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FOREWORD

The annual publication of the materialshef 11" International seminar is dedicated to the
memory of outstanding petrologist and geochemispmment specialist in rare-metal
magmatism of the Central Asia academician of RA&cWeslav Ivanovich Kovalenko. From
1960 to 1977 his scientific activity was relatedhe Institute of Geochemistry SB RAS Irkutsk.
The objects of his study were alkaline and gracat@plexes of Tuva and Sajany, and from 1967
— those of Mongolia. Together with the collaboratof the laboratory guided by him they found
the South-goby belt of the alkaline rocks with teposit of Zr,Nb,TR in Khan-Bogdo massif,
the South-goby carbonatite province with the ramhe and apatite deposit, the Lugingol massif
of pseudoleucite syenite with rare earth carbomakposit. For the first time he subdivided five
geochemical types of granites and based the magmagin of the alkaline-granite and Li-F
type of rare metal granites, found ongonites —ailc analogues of Li-F granites. From 1977 to
2010 V.I. Kovalenko worked at the IGEM RAS Moscdwast years he dealed with the problems
of global magmatism of the Central Asia and deaieskgeodynamics.

New data on the composition of the alkaline comgdesf the South Goby and detailed
geochemical data on the comendite complex of KhageB are given in the book. By
composition of melt inclusions the compositionsnedgmas from diverse geodynamic settings
were calculated, silicate-carbonate immiscibilityalkaline lavas of Vulture volcano (ltaly) was
found. Geochemical features of the North Fenoseandolcanism is discussed. New data on the
age of Guli intrusion in North Prianabarje and Vistiogorskij complex of the Urals are
reported. The interesting data on PT-conditionmahtle in Colorado and behavior of chlorine
in kimberlites of the pipe Udachnaja in Yakutia drgcussed.

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

Chairman of Organizing Committee,
Chief Editor Dr. N.V. Vladykin
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COMENDITE-BEARING SUBDUCTION-RELATED VOLCANIC
ASSOCIATIONS IN THE KHAN-BOGD AREA, SOUTHERN MONGOL IA:
GEOCHEMICAL DATA

V. |. Kovalenko, A. M. Kozlovsky, and V. V. Yarmioly

Institute of the Geology of Ore Deposits, PetrogmagMineralogy, and Geochemistry (IGEM),
Russian Academy of Sciences, Staromonetnyi peM@&&gow, 109017 Russia e-mail:

ABSTRACT

The vertical section of volcanic rocks in the KHamgd Late Paleozoic depression,
southern Mongolia, in the belt of southern Mongolidercynides contains comendites. The
basement of the depression is made up of Devorpaiolites (older than 362 Ma) overlain by
volcanic associations of an active con- tinentatgima(ACM) (dated at 330 Ma) and a bimodal
association (dated at approximately 290 Ma), whgtsubdivided into a lower unit (BLU),
dacites of the intermediate layer (IL), and a bialaassociation of the upper unit (BUU). The
volcanic associations of the Devonian and ACM aie-alkaline and poor in TEDThe BLU
rocks have higher alkalinity and Ti@oncentrations and show a transition from thesiltad to
calc—alkaline series in th 4 Deep-seated magmatisnsources and plumes e course of
differentiation with the origin of comendites anddhyrhyolites, including those with adakite
characteristics. The IL dacites are analogues lafatkaline magmas of the ACM type. The
BUU volcanic association is composed of tholeiigsddts with moderate Ti concentrations (of
the MORB type), comendites, and trachyrhyolitesthwa compositional gap at rocks of
intermediate composition. The variations in thearacal ratios of incompatible trace elements
and petrochemical parameters of the Khan-Bogd wadaacks show that their parental magmas
were derived mostly from a source of basalts ofaiwetype (IAB) with the addition of variable
proportions of a source of the MORB type. The ggsiatole of the latter is identified in the
magmas of the bimodal association. BLU and BUUsaygarated by IL, a fact testifying that the
bimodal volcanism occurred simultaneously with nakralacite continental-marginal volcanism.
Although the geodynamic environments in which volcaocks were formed somewhat varied
during the development of the Khan-Bogd depress@arsubduction environment remained
predominant, and the volcanic rocks were derivednfan IAB-type source. The subduction
volcanic associations produced thereby are difteatad and vary in composition from basites to
dacite and rhyolite, which could be formed at thgimilation of continental crustal material

(CC). Conceivably, the bimodal volcanic associaticas generated when the subduction
zone was approached by a

mid-oceanic ridge, whose material could be addedappreciable amounts to the
subduction sources. The volcanic evolution of themcBogd depression shows an evolution of
geodynamic environments and the composition ofvtiieanic rocks generally resembling those
in the western margin of North America in the CemozThe acid BLU and BUU rocks were
most probably generated by different mechanism& BhU comendites and trachyrhyolites
were likely formed by the crystallization differ@tton of an arc basite magma of elevated
alkalinity. The acid BUU rocks resulted from theatsxis of basites of this association,
particularly spilitized ones (as well as any otlbarsites) and the subsequent crystallization
differentiation of the anatectic magmas.
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INTRODUCTION

The Khan-Bogd alkali-granite massif in southern gaola has a unique size and
mineralogy. Its southern and northern outer-contactes contain volcanic associations
with typical comendites and their plutonic analogu@lkali granites). Geological,
geochronologic, and some geochemical data on thtotg were published in our earlier
papers (Durante et al., 1976; Kovalenko et al.,6200073; Vladykin et al., 1981;
Yarmolyuk and Kovalenko, 1991Types... 2006). The multielement rare-metal
mineralization discovered at the massif (Kovaler&oal., 1971; Kovalenko, 1977,
Vladykin et al., 1981) and the general geochenspakifics of the magmatic rocks make
this massif notably different from rare-metal ailggbnitoids derived from mantle—plume
sources (Kovalenko et al., 2007). The specificgattarize the alkali granitoids of the
Khan-Bogd Massif and the bimodal association inr@urding structures rather as a
bimodal association but not as a plume associatwch is more typical of such rocks.
We are aware only of two published descriptionssoth rare associations of alkali
agpaitic rocks: one in Mayor Island in the vicindgi/the New Zealand island arc (Ewart
et al., 1968; Houghton et al., 1992; Liu et al.0@0Dundar and Kyle, 1992) and the
other in the Mexican Volcanic Belt (Nelson et 4B90). In light of these data, it seemed
to be important to examine the vertical sectiowaltanic rocks in the area of the Khan-
Bogd alkali granite massif to elucidate the reastmmsthe origin of the acid agpaitic
rocks. This paper is focused on the solution of gioblem. The geological setting of the
magmatic rocks and the southern Mongolian Hercyni@ehich host the massif) as a
whole were discussed in much detail in our eagidslications [16.30]

GEOLOGY AND PETROCHEMISTRY OF THE AREA OF THE KHAN-
BOGD ALKALI-GRANITE MASSIF

The study area known for the Khan-Bogd massif &hlalgranitoids, one of the
world’s largest massifs of the type (>1500 km2)y(Fi), is located in the southern Gobi
desert, Mongolia (Kovalenko et al.,, 2006, 2007)e Tinassif was formed in a Late
Paleozoic (Hercynian) active continental margin thie Siberian paleocontinent
(Yarmolyuk et al., 1983, 2008; Yarmolyuk and Kovdde, 1991). Our studies were
centered on the Devonian arc rock associationshdd#ferous units of predominantly
andesite lavas (of varies alkalinity), which arewged into a differentiated complex of a
continental-marginal magmatic belt (ACM), and rothkat we previously classed with a
bimodal basalt—-comendite—alkali granite associafiihms association was supposedly
formed in the Late Carboniferous or at the Carl®oiis—Permian boundary).

The aforementioned Middle and Late Paleozoic sedfiang—volcanic sequences
surrounding the Khan-Bogd Massif in the south, et north and exposed in the outer-
contact zones of the massif and its more distamplperal part (Fig. 1) compose the Late
Paleozoic Khan-Bogd depression (Durantebet al.,619%armolyuk et al., 1983;
Kovalenko et al., 2006; Khashgerel et al., 20068;umpublished data).

The oldest (pre-Carboniferous) rocks of the anedhi@ basement of the Khan-Bogd
depression) are greenstone siliceous and terrigeroicanicsequences 1500 m thick,
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Fig. 1. (&) Schematic geological map and (b) Landsat-7 @nafgstructures surrounding
the Khan-Bogd alkali-granite massif. (1) Devoniartc &olcanic rocks; (2) Carboniferous
volcanic complexes of an active continental mar@h:Carboniferous terrigenous rocks; (4)
Paleozoic granitoids of normal alkalinity; (5) Pémmrocks of a bimodal volcanic association;
(6) Permian alkali granitoids; (7) loose Middle Mesic-Cenozoic deposits. Fig. 1b shows
sampling sites and their numbers at referencemsectf the volcanic sequence.
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which are exposed along the southwestern boundadhe Khan-Bogd Massif
(exposures in the area of Gashun-Sukhoi-Khuduk aredl in the area of the Oyu-
Tolgoi Cu-Au porphyry deposit). The lower unit dletcomplex of the depression
basement consists (Durante et al., 1976) of badtawics, which are transformed
into greenstones and intruded by numerous bodieBoafiblende gabbro, and
siliceous and clayey-siliceous shales and jaspéesupper unit of this complex is
made up of siliceous—clay shales, polymictic samust, and conglomerates. The
age of this complex was determined in (Durantd.efl@76) as pre-Carboniferous
(supposedly Ordovician), and this complex was bsdrito Hercynian ophiolites
(eugeosyncline rocks, according to Durante etl1#l76) based on its formation
composition. The age of the basement of the KhagdBdepression was later
specified in the course of exploration of the Oyalgbi Cu—Au porphyry deposit
west of the southwestern margin of the massif (EjgSimilar to the southwestern
outer-contact zone of the massif, the younger mégmacks in this area are the
aforementioned arc associations of the folded besendated at 362 Ma
(Khashgerel et al., 2006). As elsewhere in the hsuat Mongolian Hercynides,
these rocks are Devonian. Most of our samples dfamic rocks from the
Devonian basement of the Khan-Bogd depression rasleste with rare beds of
basalt and rhyolite, which were sampled southwkgteoOyu-Tolgoi deposit (Fig.
1; table, samples 12/1-12/13) and in the westerhpass of the volcanic sequence
adjacent to the Khan-Bogd Massif (Fig. 1; tablepgles 13/1-13/3 and 13/8).

The Late Paleozoic stratified sequences of the K3wgd depression itself
are thought to be ACM sequences of CarboniferodsPammian age (348—290

Ma; ovalenko et al., 2006; Khashgerel et al., 2@@6rounding the massif nd
filling sags in its roof, which unconformably ovaylrocks of the phiolite complex
in the basement of the depression.

The oldest Late Paleozoic sequence of the depressidhe sedimentary
succession consisting of sandstone, siltstone, amhglomerate with
TournaisianVisean faunal fossils and the Carbooifer tuff-sedimentary
succession with Middle Carboniferous floral fossilEhe overlying units are
dominated by volcanic rocks, which are grouped emoandesite (differentiated)
and bimodal (basalt—-andesite—trachyrhyolitecomehdissociations (Yarmolyuk,
1983)

The andesite (differentiated) associatios further subdivided into a lower
sedimentary—volcanic (500-600 m thick) and upper t@ 2500 m thick) units.
The stratigraphic section of the sedimentary—vatcanit begins with a series of
brown andesite lava flows, which give way upsecttonconglomerates with
pebbles of andesite porphyries and, more rarebmiggs and granodiorites and,
farther upward, to cyclically alternating tuff-satones, tuff-siltstones, and tuffites
with floral remnants of the Middle—Late Carbonifeso(Durante et al., 1976). The
upper part of the vertical section contains sulmatd volumes of andesite flows.
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The lava pile is made up mostly of andesite, b@asatidesite, dacite, and rhyolite
flows (Fig. 2, table). The geology of the sequeneas described in detail

Conps- | 13/3 13/8 16/3 16/5 10/1 10/2 13/5 13/7 10/4 10/5
L Dev Dev ACM ACM ACM ACM ACM ACM BLU BLU

Sio, 55.61 56.85 47.62 53.54 57.29 61.83 66.81 71.92 51.80 57.59
TiO, 1.08 0.99 0.56 0.95 0.97 0.78 0.75 0.25 1.69 1.21
AlLLO; 18.47 16.66 23.58 17.52 17.11 16.53 15.45 14.47 17.50 16.95
FeO 7.79 6.84 6.62 8.57 6.79 4.99 3.95 1.76 8.55 6.35
MnO 0.14 0.10 0.10 0.16 0.14 0.11 0.08 0.04 0.10 0.12
MgO 3.17 4.34 424 4.72 2.94 1.95 1.10 0.29 3.36 2.61
Ca0 7.08 6.46 13.41 9.57 6.17 4.10 2.80 0.73 7.53 5.95
Na,O 3.02 3.51 2.20 2.87 3.72 4.08 3.97 5.06 4.28 3.35
K,0 0.81 2.47 0.25 0.39 2.55 3.31 2.29 4.15 2.14 2.87
P,0; 0.33 0.30 0.11 0.20 0.27 0.22 0.20 0.05 0.84 0.44
L.O.L 1.60 0.65 0.72 0.56 1.34 1.50 1.89 1.00 1.13 1.74
Total 99.09 99.16 99.40 99.06 99.28 99.39 99.29 99.73 98.90 99.18
Be 2.11 1.48 0.303 0.639 1.31 1.79 1.75 3.01 1.70 1.53
Sc 15.2 5.65 0376 23.5 14.2 13.9 4.10 0.938| 14.0 11.9
Y 183 163 167 244 165 98.6 91.8 17.9 210 143
Co 25.8 22.9 22.1 25.3 15.5 11.5 7.31 29.1 22.6 13.8
Ga 21.6 17.8 15.2 17.6 15.1 18.2 15.8 15.7 17.4 15.7
Rb 21.1 61.4 2.36 6.13 35.7 74.6 56.7 93.4 20.1 34.1
Sr 615 550 634 462 448 506 599 511 1021 962
Y 19.7 16.6 7.56 19.4 16.5 21.8 34.6 20.0 16.2 16.1
Zr 200 172 23.3 64.8 86.1 200 212 467 94.1 108
Nb 9.96 7.92 0.629 1.70 5.68 10.0 8.71 11.9 8.94 7.08
Cs 1.33 2.09 0.180 0.482 0.523 0.727 1.62 2.41 0.434 0.407
Ba 335 567 130 236 459 742 810 678 582 740
La 22.1 19.5 5.71 5.07 13.4 21.9 45.4 35.2 22.9 18.1
Ce 48.7 42.9 12.4 13.0 29.6 50.3 52.1 65.9 52.4 40.2
Pr 6.08 5.27 1.65 2.01 3.67 5.80 9.31 8.12 6.73 5.22
Nd 24.7 21.9 7.48 10.2 15.6 24.6 37.2 29.2 27.5 20.7
Sm 523 4.64 1.69 2.88 3.50 471 6.94 5.35 5.51 422
Eu 1.49 1.41 0.651 0.936 0.991 1.34 1.26 0.837 1.54 1.24
Gd 4.59 4.05 1.64 3.32 3.24 4.47 6.37 4.16 4.27 3.57
Tb 0.693 0.602 0.256 0.566 0.533 0.686 0.923 0.623 0.617 0.576
Dy 3.93 3.41 1.58 3.75 2.87 3.80 5.41 3.83 3.13 2.80
Ho 0.768 0.693 0.328 0.791 0.595 0.856 1.17 0.777 0.626 0.607
Er 243 1.90 0.891 2.28 1.58 229 3.26 2.25 1.52 1.54
Tm 0.318 0.280 0.131 0.340 0.260 0.337 0.474 0.369 0.193 0.255
Yb 1.90 1.70 0.787 2.200 1.64 2.11 2.87 2.43 1.34 1.53
Lu 0.277 0.248 0.119 0.350 0.235 0.340 0.433 0.379 0.206 0.233
Hf 5.16 4.45 0.715 1.90 3.17 4.33 5.51 11.1 312 3.63
Ta 0.584 0.472 0.020 0.020 0.361 0.715 0.606 0.900 0.409 0.444
Pb 6.82 6.12 2.30 2.34 8.13 9.22 4.92 7.69 7.04 8.05
Th 6.32 5.25 0.639 0.180 2.86 6.33 7.85 9.27 1.82 3.35
U 1.95 1.58 0.214 0.183 1.08 1.81 2.61 2.48 0.558 1.14
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Table. (Contd.)

