kov 1984).

The principal minerals of the melilitolites are i, nepheline,
clinopyroxene and phlogopite with minor and/or asoey perovskite, apatite and
magnetite. Subsolidus reactions have typically tedhe formation of Ti-rich
andradite and schorlomite. Although the modes vadely the rocks, in contrast
to those at Afrikander, typically exhibit a hypidiorphic granular texture.
Clinopyroxene and melilites have compositions @amito those found in
melilitites. Nephelines have typical Morozewicz-Bger plutonic nepheline
compositions and are identical to those in assedigolites.

GARDINER INTRUSION

The 50 Ma Gardiner intrusion is a 5km diameter 4shgped ultramafic
complex exposed as a nunatak at the head of Kdogesiliaq Fjord, East
Greenland. Nielson (1980, 1981, 1994) has proptssdhe rocks of the complex
were intruded in four stages, as follows: (1) aftramafic cumulate series of
dunites and pyroxenites; (2) a suite of dikes ahsl af shonkinite plus sodalite
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and nepheline syenites; (3) a ring dike of meliiés and related mela-ijolites,

syenite and carbonatite; (4) a series of alkatopgnite, nepheline syenites, and
leuco-ijolite dikes. Emplacement of the complex vpasceded by the tholeiitic

magmatism associated with continental brgakand formation of the

NorthAtlantic, followed by intrusion of a regiondike swarm of olivine mela-

nephelinites.
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Fig. 17. Geological map of the melilitolite ring dike anelaited rocks in the
north-east central part of the Gardiner complexsE@&reenland [after Nielson
1980].

Figures 17 and 18 illustrates the geological retethips between the
melilitolites and the earlier-formed ultramafaxks. The melilitolite ring dike has
chilled and sharp intrusive contacts with the dmitand ijolites, thus
demonstrating an unquestionable magmatic origire fiftierior of the dike is
composed of an afrikandite consisting of euhedmoyskite, magnetite and
apatite enclosed in large poikilitic plates of rii Clinopyroxene is rare and is
resorbed where enclosed in melilite but fresh wiheluded in other minerals. The
clinopyroxene content of the rocks increases tdw#ne contact with dunites and
they are modally transitional into uncompahgrites.the latter large resorbed
prisms of diopside occur in a matrix of apatite gmeatite, perovskite, melilite and
phlogopite. The dike also exhibits vertical zonat{#ig. 18), and with increasing
phlogopite, nepheline and pyroxene contentsjkaafdites grade upwards into
phlogopite afrikandites, turjaites, and mela-igdit The latter, in the upper part of
the body are transitional into diverse carbonatiticks. Most of the melilitolites
have re-equilibrated/reacted at subsolidus tenyes
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Despite the wide modal variation and evidencedifferentiation there is
little variation in the composition of most of th@nerals present [Nielson 1980].
Pyroxenes exhibit the most variation and are zandtie range AfigsgHd7.11,
although there is no systematic variation with tmra within the dike. Only
pyroxenes in the roof mela-ijolites (AgDigsedddi317) and sodalite syenite
pegmatites (AgDigHd;;) are relatively-enriched in aegirine. Meéibtshow a
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Fig. 18. Vertical cross-section of the melilito-lite ringkd, Gardiner complex, East Green-
land [after Nielson 1980].

small but systematic increase inacontent with eleva-tion and typically consist
of about 60% akermanite, 10% Fe-akermanite and Sda-melilite.

Nielson (1980) has suggested that the observedlpgital variation results
from progressive solidification of the parental mmeginward from the contacts
and upwards towards the roof. Fractional crystalion leads to the concentration
of incompatible elements and eventual crystallorabf nepheline, phlogopite and
calcite in the upper parts of the dike. The ctligion sequence and reaction
relationship of diopside with liquid to form metdi (Fig. 19) are in accord with
experimental studies of Onuma and Yagi (1967).bQaatites are believed to
separate by liquid immiscibility during the finatages of crystallization, the
conjugate silicate liquid forming the mela-ijolites

Nielson (1980,1994) considers that the parentalmaago the melilitolite
complex is represented in the regional dike swaamd is a larnite-normative
olivine mela-nephelinite. Figures 20 and 21 illagtrthe emplace-ment model and
petrogenetic scheme for the complex respectivesy,eavisioned by Nielson
(1994). In this scheme the ultramafic cumulateeserepresent crystallization of
mela-nephelinite under volatile undersaturated tmm$ in an open magma
chamber beneath the volcanic edifice.
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Fig. 19. The inferred liquid trend of the Gardiner melilite ring in the system nepheline
- ekermanite - diopside[after Nielson 1980 and Onum¥ayi 1967].
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Fig. 20. Model for the evolution of the Gardiner compleité¢r Nielson 1994].

A. Ultramafic cumulates form in an open magma demlocated at the Tertiary

tholeiitic plateau lava - basement interface, kmthe a mela-nephelinite

stratovolcano. B. The magma chamber is filled aridided by a final batch of mela-
nephelinite magma which crystallizes under closgstesn plutonic conditions. In

this model the bulk of the plutonic rocks formedthe magma chamber are not
exposed and the melilitolite ring is regarded asupper level apothesis of these
rocks.
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Fig. 21. Petrogenetic model for the evolution of the ntelitie ring dike, Gardiner
complex [after Nielson 1980] .

During the waning stages of activity, the last palsf magma are believed to
be trapped within the complex and thus evolve undesed system vapour
saturated conditions. The fractionation trend talsamelilititic compositions is
induced by the crystallization of phlogopite andetsatite. Nielson's (1984)
hypothesis is important in that it seeks to intgall melilite-bearing rocks in one
model and suggests that melilitolite complexes sagtAfrikander and Turiy are
exhumed magma chambers forming the roots of nepteelolcanoes. Although
the scheme seems appropriate for the Gardiner exmplis not applicable to
melilititic provinces lacking associated nephekninagmatism and melilitolite
plutonism e.g. Namaqualand.

HYPABYSSAL MELILITITES AND MELNOITES

Melilite is common in phlogopite-bearing hypabysgalcks which are
commonly termed lamprophyresefisu latp or ultramafic lamprophyresénsu
Rock 1986]. These rocks consist of widely varyingnoants of diopside,
phlogopite, melilite, olivine, monticellite, caleitand nepheline as essential
minerals. They are commonly modally gradationab iotherwise similar melilite-
free rocks such as aillikite. Accessory mineralslude Ti-chromite-magnetite,
perovskite and apatite. As a consequence of thedal diversity these rocks have
been given an inordinately large number of typalioc names which have until
recently prevented recognition of their consanigpinMitchell (1994) has
suggested that the rocks represent the lampropfagies of the melilitite clan and
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that they may all be described using compound ralogical names as varieties of
melnoite The rocks commonly co-exist with phlogopite-paorphlogopite-free
micro-melilitolitic rocks and/or hypabyssal meltis emphasising their genetic
relationships to the melilitite clan. They appearrépresent melilititic magmas
which have crystallized under volatile-rich conalis.

Melnoites are commonly found as dikes or cone shessociated with
alkaline complexes e.g. AlnG, Sweden [von Eckermi®4#8], and more rarely as
isolated swarms e.g. McKellar Harbour, Ontario {Pdad Mitchell 1982] or dikes
and diatremes (Avon area) in E.Missouri, S.lllinared W.Kentucky belonging to
the Waubougikou melnoite province [Lewis and Mitthenpub.], although the
latter may be related to the un-exposed Omaha &oblicks Dome complexes.
Important and/or well characterized examples ofnmié¢ suites are: Ploucni...e
River region, Czech Republic [Ulrycet al. 1988], Coral Rapids, Hudson Bay
Lowlands province, Canada [Edgatr al 1994], Aln‘ complex [von Eckermann
1948], Como-lle Cadieux, Quebec [Gold and Marchd®$9]; Kandalaksha
Graben [Bulakh and Ivanikov 1984]; Blue Hills Comp| Namibia [Kurszlaukist
al.1995, Janse 1971]. Other examples are tabulatedchk (1991).

PLOUCNICE RIVER REGION OSE CNA COMPLEX

The upper region of the Plénice (or Polzen) River, northern Bohemia (Czech
Republic) is characterized by the presence of nmagiyoitic hypabyssal intrusions
and is the type locality of polzenitesefisu lath Hypabyssal rocks in the Qse
area which are known to be associated with a stdzuimtrusion are collectively
termed the Osma complex [Ulrychet al. 1988]. Fig. 22 indicates that the ©sé
intrusion forms a lopolith-like body from which a®rsheets of micromelilitolite
emanate to the surface. The hidden part of theisitn varies from 23-66m in
thickness over an area of about 12.5°ki series of earlier cone sheets of
polzenite and minor micromelilitolite together withdial dikes of tephrite and
basanite are centred upon the intrusion, althobghfacus of the former lies at
greater depth. The complex provides an excelldostiation of the spatial
relationships that exist between the differentdamf the melilitite clan and of the
modal variation that may lvelopedwithin a suite of consan-guineous rocks.

The Oseéna intrusion is com-posed principally of nephelimdivine
melilitolites (kug-dites) and metaso-matic derivai formed during subsolidus
recrystallization and reaction. The latter resnlthe replacement of melilite by
Zr-Ti- bearing andradite together with many secondalc-silicate minerals and
formation of phlogopite. Completely-altered rocke alivine garnet phlogopitites.
In the centre of the complex and the feeder chatiwee& occur rocks composed of
calcite, clinopyroxene and decomposed nepheling melilite, representing
gradations between ijolite, turjaite and carbomeatit
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Fig. 22. Inter-pretation of the geology of the @sé& complex [after Ulrych et al. 1988].

The rocks forming the marginal parts of the intoasand its associated cone
sheets are micromelilitites (vesecites). These isbié olivine phenocrysts with
monticellite rims set in a groundmass of melilitepheline, phlogopite, spinel,
perovskite and calcite. The rocks differ from thearser grained melilitolites in
that they contain more monticellite and less phjoigo

The earlier deeper focus cone sheets consist oioproxene-bearing
melnoites. Phenocrysts of olivine, phlogopite atidopyroxene are set in a
groundmass of melilite, nepheline, sodalite, Im&yyperovskite, spinel and
apatite. Modes vary widely and there appears tedmplete gradation between
clinopyroxene-poor (modlibovites) and clinopyrogench varieties (luhites).

Ulrych et al (1986, 1988, 1990, 1994) have provided extendata on the
mineralogy and geochemistry of the complex. In camnwith the Gardiner
intrusion many of the major minerals exhibit vetitd compositional variation and
do not delineate the evolutionary sequence. Howeawchemical data and field
relationships suggest that the clinopyroxene-bgarimelnoites represent a less
evolved fraction of the magma than the melilitoliterusion. Ulrychet al. (1988)
suggest that the complex represents the upper gfaats evolving volcanic system.
The Oseéna complex has some similarities with the Gardomnplex in that the
earliest melilite-bearing rocks also contain clipagxene and the latest are mela-
jjolites and carbonatitic rocks. Consequently, Olrgt al. (1988) favour a similar
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mela-nephelinite parental magma. If this modeldsect a cumulate complex of
dunites and clinopyroxenites possibly intruded Iae | melilitolites may be
postulated to exist at depths.

The Oséna complex provides a bridge between the volcandt glutonic
facies of the melilitite clan and suggests a plalasirelationship between
hypabyssal melnoites and associated alkaline plutoomplexes. The complex
illustrates well the relative roles of fractionalystallization, cooling rate and
subsolidus reactions in the development of a mpdtilerse suite of rocks from a
common parental magma. The great differences imtbdes of melnoite suites
associated with diverse alkaline complexes are theiely a consequence of the
vagaries of the crystallization histories of difet batches of parental magma.

ORIGINS OF MELILITITE MAGMA

Initial hypotheses for the origin of melilitites ggested that they could be
formed by the fractional crystallization of alkairolivine basalts [O’'Hara and
Biggar 1969]. However, subsequent geochemical aperanental studies have
rendered this hypothesis untenable. The role obtiles in the generation of
extremely undersaturated rocks was initially sutggesy Bultitude and Green
(1968) who claimed that Hawaiian-type melilititesutd be formed by extremely
small degrees of partial melting under hydrous ¢tk at depths of 60-70km,
whereas continental-types lacking associated lzagadte formed at 80-100 km
depth. Generally increasing depth and lesser degoéepartial melting were
considered to lead to increasing degrees of sinciersaturation.

Because of the common association of melilite-logarirocks with
carbonatites and the recognition of carbonatiorcti@as in the mantle at high
pressures, it was considered that the presencearbbre dioxide must play a
significant role in the generation of extremely arghturated magmas [Brey al.
1978]. This hypothesis was subsequently confirmgdhle experimental studies
summarized below. The experimental work has follbvweo approaches to the
problem of magma genesis. In one termed the invagspeoach , the experimental
principle followed is that a primary magma compositwill have a unique point
on its liquidus at which multiple saturation withimarals present in the source
assemblage occurs. The pressure at which this ®couresponds to the pressure
at which the magma formed from this source. Thdistuinvolve determining the
near-liquidus phase relationships of actual rock&se on bulk composition is
considered to be representative of primary magmas.

The second approach termed the forward approachstdke mineral
assemblage of potential sources and determinesdhposition of the liquids
produced upon partial melting at known pressures tamperatures. Simplified
compositions, usually Fe-free, relative to those poftulated natural mantle
sources are commonly used as starting materiahig type of work. Detailed
discussion of the experimental studies that hawen hendertaken is beyond the
scope of this work and only the major conclusiarsmesented.
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NEAR-LIQUIDUS EXPERIMENTAL STUDIES

Many melilitites have bulk compositions which inalie that they might be
unmodified primary mantle-derived melts, althoudteyt are poor in carbon
dioxide due to volatile loss during eruption. Tomgensate for this deficiency,
CGO; is typically added to the compositions investigaty Brey and Green (1976,
1977), Brey (1978) and Brey and Ryabchikov (1994ese experimental studies
demonstrate that the liquidus phases present asgtise to the relative abundance
of CO, and HO. Thus, the study of a melilitite plus® and CQ by Brey and
Green (1977) has shown that when,G©dominant the liquidus phases at 30kb
are garnet, orthopyroxene and clinopyroxene, wisekglden HO is dominant,
olivine or olivine plus clinopyroxene are the ligus phases.

Brey (1978) has summarized and interpreted therexental data to suggest
that melilitites are derived from Iherzolitic soasc which include a carbonate
phase, as at these pressures it is consideredrth&Q present in the natural melt
must have been derived from a carbonate minerearsource. Studies by Wyllie
and Huang (1976), among others, have shown thatrdtd is the stable carbonate
phase in carbonated lherzolite from about 25 td3&lessure. Hence, Brey (1978)
suggest melilitites represent limited partial meltglolomite garnet Iherzolite. The
dolomite is believed to be consumed during pamialting and therefore does not
appear as a liquidus phase in the near-liquidusraxpnts. Brey (1978) concludes
that increasing (CaO+MgO)/Sj@atios of melilitites reflect increasing amounfs o
CGO; in the source region, decreasing degrees of par@dting and increasing
depth of origin. Melilitites associated with basgaltocks from Tasmania are
considered to be derived by 5% melting of pyrdit®7kb/1168C with 7-8 wt.%
H,O and 6-7 wt.% C®. In contrast, Namaqualand-type melilitites aresidered
to originate at higher pressures (30-35kb) fromrses with higher C@©contents
(> 13.5 wt.%).

Brey’'s (1978) work indicates that the formationroglilitite magmas takes
place over a range of pressures and that theirdmutiposition is not controlled by
an invariant point, or melting cusp, on the dol@miberzolite solidus. These
conclusions explain the observed range in composiaf primary melilitites
(Table 1, Fig.10) by showing them to be a seriesnefts related to a common
source but derived by melting at differing depthader diverse volatile
compositions.

NEAR-SOLIDUS PARTIAL MELTING EXPERIMENTAL STUDIES

Figure 23 summarizes postulated phase relatiosshifhe system peridotite-
CO, and shows that at relatively low pressures, ddlens the stable mantle
carbonate. Partial melting of dolomite garnet lbétz along the solidus between
the invariant pointsyland §, should lead to the formation of a range of midldi
magmas [Brey 1978]. At higher pressures magnesiterbes the stable carbonate
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mineral and liquids should be richer in Mg and m@&ieundersaturated than
melilitites. The actual pressures and temperatafebese invariants points and
solidii for realistic mantle compositions are as$ get well constrained. Figure 24
illustrates phase relationships for the system G&a®-Al,05-Si0O,-CO, from 2 -
12 GPa as determined by Canil and Scarfe (199®ar-Solidus partial melts in
this system are extensive (23-39 wt.%). Determomatf their composition is
difficult, but those in equilibrium with dolomitet 8 GPa are interpreted to be
melilititic in composition, whereas those in edoailum with magnesite at 5-7 GPa
are similar to kimberlites (Canil and Scarfe).

1% COz o
&
ﬂ?“’ A Magnesile garnet lherzolite
T OL + OFX + CPX B Dulum!’re qarnet Iherzulllte
o S0 = FGNT + MAG Iy C Dolomite spinel Iherzolite
- D Garnet lherzolite + COz
B 40 E Spinel Iherzolite + COz
= F Plagloclazse lherzalile
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e 20 —{9L +OPX+CPX
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w3 .. o
7 i
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o .-';‘Z?'
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Fig. 23. Postula-ted phase relationships in the systendpste - CQ (0.1%) based on
experimental data and deductions from the syste@-MgO-SiQ-CO, [Wyllie and Huang
1976].

Note the carbo-nation reaction termi-nating at timvariant point k on the peridotite
solidus divides the diagram into vapour absent gapgour-bearing assem-blages, as all O
consumed in the carbonation reaction. The subsslrgaction of orthopyroxene and dolomite to
give diopside plus magnesite defines a univariarg Wwhich terminates at the solidus at the
invariant point L. At pressures aboveg Imagnesite is stable at the solidus and partiatsrere
poorer in Si and have lower Ca/Mg ratios than lidgiformed at lower pressures which are in
equilibrium with dolomite Solidus for anhydrous ipetite (PER) is shown as a dashed line
[after Mitchell 1986].

A corollary to Canil and Scarfe's (1990) studyhsitit might be possible to
generate a continuous spectrum of partial melten fcarbonated upper mantle
ranging in composition from kimberlite to melilgit Geological evidence indicates
that this rarely occurs as melilititic and kimbgecli magmatism are neither
consanguineous nor contemporaneous [Mitchell 19B895]. However, the
hypothesis may explain the geographical asBoniaf kimberlite and melilitites
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Fig. 24. Experimentally determined phase relationshipsaup2 GPa pressure in the
system CaO - MgO - AD; - SiG, - CO, (after Canil & Scarfe 1990).

as observed in Namibia and the Anabar shield (RusEhe possibility of forming
melilitites at depths below 120 km (>4 GPa) migkplain the rare presence of
diamond in some examples [Mitchell 1995] and thetylated occurrence of
melilite in some kimberlites [Scott Smith 1989]. 4faas forming these rocks may
originate near the invariant pointdn the carbonated lherzolite solidus (Fig. 23).
Speculations regarding the tectonic controls onmaageneration which typically
cause discrete kimberlitic or melilititic magmatisand not a continuum are

beyond the scope of this work.

CONCLUSIONS

Melilititic magmas form a continuum of primary magmcomposition
resulting from the partial melting of dolomitic rgat Iherzolite over a pressure
range of at least 2.7 - 4GPa (80-120 km) undes-@ conditions. Increased
degrees of partial melting at relatively low pressuleads to a partial melting
sequence involving less undersaturated nepheliniasanites and even alkali
basalts (Hawaii, S.E.Australia). Partial meltinghagher pressures is apparently
restricted to the formation of low silica melilés (Namaqualand). Low pressure
differentiation of melilitite magmas occurs onlyely and the magma is erupted as
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degassed undifferentiated lava. The restrictiondigitremes to melilititic and
kimberlitic magmas may be related to the low sdityopf CO, in these melts.
Volatiles may be retained in hypabyssal and plat@mvironments resulting in the
formation of melilitolites, melnoites and associhtearbonatites, together with
extensive sub-solidus re-equilibration and reaction
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Early Paleozoic Kimberlite-Melnoite Magmatism of the
Pri-Polar Urals And the Geodynamic Formation Model

|.L. Mahotkin *, Yu.A. Podkuiko 2, D.Z. Zhuravlev 3

1 De Beers Moscow Office, Russia, 125047, Moscow.
2GUP «Sosvapromgeologia», Russia, Tiumen oblaSaranpaul
3IGEM RAS, Russia, 109017, Moscow

Khartess ultramafic intrusions comprise four roges: kimberlites, melnoitic
kimberlites, melnoites and allicites. Sm-Nd datavglfUpper Cambrian age of the
Khartess intrusions. Origin of Khartess kimberliéesl related rocks is a result of the
rifting process affected on highly depleted lithibspc mantle of the Central Uralian
zone of the Pri Polar Urals which was part of B&sqatform block. Depletion
degree of Ural lithospheric mantle increased towding shallow level. The most dip
horizons of the Ural lithospheric mantle were dliglenriched in LREE at the Mid-
Upper Riphean age.

INTRODUCTION

The kimberlite magmatism of the Pri-Polar Urals,ichhare known as
Khartess kimberlite complex, is situated to thehegn structures of the Uralian
mobile belt [Lukjanova, Belskiy, 1987]. The age dhd origin of this complex are
still under discussion. If compared to the typidamberlites of the ancient
platforms, Khartess complex rocks are depletedoimrare element [Mahotkin,
Podkuiko, 1998]. K-Ar isotope data, indicating ththese rocks were formed
between the Upper Perm and Triassic [Mahotkin .etl8097], does not agree with
the geological information on their Early Paleozage.

In order to confirm the age and origin of the Poid? Urals kimberlite
magmatism authors carried out isotope-geochemtadlies (K-Ar; Rb-Sr; Sm-
Nd) of the seven rock samples from the Khartessptexrand of the four samples
of potassic lamprophyres and basalts from the BjartiRiver, which supposedly
could have been formed in a single tectonic-magmatage together with
kimberlite.

GEOLOGICAL LOCATION

The Khartess kimberlite complex is located in tipper reaches of the Khartess
River. This complex consists of six dykes submendily stretched and sizing
from 1 to 2 km. All the bodies are localised to arrow, 10 km in size
submeridional tectonic structure, composed by thpdd Riphean sandstones and
siltstones (Fig. 1). This submeridional structiwgdimited by thrusts from the East
and from the West. Alongside the easterrit fabe Upper Riphean sediments
are overlapped by a tectonic plate, composed byetdwd-Ordovician terrigenic-
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carbonate sediments of the Levminskaya zone. Nobédlibe outcrops are
registered within the Ordovician rock field.
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Fig. 1.Geological position of Khartess kimberlieneplex, subpolar Ural

In the regional tectonic structure, the Khartessharlite complex is situated
to axial southern zone of the Lyapinsky anticlimam which is present of
intersection of the submeridional Central Uralimme (Paleozoic structure of the
Urals mobile belt) and the Pre-Uralian (Late Prageic) basement structures of
the north-western stretch. With regards to theUnadian structures, the Khartess
kimberlite complex is situated to the southern egdof the Kolvo-Khobeizsky
Anticlinorium zone (Fig. 1). The core of this afiiorium zone is exposed to the
north from the kimberlite area and is composed ofidi&-Riphean terrigenic-
carbonate platform sediments and the Lowe-Prote&aaeisses and amphibolites
of the so-called Nikolaishorsky middle massif.

Lamprophyres and basalts of the Sertynja River cm®small dykes, which
intrude into Salatimskaya zone of spreading of gadatinental slope. These
bodies are localised to the east of the Khartesbdilite complex and coincide
with the Main Ural Thrust.
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PETROGRAPHY

Among the dykes of the Khartess kimberlite complexauthors have studied
three bodies, discriminating by their mineral amemical composition presented
in Table 1. In the first body the groundmass of lbephyritic rocks is completely
replaced by rod-like aggregate of the sodium angdhiland talc with slight trace
of chlorite (sample&-2-5,K-2-6). There is a high possibility that the amplhebaf
this groundmass could have been formed after tiveapy melilites, which is
indicated by the sodium alkalinity of the rocks,(NaO = 0.23), medium
contents of Si@~ 46 wt % and CaO ~ wt 8 % (Table). These rocksaestified
as melnoites. This term was introduced by SkinSeoft Smith, 1995] to define
paleotypic and cainotypic olivine melilitic subvaldc rocks, which are close by
its mineral assemblages to kimberlites, but shgliffers from themby texture,
mineralogy and chemistry, mainly K/Na ratio (Fig. 2
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Fig. 2. The CaO + Na20 + K20 — SiO2 + Al203 diagram fora&d Na-rock series.

The diagram shows the fields of melnoites, meééistand solid boundary lines, discrimi-nating
the areas of melilitites, nephelinites and basan{tdter Le Bas, 1989).

The distinct porphyritic rocks of the second bodgvdn the freshest
appearance (Fig. 3). The groundmass of these nsckemposed by the fine-
grained rosette-like aggregate of chlorite-serpentior antigorite-serpentine
(sampleK-3-5). The visible phlogopite is absent in the grounsispdnowever its
structure and the high potassium ratio,@NaO = 3) indicate the original
presence of phlogopite. Generally the rocks areacierised by the low contents
of SIO, ~ 39 wt %, CaO ~ 0,57 wt % and very high contefits1gO ~ 34 wt %.
The rocks of this body have got all the texturerguptaphic features of kimberlites
and were classified as segregation serpentine kigseof hypabyssal facies. The

159



I.V. Ashchepkov, N.V. Vladykin, P.A. Gerasimov, ASaprykin, O.S. Khmelnikova,

Khartes kimberlites as well as other kimberlites gypical olivine macrocrystic
accumulated rock type (Fig. 4) and their chemistisimilar to kimberlites (Fig.5).

Fig. 3. Thin section photograph of sample K-3-5 in srpslarized light.

Field of view =6 mm Segregationary serpentine kirnies: OI-Olivine, Sp-spinel, and SS-
serpentine segregation in ground-mass-Grm
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Fig. 4. Plot of Mg/(Mg+Fe) vs MgO for magmatic rocks.

The plot shows the fields of Group 1 kimberlitespup 2 kimberlites, lampro-ites, melnoites,
meli-litites, camafugites and allikites. The hont solid lines show mg-number of melt which
is equili-brium with olivine composition Fo 94.5caR093 under Kd=0.3.
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High-K rock series
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Fig. 5. The CaO + Na20 + K20 - SiO2 + Al203 diagram.

The diagram (Fig. 6 b) shows the fields of Groupriberlites, Group 2 kimberlites, lamproites,
camafugites and allikites

Fig. 6. Thin section photograph of sample 1002-13 anplpolarized light.

Field of view =6 mm. Macrocrystic am-phibole metiwkim-berlites: OI-Olivine, Sp-spinel and
Ca- calcite in amphibole bearing groundmass-Grm

The third kimberlite body is located on the conthiee with the western fault,
separating two tectonic plates of the Upper Ripheahk. This body represents the
serpentine tectonic melange zone, filled by numetmudines (0,1-1,3 m in cross-
section) of relatively poor metamorphosed olivireh iporphyritic ultramafic rock
(Fig. 6). The groundmass of this rock is composgdnedium-granular fibrous-
rod-like aggregate of talc and amphibole with tsaoé phlogopite, chlorite and
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calcite éamples 1400-24, 1400-34, 1400-37This rock type is classified as
melnoitic kimberlites (Fig. 6A part from porphydtrocks, the boudines also
comprise small bodies of equigranular ultramafickroenriched by carbonate,
phlogopite, apatite and ore minerals, which clessifs allikitesgample 14000

Lamprophyres from the Sertynja Rivearfiplesk-108-5,5u4 K-108-1,9 are
represented by vaguely porphyritic rocks with smphenocrysts of fresh
clinopiroxene and groundmass of phlogopite-ampleilzoimposition.

Basalts from the Sertynja River are represe® by lava and tuff breccias of
porphyritic clinopiroxene-plagioclase tholeitic blis Gample 4254-4, 4255-4)

Trace elements (exclude Cr, Ni determingdd\B) are analysed by ISP-MS
and major elements are analysed by wet chemicdlysesain IGEM, Russian
Academy of Science, Moscow.

AGE AND ISOTOPIC COMPOSITION

The K-Ar data of the Khartess melnoitic kimberlgamples 1400-24, 1400-
37, 1400-9 vary in the wide range of the values 244-261 Waich are interpreted
by the authors as the age of the last stage ofmaefdism.

The K-Ar data of lamprophyres and basalts of they8m River resulted in
the two narrow ranges — respectively 315-317 +/eéb(Blashkirsko-Serpukhovsky
epoch of Middle Carboniferous) and 338-348 +/-14(M@ean epoch of the Early
Carboniferous).

For Rb-Sr isotope system the regression lineuGted on the basis of four
samples of melnoitic kimberlite (samples 1400-2400-34, 1400-37, 1400-9),
results in T=257 +/-5 (2) Ma. This line has a low value MSWD=2lat
allows interpret this line as isochrone. This igode is probably formed as a
result of isotopic homogenises at the final stafj®mlian rock metamorphism.
The regression line of Sm-Nd isotope system, catedl on the basis of the same
four samples of melnoitic kimberlite, results ire thge T=506+/-184 (&) Ma and
the low value MSWD=2.9. This line can therefore ib&rpreted as isochrone,
corresponding to the Upper Cambrian age of the &iriiib origin. The high error
of the age value is related to the small range areties **’Sm/**Nd in the
analysed rocks.

MANTLE SOURCES

All the analysed samples of the Khartess kimbertiicks, lamprophyres and
basalts of the Sertynja River are characterisea lhygh positive value of g,
being respectively ~ 3.7-4.06; 8.4-8.5; 6.7-6.8ichndicates the depleted type of
their mantle sources. The model age with respecthéo depleted mantle for
melnoites is 1.3 Ba and for melnoitic kimberliteldamberlite it varies in the

Table 1.
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Samples | K-2-5 K-2-6| K-3-5[1400-24/1400-341400-37 1400-9K-108-5.9K-108-1.4 4254-4 4255-4
Sio, wt, Y 46.35| 46.65| 39.15| 43.50| 41.00| 46.20| 21.75| 37.75| 37.75| 55.90 50.45
TiO, 020 055| 015 014 020 027 255 150 1.60  0.30.35(
ALO, | 220 230| 350 349 475 505 580 1555 16|60 5l[.327.50
FeO; | 845| 555| 6.68 721 628 556 1081 1.91 1.40 | 2.80| 3.14
FeO 3.91| 295 220 354 357/ 3.04 588 943 1043 5.0®.45
MnO 0.13| 017 o017, 013 019 o1 017 031 021  (15.17 ¢
MgO | 22.96| 24.80| 34.24| 27.28| 23.88| 24.70| 13.65| 8.50 850 | 8.70| 5.01
caOo 7.96| 798| 057 570 969 7.2 18801523 | 14.36| 8.05 7.5
Na,O | 058 050| 009 029 060 055 015 0.36 027  157.67%
K,0 0.14| 0.11| o028 o064 140 215 439 496 309 (05.14 1
P,Os 0.03| 005| 021 024 020 o007 068 013 0.04  0.12.03 x
H,0 0.43| 072 121 044 020 023 013 044 0.85  0.37.29
H,0" 3.35| 357| 10.6% 6.70 | 4.81| 421 214  3.81 442 444 4]
Co, 2.42| 345 031 048 26 031 13[75 0.36 024 | 1.32| 0.14
Total | 99.11] 99.35| 99.41| 99.58| 99.34| 99.62| 100.19 99.94 | 100.1d 100.12 99.63
mg# 80.2| 86.3] 89.4] 847 840 861 646 607 546  70.12.2°
K,ONa,d 0.24| 022| 311 264 233 391 29p712.67| 14.78] 0.03  0.43
cr,ppm| 2160| 1990| 2670] 271d 2250 2140 39 21B 203 42 75
Ni 1786| 1190| 2142| 1549 1667 1428  17p 77 74 115 50
Co 61.9| 67.6| 936 732 686 660 515 584 537  42.43.71
Vv 66.9| 845| 853 838 91.p 1154191.6| 433.3| 376.7| 179.2 218.0
Sc 14.7| 180| 393 328 439 520 515  86/0 796  H4.585!
Cs 025 026| 110 315 098 222 335 48p6 52047 0.18.28
Rb 17| 23| 140/ 183 319 564 131.71145| 86.6 1.1 10.1
Li 141| 135| 93| 121 15% 11f 13]1 6171 5723  12.31.4

Sr 238 | 223| 67| 183 208 93] 6544 94 18p 17 2B1
Ba 24 17 50 37| 119 161 924 121 124 7 7
Y 35| 21| 48| 60| 104 57 518  40f 38lo 99  1po
zr 48| 40| 104 149 124 218 197.61006| 96.9| 244 291
Nb 2.17| 097 123 098 187 1.99 4133 5.05 413 | 0.73] 0.7
Hf 0.145/ 0.130| 0.262| 0.489| 0.510| 0.795| 5.236| 2.689 | 3.201| 0.82¢ 1.001
Ta 0.077| 0.101| 0.139| 0.045| 0.162| 0.068| 2.820| 0.341 | 0.273| 0.033 0.061
La 3.006| 1.403| 5.217| 5.492| 11.469 4.696| 41.064 3.897 | 3.921| 1.24]1 1.541
Ce 5.303| 2.916| 9.591| 11.249 15.696 10.014 89.909 11.344| 11.645 2.909 3.750
Pr 0.598| 0.394| 1.257| 1.300| 1.745| 1.244| 11.271 1.818| 1.990| 0.559 0.580
Nd 2.656| 1.700| 5.563| 5.911| 8.269| 5.903| 47.393 10.730| 10.503 2.75b 2.814
Sm 0.937| 0.434| 1.231| 1.581| 1.876| 1.639| 10.029 3.702 | 3.648| 1.173 1.123
Eu 0.222| 0.167| 0.369| 0.443| 0.618| 0.456| 4.455| 1.354 | 1.301| 0.30% 0.473
Th 0.110| 0.061| 0.163| 0.247| 0.318| 0.224| 1.563| 0.941 | 0.919| 0.244 0.268
Gd 0.704| 0.456| 1.075| 1.501| 1.963| 1.195| 9.385| 4.766 | 4.703| 1.14] 1.303
Dy 0.673| 0.527| 0.991| 1.070| 1.922| 0.985| 8.196| 5.715| 5.924| 1.477 1.664
Ho 0.138| 0.073| 0.179| 0.211| 0.433| 0.243| 1.748| 1.246 | 1.193| 0.349 0.392
Er 0.378| 0.284| 0.485| 0.646| 1.172| 0.473| 4.907| 3.462 | 3.619| 1.087 1.152
Tm 0.039| 0.017| 0.074| 0.078| 0.152| 0.087| 0.726| 0.478 | 0.510| 0.139 0.136
Yb 0.380| 0.212| 0.358| 0.544| 1.315| 0.509| 4.695| 3.281 | 3.586| 1.18¢ 1.170
Lu 0.037| 0.043| 0.029| 0.102| 0.182| 0.086| 0.684| 0.593 | 0.494| 0.179 0.181
Pb 8.01| 341| 762 484 355 084 19.86 0.29 1.16 | 1.85|  4.63
Th 022| 029| o084 109 151 110 3461 0.18 021  (25.26 0
Sampled K-2-5 K-2-6] K-3-5{1400-241400-341400-31 1400-9<-108-5.9K-108-1.4 4254-4 4255-4

End of Table 1.
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K-2-| K-2-| K-3-{1400- |{1400- |1400- | 14004K-108- [K-108- | 42541 42554
S 6 o 24 34 37 9 9.5 1.4 4 4
U 0.75] 0.25| 0.92| 0.24| 0.84| 0.32| 1.15| 0.12 0.15| 0.0§ 0.14
Cu 31.1f 7.4 | 33.3] 34.0| 100.8 48.2| 144.6 47.6 50.4| 51. 59.7
Zn 34.8| 36.2| 70.9| 48.4| 83.9| 74.1| 50.7| 93.1 91.4| 50.§ 100.8

Samples

Ga 10| 22| 58| 51 714 82 66 1055 141 1pe57
Be 15| 17| 12| 15 29 18 o0b of o4 d3 03
Mo | 0.09| 0.01| 0.24| 022| 056| 0.29] 0.41] 050| 063| 034 0.52
W 1.40| 1.19| 091| 0.22| 0.28| 0.18| 035 0.20| 029 034 017
b)(La’Y 525 4.40| 968| 6.71| 5.79| 6.13| 5.81| 079| 0.73| 069 0.87

Ni/Co | 28.8| 17.6| 22.9| 21.1| 24.3| 21.7| 3.3 1.2 1.4 2.7 1.5
Sampl| K-2- K-2-| K-3-|1400-| 1400-| 1400-| 14001K-108-|K-108-| 42541 4255
es 5 6 5 24 34 37 9 5.5 1.4 4 4

range of 1.1-0.94 Ba. The model age with respeth@odepleted mantle for
lamprophyres and basalts of the Sertynja Riveryres even more ancient results,
corresponding to the Early Proterozoic and everAtithaean. Such ancient model
age means that their mantle source was eitherr@ngrehaean-Early Proterozoic
depleted lithosphere mantle or the degree of depletf the Uralian mantle,
exceeded the values applied in the standard mddekeadepleted mantle.All the
three groups of the Khartess kimberlitic rocks @meiched in LREE. The rate of
their enrichment grows in the following order: n@te, melnoitic kimberlite,
kimberlite (La/Yb)=4.4-5.2; 5.8-6.7 and 9.7 (Fig. 7). However, evanthe
kimberlite sample the LREE content does not redwh values, typical for
kimberlite of ancient platforms. The fact that madtthe Khartess kimberlitic
rocks are characterised by low values of HREE: (¥h).3-3.2, means that they
were formed as a result of melting of the mantenposed by garnet peridotites.
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Fig. 7. REE patterns of Khartess rocks.
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All the three types of the Khartess kimberlitic kedhave distinct differences
in the patterns of rare-earth elements (REE) anthenspider-diagrams of trace
elements. These differences indicate several gedchemantle types within their
common mantle region. The biggest deference isstegid between melnoitic
kimberlites and melnoites. Their spider-diagrams different in the absence of
Ta-Nb and Ti minimum for melnoites. Inter-elemeiatrigtions of the high field
strong elements (HFSE) in melnoite are similarimse of within-plate basalts of
ocean islands (OIB source), and by the ratio ofagerelements the melnoites are
similar to the enriched tholeiitic basalts of thadMDcean Ridges (E-MORB
source). The melnoites also possess the typicalressaof continental basalts, if
the HFSE variations are considered together wghUREE variations. Melnoitic
kimberlites have geochemical features, which otmih in MORB source and in
the island-arc tholeiitic basalts (I/8-source). The kimberlites have intermediate
geochemical characteristics of the source typeB; MIORB and IAIB.

Unlike the Khartess kimberlitic rocks, the lamprgms and basalts of the
Sertynja River are poor in LREE (La/Y{3) 0.7-0.88, which means that they were
generated from the strongly depleted mantle. Thygh ldontents of HREE in
lamprophyres and basalts, being respectively (¥) and ~20, may be explained
by their origin at shallow level of the Upper mantlcomposed by spinel
peridotites.
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Fig. 8. REE patterns of Sertynja rocks.

Inter-element variations of Ti-Zr, Zr/Y-Zr, Ti-V,(FHf/3-Ta, La-Y-Nb, FeO-
MgO-Al,Os, Ti/Y-Nb/Y, Zr/4-2Nb-Y, K,O/Yb-Ta/Yb indicate that the basalts
from the Sertynja River have the features of bdtb tATB-source, and the
MORB-source. The lamprophyres of the Sertynja Reser characterised by the
geochemical features, typical of the most depldtddORB-source and partly — of
the IATB-source. Since the lamprophyres and basdlthe Sertynja River were

165



l.V. Ashchepkov, N.V. Vladykin, P.A. Gerasimov, ASaprykin, O.S. Khmelnikova,

formed within the continental environment, the prese of the MORB component
in their mantle sources proves not so much thercemndition of their origin,
but rather the highly depleted composition of themantle sources. This
geochemical result pretty well agrees with rimults of their isotopic data. It is
likely that the involvement of this ancient higldgpleted lithosphere mantle in the
collision processes during the Early-Middle Paleozesulted in the occurrence of
IATB-source components in the mantle region. Juglgny the plot KO/Yb-
Tal/Yb, the proximity of the mantle sources of laogiryres and basalts of the
Sertynja to the IATB-source could have resultednfenrichment of the primarily
depleted mantle by the fluid components.

GEODYNAMIC REGIME AND THE STRUCTURE OF
LITHOSPHERE

Basing on the obtained isotope and geochemical, data can draw a
conclusion that the lithosphere mantle of the Gantiralian zone of the Pri Polar
Urals was characterised highly depleted compositaor it was stratified by the
depletion degree. The depletion degree increaseartis the shallow level, where
it even seemed to exceed the values applied irstdr@dard model of depleted
mantle. The dipper horizons of this lithospherigpldeed mantle were slightly
enriched in LREE at the Mid-Upper Riphean, thdiksly related to the Riphean
rifting within the Lower Proterozoic Barents platio

The distinct correlation between the fine geochahfieatures of the Khartess
melnoites, melnoitic kimberlites, kimberlites ameit Nd model age indicates that
the variety of their isotope composition was moskgly formed as a result of the
time integrated process in the ancient lithospherantle of the Pri Polar Urals.
While probability of mixing of the young (Upper Caman) isotope-homogeneous
plum-related component with this lithospheric mantas limited. Thus the
obtained results mostly correspond to origin theaidss kimberlite complex by
rifting, during which the lithospheric plate stattseaking and becomes thinner
under the influence of external horizontal stretehsion, and not under the
influence of the deep mantle plum rising towardsbiase [Mahotkin et al., 1997].
The mantle melts are formed at the bottom of tith®s$pheric plate as a result of
adiabatic decompression of the depleted lithospigostance.

The Upper Cambrian age of the Khartess kimberlpenmglex precisely
corresponds to the beginning of the rifting stageevolution of the Paleozoic
Uralian mobile belt, when the Upper Cambrian andwéio Ordovician
submeridional graben-shaped depressions were fowtbkih the continental crust
of Central Uralian zone (Fig. 1). This initial rify stage ends by formation of the
ocean crust of the Lower-Mid Ordovician age in #@est of Urals [Savelieva,
Nesbitt, 1996].

Certain similarity between the rift-related kimbirimelnoite magmatism of
the Pri Polar Urals and the supposedly Cambriannmaéigm of the Blagodat
mountain in the Northern Urals, comprising carbieat and kimberlite-like
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(melnoite) rocks, probable indicates a much expanagivity of the alkaline-
ultramafic rift-related magmatism within the comtitial margin of the Uralian
mobile belt.
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INTRODUCTION

Kimberlite- like rocks (lamproites, kimberlites, mzhequites) from the Aldan
shield (Amga River basin) contain disintegrated tigainclusions: pyropes, Cr-
diopsides, orthopyroxenes, Cr-spinels, phlogop@fedyearing pargasites, etc. The
concentrates from the Gornaya and Ogonek pipesh@ndidanskaya dyke were
used for the reconstruction of lithospheric maké#el structure. The experience of
pyroxene-based TP reconstruction seems to be gefultand is more simple then
pyrope thermobarometry, which needs very accursé/ac data. The chemistry
of mantle xenocrysts suggests that they werecapfuven quite different rock
types. The determination of TRE elements determmiéd LAM ICP method in
the Analytic Center in the UIGGM SD RAS allows alaulation of peridotite
modal abundances and melting parameters. The camopas host alkaline
lamprophyric (lamproitic) rocks obtained by the gamethod on a finegrained
matrix reveals typical features of primitive manthelts.

LOCATION AND GEOLOGY

The dykes and pipes of kimberlite-like rocks dism@d in the upper reaches
of the Chompolo (Fig.1) river by the Amakinskayeedition [Shilina, Zeitling
,1959] are located within the Yamalakhsky gorstie Tiatrems were referred to
the T-P stage due to the discovery of pyropes@néddiopsides in Early Jurassic
sandstones and conglomerates. Oval pipes 60-110rossa and submeridional
dykes 360-800 m long and up to 40m thick are comgposf gray breccias
containing various mantle nodules and crust d€bics 2).

MICROXENOCRYSTS

Xenocrysts do not exceed 2-3 mm in sizes. Pinkpamgle garnets usually
prevail over orange varieties rarely found in igtewths with augites. Dark
garnets are intergrown with kaersutite, mica ldnrd-sp (sanidine). The debris of
granulite associations are abundant increasingzjaantent up to 10-20%. In the
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Fig. 2. Scheme of Chompolo field.
Ogonek pipe pyropes are usually surrounded by begterald-colored Cr-
fucksite. Fine Cr diopsides grains rarely occuda@formed Cr — pyro-pes. Emerald
clinopyroxenes rarely include spinel and phlogapéad exclusive tube-like fluid
inclusions. Yellow or light- brown orthopyroxeneearleavaged. Sulfide globules
are met in more dark varieties. Two-pyroxenegarnet- spinel intergrowths and
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Fig. 3. Bulk rock composition of the volcanics in Chomgfadtd.

small pieces of fine-grained Iherzolites or phlog@porphyroclasts with Cr-
diopside and olivine are sparse.

Clinopyroxene compiles ~ 30% of total xenocrystydapon, orthopyroxene
—5-10, pargasite amphibole is rare, but black Iblerrde is typical Cr- spinels and
chromites 0.5-3mm in diameter form octahedrongdmined inclusions are found
in the deformed garnet.

METHODS OF EXAMINATION

Deep-seated xenocrysts were selected from roclks #ieir crushing by
standard electromagnetic and density separatioryntad and analyzed with
EPMA CamebaxMicro in the Analytic center of UIGGMNyropes and other
garnets- 210; Cr- diopsides -170; orthopyroxer8&s €r-spinels — 80; olivines-7;
amphiboles —62; micas —30. The selected minerats @&ealyzed by LAM —ICP
using “Finigan- Element “ apparatus with “Finigav WaserProbe”, 266 nm and
scanning technique.

COMPOSITION OF ROCK AND PHENOCRYSTS

The rocks constituting diatrems highly vary in cl&ny. This is common in
the kimberlitic fields, where lamproites, kimbeght alnoites, and carbonatites
occur together [Carlson et al., 1996; Jaques, B33 The variations in TAS and
other diagrams are partly explained by abundant positionally variable
xenocrysts. Quartz and K- fieldspars from gneisdeft the figurative points of
host volcanics in the diagram to the field of sikbkhe rocks [Kornilova, 1997],
but originally they should be located in the kiniltier and lamproitic fields.
EPMA analyses of the matrix with a widen beam ré¥a% K,O that is found
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also in melt inclusions in kimberlite megacrydtsgnz et al., 1999]. The amount
of LOI, due to the presence of carbonate in mataxies and negatively correlates
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Fig. 4. Cr- Ca diagram for garnets from Chompolo field.

with K,O. The dissolution of serpentinite debris can gaiplain the local MgO
enrichment (Fig.3).

Montichellite and perovskite occur together withvile (fe#~15%), low—T
Ti- bearing diopside or salite and Ti- phlogopiteléss abundant in the debris
parts. The rare occurrence of alkali K- amphiboleglersaturated K- silicates, and
titanites is not typical of lamproites, though #aorphous masses with high FiO
and KO concentrations have been found. Originally, thoseks refer to the
kimberlite- lamproite type, like those from Altopaaiba Brazil [Carlson et al.,
1996]. Typical monchiquites usually associate i rocks of a shallower origin:
Ne- sienites, nephelinites, camptonites [Wagneal,e1996] with Sp —lherzoliters
as mantle inclusions.

MINERAL CHEMISTRY

Purple and violet garnets in the,Os-CaO diagram form a trend subparallel
to CrO; axis but starting from 4% for the Gornaya pipe &mm 5% for the
Ogonek and Aldanskaya dyke. This trend shifts ligher CaO content, as it was
found for peridotitic pyropes from the Jericho piff@anada) [Kopylova et al.,
1999] and Finnish pipes [Peltonen et al, 2000].6ig

Mg- rich clinopyroxenes are in fields with higheng then common
peridotitic varieties, but lower then in Cr- diogss from Archangelsk kimberlites
(Sablukov et al., 2000] (Fig.5). Compositions WinO; >3%, NaO ~ 3,25%,
Al,O; ~3.5% typical for the Goranya pipe have been foanly in harzburgites
from Nicos kimberlites (Somerset Island) [Schmidjger Francis, 1999] and
Finland pipes [Kukkonen, Peltonen, 1998; Peltontrale 2000], where they
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correspond to ~40 kbar. The most wide spread vesi€¢l.5<FeO<2%, GD; ~2-
1%, NgO ~2-1.5, AJOs~2,5-1.5, mg'=95-93) are characteristic for thetiodites
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Fig. 5. Variations of CPx compositions (stars) from Cholopmmparing with those from
other xenolith in World kimberlites.

captured from the moderate depths of 30-40 kbaydBai al., 1997; Nixon, Boyd,
1973]. More ferriferous compositions with high Jaand low CyO; are
characteristic of pyroxenites from the Obnazhennaipg [Ovchinnikov, 1990],
where they and eclogites refer to 35-40 kbar. Qualied Cr- diopsides definitely
differ from those found in alkali basalt xenolithend in Proterozoic Sp-(Ga)
peridotite massifs at the folded margin of the B#eplatform [Gornova, Petrova,
1999].Thepyroxenes with relatively low Cr (~0.5)enf are richer in Fe then those
commonly found in kimberlitic xenoliths. Their unslarity withHT deformed
peridotites from the bottom of the craton keel xjd¥i, Boyd, 1973; Boyd et al,
1997; Pokhilenko, 1993] has been supported by $aglttering.

They differ also from H-Ti clinopyroxenes from Tamsan metasomatized
mantle [Lee, Rudnick., 2000]. Fe- Ti augites prdpatame from low crust
cumulates. (Fig.5, 6).

Orthopyroxenes from the Gornaya pipe of Mg-, Gezhtiype differ from most
enstatites from the kimberlite xenoliths and theghleoring Ogonek pipentg’~
93, Cr,05 ~0,9-0.4) They are specified by wide variatiohgeO (to 10%) and
high Cr content. They also differ from the trendshe melt interaction of Thumb
[Ehrenberg, 1982; Smith, 1986], and from Labaitasematites [Lee, Rudnick,
2000]. The increase of FeO, ,8k, TiO, and CaO suggests the heating and
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fertilization. But they do not reach the contenfstloe fertile Vitim mantle
[Ashchepkov et al., 1986] and other localities frgounger paltforms. Olivines
with high MgO and CaO concentrations evidence fdepleted but hot mantle or
may refer to the carbonatite melt influence.

100
90 100 Eg

K 1 %2 %3 4.5

Fig. 6. CMF pyroxene triangle with the solidus lines aftandsley (1983) for minerals from
Aldan kimberlite- like pipes (stars) comparing widdachnaya (circles) and Obnajennaya
[Ovchinnikov,1990) (squares).

Cr- spinels from Aldan pipes show a common maméad - 56-11 % GOs. The
Cr-richest inclusions have been found in garneth ¥47% CgOs. The admixture
of magnetite minal in most Cr- rich varieties me#ns interaction with magma at
a deep level of capturing. The histograms o§Qgrfor both, garnets and Cr-
spinels, are close, thus proving the dependengeessure. (Fig.4)

We have analysed Cr- bearing amphiboles, in paaticd’i- pargasite and
pargasitic hornblende. Fe-Ti-rich but Cr-poor arbples are from| the lower
crust. Richterite probably resulted from metosomatiocesses. Phlogopite from
peridotite has a common composition referring te 8p or Sp-Gar transition
[Arai, 1984]. In the Ogonek pipe fucksite intergmowith Cr- pyropes is common.
In these pipes typical kimberlite megacrysts, saslPy-Alm garnets and ilmenites,
are absent, that is more typical of lamproites.

GEOCHEMISTRY OF DEEP-SEATED XENOCRYSTS

Garnet and clinopyroxene grains from the Ogonel pipre analyzed in the
Analytic center of UIGGM with LAM ICP MS using Figan Element apparatus
with “UV LaserProbe “, 266 frequency.

The obtained TRE spectra show the features tymtdhe minerals from
peridotitic keel of cratons. Garnets have a con\i¢shaped) HREE patterns like
those found for peridotites the from diamond fadiéekhilenko, 2000] (Fig.7).
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The U-patterns of Tyradak and Tychan garnets [@rdt al, 1997] show that they
could exist in a more wide pressure interval.

Cr-diopsides display high La/Yb ratios and the hamshifted to the LREE
part. This is the sign of a low-degree melting wéthigh garnet proportion. They
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Fig. 7. TRE composition of mantle xenocrysts from Aldarbkrlites.

differ from the rounded patterns for primitive Gap- Iherzolites from rift zones
(Vitim, Transbaikal etc.) and those crystallizednfr OIB-type magmas, having
both high La/Ng, Gd/Yh, ratios. Deep HFSE minimums evidence for their origi
from the same mantle column as the analyzed gar(fads?).

Vice versa, the host kimberlite-like rocks from @ernaya pipe have the signs of
primary mantle magmas with OIB-like patterns with-200 elevation relative to
C1, that is higher then for the majority of alkalrasaltic, lamproitic and
kimberlitic melts. Their TRE spectra are similar trazilian rocks from
Altoparanaiba [Carlson et al., 1996], kimberlitippgs of Finlandia [Kukkonen,
Peltonen, 1999; Peltonen et al., 2000] and otreerd, definitely differ from the
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analyzed Siberian and North China kimberlitessing more evident HFSE dips
and lower HREE contents [Nowell et al., 1998]. (B)g

THERMOBAROMETRY

The lack of mineral intergrowths does not allow tise of tradition methods
of Ga-Opx and other polymineral thermobarogneWe used orthopyroxene
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Fig. 8. TRE contents of rocks comparing with other kimnites]

[Brey- Kohler, 1991- McGregor, 1974] and recentina@byroxenes
thermobarometry [Nimis et al., 2000] For 1000 maiexssociations from different
pipes including the data from the PHD theses by.&uligin (1995) and Yu.l.
Ovchinnikov (1990) for the Udachnaya and Obnazhgarn@pes we tested the
correlation between the methods using the sameratipbases for the calculation:
Opx and Cpx, respectively. McGregor’'s (1974) barmmeverestimates the HP
part compared to the barometers of Nickel- Gre€8%), Brey-Kohler (1990),
Harley (1984). This method gives better estimakes tthe Cpx barometer after
Nimis- Taylor (2000) overestimating the pressurkiea for deformed peridotites.
A new Cpx barometer after Ashchepkov (2000) revealsetter correlation with
Opx methods. The clinopyroxene thermometer by Nigni&aylor (2000) have an
excellent correlation with most two- pyroxene mekhoncluding that by Brey—
Kohler (2000) and lower with Opx-thermometry.

TP plots for four cratons (Fig.9) are to compdre teproducibility of the
geotherms based on ortho- and clinopyroxenes afiddmut the general features
of the lithospheric mantle. The pyroxene geothefarsAldan split on the hot
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branch close to the SEA geotherm [Cull et al., 1984d the cold one is close to
the Nicos pipe, and Somerset island. The Cpx-bgsetherm corresponds mainly
to a 35mw/rh heat flow or is lower. It starts near 40kbar atfthugh several
plotted points increases to 60 kbar, close torglugaeridotites. The use of the new
barometer by Ashchepkov (2001) even increases tloenber. The number of hot
LP points is much lower compared with those reativath orthopyroxene
methods. The latter gives a colder branch 45t is typical of the marginal
and rifted zones in craton areas. The scatteredfiett in the upper part
corresponds to 30-20 kbar. It should be noted thetording to Opx
thermobarometry the heated upper parts have besn ratonstructed for the
Udachnaya pipe [Malygina, Pokhilenko, 2000].

Checking the pyroxene equilibrium in a pyroxenargle [Lindsley,1983]
and in other diagrams shows that they came frorferéiit assemblages, thus
explaining the disagreement in thermobarometricrnegés. The amount of the hot
course-grained harzburgites relative to depletedziilites in the upper part of the
mantle column should be higher in the lower parhere cold garnet-bearing
clinopyroxenites prevail. Since orthopyroxenes yadrous kimberlite magmas are
easily substituted by serpentine, the orthopyroxgeetherm seems to be less
representative.

Garnet geothermobarometry gives the same intervdl2e20 kbar for the
mantle column beneath Aldan pipes [Ryan et al.619Bhe obtained amphibole
PT field gives the heated conditions in the cr@e® (kbar, 500-8000C), which
agree with the HT character of granulites.

In combined PT diagrams the deepest and coldeshg®os have been
determined for the central parts of large ancierdtons: Slave, Siberian,
Fennoscandian, and Amasonian. They have a deepxieded branch, a 55-30
kbar conductive branch and a P<30kbar branch wegteep adiabatic slope of the
geotherm. The latter either consists of individisjers, like in the Udachaya
(reinterpretation of the data after Boyd et al.q@Por was determined by the
cessation of exchange reaction due to the deceteimperatures (Fig.6).

PT estimates for South Africa xenoliths from Eadgd Late Proterozoic
kimberlites of the Kaapvaal, Kongo and Zimbabveama correspond to a hotter
40-45 mw/m2 geotherm. A few of young pipes from Nemibia (Gibeon) and
Tanzania cratons (Olmani) reveal higher PT conaitid his is a general tendency
for the xenoliths from young kimberlites includirthe Mesozoic pipes from
Somerset (Canada) [Schmidberger, Francis, 2000koktec kimberlites from
Siberia [Pokhilenko et al, 2000], and Cenozoic ofresn Thumb (Colorado)
[Ehrenberg, 1982], and Labait (Tanzania) [Lee, Recldn2000]. The Aldan
Mesozoic mantle is the hottest from all the loaadit

DISCUSSION AND INTERPRETATION

The reconstruction of the structure and compositbrine mantle section
beneath kimberlite pipes according to petrografpéatures [Nixon, Boyd, 1973;
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Kopylova et al., 1999; Franz etl, 1996; Schmidberger, Francis, 1999] and garnet
mineral geochemistry [Griffin et al.,, 1996, 199%vie been widely used. TP
dependences of ortho- and clinopyroxene composistiow that the Aldan craton,
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Fig. 9. TP diagram for pyroxenes from Amga comparing wttrer localities.

like the others, have a layered mantle structurestN¥ig- pyroxenes from the 40-
32 kbar interval have the composition determinedh®sy degree of melting and
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depletion. At the lower temperatures the Tchermakahin clinopyroxene rises,
(Ca, Al, Ti), but Cr and Na decrease with dhd P. In the 40-30 interval Fe#
gently falls and then again rises. This is chargtte also for the mantle beneath
young platforms [Ashchepkov et al., 1997]. Some FEel clinopyroxenes at 60
kbar could have been captured from sheared peedotsimilar to those from
South Africa [Nixon, Boyd, 1973], and Siberia [Bogd al, 1997; Pokhilenko et
al., 1976; 1993]. Although they have close con@giuns, Aldan clinopyroxene
has lower Na and Ti contents and do not demonstrateise of these components
with pressure and temperature as is typical ofreldegarieties. The high TP values
could be due to the uncertainties in thermobaromé&irmis and Taylor (2000)
method overestimates HP conditions. Fe-rich compns at P>40 kbar
[Ashchepkov, 2001] allow a suggestion about thesgmee of melt lenses at the
moment of eruption.

TP-dependent variations are less evident for ogttimes. The decrease of
Cr and the rise of Ti, Al, Fe with pressure ardtellito ~ 7-8 kbars downward
comparing with Nimis-Taylor estimates (see Fe gnifd) due to the disagreement
of barometric methods. The agreement between MaBEsel974) and new Jd-
Cpx barometer by Ashchepkov (2001) is better. Aditgy to garnet composition
we can also suggest a two- or more layered modéhéoAldan mantle. The rise of
Ca- Cr in pyrope correlates with the behavior ofrCelinopyroxene.

Major and TRE chemistry of garnet and clinopyroxaflews a suggestion
that the interval of 18-35 kbar is composed of nmatidy depleted and primitive
garnet |lherzolites and, possibly, harzburgites. Gipper spinel facies part (12-22
kbar) consists of depleted lherzolites and highlyiferous (to 8-10% FeO in Opx)
Opx- rich peridotites, their Fe# rising fast. TH®3D kbar interval corresponds to
the minimum on the peridotite volatile-rich solidd$hese are common depths of
the asthenosphere beneath continents and theofidddsaltic magma generation.
The content of Fe and Ti in pyroxenes is closdé#d of HT peridotites (to 12600)
from the Obnazhennaya [Ovchinnikov, 1990] and Udagh pipes [Boyd et al.,
1997; Malygina, Pokhilenko, 2000].

The interval of 35-45 kbar, where uvarovite risasgarnet, seems to be
essentially pyroxenitic and could resulted from théeraction of moderately
depleted peridotites with low Fe-Ti, Ca-rich pratakerlitic or carbonatitic melts
[Boyd et al., 1997]. But the mineral chemistry efigotites usually correlates with
chemical and modal composition of rocks and is ecltes harzburgite xenoliths
from the Nicos pipe. The geochemistry of coexistinglts shows that Ga/Cpx
ratio in melting assemblages was 0.8-0.55. This slgjgests garnet harzburgite or
garnet websterite (garnetites) assemblage. As ribgspre decreases, Fe- slightly
decreases, possibly due to the melt influence fommeath, and then Fe# rises
‘upward’ suggesting an interaction with differetitig rising melts. This situation
Is common for the mantle in many basaltic locaditim Vitim, Sludyanka
[Ashchepkov, 1991], and in the Shkotov plateau (@lotghed), but there the
hottest Fe- rich associations occur in the basewfaht mantle column.
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Phlogopite intergrowths and rare fluid inclusionsdence for metasomatic
processes for the Ga- Sp transition and above atn&-fucksite intergrowths
suggest a deep-seated metasomatism or garnetoreaetith HO — K,O rich
(lamproitic) melts.

Omphacite suggests the presence of subducted tedagi the mantle keel
structure. Some orange garnets can also belonget@dlogite paragenesis. The
lower crust is composed of basic and acid granates Gar- Cpx-Amph- Fs- Bi
cumulates.

THE PROCESSES OF MELTING AND REGENERATION

Low HREE content in garnets is difficult to expldg the melting in low-T
conditions, where garnet has a maximum [van Aclketgtin, 1998]. This could be
due to the chromatographic effects in rocks withgdn modal proportion of garnet
influencing the percolating matter by high HREEuwesd in KD in this part. In the
multi-component spidergrams garnets are essentaityeted in HFSE and differ
from pyropes from the western part of the Sibep&tform [Griffin et al., 1996,
1999] and other regions. This can be explainethbydepleted character of source
mantle peridotites, like it is typical for subduxtiwedges. They could be washed
out by the melts precipitating oxides and accessongerals, such as zircon, rutile,
and apatite, that is typical for carbonatites. Geimmums, in addition, evidence for
zircon or apatite crystallization.

The parental melts for garnet reconstructed with iéfer to a lower melting
degree then those for clinopyroxene. The calcul@afCpx ratios for the rocks
they came from are essentially higher then thoselfoopyroxenes. The former
are close to garnetites — garnet wehrlites withrgd Gar proportion or to garnet
harzburgites, the latter - to lherzolites or webts.

All the REE spectra for the parental melts for garand clinopyroxene form
a fan-like curve family, which is likely controlledy the modal proportion of
garnet. In general, the higher is Cr content, tighdr is Gd/YR ratio and LREE
content, and the lower are the melting degree aR&H All this add up to the
increase of Ca in garnet and the absence of ctidgyoxenes with those features
suggests an essentially Ga- Cpx layer with an asing proportion of garnet with
pressure in the 35-45 interval of the mantle colu@e&minimums in garnet likely
correspond to the co- precipitation of zircon oatép and hardly be related to the
subducted sediments.

One of the analyzed HT low-Na clinopyroxenes hasommmon rounded
enriched REE pattern typical for primitive Iherzefi. A high elevation of TRE
spectra up to 700 relative to the PM of host roskggests an input of highly
enriched material, because no melting and fractioganodels can produce such
patterns from the primitive mantle. The melting meushould be 5-8 higher in the
REE level. The process of the diapiric upwellingeofiched perovskite material
[Kaminsky, 2001] from the Earth’s interior is mopeobable then the input of
LREE via a melt-fluid influx [Bogatikov et al.,1999
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THE REASONS FOR THE LAYERING IN THE ALDAN MANTLE

The layering is a common feature of the lithosphkeel of cratons [Grffin et
al., 1996, 1999; O'Reilly et al.,. 2001; Nixon, ®hH 1973 ; Boyd et al., 1997,
Kopylova et al., 1998; Kukkonen, Peltonen, 200@;)etit forms mainly in the
early stages of mantle evolution in Archaean amutdPozoic times and smaller
amounts were frozen to it later at 500 Ma mainlg ¢l the subduction processes.
They are getting younger downward. [Pearson etl809; O'Reilly et al.,. 2001].
The irregular character of the sequences evideiocdbe twining, metasomatism,
remelting and melt percolation processes locally tie lithospheric keel.
According to experimental data and thermometrienidas, knoringite minal in
garnet increases with pressure and grossular wsds temperature. Uvarovite
minal has a larger cell dimension and the trenddsofrowth in the GOs;-CaO
diagram corresponds to the changes in the systdithermodal compositions, but
the rise in this case does not mean an evidensymesncrease. Nearly isobaric
character of the pyrope—uvarovite substitution dres supported by mineral
thermobarometry.

Combined CyOs- CaO diagram for pyropes from kimberlites
[Huggerty,1994] have no essential brakes refleciirgeneral regularity of garnet
iIsomorphism with pressure in a nearly constantesysirhe inflection of trends in
the CpO; —CaO diagram often corresponds to 40 kbar acogrtbnCr-pyrope
thermobarometry [Ryan et al., 1997]. At this depiid below, the subducted
eclogites became common in the lithospheric kedhefcraton. In the case of
Aldan no signs of subduction sequences, excepirferomphacite, and no signs of
serious depletion characteristic for the mantledsicbon wedges, i.e. no subcalcic
garnets and Mg- olivines. Nevertheless, the chawofighe garnet trend indicate
that the 40 kbar (130-140km) boundary has a liticlmature and may mark the
stop of a rising melt.

The increase of uvarovite suggests the enrichnmietiteosystem in CaO and,
possibly, the processes of werhlitization [Boyalket 1997] under the influence of
Ca-rich (carbonatite) melts. The inversion of Fe#hwncreasing of pressure
implies the interaction with asthenospheric (?)tmelvhich come from the interior.