Compo- | 10/6 14/1 14/5 14/8 10/14 14/11 10/15a | 10/15b | 10/17 10/19
Lo BLU BLU BLU BLU BLU BLU IL IL BUU BUU
SiO, 53.64 50.36 52.87 58.74 69.37 68.61 63.40 61.56 48.53 51.13
TiO, 1.49 1.62 1.54 1.50 0.59 0.57 0.56 0.62 1.37 1.26
AlL,O, 17.01 17.14 17.27 16.98 16.25 16.16 16.25 16.89 16.58 16.45
FeO 8.34 8.73 772 6.11 1.97 1.57 4.54 5.14 8.51 8.14
MnO 0.12 0.13 0.14 0.09 0.02 0.02 0.06 0.06 0.15 0.13
MgO 2.48 4.83 3.78 1.33 0.06 0.22 1.86 1.71 2.93 2.72
Ca0 6.08 7.92 6.67 2.71 0.32 0.33 4.51 4.39 10.29 9.66
Na,O 3.71 3.98 3.81 474 7.31 5.51 3.60 4.17 3.01 2.96
K,O 3.49 2.02 2.70 4.59 2.89 5.69 2.48 2.17 0.78 0.54
P,05 1.11 0.64 0.74 0.53 0.08 0.09 0.17 0.24 0.39 0.41
L.O.1. 1.57 1.49 1.67 1.71 0.78 0.92 2.05 2.43 6.59 5.73
Total 99.03 98.86 98.90 99.02 99.64 99.68 99.46 99.38 99.14 99.12
Be 1.99 1.54 2.28 3.35 1.65 2.41 1.34 1.38 1.01 1.06
Sc 9.81 7.46 4.38 0.396 4.83 0.556 6.15 6.72 17.0 14.1
\% 128 229 186 91.3 25.9 25.9 105 112 162 151
Co 13.2 26.9 24.8 6.49 0.434 0.484| 12.5 13.5 25.7 19.7
Ga 14.8 18.5 19.4 20.7 15.1 19.9 16.6 17.9 13.9 13.4
Rb 51.4 26.0 33.8 93.0 35.7 81.3 56.3 46.9 6.12 1.57
Sr 896 1330 1269 951 56.5 67.5 519 665 448 501
Y 19.6 19.2 19.7 29.6 27.9 31.0 10.4 16.8 20.1 19.2
Zr 111 156 218 358 223 360 133 130 75.7 86.5
Nb 9.21 8.64 12.2 19.1 15.7 17.5 4.54 5.32 4.24 5.49
Cs 0.847 0.537 0.487 1.37 0.376 0.885 0.502 0.564 0.060 0.119
Ba 791 679 1026 1223 748 1275 836 1097 215 320
La 24.2 27.3 30.6 41.8 32.3 43.6 14.7 20.8 11.3 14.8
Ce 55.7 62.6 69.7 94.4 71.3 97.8 31.3 38.8 26.4 33.4
Pr 7.02 8.12 8.83 12.0 9.11 11.9 3.60 4.87 3.58 4.27
Nd 29.5 34.2 35.7 47.6 35.5 459 14.5 19.4 16.1 18.3
Sm 5.60 6.815 6.73 9.09 6.83 8.39 2.99 3.88 3.95 4.11
Eu 1.66 2.09 2.05 2.38 1.67 2.10 0.703 0.906 1.14 1.15
Gd 4.75 5.39 5.31 7.13 5.66 6.68 2.53 3.21 3.97 3.82
Tb 0.704 0.752 0.749 1.054 0.904 1.00 0.369 0.473 0.674 0.666
Dy 3.71 4.06 405 6.04 4.90 6.04 2.08 2.88 3.39 3.62
Ho 0.725 0.801 0.801 1.22 1.08 1.24 0.417 0.583 0.775 0.716
Er 1.94 2.17 2.17 3.42 2.90 3.50 1.16 1.63 2.05 1.95
Tm 0.307 0.311 0.322 0.537 0.436 0.548 0.187 0.246 0.305 0.323
Yb 1.91 1.87 1.86 3.32 274 3.43 1.08 1.57 2.08 1.96
Lu 0.254 0.268 0.281 0.496 0.443 0.513 0.158 0.246 0.276 0.292
Hf 3.74 3.79 491 8.93 6.54 8.57 3.41 3.22 2.76 3.29
Ta 0.479 0.394 0.591 1.07 0.890 1.03 0.280 0.321 0.235 0.285
Pb 8.31 4.50 4.85 8.94 12.868 5.08 6.77 5.63 3.61 5.73
Th 2.16 2.25 2.84 5.94 3.88 5.66 4.19 4.76 0.589 112
§) 0.762 0.728 1.00 2.41 0.843 1.24 1.39 1.65 0.265 0.457

10
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Table. (Contd.)

Compo- | 14/14 | 14/18 | 14/19 | 14/21 | 14/20 | 10/21 | 10/27 | 10/28 | 10/29 | 14/24 | 14/13 | 14/26 | 14/29
nent | Uy | BUU | BUU | BUU | BUU | BUU | BUU | BUU | BUU | BUU | SB SB SB

Sio, 49.65| 48.29 | 50.76 | 48.60| 70.94 | 68.50 | 71.08 | 67.87 | 68.25| 75.29| 66.51| 67.34| 71.06
TiO, 146 1.50| 1.28| 1.52| 055| 0.56| 030| 046| 048] 023| 0.50| 0.50| 0.27
Al,O, 16.29 | 16.65| 16.44 | 1595| 12.29 | 11.74 | 14.00 | 14.43| 1449 | 11.76| 14.35| 1533 | 14.38
FeO 8.11| 890| 835| 985| 556| 597| 250| 4.09| 4.09| 3.05| 3.77| 3.60| 2.12
MnO 0.17| 0.15| 0.22| 0.14| 0.14| 0.14| 0.08| 0.13| 0.23| 0.04| 008| 0.13| 0.05
MgO 3.67| 320 261| 1.93| 027 041| 021] 0.13| 0.14]| 0.16| 091 027| 027
CaO 9.54| 1039 9.86| 10.58| 0.30| 1.27| 038| 0.37| 039| 030| 224| 095| 0.72
Na,O 2.84| 3.07| 333| 3.17| 3.00| 1.81| 393| 4.16| 424| 344| 5.05| 466| 4.11
K,0 082 0.56| 1.32| 1.23| 461| 7.00| 579| 661 624| 479| 320| 4.78| 5.46
P,0; 051 040| 0.42| 048] 0.05| 005| 005 007| 008| 0.03]| 011 0.11] 0.05
L.O.L 6.12| 5.87| 435| 539| 1.77| 190| 1.35| 128| 0.89| 0.58| 279| 1.69| 1.22
Total 99.18 | 98.99 | 98.94 | 98.83 | 99.48 | 99.35| 99.67 | 99.59| 99.50| 99.68| 99.51| 99.37 | 99.71
Be 1.47| 1.38| 1.60| 1.52| 2.58| 249| 343| 296| 377| 3.62| 3.17| 440| 4.60
Sc 11.1 | 185 | 15.8 | 19.4 0.747) 6.12| 3.70| 17.0 | 16.2 0.726| 0.659 0904 0227
\Y% 184 194 182 210 2779 0511 298| 12.0 424 19.2 6.16| 5.84| 11.6
Co 264 | 31.1 | 28.2 | 307 0.137| 0.602] 1.11| 0755 0384 142| 1.56| 1.23] 1.20
Ga 17.7 | 17.5 | 188 | 184 | 26.0 | 21.3 | 17.1 | 195 | 19.0 | 237 | 21.5 | 229 | 19.0
Rb 520| 491 | 148 | 12.0 | 68.5 [126 104 106 102 140 69.5 |107 115
Sr 726 545 580 533 75.5 | 342 | 433 | 194 | 268 | 32.6 |245 104 51.5
Y 263 | 240 | 242 | 273 | 624 | 540 | 274 | 385 | 38.0 | 728 | 362 | 604 | 36.1
Zr 194 168 181 192 657 290 191 225 203 647 570 559|426
Nb 822 7.06| 7.43| 7.70| 179 | 154 | 179 | 162 | 152 | 195 | 168 | 17.7 | 16.6
Cs 0460 0190 0205 0747 0957| 0897 261 | 381| 565| 233| 1.10]| 1.63| 1.08
Ba 356 277 566 486 84.8 | 108 387 25.8 | 40.9 |110 900 (1014 |455
La 208 | 17.5 | 20.5 | 21.3 | 38.5 | 342 | 23.7 | 23.8 | 20.0 | 53.8 | 41.1 | 43.3 | 43.6
Ce 48.1 | 402 | 46.4 | 48.6 |10l 84.1 | 54.8 | 51.1 | 44.9 |122.391] 96.0 | 99.2 | 99.6
Pr 6.37| 5.34| 5.8%| 6.41] 127 | 108 712 7.65| 6.53| 151 | 122 | 127 | 12.4
Nd 275 | 232 | 254 | 283 | 541 | 45.1 | 288 | 333 | 273 | 60.8 | 49.7 | 51.7 | 483
Sm 6.22| 541| 5.62| 631] 127 | 10.1 578 | 7.55| 641| 132 | 109 | 11.3 | 10.3
Eu 1.86| 1.67| 1.48| 1.75| 1.52| 1.09| 0600 0470 0406 0320 2.32| 259 1.13
Gd 586| 5.38| 530| 6.04] 12.3 945| S5.11| 6.65| 624| 12.3 9.97 | 10.5 9.53
Tb 0901 0819 0.825 0937 2.12| 1.722| 0542] 1.16| 120 212| 1.67| 1.77| 1.6l
Dy 524| 493| 481 537| 13.1 996 | 5.52| 7.05| 6.56| 135 | 106 | 11.4 | 10.6
Ho 1.07 | 1.02| 0976 1.13| 268| 224| 1.23| 1.58| 1.53| 289| 227| 243| 225
Er 306 280 2.74| 3.08| 7.40| 624| 350| 457| 420| 826| 6.80| 7.13| 6.72
Tm 0453 0420 0419 0463 1.17| 0992 0602 0713 0698 130 1.09| 1.13| 1.09
Yb 269 251 2.52| 2.83| 748| 6.31| 439| 471 440| 800| 696| 7.30| 7.20
Lu 0417 0391] 0384 0444/ 1.19| 0.898 0602 0678 0659 1.22| 1.08| 1.14| 1.10
Hf 448 | 398| 4.19| 4.52| 155 | 11.5 936| 841| 7.78| 159 | 13.8 | 14.1 12.2
Ta 0382 0341 0320 0323 1.11| 0952 1.10| 0876 0.841 142| 1.06| 1.14| 1.21
Pb 404| 4.14| 3.64| 6.15| 9.81| 13.7 | 105 6.81| 7.95| 107 497 975| 5.39
Th 1.47 | 0896 1.34| 1.04| 6.66| 472| 494| 329| 3.15| 12.6 8.09| 8.28| 10.1
U 0.574] 0435 0595 0498 2.22| 0955 1.22| 0837 0755 2.80| 325| 3.17| 3.88

Note: Volcanic associations: Dev—Devonian island_aassociation, ACM-f
(Kovalenko et al.,, 2006). The volcanic units werernfed in subaerial
environments in the northern part of the depressaod mostly in aqueous
environments in the southern part. The stratig@pction is crowned by a unit of
brown normal and welded dacite—trachydacite tuffas systematic alternation of
basic, intermediate, and acid rocks is fairly tgpiof Carboniferous volcanic
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Fig. 2. (a) Schematic geological map and (b) Landsat-7 @r@ghe northeastern volcanic field
in the surroundings of the Khan-Bogd alkali-graiitmassif. (113) Rocks of the continental-
margin evolutionary stage (ACM): (1) volcanic rock8) terrigenous rocks; (3) granitoids of
normal alkalinity and their dikes; (4-6) volcanimcks of the bimodal association: (4) basaltoids,
(5) trachytes, trachydacites, trachyrhyolites, codies, and pantellerites; (6) extrusions of
alkali salic rocks; (7) alkali granites; (8) dikes rocks of the bimodal association; (9) faults;

(10) boundaries of volcanic flows and their didkt)(loose Middle Mesozoic-Cenozoic deposits.
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sequences in southern Mongolia, and this led usetognize these rock
associations as a differentiated volcanic compMarrholyuk and Kovalenko,
1991).

The U-Pb zircon age of dacites from roof sags endlkali granites is 330 Ma
and is in good agreement with the age of the [fionarints (Durante et al., 1976;
Yarmolyuk, 1983). It should also be mentioned #ratmagmatic rocks (ophiolites
in the depression basement, which are referredsttha Devonian association
below) and ACM complexes not only have similar appes are also close in
composition, including geochemical and isotopicrahteristics, and hence, they
can be collectively considered to be a group ofcamic rocks related to
subduction-zone magmatism (subduction associations)

The bimodal volcanic associatiomwomprises alternating units of various
composition: basaltic and acid lavas, on the omalhand tuffs, ignimbrites, and
lavas and subvolcanic bodies of comendite and yragblite composition, on the
other. The rocks of the bimodal complex were traedmhg the northeastern
(northern field) and southern (southern field) baanmes of the Khan-Bogd Massif
and overly the ACM units.

The northeastern field (Fig. 2) is extensively moknto blocks at gentle dip
angles of the volcanic units and the rolling togdry of the territory. Because of
this, rocks of the complex are exposed in thigdfes relatively thin fragments of
usually homogeneous composition. The area hostgnautoids and syenites in
contact with the terrigenous complex, which aress#a with arc rocks produced
before the development of the ACM. The terrigencusplex is exposed as fault-
bounded blocks among the comendites of the bimadai. The volcanic
comendites and their extrusions overly the termgsnunit. The differentiated
basalt—andesite—dacite ACM complex and the oveglyoasalts of the bimodal
association occur in a block that is in fault cohtaith the terrigenous complex.
The northern field of the bimodal association ilels widespread subvolcanic
rocks in the form of dikes and tabular bodies dtakl granite porphyries,
comendites, trachyrhyolites and more rare bashitshe field, they cut through
practically the whole subvolcanic complex, exceplyahe upper series of acid
lavas, ignimbrites, and welded tuffs, and belongwo differently oriented and
spatially separated systems. Near the fault, tlaesealmost exclusively steeply
dipping bodies of east—northeastern strike, whicbuo on the continuations of
major faults and accompanying dikes, which wereeathroughout the whole
alkali-granite massif. Away from the massif, dilkddgporphyritic alkali granites are
predominant and occur as a crescent-shaped (rimgy af bodies that dip at
angles of approximately 45° to the west and soushwiee., toward the alkal
granite massif. The density of dike bodies in tysem is very high: dikes 5-9 m
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thick are spaced approximately 50 m apart (actusstrike of the dike array)
in the southern part of the system, and the numbeikes increases northward.

The most complete stratigraphic section of the A@h bimodal association
occurs in the volcanic field in the southern owtentact zone of the KhanBogd
Massif (Fig. 3), in which these rocks were thordygbampled (sometimes
practically at each distinct unit) at a number otdlities (Fig. 3a). Figure 3b
presents a generalized vertical section. The romkghe bimodal complex
subconformably overlay the ACM volcanic sequence are separated from the
latter by a sandstone and gritstone unit of broadiyying thickness. This is, In
turn, overlain by the following succession of maoe less compositionally
homogeneous volcanic units, which were subdivided a BLU (bimodal lower
unit; numeral in parentheses show the thicknesse®)i (1) basaltic andesite
(400), (2) trachydacite and comendite tuff and ngmiite (200), (3) olivine basalt
(350), (4) comendite and trachyrhyolite (100), g8yl dacite (100); and BUU
(bimodal upper unit): (1) olivine basalt (400), af®) trachyrhyolite, comendite,
and corresponding welded tuff and ignimbrite (>800)e dacite layer in the top of
the BLU is referred to as the intermediate laygj.(The total thickness of section
iIs more than 2000 m. The volcanic pile includesulab bodies of usually
hydrothermally altered trachyrhyolites and alkakmtes. In the southern part of
the volcanic field, rock of the bimodal associatiame cut across by a body of
complicated morphology consisting of trachy- rhigdiand rachyrhyodacites.