Widening of the garnet Iherzolites field in,0g -CaO in the low-pressure
part at 20-30 kbar is related to the motley contpmsiof the melts due to the
processes of regeneration in the minimum on thelgirc solidus with volatiles,
where the concentration of various melts is posséxen at normal geothermal
gradients. This feature is typical of the SibeljBaleozoic) mantle subjected to the
influence of plume melts.
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COMMON STRUCTURAL FEATURES OF MANTLE SECTIONS
AND POSSIBLE EVOLUTION OF THE MANTLE KEEL BENEATH T HE
SIBERIAN PLATFORM

The thermobarometry evidences that marginal anddrifegions within the
cratons are often essentially and irregularly fatsually up to 50mv/fm[Lee,
Rudnick, 2000, Schmidtberger, Francis, 1998; Frainal., 2000; Smith, 1999].
This is due to the combination of different factofs a rule the rifts at the
peripheral parts of continents are related to plumegmatism or/and to the
extension in the back areas of subduction zoneswogoaphic models show that
vertical cold zones often occur together with gestibducting slabs. The sinking
of large lithospheric masses or delamination ofogbés and dense garnet
cumulates is followed by rise of fluid flows andne®ction resulting in the melting
and generation of the so-called “baby plums”, comnfior Europe and other
regions. High heat flows are also typical of theuseizones within ancient cratons,
which serve as traps for deep rising melts. Thecapift heat flow values of 85-
90mv/nf, however, have been found only in the Aldan regiven the Cenozoic
lavas from the East-Africa rift do not carry sucheated material from relatively
deep levels of the lithospheric keel of cratonthis case it is possible to suggest
the influence of a greater source of the heat fleyy, the Siberian P-T plum. The
plum has not produced flood basalts in this regoon the influence of those plums
IS spreading over vast territories usually.

Eclogite bodies in mantle sections are found aOldbdr level and deeper,
while the depleted coarse-grained Ga- harzburgdae$0 kbar [Pokhilenko et al,
1993]. After the creation of a moderately deplelieerzolitic core beneath the
continents the further growth of the lithospherieekis related to subduction
processes followed by the freezing of peridotitelges together with underlying
eclogites and sometimes the twining of subducti@dges. Subduction is usually
accompanied by fluid flows, the fusion at the fromduces the percolation of SiO
rich melts [Kelemen, 1996; Boyd et al., 1997]. Ithermal, dense or lithological
boundary existed, it could stop the ascending dtsrend cause the creation of
pyroxenite-rich horizons. It should be noted thhé tObnazhennaya pipe of
Mesozoic age has a large portion of pyroxenitehélower part of the section,
that are deeper changed by the eclogites, localytgpical subduction type.

The mantle sections beneath the kimberlites fragmpériphery of the craton ,
including Aldan, often start a 40-45 kbar depth Kienko, Sobolev, 2000;
Ovchinnikov, 1990]. The plume activity can be acpamied by the remelting of
pyroxenites, submelting of peridotites and abrugxtrdase of peridotite viscosity
resulting in the delamination of dense pyroxenité-reclogite blocks from the
basement of the craton or/and intrusion of deepsmtelthe 40 kbar boundary.

The middle part of the section at 40-30 kbar hassgential Fe-enrichment
judging on clinopyroxenes but it was hardly infleed by the Fe-rich melts
according to Opx thus the melt-rock interacti@suits in the Fe-harzburgite
creation in relatively shallow mantle.
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The major peridotite mineral — olivine - has a &rmodule of thermal
expansion, more then ultramafic melts, and its ileressentially depends on the
temperature. At relatively low geothermal gradiesitgine floatates at the pressure
lower then 65 kbar [Agee, 1998]. This corresponadstite conditions of the
lithospheric keel basement. Furthermore, the cental geotherm crosses the
volatile—rich peridotite solidus, determining thesgion of the asthenopheric roof
beneath the cratons.

The available analyzed material does not allow &rdenation of the
presence of diamond facie material in Aldan diagem though some
thermobarometric estimates evidence about suclssilplty.

CONCLUSIONS

1. Aldan pipes are represented by the contaminatei@tve of kimberlites and
lamproites, possibly mixed.

2. The level of xenolith capture corresponds to thessures of 40-35 kbar.

3. The mantle column beneath Aldan pipes has a laystradture.

4. The irregular heating of the mantle column is cbimastic of the marginal parts
of the cratons and modern rifted regions and, iplyssis caused by the
intrusion of plum melts.

5. The lithospheric craton keel is permeable for tledtsnocated in the upper part
within the minimum of the peridotite solidus.

The work was supported by RBRF grants no. 99-08&580-05-65288.
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Noble gas (He, Ar) isotope evidence for sources of
Devonian alkaline magmatism and ore formation
related within the Kola province (NW Russia)

V.A. Nivin, S.V. Ikorsky, I.L. Kamensky

Geological Institute, Kola Science Centre RAS, E&rsman Str., Apatity 184209, Russia

INTRODUCTION

About 20 intrusive alkaline-ultramafic, carbonaiitearing for the most part,
complexes (CAUC) and the giant nepheline-syenitd ioidolites Khibina and
Lovozero plutons were formed within the Kola segtmehthe Fennoscandian
shield as a result of the Devonian pulse of allalmagmatism. Their geology,
petrology, mineralogy and metallogeny have predamtly been studied in detail
and described in a plenty of publications, inclgdithe recent survey (e.g.,
Kogarko et al., 1995]. Isotope-geochemical (Sr, Mtharacteristics of these
intrusions indicate mantle origin of the parent tmd€mostly from the depleted
source) and rather low or lack of crustal contamoma[Kramm and Kogarko,
1994; Beard et al., 1996]. Saturation of these sagts with volatile components is
favorable for the study of noble gas isotopes wilach accepted as geochemical
tracers of many geological processes. In a lohsfances a data set on He and Ar
iIsotope compositions and their abundances in ranklsminerals allows to identify
sources and to evaluate mixture proportions ofifiun the course of generation
and evolution of magmatic melts and ore formingtays, to judge degassing
pattern, the extent to which country rocks are magsied, influence and
participation of near-surface processes in the &ion of different sequences. As
for the Kola alkaline province the outlook for suapproach is supported by a
number of previous studies [Tolstikhin et al., 198&vin et al., 1988, 1993;
Mitrofanov et al., 1995; Marty et al., 1998; Tokstin et al., 1999a, 1999b].
According to those researches, in particular, nelisotope ratios being close to
those in deep lower mantle plumes were first foundhe Paleozoic magmatic
suits as well as highest for terrestrial rocks emi@tions of primordialHe were
measured.

The new evidence from abundances of He and Aop&st in nepheline-
syenite massifs and ore-bearing phoscorite-carlienaeries of CAUC s
presented in this study along with earlier obtaidata.
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SAMPLES AND METHODS

Noble gas isotope concentrations and ratios haea b&plored in the rocks
and, to a lesser extent, minerals from 9 CAUC, udiclg Kovdor, Seblyavr,
Vouriyarvi, Salmagorskii, Turiy Peninsula, Lesnayaraka, Ozernaya Varaka,
Kontozerskii and Sallanlatvi massifs as well as Weibina and Lovozero
nepheline-syenite plutons and related with thempeetively, apatite and rare-
metal deposits.

Methods of He and Ar measurements have been rejbeatescribed earlier
[e.g., Marty et al., 1998; Tolstikhin et al., 1999Here it is significant to mention
that the rare gas extraction from rock and minsaahples was carried out by two
procedures: melting in high vacuum electrical fesand milling in pumped out
glass ampoules. In the first case the total gas exdsacted from all sample
volume, in the second case — mainly from fluid usabns (FI) in minerals. Below
subscripts “tot” and “fi” are used to symbolize sbegas types. A comparison
between whole-rock (mineral) abundances of heliach @&gon isotopes and those
to be expected from concentrations of parent elésngh Th, Li, K), rock age and
assumptions for closed system, allows us to estithe trapped gas constituent. In
FI of many minerals the isotopic ratio of trappesdes can be retained over a long
time being close to the initial ratio and with lessadmixture of radiogenic
component as compared to gases in crystalline xnatri

Interpreting the results obtained we used the Voflg recent estimates of
isotope ratios in the Earth’s reservoiréie/He (it is the most informative
indicator of deep fluid sources) in crust ~ 20%, in upper mantle ~ 1.110°, in
lower mantle ~ 1.1 10° “°Ar/*°Ar in atmosphere — 395.5, in upper mantle ~
40,000, in lower mantle ~ 5.000-6.000 [TolstikhmdaMarty, 1998].

RESULTS AND DISCUSSION

The ranges and averages of He and Ar isotope ctratiens and ratios in
rock series of all CAUC studied and in all rockgltése typical complexes as well
the Khibina and Lovozero massifs are tabulatedaibld 1.

Helium concentrations aritHe/"He ratio in the rocks under examination vary
in ranges of several magnitudes. On the whole, CAlWgamafic rocks are
distinguished from other rock series by the highedtum mean concentrations
and isotope ratios, carbonatites and phoscoritescharacterized by the widest
scatter and the Seblyavr complex is noteworthy Mf@aximum values of these
parameters both total and in fluid inclusions.

Variations in abundances of Ar isotopes, especiallyFl, are far lesser,
though®Ar/3°Ar ratio in carbonatite series ranges from air-like to 50,000.

The nepheline-syenite massifs are characterizedetyced*He/'He ratios
and the more radioactive Lovozero rocks are alstndjuished by the highedte
and enhancefAr bulk concentrations and minimal values'%r/*°Ar ratios in FI
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Fig. 1. Comparison of helium isotope abundances in basgedisipiled by Tolstikhin et al.,
1999) and in fluid inclusions of Kola intrusions.

Rock samples: 1 — MORB, 2 — OIB, 3 — ultramafic akbline from CAUC, 4 —
carbonatites, 5 — phoscorites, 6 — Khibina, 7 —dz®ro.

A comparison between measured and calculated aboeslaof helium
isotopes in the rocks, high (higher than and simtathose in MORB and some
OIB of “hot spots”, respectivelylHe/He ratios in Fl of some samples (Fig. 1)
strongly suggest the presence of enrichetHig, lower mantle plume component
in the trapped fluid. Also, Figure 1 illustrate® tividest range of helium isotope
characteristics of phoscorites and carbonatitewedlsa united trend in points of
samples from all examined massifs oniHe —*He/"He coordinates.

The positive correlations between ratio of U+0.24Tthis value is
proportional to radiogeniéHe production) to°*He and“HefHe ratio indicate
significant contribution of radiogenic helium tcetlgas extracted by melting (Fig.
2). The alignment of the most samples below evatutine evidences a helium
loss, usual for rocks of any origin. By means dfimilar, but on a linear scale,
plot, the initial'HeHe ratio making up 30,000 and corresponding toldmeest
ratios measured in Fl has been estimated for KeldC[Tolstikhin et al., 1999b].

The better direct relation dfe and*He in fluid inclusions (Fig. 3) than in the
whole rocks, the closer connection betwdda and®He/He, *He; and*Hey, (Fig.

4) as compared witfHe and®*He/He, “He; and*He.; suggest different nature of
measured helium isotopes, the best retention, edlyeim Fl, of trapped helium
with reference to radiogenic one produced in sitpredominant loss of the latter,
its essential impact on helium isotope compositroaorystalline matrix and much
lesser influence on that in FlI.

The distinct pattern of the relationship betwe#te(He); and*He;/°He,, has
been revealed for different rock groups. Theseosatbeing not correlative in
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CAUC ultramafic rocks, show a weak positive comiela in phoscorite-
carbonatite series and closer couplingKimbina and Lovozero rocks. Such
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Fig. 2. Relationships between whole-rock abundances @rmand daughter species in
U-Th-He system.

Sloping straight line — reference 370 Ma evolutiioe. Rock samples: 1 — CAUC
ultramafic and alkaline, 2 — carbonatites, 3 — ptarstes, 4 — Khibina, 5 — Lovozero.
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Fig. 3. Relationships of helium isotopes in fluid inclusio
Rock samples: ultramafic (1), carbonatites (2) @hascorite (3) of CAUC; the Khibina (4) and
Lovozero (5) massifs.

discrepancies could be derived from dissimilar propns of primary and
secondary fluid inclusions. And really, in ultramsafocks the fluid phase is
usually trapped in primary melt inclusions, bothnmary and secondary Fl are
observed in phoscorites and carbonatites and #y@opderance of gas inclusions
in the Khibina and Lovozero minerals have been éafrat postmagmatic stages of
pluton evolution and are secondary [Ikorsky etE)92; Sokolov, 1994; Veksler et
al., 1998].
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Fig. 4. Relation ofHe abundances in mineral crystalline matrix (sufystcimat”) and fluid
inclusions.

Rocks: CAUC ultramafic (1), carbonatites and phaoges (2); the Khibina (3) and Lovozero (4)
massifs.

The sensitivity of*He/'He ratio to the conditions of mineral formation is
particularly manifested in carbonatite series. Un@leoad variations of this
parameter in carbonatites of different formatioagsts, the lowest ratios are
revealed in samples with clear signs of postmagnadterations (recrystallization,
metasomatic substitution, relatively low-temperatanineralization). Conversely,
the rocks touched upon postmagmatic processes @o ldhst degree are
characterized by enhancetHe/He values. Forsterite- and pyroxene-calcite
carbonatites of the second stage as well dolomitiecalcite-dolomite carbonatites
of the forth stage are distinguished with high ager helium isotope ratios and,
according to geological and petrological data, wathwider set of magmatic
crystallization traces.

In the most rock samples of nepheline-syenite rfadde losses (from 5 to
90 %) are comparable with these in CAUC (Fig. But in the former case ratios
of measured and calculatédle concentrations are less by a factor of several
magnitudes that can imply an essential degassingaotle melts before magmatic
crystallization of Khibina and Lovozero nepheliyesites and foidolites.

In FI of Khibina rocks the regular increase®ie/'He ratio is revealed from
massive khibinites forming the peripheral arch bt tmassif to trachytoid
khibinites and then to foyaites of its central pditte apatite-bearing ijolite-urtite
complex, rischorrites including, like CAUC phostercarbonatite series, is
characterized by the widest (among Khibina rocks)ge of rare gas isotope
abundances. Apatite ores in themselves along witiibika carbonatites are

190



Alkaline magmatism and the problems of mantle sssurc

distinguished by enhanced helium concentrationsl@ndHe/He ratios. Though
sometimes the latter have relatively high valugsyiroxene from the ores.
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Fig. 5. Comparison of measured (mes) and calculated @aindances dHe and*He .

Rocks: ultramafic (1), carbonatites (2) and phostesr (3) of CAUC; Khibina (4) and Lovozero
(5).

Helium extracted by melting from the most Lovozesoks is predominantly
radiogenic one. Only some samples of foyaite, @gnand poikilitic nepheline
syenite, mainly from low part of the layered comxplshow enhanced (up to 23
10°®) *He/He ratio. In FI of poikilitic syenites, augite péngites from volcanic
complex and fenites from exocontact of the plutiis ratio may amount to as
much as 18 and over. Ore (loparite) malignite, urtite andalujte of layered
complex and juvite of eudyalite complex are notafde the highest helium
concentrations and minimaHe/He values both in the whole rocks and FI.
Nevertheless, in the most radioactive malignite anthere was found the
fivefold excess of the measuréHe quantity relative to calculated one that is
considerably more than likely an error of compuwtati

Low potassium concentrations in CAUC carbonatited @hoscorites are
favor using of*°’Ar — %°Ar system to identify the atmogenic component afd
Isotope composition of argon trapped in Fl, as camag with total one, is to far
lesser degree undergone changes at the expensadiofenic “°Ar” addition
produced in situ. This is supported by a positiveaation of*’Ars and®°Ar; (Fig.

6) and absence of relationship betwé®r,; and **Ar,; in CAUC. Not many
argon determinations in Fl of nepheline syenitesashtill a closer correlation of
Ar isotopes.

In K-Ar evolution diagram (Fig. 7) the most pointé carbonatites and
phoscorites lie above the isochrone thus implyioigsalerable excess of radigenic
argon.*®Ar/°Ar ratio in trapped gas could be about 1000. Antbéd, by means of
similar graphs on the linear coordinates for sdpanaassifs this initial ratio has
been estimated as 900-1200 in the rocks of CAUGarwatite series and close to
atmogenic one in Khibina and Lovozero rocks.
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Fig. 6. Correlation of argon isotopes in fluid inclusions.
Rocks: ultramafic (1), carbonatites (2) and phostesr (3) of CAUC; Khibina (4) and Lovozero
(5).
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Fig. 7. K-Ar evolution diagram. Sloping straight line feeence 370 Ma evolution line.

Rocks: ultramafic (1), carbonatites (2) and phosies (3) of CAUC; Khibina (4) and Lovozero
(5).

The relationship pattern of parent elements (U, Kj), and daughter
radiogenic He and Ar isotopes (Fig. 8) confirmsrafgrred loss of radiogenic
helium since figurative points of the most samplessituated below concordia.

The outlined regular reinforcement of correlati@ivibeen’He and*He f°Ar
in gases extracted by milling from ultramafic rot¢kscarbonatites and phoscorite
and then to nepheline syenites (Fig. 9) can benomre point in favor of different
nature of fluid inclusions in these rock series.rétver, clear narrowing in range
of radiogenic He and Ar isotope ratio is observestehwith increase ifHe
concentration that is with decrease of its losexipnity of isotope characteristics
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of the Kola alkaline intrusions and OIB suggessodheir similar sources. Basing
on interpretation of isotope-geochemicaltadalifferent authors assume both
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Fig. 8. Relationships between parent element (U, Th, i§)daughter isotope'ide/°Ar’) ratios.
Rocks: ultramafic (1), carbonatites and phoscor{@sof CAUC; Khibina (3) and Lovozero 94).
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Fig. 9. Relationships olHe abundance antHe /°Ar* ratio in fluid inclusions.

Rocks: ultramafic (1), carbonatites (2) and phostesr (3) of CAUC; Khibina (4) and
Lovozero (5).

lithospheric and asthenospheric sources for basats. The models of generation
and evolution of parent melts for continental atkaland carbonatite complexes
provide the metasomatized enriched lithospheriac®in the most cases [e.g.,
Wyllie et al.,, 1990; Kogarko et al.,, 1994]. Noblasgisotope characteristics
obtained are consistent with both such suppositiand the more common
lithospheric model combined isotopic, geochronaiagiand geophysical data
[Mckenzie and O’Nions, 1995]. The latter model mvisaged the existence of two
layers in subcontinental lithosphere. The compasitof one layer is close to
MORB source and the other overlying layer is dequletlatively to MORB. Both
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were changed by means of supplying (10-30 % bymaejuof metasomatic melt
appearing 0.3-0.5 % fusion from asthenospheric mar8ince subcontinental
lithosphere is a long living conservative reseryvthie period between beginning of
the metasomatic processes and emplacement of @dkahbhe magmas in the crust
can be rather long. Basing on Rb-Sr system, forkbke Devonian complexes
such time gap is estimated as 50-350 Ma. Thisnggkito account age of alkaline
magmatism, review of the Earth’'s degassing moderaodets and U-Th
systematics, allows us to exclude the upper maintlen potential sources of
primordial noble gases in alkaline and carbonatks [Tolstikhin et al., 1999D].
The lower mantle, perhaps its stagnant and lesasgety regions, is suggested to
be such source.

On the basis of computer-simulation derived evaaatof noble gas contents
in the main Earth’s reservoirs [Tolstikhin and Mart998] their contributions to
parent melts of the Kola CAUC are estimated. Th&enanass proportions of the
less degassing lower mantle reservoir, upper mamitemeteoric water saturated
with atmogenic gases make up 2 %, 97.95 % and%.,0®spectively [Tolstikhin
et al., 1999b]. The foregoing comparison of CAUCd anepheline-syenite
intrusions in gas isotope characteristics suggestisin general these estimations
can also be extended to the Khibina and Lovozemtop$ having regard to their
distinct conditions of magmatic crystallizationrgti of all, of smaller depths) and
character of postmagmatic alterations. While, tmeatpr participation of the
crustal essentially water fluid with dissolved agmnic gas components is
suggested in formation of the nepheline-syenitesifaespecially at the late stages
of their evolution.

CONCLUDING REMARKS

Present-day isotope composition of noble gasedenrocks of Paleozoic
alkaline and ultramafic-alkaline with carbonatitesnplexes of the Kola province
as well of large mineral deposits related is cdi@doby (a) degassing extent of
parent melts, (b) quantity of trapped isotopes Hradr retention depending on
shifting properties of enclosing minerals, (c) dia intensity and character of
postmagmatic processes, (d) partial contaminatitim evustal fluid and atmogenic
components, (e) concentration of radioactive elémgiroduction, migration and
loss of radiogenic isotopes. In its turn, intensaindegassing is determined by
composition, rate of ascent and crystallizationdibons of the melts, including
depth of a magmatic chamber and degree of systemnegss with respect to fluid.

Noble gas isotope characteristics of the conceconetplexes strongly suggest
that origin of their primary melts was initiatedtivia deep mantle plume. The
lower mantle constituent is surely establishedhm plume. These are consistent
with the models based on other geochemical and hysamal evidence and
envisaging, as dominant, previously metasomatigbdspheric source of parent
melts.
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Gas-geochemical features of phoscorites and catibEmaeflect their later
formation relatively to associated ultramafic atikhbne rocks. Magnetite ores in
CAUC formed mainly by magmatic crystallization asdbsequently underwent
partial and uneven postmagmatic changes caused beavmtions in their mineral
composition.

Agpaitic melts formed the Khibina and Lovozero nelpte-syenite plutons
proved to be the most degasified that was likelyemhsined by their high
alkalinity, lesser depth and longer, because ofehugagmatic chambers,
crystallization. Prolonged cooling, high contenfsatkalies and accumulation of
chemically active fluids in melt stipulated interesi postmagmatic, mainly
autometasomatic, processes. Hypabyssal conditiommgied contamination of
magmatic fluids with atmogenic components predomntigaat late stages of massif
formation.

Not fundamental, on the whole, distinctions in gestope factors of ore-
bearing complexes, ore mineralization of differgqes and their host rocks can
indicate commonness of the sources and origin dsasesome discrepancy in
formation conditions and postmagmatic transfornmegio

The authors thank Dr. I. Tolstikhin for helpful dission, constructional
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Alkaline magmatism in the northern part of souttdidm granulite terrain is
important to understand the crustal formation oa #swouthern periphery of the
Dharwar craton. In Proterozoic, the Yelagiri and&eir alkaline complexes intrude
into the country rocks comprising epidote hornbkeiggheiss. The initial Sr and Nd
isotope ratios of the Sevattur carbonatites sugipest derivation from an alkaline
metal and LREE enriched mantle source. Howeversyeaites of the Yelagiri and
Sevattur plutons have distinctly different isotopttaracteristics from the Sevattur
carbonatites, represented by their low initial Nsotope ratios. Combined
geochemical and isotopic characteristics of thealiel and Sevattur syenites
indicate that the syenitic magmas were derived floghly differentiated mantle-
derived alkali basaltic magmas. The Yelagiri anda®er syenites are characterized
by pronounced enrichment in LIL and large negatiVle anomaly, indicating
subduction related signature of their source mafthee geochemical and isotopic
signatures of other mantle-derived intrusive rogks different ages from ca. 2.5 Ga
to ca. 0.75 Ga also indicate the existence of sttimiu related enriched mantle.
Therefore, it is considered that this enriched meawis formed by the subduction-
related geological processes, which probably oeduat a convergent margin along
the southern and/or southeastern edge of the Dhamaton, and survived, as sub-
continental lithospheric mantle, from early Protmig until at least 750 to 800 Ma
ago.

INTRODUCTION

More than 40 alkaline plutons occur in eastern smathern Peninsular India
[Ratnakar & Leelanandam, 1989; Rajesh & Santos@6[lI hese plutons intrude
the South Indian high-grade granulite terrains adl vas the Eastern Ghats
granulite belt. Some of the alkaline plutons areoagpanied with carbonatites and
form carbonatite complexes. In the northern parthef South Indian granulite
terrain in the Vellore and Dharmapuri districtsTaimil Nadu, which lies just south
of the amphibolite faces - granulite faces traasitzone, a number of alkaline
plutons comprising saturated syenite, pyroxenitel @arbonatite have been
reported [Udas & Krishnamurthy, 1970; Borodin et, dl971; Krishnamurthy,
1977; Subramanian et al., 1978; Viladkar & Subraagn1995; Miyazaki et al.,
1999; etc.]. These complexes are located alongjar iN&E-SW trending lineament
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[Grady, 1971] in a gneissic terrain. This regionimgortant to understand the
crustal formation on the periphery of the Dharwatan.

Merthern part
el Geuth Indisn
Grangdive  Tarrpin

[ ] Swenite Complex Bl uitramalics
Epidota-hornblande  gneizs E Fink  mlgmatite
|m‘$§ Granitoid gniess Fl'ssiIE Homblende-blotle gneiss

Hornblende-biotite gnaiss BER® Pyroxene granulite

Chamockite

Fig. 1. Simplified geological map of northern Tamil Nadea[modified
from Geological Survey of India, 1995].

The Yelagiri pluton is located at the northern muaatt, Sevattur pluton is in
the middle and Samalpatti pluton is situated furteeuthwest (Fig. 1). The
Sevattur and Samalpatti are associated with catibem@ad form alkali-carbonatite
complexes. The age of the alkaline magmatism regdifom Yelagiri, Sevattur
and Samalpatti include a Rb-Sr whole rock isoclaga of 757+-32 Ma [Miyazaki
et al., 2000] for the Yelagiri syenites, a K-Ar age700+-30 Ma for phlogopite
from the Samalpatti carbonatites [Moralev et @74], Rb-Sr whole rock isochron
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ages of 767+-8 Ma [Kumar et al., 1998] and 756+-a1[Miyazaki et al., 2000]
for the Sevattur syenites, Rb-Sr whole rock-minesathron ages of 771+-18 Ma
and 773+-18 Ma for the Sevattur carbonatites amdx@nites respectively [Kumar
& Gopalan, 1991] and a whole rock lead/lead ag80df+-11 Ma for the Sevattur
carbonatites [Schleicher et al., 1997]. These aje df these plutons indicate late
Proterozoic alkaline magmatic activity in the ragio

Sr and Nd isotope data from carbonatites have neenbshown to be
effective in monitoring the nature of the subcoetital mantle [e.g. Bell &
Blenkinsop, 1989], even though the relationshipsvben carbonatites and their
associated silicate rocks are complex and stillo@tompletely understood [Bell
et al., 1998]. Mainly in last decade, comprehengwogopic studies of carbonatites
and their associated silicate rocks reveal thatthee several alkaline-carbonatite
complexes with wide isotopic variation in the asated silicate rocks, which
requires the involvement of other mantle componant§or continental crust or is
result of isotopic heterogeneity of mantle soureay.[ Bell & Peterson, 1991;
Simonetti & Bell, 1994; Bell, 1998; Harmer & Gitin 1998; Harmer, 1999].
Although several alkaline plutons in Tamil Nadu amet associated with
carbonatite, comprehensive Sr and Nd isotopic tiyatson of alkali-carbonatite
complexes provides important information about gquenesis and source
characteristics not only alkaline-carbonatite ca@®pk but also non-carbonatite
associated alkaline plutons.

The existence of alkali metal and LREE enrichefcsatinental upper
mantle are recognized under this region [e.g., Kugn&opalan, 1991; Wickham
et al.,, 1994; Reddy et al.,, 1995; Kumar et al.,898chleicher et al., 1998,
Miyazaki et al., 2000]. Kumar et al. [1998] ins@tihat this enriched mantle had
existed as sub-continental lithospheric mantle unldess region and had been a
closed-system since about 2.5-2.6 Ga. Radhakri&hlwseph [1998] also revealed
that tholeiite dyke swarms (1.6 and 1.8 Ga) in tt@gion were derived from
enriched lithospheric mantle. However, several lenois about the Yelagiri and
Sevattur syenites, such as petrogenesis, sourcactiastics and relation to
enriched lithospheric mantle, are not clearly eated. In this paper, detail
petrogenetic studies about the Yelagiri and Sewattutons in Tamil Nadu, were
described.

YELAGIRI AND SEVATTUR PLUTONS

The Yelagiri and Sevattur plutons (Fig. 1) intriedeng NE-SW fault system
and into the Archaean epidote-hornblende gneisgeigh constitute the country
rocks of the region. These gneisses are highlyredeand these gneisses rarely
contain relic patches of charnockite indicating ti@y are retrogressive in origin.
Peucat et al. [1989, 1993] reported whole rock Rbs#l Sm-Nd isochron ages of
2463+-65 and 2455+-121 Ma and U-Pb &HBb/°®Pb single zircon ages of 2550-
2530+-5 Ma for the Krishnagiri gneisses, which domalitic-trondhjemitic,
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granitic gneisses and charnockites neighboring Wedagiri, Sevattur and
Samalpatti plutons.

The Yelagiri pluton is an elliptical body of aba2®X12 knf elongated in
NE-SW direction. The Yelagiri pluton is almost ealy composed of syenite with
pyroxenite and biotite pyroxenite. Pyroxenites acasi mafic patches or bands in
syenite or xenolithic blocks with sharp contactsha syenite. Although geological
information on the Yelagiri pluton in not sufficiermlmost no constituent rocks of
this pluton show strong deformation and metamomhssich as observed in the
country rocks. Hence, this pluton is considereckéep the initial signature of
intrusive pluton.

The Sevattur pluton, located 10 km southwest dadie pluton, has an oval
sharp elongated in N-S direction and measures d®X8 knf. Syenite also forms
the major lithounit in the Sevattur pluton, andraie is rimmed on the north by
carbonatite and subsequently by pyroxenite. Théoratite occurs as arcuate
bodies boarding a large syenite stock. Similariguate outcrops of pyroxenite
occur outward of the carbonatite. The carbonatadyb which is about 3km in
length with a maximum width of 200m in the centpart, is mostly dolomitic
carbonatite with dykelets of sdvite and lesser @h&earbonatite. The carbonatite
incorporates a number of xenoliths of basementsgasi syenite and pyroxenite
[Udas & Krishnamurthy, 1970; Borodin et al., 197Krishnamurthy, 1977;
Viladkar & Subramanian, 1995; Kumar et al., 1998yroxenite also occurs as
xenolithic blocks in syenite and carbonatite. Thetaded mineralogy of the
Sevattur carbonatite and associated rocks has Hesaribed by Viladkar &
Subramanian [1995]. Entirely, there is no eviderlcat the Sevattur pluton
suffered strong deformation and metamorphism. Herbes pluton is also
considered to keep the initial signature of intragpluton.

According to the geochemical characteristics dbsdriin Miyazaki et al.
[2000], the Sevattur syenites may show magmatiduéen, which are mainly
controlled by fractional crystallization. On thehet hand, some open system
behaviors (ex. magma mixing, crustal contaminatein,) are considered to have
influenced on mineralogical and geochemical charatics of the Yelagiri
syenites.

Nd-Sr ISOTOPES

Initial Sr and Nd isotope ratios and epsilon valuese calculated (Fig. 2).
The Yelagiri syenites show a range of epsilon $i7@0Ma) from 21.0 to 26.3 and
of epsilon Nd (T=760Ma) from -11.4 to -8.1. While\&ttur syenites exhibit a
range of epsilon Nd(T) from -9.9 to -9.4 within trenge of the Yelagiri syenites.
The epsilon Sr(T) of the Sevattur syenites is loveerging between 10.0 to 12.4.
Pyroxenites and high silica rocks of the Sevattutgm have similar or closer Sr
and Nd isotope characteristics to the Sevattur isgnwhereas epsilon Sr (T)
values of the Yelagiri pyroxenites are shifted tghler epsilon Sr (T) values. This
epsilon Sr (T) diversity of the Yelagiri pyroxerstare considered to be the result
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of secondary alteration, since negative correlabetween Sr concentration and
epsilon Sr (T) value and deformed textures of phbiigs are observed.
Carbonatites from the Sevattur show epsilon Sr@§hpe from 21.0 to 24.3, as in
the case of the Yelagiri syenites. However, epsioh(T) range of the Sevattur
carbonatites (epsilon Nd (T)= -6.6 to -4.4) is swiat higher than the ranges of
syenites of both plutons.