The southeastern and eastern boundaries of the-Bbagt Massif are marked
by a narrow stripe of exposures of rocks of thedaslat complex. This is an
extension of the northern and southern fields easmatinuous stripe of exposures
(Fig. 1), which testifies that both volcanic aré@dong to a single larger volcanic
field. The original area of the latter was likely smaller that 1800—2000 km

Figures 4 and 5 illustrate the petrochemistry bbfthe rocks described
above

The (NaO + K,O)-SiO, diagram (Fig. 4) shows that the Devonian volcanics
are basalts, andesites, dacites, trachydacitesnamd rare rhyolites. They are
mostly rocks of normal alkalinity or, occasionatlybalkaline (trachydacites). This
Is a typical differenti ated low-Ti (<1.5 wt % TjDvolcanic association of the
calc—alkaline series with a characteristic incraaste SiQ concentration and a
decrease in the con tents of total Fe and, TKly. 5) at an increase in the Fe# of
the rocks.

The volcanic rocks in the lower part of the KhanBatgpression, which were
classed with the ACM association, are only insigarftly different
petrochemically from the Devonian rocks (Figs. ¥, Bhis is a continuous series,
from basalt to rhyolite, of a lowTi (<1.5 wt % TijOvolcanic association of normal
alkalinity or that transitional to the subalkaliseries (Fig. 4), which belongs to the
calc—alkaline series (the increase in the ,StOncentration is associated with a
decrease in the concentrations of total Fe and &i@hcreasing Fe# of the rocks;
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Fig. 5). The TiQ concentration in the ACM rocks passes through simmam due
to magma saturation with Ti and the further cryléz&tion of Ti-concentrating
minerals, a process to which the origin of acid mag is commonly thought to be
related [20]
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Fig. 3. (a) Landsat-7 image and (b) geological sectionhef southern volcanic field in the
surroundings of the Khan-Bogd alkali-granitoid mfg4¢) Devonian basaltoids of the island-arc
type (Dev); (2) monzonite-granodiorite intrusionsofpposedly Devonian age; (3) conglomerates
and sandstones between volcanic units; (4, 5) memt@l-marginal volcanic rocks (ACM): (4)
basaltoids and andesites, (5) dacite ignimbrit@s;7] volcanic rocks of the lower units of the
bimodal association (BLU): (6) basaltoids, (7) #llsalic rocks; (8) dacites of the intermediate
layer (IL); (9, 10) volcanic rocks of the upper tsnbf the bimodal association (BUU): (9)
basaltoids, (10) alkali salic rocks; (11) alkalagites; (10) loose Middle Mesozoic-Cenozoic
deposits. The satellite image shows the secti@endimd sampling sites.
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According to the stratigraphic section describeovaband to the petrochemistry of
volcanic rocks in the bimodal association, it ibdinided into a lower (BLU) and
upper (BUU) units, with an intermediate dacite laffe) in
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Fig. 4. (N&O + K;0) vs. SiQ classification diagram for Paleozoic rocks of Kiean-Bogd
area. (1, 2) Volcanic rocks of the lower unit of thimodal association (BLU): (1) basaltoids-
trachytes, (2) alkali salic rocks; (3) daciteslw# intermediate layer (IL); (4, 5) volcanic rocKs o
the upper unit of the bimodal association (BUU): §4saltoids, (5) alkali salic rocks; (6) acid
subvolcanic rocks; (7, 8) undifferentiated rocksha northeastern field: (7) basaltoids, (8) alkali
salic rocks; (9) volcanic rocks of the Devo-niart association; (10) continental-marginal
volcanic rocks; (11, 12) ophiolites of the south&tangolian belt of Hercynides: (11) volcanic
rocks, (12) sedimentary rocks; (13) various gradgof normal alkalinity in the Khan-Bogd
area; (14) volcanic rocks of Pantelleria Islanalds in the classification diagram: B—basalts,
BA—basaltic andesites, A—andesites, D—dacites, TieHybasalts, TBA—trachybasaltic
andesites, TA—trachyandesites, T—trachytes antiydacites; R—rhyolites.

between, which is principally different from thesaits (Fig. 3b). The BLU
(trachybasaltic andesite, trachyandesite, trachiglaand comendite tuffs and
ignimbrites, lava comendite, and trachyrhyolite;g.Fi3b) is dominated by
subalkaline rocks (Fig. 4) with a narrow compositgap between 65 and 70 wt %
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SiO,. The petrochemical parameters of the BLU are iégliate between
those of the calc—alkaline and tholeiite serieg.(B): more basic rocks are
characterized by

80
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Tholeiite serics

Calc-alkaline series

Na,O + K,0 MgzO

Fig. 5. Diagrams illustrating variations in the concentra of elements in the calc-
alkaline and tholeiite series of volcanic rockstive Khan-Bogd depression. See Fig. 4 for
symbol explanations. Arrows indicate characteristiompositional trends of the basic-
intermediate rocks of the tholeiite and calc-alkalseries.

a trend with a decrease in the Si€dncentration at an increase in the content of
total Fe and the Fe# of the rocks, whereas moxk racks show opposite trends:
the more basic volcanics are closer to the thelsgtries and the more acid rocks
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displaying features transitional to the calc—-alk@liseries. The basite BLU

compositions are the richest in Li@mong all of the compositions discussed
herein and belong to moderate-Ti varieties who$@2T¢oncentrations are higher
than those not only in average arc basalts but ialdmasalts from mid-oceanic

ridges (MORB).

It is pertinent to mention the compositional spesifof the comendites and
trachyrhyolites that directly pertain not only ta. B but also to BUU (see below).
The comendites and trachyrhyolites are often indgtiishable. The rocks consist
of phenocrysts of perthitic alkali feldspar and d@an a vitreous or devitrified
guartz—alkali feldspar groundmass but are noted ther presence of alkali
amphiboles and aegirine in the groundmass of tiheeadites and the absence of
these minerals from the trachyrhyolites, which aontsmall grains of oxidized
magnetite. Accordingly, the comendites more oftanehan agpaitic coefficient
greater than one, and the trachyrhyolites have dbefficient smaller than one.
Thetransition from the comendites to trachyrhyslite often obviously related to
secondary alterations of the former because ofrtability of alkali amphiboles
and pyroxenes and their replacement by Fe oxidéeeatemoval of Ng and
K,O. This transition is associated with the reddermhthe rocks. As a result, the
altered comendites look closely similar to normaM rhyolites (which are,
however, devoid of plagioclase). In view of thise wifferentiated between the
comendites and trachyrhyolites of the bimodal assion and ACM rhyolites
using the concentrations of Nb, an element littl®@bie during secondary
alterations, whose concentrations in agpaitic cahtes and trachyrhyolites are
much higher than in any ACM and arc rhyolites. [Fgg6 show the correlations of
the SiQ concentrations of the rocks and their agpaiticffaments with the Nb
concentrations for rocks of all of the associationgjuestion. All comendite and
trachyrhyolite compositions have higher Nb conaardns. At 70 wt % Sig) the
boundary Nb concentration between acid ACM rocks$ @eemendites, on the one
hand, and trachyrhyolites, on the other, is drataparoximately 13 ppm.

The boundary layer between the upper and lowers uoit the bimodal
volcanic association is a dacite layer about 10iok, which is traced for a long
distance along the strike of the sequence (Figl't3.chemical composition of this
volcanic layer has no analogues among any othé&srofcthe bimodal association.
Its composition could be considered intermediatsveen those of basanites and
acid rocks of the upper unit of the bimodal asdama(Fig. 4), but Fig. 5 shows
that all petrochemical and geochemical paramefettsecdacite of the intermediate
layer are principally different from those of angcks of the upper unit (see
below), and hence, these rocks should rather lssexiawith the Devonian calc—
alkaline volcanic association and ACM than with bivaodal association.

The BUU conformably overlying IL can be, strictlpesaking, considered
bimodal because it contains practically only basaftd basaltic andesites, on the
one hand, and comendites and trachyrhyolites, @wtier. The compositional gap
in the SiQ concentration corresponds to the range of 57—-6%wn contrast to
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the association of BLU, which is dominated by skakhe volcanics, the basites

of BUU have normal alkalinity and are close to tevonian and ACM basites

(Fig. 4). However, the silica concentrations in BldU basites rather decreases
with increasing Fe#, and the total Fe concentratcreases, which allowed us to
class these rocks with the tholeiite petrochenseaies. The TiO2 concentrations
of the rocks are at the level in MORB.
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Fig. 6. Variations in the Si@concentration and agpaitic coefficiéfyyp as a function of
Nb concentration in volcanic rocks of the Khan-Boguditory. See Fig. 4 for symbol
explanations.

Figure 7 shows the compositions of the rocks indbmapositional fields of
adakites and normal arc volcanics according to ((Mat999). The overwhelming
majority of the compositions of rocks of the Devamiseries, ACM, and bimodal
association plot within the field of normal arc eahic rocks. The exception is the
least differentiated compositions of the volcamcks of ACM, BLU, and IL
dacites, which fall into either the intermediateldi between adakites and normal
arc volcanics or the field of adakites. The compass of BLU rocks that partly
correspond to adakites define a negative correldiie Sr/’Y = 1571Y-%% R =
0.5822 in Fig. 7b, and the analogous line for tegdhian associations is Sr/Y = —
1.8415Y + 73.023%° = 0.6326.

The ACM and Devonian volcanic associations arecslpisland-arc calc—
alkaline, low-Ti rock associations. The transitiom the Devonian to ACM
associations is not accompanied by any appreciablapositional changes.
Starting with BLU, the conditions under which thagmas were derived changed:
the first indications of bimodality became discetaj the alkalinity and Ti®
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Fig. 7. Position of the composition of volcanic rocks fraghee Khan_Bogd area relative to
compositional fields of adakites and normal arckso@Martin, 1999). See Fig. 4 for symbol
explanations. The gray field in the inset showsdberall compositional field of volcanic rocks
of the Khan-Bogd bimodal association.
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concentrations of the magmas increased, theirrdifteation was associated with
the transition from the tholeiite to calc—alkalirseries with the origin of

comendites and trachyrhyolites. The analogues lfatkaline magmas of the
ACM type reappeared in the form of IL dacites. Téast evolved basite varieties
of this part of the bimodal association and thengauwy dacites are close to
adakites. BLU characterizes the origin of tholeittasalts with moderate TiO

concentrations (of the MORB type), comendites, arathyrhyolites, with a

compositional gap between them. This can be seethangeneralized vertical
section.

DISTRIBUTION OF TRACE ELEMENTS VOLCANIC ROCKS

Geochemical Methods Used to Identify the Magma Soaes and Estimate
the Differentiation and Mixing of the Magmas

Our approaches to estimating the sources of magmatks were described
in (Kovalenko et al., 2007) with reference to rametal granitoids and their
parental rocks. The sources of any magmatic roadks iaferred from the
proportions of the concentrations of incompatiblkenents with close values of
bulk crystal-magma distribution coefficients. Suddtios are referred to as
canonical (Workman and Hart, 2005). Equations fo¥ tlependence of trace-
element ratios in magmas and their sources on theous degrees of
incompatibility, degree of melting of the source magma differentiation were
presented in our earlier publication (Kovalenkcakt 2007). The trace elements
selected for this purpose are characterized byckment in a magma of any
composition in the course of its differentiationg(F8), and these pairs of trace
elements are Nb-U, Nb-Zr, La-Yb, Th-Ta, Ce—Pb, HbdLa. Ratios of the
concentrations of these elements can be appliedtimate the sources of various
mantle magmas. It is also important that theseetedement pairs have different
values in the model sources (mantle sources: aEpleiantle, whose derivatives
are MORB and within-plate oceanic basalts OIB; lbasites IAB, continental
crust CC, etc.) with which rocks are conventionaltynpared. In addition to these
global sources, certain magmas can be derived thghparticipation of local
sources (such as ophiolites, sediments, and otHers)pertinent to mention that
our experience in the geochemical study of varimagmatic rocks indicates that
the involvement of any pure sources alone in theegeion of natural magmas is
rare, and accordingly, magma evolution trajectodesxmonly intersect lines of
equal values of canonical ratios (Fig. 8), whichtifees that the magmas were
generated with the participation not only of criistation differentiation (or
fractional melting) but also of the mixing of magsra their sources.

The behavior of pairs of incompatible trace elemmerduring the
differentiation or anatexis of mag-mas derived froiffierent sources is portrayed
as straight lines passing through the source commmasin diagrams of the

logarithms of concentrations of elements that énresidual magmas in the
course of their differentiation.
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Canonical Ratios of Incompatible Elements in Volcaic
Rocks of the Khan-Bogd Depression

In addition to the compositions of the rocks, RBaalso shows lines of equal
rations of concentrations of incompatible elememd data on volcanic rocks from
Pantelleria Island (model OIB source). As can bensé this figure, the
evolutionary compositional trajectories of varioassociations deviate from
equalconcentration lines of the elements and becsubparallel (for the La/Yb
and Zr/Nb ratios) or intersecting at acute andiesNb/U and Ce/Pb). In all of the
diagrams (Fig. 8), acid rocks of the bimodal asstomn define a curve, which is
approximated for the Nb/U ratio by the equations\b4.453& %" R? = 0.6501.

Figure 8 also shows that all individual canoniedias of the great majority of
our rock compositions are close to those in the ehadc source with variable
amounts of the MORB source, enriched sources (QIBCG), and with the
contribution of crystallization differentiation, wdn characterizes the enrichment
of elements.

Below we discuss these conclusions in more detdtig. 9. For this purpose
we selected combinations of canonical ratios thgtlight relations between the
volcanic associations discussed herein and modetes: mantle (N-MORB, E-
MORB, OIB), crustal (CC), and mixed (IAB). Crustsburces can also include
ophiolites in the southern Mongolian Hercynidesjohlcharacterize the oceanic-
crustal compositions of the Late Paleozoic Palbgg(Yarmolyuk et al., 2008).

The Th/Ta—Nb/U diagram (Fig. 9a) definitely showattmost compositions
of the volcanic associations comply with near-hippéc dependences and plot
within the field bounded by near-hyperbolic curagproximated by the equations
Th/Ta = 80.288(Nb/UY-*?*® R? = 0.7848 for ophiolite compositions and Th/Ta =
Th/Ta=43.456(Nb/Uf***® R? = 0.4835 for the compositions of granitoids from
the southern Mongolia Hercynides. The line for opte compositions is close to
the compositions of basite rocks from almost alltleé volcanic associations:
Devonian (except for two samples of compositionseldo granitoids), ACM
(except the compositions of volcanic rocks samptedhe western part of the
Khan-Bogd depression: samples 16/3-16.9; table),same BLU compositions.
The compositions plotting away from this line cepend to most samples from
BLU, comendites, and trachyrhyolites. Judging frieign. 8, the line approximating
the compositions of ophiolites and most other ramkssidered herein was defined
by various processes that contributed to the onfithe rocks. At constant values
of the canonical ratios during magma differentiatid should have correlated to
the mixing line of two groups of magma sourcesiséand-arc source of the IAB
type and a mantle source (of either the MORB oiQH type). The La/Yb—Nb/U
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diagram (Fig. 9c) makes it possible to distingusiween the sources because the
OIB- and MORB-type sources notable differ in théMlaratio. Figure 9¢ shows
that one of the end members of the mantle sounrethé magmas of the volcanic
associations was a source of the MORB type, buthaitof the OIB type. Figure
9a demonstrates that the other source end membéhest magmas was a
subduction-related source of the IAB type. The BHNDb/U diagram in Fig. 9b
confirms this conclusion and shows that the maetidmember source of the
Devonian, ACM, and BLU volcanic association was iatane of the depleted (of
the N-MORB type) and enriched (E-MORB type) mamiaterial of mid-oceanic
ridges. The same tendencies, but with the obviow®Ilvement of CC, are
discernible in the compositions of comendites,hyalcyolites, and BLU (Fig. 9a).

The analysis of the distribution of the composisiai volcanic rocks in each
of the associations in such diagrams provides Imsigto important specifics of
magma differentiation and the origin of volcanisnthe Khan-Bogd area.