The oxygen and carbon isotopic compositions ofieE@and dolomites from
the Sevattur carbonatite samples show very litleation, with average values of
deltd®0= +7.1 and deltdC= -5.2 from calcites and deft3D=+7.3 and delt&C=
-4.8 from dolomites [Miyazaki et al., 2000]. All t@natite samples analyzed plot
within the field for ‘primary igneous carbonatiteieller & Hoefs, 1995]. The
delta'®0 and delta®C data of the Sevattur carbonatites indicate tiet originated
from mantle-derived melts. Because of the very lughcentrations of Sr and Nd
in carbonatite magmas, their low melting tempeegiuand probable rapid transport
through the crust, crustal contamination for thedements is minimum in
comparison to most other mantle-derived magma tjpek & Blenkinsop, 1989].
Thus the initial Sr and Nd isotope ratios for thebonatites are likely to be
representative of their mantle source. The Sevatbonatites have high initial
8’SrFesr ratios and low initial*Nd/***Nd ratios relative to the bulk earth and

~ Yelagiri
+ Syenite
2 ¥ Pyroxenite
8 . | Sevattur
=10 0 10 20 30| o Syenite
-2 |
— ¥ Pyroxenite
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g -4 r o @ Cal-Dol Carbonatite
.5?. 5 | y @ Dol Carbonatite
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2 o O Carbonatite (Schieicher et al., 1998)
-8 &
W \. A Carbonatite (Kumar =t al., 1998)
-10 @ ’3‘
| *e x x
=12 |
4
£ Sr (760Ma)

Fig.2. Epsilon Sr (T) vs. epsilon Nd (T) diagram for galieand Sevattur
rocks.
CHUR (Fig. 2). Thus, these isotope ratios imply @kali metal and LREE
enriched mantle as the source of the Sevattur antafpatti carbonatites. Several
authors also described the existence of enrichbdosiinental mantle source in
this region [e.g., Kumar & Gopalan, 1991; Wickhamak, 1994; Reddy et al.
1995; Kumar et al., 1998; Schleicher et al., 199Bazaki et al., 2000].However,
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syenites and pyroxenites of the Sevattur plutorwstmwy initial epsilon Sr and
epsilon Nd values compared to the values of Savattbonatites (Fig. 2). The
Yelagiri syenites also show low initial epsilon Malues compared to the values of
Sevattur carbonatites, even though initial epsBonalues are similar to the values
of Sevattur carbonatites. It is noticeable thatatié rocks of both plutons have low
initial epsilon Nd values compared to the valuethefSevattur carbonatites. These
isotopic diversities between carbonatites and adicrocks may be caused by
differences in their source or different influendesm other materials. Isotopic
differences of silicate rocks are also observedvéen the Yelagiri and Sevattur
plutons. Their contemporary activity, close spatialationship and generally
similar petrographical and geochemical charactesidead us to expect genetic
relationship between the Yelagiri and Sevattur ggenHowever, initial epsilon Sr
values of silicate rocks are significantly differ&etween the Yelagiri and Sevattur
plutons (Fig. 2).

RELATIONSHIP BETWEEN CARBONATITES AND SILICATE
ROCKS

In this section, currently popular models for thetrpgenetic association
between carbonatites and associated alkalinetsilrcgks are assessed in the light
of the geochemical and isotopic data for the caabt®) syenite and pyroxenite at
the Sevattur and Yelagiri. Although almost geocluamiand isotopic data of
carbonatites support the idea that carbonatite raagmderived from mantle
materials, there are several models for the gewnésiarbonatites.

Models for the genesis of carbonatites are noweny controversial. Mainly,
following two possibility are considered: (1) Canadite melt is derived as an
immiscible liquid that separates from a fractiodasdicate magma of nephelinitic
composition, the composition of the immiscible carétite liquid being directly
related to the composition of the parental silicade@gma [Le Bas, 1977, 1981,
1987; Kjarsgaard & Hamilton, 1989]; (2) Carbonatitegmas may be derived
directly through low degrees of melting of carb@iamantle peridotite [Wallace
& Green, 1988; Thibault et al., 1992; Dalton & Wed®93; Sweeney, 1994;
Harmer, 1999].

If differentiation took place in a closed systerarilthe silicate and carbonate
would be expected to have similar isotopic sigregurThe sharp contrast in
isotopic composition between the carbonate andtasdi components of the
Sevattur and Yelagiri is difficult to reconcile wiliquid immiscibility (Fig. 2).
Although, still more evaluations are needed, caaim magma of the Sevattur
pluton may be derived by directly melting of carated mantle peridotite.

PETROGENESIS OF THE YELAGIRI AND SEVATTUR SYENITES

A number of models have been proposed for the romdisyenites, which
show large geochemical diversity and occur in aetaof tectonic settings [e.g.,
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Ewart, 1982; Harris et al., 1983; Nielson, 1987etéter & Beddoe-Stephens,
1987; Smith et al., 1988]. It is likely that thellbwf continental syenites were
derived by crystal fractionation of mantle-derivamlkali basaltic magma
with/without interaction with pre-existing contin@hcrust [Ewart, 1982; Downes,
1987; Fitton, 1987; Nielson, 1987; Fletcher & Bedgtephens, 1987; etc.]. Other
presumable model for the generation of syenitic gede evolved felsic magmas
include partial melting of amphibolites with alkdlksalt composition at the base of
the lower crust [Smith et al., 1988].

To elucidate models, initial epsilon Sr and epsila values (calculated at
760 Ma) of granulite gneisses of neighboring Kresffin area [Peucat et al., 1989]
are compared with those of the Sevattur and Yelpgitons. These gneisses are
tonalitic, granitic and chanokitic gneisses witheppressures from 5 to 6 kb
[Peucat et al., 1989]. These crustal rocks hawalrepsilon Sr (760 Ma) values
from -20 to 211 and initial epsilon Nd (760 Ma) wes from -31 to -18. The range
of initial epsilon Sr values is very wide and irbds the values for the Sevattur and
Yelagiri plutons. On the other hand, the initiabi#gn Nd values are low compared
with the Yelagiri and Sevattur syenites. This fauggests that the sources of these
syenites are not crustal rocks distributed arotedYtelagiri and Sevattur plutons.
More high-grade crustal rocks are believed to oacuihe deeper part of the crust.
These high-grade crustal rocks are supposed tagbephessure charnockites such
as exposed in the Nilgiris Hills, Shevaroy and @ilrangan Hills and Harur Hills
[Peucat et al.,, 1989]. The highest pressures arerded in the Shevaroy and
Biligirirangan Hills (7.5-8 kb), and along the noern slope of the Nilgiris Hills
(9kb) [Janardhan et al., 1982; Raith et al., 1988gse high-pressure charnockites
have initial epsilon Sr (760Ma) values from -2488. Although only two high-
pressure charnockite data of Biligirirangan Hilte available, their initial epsilon
Nd (760Ma) values range from -32 to -26. Theseahépsilon Sr and epsilon Nd
values are similar to the Krishnagiri chanokitiadaonalitic gneisses. Therefore,
these high-pressure charnockites are excludedtiiemandidates of the sources of
the Yelagiri and Sevattur syenites.

Therefore, it is understood that the Yelagiri anelv&tur syenites were
derived by crystal fractionation of mantle-deriveadlkali basaltic magma.
Considering the low Cr and Ni concentrations and Mg# of the Yelagiri and
Sevattur syenites, the origins of the Yelagiri &wlattur syenite magmas were
highly differentiated alkali basaltic magmas, whiohght be differentiated by
crystal fractionation within a lower-crustal magotember before emplacement of
separate batches of syenitic magma into middi@p®ucrustal levels.

CAUSE OF ISOTOPIC VARIATIONS

A number of Sr and Nd isotopic studies of otheboaatite complexes in the
world revealed that carbonatite and associatechs#irocks generally have similar
initial Sr and Nd isotope ratios, indicating thelerivation from common or
isotopically similar mantle source, even thoughedsity of their petrogenesis.
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However, recent comprehensive isotopic studies afbanatites and their
associated silicate rocks show that there are akallvaline-carbonatite complexes
with wide isotopic variation in the associatedcsite rocks, which require the
involvement of other components, such as contihamtest, or indicate isotopic
heterogeneity of mantle components [e.g. Bell &ePsgin, 1991; Simonetti & Bell,
1994; Bell, 1998; Harmer & Gittins, 1998; Harme999].

As described above, silicate rocks of the Yelagmil Sevattur plutons show
low initial epsilon Nd values (low initial Nd isgbe ratios) compared to the values
of carbonatites representing the values of theckad mantle. If the involvement
of crustal components caused these isotopic vasietrustal involvement probably
occurred (1) during intrusion and differentiatioinsgenitic magma or (2) within a
lower-crustal magma chamber, in which homogenizaigp occurred, before
emplacement of separate batches of syenitic magtoamiddle to upper crustal
levels.

In the first case, AFC or binary mixing processalwing mantle deriving
magma and crustal materials are considered to beatgal during intrusion and
differentiation. If AFC or binary mixing processvimiving mantle derived magma
and crustal materials is effectively operated, ttiend decreasing initial
143Nd/MNd ratio with increasing SiQis expected to be observed. However, the
Yelagiri and Sevattur syenites do not show suchdtrgupporting AFC or binary
mixing process. The Sevattur syenites have relgtivenstant initial***Nd/**Nd
ratios, whereas the Yelagiri syenites show “opgdsttend increasing initial
“Nd/A*Nd ratio with increasing SiQ[Miyazaki et al., 2000]. Other chemical
parameters (e.g., Mg#, Ma+K,O, Nb, Zr) of the Yelagiri syenites also show
similar trends increasing initiat**Nd/*Nd ratio with increasing evolution
[Miyazaki, 2000]. According to relationships betwdaitial ***Nd/**/Nd ratios and
SIO; of the Yelagiri and Sevattur syenites, AFC or bymaixing involving mantle
derived magma and crustal materials is not probpleess in the Yelagiri and
Sevattur syenites. Therefore, the Sr and Nd isotoparacteristics of the Yelagiri
and Sevattur silicate rocks are not result of igietachange caused by crustal
materials during intrusion and differentiation.

In the second case, crustal involvement and hombggnare occurred
within a lower-crustal magma chamber before emplece. Precise estimation of
crustal involvement with Sr and Nd isotopes ardalift, because of insufficient
information (such as Sr and Nd concentrations)lidiliabasaltic magma derived
from mantle. However, average Sr and Nd concentratof metamorphic rocks
around the Yelagiri and Sevattur plutons are caratoly lower than those of the
Yelagiri and Sevattur syenites, which are about @@ and 20 ppm, respectively,
and similar to the average concentrations of tiseetacontinental crust reported by
Weaver & Tarney [1984]. Therefore, Sr and Nd isatopfluences of crustal
material are considered to be little, even thoughswerable amount of crustal
material are injected into the alkali basaltic magrhhis fact probably indicates
that the second case is also not probable to exptai isotopic variations of the
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Yelagiri and Sevattur plutons. Therefore, the caafsihe isotopic varieties of the
Yelagiri and Sevattur plutons are considered tdheeheterogeneity of enriched
lithospheric mantle.

Contribution from a substantial body of experiméraiad mantle xenoliths
studies [e.g. Green & Wallace, 1988; Yaxley et 4091; Dautria et al., 1992;
Hauri et al., 1993; lonov et al., 1993; Rudniclakt 1993; Yaxley & Green, 1996]
revealed the existence of the reaction zone athdampbut 2 GPa, in which mantle
derived primary carbonate melt progressively metegse mantle lherzolite to
wehrlite with the expulsion of CQO[Harmer & Gittins, 1998; Harmer, 1999].
Haggerty [1989] referred to this zone as a ‘metasois argued by Meen [1987],
Haggerty [1989] and Meen et al. [1989], the deptkerval of the thermal
maximum, or ‘ledge’, in the solidus for peridoti®, will be a zone where long-
lived enrichments are most likely to be preseniédhese enriched phases are
preserved, the ‘metasome’ level in the mantle ddlvelop anomalous isotopic
signatures with the passage of geological timentéaf1999] proposed, then, that
the contrasting isotopic characteristics of thieatié and carbonatite components at
Spitskop are caused by the involvement of this aseme’.

The contrasting isotopic characteristics of thdcaié and carbonatite
components at Yelagiri and Sevattur are also exjad by this idea. The alkali
basaltic magma, generating the Yelagiri and Sewatilicate rocks, are considered
to have been derived from isotopically anomaloti®pheric mantle (metasome)
generated by trace element enrichment trappedriaiofiee-CQ, ‘ledge’ during an
earlier episode, whereas the carbonatites aredsmesi to have been derived from
more deeper region, as described in previous sectio

NATURE OF MANTLE SOURCE

Alkaline magmas can be generated in almost albtectsettings, with their
tectonic affinities being clearly reflected in thgeochemical signatures [Zhao et
al., 1995]. For example, alkaline suites formedsumduction-related regimes, or
those derived from a source which has been prelyicgusdified by subduction
processes, usually show a distinctive negative Nbmaly on trace-element
distribution spiderdiagrams [e.g., Rogers et &85t Nelson & McCulloch, 1989],
whereas those from continental rift zones or oce@mtand settings display no or
slightly positive Nb anomalies [e.g., McDonoughaét 1985; Menzies, 1987]. In
addition, the subduction-related alkaline rocksallguthave more evolved isotopic
compositions [Rogers et al., 1985; Nelson & McCellp1989], characterized by
high initial Sr isotope ratios and low initial Ndsotope ratios, similar to
subduction-related calc-alkaline or tholeitic b&saln contrast, uncontaminated
rift- or hotspot-related alkaline rocks normallyoshessentially primitive isotopic
signatures, typified by low initial Sr isotope aiand high initial Nd isotope
ratios, similar to ocean island basalts [McDonowghal., 1985; Clague, 1987;
Menzies, 1987]. Such geochemical and isotopicraistns are usually attributed
to their different mantle sources.
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The syenites of the Yelagiri and Sevattur plutonews remarkably similar
spiderdiagram patterns characterized by pronounegative Nb anomalies (Fig.
4), and evolved isotopic compositions (Fig. 2). dsscribed previously, the
characteristics were not imposed by crustal effectsthe magmas, but were
derived from the mantle sources. Therefore, thareptal magmas are probably
related to subduction-modified lithospheric maste@irces. The subduction-related
alkaline magmas are considered to have been ddiiesdmetasomatised mantle
wedges above the deepest part of the subductioa ptgllie & Sekine, 1982;
Baker, 1987], or the subcontinental lithospheriatiea which has been previously
modified by subduction processes [e.g., LiégeoisBlack, 1987; Nelson &
McCulloch, 1989]. The choice of the two alternativedels depends on the
tectonic setting of the Yelagiri and Sevattur stesi Scarcity of geological
evidence for subduction activity at the time of mmy@ intrusions, and following
isotopic and geochemical evidences support thenseidea.

EVOLUTION OF THE ENRICHED LITHOSPHERIC MANTLE

Kumar et al. [1998] revealed that the Hogenakalb@aatite and pyroxenite)
and Pikkili (nepheline-syenite) plutons, which kreated southwest of the Yelagiri
and Sevattur plutons, have Rb-Sr and Sm-Nd isochgas of about 2.4 Ga and
their initial Sr and Nd isotope ratios are verysado the bulk earth and CHUR.

As has been noted by many authors [Bell & BlenkmsbO87, 1989; Woolley,
1989 and references therein] the geographic latsdiz of carbonatite magmatism
over long periods, which has been observed at gkJecalities, implies
lithospheric control, and probably tapping of ttemg source. Although widely
different in ages, the Hogenakal and Sevattur catke complexes are less than
75 km apart. Hence, Kumar et al. [1998] showkdt ttheir Sr and Nd isotopic
compositions consis-ted with evolution in isolatétdospheric mantle that had
been enriched in LIL elements not long before gatn@mm of the Hogenakal
magmas. The evolution lines for both Sr and Ndoises intersect bulk earth and
CHUR evolution near 2.5-2.6 Ga (Fig. 3).

Kumar et al. [1998] also showed that mantle-deriraaks, such as the 2.51-
2.52 Ga Closepet batholith (southern part) [Jaydaart al., 1995], and the 2.0 Ga
Agali-Coimbatore dyke swarm [Radhakrishna et &95l, overlap or close to the
evolution lines defined by the Hogenakal and Sevatrbonatites. The Sr and Nd
isotopes of the Samalpatti carbonatites [Schleidteal., 1998; Miyazaki 2000]
and the Sr isotopes of the Salem alkaline rockslfiRest al., 1995] also overlap
with the evolution line (Fig. 3). These facts stygnsupport the idea that the
isolated enriched mantle has existed as sub-cartéhbthospheric mantle under
the northern part of South Indian granulite terrand has been a closed-system
since about 2.5-2.6 Ga [Kumar et al., 1998].

The long lived existence of this isolated enrichdggbspheric mantle are also
indicated by the trace ele-ment characteris-ticsthe Yelagiri and Sevattur
syenites and mantle derived dykes from Agali-Coitolea [Radhakrishna et al.,
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1995], Tiruvannamalai and Dharmapuri [Radhakrisi@naoseph, 1998], these
dykes also situate in the northern part of Soutthiaim granulite terrain. The
Tiruvannamalai and Dharmapuri dykes are iron-riabidiites and have K-Ar ages
of 1650Ma and 1800Ma [Radhakrishna et al., 1999). B shows primordial
mantle [Sun & McDonough, 1989] normalized tracevedat distribution
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75 X
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- . i it
50 carbonatites Salem i granites
A 5= 0 80 aﬁ/allne rocks
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Fig.3. Evolution diagrams showing neodymium and stronigstopic
evolution over time in terms of epsilon parametbtadified from Kumar et al.
[1998].
spiderdiagrams of the Yelagiri and Sevattur sysnded tholeiite dykes from
Agali-Coimbatore, Tiruvannamalai and Dharmapuriace element distribution
patterns of these tholeiite dykes show similardmment in LIL, deficiency in HFS
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elements and negative Nb anomaly to the YelagdiS@vattur syenites, indicating
that the parental magmas of these tholeiite dykesakso related to subduction-
modified lithospheric mantle sources. Accordingtie isotopic and geochemical
evidences described above, this enriched lithogph®antle was

1000 — Yelagiri syenite

—— Sevattur syenite

—— Average OIB (Sun, 1980)

100 F .
Agali-Coimbatore

dykes 2000Ma

Sample/primordial mantle
=

Tiruvannamala_i__p_. .' Dharmapuri
dykes 1650Ma %
vkes a X dyk_es 1800Ma

1

Rb Ba K Nb Sr Nd P Zr Ti Y

Fig.4. Primor-dial mantle normalized multielement pat®wf the Yelagiri
and Sevattur syenites in comparison with Pro-teimdike suites.

formed by the subduction-related geological proegsdong the southern and/or
southeastern edge of the Dharwar craton and suhdgavective disruption in the

mantle, as sub-continental lithospheric mantlenfearly Proterozoic until at least
760 Ma ago.

ACKNOWLEDGMENT

This work was partly supported by the Grant in Afdcukada Geological
Institute. | greatly acknowledge to Prof. M. Yoshi@saka City University, for his
encouragement and providing research facilitisgderely express my gratitude
to the late Prof. K. C. Rajasekaran, Universityiadras, for his guidance,
encouragement and great support to perform fialdegu

REFERENCES

1. Baker, B. H. [1987] Outline of the petrology of tKenya rift alkaline province. In: Fitton,
J. G. & Upton, B. G. J. (Edshlkaline Igneous Rocks. Geol. Soc. London, Special
Publication30, 293-311.

2. Bell, K. [1998] Radiogenic isotope constraints @mationships between carbonatites and
associated silicate rocks - a brief revidwPetrol.39, 1987-1996.

3. Bell, K. & Blenkinsop, J. [1987] Archaean depletedntle: Evidence from neodymium and
strontium initial isotopic ratios of carbonatitéseochim. Cosmochim. Ack, 291-298.

208




Alkaline magmatism and the problems of mantle sssurc

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bell, K. & Blenkinsop, J. [1989] Neodymium and sttium isotope geochemistry of
carbonatites. In: Bell, K. (Ed.Carbonatites-Genesis and Evolutiolnwin Hyman,
London, 278-300.

Bell, K. & Peterson, T. [1991] Nd and Sr isotopestsynatics of Shombole volcano, East
Africa, and the links between nephelinites, phdesliand carbonatite&eology19, 582-
585.

Bell, K., Kjarsgaard, B. A. & Simonetti, A. [1998Tarbonatites — into the tweney-first
century.J. Petrol.39, 1839-1845.

Borodin, L.S., Gopal, V., Moralev, V.M., & Subraman, V. [1971] Precambrian
carbonatites of Tamil Nadu, South IndiaGeol. Soc. Indid2, 101-112.

Clague, D. A. [1987] Hawaiian alkaline volcanism: Fitton, J. G. & Upton, B. G. J. (Eds)
Alkaline Igneous Rocks. Geol. Soc. London, Spé&aiklication30, 227-252..

Dalton, J. A. & Wood, B. J. [1993] The compositiasfsprimary carbonate melts and their
evolution though wallrock reaction in the mant@rth Planet. Sci. Lettl19, 511-525.
Dautria, J. M., Dupuy, C., Takherist, D. & Dostal,[1992] Carbonate metasomatism in the
lithospheric mantle: the peridotitic xenoliths fraamelilititic district of the Sahara Basin.
Contrib. Mineral. Petrol111, 37-52.

Downes, H. [1987] Tertiary and Quaternary volcanisithe Massif Central, France. In:
Fitton, J. G. & Upton, B. G. J. (Ed#)kaline Igneous Rocks. Geol. Soc. London, Special
Publication30, 517-530.

Ewart, A. [1982] Petrogenesis of the Tertiary ageric volcanic series of Southern
Queensland, Australia, in the light of trace elethggochemistry and O, Sr and Pb isotopes.
J. Petrol 23, 344-382.

Fitton, J. G. [1987] The Cameroon line, West Afrieacomparison between oceanic and
continental alkaline volcanism. In: Fitton, J. G.W&ton, B. G. J. (Edshlkaline Igneous
Rocks. Geol. Soc. London, Special PublicaB6n273-291.

Fletcher, C. J. N. & Beddoe-Stephens [1987] Theopmjy, chemistry and crystallization
history of the Velasco alkaline province, easteafiBa. In: Fitton, J. G. & Upton, B. G. J.
(Eds)Alkaline Igneous Rocks. Geol. Soc. London, Spe€ciblication30, 403-413.
Geological Survey of India [1995] Geological andntial map of Tamil Nadu and
Pondicherry, Scale 1: 500,00Beological Survey of India.

Grady, J.C. [1971] Deep main faults in South IndigGeol. Soc. Indid2, 56-62.

Green, D. H. & Wallace, M. E. [1988] Mantle metasdism by ephemeral carbonatite
melts.Nature336, 459-462.

Haggerty, S. E. [1989] Mantle metasomes and theshign between carbonatites and
kimberlites. In: Bell, K. (Ed.Carbonatites-Genesis and Evolutiddnwin Hyman, London,
546-560.

Harmer, R. E. [1999] The petrogenetic associatibnasbonatite and alkaline magmatism:
constraints from the Spitskop complex, South AfricédPetrol 40, 525-548.

Harmer, R. E. & Gittins, J. [1998] The case fommatry, mantle-derived carbonatite magma.
J. Petrol.39, 1895-1903.

Harris, N. B. W., Duyverman, H. J. & Almond, D. [983] The trace element and isotope
geochemistry of the Sabaloka Igneous Complex, Sud#&eol. Soc. Londoi40, 245-256.
Hauri, E. H., Shimizu, N., Dieu, J. J. & Hart, S. R993] Evidence for hotspot-related
carbonatite metasomatism in the oceanic upper madture 365, 221-227.

lonov, D. A., Dupuy, C., O'Reilly, S. Y., KoplovaM. G. & Genshaft, Y. S. [1993]
Carbonated peridotite xenoliths from Spitsbergemplications for trace element signature
of mantle carbonate metasomatidfarth Planet. Sci. Lettl19, 283-297.

Janardhan, A. S., Newton, R. C. & Hansen, E. C8219he transformation of amphibolite
facies gneiss to charnockite in southern Karnasadcanorthern Tamil Nadu, Indi&€ontrib.

209



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

T. Miyazaki, H. Kagami, V. Ram Mohan, K. Shuto &nMorikiyo

Mineral. Petrol 79, 130-149.

Jayananda, M., Martin, H., Peucat, J. -J. & Malesvedr, B. [1995] Late Archaean crust-
mantle interactions: geochemistry of LREE-enricineahtle derived magmas. Example of
the Closepet batholith, southern Indtantrib.Mineral. Petrol.119, 314-329.

Keller, J. & Hoefs, J. [1995] Stable isotope ch&ggstics of recent natrocarbonatites from
Oldoinyo Lengai. In: Bell, K. & Keller, J. (Eds}arbonatite Volcanism: Oldoinyo Lengai
and Petrogenesis of Natrocarbonatitd&VCEL Proceeding of Volcanology. IAVCEL,
113-123.

Kjarsgaard, B. A. & Hamilton, D. L. [1989] The gesi® of carbonatites by immiscibility. In:
Bell, K. (Ed.)Carbonatites-Genesis and Evolutidinwin Hyman, London, pp. 388-404.
Krishnamurthy, P. [1977] On some geochemical aspetiSevattur carbonatite complex,
North Arcot district, Tamil Naduwl. Geol. Soc. Indid8, 265-274.

Kumar, A. & Gopalan, K. [1991] Precise Rb-Sr agel amriched mantle source of the
Sevattur carbonatites, Tamil Nadu, South In@iacr. Sci.60, 653-655.

Kumar, A., Charan, S.N., Gopalan, K. & MacdougalD. [1998] A long-lived enriched
mantle source for two Proterozoic carbonatite cexgd from Tamil Nadu, southern India.
Geochim. Cosmochim. Acg2, 515-523.

Le Bas, M. J. [1977Carbonatite-Nephelinite Volcanisrhondon: John Wiley, 347 pp.

Le Bas, M. J. [1981] Carbonatite magmisiéneral. Mag 44, 133-140.

Le Bas, M. J. [1987] Nephelinites and carbonatikesFitton, J. G. & Upton, B. G. J. (Eds)
Alkaline Igneous Rocks. Geol. Soc. London, Sp€tiklication30, 53-84.

Liégeois, J. P. & Black, R. [1987] Alkaline magnsati subsequent to collision in the Pan-
African belt of the Adrar des Iforas (Mali). In:tkén, J. G. & Upton, B. G. J. (Ed8)kaline
Igneous Rocks. Geol. Soc. London, Special Pulibicd0, 381-401.

McDonough, W. F., McCulloch, M. T. & Sun, S. —S98b] Isotopic and geochemical
systematics in Tertiary-Recent basalts from soutieea Australia and implications for the
evolution of the sub-continental lithospheBzochim. Cosmochim. Ac#®, 2051-2067.
Meen, J. K. [1987] Mantle metasomatism and carb@satan experimental study of a
complex relationship. In: Morris, E. M. & Pasterls,D. (Eds)Mantle Metasomatism and
Alkaline Magmatism. Geol. Soc. Am. Spec. P&iér, 91-100.

Meen, J. K., Ayers, J. C. & Fregeau, E. J. [1989mAdel of mantle metasomatism by
carbonated alkaline melts: trace element and isotmpmpositions of mantle source regions
of carbonatites and other continental igneous rolckBell, K. (Ed.)Carbonatites-Genesis
and EvolutionUnwin Hyman, London, 464-499.

Menzies, M. [1987] Alkaline rocks and their incloss: a window on the Earth’s interior.
In: Fitton, J. G. & Upton, B. G. J. (EdSAlkaline Igneous Rocks. Geol. Soc. London,
Special Publicatior80, 15-27.

Miyazaki, T. [2000] Isotope geochemical study af thelagiri and Sevattur alkaline plutons
from Tamil Nadu, South India: their petrogenesisl axistence of enriched lithospheric
mantle.Ph.D. Thesis, Niigata Uni202 pp.

Miyazaki, T., Rajesh, H. M., Ram Mohan, V., Rajamak, K. C., Kalaiselvan, A., Rao, A.
T. & Srinivasa Rao, K. [1999] Field study of alkadi plutons in Tamil Nadu and Andhra
Pradesh, South India, 1997-1998Geosci. Osaka City Uni¢2, 205-214.

Miyazaki, T., Kagami, H., Shuto, K., Morikiyo, TRam Mohan, V. & Rajasekaran, K. C.
[2000] Rb-Sr geochronology, Nd-Sr isotopes and whotk geochemistry of Yelagiri and
Sevattur syenites, Tamil Nadu, South Indd@ndwana Res3, 39-53.

Moralev, V.M., Voronovski, S.N. & Borodin, L.S. [¥9] New findings about the age of
carbonatites and syenites from Southern INdBSR Acad. Sc222, 46-48.

Nelson, D. R. & McCulloch, M. T. [1989] Enriched ntee components and mantle
recycling of sediments. In: Ross, J. (Bfimberlites and Related Rocks, Vol. 1, Their

210



Alkaline magmatism and the problems of mantle sssurc

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

Composition, Occurrence, Origin and EmplacemeniplG8oc. Aust. Spec. Puldl4, 560-
570.

Nielsen, T. F. D. [1987] Tertiary alkaline magmatisn East Greenland: a review. In:
Fitton, J. G. & Upton, B. G. J. (Ed#)kaline Igneous Rocks. Geol. Soc. London, Special
Publication30, 489-515.

Peucat, J.-J., Vidal, P., Bernard-Griffiths, J. &die, K.C. [1989] Sr, Nd and Pb isotopic
systematics in the Archean low- to high-grade ftars zone of southern India: syn-
accretion versus post-accretion granulifesseol 97, 537-550.

Peucat, J. -J., Mahabaleswar, B. & Jayananda, M93|l Age of younger tonalitic
magmatism and granulitic metamorphism in the Sdntlian transition zone (Krishnagiri
area); comparison with older Peninsular gneissesn frthe Gorur-Hassan ared.
Metamorphic Geolll, 879-888.

Radhakrishna, T. & Joseph, M. [1998] Geochemistrg petrogenesis of the Proterozoic
dykes in Tamil nadu, southern India: another exangblthe Archaean lithospheric mantle
sourceGeol. RundsciB7, 268-282.

Radhakrishna, T., Pearson, D. G. & Mathai, J. [199%olution of Archaean Southern
Indian lithospheric mantle: a geochemical studyPobterozoic Agali-Coimbatore dykes.
Contib. Mineral. Petrol121, 351-363.

Radhakrishna, T., Maluski, H., Mitchell J. G. & épk, M. [1999]*°Ar/*°Ar and K/Ar
geochronology of the dykes from the south Indiaangtite terrain.Tectonophysic804,
109-129.

Raith, M., Raase, P. & Ackermand, D. [1983] Regig®othermobarometry in the granulite
facies terrane of south Indi@oyal Soc. (Edinburgh) Earth Sci. Trar8, 221-244.

Rajesh, H.M., & Santosh, M. [1996] Alkaline magmsatiin Peninsular IndiadGondwana
Research Group Mer3, 91-115.

Ratnakar, J., & Leelanandam, C. [1989] Petrologyhef alkaline plutons from the eastern
and southern Peninsular IndMem. Geol. Soc. India5, 145-176.

Reddy, B.M., Janardhan, A.S. & Peucat, J.J. [1988pchemistry, age and origin of
alkaline and ultramafic rocks of Salem, Tamil Na&outh IndiaJ. Geol. Soc. India5,
251-262.

Rogers, N. W., Hawkesworth, C. J., Parker, R. 8a&sh, J. S. [1985] The geochemistry of
potassic lavas from Vulsini, central Italy and imptions for mantle enrichment processes
beneath the Roman regiddontrib. Mineral. Petrol90, 244-257.

Rudnick, R. L., McDonough, W. F. & Chappell, B. Y¥993] Carbonatite metasomatism in
the northern Tanzanian mantle — petrographic andigamical characteristicRarth Planet.
Sci. Lett.114, 463-475.

Schleicher, H., Todt, W., Viladkar, S.G. & SchmiBt,[1997] Pb/Pb age determinations on
Newania and Sevattur carbonatites of India: eviddoc multi-stage historie€hem. Geol.
140, 261-273.

Schleicher, H., Kramm, U., Pernicka, E., Schidlow$k., Schmidt, F., Subramanian, V.,
Todt, W. & Viladkar, S.G. [1998] Enriched subcomtittal upper mantle beneath southern
India: evidence from Pb, Nd, Sr and C-O isotopicd&s on Tamil Nadu carbonatitek.
Petrol. 39, 1765-1785.

Simonetti, A. & Bell, K. [1994] Isotopic and geochieal investigation of the Chilwa island
carbonatite complex, Malawi: evidence for a depletmantle source region, liquid
immiscibility, and open-system behavidr.Petrol.35, 1597-1621.

Smith, I. E. M., White, A. J. R., Chappell, B. W.Eggleton, R. A. [1988] Fractionation in a
zoned monzonite pluton: Mount Dromedary, southeasteistralia.Geol. Mag 125, 273-
284.

Subramanian, V., Viladkar, S.G., & Upendran, R.78PCarbonatite alkaline complex of

211



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

T. Miyazaki, H. Kagami, V. Ram Mohan, K. Shuto &nMorikiyo

Samalpatti, Dharampuri district, Tamil Nadu.Geol. Soc. Indid9, 206-216.

Sun, S. -S. & McDonough, W. F. [1989] Chemical asotopic systematics of oceanic
basalts: implications for mantle composition andcgsses. In: Saunders, A. D. & Norry, M.
J. (EdsMagmatism in the Ocean Basins. Geol. Soc. Sped. #20313-345.

Sweeney, R. J. [1994] Carbonatite melt compositionghe earth’s mantleEarth Planet.
Sci. Lett 128, 259-270.

Thibault, Y., Edgar, A. D. & Lloyd, F. E. [1992] Berimental investigation of melts from a
carbonated phlogopite lherzolite: implications fanetasomatism in the continental
lithosphereAmer. Mineral.77, 784-794.

Udas, G.R., & Krishnamurthy, P. [1970] CarbonatitésSevattur and Jogipatti, Madras
State, IndiaProc. Indian National Sci. Aca®6, 331-343.

Veksler, I. V., Petibon, C., Jenner, G. A., Dorfman M. & Dingwell, D. B. [1998] Trace
element partitioning in immiscible silicate-carbtnéiquid systems: an initial experimental
study using a centrifuge autoclave Petrol.39, 2095-2104.