First, many rock compositions in Fig. 9a (the Dasonassociation, some
ACM compositions, and IL dacites) plot near theiwagof high Th/Ta ratios (>9,
with the model value of the IAB source being clos®) at the practical constancy
of the Nb/U ratio of 3—6. This implies either aimwlly higher Th/Ta ratio in the
magma source than in the model source or an ireneatis ratio during magma
differentiation.

The effect of magma differentiation on the Th/Taoradan be tested using
such indicators of magma differentiation as Nb @,Soncentrations (Figs. 10,
11). Figures 10a and 11a show that volcanic rotkkeoDevonian association, IL
dacites, and some ACM rocks have Th/Ta ratios hmighan the global model
value of the IAB source, and this ratio increaseth wicreasing Nb and SO
concentrations in the rocks, i.e., with increastilegiree of magma differentiation
(or a decrease in the degree of source meltinggniich the Si©Oconcentration in
these associations increases at Th/Ta ratios hitplaer this is permitted by the
average CC composition, it is more realistic to laxp this effect by the
differentiation of the magmas of the Devonian ar@dMAassociations but not by
CC assimilation. This is corroborated by the h&®, concentration in the acid
volcanic and plutonic rocks with high Th/Ta ratid¢ote that the compositional
fields of BLU and BUU in Figs. 10a and 11a contiune another with increasing
Th/Ta ratio and concentrations of Nb and Si@though this could result not only
from magma differentiation but also from the mixiofjsuch sources as MORB,
IAB, and CC.

Second, it is pertinent to consider more closegylibhavior of the Nb/U ratio
during magma differentiation (Figs. 10b, 11b). ™M®U ratio in most of the rocks
varies within ranges corresponding to a suprasuhmutAB source and is plotted
as a nearly horizontal evolutionary trajectory atédncentrations up to 37 ppm (at
a practically unvarying Nb/U ratio of 3-6), as igpital of crystallization
differentiation. This conclusion is consistent watbrrelations between the Nb/U
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ratio and silicity of the rocks (Nb/U = 46418($13*'%2 R? = 0.4438; Fig.
11b) and between the NB/U and Eu/Eu* ratios (Nb/8.281 Eu/Eu* + 0.3119,
when an increase in the Nb concentration is diemdlrelated with an increase in
the silicity and a decrease in the Eu/Eu* ratiorfrd.2 to 0.7 (Fig. 12b). This type
of differentiation with an increase in the S$Si@oncentration and with the
fractionation of feldspars is typical of classidcealkaline magmatic associations.
Hence, this provides us with an argument in suppbrthe hypothesis that the
rocks with high Th/Ta ratios resulted from magmdfedentiation. The least
differentiated compositions of the Devonian and AGbtks deviate toward
mantle sources, namely, toward MORB (see aboveplesnwith Nb/U > 10).
According to their indicators of the degree of elifintiation and canonical rations,
the ACM volcanic rocks are subdivided into (i) ACNdasites (<55 wt % SiO2)
with very low Nb concentrations (no higher than®r, low Nb/U ratios (<18),
high Zr/Nb (>35), and low La/Yb (<7), low Ce/Pb {<&nd low Nb/La (<0.5); this
group also includes volcanic rocks exposed northebshe Khan-Bogd granite
massif (samples 16/3-16/9, table); and (i) ACM2Icaaics of variable
composition (50-65 wt % SiO2), low and moderateddhcentrations (>2 ppm),
low Zr/Nb (<30), variable La/Yb (4-18), Ce/Pb (idbalmost 10), and high Th/Ta
(7-19). The first group of basites has all of thmwee parameters closest to the
subduction source of the IAB type, with an admigtaf a source of the MORB
type (according to Nb/U ~ 16, Ce/Pb ~ 19, and Th/Tg. This group differs from
the second one in showing a greater spread ofathenccal ratios. The other group
is close to the ACM rock group with the most contpaage of the Nb/U ratio (3—
6).

It is now pertinent to turn to the characterizatairthe bimodal association.
The Nb/U ratio and Nb concentrations are not ppalty different in the BLU and
BUU compositions (Fig. 10b), but significant diféeiIces are discernible between
the bimodal association and the aforementioned ositipns of the Devonian and
ACM rocks. A small number of samples from the BL&kaciation falls into the
field of the Devonian association and ACM2 (assomeBLU1), with Nb/U = 5-7
and the lowest Nb concentration (approximately Bipahe rest of the complexes
(i.e., most of them, which are referred to as aatioa BLU?2) plot along lines:
and B and most likely was produced by a combinationhw differentiation of
magma of composition and mixing of component with Nb/U> 18 (5 ppm Nb)
and componenf with Nb/U ~ 5 (20 ppm Nb). The differentiation ids of the
Devonian, ACM, IL, and BLU1 merge with the line differentiation and mixing
for BLU2 at pointf. Componeng is a typical subduction source of the IAB type
as the main magma source for all of the describetamic associations.
Component is a mixture of IAB and MORB sources (Fig. 9). &ivthat the least
differentiated magmas of the lower unit of the bdab association contain
practically no compositions intermediate betweenand B, it is likely that
componenta is a mixture of sources but not magmas, and tobisiponent
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obviously contains a certain fraction of the MORBuice. This source is
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discernible even in the ophiolites of the Hercysidand ACM1 volcanics.
Most compositions of BLU2 volcanics are richer ib thhan BUU volcanics, which
can be explained by either the involvement of ars®wf the OIB type or the
assimilation of BLU2 magmas with an average CC amstipn (Fig. 9a). The
BLU and BUU compositions enrich in SiOwith increasing degree of
differentiation (Fig. 13), which can be explaingddither magma differentiation or
the assimilation of the upper crust (and sedimehtgphiolites and granitoids) by
the magmas
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Fig. 12. Variations in (a) the agpaitic coefficient and (BY minimum versus SiO2
concentration in volcanic rocks of the Khan-BogdaarSee Fig. 4 for symbol explanations.

IL dacites of the bimodal association are obviouslated to a source of the
IAB type (Fig. 10b), although it is uncertain whethan increase in their SiO
contents resulted from the differentiation of thevbnian or ACM magmas (the
Nb concentrations are too low for this) or from th&similation of the rocks or
magmas from the same IAB source by the aforemesdidrasite magmas. It is
most probable that the IL dacites were generatethéyifferentiation of the Nb-
poorest magmas of the ACM1 type.

Figure 13 shows an obvious direct correlation betwéhe Nb and Si
concentrations in all of the volcanic associatiofss figure also implies that (1)
the sources of the Sipoorest basite magmas of all associations vany firdB
through N-MORB to EMORB [with the Nb concentrationcreasing in the
succession ACM1-1AB; ACM2 and Devonian—IAB (or N-N¥B) + E-MORB;
BUU, BLUl—same but with enrichment in E-MORB; BLUZ-MORB] at
unchanging silicity, which testifies that the magoeanpositions were affected by
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their sources but not magma derivatives; and (2 mbason for the direct
correlation between the Nb and Si€ncentrations in the BLU2 association can
be either magma differ-entiation or upper-crustragation by the magma. An
analogous correlation between the Nb and,&@ncentrations in the magmas of
other associations was obviously caused by magifferetitiation, because the
evolutionary trajectories lie beneath CC.
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Fig. 13.Variations in the Nb versus Sj@oncentrations in rocks of the han-Bogd area.
See Fig. 4 for symbol explanations and Fig. 8 fodet sources

Finally, many comendite and trachyrhyolite compos# cluster around
subduction componeffit at the same low Nb/U ~ 3—-6 (Fig. 10b), which colodd
produced by the differentiation of basite magmasvdd from a source of the I1AB
type. Since this differentiation trend for the comes and trachyrhyolites
continues with further Nb enrichment compared tagosition, it is unlikely
that compositior is an occasional product of basite magma diffeaéanh, and an
individual source for compositiop should have existed. Such a source could be
either basites related to an IAB source [any ofséhdisted above, including
ophiolites, particularly those affected by spibtion (Kovalenko et al., 2009a) and
anatexis] or the upper continental crust (Figs., 10l). If the latter was generated
by evolving subduction magmas, as many researdiediesve, it should have had
canonical values typical of this environment (fostance, Nb/U = 3-6), which
suggests either that the examined visible versieation of the bimodal association
iIs incomplete or that these acid volcanics wereeggrd by the anatexis of
spilitized ophiolitic basites, including composii®with such high Nb/U ratios.
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Another distinctive feature of the Khan-Bogd depras is a La/Yb ratio
elevated compared to the average IAB compositi@rhaps, due to magma
differentiation or a certain regional specificstioé sources. Figure 10c shows that
the La/Yb ratio of the ACM volcanics increases witlicreasing degree of
differentiation, which is, however, not the caséhwihe rocks of the Devonian and
bimodal associations. Moreover, the composition8©M, BLU, and BUU in Fig.
11c group within fields with similar La/Yb ratiognd these fields shift toward
higher La/Yb ratios, with silicity increasing fro&ACM1 to BLU. We believe that
these dependences can be accounted for by theioaddit a progressively
increasing fraction of sources like OIB or CC taes of the IAB and MORB
types (Fig. 11c). The further differentiation ofl ahagmas, including BLU,
perhaps, with the participation of upper-crust ragation, resulted in an increase
in the silicity of the residual magmas. Hence, wWei that the elevated values of
the La/Yb ratio of the volcanic rocks can be relagg¢her to the addition of OIB to
the magma source and the further differentiationtled magma or to the
assimilation of the upper continental crust by éhesagmas and, again, the
subsequent differentiation of the magmas.

The variations in the canonical rations of incorigat trace elements in
volcanic rocks of the Khan-Bogd depression sugdjest the parental magmas
were derived mostly from an IAB source, to whichriaible proportions of a
MORB source were added. The greatest contributidgheolatter was identified in
the magmas of the bimodal association (BLU2-E-MCGBBBLU1 and BUU-N-
MORB). These data are consistent with the petroatencharacteristics of the
rocks (see above), with the calcalkaline low-Ti Detan and ACM series of
normal alkalinity give way to the intermediate igind moderte-Ti subalkaline
BLU association and then to the moderate-Ti BUUoaission. The BLU and
BUU associations are separated by IL, which is ntigsty of the calcalkaline
series, a fact suggesting that bimodal volcanismticoed simultaneously with
normal andesite islandarc volcanism (of the ACMpely Features of adakite
compositions in the younger BLU and IL associatiesuggest that the magma
source had an elevated temperature (hot lithossud@uction).

Evolution of Geodynamic Environments in the Geologial History of the
Khan-Bogd Depression and the Origin of Comenditesral Trachyrhyolites

Analysis of geological, geochronological, petrocieah and geochemical
data on volcanic rocks in the Khan-Bogd depresdiost, of all, in the southern
surroundings of the Khan-Bogd alkali granite massiflicates that, although
geodynamic environments changed during the gedbgevolution of the
depression, the predominant environment was that sfibduction one, and the
source of volcanism was of the IAB type. The Dewaonibasement of the
depression and the ophiolites of the southern Miagdiercynides as a whole
were produced in an island-arc environment (Yarmolgt al., 2007; Khashgerel
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et al., 2006), whereas the volcanics of the strapigically lowermost portion of
the depression were produced in an ACM environraedtare separated from the
Devonian association by a conglomerate unit. In@bmas canonical ratios of
incompatible trace elements used as indicators edidgnamic environments
change only insignificantly in these associationg reasonable to admit that the
early volcanic associations had similar sourcese Tdubduction volcanic
associations are differentiated and vary in contmrsirom basites to dacites and
rhyolites. We cannot rule out that the acid rocKsthese associations were
produced with the participation not only of thefelienti ation of the magma but
also of the assimilation of acid continental crusteterial by the magma. The
ACM volcanic association is subdivided into the mpamitive ACM1, which
occurs in the northwestern peripheral part of tiaiBogd Massif, and ACM2,
which has usual compositions and is predominanth Wie transition from the
ACM association to BLU, which is not accompanied bpy significant
stratigraphic or structural unconformity, the geoayic situation changes: the
BLU1 volcanics preserve all geochemitzdhtures of the ACM2 association, while
the BLUZ2 rocks have elevated alkalinity, hi©@oncentrations, are a transitional
type from the calc—alkaline to tholeiite seriesywtevidence of the participation of
mantle sources most likely of the E-MORB type, ane similar to adakites. It is
commonly thought that such volcanic associations generated when a
subduction zone is approached by an mid-oceangerilOR), and hence, the
convection cell in the asthenosphere between MQRALIM becomes narrower,
and volcanism of the E-MORB type is predominantnie@ MOR (Donnelly et al.,
2004) and significantly adds to subduction volcamis'his unusual volcanism
related to mixed sources alternates with normatisation volcanism (IL dacites)
and ends with tholeiitic moderate-Ti volcanism ofmal alkalinity of BUU. In its
basite part, this volcanism is weakly differentthtevith widespread comendites
and trachyrhyolites, and is thus close to classimodal volcanism. The
hypothetical similarity of this volcanism to a sulstion source of the I1AB type in
terms of additional source (of the N-MORB type)tifess that the arc and MOR
environments became even closer when the BUU waduped. The closeness of
BLU and IL volcanics to adakites likely suggestatthheir magmatic source
involved subducted oceanic crustal material (Hasynophiolites), and their
origin is often thought to be related to the depeient of an asthenospheric
window in a subduction zone, which is, in turn, ©@di by MOR subduction. The
evolution of volcanism in the Khan-Bogd depresswith the alternation of
geodynamic environments and changes in the rockposition generally
resembles the evolution of the western margin aftiNdmerica in the Cenozoic
(Zonenshain et al., 1973; Kovalenko et al., 1983ynYolyuk and Kovalenko,
1991) with an analogous evolutionary successiornabéanism: first, of normal
subduction type and, then, bimodal, with vast vaamf comendites in the Basin
and Range Province during the collision of the Bstific Rise with the western
margin of North America. If this analogy is reatstit should prove the physical
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probability of the origin of agpaitic acid rockshiwh are unusual in subduction
environments in an environment of subduction and RVi&ollision with a
continental plate. In our earlier papers, we refrnto such a complicated
geodynamic environment as a Californian one, bistdbes not explain as to how
comendites and trachyrhyolites can be formed i inwironments.

The analysis of magma complexes (melt inclusior@hivarious geodynamic
environments (Kovalenko et al., 2009b) indicated #cid agpaitic magmas can be
generated in any geodynamic environments but adocuarious proportions with
acid nonagpaitic magmas. For example, althoughr tfraction among acid
magmas is higher in within-plate continental enwvim@nts than in island-arc and
ACM environments, these magmas occur in all of #m@vironments. A
precondition necessary for the derivation of acgpaitic magmas in any
environments, including arc ones, is the presericeasite magmas of elevated
alkalinity, close to analogous magmas in continleatevironments, in which the
proportion of agpaitic acid magmas is at a maximlmmormal arc magmas, the
amount of such parental basite magma is low andegpondingly, acid agpaitic
rocks are rare and occur in subordinate amountgamd to nonagpaitic ones.
Another prerequisite for the derivation of acid aigjp magmas is the ability of the
parental magmas to profoundly differentiate uphe terivation of acid melts,
whose fraction increases with the evolution of plaeental magmas. The former
condition is met in natural magmatic systems, fafsall, via Bowen'’s plagioclase
effect (Bowen, 1945), if the agpaitic coefficieriteomelt (Fig. 12a) in equilibrium
with plagioclase is higher than that without pladgse. This effect is manifested
in practically all volcanic associations, as follbwrom the direct correlations
between the agpaitic coefficient and the Eu/EuforféEig. 12b), with the parental
basite magmas not necessarily being highly alkalline latter takes place in the
volcanics of the BLU association, which includesl &tansitional rock
compositions from basites through intermediate soik acid rocks. All of them
have elevated alkalinity, comparable with that iod&l continental within-plate
environments (as at Pantelleria Island in the Medinean Sea or the Gardar
province in Greenland), and a small proportion @tlaocks compared to mafic
and intermediate ones, as is typical of crystdiliradifferentiation. The acid rocks
of BLU have canonical ratios close to those in teasicks, a fact testifying that
the sources of the basite and acid magmas in thisnee were similar. Thus, we
believe that acid agpaitic BLU rocks were produckg crystallization
differentiation of magmas of elevated alkalinitlyisl pertinent to mention that such
crystallization differentiation should have proceedat relatively shallow depths
(under pressures of <9 kbar), because plagiocldet eneeded for such
differentiation can take place only within the ptagiase stability field.