Viladkar, S.G., & Subramanian, V. [1995] Mineralogyd geochemistry of the carbonatites
of the Sevattur and Samalpatti complexes, TamiluNadGeol. Soc. Indid5, 505-517.
Wallace, M. E. & Green, D. H. [1988] An experimdnidetermination of primary
carbonatite magma compositiovature 335, 343-346.

Weaver, B. & Tarney, J. [1984] Empirical approachestimationg the composition of the
continental crustNature310, 557-575.

Wickham, S.M., Janardhan, A.S. & Stern, R.J. [19R4pional carbonate alteration of the
crust by mantle-derived magmatic fluids, Tamil Na8auth IndiaJ. Geol.102, 379-398.
Woolley, A. R. [1989] The spatial and temporal disition of carbonatites. In: Bell, K.
(Ed.) Carbonatites-Genesis and Evolutidgnwin Hyman, London, 15-37.

Wyllie, P. J. & Sekine, T. [1982] The formation wfantle phlogopite in subduction zone
hybridization.Contrib. Mineral. Petrol.79, 375-380.

Yaxley, G. M. & Green, D. H. [1996] Experimentalcomstruction of sodic dolomite
carbonatite melts from metasomatised lithospheoatrib. Mineral. Petrol.124, 359-369.
Yaxley, G. M., Crawford, A. J. & Green, D. H. [199Evidence for carbonatite
metasomatism in spinel peridotite xenoliths fromsféen Victoria, AustraliaEarth Planet.
Sci. Lett.107, 305-317.

Zhao, J. —X., Shiraishi, K., Ellis, D. J. & Shenmatd. W. [1995] Geochemical and isotopic
studies of syenites from the Yamato Mountains, Basarctica: Implications for the origin
of syenitic magmasseochimi. Cosmochim. AcE®, 1363-1382.

212



Alkaline magmatism and the problems of mantle sssirc

Cenozoic flood basalt volcanism, mantle xenolithsnal
melting regions in the lithospheric mantle of the Rikal rift
and other regions of Central Asia.
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! United Institute of Geology geophysics and MineggldNovosibirsk, Russia
2Royal Museum of Central Africa, Tervuren, Belgium

INTRODUCTION

Cenozoic volcanic fields and plateaus in Easteber& (and Central Asia)
form the cha ins which tracing the permeable zooewmciding with the
boundaries of lithospheric plates and microcontisieifwo double chains -
island arc and a continental margin conform witd Bacific ocean boundaries
and subduction zones, the others refers to Palee@ral Mesozoic suture zones
or have another nature. Cenozoic plateaus areasimoilthe chain of European
“baby” plums strengthened from Azorean islands —Pemnonia [Hofmann,
1997] and located in back side of subduction zone.

Miocene - Pleistocene Cenozoic plateaus of 20-@&%ges are located at a
distance of about 500-600 km on the triple junctiohf convective cells (Fig.1).
Early Cenozoic fields of 40-70 ma ages are moreegpdead and scattered.
They reveal motley melt composition due to the eddhtiation and the
interaction with the lower crust and relics of thestsubduction lithospheric
mantle subsided reduced later. The level of tleest $top corresponds to spinel
facies or to Moho boundary. Late Cenozoic plum bs$arm the more compact
flood plateaus. They came from garnet facies hathegsigns of the interactions
of deep mater with the pyroxenite- peridotite fertmantle in the Gar-Sp
transition and upper lithoshperic mantle. The melideraction with
metasomatized mantle is recorded by the enrichimeRESE components and
more hydrous composition. Hydrous melts usuallyeappn starting and final
stages of plum activity, probably transporing thaten from beneath 400
boundary -wadsleyite layer.

Volcanoes are grouping in the area of basalticeplat{Rasskazov,1996]
forming the similar to the shield volcanoes witle individual chemistry due to
the evolution of plume mater lavel of the magmagatmen and preceding
mantle history in each block. Hot stream mater igrating in plateau in circle
(like for Vitim) or 8- type (in case of location aie fractures) trajectory
Udokan [Rasskazov et al., 1998] [Dobretsov, Kirdjas, 1994]. The opening
of magma transferring fractures is controlldy dynamic pressure of the
hot streem. In geoblocks with the unfractured crusteate the uprises. Tthere
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the lack of heat transferring results in the anemslheating and high mantle
plasticity that allows the a rise up of fast maitigpirs elevating to Nx10 km in
<10 ma. They contain relics and symlectites aftengt in shallow part of spinel
facies.
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Fig.1. Scheme of the Cenozoic basalt field distributiorih@ structure of the
Central Asia.

Fractured basement of the depressionallow to reelédy flow to the surface.
There the heating of the mantle may be even lowertd rapid melt escape.

STAGES

The stages, general features of basaltic volcaaisdhthe construction of
the mantle columns are similar for the severalgalas. Prerifting stage in Vitim
is followed by the formation of metasomatic assexgbt and the asthenosheric
layer due to volatile inflow from possibly distanagmatic source.

In the ' stage the melts are characterized by high K/Nasrdike picrite
basalts in Vitim melaleutsitites in Udakan, melabaigs etc. and were
generated at a depth of 35-45kbar (Fig.2.). Inbrusif water- bearing melts and
inflow of volatiles in f' stage in Vitim (18ma) were followed by the appeas
of metasomatic layers in the roofs and creatiothefanatexic melt system in
20-25 kbar interval. They develops after the mgltih earlier metasomatics and
create a branched vein system due to the migrafitow viscous melts.
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In the 2° stage the appearance of main portion of plumesn(&8-12ma)
was characterized by the generation of Mg- basanite30-20 kbar interval.
The next 3-rd stage was characterized by the risirtige melt generation region
to the garnet-spinel transition (25-15 kbar) aedhelting of the pyroxenite

Scheme of basalts, volcanoes
and xenolith's sites in Vitim
-Plateau

ex1 82 %3 (N4 <5 s 7.

Fig.2. Scheme of Vitim basalt plateau.

1. Picrite basalts tuff. 2.Barried volcanoes., Buder cone volcanoes, 4. Miocen basalts., 5.
Pleistocene Quaternary basalts. 6. Xenoliths gaamet spinel and cumulates (white).
7. Groups the similar volcanoes.

layers and upper vein system, fracturing, flowipgtibe melts and fast creation
of the lava plateau (9-6ma). After the escapéefrhain melt portion from the
magmatic system splits into several layers. In shagje the series of cinder cone
volcanoes appeared in NW part of the plateau. &osion valley basalts (2-1.5
ma) produced at the depth 20-25 kbar seems tochedréhe episode of tectonic-
induced plume activation. The latest hydrous mafigseared in the tale of the
Vitim ‘baby’ plume were followed by the creation ofodern cinder cones (1.-
0.5 ma) and melting at a 20-27 kbar interval.

THERMOBAROMETRY

TP trajectories for the basalts [calculated afthrafede et al., 1992 ] display
two branches for water — bearing and dry melt® fitst one corresponds to TP
gradients of the hot areas in the tomographic nsotleheath the lava plateaus
[Sobolev et al., 1997] while lherzolitic SEA typeaherms are characteristic for
the cold areas (Fig.2). Melt generation areadudhte according to the ages being
lower in the initial and last stage.

The heating conditions in the mantle recorded byanthe xenoliths are
essentially different for each individual stages.
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Relatively gentle 1-st stage Miocene geotherm ivede by a common
thermobarometryT°2PxPGaOpx) for Vitim plateau changes to more hdhim
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Fig 3. TP estimates for basalts and xenoliths from Vikimamar- Daban and Dzhida.

Pleistocene. Each volcano of that stage carrieslitks reveal slightly different
thermal gradients and TP intervals.

Black giant grained pyroxenites create the hot drantermediate between
basaltic and Iherzolitic one and a few deformexizblites are close to them in PT
conditions (Fig.3).

Black hybrid more fine-gained pyroxenites from tramaller veins
corresponds to more low temperature conditions. Gfavebsterites and wehrlites
are slightly hotter then common anatexiebsterites that are close in TP
conditions to lherzolites . Shallow cumulates réwba colder conditions due to
the exchange with the crust and the less heatedldpcie Iherzolites.

Orthopyroxene thermoba-rometryT°Brey-Kohler90P Perkins-Newton)
suggests a complex construction of mantle colunihs. obtained TP trajectories
are due to the mantle upwelling and melt intrusaod percolation at the different
levels. The upper part starts from 14 kbar and mesneelatively stable reflecting
lower T lithospheric conditions. In the lower paftmantle section the geotherms
continuously rise from stage to stage reflectingdiapiric rise of primitive
Iherzolite mater from the garnet facie level andtipercolation (Fig.4).
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Minerals from: 1. Garnet Iherzolites; 2. Spinel ihelites 3. Amph- Phl bearing veins
and pyroxenites in lherzolites; 4. Black megapynies; 5. High temperature green
pyroxenite; 6. Gray transitional websterite; 7. @iopside websterite; 8. Low
pressure cumulates; 9. Spinel lherzolites fromRhestocene Kandidushka volcano.
10. Post erosion Plio-Pleistocene lavas from vallleyvs and scoria cones; 11.
Miocene lava plateau flow; 12 Picrite basalts. Migilines: 13.- Binary mixing

between picrite basalts and Cpx from garnet |hetedl4. — AFC of picrite basalts
with lherzolite garnet; 15 AFC of picrite basaltsthvthe pyroxene; 16. AFC of
picrite basalts with mica; 17 AFC of melt parenfat megapyropxenites and Cpx
from garnet lherzolite.
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ISOTOPIC FEATURES

Mantle column under the Vitim plateau is istopigatratified. The lower
part of Gar- facie corresponds to deep common adivee DMM reservoir
while the Sp- facie peridotites have typical MOR#tlures (Fig.5). Basalts from
the plum head and tail are close to Bulk Earth @Miocene basalts have upto
90% admixture of the lherzolite material. Megapwwoites are more
contaminated. Anatexic websterites have the featsliewing the melting of Phl
bearing websterite or fluid admixture. The |heradifrom Quaternary basalts
are much more enriched (radiogenic in Sr) sugggshe reaction with basaltic
melts.

CONSTRUCTION OF MANTLE COLUMNS

In every stage construction of mantle column isngrag. In Vitim plateau
(5) and Hamar Daban (4) several different stages weognized.
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Fig. 7. Diagram T- CPx variations for stage (4) of vallegsalts in Vitim.

In the pre-rifting stage beneath in Bereya block/tim three TP interval
of metasomatic associations corresponds to tmepeamture peaks of
megacrystalline pyroxenites that probably repres#m intermediate magmatic
chambers of basaltic melts. A) 1050-1%50and 26-22 kbars with the
relatively hot zonal Phl-Kaers veins at the basdnwnthe sampled mantle
column; B) 1000-950 a scattered essentially phldagopockets and veinlets in
the top of garnet facie at 20-17kbar ;.C) in spfaele at 15-12 kbar, 800-9%D
it is represented by pargasitic intergranular \etgl Cr-diopside websterites are
distributed in whole sampled interval being morairedant near the Gar-Sp
transition. Fe-Cr diopside veins are more charettes for the bottom but also
are present in the top also is present at the tbpravFe- content in the
Iherzolites gradually rises. The structure of therzolites in mantle section
regularly changes from highly — and through the emately deformed, to equal
grained with the signs of percolation and thendarse grained mosaic (Fig.6).
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Fig.8. Diagram T- CPx variations for stage (5) of Ptersene cinder cones Vitim.

At the bottom of the lava plateau the 2nd stagdl®lkanantle Sp-lherzolite
xenoliths of Al- type and hybrid HT pyroxeniesri@asponds to 12-15 kbar
interval. The 8 stage xenoliths found in the top of the flooddiakva plateau
are Al- |herzolites and websterites with similarnemalogy and more rare deep
xenoliths with asthenospheric signatures.

4- th stage of post-erosion valley flow basaltsyc#nre xenoliths that reveal a
sharp layering (Fig.7) in mantle column. Two lensépseudogarnet Iherzolites at
the bottom are separated from typical spinelzbiges by the horizon of Cr-
websterites. Spinel lherzolites form the centrait pre characterized by low
oxidation state and include pyroxenite lenses i signs of interaction with
melts came from garnet facie. The Iherzoliteshat wpper horizon are splitting
into three branches and at least three types alxpyites with varying chemistry
are found here, the most differentiated varietieslacated beneath the basement
of the crust.

In 5stage in Pleistocene time mantle column aks®b three major units but
with more gentle transition. The lower part is eganted HT Fe- lherzolites and
harzburgites, more shallow part is composed frertilé Sp and Gar lherzolites
with partly decomposed garnet and phlogopite v&nl®are groups of Fe -
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Iherzolites appear also in two upper units. Seconidl is characterized by the
spinel Iherzolites of primitive type with the kifdands and equilibrated structures.
Garnet Iherzolites with the relics of garnets amdgarnet bearing- veinlets are
characteristic for this unit. Al- type fine- graishand moderately depleted coarse-
grained Iherzolites are located in the third uppet (Fig.8).

In Khamar Daban the prerifting stage xenoliths arlmg basalts have not
been found but the other stages are similar. Rriraitand moderately depleted
Iherzolites (Hubutui flow- 18ma; basement beneaéhtumu-sun volcano (20ma).
HT Fe-lherzolites from Slyudyanka (16 ma) corresfto the first stage in the
basement of lava plateau. Abundant cumulates ant/pé lherzolites were found
in the flows near the top of lava plateau. Volcanoe the top of basaltic lava
plateau carry mainly Al type xenoliths (7-9 ma).sRwosion lava flow of
Margasan river valley (8 —2 ma) carry the samplesacterizing a layered mantle
section. The Bartoy volcanoes (15-0.5ma) in soutteope of Khamar Daban
carry the xenoliths typical of highly metasomatizedl stratifiered mantle.

Structurallythe mantle section is uniform in thegk ares not less the 50
km in diameter in the stage of lava plateau creatibthe NW part of Vitim
plateau. The area of the basaltic volcanism witmesanantel structure is
shortening in Pliocene time to 35-40 km migrating the SE. Pleistocene
volcanism is restricted by 20 km “garnet” ring &iag at the same area where
the volcanism started.

THE WAY OF MELT MOVEMENT

Relative rarity of the hot Fe- peridotites with &I evidences that basaltic
melts could have pass through the separated sydtehmnnels. Only in the early
stages of the generation of a basaltic plateaurakekigbrid HT pyroxenites may
pretend on media of the magma conducting and adetimy and HT Fe
Iherzolites may represent contact zones of sugist@mms. A relative abundance of
veined and metasomatic rocks is high in initial d&mishing stage because low
viscous hydrous melts pass directly through the tlmanolumn. The melt
migration in is followed and results in the penetra of tremendous amount of
volatiles in the interval 17-27 kbar. There the ratgpn of the intergranular melts
may be nearly continuous during the stage of anaticthe lava plateau and brings
to the homogenization of the region of percolato enrichment of upper parts
of the mantle diapirs in the pyroxenites materkelthe starting and in the post-
erosion mantle stage the fields of magma generates more restricted locating
near the intermediate magmatic chambers.

Judging on the extra high temperatures of the basaélts pass in pulsing
regime step by step intruding the upper levelsedith stage the new melt
portions appeared from beneath. They come in ¢oettuilibrium with the
surrounding mantle remelting pyroxenites and metadics. The amount of the
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melts was much more in the more permeable areds asid/ereya block in
Vitim.

Kzersutites from Amph-Phi veined xenoliths
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Fig.9. TRE multicomponent diagrams and REE patterns Her rhinerals from
xenoliths from Picrite- basalts.

GEOCHEMISTRY OF MANTLE ROCKS AND THEIR PARENTAL
MELTS

Geochemical characteristics of the black pyroxegiup are very close to
the erupted basalts but are characterized by mrastidnated spectrums of the
TRE elements. Calculations shows that starting ftbe most primitive garnet
megapyroxenites the degree of fractionation is 8d6&0. Hybrid HT pyroxenites
have flattened patterns due to the contaminationwadl rock peridotites.
Transitional MT pyroxenites have a very high ination of the HREE and
sometimes mirror like— TRE patterns due to thedtlige®n of the walls of the
channels of percolation. Fe Cr —diopside veins \lida HFSE maximums were
formed due to the melting of the metasomaticsr thafiable slopes of the TRE
patterns can be explained by varying compositiohghe melting asseblages
(Fig.9).

Lherzolite TRE patterns for the first pre-riftintage reveal spectrums typical
for garnet or spinel facies with the common modauralances and rare
chromatographic effects [Ashchepkov, Salters, 19®8helt percolation.
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In post- erosion valley basalts TRE patterns ofllleezolites in the top of
mantle column are typical for spinel Iherzad but suggest different degree
of depletion and practical lack of percolating ahotographic effects also.
Rare samples in the central part of the sectioplalsthe mixed trace element
signatures of basaltic melt and Iherzolitic matefiiey are close to the patterns
characteristics of the garnet decomposition wiigihdly humpered trace element
diagrams.

RESULTS OF THE MELT PERCOLATION AND ERUPTION ON
THE BASALTS

Intensive uplift of lava plateaus to 1 km or moredo the dynamic support
of the plum is followed by the cutting of the rélidt the post erosion stage the
escape of the magmatic reservoir results to thehang of the arch system and
valley basalt creation filling the canyons. Thetlatage of the lava plateau
developing was characterized by the formation afier volcanic apparatus and
relatively small tongues of basaltic flows.

This model of the developing of mantle and basialteaus differ from the
typical models of the decompression melting. Meake from the interior as a
great drops coming periodically [Humphreys et &000]. They stop and
concentrate near the dense boundaries and phassatitnas in the deep and
shallow mantle at 660, 400, 250, 100, 60 km. Theraction with the solid
peridotite mater take place in each level due tatihg, submelting and
remelting of wall rocks and the products of theimgpassage.

Stream of the fluid flow which comes before the mportion of basaltic
magma is responsible for the melting and scattenethsomatism. Not long
before the comimg of the hydrous melts in the ahitand last stage the
intergranular melt pockets appear in the uppereastpheric level. Plum heard
hydrous melts assimilate the melt pockets and giegemetasomatics. At the
main stage of basaltic plateau the prevailing raeidm is reactional interaction
with the peridotite mantle column and the assinatabf different pyroxenites
and possibly the intergranular melts. At the fimghstage the intrusion of tail of
plume melts produce polybaric magmatic chamberd @elt passage the
intergranular space in their roofs according toAR€ process.
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Geochemistry of the rare lithophile elements,
Zr, Hf, Nb, Ta, Th, U, and variations in their rati os during
fractionation of alkali-basalt series in oceanic iands

A. M. Asavin

Vernadskiy Institute of Geochemistry and Analyiiiaémistry,
Russian Academy of Sciences, Moscow

INTRODUCTION

The very low distribution coefficients in equiliom of mineral-melt type for
many lithophile elements allow us to take theirueal as close to zero, which
simplifies describing fractionation; during magneadgiifferentiation, partial melting
of mantle substrate, and other geochemical progelisis also now assumed that
Zr/Hf, Zr, Nb, Th/U, and Ta/Th remain virtually cstant during the formation of
magmatic series and correspond to the primary safuthe magmatic sources. Most
researchers use both of these assumptions as tmasssbsequent geochemical
constructions. Here we attempt to discuss thetyeaflithose assumptions from new
data on distribution of lithophile elements in mile and rocks from the volcanic
series oceanic islands as in our investigationiraligrature sources. Also we construct
models the behaviour of this group of elementsnduerystallisation differentiation in
alkali-basalt magma

PATTERNS IN RARE-ELEMENT DISTRIBUTION IN MINERAL-ME LT
EQUILIBRIA

The compositions of the volcanites (ankaramitéslidbasalts, trachytes, and so on)
reflect the stages of evolution in the primary magmitial, middle, and final), and we
were able to trace the variations in the distrimuttoefficients of the rare elements
during in-situ differentiation. The degree of dffistiation was determined from the
magnesium index Mg/(Mg + Fe). The least differéatianagmas in the alkali-basalt
series in these islands correspond in compositicankaramites, ankaramite-basalts,
and alkali olivine basalts. In the final stagesddferentiation, nepheline-feldspar
eutectic melts of phonolite and trachyte compasitiarise, while trachybasalts and
trachyandesites are formed in the middle stagess{Bav et al., 1981]. These are
virtually unaltered volcanics containing large nemsbof phenocrysts and having a fine-
grained groundmass.

These volcanic series were produced by extensagtiomal crystallization in the
magma reservoirs. To characterize the evolutiam alkali magma in a magma chamber, we
early constructed a quantitative model for thetifsaation [Barsukov et al., 1981] and
determined the ratios between the settling ciygtaglihases and the residual liquids. The
model was tested by using the distributions forréine-earth elements [Kogarko et al.,
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1984] and the iron group elements [Kogarko et1885], and the same research was
continued via the geochemistry of Zr, Hf, Nb, Tla, ahd U [Kogarko et al., 1995]. Rare-
element distribution coefficients in mineral-mejtidbrium are mainly responsible parameter
of these models. As we show in review of coefftaiiistribution for lithophile group elements
[Asavin, 1995] olivine, plagioclase, feldspar driew value of coefficients, and K decreases
to 0.01. In the other hand the highest concemtitad Zr, Hf, Th, and U occur in the
pyroxenes and kaersutites, whereas Nb and Ta dateesppreciably in the magnetites.
The are mean value of the coefficients distrilbbutimneral-liquid for severals stages of
evolution alkaline magma show in table 1.

These observations agree with published data [Asd@95; Dostal et al., 1983],
but our studies reveal new patterns for the clinmmnes. In all the specimens, Kar
augite is less than that for Hf on average by tofaaf two. Kz in the pyroxenes is
about twice that for niobium. The differences befg;; and K, are even larger. This
means that there may be major changes in Zr/HliZrand Hf/Ta during alkali magma
evolution (rise in Zr/Hf and fall in Zr/Nb duringakctionation), which is linked to
removal of pyroxene.

The low values of the combined distribution coétfts for these elements govern
their accumulation during evolution of the alkalkgmas in these ocean islands. This is
evident from the concentrations of the rare elesienthe groundmass and in the rocks.
The contents of all these elements in the grounsliciaarly increase [Asavin, 1995].

PATTERNS IN RARE-ELEMENT DISTRIBUTION IN VOLCANIC
SERIES FROM OCEAN ISLANDS

Let us now consider the, Zr/Hf, Nb/Ta, and Th/Uastration ratios. These ratios
are taken as constant in the literature and aceassgeochemical indicators [Garg, 1981;
Pearce, Norry, 1979; Ryerson, Watson, 1987]. Oavealolata on the distribution
coefficients show that there are possible variationthese ratios. Figure 1-2 shows
histograms for Zr/Nb Zr/Hf, Nb/Ta, and Th/U in t@ean Canaria, St. Helena, Tristan
da Cunha, and other island series, and also pedlistidence for other regions where
alkali volcanism occurs.

Zr/Nb

Histograms of Zr/Nb ratio exposed on fig 1. There &istograms from
different islands have closely forms. They are asgtnic, with maximum on
lower value (between 3-6) and wide slope of curvi Wigh value (10-12). It is
interesting, that the southern series has maximuamhistograms less than in
northern parts of Atlantic. Correlation between graphical locality and Zr/Nb
ratio we could not explain on this investigatiorth€ phenomenon is rise value of
Zr/Nb ratio in most volcanic series. As show dafapgroxene and magnetite
coefficients distribution, fractionation must dezseone.
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Table 1.
Mean value for Rare-Element distribution coedfits mineral-liquid
[Asavin et al., 1995; Asavin, 1995].
Mineral Type of melts Zr Hf Nb Ta Th U
Ankaramite 0.47 0.53 0.41 0.14 0.036 | 0.016
Alkaline basalt 0.185 0263 0.48 027 0.216 | 0.168
Magnetite | Trachibasalt 1.02 0.464 0264 0234 0.315
Trachiandesite 0.184 | 0.241 | 0.179 0242 0.143
Phonolite 0.63 0.43 0.79 0.44 0.75
o Ankaramite 0.013 | 0.052 | 0.0064 0.021 | 0.034
Olivine Alkaline basalt 0.016 | 0.014 | 0.0086| 0.031 | 0.016 | 0.017
;2;08%‘: Ankaramite 0.23 0.074
Ankaramite 0.453 | 0.827 | 0.165 0.12 0.064 | 0.034
Alkaline basalt 0.364 0.76 0.026 0.026 | 0.008
Augite Trahite 0261 | 0.946 | 0.055 0.075 | 0.062
Trachiandesite 0.38 0.746 | 0.117 | 0.017 | 0.187 | 0.048
Ordanshit 0.95 0.57 0.58 0.41 0.29
Amphibole | 12879 0.84 0.05
Ankaramite basa <0.07 <0.05
Plagioclase| Alkaline basalt 0.023 | 0.089 | 0.008 0.084 | 0.043
Ordanshit 0.019 | 0.114 | 0.033 0.044 | 0.018
Hauine Phonolite 0.012 | 0.019 | 0.0158 0.07 | 0.061
Nb/Ta

The peak in the histogram for our series is closkbt(Fig. 2). Estimates by others
[Jochum et al., 1989; Claque, Frey, 1980] givaralai figure. Some phonolites and
trachytes give values that differ appreciably: @ 20. Variations from 10 to 32 have been

found also in alkali volcanites on Tenerife anthia Kenya rift [Wolff, 1987; Baker et
al.,, 1977]. A likely factor governing changes insthatio in the trachytes and

phonolites is the crystallisation of sphene, whselgregates in the final stages and

according to Green's experimental data is duetobKing higher than \ [Green,
Pearson, 1987]. Sphene crystallisation should ddiSe to rise appreciably. Figure 3
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Fig. 1. Zr/Nb histograms for ocean island volcanites Afii@ocean.
Legend for volcanic series see in Table2.

Table 2. Legend for fig. 1 Volcanic series of tAtantic islands

N Series Latitude Longtitude Name of locality
on fig.1
1 -1.26 5.37 Pagu Isl.
2 -15.95 -5.70 San Helena Isl.
3 -3.85 -32.42 Fernando de Noronha I$l.
4 -37.32 -12.73 Tristan da Cunha Isl.
5 -40.32 -9.92 Goph Isl.
6 -54.43 3.42 Bove Isl.
7 -7.93 -14.37 Ascension Isl.
8 1.62 7.45 Principe Isl.
9 15.25 -23.17
10 16.50 524,30 Cape Verde arch.
11 28.75 -19.00
12 29.02 13.46 Canary arch.
13 33.07 -16.33 Madeira isl.
14 36.97 -25.12
15 38.00 -25.00
16 38.67 28.05 Azores arch.
17 39.00 -27.00
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End of Table 2.

N Series Latitude Longtitude Name of locality
on fig.1

18 64.02 -19.65

19 64.42 -14.53

20 65.02 -14.30 .

21 65.07 716.83 Iceland is.

22 65.26 -14.27

23 65.88 -16.84

24 71.00 -8.50 Jan Main isl.

also shows that Nb/Ta has a wider range in soar@&liseries. For example, our data from
the 17th voyage of the R/ cademician Boris Petroghow that about half of the
specimens had Nb/Ta > 15 for series from Brazititands (Fernando da Noronha and
Trindade).

Th/U

The mean value for these series is 4. 2. Sulatafeviations from it occur only in
some phonolites and trachytes, which give 10-13ewuimere is a slight rise (up to 5 or
more) in it during fractionation. Th/U in the gralmass is usually higher than that in
the whole rock, possibly because of the mobility usAnium during water-rock
interaction in the late stages of mineral formatiéigure 2 shows that a similar pattern
occurs in volcanites from other ocean islands. 8hes always specimens with elevated
values of this ratio. Interest attaches to ounmneary data on Th/U in the Galapagos
Island basalts (data from the 9th voyage of die &f&demician Boris Petrovipr which
we find very low values.

Zr/Hf

There are considerable fluctuations in this. Twakpeoccur in Fig. 2. The first (Zr/
Hf =35-40) is close to the values characterisingstmwolcanic series [Garg, 1981,
Jochum et al., 1989]. This peak is clearly expazederies Kergelen and Azores
group. The second pick is 60-70 Zr/Hf ratio. Theserare situation on the volcanic
series. There is value 35 for tholeitic seriesreeants for example [Claque, Frey,
1980] There are the same high value Zr/Hf observech series Fernando de
Noronha and Trindade islands. As whole there ade wariation observid as rule in
high alkaline series. As we show the correlatiotwben Zr/Hf ratio and the type of
the rock is about null. There are alkaline basatgaramites (isl. Gran Canaria,
Tristan da Cunia), most part of ankaramites of (&@anaria, trachyte and phonolites
has high Zr/Hf ratio. We don’t know what the tydgepoocess define variable of this
ratio, but it is not the crystallisation differeatton of alkaline magma. According to
the model, Zr/Hf should increase in the St Helesrges from 44 in the alkali basalts to
53 in the phonolites, while in the Tristan da Ciseaes, it should increase from 55 in
the alkali olivine basalts to 64 in the trachytke3e models do not explain the existence
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of similar rare-element contents in certain pnrimagmas and their derivatives, since
with low K.y differentiation must necessarily produce appreeiaidreases in the rare-
element contents in the residual melts. Theraisdconflict: on the one hand, the model
gives a good description of the evolution of {hetrogenetic elements in ocean-island
alkali magmas
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Fig. 2. Zr/Hf, Nb/Ta, and Th/U histograms for volcanitasseries: GC Gran Canaria, SH
St Helena, TC Tristan da Cunia, TR Trindade, LPPladma, FN Fernando da Noronha, M Mao
(Cape Verde archipelago) [Fumes, Stillman, 1987t, Kerguelen [Giret, 1983], Az Azores
archipelago [White et al., 1979], G Galapagos ap#ago.
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and the distributions of various rare elementsjentin the other, the model cannot
explain the distributions of Zr, Hf, Nb, Ta, TmdaU. To eliminate this conflict, we
suggest fractionation accompanied by replenishraedtassume that the primary magma
for the alkali basalt series was not a single atednsisted of a set of batches similar in
major-element composition but differing in contenfsthe rare lithophile elements.
These batches during crystallization differentrag@olved along similar paths (because the
fractionation conditions were similar and there aveimilarities in the major element
contents in the primary magmas), but the differ®iteoncentration of the rare elements in
these magmas are responsible for differences idabeee of their accumulation during
differentiation. The reasons for the differencesrane-element composition in the
primary batches of alkali magma remain unclear. Onay consider mantle
metasomatism, whose effects are being activelargdsed at present together with
changes in the degree of mantle partial meltingljzagion of fractional melting, and
mixing of instantaneous partial melts.
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Formation of Precambrian lithosphere mantle -
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ABSTRACT

The fresh coarse-grained spinel and garnet Ihéeadiiom deep-seated xenoliths and
kimberlites (Udachnaya and Obnazhennaya pipes) wtmied by ICP-MS for a
wide scope of elements. The studied xenoliths mainvolve usual peridotites,
depleted by the clinopyroxene and garnet. Two ddhezolites with high Gnt and
Cpx contents from the Udachnaya and Obnazhennggs gire cumulative in terms
of the petrographic features. The comparison @fslirare element distributions on the
spider diagrams with different degree of compatipih Iherzolites indicated that the
most incompatible elements (to Gd) were subjeatethé significant enrichment in
xenoliths. The melting parameters fayarse-grained peridotites were restored using
HREE level and shape. The correspondence of th@gbetmical composition of
rocks to these melting conditions was checked by domparison with the
petrochemical compositions of restites calculatednfWalter [1999].Three groups
of restites were reveled. They were shown to formden the polybaric fractional
melting in different ranges of pressure and degmeselting. Both komatiite and
basalt melts can be complementary to them. Thadorestites, were most likely
subjected to vertical movements and subsolidusfoamations.

INTRODUCTION

As opposed to the younger continental lithosphitre,geochemical features
of the Precambrian lithosphere mantle of the cmatoaven't been studied [Mc
Donough, 1990]. The rare element contents are gmwamly using the rare
element characteristics of minerals, mainly gaaret clinopyroxene [Shimizu et
al., 1997]. The isotope-geochemical data, basestuties of deep xenoliths from
the kimberlites of the South Africa and Siberia [Wéa et al., 1989; Pearson et al.,
1995 a, b, c] are sufficient. However, the analydighe concentrations of rare
elements and their relative distribution in bulkngdes from the craton lithosphere
mantk, can contribute much to the model, describingoitgin. The cratonic
lithosphere mantle itself determines the geochdmaral isotope-geochemical
character of such intraplate potash magmas as ta@prand kimberlites [Flasher
et al., 1985].

The gap in the geochemical data on rocks is rel&tethe fact that the
material of the deep xenoliths in kimberlites umgdes significant changes when
they uplift to the surface and on the post-pipgetdn addition, the traces of
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different-stage mantle metasomatism, which shiffse primary ratios of rare

elements, inheriting from the protolith, are foundhe substance of deep xenoltihs
from kimberlites. [Kramers et al., 1983; Hawkestloet al., 1990, Solovjeva et
al., 1997].

The present paper gives the results of petrochémichgeochemical studies
of incompatible rare elements in relatively weaghanged xenoliths of the spinel
and garnet l|herzolites from Udachnaya and Obna#yenipipes, located on
different parts of the Siberian Platform and beloggo different terraines [Rozen
et al., 2000]. The Udachnaya pipe occurs in tredd{h kimberlite field [Khar’kiv
et al., 1998], situated in the central part of plegform.

The age of its intrusion was determined by SHRIMBthad as Middle
Devonian € 360 Ma) [Kinny et al., 1997]. The Obnazhennayaepip included
into the Kuoisk filed, located on the western edfehe Olenesk tectonic block,
which is found in the northeast of the SiberiantfBtan. The age of kimberlites
from the Kuoisk filed was dated from perovskitedHEBMP) as 128-170 Ma
(Kinny et al., 1997]. The coarse-grained spinel gadnet Iherzolites and two
kimberlites samples were analyzed for a wide scoperare elements. All
Iherzolites, except for two, belong to the coarsmfrged usual peridotites, depleted
by garnet and clinopyroxene, in terms of the madialeral composition and by the
main basaltoid components in terms of the bulk masition [Dawson, 1980;
Boyd, 1989; Boyed et al., 1997]. These rocks arssiciered to be the residue from
the melting of komatiite melts [Boyd, 1989; Cai92; Walter, 1998].

Two samples (namely garnet Iherzolite 555/80 from Wdachnaya pipe and
garnet |lherzolite 74-831 from the Obnazhennaya)pape the rocks, enriched by
garnet and clinopyroxene. The first one belongthécumulative series of garnet
clinopyroxenites i.e. olivine websterites —|heriadi which were intruded into the
lithosphere mantle later than the metamorphic sf&g#vjeva et al., 1994]. The
garnet |herzolite 74-831 from the Obnazhennaya pgehe member of the
differentiated pyroxenite-websterite-lherzoliteigesy which has gone through the
common metamorphic reconstruction with the coarsengd peridotites
[Solovjeva et al., 1994]. As opposed to the lithose mantle near the Udachnaya
pipe, which is marked by scarce metamorphic pyrid@emebsterite rocks, the
pipes of the Kuoisk field contain much more rockenf the complicated
pyroxenite series than usual coarse-grained péedot

This article tests the restite model, which wasettgyed for the petrogenic
elements. REE are known [Johnson, 1990] to be wemsitive and reliable
indicators of the melting. The obtained new dataare elements for 13 grained
peridotite samples from the kimberlite pipes (Olh@maya and Udachnaya pipes)
of the Siberian platform and the REE modeling ofitimg in the in Primitive
Mantle (PM) allowed the consideration of this moagéin.
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SAMPLING, ANALYTICAL TECHNIQUES

Material was selected from the centre of xenolitlisch have been crushed
into small (1-5 mm) pieces on a steel anvil, anadpicked to exclude any
kimberlite incrustations or alteration material.eTlweight of selected material was
5-15 g. The picked material was crushed again uprton; about a half portion of
it was then quartered for mineral counting anddi®la of monomineral fractions.
One portion of quartered material was washed intgdastilled water and dried,
then it was manually crushed in an agate pestlerymare alcohol.

The modal composition was determined by grain nuslmetwo fractions of
secondary quartering (i.e. in fractions of 1-0.5 namd 0.5-0.3 mm), both
numbering 2000-3000 grains and 300-600 grains otispéy; the average of both
determinations were taken as modal.

The freshly crushed fragments were separated freathvered incrustations,
xenolith inclusions and limestone fragments , a# a& from olivine xenocryst,
garnet and ilmenite >1 mm, using the binocular, torah pounded with an agate
pestle under pure alcohol.

The mineral analyses using the JEOL Superprobea33®ll as the bulk
samples of rare elements analyses by standardigeesnusing ICP-MS were
carried out at the Institute of Geochemistry SB RAS

PETROGRAPHY OF ROCKS AND CHEMICAL COMPOSITION OF
MINERALS

The petrographic description of spinel and garrtedrdolites from the
Udachnaya and Obnazhennaya pipes is given beloe/.d€hailed description of
enriched garnet Iherzolites of cumulative type fribid Udachnaya pipe and garnet
Iherzolites from the complicated pyroxenite-welstelherzolite series from the
Obnazhennaya pipe is presented in Solovjeva €t994.

Spinel Inerzolites

The rocks possess the granoblastic texture witHeancaligned current
structure. The rock pattern consists of the carohdarge grains of olivine (-3-8
mm, in some cases to 10-12 mm) and orthopyroxefte r(8Bn). Some strongly
deformed relict megacrysts are up to 15-25 mm). [5(@&b-3 mm, rarely to 5
mm) irregular spinel and clinopyroxene grains aenfl in the intergrain space
between the olivine and orthopyroxene. A noticegn&ld current structure results
from the extended crystals of olivine, orthopyroxemd interstices. The spinel and
clinopyroxene enrich the sites located close toictrelarge crystals of
orthopyroxene and in cases the spinel grains arggated as chains in terms of the
schistocity. The spinel forms the simplectite igteiths with the clinopyroxene,
in cases with the orthopyroxene and olivine orghecific penetration consisting
of fine fibers (J 0.1 mm) along the grain boundaries. The modal raine
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composition in four studied spinel Iherzolites fralhre Udachnaya pipe varies
within the intervals: 0.15-1.5% Sp, 0.5-3% Cpx;3%% Opx; 45-80% Ol.

Garnet lherzolites

The rocks posses the characteristic granoblastiturtes and marked
orientation of minerals. Small garnet and clinopgmme grains occur in the
intergrain space between the subidiomorphic olianestals (3-8 mm, in cases to
10 mm) and more xenomorphic orthopyroxene (3-5 asnwell as rare deformed
crystals of up to 10-25 mm). The garnet as if caméhe orthopyroxene and
olivine as curved impregnations, and forms the rehaf small rounded grains
along the contiguous system of oblique fissures @ondg the cleavage in large
relict orthopyroxene grains . The latter sometineitain the rare tabular
intergrowths of clinopyroxene<(0.05 mm). The finest<(10-15 nu) parallel
lamellaes of clinopyroxene in the orthopyroxene siud versa are observed on
the microprobe. The main minerals in the invesddatsamples from the
Udachnaya pipe vary in the following intervals: 2% Gnt; 0.3-8% Cpx; 20-29 %
Opx; 52-72 % Ol. As compared to the spinel Ihetkslithe concentration of the
orthopyroxene significantly decreases, which isame cases due to the reaction
of the spinel-garnet transition : Sp+OpGnt+Ol.

Inhomogenities in the distribution of primary miakxin the spinel and garnet
Iherzolites are related to the findings of relage crystal of the orthopyroxene
with the recrystallized textures of spinel, clinomyene and garnet decomposition
and a weak lamination found in each tenth samgie.l&mination contains the
parallel schitosity, discontinuous layers of 2-5 ek, composed mainly of
Sp+Cpx pr Gnt + Cpx. The pseudolayering is assediaith the destruction and
recrystallization of large grains of the primary@yene with the structures of Sp,
Cpx, Gnt decomposition. This indicates the compoassonditions, leading to the
decay of solid solutions of the primary mixed pysog and further
recrystallization into the granoblastic patternhathie Sp+Cpx, Gnt+Cpx pinching
out into the intergrain space. The next episodsofing occurs in clinopyroxene
lamellas in orthopyroxene grains and vice versar difte granoblastic pattern is
formed.

The peculiar feature of the grained spinel and gfatherzolites from the
Udachnaya pipe is rare but constant occurrencéatégpof phlogopite, paragenic
with main minerals and related textural-equilibrinmca of the earlier stage [from
Solovjeva et al., 1997]. The phenomenon, which eorly studied is the
polychromous pattern of olivine, found at least/inof grained spinel and garnet
samples from the Udachnaya pipe. It representsiquerblock-like zoning with
coloring of central blocks and zones in large @algsts light brown and orange
with the transition to greenish and colorless i mharginal parts. Solovjeva et al.
[1998], who has described this phenomenon for thst fime relate it to the
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reduction of the oxidized iron in the olivine undee influence of reduced pre-
kimberlite fluids.

The secondary alterations of xenoliths are comuesith the post-pipe stage
of kimberlite transformation and the later mantletasomatism [ Solovjeva et al.,
1997]. The post-pipe alterations are differentnweistigated xenolith samples: the
serpentine alteration with insignificant calcite danaccessory mineral
concentrations is observed in the samples 2/88/834 325/87; 343/87; 555/80
from the Udachnaya pipe as well as in samples ftiben Obnazhennaya pipe.
Serpentine concentrations, occurring in the olivarel to lesser extent in the
orthopyroxene varies from 5 to 25 %. The secondanyeralization is: calcite
gouges £0.5 %) and dark brown gouges and spg&X %) are found on grains of
primary minerals in the xenoliths from the non-serjized kimberlite ( Udachnaya
pipe; 501a/80; 47/82; 48/82; 42/82; 45/82). Thekdmown gouges contain minor
contents of Al-Cr-spinel, troiilite, magnesiofeeritperclase, determined by x-ray.
The minerals associated with the late metasomatiswive the fine polymineral
reaction borders on the primary minerals: fibroughapyroxene+ finely
squamosed phlogopite+ AI-Cr spinel on the garnktpfis magnesia amphibole +
secondary clinopyroxene + titanium spinel on théhapyroxene. The grains of
the primary clinopyroxene are partially destructedl faded on the margins and
the cleavage; the spot-like ore mineral appears.nirrow (10-30 ) borders of
titanium-magnetite or high-titanium Cr-spinel ardserved on the primary
transparent spinel lherzolites. The total contdérgezondary products of this stage
does not exceed 1%.

Samples. Udachnaya pipe.

47/82— spinel Iherzolite: 0.4 % Sp; 0.5 % Cpx; 18.9 @x(B0.2 % clear Ol.
48/82— spinel Iherzolite: 0.5 % Sp; 3 % Cpx; 3.8 % Op&,5 % greenish Ol.
5014/80 — spinel Iherzolite: 1.1 % Sp; 0.4 % Cpx; 53 % Ofx5 % clear Ol.
345/87 — spinel lherzolite: 1.5 % Sp; 1.8 % Cpx; 50.3 %px046.4 %
polychrome Ol, plate Phl | (2m).

42/82— garnet lherzolite: 7 % Gnt; 2.5 % Cpx; 28.5 ¥x(G2 % Ol.

45/82 - garnet lherzolite: 1.8 % Gnt; 8.2 % Cpx; 28.4 Opx; 61.6 %
polychrome Ol.

325/82 — garnet lherzolite: 18.6 % Gnt; 1.9 % Cpx; 27.100x; 52.4 %
polychrome Ol.

343/87 — garnet lherzolite: 10.7 % Gnt; 0.3 % Cpx; 20 %x069 %
polychrome Ol, plate Phl | (&wm), relic deformed big grain of Opx (h@m)
with Cpx plate.

2/84— garnet lherzolite: 5 % Gnt; 2 % Cpx; 25 % Op&;% green-pale; relic
deformed grain of Opx (1.0M) with oriented chainsmall Gnt grains.
555/80— garnet lherzolite: 17.5 % Gnt; 17.5 % Cpx; 3@%x; 35 % Ol; <1
% Phl 1.
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The rock texture converts from hypidiomorphic tamwblastic with feature of
cumulative one.

303/87 — basaltoid kimberlite, 250 horizon. Dark greerckrownith large-
porphyry texture: 10-15 % rounded Ol | phenocrystd mm), 20-30 %
subidiomorphic Ol Il phenocryst are set in a setipecarbonate matrix.
Obnazhennaya pipe

74-807- spinel Inerzolite: 3 % Sp; 7 % Cpx; 20 % Opx;%8M®I.

74-190- garnet lherzolite: 10 % Gnt; 5 % Cpx; 15 % Opx %% Ol.

74-831- garnet Iherzolite: 25 % Gnt; 20 % Cpx; 20 % Cp&x % Ol.

74-185— garnet Iherzolite metasomatic Phl I: 15 % Gnt; 7 % Cpx; 20 %
Opx; 43 % OlI; 15 % Phl I.

74-334/2 — dark green-grey large-porphyry kimberlite. 30-%® rounded
green-pale OL | (>2am) phenocryst, 20-30 % Ol Il and 3-5 % small platé P
are set in fine-grained serpentin-carbonate matrix.

The primary minerals from four studied spinel lldites from the Udachnaya
pipe lie in the range of compositions of this ragle, described earlier [Solovjeva
et al.,, 1994; Boyd et al., 1997]. The olivine hhe tange MgO/(MgO+FeQ) =
0.924 — 0.931 m.f. (mole fraction). Moreover, ttigine of one and the same color
in one grain does not show marked difference ims¢eof the composition. The
orthopyroxenes contains 1.5-3.2 % of Al203; 0.Z80.of CaO and show
significant decrease of AD;, Cr,O3;, CaO in narrow (20-50 p) zones on the
contact with the fine reaction zone. The clinopwo& is marked by high
CaO/(CaO+MgO) ration (from 0.494 to 0.55 m.f. Infaganeous content of Cr
and Al oxides is more typical of clinopyroxene asnpared to other minerals,
which is due to the late metasomatism. Al-spined bee noticed variations in
Cr203 and Al203 content (21.9-40% and 28.6-47.4%).

The primary minerals in the studied garnet Iheteokith low clinopyroxene
and garnet concentrations correspond totally taenails form the rocks of this type
[Solovjeva et al., 1994, Boyd et al., 1997]. Malraacteristics of minerals are Ol-
0.915-0.928 MgO/(MgO +FeO) m.f; Opx-0.3-1.4%,84; Cpx —0.482-0.490
CaO/(CaO + MgO) m.f; Gnt —3.0-7.8 Lr; 4.6-6.1% CaO. Almost all minerals
do not contain Ti®(<0.03%). T and P for studied garnet Iherzolitescaleulated
using equations by Finnerty, Boyd [1984] and fa thajor part of samples they
lie in the range from 775-880, that correspond to the data for these rockgngiv
from Boyd et al. [1997]. Large relic grains of thehopyroxene are isochemical to
smaller orthopyroxene from the granoblastic mattix.the xenoliths with the
polychromous olivine the latter do not show theicesble changes in the
composition depending on the color. Fine zones 5@20a1) of a different
composition are observed in the orthopyroxene ardel close to the reaction
borders. Moreover the contents of Cr, Al, Ca oxidearkedly decrease in the
marginal parts of grains. €); and CaO concentrations change in the narrow
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marginal zones of the garnet on the boundary vinéhKefilites both towards the
increase and decrease.

The garnet |herzolites of the cumulative seriesnftbe Udachnaya pipe have
higher iron and titanium concentrations in mineedsopposed to the usual type of
garnet Iherzolites from this pipe [Solovjeva et 4094]. The characteristics of the
minerals from the garnet |herzolite of this serges555/80: OI-0.908 MgO/(MgO
+FeO) m.f; Opx - 0.55 % AD;, 0.06 % TiQ; Cpx - 0.479 CaO/(CaO+MgO) m.f.,
0.25% TiQ; Gnt -2.29% G053, 0.26 % TiQ. T and P of the primary paragenesis
according to the formulas of Finnerty, Boyd are a@cdiv 859C and 39 Kbars,
correspondingly.

In terms of the chemical composition of mineralg thpinel and garnet
Iherzolites, depleted in the garnet and clinopynex&om the Obnazhennaya pipe
are similar to rocks of this type from the Udachagype. The main difference is
that the clinopyroxene contains more of Jiénd AbO; and the garnets are
marked by higher Ti® content and lower @D; concentration when
MgO/(MgO+ FeO) is comparable. The characteristitsthe minerals in the
analyzed samples is:

Spinel Iherzolite 74-807: Ol -0.924 MgO/(MgO + Feqf.; Opx -2.25 %
Al,Os3, 0.06 % TiQ; Cpx -0.03% TiQ, 0.502 CaO/(CaO+MgO) m.f.; Sp-29.2%
Cr0s.

Garnet Iherzolite 74-190:01-0.920 MgO/(MgO+FeO) .m.Dpx -0.90%
Al;,Os3, 0.07% TiQ; Cpx -0.35% TiQ, 0.496 CaO/(CaO+mgO) m.f.; Gnt -0.1 %
TiO,, 2.60 %Cs0s. T and P are from Finnerty and Boyd formulas °e58nd 14
Kbars, correspondingly.

The garnet lherzolites with high garnet and climopgne contents 74-
831:0.924 MgO/(MgO+FeO) m.f.; Opx - 1.44 % of,@}, 0.07 TiQ; Cpx - 0.20
% TiO,, 0.512, CaO/(CaO + MgO) m.f.; Gnt - 0.10 5 7i@.60% C30s.

PETROCHEMISTRY AND GEOCHEMISTRY

The chemical and rare element compositions of eegrained spinel and
garnet lherzolites are given in Table 1. The péteoaical features of rocks are
given on Fig.1. The composition of the primitiventia (PM) from [McDonough,
Sun, 1995] is used for the comparison. Among thmsiciered group of samples the
garnet lherzolites 555/80 and 74/831 are charaet@rby the higher AD;, CaO
and lower MgO, Si@ contents as opposed to the PM. It correlates whith
proposed cumulative nature. All other samples skimevdifferent degree of the
depletion as compared with PM. The range of contiposil variations for these
rocks overlaps both the more depleted coarse-graperidotites from the
kimberlites of the Kapvaal and Siberian cratonsydBaet al., 1997] and less
depleted peridotites of the «oceanic trend» [Taglaha 990]. It should be noted
that the spinel and garnet Iherzolites are noethfit in the chemical composition.
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The rocks are marked by the MgO increase (Fig.tl) ArO; and CaO decrease.
Such relations are common to the peridotite sénes the xenoliths in basalts and
Table 1.

Major (wt%) and trace element (ppm) abundancegseoidotite xenoliths and kimberlites from
the Siberian craton.

NN 1 2 3 4 5 6 7 8
Sample | 504/80| 48/82 47/82 | 345/87 74-80F 325/87  42/82 45/B2
SiO; 49.96 47.39 44.09 47.91 42.60 45.48 46(51 46.99

Al,03 1.26 1.52 0.3§ 2.18 3.87 4.84 1169 1.02
Cr,03 0.78 0.41 0.27 0.6P 0.96 0.87 0{41 .25(
XFeO 5.95 5.81 6.99 6.1y 7.47 6.89 6|54 774.
MnO 0.14 0.13 0.03 0.08 0.13 0.10 0{07 134Q.
MgO 41.38 43.70 47.79 42.04 41.P29 40\47 43.48 .504p
CaO 0.33 0.78 0.2¢ 0.6} 3.45 1.b7 104 419
Na,O 0.00 0.01 0.0d 0.08 0.42 0.06 0j01 0Q1
K20 0.00 0.00 0.04 0.0p 0.17 0.p0 000  04Q.0
NiO 0.19 0.25 0.29 0.28 - 0.42 0.5 0f30
Rb 7.72 10.14 7.8 8.81 2.58 18.1 96Q. 11.28

Ba 41.9 68 94 52.6 77\1 70.4 72 .8863
Th 0.36 0.07 0.17 0.31 0.99 0.82 0{19 g.29
Nb 3.38 1.35 1.75 2.26 2.09 1.26 1|07 33.0
La 2.45 1.43 1.4 14 2.34 1.15 1144 2.45

Ce 4.47 1.77 2.55 2.4 3.94 2.02 2/08 911
Pr 0.47 0.2 0.29 0.28 0.47 0.27 0,25 0.56

Sr 20.5 8 1q 45.[7 788 47.5 21 38

Nd 2.06 1.02 1.4 1.04 1.71 1.06 123 2.3
Hf 1.24 0.43 0.34 0.3y 0.39 0.1 0j44 .25(
Sm 0.42 0.26 0.37 0.21 0.45 0.p5 D.3 d.26
Zr 27 16 14 10.2 101 8.09 16 85§.
Eu 0.08 0.059 0.058 0.04 0.9 0/07 05Q. 0.085

Ti 120 210 308 720 240 1020 214

Gd 0.39 0.28 0.36 0.2 0.39 0.81 0{33 0.3
Tb 0.04 0.054 0.066 0.2 0.07 0(060.061 0.05
Dy 0.27 0.33 0.37 0.1p 0.41 0.54 0,37 0.32

Y 1.68 2.42 2.89 0.9p 2.67 274 .7 333
Ho 0.07 0.074 0.0838 0.04 0.p9 0{080.083 0.08

Er 0.18 0.25 0.2§ 0.1 03 0.32 0,26 D.2
Tm 0.03 0.044 0.042 0.2 0.05 0]070.046 0.03
Yb 0.15 0.29 0.3 0.11 0.31 0.46 0{33 6Q.2
Lu 0.03 0.05 0.047 0.08 0.06 009 58.0 0.03

kimberlites and are considered as the verificatibthe formation as restites after
a different degree of the partial meltinthe analysis of experimental works
[Walter, 1998; Walter, 1999] indicates that relatito the composition of the
primitive mantle in restites the MgO content irages while AlO; and CaO
concentrations decrease proportional to the mettegyee. The concentration Xf
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FeO is related to the reverse correlation withghessure, thus when the melting
degree is the same it is less in restites, fornmetkuhigher pressure. For instance,
for pressures: 60-70 Kbars and E 60%,> FeO concnetration in restites amounts
to approximately 6 wt %. In restites, formed unther pressure of 10-20 Kbars,

End of Table 1.

NN 9 10 11 12 13 14 15

Sample 2/84 74-190 555/80 74-831 74-185 303/87  FA4-3
SiO; 44.79 45.01 48.56 46.99 45|5
Al>,O3 1.69 1.47 4.6( 8.4P 8.94
Cr,03 0.57 0.28 0.71 1.58 -
XFeO 6.68 7.85 6.74 5.77 7.13
MnO 0.12 0.10 0.14 0.18 0j1
MgO 45.34 44.05 34.15 29.8p 28.99
CaO 0.52 0.96 4.34 6.8} 419
Na,O 0.02 0.13 0.41 0.2P 1.24
K20 0.01 0.10 0.04 0.0D 2.92
NiO 0.25 - 0.12 - 1
Rb 8.75 2.26 22. 10(3 53.9 5896 034.
Ba 41.12 26.7 152. 87\7 o34 0éQ. 330.59
Th 0.41 1.04 0.79 1.64 2.03 8.19 22129
Nb 5.15 6.17 9.34 8.54 34.10 12181 203.27
La 3.84 5.31 6.03 6.49 20(5 71.87 158.78
Ce 5.27 8.88 10.41 11.)7 39(4 124.83 253.87
Pr 0.53 0.96 1.23 1.45 3.83 12,45 29.57
Sr 28 25.4 47.6 645 198 420.7970.44
Nd 2.1 3.37 4.5§ 5.4p 16/4 37.62 76,92
Hf 0.42 0.27 1.1 0.76 1.64 2.12 2|18
Sm 0.37 0.6 1.04 1.211 28 6.1 313
Zr 14.5 8.36 34.1 2216 60 91{27109.97
Eu 0.12 0.18 0.38 0.42 0.99 1.49 .8
Ti 300 1740 2100 5948 2634
Gd 0.28 0.51 1.1 1.73 212 3.89 6(46
Tb 0.04 0.08 0.2 0.38 0.21 - -
Dy 0.28 0.37 1.02 2.16 1.18 1.06 362
Y 1.74 2.09 6.20 14.p 5/9 9.p9 1988
Ho 0.06 0.07 0.4 0.51 0.23 029 0.57
Er 0.17 0.23 0.66 1.69 0.94 0.73 1}.26
Tm 0.02 0.03 0.1 0.29 - 0.08 0|15
Yb 0.18 0.18 0.59 1.54 0.35 0.p4 8(0.8
Lu 0.03 0.03 0.1 0.8 0.06 008 0.13

Note. 1-5 — coarse-grainedpinel peridotites from Udachnaya (1-4) and Obnaraga (5)
pipes; 6-10- coarse-grainedarnet lherzolites from Udachnaya (6-9) and Obnanaga (10)
pipes; 11- cumulative garnet Iherzolittsem Udachnaya pipe, 12- cumulative garnet lhetesli
from Obnazhennaya pipe; 13- garnet lherzolite it from Obnazhennaya pipe; 14- basaltoid
kimberlite from Udachnaya pipe; 15- kimberlite frédbnazhennay pipe. The whole rock values
(1-4, 6-9, 12) are calculated from major elemenhantration of minerals and their modal

compositions.
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2 FeC= 7.5-8.5 wt %, that is similar to the concentratinrthe primitive mantle.
SiO, content in restites should not exceed the compasif PM. It decreases with
the growth of the melting degree #@5 wt % (F = 40%) under the polybaric
fractional melting and to 41 wt % (F = 40%) undex batch melting.
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Fig. 1. Variation of chemical components against MgO (wig)eridotite xenoliths
from the Siberian craton.

Udachnaya pipe: spinel peridotites (501/80 — opkannb with heavy line, 48/82 — open
circle, 47/82 — open star, 345/87 — right crossdrmet peridotites (325/87- open rhomb, 42/82 -
solid elongated rhomb, 45/82 — solid circle, 2/&bld triangle, 343/87 — solid rhomb, 555/80 —
open square).

Obnazhennaya pipe: spinel peridotite (74/807 — opemgle), garnet peridotites (74/190
— oblique cross, 74/831 — solid square).

Composition primitive mantle taken from McDonou@un (1995) — solid star.

Among studied samples the garnet (325/86) and lsprdé307) Iherzolites
are marked by the least melting degr@gseO concentration in rocks varies from
5.8 to 7.85wt %. Thus, at least two groofpsamples, formed under different
pressure can be distinguished. The samples 7411974807 have highetFeO
content (7.47-7.85 wt %), corresponding to the,QiGntents (43.6-45 wt %) from
the melting model. They could originate under thespure of 10-20 Kbars. The
rest samples possess lowegFeO content and might be formed under higher
pressure. An increased Si€ontents corresponding to the increased orthoyrex
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concentrations and negative correlation S¥PeO are typical of samples 501a/80,
345/87, 45/82, 48/82, 42/82.

The rare element concentrations normalized to P& @otted for the studied
peridotites and kimberlites from both pipes ( Fjg.Zhere is an increase of
Iherzolites lines parallel to kimberlite lines stag from Gd in the left part of the
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Fig. 2. Incompatible trace-element abundances in peridsténd kimberlites from
Udachnaya (A) and Obnazhennaya (B) pipes, norntaerimitive mantle abundance
(McDonough, Sun, 1995).

Symbols for peridotiteare the same as in Fig. 1; kimberlites — solid stayarnet peridotite 74-
185 with Phl |- open cross.
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plot. It most likely indicates the significant efteof the incompatible element
supply on the peridotites. This supply is assodiatgh the kimberlite origin in

Sample / Primitive mantle
10 5

0.1
10 o

01

0.1

T'b D[y 5 I-Io ér Tl!n \lb I_Tu FI\I C'a Mn  Cr éi Ihg

Fig. 3. Mantle-normalized diagrams for peridotite xendditthom the Siberian craton.

Normalized values taken from McDonough, Sun (199&idotite symbols are the same as
in Fig. 1. Lines: 3B) komatiites from Tisdale Towips Abitibi greenstone belt, Canada [Xie et
al., 1993]; X) komatiites from Boston Township, Abitibi greenstbelt, Canada [Xie et al.,
1993].
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particular late metasomatism. The line of the pbjote garnet Iherzolite from the
Obnazhennaya pipe is markedly shifted upwards twae kimberlite line (Fig.
2B). Some significant distinctions as curves, &g.Hf peaks on the Iherzolite
lines and and minima kimberlite lines from the Udla&ya pipe require further
investigations. On the whole, the comparison whih kimberlites shows that the
majority of samples are marked by the metasomatipply of the most
incompatible elements staring from Gd, thus onlgnyerare earth elements and Y
are used for further consideration. The saspb5/80 and 74/831 show higher
concentrations of heavy rare earth elements as a@dgo the PM, that is related
to the cumulative nature.

Fig. 3 gives the concentrations of petrogenic asalii rare earth elements in
the coarse-grained peridotites, normalized to thmifve mantle. The elements
are given according to the increase of incompatielgree from the right to the left
for the basalt-peridotite system [McDonough, Su@93]. Si concentrations in
restites and basalt melt are similag;®1). The far is the element situated towards
the left from Sithe less are the normalized concentrations indgbttes. The far is
the element located to the right from Si, the greate the normalized contents in
the restite. The restite, complementary to the Ibasalt should have the smoth
slope curve lower than the PM composition. The tgreimclination indicates the
great melting degrees.

Fig. 3A presents the spinel(74/807) and garnet /[9045/82) Iherzolites.
The sample 74/807 is marked by the smoth stayee from Mg to Dy (except for
Cr). The samples 45/82 and 190/74 posses the gieatmation of the curve in
the petrogenic part of elements, i.e. the greawdtimyg degrees. Staring from Lu
the inclination of curves is disturbed, that is ljably related to the kimberlite
impact. These samples could be formed under diffedegree of the primitive
mantle melting in conditions of low pressures legdo the basalt origin.

Fig. 3B shows the spinel (48/82, 501/80) and gai#h2i82, 2/84) Iherzolites.
The slopeof curves for these rocks is violated by the Canhima, moreover
Cay < < Aly, that proves their impossible origin as restitesutting from the
melting of the primitive mantle with the basalt gestion. The melts, similar to
Al-depleted komatiites Tisdale Township, Abitibiegnstone belt, Canada [Xie et
al.,, 1993] can be complementary to such restitdeeyTare marked by the
following concentrations: Mg@& 26-21 wt %., AJO; ~ 6.8-8 wt%and ratios CaO/
Al,O; ~1.2, (Gd / Yb)y ~ 1.2-1.4. On this plot they demonstrate reveoséhé
considered samples curves with & Al ; Al = Yb y, Luy; Tby > Yby). The
depletion increases in the rock series from 4248282 to 2/84, 501a/80.

Fig. 3C represents the spinel (345/87) and gaB#&/87) Iherzolites. A slope
of curves for these rocks is violated by Ca minimwvhile the normalized Al
contents are higher than the normalized Yb conagafrs. Al-depleted komatiites,
similar to Boston Township komatiites, Abitibe gneeone belt Canada [Xie et al.,
1993] are complementary to such restites. Thesdsni@ve the following
characteristics: MgO ~ 32-25 wt %,,8k = 1.7-3.4 wt %, (Gd/Yh)~ 2.7-3.0 and
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have the reverse to restites curves with €Al y, Aly < Yby, Luy and Th >>Yb
n. The spinel Iherzolite 345/87 is more depletechttie garnet lherzolite 325/87.
Lun/Hon ~ 2.2. in peridotites from C group, while in B gpoperidotites it
amounts te= 1.4, and in group A peridotites this ratid..3.
REE concentrations in restites were calculated fiGea et al., 2001] under
the polybaric fractional melting and batch meltiogthe PM in the spinel and
garnet stability fields and for different meltingegtees (table 2, Fig. 4). The

analysis of these calculations allow the followgunclusions:
Table 2.Parameters used in melting models.

Model P GPa Melting reaction Reference
Polybaric fractional melting| 2.6-1.9 gOEi glogoo’gi EpleJr 0,08
(0.1GPa kbar-1.2 % melt) in the 1%3 C. v (5)09 Sp= 018
spinel stability field. 1917 | 570 o 27 Op;( N 1[) ~ 2 Y Kinzler, 1997
PM = 0,52 Ol+ 0.27 Opx 0,13 Opx + 0,89 Cpx+0,12
+ 0.18 Cpx+ 0.03 Sp 1.7-1 Sp = 0,1301 +1L
Initial polybaric fractional 5% i 0,08 Ol + 0,81 Cpx +0,3
melting in the garnet stability 3-2.5 Gr =1L +0,19 Opx Walter, 1998
field followed by an additional o5 1 Ol+4,67 Gr+1L=3,7 Walter et al.,
polybaric fractional melting in ' Opx+1,9 Cpx+1,07 Sp 1995
the spinel stability field (0.1
GPa — 1% melt). As in the stability field of :
PM = 0,6 OL+ 0,2 Opx 2.5-1.5 spinel Kinzler, 1997
+ 0,1 Cpx + 0,1 Gr
7.6 0,26 Ol + 0.5 Cpx + 0.24
Gr=1L
Polybaric fractional melting in 6-5 0,30l + 0,44 Cpx + 0,26
the garnet stability field. Gr =1L Walter. 1998
PM = 0.54 OI+ 0.3 Cpx+ 0.16 Gi 5.4 0,06 Ol + 2,25 Cpx + 1,21 ’
Gr =1L +2,52 Opx
4-2.6 0.04 Ol + 0.96 Opx = 1L
Isobaric batch F= 0-31% 0.3§ Ol + 0.4 Cpx + 0.27
melting in the Gr=L
garnet stability — 21410 0.2401+1,74Cpx +0,4
field. PM = 0.54 | = 3141% 6 | Gr=1L+ 138 Opx Walter, 1998
Ol+ 0.31Cpx _ 0.15 Ol + 0.51 Opx + 0.34
+0.15 Gr F=41-51% Gr=1L

Notes.PM — primitive mantle, Ol — olivine, Opx — orthopyeme, Cpx — clinopyroxene, Sp —
spinel, Gr- garnet, L - melt.

Equations for calculating residual balk composisontaken from Shaw (1970):
C S = Cox(1-PF/Do)*" I (1-F) (polybaric fractional melting);
C ° = Gy x [(1-F)A+F/(Do — PF))\(isobaric batch melting). C — residual solid, ¢ —
composition solid, initial composition is PM [McDaugh, Sun, 1995], - bulk distribution
coefficient, P — bulk melt coefficient, F — degodenelting. G, Do u P recalculates accordingly
melting reaction. O""¢@aud (| 3 Ce, Nd, Sm, Eu, Gd, Df, Yb) taken from Johnson (1998).
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1) HREE concentrations decrease and Yb/Gd increasesstites with the
growth of the melting degree.