This model is hardly applicable to BUU becausstfiit includes associations
of acid agpaitic magmas with tholeiitic basite magmwhose crystallization
differentiation does not lead to enrichment incsilto the level of acid magmas,
and second, the alkalinity of these magmas is nidootanot elevated, as is needed
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to generate acid agpaitic magmas. Third, the volofmecid magmas in the BUU
association is commensurable with the volume oficbasagmas, which is at
variance with the mechanism of crystallization eléintiation. Fourth, the
variations in the canonical ratios of concentragiohincompatible elements in the
BUU acid magmas often differ from the analogousatems in the intermediate
and basic magmas, a fact highlighting incompleteespondence of the sources of
the acid and basite magmas. To explain the gewnédlse BUU association, we
considered the model of the anatexis of basitesophrticularly spilitized ones
(Kovalenko et al., 2009a) or cumulates of their mag, as was suggested for the
bimodal associ-ation of Pantelleria Island (Mahoawdld Baker, 1986). The
spilitization of basites results in an increasé¢hwir NgO concentrations, and this
leads to an increase in the total alkalinity of Hoairce to a level sufficient for
trachyte. The differentiation of their magma careadly bring about comendites
and trachyrhyolites (Kovalenko et al., 2009a). $bharces of BUU magmas in this
model can be BLU basites, as well as spilitized Bbasites and even older
subduction associations. It seems not to be cantad that the comendite and
trachyrhyolite compositions of the BUU include tigte compositions close to
primitive ones for acid agpaitic magmas. The ddfgration of these or more
silicic trachydacite magmas can result in the whotenendite—trachyrhyolite
association in BUU.

The acid rocks of the BLU and BUU association wemnest probably
generated by different mechanisms. The comenditestachyrhyolites of the
BLU association could admittedly be formed by tingstallization differentiation
of a basite magma of elevated alkalinity, whichtum, could be derived in an
island-arc (subduction) environment that was medifiby a MOR zone
approaching the subduction zone (at IAB + E-MORBrees). The acid rocks of
the BLU association were produced by the anatekithaleiitic basites of this
association, particularly spilitized ones (as wadl any other basites), and the
subsequent crystallization differentiation of theagectic magmas. The tholeiitic
basalts of the BUU, which are only parageneticedhated to the comendites and
trachyrhyolites, were formed in a subduction enwinent that was even more
significantly modified by the approaching subduetzmne of the Hercynian MOR
(at IAB + N-MORB source). It is pertinent to considhe possible participation of
a plume source in the origin of the comendites if¥dyuk et al., 2000; Kovalenko
et al., 2006). It was mentioned above that matenidd OIB characteristics (first of
all, the La/YDb ratio) could be involved in the angf these magmas, but available
data indicate that the probability of the partitipa of an OIB source could not be
high. We have already mentioned above that theceérsection of the bimodal
volcanics is likely incomplete. From the geologicstandpoint, these is no
difference between the model presented above andhddel for the occurrence of
a mantle plume in the subduction zone: in any ewbet subduction environment
gave way to rifting, or they could alternate. Ifbduction dominated over
lithospheric extension, subduction should have seggpextension or the opening
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of the asthenospheric window in both situationg] gemminated rifting, of course,
if the mantle plume did not further develop. Weoatannot rule out that deep
subduction induced the ascent of mantle plumes dlemko et al., 2009c;

Modern.., 2008). If the latter are of predominantly thermature, the source of
magmatism induced by them should have charactsisof the Ilatest

compositional transformations but not simply a pdusource of the OIB type.

CONCLUSIONS

(1) The comendite-bearing sequence of volcanicgeslamined in the Khan-
Bogd depression in the southern Mongolian Hercysidas follows: the basement
of the depression (Devonian ophiolites older th&® 3Ma); ACM volcanic
associations (330 Ma); bimodal association (290, Mdjich is subdivided in a
lower unit (BLU), dacite of the intermediate layéi.), and the bimodal
association of the upper unit (BUU).

(2) The Devonian and ACM volcanic associations cale—alkaline, low-Ti;
the transition from the Devonian association to A@Vhot associated with any
significant changes in the composition of the voicaocks. Starting in BLU, the
very first discernible traces of bimodality appaae contents of Ti©Qand alkalis
in the magmas increase, the differentiation of tiegmas is associated with the
transition from the tholeiite to calc—alkaline ssriwith the origin of comendites,
trachyrhyolites, and rocks similar to adakites. ldgaes of calc—alkaline magmas
of the ACM type appear again in the form of IL desi The BUU volcanic
association consists of moderate-Ti tholeiite hasdbf the MORB type),
comendites, and trachyrhyolites, with a composgtiarap between basic and acid
rocks. Indications of adakite compositions in tHdJBand IL associations suggest
that an asthenospheric window occurred in the sttimiu zone due to the
subduction of a Hercynian mid-oceanic ridge, amat thot lithospheric material
was involved in the magma sources.

(3) Variations in canonical rations of incompatildlace elements in the
volcanic rocks of the Khan-Bogd depression andpigteochemical parameters of
these rocks suggest that they were derived froma@rmsource of the IAB type
with variable proportions of a source of the MORBPd. The most significant
involvement of the latter was detected in the magwiathe bimodal association
(BLU2—-E-MORB for BLU1 anda BUU-N-MORB). BLU and BUHre separated
by IL, which most likely belongs to the calc—alkadiseries, which suggests that
normal andesitic bimodal and arc volcanism continsienultaneously.

(4) Analysis of geological, geochronological, petremical, and geochemical
data on volcanics of the Khan-Bogd depression atdic that although
thegeological evolution of the depression was aasst with changes in the
geodynamic environments, the predominant one wasbauction environment
with a source of volcanism of the IAB type. Thisreanment practically did not
change throughout the whole time span when the mamobasement of the
depression and ophiolites in the southern MongdHarcynides (island arcs) as a
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whole were formed, as well as the stratigraphicdiywermost part of the
depression itself (ACM). The subduction volcanisaasations generated thereby
are differentiated, vary in composition from basite dacites and rhyolites, and
could be produced with the participation of CC m@dsition. We admit that the
bimodal volcanic association was generated when sihieduction zone was
approached by a mid-oceanic ridge (volcanism of FAMORB type, whose
material could be added in significant amountsh® subduction volcanism). The
evolution of volcanism in the Khan-Bogd depressmgenerally resembles the
evolution of the western margin of North Americatie Cenozoic in terms of the

evolution of geodynamic environments and compasicpecifics of volcanism.
(5) The acid rocks of the BLU and BUU associations were more likely formed in different
manners.

The comendites and trachyrhyolites of the BLU asdmn seem to be
generated by the crystallization differentiation loésite magma of elevated
alkalinity, which was, in turn, produced in an msfiaarc (subduction) geodynamic
environment modified by a mid-ocean ridge appraagtine subduction zone (IAB
+ E-MORB sources). The acid rocks of the BLU asstomn resulted from the
anatexis of the tholeiitic basites of this assaara{lAB + N-MORB sources), first
of all, spilitized (as well as any other) basitesl dhe subsequent crystallization
differentiation of the anatectic magmas.
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Oxygen fugacity fo,) is the main thermodynamic parameter controlling t
processes of natural diamond formation. The foronmadif diamond in mantle rocks
Is possible within a limited range of fOncrease of this value results in oxidation
of diamonds with the formation of carbonates (magee in peridotite
parageneses), whereas carbides may appear insté@anond at very low values.
In addition, at high values of thermodynamic hydnogactivity, diamond is
resorbed with the formation of methane or otherbgdrbons.

It is established experimentally that, at ultrahmlessures corresponding to
the conditions of the lower mantle, magnesium nietate with a perovskite
structure has such a high affinity te*Fthat e** should disproportionate with the
formation of the metallic phase [1]. This procesaynbe illustrated by the
following reaction:

3FeOFP) = FeOs(MPv) + FefeNi), (1)
where FP is ferropericlase MPv is magnesium metasilicate of the perovskite
structure, and~eNi is a metallic iron—nickel alloy. The mineral assdticin with
participation of ferropericlase and metallic allogntrols at a level slightly lower
than the iron—ws__ tite buffer according to the reaction
2FeOFP) = 2FefeNi) + G.. (2)
values calculated from the equilibrium constanpedal on activities of FeO in
ferropericlase and Fe in the metallic alloy. Thendwor of nickel intensely
incorporated in an iron rich alloy is a sensitimglicator of the presence of this
alloy in equilibrium with iron—magnesium silicaté&/e calculated the distribution
coefficient Kq(Ni/Fe) = (Ni/FeJ*"/(Ni/Fe)" characterizing nickel and iron
exchange between metal and ferropericlase, frometjudibrium constant of the
reaction
FeFeNi)+NiO(FP) = Ni(FeNi)+FeOFP). (3)
We applied thermodynamic data from the mutuallyststent database in [2] for all materials

participating in this reaction for calculationsgcept for stoichiometric iron oxide, for which
thermodynamic characteristics were taken from [3].

The calculated valuk N (Ni/Fe) is ~30 at 40GPa and 2000 K. A similar
value is provided by calculations using thermodyicaoonstants from [4]. The
behavior of nickel during the formation of the nmigtaalloy in equilibrium with
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the mineral association of metaperidotite at tiveeclomantle parameters was
modeled in the simplified Si—-Fe—Mg—Ca—Ni—O systdime phase association of
79% MPv (Mg# = Mg/(Mg + Fe) (at) = 0.96), 16%P (Mg# = 0.82), and 5% of
calcium metasilicate with the perovskite struct(@v) was taken as a starting
material before the segregation of this alloy adow to the data of [5]. The
concentration of nickel in the bulk compositiontbé system was accepted to be
equal to the estimation for the primitive mantl¢ [Bo calculate the compositions
of coexisting phases, we applied the equationefficients of Ni/Fe and Mg/Fe
distribution between metallic allo¥P, andMPv

Kq™P(Ni/Fe) = (Ni/Fe}P/ (Ni/Fe) MPv, (4)

Ka " MF(Mg/Fe)=(Mg/FeJP/(Mg/FeMPyv, (5)

K4 NFR(Ni/Fe) = (Ni/FeFeNi(Ni/Fe) FP, (6)
for which, according to our calculations (see abho@di/Fe) = 30 and, according
to the experimental data [5], (Ni/Fe) = 5 and (Mg/E 0.2. In addition we applied
equations of mass balance lik€,F=C% where C; is the concentration of this
component in thé phaseF; is the portion of thé phase in the system, a@f is
the total concentration of the component in theesys

The solution of such system of equations allowetbusbtain the dependence
between the concentration of nickel in the metadliioy and its portion in the
system F.e) (Fig. 1). As is evident from this diagram, incgean the alloy portion
results in decrease of the nickel concentratiort end synchronous decrease of
this element concentration in the coexistiflandMPv. This is explained by the
transition of iron as a diluent for nickel dissalvi@ metal into the metallic alloy in
an increasing concentration. This explains the rkaide increase of the Fe/Mg
ratio in silicate and oxide solid solutions at highvalues.

Based on the calculated compositions of the metalloy and ferropericlase
for different proportions of the newly formed alloye estimated the values of
oxygen fugacity for the equilibria with participati of FP, the metallic alloy, and
carbon-bearing phases (magne-site, diamond, anéniteh We applied the
constants of equilibrium for the following reactsoim these calculations:

MgCG; (MC) = MgO(FP) + C(Dia) + O,,(8)
2FeO FP) = 2FefFeNi) + O,, (9)

2FeO EP) +§C(Dia) =§ FeC (Coh) + O,, (10)

where MC is magnesiteDia is diamond, andCoh is cohenite. Thermodynamic
constants for stoichiomet-ric iron oxide and cotemere taken from [3], and for
the other components, from the database [2]. Paeasef the Margules equations
describing deviations of the phases of variablepmsitions from the laws of ideal
solutions were taken from [2, 7].

The results of these calculations are demonstragediependences &,
(normalized to the values ofoxygen iron—wustite féuyf logfo./fiwy) on the
magnesium mole fraction of ferropericlase incregswith Fe; growth. Decrease
in fo, values occurs with an increaseFafe; and the Mg/Fe ratio in ferropericlase
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by synchronous decrease of FeO activity in theofpariclase and increase of the
Fe activity in the metallic alloy.

The calculations given above were performed for poi@t on the adiabatic
curve for the lower mantle [8] at 40 GPa and 1900TKe relationships between
the fields of magnesite, diamond, and coheniteilgtalvill be the same as those
demonstrated in Fig. 2 for other values of tempeeaind pressure typical for the
upper part of the lower mantle.

Interpretation of experimental data on the conediains inMPv equilibrated
with metallic iron leads to the conclusion that apetridotites of the lower mantle
should contain ~1% of the metallic phase. In
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Fig. 1.Nickel concentration (wt %) in minerals of the phae association of the bulk
metaperidotite composition at the lower mantle paraeters depending on the weight
portion of the newly formed metallic alloy Fme). (1) FeNi; (2) FP; (3) MPv.

this case carbon should occur as iron carbide &edoixygen fugacity will
correspond to the cun&(FeNi+ FP) in Fig. 2. Curve? and3 Fe,C + Dia + FP
andFeNi + FP approach a high nickel concentration in the metallioy (Fig. 2),
and, within the uncertainty of applied thermodynamonstants, their crossing is
not excluded. This demonstrates the possibilityeristence of an iron—nickel
alloy, iron carbide, and diamond. Actually the catéhe presence of inclusions of
iron carbides and the metallic alloy was registenediamonds of the lower mantle
origin [9]. However, in most cases inclusions iwér mantle diamonds comprise
ferropericlase and high-pressure silicateé$y¢, CPv, andTAPP, whereas metals
and carbides are absent in them. This means thaixygen fugacity in the zones
of lower mantle diamond formation plots above cuizwe Fig. 2.

The concentration of nickel iIRP andMPv from inclusions in diamonds also
provides evidence for more oxidized conditionstredato the equilibria including
the iron—nickel alloy. As is evident from Fig. 1, a portion of metallic alloy of
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0.01 equilibrated with metaperidotite of the priret mantle composition

(estimation of the metal concentration in the lowentle was performed on the
basis of experimental data [1]), the concentratbii in FP and MPv decreases

by an order of magnitude in comparison with thesghassociation without the
iron—nickel alloy. However, the concentration otkel in real fer-ropericlases
from inclusions in diamonds is close to the estiomt for the pyrolite bulk

composition before the formation of the metallitowl Thus, ferro-periclases
included in diamonds from the Kankan

790
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Fig. 2. Dependence of oxygen fugacity normalized by thean—wistite buffer AIW =
log10¢o2 /fiw), where IW is the iron—wistite oxygen buffer) forthe phase equilibria
described by the reactions (8)—(10) on the value tife atomic ratio Mg/(Mg + Fe) in

ferropericlase (FP). The compositions of metallic alloy and ferropeglase estimated for
different portions of alloy formation in the mineral assemblage of lower mantle
metaperidotite were applied for calculations (Figl). (1) MC + FP + Dia (reaction (8)); (2)
FesC + Dia + FP (reaction (10)); 3) FeNi + FP (reaction (9)). Rhombs denote points on
curve 3 corresponding to the different values (numerals negasymbols) of the weight
portion of metallic phaseF .

deposit (Guinea) are characterized by an averagmientration of 1 wt % [10],
which is practically identical to the estimationFaf:= 0 (1.02 wt % Ni) illustrated
by Fig. 1. The concentration of Ni MPv crystals (Fig. 1, curv8) is included in
diamonds of the Kankan deposit (~0.02 wt %) ancldse to the value on curde
(Fig. 1) atFne = 0. This means that the pro-tolith in which diamsrof the
Kankan deposit were formed did not contain a metalloy or its concentrations
were very low.