2) If the initial pressure and melting degrees aralamthe REE contents in
restites are lower and Yb/Gd is higher for the pahc fractional melting as
compared with the batch one.

3) For the polybaric fractional melting in the garrstability fields if the
melting degree is the same the greater is thalmtiessure the higher are REE
concentrations in restites and lower is Yb/Gd.
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Fig. 4. Calculated compo-sition of residues after melwfgrimitive mantle.

A) Dashed lines - polybaric fractional melting ihet spinel stability field (2.6-1GPa).
Degrees of melting are 3 %, 9.6 %, 17 % and 19,2 %.

B) Point lines - polybaric fractional melting (38IGPa). 5G is 5 % melting in the garnet
stability field; 5 G + 5 S is 5 % melting in thergat field followed by 5 % melting in the spinel
field; 5 G + 10 S is 5 % melting in the garnet didbllowed by 10 % melting in the spinel field.
Dashed lines (P 20 % and P 45 %) - isobaric batditimg in the garnet stability field (6Gpa)
Degrees of melting are 20 % and 45 %.

Lines - polybaric fractional melting in the garnstability field (7-2.6GPa). Degrees of
melting are 10 %, 20 %, 31 % and 44 %.
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4) REE concentration and Yb/Gd in restites allow #&ble identification of
melting conditions (pressure, melting degree andhaeism of melting).

DISCUSSION AND CONCLUSIONS

The coarse-grained peridotite inclusions from theblerlite pipes of the
Siberian Platform indicate a wide range of con@iins of petrogenic and rare
earth elements, which verifies the formation cand&. The melting parameters
were restored using HREE level and shape. The sworelence of the
petrochemical composition of rocks to these meltogditions was checked by
the comparison with the petrochemical compositiohsestites calculated from
Walter [1999]. The above allowed the revealing olurf groups with the
corresponding rare element and petrochemical comnus

Group 1.As opposed to the primitive mantle the samplegaohet lherzolites
555/80, 74/831 are enriched by,@}, CaO,>.FeO, REE, and cannot be restites. In
terms of the chemical composition the sample 558 &imilar to Al-non-depleted
komatiite, while the sample 74/831 is similar t@ tkomatiite basalts or recent
tholeiites of island arcs.

Group 2 A(samples 74/807, 190/74, 45/82). The spinel amdeggeridotites
could originate as a result of 5-9% polybaric fiazal melting of the primitive
mantle in the spinel stability field. The concetitas of petrogenic elements agree
with the data on the melting conditions. The insesaf the melting degree from
74/807 to 74/190 is confirmed by the increase ofOvand AbO; CaO, HREE
decrease. The garnet occurrence in samples 190{@4%/82 results from the
subsolidus transformations.

Group 2 B(samples 48/82, 501a/80, 47/82, 42/82, 2/84). 3peel and
garnet peridotites of this group could originatenir the polybaric fractional
melting in the garnet stability field in the intafvfrom 50 to 30 kbars with the
variations of the melting degrees ~ 15 - 20 %, Wh& in accordance with the
petrochemical rock composition. The komatiites a$d&le Township type are
most likely complementary to these restites anddcotiginate under the pressure
of ~50 kbars and the melting degree of ~15-20% {#val 998].

Group 2 C(garnet 325/87 and spinel 345/87 lherzolites)t&eg inclination
of HREE curves in these samples well agrees tadh®ilated curves for ~ 31 %
and 35 % degrees of polybaric fractional meltinghaf PM in the ranges of 70-39
and 70-35 kbars, correspondingly. The petrochenaigalposition is similar to the
restite compositions, calculated under these pammeof the melting. The
complementary melts with petrochemical characiesssimilar to Al-depleted
Boston Township komatiites could originate under 80-90 kbars and the melting
degree of 30-25 % [Walter, 1998] The ideas on thgiro of komatiites under
relatively small pressure are based on these amsni®Valter, 1998, Nisbet,
Walker, 1982]. There is another viewpoint, whicheigperimentally confirmed.
This view [Wei et al., 1990] points out that thenkatiites are formed under higher
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pressure with the participation of high-baric plsagmajoritic garnet, perovskite).
Al-depleted komatiites could originate under higkltmg degrees from the PM
sites, depleted by majoritic garnet, Al-enrichethiatiites resulted from the sites of
PM enriched in majoritic garnet. Thus, the peridsti of 2C groups can be
considered in a different way. The sample 325/85inslar to the composition of
the PM enriched in majoritic garnet. Fig. 3 C rear@s the enrichment by Al, Sr,
Yb and depletion by Ca, Mn, which agrees with tstridbution coefficients for
these elements [Ohtani et al., 1989] between theritia garnet and ultrabasic
melt. A thorough analysis using the greater amadimare elements is needed to
consider the latter possibility.

The peridotites most likely underwent the multiggaorigin and the
movements and subsolidus transformations couldroaftar the partial melting
and removal of melts. It resulted in the occurrentespinel peridotites among
rocks, formed under high pressure in the garnéilgyefield. It also resulted in the
occurrence of garnet peridotite in the group okspdormed in the spinel stability
field. It complicates the use of the mineral conipms for checking the restite
hypothesis of coarse-grained peridotite origin.ténms of the proposed restite
model the enrichment in Sj@nd high concentrations of modal orthopyroxene can
derive from later metamorphic sorting of mineraBoyd et al.,, 1997] or
metasomatic SiPsupply [Keleman et al., 1998; Kesson, Rigwood,9198

The performed investigations showed the perspextoke REE using to
reconstruct the mechanisms of the Precambriansjuinere origin. The coarse-
grained peridotites of the Siberian craton are thet homogenous group. They
include both the cumulative and restite ones. Htierd could generate in a wide
range of pressure and melting degrees. The complanyeto them are both
komatiite and basalt melts.
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INTRODUCTION

In the science of geology the new paradigm called tleep-seated
geodynamics has been recently put forward. It medi at evaluation of global
processes with regard to interaction of the Eastihédl| at different depths. The hot
fields of the mantle have become the study objectsonsidering the deep-seated
geodynamics. They were fist distinguished in 1988nenshain, Kuzmin, 1983)
based on delineating of the occurrences of inttapiaagmatism on the Earth
surface. The total of four fields not associatethviithosphere plate boundaries
have been recognized. The two large fields (Paatfid African) have dimensions
10000-12000 km across and two minor fields (Cemdsibn and Tasmanian or
Australian-Antarctic) which are 2000-3000 km acrosehe geoid-shaped
anomalies are supplementary characteristics otthekls. Positive anomalies of
the geoid about +80 m are confined to large fi€klacific and African), while
"small" fields are typified by negative anomaliesrh -20 to -80 m [Zonenshain,
Kuzmin, 1994]. Large fields are recognized from thereased position of the
asthenosphere mirror understood as hypsometridigqof the spreading axes
relative to the sea level. In the African fielcathieves 500-1000 m above the sea
level. In the African field it reaches 500-1000 bowe the sea level (Ethiopian and
Iceland rifts).

The intraplate magmatism is typified by associatiofh increased alkalinity,
that is alkaline basalts, alkaline gabbroids, plitesy trachytes-comendites,
pantellerites and others. In some segments of weadutc ridges crossed by hot
fields, the oceanic basalts consist of E-MORB \a$e Their major difference
from N-MORB basalts typical for the rest segmeritsifo zones of oceans is due
to enrichment (by 2-3 times) in coherent element#ents, e.g. light lanthanoids.
This indicates the relationship of the intraplat@gmatism sources with the mantle
different from depleted mantle which is the sowt&l-MORB basalts.

The assumptions were made both on the juvenile,n@antle source of such
melts and on the recycled one in the subductiongs®es of lithosphere origin of
the enriched mantle.

The geological, geochemical and paleomagnetic data attracted for
considering this subject. Based on such data tinelation was found between
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inversions of the magnetic field of the Earth whighre undoubtedly associated
with the dynamics of the core, the volume of inkaég magmatism products. The
resultant statement points to the low mantle orgfihot fields of the Earth mantle
(Larsen, Zonenshain, Kuzmin). Having this in mitlig idea was offered on the
two-layer mantle convection, and the upper manbievection is responsible for
the processes associated with plate tectonics,eablethe ascending of plumes
occurs from the lower mantle, layer "D" (boundaepvieeen the core and mantle of
the layer with high temperature (10000) gradiem due to the processes of
intraplate  magmatism [Zonenshain et al., Zonensh&uazmin, 1994]. The
experimental works by Dobretsov and Kirdyashkin94Pshowed the possibility
of two-layer mantle convection.

The results of seismographic investigations werteiat in considering the
problem on the deep-seated structure of the E&nid studies by Dzevonsky (?77?),
Japanese geophysicists [Fucao et al., 1994; Maraya@94] assume existence in
the mantle of high- and low-velocity zones whicle énaced from the bottom of
lithosphere to the core. It appears that they veerapared with the "cold" and
"heated"”, accordingly or partially melted (low velly) mantle. It is to be
underlined that with such interpretation heated titean located under the African
and Pacific hot fields, while the projections oflccghigh-velocity) areas of the
mantle correspond to the minor Central-Asian anshianian fields.

Using interpretation of these data the Japanes@hgsmists offered the
following model of circulation of the mantle matdrin the Earth. In the cold
Asian plume the cold subducted substance desceawvds the mantle of the Earth
to "D" layer. The response of this layer to transd cold ("heavy") substance
causes squeezing of hot plumes in the other pladesh looking as a huge
mushroom rise to the lower mantle splitting inteesies of isolated plumes in the
upper mantle and a chain of "hot spots" in the8fihere.

Considering the history of Rhodinia splitting wiicesulted in formation of
the Pacific and Paleo-Asian oceans and later (&hdur, Japetus and other oceans
[Maruyama, 1994], they proposed the following modeEarth evolution. After
splitting Siberia amalgamated with a series of ioamtal blocks, including
Northern and Southern China which formed Eurasth @aused subsiding of the
cold lithosphere material in the Permian and Tr@as®ntinuing subsidence in
subduction zones to the core-mantle boundary. Tiesepce of such a "cold"
crater had to lead to formation of sedimentary degion basins and absence of
intraplate magmatism in contrast to the area ofieés®wards the hot plume
surface.

However, analysis of P2-T1 geological events on Eugasian continent,
made by Dobretsov [Dobretsov, Kirdyashkin, 1993pw that this stage is
marked by origination of the Siberian platform safhe early phase of alkaline
magmatism of the Maimecha-Kotuy province is datgdhe same age (253-255
Ma). This time or much earlier (Carboniferous) etated to formation of a wide
spectrum of granitoid rocks on Altay, Trans-Baikislpngolia, Northern China.
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Some of them may be due to the palingenesis presassder influence of hot
mantle flows. It is evident that a widespread faiora of magmatic rocks is

referred by Dobretsov to the system of deep-sebteemantle plumes. Their

action on the asthenosphere caused uplifting olarger part of the North Asia
territory, while on the termination of this upldtiginated practically closed system
of sedimentary basins. A high magmatic activityaietd over the territory in later
stages of the geological history which is in cotithon with the conclusions of

the Japanese geologists and requires clarificatidhe causes for this activity to
take place in the region characterized by predong@aof “cold” mantle in the

basement.

In our study we decided to provide a simple exgdianaof hot and cold
plumes from the viewpoint of presence and absehagtraplate magmatism. For
this purpose we considered the products of inttapleagmatism of Central Asia
which are available within the Siberian craton asdfolded surroundings from
Cambrian to Ordovician up to now.

INTRAPLATE MAGMATISM IN THE PHANEROZOIC HISTORY
OF NORTH ASIA

The intraplate endogenous activity on the Asiarulted in the system of
grabens, horsts, domal uplifts and occurrences ajmatic rocks of increased
alkalinity, which are characterized by heightenedtents of incoherent elements
[Yarmolyuk et al., 2000].

In the Early- Mid-Paleozoic epoch the intraplategmatic rocks started their
development in the Altay-Sayan and Viluy areas (Tlab

The Altay-Sayan area of intraplate magmatism cowies territory of
Minusinsk basin, Tuva, Eastern and Western SaydnNamth-Western Mongolia
with the area 500x700 km. This is where geochmgiobl investigations of rocks
were carried out in a series of plutonic complexa@sl “dumb” volcanic
associations. The results made us postpone thedfntke area origination by
nearly 100 Ma by the onset of Ordovician. The nemshmon are the rocks of the
Sangilensky complex with the age 460-450 Ma. Sititat time and by the
beginning of Devonian the intrusive activity wasntiouous and resulted in
formation of massifs of ultrabasic alkaline rockepheline syenites, alkaline and
Li-F granites. The range of ages of these rockeated by Rb-Sr and K-Ar
methods vary between 450 and 400 Ma. The peaktodpiate activity in the
region was in the Early Devonian. This was theetwh scattered rifting which led
to formation of numerous depressions and grabeattesed over the region, and it
was accompanied by large-scale eruptions of lavariofarily basic composition,
e.g. basalts, tephrites, trachybasalts, as well pmnolites, trachytes,
trachyrhyolites and comendites. The eruptions v@emmpanied by intrusions of
teshenites, alkaline granites and syenite the Middle Devonian magmatic
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activity attenuated. The extent of magmatic actiwit the Altay-Sayan area was significant.
Thus, in the Minusinsk basin 50000 cubic meteraweh were erupted. So it can be inferred that

that over 100000 cubic meters of igneous rocks Wereed.

Table 1.

Epochs, provinces and areas of intraplate magmatism

Epochs and stages of
activity

Provinces and regions of intraplate activity
(numbers in brackets indicate the dates of rocks, &)

Early-Middle Paleozoic

Late Silurian—
Early Devonian
Ordovician-Silurian

Late Devonian —
Early Carboniferous

Altay-Sayan

Alkaline magmatism
[490, 460, 450-410]

Viluy — alkaline magmatism of domgl

- rift stage uplift
- [400-390] - rift stage
— alkaline magmatism
[375] — alkaline magmatism

Late Paleozoic
- Early Mesozoic

Late Carboniferous—
Early Permian
Mid-Permian

Late Permian-
Early Triassic

Triassic — Early
Jurassic

Barguzin-Vitim
[330 — 290]

Rift system of Central Asia,
Late Paleozoic, including:

— Gobi-Tien-Shan rift zone
Synnyrsky and Udinor[310-285]
Vitim rift zones, Angaraj

Vitim batholith Gobi-Altay rift zone

[275]
- North Mongolian rift zone

Siberian trappean [265-250]

[255-235] - formation of zonal-symmetrig
Khangay

magmatic area [255-250]
Early Mesozoic

West Siberian — formation of zonal-symmetric
Rift system [235-218] | Khentey magmatic area
[235-190]

Late Mesozoic
Early Cenozoic
Late Jurassic

Early Cretaceous

Late Cretaceous — Early
Cenozoic

Central-Asian intracontinental

— origination of the hot spots system: South-Khan@&ih),
East-Mongolian (EM), West-Zabaikalian (WZ), Centtddlan
(CA) [170-140]

— formation of graben system (rifting) in SKh, EM AMdreas with
plateau-basalt eruptions [140-100]

— suppressed eruptions in volcanic areas of SKhaWw¥CA
[100-30]

Late Cenozoic

Central and East Asian intracontinental

- rejuvenation of magmatism in SKh, WZ and CA areas;
origination of the new rift system (Baikalian anlda®si) and hot
spots (South Baikalian, Darigangsky, ete253]
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Viluy region is known for origination of a series of rift zondhe earliest
magmatic events are dated as the Late Siluriary prazeeded on the background
of growing uplift in the central part of the regiand were characterized by high-
alkaline composition of igneous rocks representgdtrachytes, trachybasalts,
trachytes, phonolites, as well as massifs of udtsab alkaline rocks with
carbonatites lying on the eastern edge of the @ibgratform and Sette-Dabanu.
The phase of the highest tectonic and magmatieigctovered the Middle and
Late Devonian. It was followed by splitting of donuglift of the triple system of
grabens and accompanying splitting of plateau emmif subalkaline and tholeiite
basalts. The eruption were intermittent with seditaBon which resulted in
formation in the grabens of many kilometers lorsgdimentary volcanogenic
sequences. In time of formation of the area theeee erupted voluminous
magmatic products. Only in the Viluy belt of grabeéheir amount was estimated
approximately to be 100000 cubic meters.

Late Paleozoic - Early Mesozoic epoch correspormghe events occurring
between 330 and 185 Ma. It was the time of mosfelacale intraplate processes
covering the entire territory of the Late Paleozdorth-Asian continent. It
consists of the belt of subparallel rift zonesefillwith bimodal basalt-comendite
and basalt-pantellerite associations and contoplldhstribution of numerous
massifs of alkaline granites and syenites. Thé¢ btedinated on the southern
active continental margin and extended for overO3K& with the width 600 km
through the territory of Western Zabaikalia, MongpINorth-Western China,
including Tarim and Eastern Kazakhstan. The shiftabout 600 km is observed
between the rifting zones and the Siberian contimeargin (310-290 Ma) far
inside (260-250 Ma). Few stages are marked ingibash.

The early stage includes origination of the GolaAFEhan rift zone over the
the Siberian paleocontinent margin with Rb-Sm isochdates 310-285 Ma, as
well as formation over the territory of Zabaikab the Angara-Vitim granitoid
batholith with the area 500x300 km. The latterulined by the belts of intrusions
and massifs of alkaline-ultrabasic and basic roeksaline granites and syenites
referred to the Synnyrsky complex (300-285 Maa north, in the south they are
referred to the Saizhensky (320-390 Ma) and p&ntiazinsky one.

Permian-Early Triassic stagecovers the time span 280-240 Ma and
corresponds to the completing of formation of theicgural framework of the
Central Asian rift system. The moving zone of thk formation inside the
continent in the Late-Early Permian caused fornmatibthe Gobi-Altay and in the
Permian North-Mongolian rift zones, and along wititem there emerged the
Khangay granitoid batholith which formed similattythe Angara-Vitim batholith
under the influence of intraplate sources of h@de age of batholith rocks,
estimated after U-Pb dates of zircons to be 255M&0

Together with formation of the Central-Asian riftsteem in the end of the
Permian-beginning of Triassic there occurred thetwoluminous plateau-basalt
eruptions with formation of the trappean provindettte Siberian platform. Its
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products covered the area over 1500000 square &mmdtion of the trappean area
evidently began in the its north-western part i@ haimecha-Kotuy and Norilsk

regions where alkaline basaltoids and subalkalifierdntiated basalts erupted
within the time span 253-246 Ma.

The Early Mesozoic stagéT,s - Ji; 230-185 Ma) is characterized by the
migration of the areas of preceding stage eastwdirdgas the time when zonal
symmetric magmatic area reminding the Permian iarefructure, came into sight
within the Central-Asian foldbelt. However, in coadt to the latter its core
(Khentey batholith) was shifted towards east fréma tore of the Permian area
(Khangay batholith) nearly by 800 km. The age dahbkth with the total area over
50000 square km is evaluated to be Mid- Late Ticdsased on geological data, as
well as in accordance with the results of Rb-Srndabf rocks of its major
Kyrinsky (229 Ma) and Mesinsky (206 Ma) complexes.

In the Early Mesozoic the intraplate activity preded within the north-
western framing of the Siberian platform. The W&ibierian region was dominated
by the rifting processes which split the Pre-MesoZoundation of the territory
into a series of large rifts which fixed it. Gralseare filled with Triassic
sequences composed of volcanic series (basaltdiralbasaltoids, rhyolites) and
clastic rocks. The largest Urengoy graben opendddamorthern part as so-called
paleo-ocean with newly formed oceanic crust in blasement. The time of its
formation is defined within the interval 235-218 Ma

By the period 190 Ma the intraplate activity dechgharply thus indicating
termination of the Late Paleozoic - Early Mesozpoch.

The Late Mesozoic - Early Cenozoic epochbvers about 150 Ma of the
geological history of the region since Middle Jsgras(~ 170 Ma) and to the
beginning of the Miocene (~25 Ma). Throughout tkeisoch the character of
magmatic activity changed and the two stages imthgmatism development were
recognized.

Late Jurassic - Early Cretaceous stag@70 - 100 Ma) corresponds to the
time of formation of the East Mongolian, West-Z&adian, South-Khangay and
Central Aldan volcanic areas. Their development dias to the rifting processes
and were accompanied by sufficiently large-scalgmtic activity. Along with
predominant plateau basalts in these areas omginablcanic associations with
trachytes, trachyrhyolites, pantellerites, phomeslittephrites. as well as small and
rare massifs of nepheline and leucite syenitesliakk syenites and granites, Li-F
granites and ongonites, shonkinites and carbosatitee peak of tectonic and
magmatic activity occurred in the beginning of tBarly Cretaceous (130-140
Ma).

Late Cretaceous - Early Cenozoic stag@00-25 Ma) is marked by
suppressed but regular magmatic activity. In thestZabaikalian, South-Khangay
and East Mongolian areas there formed small laldgiand shield volcanoes. The
composition of volcanic products was defined by ltlasic alkaline products, e.g.
tephrites, basanites, nephelinites and subalkbisalts.
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The Late Cenozoic epocfx 25 Ma) is related to the processes of the tecen
intraplate volcanic and tectonic activization whimtvered the territory of Central
and East Asia. The magmatic activity correspondeithie¢ continuation of the Late
Mesozoic - Early Cenozoic magmatic history in thestVZabaikalian, South-
Khangay and Central Aldan volcanic areas which rpomated extensive lava
plateaus like Vitim, Central Khangay, and Udokart. the same time, there
originated a series of new volcanic areas like &B@aikalian and Darigangsky
associated with origination of the new hot spotteays Their activity led to
formation of numerous large lava fields scattereerdhe territory of Central and
East Asia. The South Baikal volcanic area is chareed by the most prolonged
and multi-stage magmatic history. The volcanicdpicis of the epoch consist
exclusively of the lavas of basic composition afreased alkalinity.

The materials provided point out that throughoutidrozoic period the
intraplate processes proceeded within the Sibecraton and its southern and
western folded framing. They were located withipasate areas typified by the
following features of the geological history:

() long-tern development (tens of Ma) of intraglaictivity in the region;

(i) Relatively constant position within the corgint;

(i) Continuous magmatic activity with characteagst intraplate magmatic
specialization;

As regards the volume of intraplate magmatic rookdifferent ages, it
should be marked that during entire Paleozoic arekddoic the intensity of
magmatism actually did not vary (Fig. 3). An exeaptwas interval 253-246 Ma -
the time eruption of Siberian traps when for a siperiod over 1.5x16 km® of
magmatic rocks erupted [Zonenshain et al., 1991].

In the Late Cretaceous there was a sharp fall @clbic kilometers in the
intraplate magmatism volume. Insignificant extentmagmatic activity retained to
the end of Oligocene, and only in the Late Ceno%Zei@5 Ma) the volume of
erupted lavas achieved the level of magmatic prindticin the first half of the
Late Mesozoic.

FEATURES OF COMPOSITION OF INTRAPLATE MAGMATISM
PRODUCT IN CENTRAL ASIA

Figure 1 represents the spidergrams for Siberiatigpim traps [Almukhamedov et
al., 1999] and Mesozoic basalts of Western Zabiakdlhe formations of the
Siberian platform margins were contributed by iweshent of the undepleted
mantle of EM-II type. It is clear that traps arelivedrrelated with the basalts of
oceanic islands, while Mesozoic basalts of Wesfaimaikalia against OIB basalts
are enriched in Ba, K, La, Pb, Sr, Nd, P, Li anghaverished in Th, Nb, Ta, Hf
and Mo. It should be noted that the Mesozoic gosatst of
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Fig. 1.1 - Central Mongolian rift zone; 2 - subalkalinedadts of Siberian platform; 3 - tholeites
of Siberian platform; 4 — OIB; 5 - gabbroids of Arg-Vitim batholith

Zabaikalia making up the core of the Mesozoic zéaetionic-magmatic area, have
analogous anomalies of the composition as compar¢ioe average composition
of the Earth [Taylor, McLennan, 1988], depletedNb, Ta, Hf, and Mo and
enriched in Ba, Li (Fig. 2). Similarity in the cowmtion of basalts - the
derivatives of the mantle sources and crustal tpamls are evidently the evidence
of the effect of trans-magmatic fluids onto the struwhich stimulated the
processes of anatexis along with the heat of melts

To characterize the sources of magmatic melts whvene involved in
formation of inraplate magmatism we conducted syat& investigations of the
isotope composition of Sr and Nd in the basiteslifierent magmatic areas. All
the results are yielded in Figure 3. It should belarlined that the data used
characterize the rocks of basic composition. Tloesnéd freom the mantle sources
and thus represent the compositions of mantle @urasponsible for intraplate
activity. The classification of magmatic mantle sms is given below after
Hoffman [Hoffman, 1997].

The basic rocks of the Devonian associations oftiNaestern Mongolia
(Altay-Sayan area) are noticeably different fronrgmatic rocks of later epochs of
magmatism. Their compositions correspond to thercgowf melts which was
largely depleted relative to rare-earth elementg (>4) and was characterized by
wide variations of the values Sr. Along with moderately depleted mantle of
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PREMA (or OIB) type their formation was contributéy the Rb- and
radiogenic Sr-enriched mantle of EM-II type.

Figure 2
10.0

1.0

rock/mean crust

0.1 — \ T \ \ \ \ \ \ \ \ \ \ T

A 1A 2= 3-e 4

Fig. 2.1 - granites of West Zabaikalia; 2 - upper crust; &rly phase of Angara-Vitim
batholith; 4 - main phase of Ahgara-Vitim batholith

For magmatic associations which formed in the LB#deozoic - Early
Mesozoic and Late Mesozoic epochs of intraplate maigm similar
compositions of sources are established. Thesdsfiale located between the
compositions of two types of mantle sources: ragiig Sr enriched mantle (EM-
Il) and moderately depleted mantle (PREMA) whichuases their participation in

rock formation. Participation of PREMA source wadg secondary
importance, for it did not lead to formation of kscwith corresponding isotope
parameters and only defined elongation of the fafldompositions of intraplate
rocks in the appropriate direction.

In this respect it is interesting to compare tha&ape composition of the
Siberian platform traps, synplutonic basite intoasi which accompany formation
of the Angara-Vitim batholith and basalts of thetd.d&aleozoic rift system in
Central Asia. They all produce a compact field lom diagram (Fig. 3). The basalts
of the Gobi-Tien Shan rift zone are somewhat digtished on their background.
They differ from basites of other Late Paleozoitzones of Central Asia by more
depleted compositionsg €, to -15 and gy to +7). As was shown [Kovalenko et
al., 1999] this specific feature was definegl a simultaneous participation in
magma formation of different sources of melts, nignemriched material of the
mantle plume and depleted mantle of non-subductsifye:
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Fig. 3 See text.

In general the field of compositions of intraplatgagmatic rocks most
specific are Early- and Late Cenozoic basites (B)y. They are typified by
moderately depleted isotope compositiangtd -10 andeygto +7), corresponding
to the PREMA type mantle, as well as compositiamsched in Nd relative to Sm
( eng to -10) at insignificant variations of the isotopemposition with Sr. The
latter are typical for the products of melting bétenriched mantle of EM-I type
[Hoffman, 1997].

The differences in the isotope compositions of maigrsources have the age
trend. As evident from Fig. 4,in Central Asia predioant are the products in
which the isotope composition of Nd is close to GHEM-II type mantle after
Nd-Sr isotope classification, Fig. 4). They arerilatited to the epochs of the
highest magmatic productivity and originate in tbevonian and become
dominant from the beginning of the Late Paleozimi¢che end of the Mesozoic and
Cenozoic the moderately depleted sources of magmgfREMA) predominated,
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which coincided with a sharp decay in magmatisndpetivity [Yarmolyuk et al.,
2000]. The sources of magmatism were found to raviee Late Cenozoic mantle
of EM-I type, its appearance is in accord with vejuation of intraplate activity.

: %
2 -8z e T Time, Ma
L]

a ety
o j --~"" Field EM-I

-20

Fig.4. Isotope composition variations of Nd basites ofjmatic associations in North Asia
versus the age of their formation and model agebeaif sources.

Magmatic associations: 1-4 intraplate: 1 - MiddlalPozoic, 2 - Late Paleozoic, Early and Late
Mesozoic in genera, 3 - Late Carboniferous - E&#ymian Gobi-Tien Shan rift zone formed
with depleted mantle involved, 4 - Layte Cretacedtarly Cenozoic; 5 - ophiolite complexes.

Diagram 4 displays the isotope compositions of dgtiolite complexes of
Central Asia, accordingly [Kovalenko et al., 1999]he rocks of ophiolite
complexes lie in the field of compositions of deete mantle. It should also be
noted that some compositions of these rocks inglita¢ evidence of contribution
of the enriched mantle sources in their formatiims agrees well with geological
data providing evidence on participation of oceasland rocks in the structure of
ophiolite complexes, e.g. Dzhida zone [Al'mukhamedn al.,, 1996] and in
variscides of South Mongolia. In particular, thekga point to the presence of
mantle plumes both under continental masses andhé oceanic basins
surrounding continents.

DISCUSSION OF RESULTS

The geochemical investigations, with regard tolistory of development of
intraplate magmatism, are applied to constructisb®ope-geochemical model of
the mantle under the Central Asian field [Yarmolwilal., 2000].

Formation of intraplate magmatism of Central Asiaswassociated with the
mantle source of PREMA, EM-I and EM-II type. Amotitem the leading role
belonged to EM-II mantle mixed with the PREMA saurclhis mantle was
involved in the intraplate magmatism of differercagmatic areas of North Asia at
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least since Late Paleozoic and to the Late Cretmcabat is during 200 Ma. If

basalts of the mid-oceanic ridges, which contridute formation of ophiolites of

all Phanerozoic foldbelts of Central Asia (to EaMesozoic, included) are the
products of the depleted upper mantle, the inttapkmsalts correspond to the
sources PREMA or EM-II related to deeper shellhefmantle.

In the history of intraplate magmatism of North @&ghe change of the
depleted mantle EMOII for moderately depleted nreRIREMA in the melt source
coincided with a sharp drop of productivity of egpfate magmatism and cessation
of tectonic activity. It appears that decay in\attiis associated with the change
of thermal state of the Earth interior and substéeof isotherms into the mantle
depth. The consequence should be subsidence ofette¢ of mantle plume
origination which enables to assume a deeper mtat the PREMA type mantle
relative to EM-1I mantle. It should be kept in mititht PREMA type mantle is the
source of the main bulk of basalts of oceanic daznd it is believed to be located
in the low mantle.

The next change of the composition of intraplategmatism sources
coincided with the outburst of intraplate activitythe Late Cenozoic in Central
and East Asia. It seems that this outburst hacktimibated by the thermal impulse
in the basement of the mantle plume. It is supptisadthe EM-I mantle was the
carrier of this impulse. Its products first appehie the composition of intraplate
associations from that time. Thus, we assume gp@eoccurrence relative to the
other types of mantle sources.

EM-II and EM-I sources enriched in Sr and Nd mayiideed with the crustal
and lithosphere remains buried in subduction zoifi¢isis is valid, the age of EM-
Il sources of the intraplate associations of N&#m is estimated to be 1,1 - 1,5
Ga lithosphere and that of EM-I source is 2,3 -@ab(Fig. 4).

It may assumed that EM-II source sits on the bopndé the upper/low
mantle, while EM-1 source descended to the boundérthe low mantle with
core.

Consideration of the Phanerozoic history of theeB#m continent shows that
practically all this time the continent contactedimthe mantle plumes. That fact
that plumes belong to the unified system undergoomgmon laws of development
is underlined by the similarity of the source comifon which participated in their
formation. This system of plumes was referred téhasNorth-Asian superplume
[Yarmolyuk et al., 2000]. Its dimensions may bedgead from the area within
which was the intraplate activity and which in #&eozoic epochs of superplume
development covered the area of North Asia. leiselved that superplume had the
structure of gigantic mushroom, with its hat dirslmng due to insufficient thermal
influx causing dying off of separate plumes. Thestraxctive and long-living in this
system was the Central Asian plume which was eWyldocated under the
superpume basement. The reconstructions of Sibenement in the Phanerozoic
[Yarmolyuk et al., 2000] indicate that in the Pae@-Mesozoic time Siberia was
in the zone of influence of the African-Atlantield, in particular since the end of
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Paleozoic- beginning of Mesozoic and its northdoeland" part. This somehow
agrees with the conclusions of some authors orptissible relation of Siberian
traps with the Iceland hot spot. However, in thaelLMesozoic the area of
intraplate magmatism of Central Asia lost the Iwith "hot field or mantle
superplume" and displaced to the zone of "coldina@ult is evident that intraplate
magmatism was associated with dynamics of develapmwie"cold” plume. This
should be considered in making up the potentialetsdf intraplate magmatism in
time.