As is evident from Fig. 2, the equilibrium of diantb with magnesium
carbonate related to the upper boundary of the ahairstability (curvel) lies
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above the equilibrium of diamond with iron carbi@beirve 3) by 6 logarithmic
units of oxygen fugacity. Both iron carbides andboaates are observed as
inclusions in sublithospheric diamonds [9, 11, 1Bpwever, these finds are
extremely rare, and in most cases crystalline sichs in lower mantle diamonds
are represented biyP, MPv, and CPv. Hence, it follows that typical values of
oxygen fugacity in the zones of the lower manti@ntbnd formation lie between
the values for the iron—wustite buffer and the eabd six logarithmic units above
this level. Significant differences ify, values for equilibria of lower mantle
minerals with magnesite and the metallic alloy mdlaat carbonate activities
should be extremely low (= 107 for typical lower mantle mineral parageneses
including the iron—nickel alloy. Under these cormadis, neither the appearance of
crystalline carbonates nor the remarkable concemtraf carbonate-ion in the
melt is possible for the most part of the lower tl@an

Finds of diamonds of a lower mantle source in oagecwith inclusions of
carbonate material and, in the other case, withidas and the metallic phase
provide evidence for processes resulting in vammeiof fo, values by several
orders of magnitude in the lower mantle. As thisetaplace, the formation of
lower mantle diamonds requires higligy values in comparison with those usual
for the lower mantle.

Mechanisms responsible for redox differentiationthe lower mantle may
comprise subduction of oxidized material of crustagin, mechanical separation
of the metallic phase and silicate—oxide minerabastion enriched in ferric iron,
as well as mantle transport of molten silicate malt@resumably enriched in e

The contribution of the material of the subducterkamic crust in the
formation of lower mantle meta-peridotite parageses neither supported by the
major element composition oFP and metasilicates included in diamonds
(consistent with the composition of lithosphericntb@ peridotites) nor by the
carbon isotope composition in diamonds containimgusions of lower mantle
minerals (usually the isotope composition of man#don [13]).

The transportation of metallic components in thedomantle may be gained
by their partial dissolution in the mobile sulfideelt. We should account for the
fact that the eutectic with the metallic phasehia Fe—S system is strongly shifted
towards metallic iron (this is a practically dildtesulfide solution in metallic
liquid), and its temperature is lower than estimadi for the lower mantle adiabatic
curve [14]. If this sul-fide—metal melt is accuntelh in one area of the lower
mantle and depleted in the other areas, decreapeesfure during the uprising
transport of mantle material will result in the appance of areas with lofy,
values in the first case and high values, in treoisé case. The areas of the high
redox potential formed in such a manner may bertye for diamond formation.

Redox differentiation of the lower mantle materiahy result from the
processes of partial melting of deep-seated matesiavell. In basaltic magmatism
Fe** behaves as a moderately incompatible elementréngiche melt relative to
crystalline minerals. This is most likely true ferocesses of magma formation in
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deep zones of the global silicate shell of the licad well. The zones enriched in
melt as a result of its inter-granular filtratiom mantle rocks, in this case, after
ascent and decompression, will be characterizegklagively highfo, values, and
consequently, they willbe favorable for the forroatdf diamonds in the upper part
of the lower mantle. Participation of near-solidulgcate melts in the formation of
geochemical peculiarities of the zones of lower thealiamond formation is
supported by the observed increase of the condemtraf more incompatible
elements (LREEs in comparison with HREES) in rdc&s which sublithospheric
diamonds were extracted [15].

The model geotherm for most of the lower mantls lbelow the silicate
solidus of metaperidotite in the absence of va@atbmponents [8], which makes
the magma formation problematic there. Partial imglbecomes possible in the
zone that is close to the mantle/core boundary vathd growth of temperature
with depth. Most likely, it is this place where oaddifferentiation takes place
preparing conditions for the formation of diamordiging subsequent uprising
transport of this material. It is not excluded ttie formation of near-solidus melts
may proceed during pressure decrease in the hteémadtuprising mantle plumes.
In any case, the environment of the deepest mphittees going through the lower
mantle from the zones close to the boundary with rtfetallic core is the most
probable for the formation of lower mantle diamands
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ABSTRACT

The belt of massifs containing alkaline granitelsgdd the carbonatite province were
earlier discovered in the southern Mongolia. Thegihgol massif of pseudo-leucite syenites
with carbonatites was included into the alkalin@nitic belt. The obtained new age
determinations of the Lugingol massif indicateatth is 40 Ma younger that the Khan-
Bogdo massif [26,12] and is separated from theliakkegranitic belt by a large fault. In
addition to the Lugingol massif the same site ef $buth Gobi contains a series of dykes of
alkaline K-shonkinites with a vein of rare-metalrtmanatites located westwards of the
Lugingol massif close to the Barun-Khasar-Ula cifyp the north-east of the Lugingol
massif there is a series of dykes of alkaline aegheline syenites. These data allow
distinguishing the intrusive complex of K-alkalinecks - shonkinites and leucite syenites
with the Upper Paleozoic TR-bearing carbonatitdaisT 3 complexes of alkaline rocks of
different age are found in the south Gobi. The&lertgives specified geologic maps of all
three complexes. Massifs of all three complexesiaposits of rare elements (TR, Nb, Zr, Y
and P). The chemical composition of silicate rodksthe complex, rare-metal agpaitic
pegmatites, carbonatitic and apatitic rare-metat @ discussed in detail. Based on similar
chemical, mineral and geochemical rare-metal coitipnsof shonkinites of the Barun-
Khasar-Ula and Mountain Pass (USA), their carbéemtand carbonatites of the Lugingol
massif we came to the conclusions that all of thethong to a common formation complex
of K-alkaline rocks and carbonatates. Using TReBpeand spider diagrams we demonstrate
the generality and distinctions of rare-metal rofksn three complexes, as well as the
difference in parageneses of their rare-metal raiserWe describe a rare process of
tranformation of rare-metal minerals into amorphstete. This process is associated with
high-temperature of their crystallization in theentfical environment of anomalous silica
content in pegmatites of the Khan-Bogdo massif. $berce of the primary magmas of
alkaline-carbonatite complexes is the contamind®t2 mantle, which underwent the
recycling while for the Khan-Bogdo agpaitic alk&igranites this source is the depleted
mantle.

INTRODUCTION

The Soviet-Mongolian expedition of Academy of Scies of former USSR
and the Academy of Sciences of Mongolia that cotetl@rospecting works in
Mongolia in the period from 1967 to 1988 discovemdumber of alkaline
complexes containing rare-metal mineralization. SEhdiscoveries are related to
the name of the Russian scientist Academidigacheslav Ivanovich Kovalenko
and the group of scientists from the laboratorgedchemistry of rare elements of
IGC SB RAS headed by him. Li-F type of rare-metagtes was distinguished in
Mongolia and the magmatic genesis of these formatiathich were earlier
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considered as apogranites was confirmed [3, Ghdically changed the methods
of prospecting of rare-metal raw material. This dty@sis was confirmed by the
opening in 1968 of subvolcanic analogues of rar&lmd-F granites, termed as
ongonites [2] which occupied its place in petrogmapclassification as a new type
of rocks.
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Fig. 1.Location of alkaline massifs in the South-Gobi.
1- alkaline granites, 2 — massifs of Mz-carbonatiteomplex, 3 — massifs of Pz-carbonatite
complex, massifsM- Mushugai-Khuduk, Xb — Khan-Bogdo, L — Lugingol.

At that time when the Khan-Bogdo granite massif wtaglied the scientists
confirmed its agpaitic alkaline specialization awmne of Zr, TR, Nb occurrences
[8, 9, 10] were opened. A new minerdla-zircon silicate, termed as armstrongite
[19] was discovered here. Some other new mineralcngolite [21] and
kovelnkoite [24] were discovered later. Studying rendhan 300 massifs of
Mesozoic granites in Mongolia (1969-1971) V.I. Kriko and his team
distinguished for the first time five geochemicgbes of granites. At that time 7
massifs of alkaline granites were united into a wmm South-Gobi belt of alkaline
rocks [4] and the Paleozoic Lugingol massif of mhkeleucite syenites with a
deposit of rare-earth carbonatites [5] and the MeisoSouth-Gobi carbonatite
province (7 massifs) containing rare-earth andiggpdeposit (Mushugui-Khuduk)
[6] were discovered as well.

Two ore-bearing rare-metal formations: the beltatfaline granites and
carbonatite province [9] occur in the South-Gol®aarMongolia. The Lugingol
massif of pseudo-leucite and nepheline syenitesspasally located in the belt of
alkaline granites (Fig.1), though in compositionro€ks it belonged to another
formation type. After obtaining more precise absslage determinations it turned
out that the Lugingol massif is 40 Ma younger ttiegt alkaline granitic massifs
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[26]. However, alkaline leucite massifs do not acsaparately thus the question
concerning the formation type of the Lugingol massstill open. Later, in 30 km
westwards of the Lugingol massif close to BarungéraJla city the Mongolian
geologist Zeden discovered a dyke of rare-metalbaratites containing
bastnaesite, and V.l. Kovalenko found dykes of Krdtinites. The author of the
article discovered the dyke of nepheline sgni(40 % of nepheline) and 7
dykes

Fig. 2.Space picture of the South Gobi.
Khan-Bogdo massif: 1- Big ring, 2 — Small ring, 3 tugingol massif, 4 — Barun-Khasar-
Ula, 5 — area of alkaline dykes, 6 — Dzun-Bain regnal fault.

of alkaline syenites in the area of Loon-Obo citylD km to the north-east of the
Lugingol massif. Thus, three occurrences of K-atlealocks are known by now in
this area. So, it is enough to unite them into pahelent formation type of alkaline
rocks in the South Gobi. In addition, the areahese massifs is separated from the
Khan-Bogdo massif by a large Dun-Bain fault [27]ievhis well visible on space
picture (Fig. 2). In the South Gobi Mongolia we gagt to distinguish ore-bearing
complexes of three genetic formations:

1) the Mesozoic volcanogenic complex &FNa alkaline rocks with
carbonatites and hessonites with the Mushugai-Kkuate-bearing site (120-150
Ma);

2) the Upper Paleozoic intrusive complex of K-alkalrocks (shonkinites
and leucite syenites) with TR-ore-bearing carbdesti including the Lugingol
massif (250 Ma);

3) the Upper Paleozoic alkaline intrusive compl&agpaitic rocks with ore-
bearing Khan-Bogdo massif (290-300 Ma) (Fig. 1).
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All these complexes are associated with the Pern@ebonaceous and
Jurassic rifting of the South Gobi [27]. The orextdeg carbonatites, apatite rocks
(nelsonites) and agpaitic-pegmatite- ekerite gesndre associated with large TR-
F-P and Zr-Nb-TR deposits, which are unique in geng8, 9, 10]. Their studies
are of great importance.

The South-Gobi _carbonatite province [14] includes 7 sites which stretch
from the east to the west over 300 km.
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Fig. 3.Geologic structure of the Mushugai-Khuduk complex14].
1 — Quaternary sediments; 2 - olivine basalts; 3 -rachyte-latites (MZ, try);
trachyrhyodacite-trachytodacites (MZxtrs); 5 — ore potential sites; 6 - the largest ore-
bearing sites; 7 — remnants of volcanoes; 8 - suleanic trachytes, trachyrhyodacites,
syenite-porphyries; 9 — syenites; 10 - subalkalingrachytes (MZ, try); 11 -
melenephelenites — melaleucites (M#,); 12 — liparites (B); 13 — terrigenous-
volcanogenic, 14 - carbonate; 15 — tectonic disldgans; 16 — thrust faults.

The Mushugai-Khuduk is the largest among the ore-bearing sites. The
volcanic field Mushugai-Khuduk is located in 70 konthe northwest of the aimak
Daland-zadgad. The geological map of the areaviengon Fig. 3. The age of
volcanic fields, intrusive stocks, small massifsatkaline rocks is Jurassic (120 -
150 Ma). Several fields of volcanic flows and cratelcanic structures of different
composition are distinguished [14]. The earliesbagithem is the volcano &f-
Na alkaline-ultrabasic composition composed of rodkating tuff lavas, tuff
breccias and lava flows of melaleucitite-melanephiéé composition. Lavas cut
the dyke of micaceous shonkinites and numerows\i@ins and dykes of calcite
and calcite-fluorite carbonatites. The largest &pic field of the trachytic
composition occurs in the western part of the siteontains lava and tuff-lava

49



Vladykin N.V.

flows and it is cut by numerous dykes (not less th@0) of volcanogenic fine and
super-fine carbonatites of calcite and calciteerfile composition. This field also
contains stocks of apatite — magnetite rocks (més®) and apatite-fluorite-
magnetite - celestine rocks [11]. Some smadlcanic structures of teralites,
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Fig. 4.Classification diagram of alkalis silica for the Mushugai-Khuduk rocks.
1 - melanephelenites-melaleucitite, 2 - trachytessyenites, 3 - trachyrhyodacites-
trachyliparites. (in wt.%)

craters of which are filled with potassium-feldsgmeccias of stockwork type,
which is cemented by calcite-fluorite-quartz carites, containing up to 3 wt.%
of TR. Fields of trachyte lavas cut three smallcksoof nepheline and alkaline
syenites, which possibly are strongly eroded votcastructures and trachyte-
phonolite lava in them is crystallized as nephelamel alkaline syenites, These
crystallized rocks also cut the dykes of calcitd aalcite-fluorite carbonatites. The
latest magmatic rocks of the complex is the ligantyke, cutting even the
carbonatites. It is located in the central parthef Mushugai volcanic field. The
eastern part of the field contains lava flows obmdlites, which overlap the older
lavas of trachyrhyodacite composition. The easterargin of the field is
terminated by younger shield volcanoes of alkabiasaltic composition.

The representative analyses of silicate rocks @& Mushugui-Khuduk
volcanic field are given in Table 1. On the classifion alkali versus silica
diagram the points of compositions of volcanicsdrethe line of alkalis (Fig. 4),
forming a common series from alkaline-ultrabasicckeo (melaleucitite-
melanephelenites), with a greater field of rockthwaeiverage chemical composition
(different trachytes, phonolites and their intresianalogues - alkaline and
nepheline syenites), up to rocks of acid compasititrachyrhyodacite-
trachylaparites). Silicate volcanic rocks of the dWugui-Khuduk field are
thoroughly studied [14].

Table 1.
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Chemical composition of silicate rocks (in wt.%) othe Mushugai-Khuduk field.