The reconstructions made enable to propose tleniolg model of evolution
of the Central Asian hot field in the Phanerozofarmolyuk et al., 2000]. After
splitting of Rhodinia and Siberian continent dtdtthe northwest in the Cambrian
it fell in the field of influence of African-Atlamt hot field. It appears that since
Cambrian the Siberian continent developed undeirirttheence of Central Asian
(at present African-Atlantic) of the hot superplu(feg. 5). However in the history
of the Siberian craton and its foldbelt there wevently lithosphere movements
with different depths of the bottom occurrence obving lithosphere-mantle
blocks. In some cases these blocks included masitldls up to the layer
stimulating the intraplate activity and thus cowkpeactically entire upper mantle.
This ensured preservation of the root system of timaffows and permanent
position of the areas covered by intraplate agtionh the Earth surface. in
changing the geographic position of the continéhich displacements may be
inferred for the Central Asian plume in the Middlaed Late Paleozoic. In other
cases the sliding surface located essentially nighe broke the column of mantle
plume which caused cessation of intraplate devedopmn some ares and
origination in some others, in accordance with nmoeet of the lithosphere block
above the plume basement. Thus, this was the way dxents developed in
rotation of the continent above the Siberian pluA®a result, the link of the latter
with the Barguzin-Vitim area was broken, and maggenacttivity terminated, and
new intraplate area originated with large-scalppdean eruptions one the site of
stoppage of continental lithosphere under the regitime.

Further movement of continental masses relativesuperplume evidently
caused displacement along with lithosphere of deé&peizons of the mantle
including the system of chanels of intraplate aistiand the sources of this
activity and possibly covering the fragments of tipper parts of the low mantle.
We assume that the cause of movement of such arfubvihosphere-mantle
packet was formation and development in the neighbg area of the Earth of
“cold” superplume which as if caught the fragmeoft$he buried lithosphere from
the adjacent areas of the mantle. Evidently, oneth&f most significant
concentrations of such a lithosphere was in thetlemar the Asian continent, its
crust formed with the subduction processes invotixeoughout Phanerozoic. As it
appears, the flowing of buried lithosphere ta¥gdicold” plume could lead to the
movement of all shells containing lithosphere. Assult, the Asian continent
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Fig. 5. The distribution of isotope sources of magmatisitmeé stucture of the Asian
superplume (A) and model of its evolution whentériacts with a “cold” superplume.

Numbers in circles: 1-2 — lithosphere: 1 — ocear#ic- continental; 3-8 — mantle: 3 —
upper (depleted), 4 — enriches (EM-II type), 5 wdo, 6 — lower “hot” of PREMA type, 7 —
enriched (EM-I type), 8 — “hot” mantle of the supkime on the whole, 9 — rifts and area of
mantle hot spots, 10 — surfaces ofdeep strippihg.
| — Pz, Il — Mz, llIl - Mz,-Kz
shifted and fixed its position above the “cold” sggume. The Central Asian
province lost the association with its deep-se&dadmantle roots, which brought
to a gradual decay of intraplate activity. Howewuwde relicts of “hot” mantle
retained in the upper mantle of the region wheey tre fixed by the methods of
deep-seated seismic sounding. The Late Cenozobu@itof intraplate activity,
like in the first variant was evidently due to tteaction of the core boundary and
the lower mantle to the action from “cold” superpki

The above reconstruction help to agree the notonthe existence of “hot”
mantle under the Siberian continent throughoutldnger part of the Phanerozoic

with the data on its recent “cold” state.
The study was supported by the RFFR, grants 99429% 00-05-54623, 01-05-97250.
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CARBONATITES OF INDIA: AN OVERVIEW

S.G. VILADKAR

Geology Department, St. Xavier's College, Mumbd @01, India, viladkar@bomz2.vsnl.net.in

Carbonatite occurrences were unknown in India ufli63, when the first
description of the Amba Dongar complex was publishg Sukheswala and Udas
(1963). Nevertheless, the intrusive nature of dagbonatite was first recognised
by Sukheswala in 1960 when he visited Amba Dongaronnection with fluorite
prospecting [Sukheswala, 1976]. No further fieldkwwbom the area was reported
until 1963, when a note on the geology of Amba Davngoper was published by
Subramaniam and Parimoo (1963), who unfortunateijed to identify the
carbonatites. At the same time, the work by Suklaésand Udas (1963) appeared
claiming the first discovery of carbonatite in ladiThe Geological Survey of India
continued the mapping of Amba Dongar, and demadctte zones of fluorite
mineralization; estimating the fluorite depositsapproximately 11.6 million tons
averaging 30 wt% Cak This is the largest deposit of fluorite in In@diad one of

the largest in the world. Later mapping by the shid of the Geology department
of St. Xavier’'s College, under the supervision odfessor Sukheswala established
the presence of two more carbonatite-occurringsapgaximal to Amba Dongar
(Siriwasan and Panwad-Kawant), and thus the CHidéapur area emerged as the
largest carbonatite-alkalic province in the Dec€aap terrain.

Subsequent to Amba Dongar discovery, many othdyooatite occurrences
were reported from different parts of the Indiarb-sontinent. The Newania
carbonatite, composed predominantly of magnesianatgite and associated with
a strong sodic fenite aureole, was recognised gunmestigation of associated
radioactive minerals (pyrochlore) for the Departimeh Atomic Energy [Dar,
1964] and later confirmed by Deans (1967), andstigated in detail by Viladkar
and Wimmenauer (1986) and Viladkar and Pawaska8)19Viladkar et al.,
(1993) and Viladkar (1998) reported highly uraroigs pyrochlore (20 to 22%
U30g), and hydrothermal veins rich in malachite and abycite.

During their examination of the vermiculite deposassociated with
pyroxenite at Sevathur, in the north Arcot disto€tTamil Nadu (also referred to
as Koratti), V. Gopal and Joubin of U.N.D.P. (Udit&ations Development
Program) reported carbonatite. This was later inyated by Borodin and the
geologists of the State Geological Department [Boroet al.,, 1971]. The
discovery of carbonatite at Sevathur led to thecalisry of several other
carbonatites in the region, including the onesah&patti and Pakkanadu. There
are roughly 8 carbonatite occurrences related ¢ontlhjor NE-SW fault zone in
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Tamil Nadu, and together form the largest carboeatikalic province in South
India.

Carbonatite discoveries at Sung Valley and Barraerecmuch later (1980's).
Thus from 1963 onwards to this date about 30 catienoccurrences have been
reported from different parts of India. Not alltbiese carbonatites form mappable
units and some are volumetrically inconspicuousnyaf them occur as thin
veins traversing host alkaline silicate rocks amndsome cases their carbonatitic
nature has yet to be established. It has already lstated [Sukheswala and
Viladkar, 1978] that some of the so-called carbiwesit e.g. Hingoria [Udas and
Krishnamurthy, 1968], Koteshwar, Chikti Mondri, amketrang [Yellur, 1968]
have not proved to be carbonatites. In this respeetauthors would like to point
out that many of the carbonatite clusters showklViolley’s (1989) distribution
map of Indian carbonatites (around Amba Dongailamil Nadu, and along the
Eastern Ghats) as well as some (especially aroumtbaADongar) shown by
Srivastava and Hall (1995) are misrepresented.

Of the total 31 carbonatite occurrences in Indidy &dmba Dongar, Newania,
Sung Valley, and those located in Tamil Nadu wdldiscussed here as they have
been investigated in somewhat greater details.

The distribution of Indian carbonatite-alkalic cdewes is listed in Table 1.
The majority of Indian carbonatites are emplaceg@ne-Cambrian granite-gneiss
terrains; Amba Dongar, Panwad-Kawant, and Siriwasanexceptions since they
intrude Bagh sandstones and Deccan basalts. Tlohm@eological data is limited,
however, available data shows that carbonatitelialkeagmatism on the Indian
sub-continent occurred over a large time interfraln pre-Cambrian to Eocene.
The oldest carbonatite complex is Hogenakal (20@) Matarajan et al., 1994],
and the youngest is perhaps the Amba Dongar complegh seems to have
emplaced during the late stages of Deccan volcamisher coinciding with or
postdating the main phase of emplacement of Dedtaps around 65 Ma
[Courtillot et al., 1988] or 61.5 Ma [ Deans et, d1973]. In general, there are two
distinct age groups; one associated with the Naar&mh lineament with ages
between 100 Ma and 65 Ma; the other group is defime Proterozoic ages and
occur along the Aravalli and Eastern Ghat rifte] &E-SW trending major faults
in Tamil Nadu. No true volcanic carbonatite hasroesported thus far, however,
recently Viladkar et al (2001) reported the presemwé nephelinitic tuff and
pyroclastics in western part of Amba Dongar complex

CARBONATITE OCCURRENCES AND TECTONICS

Based on detailed geophysical and structural g&ologyestigations,
carbonatite-alkalic complexes of India are locatednd are associated with six
major tectonic rifts/lineaments. These include:Ehlstern Ghat mobile belt; 2 -
Narmada rift zone; 3 - Aravalli rift zone; 4 - AssdMeghalaya plateau; 5 -
Western Ghat faults; and 6 - Cuddapah-Godavasi rift
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The Amba Dongar carbonatite-alkalic complex isatid just 6 km north of
the major Narmada fault zone [West, 1962; Choult®y1; Crawford, 1978; and
Mishra, 1977]. It is interesting to note that aeagmetic study of this lineament
(Geological Survey of India), revealed the presewnéeseventeen plugs of
ultrabasic rocks of various size, and some dedpsfalnich may extend to a depth
of 30 to 40 km [Krishnaswamy, 1982]. Westward egien of this lineament may
explain the presence of carbonatite dikes in pafrtSaurashtra [Mishra, 1981].
Further eastward, the Narmada lineament joins waatbther major rift - the Son
lineament. Crawford (1978) also envisages eastwatdnsion of the Narmada-
Son lineament to the Assam-Meghalaya plateau, asdilgly end at the eastern
Himalayan syntaxial bend and westward into Mada@agith possible extension
into southeastern Ethiopia [Crawford, 1978]. Oknest is the fact that the Sung
Valley (Meghalaya) and Samchampi (Assam) carbanatiimplexes seem to be
situated along the eastward extension of the Naar$h lineament, however, this
may be purely coincidental. The only carbonatitedd@rlite complex of India
(Jungal Valley) is located within the Son-Valleyt.riThe Narmada-Son rift thus
forms the largest lineament in central India, whias led some [Choubey, 1971;
West, 1962] to believe that rifting has occurre@roa considerable period of time
from late Cretaceous to middle Tertiary.

The Assam-Meghalaya plateau was formed during tlesadybic-Cenozoic
collision between the Indian and Asian continebtsdikacher, 1974]. This plateau
contains lineaments which trend E-W to ENE-WSW, && to NE-SW, and
according to Krishnamurthy (1988) the Sung Valleybonatite is located at the
intersection of these two lineaments.

The carbonatites from south India have been adsdcwith the Nilgiri Rift
[Udas et al., 1974], and it is [Udas et al., 1934¢jgested that the block faulting
movement occurred in several stages which resutteNE-SW trending fault

systems. Grady (1971) has shown six major fauétsding between N3& and

N40’E, and carbonatite complexes of Sevathur, Samalgatjipati, Reddipatti,
Karapattu, Pallasurakkarai, and Pakkanadu areddabng these fault zones. Few
carbonatite occurrences have also been reported fine Eastern Ghat Mobile
Belt. The kimberlitic rocks of Wajrakarur and Cimedi are considered to be closely
associated with this NE-SW trending graben, whidsg cuts the Cuddapah basin
in the east and crystalline complex in the weste&#d other carbonatite-nepheline
syenite complexes, Kunavaram, Medupalli and Argpalé also located along this
major fault structure.

In northwestern India, the oldest rift, Aravalliends practically NE-SW, and
Mishra (1982) showed the presence of two promifiraaments striking NE-SW,;
major hydrothermal, base metal deposits of Rajastn@ located along these
lineaments. Both the Mundwara and Newania carbianalkaline complexes are
situated within the Aravalli Rift zone and assocethiineaments. Further to the
west, the Sarnu-Dandali nephelinite-carbonatiteperis located proximal to
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another lineament present on either side of tha Matley [Narayan Das et
al., 1978].
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Distribution of carbonatite-alkalic complexes ofila.

Table 1.

Name

Age
(Ma)

Form, associated rocks

Economic
minerals

References

1. Amba Don-
gar, Gujarat

Subvolcanic diatreme with
ring-dike of sévite and plug
of ankeritic carbonatite

11.6 mt of
fluorite

Sukheswala & Udas, 1963, 19
Viladkar, 1981; Viladkar &
Dulski, 1986; Viladkar &
Wimmenauer, 1992

2. Panwad-
Kawant,
Guijarat

Dike complex of cabonatitg
and alkaline rocks

Sukheswala & Avasia, 1971

3. Siriwasan,

11 km long sill of
carbonatite in sandstone,

Sukheswala & Borges, 197

Guijarat dikes and plugs of alkaline Sethna & Borges, 1981
rocks
4. Rajula, Carbonatite dikes associated :
Gujarat with rhyolite and trachyte Mishra, 1977
5. Mirzapur, Carbonatite associated meiamon d Chattopadhyaya & Venkatrzan
Uttar Pradesh kimberlite 1976
6. Wah Sun Sovite associated  wiPyrochlor|Sheik & Saraswat, 1977,
' Me hala% 156 |piroxenite, ijolite, nepheline &|Krishnamurthy, 1985; Krishna
9 y syenite, syenite Apatite |al., 1991
. . . Phadke & Jhingran, 1968;
7. Newania, | ;4 Rauhaugite later intruded by, it \iladkar, 1980; Viladkar &
Rajasthan ankeritic carbonatite .
Wimmenauer, 1986
Sowte_ & befo_r5|te dikes : Subramanyam & Rao, 1972;
8. Mundwara, associated with pyroxenite ,
) 56.8 ) ) Udas et al., 1976; Le Bas &
Rajasthan gabbro, theralite, nepheling )
L . Srivastava, 1986
syenite intrusives
9. Klshengarh, Sowt_e veins in nephelil Geological Survey News, 1973
Rajasthan syenite
10. Barmer, Sovite dikes in nepheline Narayandas et al., 1978;
Rajasthan phonolite Viladkar & Martin, in press
11. Dhancholi, Calcitic carbonatite with Ramiengar & Vishwnathan,
sheets and lenses of )
Harayana . Geological Survey News, 1978
magnetite
12. Khetr
cop- . . . Basu & Narsayya, Geological
per belt, Sovite veins in gneiss Survey News, 1983
Rajasthan
13. Puga Valt
ley Ladakh, Geological Survey News, 1973
J &K

14. Sevathur

720

Rauhaugite intruded by
ankeritic carbonatite &

e, Apdite,

Pyrochlor

Udas & Krishnamurthy, 1970;
Borodin et al., 1971, Viladkar &

Tamil Nadu associated with pyroxenite Vermiculi . )
. Subramaniam, in press
syenite te
15. Jokipatti, Sovite  associated  wi Udas & Krishnamurthy, 1970;
Tamil Nadu pyroxenite and syenite Borodin et al., 1971
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dkar

16. Karapattu

& Redipaitti, Beforsite lenses in gneiss Borodin et al., 1971
Tamil Nadu
17. Monazi-
PaIIasuI_Iak- _ Beforsﬁg lenses in te, Borodin et al.. 1971
karai, Tami pyroxenite [Imeno-
Nadu rutile
18 Sovite, beforsite, and silico-
Samalpatti, carbonatite along_ contact Subramaniam et al., 1978
. between pryoxenite and
Tamil Nadu .
syenite
19. Monazite
Pakkanadu, Silico-carbonatite in gneiss . _'|Borodin et al., 1971
. Allanite
Tamil Nadu
20. Silico-carbonatite lenses in
Hogenakal, gneiss and associated Srinivasan, 1973
Tamil Nadu pyroxenite, syenite
21. . . .
Sovite and silicazarbonatit .
Hogenakal, (2000 lenses in migmatite Ramakrishnan et al., 1973
Karnataka
22. Vinayak-
puram, Kun- Slllco-qarbonatl_te lenses in Janardana Rao & Murthy, 1971
awaram, An nepheline syenite
dhra Pradesh
23. Medupalli o : .
Andhra ?ehcr?(;ﬁi(reb:n:rt]liﬁ lenses in Sharma et al., 1973
Pradesh P Y
24. Arepalli, . . )
Andhra ﬁ'ehcr?éﬁﬁrebgn:rt"ﬁi lenses in Sharma et al., 1973
Pradesh P y
25. Elchuru, Silico-carbonatite lenses in
Andhra ! : Leelanandam et al., 1972
nepheline syenite
Pradesh
26. Bora,
Visa- . . .
khapatanam,| 1500 Sovite as sociated W'th Geological Survey News, 1975
pyroxenite and dunite
Andhra
Pradesh
27. Chelima, . . .
Andhra C_arbon_atlte associated wi trbiamond Udas et al., 1976
kimberlite
Pradhesh
28. Swangkre, Carbonatite, ijolite, Nambiar & Golani, 1985
Meghalaya lamprophyre
29. Munnatr, Carbpnatlte, alkali granite- Santosh et al., 1987
Kerala syenite
30. Khambam-
mettu, Tamil Carbonatite veins Balkrishnan et al., 1985
Nadu
31. Samcham- Carbona_ltlte, |JoI|t_e, Kumar et al., 1989
pi, Assam pyroxenite, syenite
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GEOLOGY OF COMPLEXES

AMBA DONGAR

In the sub-volcanic diatreme at Amba Dongar sofotens a large ring-dike
which collars an inner rim of carbonatite breccldne ankeritic carbonatite,
younger in the carbonatite sequence, invades saviseveral outcrops as thin
dikes and plugs with varying sizes. Large numberbaaatitic dikes are
encountere within the ring complex. Majority of thare alvikites and occur in
two distinct phases. Alvikites-l invade sandstobeasalt and breccia while
alvikites-1l intrude sovite and some fenite out@opPolomitic carbonatite does
not form a mappable unit and occurs only as thasds in sdvite. Only one thin
dike was, however, observed in the center of Ambadar village. Nephelinite
plugs form a discontinuous chain of outcrops in theer periphery of the
complex at Mongra, Khandla, Kharvi (W and NW of Aanbongar), Amba
Dongar phalia and behind mines (N of Amba Dongad adipani village and
Moti Chikli ( NE and E of Amba Dongar).

The Amba Dongar carbonatite complex is underlain gog-Cambrian
Dharwar granitic basement gneisses, which are expd® kms north of Amba
Dongar (near the village of Chhota Udaipur). A felometers south of Chhota
Udaipur, the Dharwar metamorphic basement is oveldg a basal conglomerate
from the Cretaceous Bagh sedimentary sequence.cdihglomerate, in turn, is
overlain by gritty sandstone, and then fine-graisatidstone southwards. Near
Panwad village (approximately 16 kms north of Anilengar), and further to the
south, the Bagh beds are overlain by Deccan floashlb flows (Eocene). The
sequence repeats at several locations between Baamch Kawant due to en-
echelon faults [Sukheswala and Avasia, 1971]. Adl sandstone outcrops, which
occur at low elevations compared to the carbonakfsures, show dips between

10°S to 15S. As one approaches the Amba Dongar complex, ither@ changes
dramatically from Moti Chikli onwards. Elevationsse abruptly (doming), and
reversal of dips are noted in the sandstone andyowg basalts, and this is
attributible to forceful injection of the carbortatialkalic magma. The effects of
doming are noted upto a 8 km periphery for the argaounding Amba Dongar.
Field observations help to establish following same of events in formation of
ring structure [Viladkar, 1996]:

1. eruption of nephelinite and phonolite rocksha buter zone,

2. emplacement of large plug (> 1.5 km diatemet)cafbonatite breccia
leading to initial doming of sandstone-basalt segee

3. the dome was then pierced by the forceful ostbof carbonatite magma
which helped widening the vent and emplacemenbwaite ring dike and alvikites,
fenitization of surrounding Bagh sandstone in sitd blocks of sandstone in
sovite magma, nephelinite blocks were phlogopitized
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4. carbonatite activity went on with emplacement afvikite Il
(phlogopitization of sodic fenites) and then antkercarbonatite plugs within
sovite and ended with hydrothermal mineralization,

5. the original core of carbonatite breccia wasiced to a concentric ring due
to intrusive basalt from the same conduit formiegvrcore of the ring structure.

NEWANIA

The carbonatite outcrop striking WNW with an averatjp of about 4
towards SSE, swells in the central part and isttwaiminishes gradually at both
ends. Rauhaugite intruded in three phases: 1. &hest phase is coarse grained
rauhaugite with more than 90% modal carbonate andssory apatite, magnetite
and pyrochlore. 2. Medium to fine grained type whiends to be porphyritic with
apatite, magnetite and 3. Rauhaugite with sodichamge, phlogopite, zircon,
apatite and magnetite.

The carbonatite outcrop shows presence of distdstawtls and streaks of
apatite all over the length of the outcrop but ipatarly abundant in the central
part. The banding is also accentuated by the pcesa&i magnetite, sodic
amphibole and phlogopite.

The rauhaugite is intruded by ankeritic carbonatitech in the process has
metasomatically replaced rauhaugite all along sneicontact. The ankeritic melt
must have been hydrous as in the replacement zomekibole and phlogopite
have been converted to chlorite. A few dikes ofeaitic carbonatite occur also in
the fenite zone. The youngest phase of carbon@iikerite+siderite) seems to
have intruded with sharp and at times chilled ccnteith host carbonatite. Such
dikes are thinner but can be easily distinguisinetthé field as they are dark brown
to almost black in colour.

Carbonates in carbonatites of Newania are mostrseveuch as calcite,
dolomite, ankerite, siderite, magnesian siderit® Ba&-magnesite [Viladkar, 1998].
Magnesite occurs as scattered spots in dolomitehi$ respect Newnia resembles
Lueshe carbonatite, Zaire where magnesite had tsgented earlier [Meyer and
Bethune, 1958].

A zone of strong sodic fenitization had developédh& contact between
carbonatite and country rock granite-gneiss. Fardveay from the carbonatite
contact the fenites become more leucocratic anallygrade into pure potassic
type [Viladkar, 1980].

SUNG VALLEY

In the Sung Valley complex carbonatites and astetigyroxenite, ijolite
and syenite intrude the Pre-Cambrian Shillong sewhich consists of quartzite
and phyllite. Pyroxenites, which cover more tha&?o7of the complex, are
cumulate rocks with high Mg, moderately high Cr edidand low Zr content.
Highly weathered peridotite, with serpentine psendghed after olivine,
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encountered in the northern part of the pyroxeagy. ljolite intrudes pyroxenite
at several places forming a broken ring structir@ddition, a small plug and thin
dikes are located within large outcrops of pyroi@nNepheline syenite dikes are
comparatively minor and they intrude both ijolitedapyroxenite with sharp
contact. Carbonatite dikes are found only in theesm part of the complex, where
they intrude both, pyroxenite and ijolite. A langember of K-feldspar xenocrysts,
books of phlogopite micas and blocks of silicateksbare noticed in carbonatite
outcrops.

Though the effects of fenitization are widespreadgalite and pyroxenite, it
is difficult to demarcate the zones of fenitization

SEVATHUR AND SAMALPATTI

Sevathur carbonatite, composed predominently ofseograined rauhaugite
forms a crescent shaped outcrop which is in comaitt pyroxenite in the west
and northwest and with Peninsular gneiss in thehsast and with trachytic
syenite in the east. Number of xenoliths of basermgeaiss, pyroxenite and syenite
are seen in carbonatite outcrop. The ankeriticaraabte intrudes rauhaugite with
prominent reaction zone with replacement of raultaulyy ankerite [Viladkar and
Subramanian, 1995]. Besides dolomite-ankerite4mal(in decreasing order of
abundance), the carbonatite contain apatite, magnphlogopite, Na-amphibole,
zircon, baddeleyite, urano-pyrochlore, monazite alanite.

The Samalpatti carbonatite-pyroxenite-syenite cempbk situated 30 km
southwest of Tirupattur.

EVOLUTION AND ORIGIN OF CARBONATITE COMPLEXES

AMBA DONGAR

Differentiation of the parental magma from sovite @nkeritic carbonatite
produced an increase in Fe, Mn, Mg, Ba, and Therast[Viladkar, 1981]. The
differentiation model is supported by an increaseghe contents of rare-earth-
elements; total REE abundances and LREE increagheinorder: sovite and
alvikite < ankeritic carbonatite < ankeritic carlatite containing barite, fluorite,
monazite and quartz [Viladkar and Dulski, 1986]dRgenic isotope data from the
different carbonatite phases, however, indicaté difeerentiation did not proceed
in a closed magma system.

Nd, Pb, Sr, O and C isotope data from the Amba Rongarbonatites
[Simonetti et al., 1995] and associated fluoriteulfide) mineralization [Simonetti
and Bell, 1995] indicate a complex formational tiigt Compared to the uniform

Nd (143Nd/A44Nd: 0.51248 to 0.51253), Pb (206/204: 19.05 to 994dnd Sr

(87SrB6Sr: 0.70549 to 0.70628) values for the calciocaalites (sévite), those
from the ferrocarbonatites (ankeritic carbonatie¢ slightly more variable. A
carbon and oxygen isotope survey indicates thatdggmatic differentiation series
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sovite, alvikite, ankeritic carbonatite is besetthwia distinct isotopic trend
characterised by a moderate ris&¥#C coupled with a sizeable increasestfiO.
From an average of — 4.6 + 0.4 % (PDB) for thetld#ferentiated coarse grained
sovite, 8 *°C values slowly increase in the alvikite (- 3.7 $%®) and ankeritic
carbonatites (-3.0+ 1.1%), whereas$ *°0 rises from 10.3 + 1.7% (SMOW) to
17.5 + 5.8 % over the same sequence, reachingneesréetween 20 and 28% in
thelatest generation of ankeritic carbonatite. \&lih apparent correlation between
§ *C and$ O range of 7-13% conforms with the similar findingsm other
carbonatite complexes and probabaly reflex a Rglyl&iactionation proccess, the
observed upserge 030 notable in the late phase ankeritic carbonatte i
demonstrably related to a late phase low temperatwydrothermal activity
involving large scale participation 6t°0 depleted groundwaters. As a whole the
Amba Dongar complex the characterisi€/*°C label of deep-seated (primordial)
carbon, reflecting the carbon isotope compositibnthe subcontinental upper
mantle below the Narmada rift zone of the Indiab-santinent [Viladkar and
Schidlowski, 2000]. The Nd, Pb and Sr isotope stand the "mantle-like" C and
O isotope data for the calciocarbonatites indicdeivation from an enriched
mantle source region, similar to that giving risetlte surrounding Deccan flood
basalts. In contrast, the isotope data for the&ambonatites are attributed to low-
temperature groundwater interaction related to forenation of the associated
massive fluorite deposits. Sr isotope ratios foresal varieties of Amba Dongar

fluorites B7SrB6Sr: 0.70910 to 0.71729) are extremely variable, iatetmediate
between those from the carbonatites and host Bagtustone (0.75359 to

0.78274). In contrast, the initidi*3Nd/144Nd isotope values from most of the
fluorites (0.51240 to 0.51247) are relatively umfp quite different to those from
the surrounding Bagh sandstones (0.51122 to 0.51b4® similar to those from

the carbonatites. The isotope results from theritie® are partly consistent with a
model for fluorite deposition involving interactidsetween ground waters within
the surrounding country rocks and an F-rich, caatitexderived fluid undergoing

cooling

NEWANIA

The Newania carbonatite is unique amongst Indiabareatites because of its
highly magnesian composition (up to 19 wt% MgO)l@dkar and Wimmenauer,
1986]. This feature is important because it is expentaly shown that [Wallace
and Green, 1988] the small degree partial meltscees®ed with a metasomatized,
mantle peridotite at pressures of 21 to 30 kbartentperatures 930 to 1080 °C,
has composition of dolomitic (~14 wt% MgO) carbot@gaimagma that coexists
with an amphibole lherzolite assemblage. In addjtigphlogopite-carbonate
peridotite will produce more magnesian melt compmss with increasing
pressure which may be attributed to both a chamgaibonatite mineralogy from
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dolomite to magnesite at about 32 kb [Brey et @83t Olafsson and Eggler 1983],
and melts becoming more picritic [Wendlandt,19&mplexes such as Sarfartoq
(Greenland) and Newania (Rajasthan, India), howeleconsist predominantly of
dolomite-rich carbonatites (MgO levels > 14 wt%ndahence may be candidates
for direct partial melts from the mantle.

Of the major elements, Ca, Mg and Fe show a fraation trend from Mg-
rich to Fe-rich carbonatites. Both Mn and P corgee higher in rauhaugite than
in ankeritic carbonatite. A primitive mantle-nornzald plot for trace elements
shows an increase in the contents of all trace esdésrfrom rauhaugite to ankeritic
carbonatite, which may be attributable to crystattionation. In the chondrite-
normalized REE plot, pure, coarse-grained rauhaugibntains the lowest
concentration of REEs, whereas the highest REBL&&E abundances are noted
in the rauhaugite, which is rich in pyrochlore aniccon (some are highly Ce-
enriched). Compared to the rauhaugite, the an&ecdrbonatite shows steeper
negatively-sloped REE patterns and the highest ha&fio again suggesting that
they are later differentiates. On the basis of Grand O isotopes rauhaugite
appears to be unmodified mantle melt. Gruau et(20895) from their Sr, Nd
studies suggest derivation of Newania dolomitidboaatite from an old, LREE-
enriched lithospheric mantle source.

The age of Newania carbonatite remains controverflaans and Powell
(1968) dated the complex at 959 + 24 Ma by K/arhodton alkaliamphibole.
Gruau et al., (1995) confirmed this age on thesbaERBA/sr and K/Ar data from
carbonatite and fenite. However, their Sm-Nd anBlJresults from carbonatites
give an older age in the range of 1200 — 1400 M#es& results led them to
suggest that 1200-1400 Ma represents the age omatag emplacement of
carbonatite while 900-950 Ma represents high teatpes metamorphic event
which has reset RBA-Sr and K-Ar systematics. Rdge8chleicher et al., (1997)
obtained still higher Pb/Pb ages. Their resultscate a two stage evolution of the
Newania carbonatite. Accordingly, 2230 Ma is thee agf emplacement of
rauhaugite while ankeritic carbonatite seems tehatruded much later at 1587 +
51 Ma. The extreme long age hiatus between rauteaagd ankeritic carbonatite
is difficult to explain.

SUNG VALLEY

In Sung valley among all silicate rocks, the pymutes constitutes the bulk of
the complex. Inclusions of pyroxenite are seeroiites while both pyroxenite and
jjolite xenoliths are common in carbonatites. The brder of emplacement as
established from the field relations and confirmédm moneralogy and
geochemistry is pyroxenite - ijolite - nephelineesige and syenite - carbonatite.
Pyroxenite are cumulate rocks with high MgO modsyaligh Cr and Ni and low
Zr content. Incompatible elements show enrichmanijalite while carbonatites
are highly enriched in incompatible elements corag@do primitive mantle values.
REE abundances increase in the order pyroxenigdsgathic pyroxenite < ijolite
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< syenite < carbonatite. A carbonated nephelimiagma is thought to be the
primary magma for the suit of rocks of the complard crystallization of this

magma under shallow plutonic conditions producedoxsnite-ijolite-nepheline

syenite- carbonatite series [Viladkar et al., 1994]

The origin of the Sung Valley carbonatite, may btated to the Rajmahal
flood basaltic province (on account of almost samige 134 Ma for carbonatite
and 114 Ma of Rajmahal basalt) which was produgethé underlying Kerguelen
plume at the time of intrusion. By analogy, theboaratite complexes along the
Narmada-Son lineament are also hosted and sinmlage to the Deccan flood
basalts, and therefore suggest that alkaline magmats genetically linked to
basaltic volcanism. On the basis of similar Pbdpet data between the Amba
Dongar carbonatite and present-day volcanics frben Island of Réunion, the
present location of the "hot-spot” which producdt tDeccan flood basaltic
province 65 Ma ago, Simonetti et al. (1995) suggest link between the mantle
source region which produced the carbonatite magmaand hot-spot activity
(along with the associated flood basaltic proviné@) the basis of their recent
Pb/Pb age data Veena et al., (1998) suggest teauhg Valley carbonatite and
associated silicate rocks may represent the eapliese of magmatic activity that
was precursor of Kerguelen mantle plum clsoe brgalof India from Australia
and Antartica.

SEVATHUR AND SAMALPATTI

The first radiometric age (720 £ 30 Ma) on Sevatbarbonatite by K/Ar
method was obtained by Deans and Powell (1968 gusiotite from pyroxenite
adjacent to carbonatite exposure. Subsequently,algoret al.,, (1975) and
Parthsarathy and Sankar Das (1976) using phlogdii#r) pyrochlore (Pb/Pb)
gave two more age data of 600 and 845 Ma respéctikemost at the same time
Nagpaul and Mehta (1975) using zircon (fissionkrakéPb) obtained age of 1330
+ 40 Ma for Sevathur carbonatites. Yet anotheragér1 + 18 Ma for carbonatite
and 773 £ 13 Ma for pyroxenite was obtained by Anilmar and Gopalan (1991).
Recently, however, Schleicher et al., (1997) reggbnnuch precise dating (on
whole rock Pb/Pb isocron age) of 801 + 11 Ma fora®leur carbonatite.

These carbonatites show very IdiWNd/A*Nd (0.5116 — 0.5122) and very
high Sr isotopic ratios (0.7045-0.7054) [Schleickemal., 1998]. On the basis of
this data Schleicher et al., argue that the TaraduNcarbonatites may characterise
an enriched upper mantle at 800 Ma. This enrichadti®m component is either
directly defined by the initial Sr and Nd ratiosqderately more enriched than
present day EM1) or suggest an interaction of tvamtle components within an
isotopically heterogeneous mantle, one of themgewen more enriched (sub-
continental lithosphere).
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