Ne 1 2 3 4 5 6 7 8 9 10 11 12 13
SiO, 451 | 44,4| 440 541 550 5683 570 589 610 61,1,6/667,6] 69,8
TiO, 1,18 1,10 117 112 118 1317 130 0,80 0O}75 (,8%9/0045| 0,40
Al,O4 142 | 139| 139 16,4 16,1 148 155 1y6 1y,0 17,¥,2[1149| 14,7
Fe,03 408 | 4,77| 413 380 3,08 327 461 3B1 3|45 2,266620,20| 2,87
FeO 413 | 3,05| 449 215 351 25 162 02 0j90 2,33512,35| 0,28
MnO 0,16 | 0,16/ 0,15 009 0,18 0,10 0,09 0,10 0jO6 (,1009100,10| 0,08
MgO 504 | 527 621 291 225 291 366 Of1 054 (0,59€6|00,45| 0,33
CaO 8,67 | 834| 972] 420 521 6,0 447 396 179 1,6104PR1,29| 0,12
BaO 0,70 0,821| 060 046 062 05 044 040 O0j36 (,3081|00,06| 0,06
SrO 089| 093] 0,700 054 136 05 040 O0Op6 0j46 (0,4432/00,11| 0,07
K,0 3,25 | 4,09| 4,05 557 558 501 469 5p5 6{72 6115354,32] 5,65
Na,O 481 | 4,73| 395 539 405 432 445 5010 528 5,40445,63| 5,04
P,Os 239| 1,13 119, 068 09 104 0,86 O0Op6 027 (,5%801,13| 0,06
H,0+CO, | 446 | 606 487 141 112 103 028 180 0{23 1,07910,93| 0,22
F 0,75] 0,85| 080f 098 028 035 0,45 040 1j05 0Q,232|00,13| 0,20
Summa | 100,3| 100,2| 100,2| 100,6| 100,3| 99,99| 100,6| 100,4| 100,5| 100,7| 99,7| 99,7 | 100,1

14 15 16 17 18 19 20 21 27 23 24 25 26
SiO; 71,1| 56,4| 555 56,4 564 673 690 558 583 60836604 70,1
TiO, 040 1,38 130 1409 14 042 044 10 0/80 0,626400,90| 0,28
Al,04 140| 16,0 15,1 159 168 119 121 16,9 18,0 18,0,9]116,4| 144
Fe,0s 165| 422| 643 554 582 167 062 2p9 344 2,8P323,40| 0,67
FeO 028 137| 092 126 0,70 115 1,29 305 2/08 1,2915111,44| 0,43
MnO 0,02| o007 0,09 008 008 037 0,08 0,3 010 (,1708|00,07] 0,03
MgO 0,27 | 2,89| 266 231 195 055 0%2 204 1/49 (,9/82|01,38| 0,36
CaO 1,11 | 4,76| 6,07 4,72 272 262 248 3,6 2|87 2,53922,80| 1,40
BaO 001 045 043 047 0783 010 0211 049 030 (G,1(M5|00,10| 0,05
SrO 0,08 0,44 037 045 045 022 0,18 0,67 056 (0,2(R6|00,20| 0,02
K,;0 551 | 531| 431 464 579 787 8,09 5pB8 584 583FB86556| 593
Na,O 481 | 438 405 443 46y 165 1,67 467 5/18 53%955,46| 5,03
P,Os 0,06 | 0,90 090/ 095 08T 015 0,212 143 0{34 (,126/00,21] 0,20
H,0+CO,| 051 | 047| 147 041 101 046 0,92 24p5 0|69 (,2486/01,17| 0,48
F 0,25| 0,65/ 050 085 O75 20 150 0,02 0/35 0,403000,30| 0,40
Summa | 100,2| 100,1| 100,4| 100,2| 100,5| 99,6 | 99,98 100,6| 100,6| 99,8 | 99,7/ 99,9 99,95

Note: Rock names: 1-3 lavas of melanephelinites — matéties, 4 — veined shonkinites, cutting melaneppiteli 5

and 21 — subvolcanic teralite , 6-11 — lavas aftyges, Eastern field, 12-14 — lavas of sanidiaehyrhyodacite of
the Western field, 15-18 — lavas of phonolites e tvestern field , 19-20 — glassy trachyliparitéshe Eastern
field. Stocks of small intrusive massifs: 22 — nelpfe syenites, 23-25 — lkaline syenites, 26 —gqusyenites. Data
of chemical analysis, analyst is G. A. Pogudinatitate of Geochemistry, SB RAS.

The phosphate-carbonate

rocks

I.e.

carbonatites apakite-magnetite
nelsonites, though they possess a lot of an analyitiformation are less studied
[11, 8, 9]. These rocks are similar in time of fatron. Both carbonatites cut by
veins of apatite-magnetites, and xenoliths of talffuorite carbonatites in
apotitolites are found. Among apatite rocks we diatinguish several varieties.
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1. Two sufficiently large stock-like or waino-like round bodies, with the
size of 30x70 m (Apatite-Camel body and magnetite ring).

The apatite body from the contact towards the cesteomposed of fine-
grained trachytoid apatitolites, containing 95 %etdngated apatite crystals, the
interstices contain decayed glassy isotropic sabstaThe center of the body
includes magnetolite with the size of 2 x 3 m, eamhg the magnetite and mica
(5%) crystal aggregates. Apatitolites contain frérap to 15 wt. % TR. From the
contact with the host rocks towards the centeafbetite rocks become more fine-
grained (chilled ), moreover TR concentration iases up to the highest values -
15 wt. %. In apatites the maximal TR concentratitakes up 8 %, other rare earth
elements are contained in an isotropic matrix.

The second body is located in 200 m southwestwalrttee Apatite body. It is
composed of apatitolites with mica and magnetitaghetite forms a ring with a
diameter of 10 m being 1-1.5m wide. This magnetalibintains aggregate of large
dendritic magnetite crystals elongated along onectdhedron angles. The size of
octahedrons is 5-10 sm. Such structural featuregpafite and magnetite indicate
their fast crystallization from the melt. High teempture of formation of apatite-
magnetite rocks and their crystallization from thelt-fluid were confirmed by
thorough thermobarogeochemical researches [1].

2. Some dykes of apatite-magnetite rocks of 0.2 #hick and up to tens
meters long. They contain apatite with magnetitdoeontact margins. In the
central part of large bodies of these rocks thesecalectine and barite aggregates
up to 0.3 min size.

3. Veined body of fine-grained fluorite-magnetifgaéte rocks with celestine. The
body is 5-20 m wide and up to 500 m long from sowthorth. The southern
contact of the body is cut by a fault. The dykered trachyliparite was intruded
here. Some outcrops of these rocks with varyingeotrations of major minerals
are found along the whole body. These rocks contpito 2 - 4 wt. % TR, 5 - 10
wt. % of fluorine, 10 - 20 wt. % SrO and 10-20 ¥4.P,Os. Probably these dykes
are new type of ore-bearing rocks. The reprdive analyses of the chemical
composition of the Mushugai-Khuduk ore complex @iken in Table 2, while the
contents of rare elements are presented in Taldes 3.

By the mineral composition we can distinguish salvearieties among the
carbonatite occurrences of Mishugai-Khuduk fieldl. @arbonatite veins (dykes)
are leucocratic. The fine and micro-grained calcéighonatites are abundant. They
include the bodies which were intruded along fimacks in the trachyte flow.
They are from 10 sm up to 50 sm wide and 5-30 ng.ldmey are composed of
calcite. The accessory minerals include apatitegnetite, fluorite and in cases
quartz. The carbonatite, cutting the apatiteedigite Terlitovyi) is enriched with
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Table 2.
Chemical composition of carbonatites and apatite rcks of Mushugai-Khuduk area
Ne 1 2 3 4 5 6 7 8 9 10 11 12
SiO, 23,5 17,2 | 25,7/ 3,61 5,4 211 6,91 383 50,0 30,8,54732,6
TiO, 0,05 0,05| 0,25 0,20 0,05 0,09 0,05 0,5 0j05 (,10050 0,13
Al,O; 043 | 1,12 3,39 044 058 536 054 0,82 0j45 (,23220 3,91
FeO, 1,02 | 0,68 101 146 058 0,10 0,17 0,834 046 (Q,34530 3,82
FeO 080, 0,17| 0,18 208 0,18 0,71 0,36 0,89 1|87 (,8817 (0 0,86
MnO 055 0,20| 044 1,1 04y 093 0,12 054 0|85 (0,23240 0,44
MgO 180| 0,29| 0,84 1704068 | 0,24| 064, 3,24 244 0,44 0,60 0,58
CaO 33,04| 42,76 | 31,80 27,36| 45,21| 36,95| 25,01| 21,73| 18,03 | 35,04| 18,90| 26,36
BaO 1,38 | 0,17 | 2,42] 0,28 1,79 295 1,82 10,1934 | 6,22| 2,57, 0,09
SrO 0,22 | 0,19| 0,22/ 0,33 24y 0,22 22940€,20| 0,33| 0,31 1,27 0,17
K,0 0,00 | H.0. 1,22| 0,19| 0,09 0,15 0,12 0 0 0,16 0 2,86
Na,O 0,08 003| 068 097 0,21 0,23 0,10 0 0,02 0,23 0 290,
H,0O 0,12 | 0,90 1,25 139 049 159 0,21 143 1,28 1,161 | 1,29
CO, 32,28 33,70 | 27,81| 41,01| 18,17| 24,18| 12,89| 15,96| 16,64| 8,09 | 9,58 | 24,41
P,Os5 0,27 1,35 1,22 0,279 022 063 095 0,00 0j23 2,01,281 0,00
SO, 0,82 | 0,15 1,45 1,20 11,411,30 | 20,46 0,69 | 2,15| 1,61 6,08 0,20
TR 0,55 | 0,10 0,23 0,24 126 050 280 084 1,25 033450 0,61
F 1,70 1,40, 0,90, 2,10 18,805,80 | 8,50| 11,00 5,50 | 20,10 10,20| 2,30
Summa | 99,90| 99,86 | 100,5 100,2| 99,95| 100,4| 100,5| 100,8| 100,7| 100,4| 99,90| 99,91
Ne 13 14 15 16 17 18 19 20 2] 22 28 24
SiO, 26,6 | 236| 21,3 522 11,8 192 328 195 4/53 742051 41,7
TiO, 0,0 0,07| 0,25 05 0,20 005 160 1pO0 0|35 (,45970 0,35
Al,O3 328 | 502| 540 297 285 251 231 245 221 520935 1,09
FeO, 411 | 4,45| 2,15 29,7035,18| 19,37| 22,39| 19,35| 7,50 | 9,42| 15,61 5,73
FeO 0,36 | 089| 090 374 0583 1,07 1,10 141 0j70 2,1007 2 1,08
MnO 0,39| 005| 053 042 028 0,13 0,36 0O,/8 0{10 00,1011 0 0,02
MgO 0,68 060| 084 149 131 0,24 1,02 142 0j07 Q,11100 0,72
CaO 32,13| 20,27 | 32,35 22,58| 18,88| 22,16| 14,08| 25,23| 35,12 25,27| 21,56| 4,74
BaO 0,82 | 6,08 6,18 224 246 345 0,66 0096 3|76 2,6507 2 3,04
SrO 0,13 | 10,50 0,22 3,41 026 3,1 0,14 011 284 9926 | 0,20
K,0 250 150| 366/ 037 050 0,08 0,31 0,5 002 0,04020 0,14
Na,O 0,17 0,26| 093 033 048 0,23 0,22 0,11 0{38 0,53350 0,47
H,O 1,23 | 0,21| 0,34] 1,73 1,12 343 1,86 2889 1|83 3,3530 3,12
CO, 24,06, 7,83 | 21,23 0,88 | 1,47, 1,90 049 900 037 058 0,80 12,01
P,Os5 0,00 | 8,04| 0,38 20,4114,69| 18,88| 14,01| 7,91 | 26,99 18,51| 17,38| 1,27
SO, 1,07 | 9,27| 1,15 1,09 1,3( 2,51 0,33 0,60 1{5650 | 6,40| 4,83
TR 0,41| 250| 1,000 252 564 1,11 6,24 6,38 10,H58 | 6,34| 3,75
F 3,30 | 0,20| 3,00] 1,10 150 160 1,00 2,0 1/50 4,90303 3,30
Summa | 100,0| 100,2| 100,5 100,3| 99,72| 100,4| 100,4| 99,92| 99,90| 100,4| 100,1| 86,15

Note: in Ne 24 determined 14 wt.% PbQOel1,2,3 — calcite carbonatite with quartz, 4 — dolmni
carbonatite, 5-7 - fluorite-calcite carbonatite,lB-- calcite-fluorite carbonatites with quartz, 14-
feldspar-calcite breccia sometime containing cilestl5- calcite-feldspar-fluoritic carbonatite,irnved,
16-20 - magnetite-apatite rocks (nelsonites), 2patitolites, 22-23 — apatite-fluorite-magnetiteks
with celestine, 24 - jarosite-cerussite tuff. Dafdhe chemical analysis, analysts L.N. Matvegl@C

SB RAS
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Table 3.
Contents of rare elements (in ppm) in Mushugai-Khudk apatite rocks and tuffs.

* 1 2 3 4 5 6 7 8 9 10
Be 3,04 2,91 1,85 1,52 2,78 2,15 1,31 14,47 7,45 8,37
Sc 1,97 1,78 4,71 3,88 11,58 3,15 0,99 3,43 2,23 1,13
V 982,2| 1025| 57,50 59,99 82,75 57,42 9,79 4405 41,88,60
Cr 17,62 | 53,67 14,064 54,28 32,29 38,65 4,46 22,21 710,85,45
Co 17,82 | 13,48/ 0,69 1,66 5,31 1,60 1,2Y 1,85 2,38 1,27
Ni 14,23 | 15,42 3,05 6,75 10,38 8,917 1,16 4,17 577 04,0
Cu 8,58 | 27,95 1,62 4,46 11,65 4,00 19,56 5,27 587 557
Zn 817,8| 579,91 2992 70,46 132/8 88,89 34,40 1013 186,413,7
Ga 29,50 | 36,07 2,96 3,69 4,0% 3,54 3,72 13|53 18,1256 8,
Ge 0,35 0,38 0,06 0,10 0,20 0,10 0,12 0,68 0,62 0,34
Rb 12,18 | 19,47 3,56 8,53 41,89 5,4p 4,11 10R,7 126,%,4%6
Sr 1391 | 1149| 9176] 1433 5830 8747 1643 1489 2065 1844
Y 515,8 | 314,2] 615,7 672,8 5176 7239 467,7 199,7 ,5141209,8
Zr 37,08 | 23,49 0,15 0,17 2,36 1,1p 48,32 196,3 212,85,51
Nb 34,53 | 26,37 0,73 1,50 6,77 0,66 18,15 20|69 32,738,441
Mo 10,69 | 5,15 3,42 4,19 6,23 4,28 45,715 137.,4 9,13 9273,
Sn 14,08 | 13,31] 0,28 0,14 1,06 0,20 1,45 1,74 1,99 1,28
Sb 0,98 1,13 0,33 0,13 0,69 0,15 21,77 2,95 0,71 4,72
Cs 2,40 8,44 0,76 1,76 1,92 2,75 1,68 3,72 3,28 1,71
Ba 65,93 | 69,84 2139 620,83 4585 3034 9468 13706 25457505
La 3764 | 2009| 4632 4936 3828 5486 114388 4814 3202 6811
Ce 10628 | 5353| 11748 12819 106%9 12454 19710 7734 5285328
Pr 1052 | 498,9] 1227 1363 104 1470 1426 520,3 353,8 ,4523
Nd 3668 | 1752| 4239 4682 3655 5006 3673 1412 94,9 1275
Sm 466,2 | 213,9] 547,1 569,0 4716 6324 331,4 129,8 9089, 102,3
Eu 47,32 | 24,85 75,38 84,19 68,20 88,40 51,43 28,25 8819, 21,15
Gd 243,7| 120,1] 331, 3459 2536 3321 194,7 76,14 3053, 65,53
Tb 23,04 | 11,84 32,34 33,69 2455 32,20 16,03 6,36 422,80
Dy 108,1 | 58,02/ 140,68 147,8 113|8 153,6 71,03 31,34 3820, 23,20
Ho 19,15 | 10,30, 22,92 23,72 19,68 25,96 12,23 579 3,84,44
Er 40,93 | 23,89 5498 57,26 42,04 56,68 28,42 13,88 8 §,510,80
m 5,55 3,10 6,50 6,74 5,54 7,46 4,13 2,14 1,81 1,63
Yb 29,30 | 16,94 37,67 39,70 28,15 38,27 24,90 12,19 0 7,39,81
Lu 3,72 2,30 4,79 5,00 3,62 4,88 3,04 1,72 1,03 1,37
Hf 2,67 1,30 2,52 2,03 2,52 2,32 1,65 5,10 5,R2 3,17
Ta 0,69 0,36 0,38 0,37 0,42 0,38 0,25 0,84 1,65 0,54
W 11,94 | 2,44 0,79 0,77 0,95 0,98 33,11 28|22 23,85 ,5715
Tl 0,25 0,25 0,12 0,34 0,56 0,18 1,05 0,72 0,91 0,58
Pb 27,38 | 21,15 19,89 3950 38,20 83,84 132701 2465 ,718389,1
Th 637,0 | 287,3] 318,33 362,8 2765 412,6 278,2 85,44 1377, 45,34
U 50,10 | 34,58 23,48 28,15 19,58 34,83 499,8 164,7 3124,53,08

Note. 1-6 — apatite rocks of the central field, 7 — gii@-cerussite tuff, 8-10 — tuff-breccia with fragmnts
of feldspar and fine fluorite phenocrysts. DataA@P-MS analysis, analysts E.V. Smirnova and A.Yu.
Mitrofanova, Institute of Geochemistry, SB RAS1R0* - Elements.
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Fig.5. Diagrams of TR spectra TR (left plots) and spidediagrams (right plots).
(a) volcanogenic micro-grained rocks of fluorite-barte-crystobalite composition, §¢) 1-
jarosite cerussite tuffs and tuff breccias with fragments of feldspar and fine fluorite
phenocrysts, 2 — carbonatites;H) 1- Lugingol carbonatites, 2 — Mauntin Pass carbaatites.

monazite. One carbonatite dyke containing up tovR® of potassium feldspar is
observed.

The western part of the trachytic field contairthiak carbonatite dyke up to
1 km long and up to 1 m thick which is composedird-grained grains of calcite
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with cavernous interstices. It is cut across by ewous tectonic fractures. The
body possibly migrated vertically along these fuaes. The most western part of
this dyke includes the site being 2 meter long @ioimg spherulite-like aggregates
of the dolomitic composition which were cemented dajcite — quartz matrix

(Table 2, the analysis 10). In 2 m from the dolacngite this dyke is cut by the
younger dyke of syenite-porphyry.

Another variety of carbonatites is of calcite-flticr composition. Fluorite
forms idiomorphic crystals of cubic habit of crysiia the calcite matrix. Other
minerals in these carbonatite include apatite aadnatite. Carbonatites are fine
and micro-granular. They are found in the same agecalcitic carbonatites.
Geological and petrographic data indicate the voécarigin of carbonatites and
their magmatic genesis is confirmed by thermobavolgemical investigations [1].
In addition to K-Na carbonatites calcite-fluoritengar to carbonatites of the
Mushugui-Khuduk massif [28] have been recently aieced on volcano
Oldoinyo-Lengai in the Central Africa. The thirdrety of carbonatites is calcite-
fluorite-quartz. The craters of small volcanoeshaf teralite composition are filled
with mineralized breccia of the potassium feldspamposition, which contains
abundant veins and veinlets of quartz-calcite-fliteorcomposition of the
stockwerk type in numerous fractures. This typecafbonatites could possibly
have formed from the explosive gas — hydrothemmature. The carbonatite melt
- fluid transformed into this mixture when the tesmgture decreased. These rocks
contain up to 3 wt. % TR.

In the Western part of the trachytic field we olveerexplosive formations of
unusual composition. In 1 km to the north from éx¢ended carbonate dyke there
IS one more site with carbonates. On the northesingm of this field we found
several sublatitudinal dykes of 2-4 m thick andtagens meters long. These are
dykes of granosyenite-porphyries and sintered ignies. Among them there are
dykes of complex structure [16, 17]. The first dykaip to 4 m thick. Its northern
contact with trachytic flow contains glasses ofchndiparitic composition with
phenocrysts of potassium feldspar, quartz and rbieiag 0,5 - 1 m thick (Table 1,
the analysis 19-20). The central part of the dy&mprises yellow original tuff-
breccia material of explosive genesis, similarcasbonate tuff (Table 2, the
analysis 11). There are 2 structural varietieshalsé formations. One of them
includes tuff breccia with denser fragments of slane yellow substance, while
another one comprises cavernous (vesicular) teffy Wight, with black spots of
magnetite (?) dendrites or manganese oxides. Bypositon a yellow pelitic
substance is similar to Pb-containing jarosite atidition to jarosite it contains
abundant (to 20-30 wt. %) of primary lead carbonéterussite). It forms
transparent fine grains and their aggregates ddighncolor (up to 1 mm) being
regularly disseminated in the rock. There are s#pagrains up to 3 - 5 mm. The
concentration of PbO in this tuff reaches 15 - 18%and that of TR makes up to
5 wt. % (Table 3, the analysis 7). In addition &popite and cerussite the rocks
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contains insignificant amount of magnetite opakliklisordered crystobalite,
fluorite, barite, calcite. The southern part of tiye is composed of ironshot

L 2 [f7]s [B 4[4 [V Als

........ |6 || 7 [ss]8 [»>>]9 [ A |10

Fig.6. Geologic structure of the Lugingol massif (from d& [5] with adding G.
Damdin u D. Batbold ). 1 — host slates, 2 — near-contact imdels, 3 — xenoliths ofFsp-Pl
pyroxenites, 4 — nepheline syenites (pulaskites) ¢fie main intrusive phase (MIPh) 5 —
MIPh) carbonatized syenites, 6 — carbonatite veingnd dykes, 7 — dykes of nepheline
syenites and leucite syenites (leucitophyres), 8dykes of leucite tinguaites, 9 — dykes of
micaceous syenites, 10 — trachyliparite dyke.

fluoritized pyroclast. It contains fragments of dngliparite glasses, trachyte-
feldspar lavas with abundant fine dark-blue flumtystals of cubic habitat. The
fragments are often impregnated with brown mangamegregate. These rocks
are rich in TR, Pb, Ba (Table 3, analyses 7, 8 S®uthwards the trachyte lavas
comprise veinlets of microgranular black-violetdtite-barite-crystobalite rocks.
These veinlets are from 5 to10 sm thick and 20-30omg. Fluorite forms the
faceted dark-blue cubic microcrystals. These vesnt®ntain up to 3 % TR. The
concentrations of Sr, Ba, Pb, Y are high. Contefitsare elements in these un-
usual rocks are given in Table 4. These Pb-TR wutfarbonate tuffs and fluorite-
barite-crystobalite rocks were formed at the figlge of eruptive-hydrothermal
volcanic activity and as regard to the genesis Hreysimilar to volcanogenic ores
of the Tomtor massif [18, 25]. TR Spectra and spdiagrams of rare elements in
rocks from the Mushugai-Khuduk massif are giverF@n 5a, 5b.
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The Upper Paleozoic intrusive complex of K-alkaline rocks - shonkinites and
leucite syenites with TR ore-bearing carbonatifBse given complex includes
three magmatic occurrences. They include the Luingassif of pseudoleucite
syenites with carbonatites, Zeden occurrence (BHhasar Ula) of dykes of
shonkinites with the carbonatite vein and dykesepgheline and alkaline syenites
in 40 km towards the north-east of the Lugingol sifazear Olon-Obo city.

The Lugingol massif of the central type [5], has a round shape, s as 10
km?. The massif cuts the thickness of slates whichtramsformed into hornfels
near the contact and are penetrated by varioussrotkhe veined series and
carbonatite veins. Because of dark color of hosnthe massif is well visible in
space pictures. The age of the massif determirmed fircon and badeliite is 253-
258 Ma. The main phase of the massif includes igsite nepheline-bearing and
pseudoleucite syenites. In the central uplifted pathe massif there is an outcrop
of coarse-grained leucites, gradually replaced épheline syenites. In potassium
rocks of such composition leucite is first crystatl. It emerges in heavier magma
and is accumulated in apical part of the massd,taen it is gradually dissolved in
the same magma. The older rocks are found as thel; are outcropped in the
central part of the massif as a large xenolith anwhller xenoliths near the
southern endocontact. In the first case it is alkagabbroid (probably potassium
feldspar pyroxenite), in the second they includgtita shonkinites. The geologic
map of the massif is given on Fig. 6. A great nundferadial and less abundant
ring fractures which are filled with the rocks betveined series is characteristic of
the massif. The earliest among them include thrgeesl of leucite syenites
(leucitophyres). Leucite in them is decayed inttapsium feldspar and kalsilite or
nepheline, therefore we call them pseudoleucitie dykes are 0.5 - 2 m thick and
0.1 - 1 km long. Two of them are chilled containeglassy matrix. These dykes
are cut by radial dykes of prismatically granulachytoid nepheline syenites. The
leucite porphyries are 0.5-1 m thick and 100-50ng. The western part of the
massif contains the dykes of melanocratic nephaly@aites enriched with biotite.
It is up to 5 m thick and 200 m long. The younggkes$ of dark green up to black
pseudoleucite ingrates were intruded along theatddactures and have vertical
contacts. They include fine-grained (up to glasegks, being up to 1 m thick and
0.1 - 2 km long. In the central part of the masssf found the youngest dykes of
linarite to quartz porphyries which cuts all roaksthe massif. The dyke has a
submeridional strike with a dip towards the westlemthe angle of 300. In
additional to dykes of the silicate rocks the Lyggihmassif contains the veined
carbonatite bodies. They have a latitudinal stuk#éh vertical contacts. They are
from 0.2 up to 2 m thick and from 5 up to 200 mdoithey are found in the
northern part of the massif and outside its costdgy composition they are calcite

Table 4.
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Contents of rare elements (in ppm) in volcanogenimicrogranular Mushugai-Khuduk

fluorite-barite-crystobalite rocks

Ne 1 2 3 4 5 6 7 8 9 10 11
Be [ 2,11 | 10,31 | 8,54 573 2283 10,71 14,51 12,p12,43 | 23,30| 6,84
Sc 221 | 2,66 0,82 0,75| 0,83 3,20 13,55 0,67 642,] 3,09 0,36

Ti 119,4 [ 1734 308,4| 271,72 111,7 | 376,6| 204,9] 95,78 8507/ 90,80 1991
V 48,32 | 28,76 15,86 | 49,16 2535 | 66,31 | 41,77 39,62 7528 59,77 26,50
Cr | 49,37 4575 | 42,87| 4098 41,66 | 44,15| 46,27| 46,43 2366 28,11 65,43
Co | 2,01 | 1,83 0,82 2,04 0,53 1,16 1,02 1,10 41,6 1,97 2,15

Ni | 13,56 | 4,29 1,42 349 | 2,18 2,16 2,91 9,86 25,08593,| 46,10
Cu | 655 | 3,93 0,75 522 2,33 4,52 4,79 128 14,3 2,69 11,20
Zn | 53,79 948,1 1751 41423728 | 71,88| 88,69 63,84 66,79 26,29 88,78
Ga 0,83 | 11,28 | 0,93 0,36/ 0,57 2,09 2,28 0,66 670,] 0,65 0,43

Ge [081 | 1,24 0,07 0,56| 0,06 0,22 0,15 003 40,10,12 3,38

Rb 9,99 | 72,52 | 7,10 1,09] 5,04 33,09 4,79 4,48 576 | 3,66 0,40

Sr 1312,6 | 1312 1420 | 827,8 1790 | 2112 | 1782 | 1475 3521 3108 2048
Y 19,41 | 80,99 115,4| 75741663 | 1245| 299,3] 166,7 2685 280,7 47,12
Zr |8,78 | 198,99 | 124,6] 15,1912,63 | 10,57 | 4,04 156,201,45 4,12 83,37
Nb | 4,17 | 1486 | 4,11 1,39] 1,16 0,84 0,10 1,1¢ 812,] 0,98 0,67

Mo | 12,48 | 24,51 | 4,50 12,34 15,86 | 18,20 | 3,66 95,12 922D 87,21 75,06
Sn (0,28 | 1,11 0,20 1,01 1,23 0,39 0,05 020 40,3021 0,55

Sb 13,90 | 8,44 0,25 3,25 | 1,27 1,58 0,13 7,67 0,15 30,4 3,92

Cs 1059 | 3835 0,75 0,17| 0,78 2,28 0,93 1,02 90,8 0,88 0,11

Ba | 684,3 | 16411 | 15730| 5859 | 12293| 13704 | 14986 | 13866 | 14399| 14125 | 14278
La | 575,6 | 1670 2638 | 1892 5098| 3780 6048 6640 7275 37992384

Ce |515,3 | 2142 2873 | 2249 5536| 4525 6926  585) 10980293 | 2018

Pr 139882036 | 247,4| 209,1479,2 | 412,1| 6475 4950 8650 9132 1524
Nd | 84,27 | 547,6 | 583,9| 49591105 | 1064 | 1629 | 1093 2201 2304 3019
Sm | 7,73 | 51,82 | 47,78/ 45,1191,00 | 89,90| 152,8 79,72 1980 2135 21,18
Eu /12,39 | 921 9,14 10,4620,88 | 21,34| 28,70] 17,62 70,28 58,18 4,54
Gd | 3,61 | 22,63 | 18,96] 18,3334,58 | 33,76| 61,56 30,377 7412 81,30 7,83
Tb | 0,53 | 2,43 1,66 158 3,14 3,67 5,24 236 54,6 533 0,79

Dy | 2,74 | 11,74 | 12,27 8,82 16,74 16,13 353 1643642 | 38,46| 4,30
Ho | 0,59 | 2,64 2,68 1,83] 3,67 3,44 7,97 334 07,0724 0,86

Er 152 | 721 7,71 4,52 10,8% 8,41 21,70 9,86 8,44 | 20,20 | 2,65
Tm | 0,23 | 1,02 1,05 0,62 1,47 1,08 2,8( 1,39 823 2,50 0,35

Yb | 1,47 | 6,59 6,47 3,63 9,10 6,51 14,07 8,68 543 14,25| 1,96

Lu /0,17 | 0,84 0,82 0,41 1,35 0,75 191 1,17 41,8 1,88 0,25

Hf 10,16 | 4,65 0,98 0,17| 0,06 0,01 0,06 1,01 30,0 0,04 0,43

Ta | 0,03 | 0,57 0,03 0,06| 0,10 0,10 0,1( 0,10 00,10,10 0,10

W [109 | 31,69 | 4,26 047 12,40 11,77 4,64 15,228,95 | 11,90| 5,67
Pb |41,11 | 5188 128,4| 143,88 144,6 | 495,7| 97,26] 283,20 780,/ 1193 181,2
Th 10,24 | 34,16 | 9,44 8,80 18,00 16,11 47,48 6,544,441 24,02 | 0,97

U 2,62 | 105,58| 48,77 | 9,15 | 94,82] 51,34 7168 36,59 52,95 5@8, 20,42

Note: data of ACP-MS analysis, analysts - E.V. Smirnarnd A.Yu. Mitrofanova, IGC, SB RAS, 2009

Carbonatization is found in separate sites upealdpth of 750 m.
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MINERAL COMPOSITION OF ROCKS OF THE LUGINGOL
MASSIF.

Alkaline gabbroids. These are dark grey medium-grained rocks of the
massive structure. The main minerals of rocks ohelplagioclaseNe 35 - 40 (60
%), light green augite (15 %), dark brown hastiteggilO %), biotite (5 %),
homogeneous potassium feldspar (5 %) and nephéling). Cancrinite and
accessory minerals (sphene, apatite and zircon)saagce. Non-plagioclase
varieties, containing up to 50% of anorthoclaseenayserved as well. In the rock
grains of plagioclase and dark-color minerals (Baf1) are cemented by the
graphic aggregate of alkaline potassium feldspat aepheline with separate
xenomorphic cancrinite grains.

Shonkinites of the south endocontact contains 50 % of potassalaspar, 30
% of pyroxene and 20 % of biotite.

Nepheline-bearing syenites of the main phase comprise large -and medium-
grained rocks with massive, less often trachyttigcsure. They consist of alkaline
feldspar (70-80 %), nepheline (5-10 %), hastingsité0 %) and zonal plagioclase
Ne 10-20 (up to 10 %). The minor minerals includegite) cancrinite, calcite and
fluorite. Accessory minerals include apatite, sghemd zircon. Cancrinite is
primary, regularly distributed in rocks and spd#yials not connected with
nepheline grains. In the zone of endocontact nepélearing syenites become
biotitic, and close to the southern contact theeesites, enriched up to 30 % by
blue corundum — sapphire.

Pseudoleucite-containing syenites by composition are similar to nepheline-
containing, but without plagioclase. They includearse-grained pinkish-grey
rocks with spherical or «leucite-like structure. dviascopically they contain large
(up to 10-20 sm in diameter) «phenocrysts» of pslewudite, cemented by the
nepheline-bearing matrix. Other minerals includstingsite, biotite, sphene and
zircon.

Dyke pseudoleucite leucitophyres - dark grey rocks with large (2-8 sm in
diameter) pink phenocrysts of pseudoleucite whiehragularly distributed in the
rock. The matrix is fine-grained up to microgramulglassy. In addition to
pseudoleucite it contains tabular grains of finetifme alkaline feldspar, isometric
nepheline grains and prismatic hastingsite grafseudoleucite phenocrysts
demonstrate precise facet tetragontrioctahedrog. (6) with sharp borders as
regard to a matrix of the rock. They contain thapipic aggregate of alkaline
feldspar, nepheline (in the ratio approximately/)3less often plagioclasé 15 -
20, cancrinite, fluorite and hastingsite.

The leucite tinguaites are dark green, to black, quite often porphymtcks
with fine-grained, sometimes glassy texture of timatrix. Phenocrysts of
tinguaites are up to 0,5-2,0 sm in size and incladerthoclase (1-10 %), light
green augite (2-6 %), brown melanite (2-4 %), népbe(2-10 %), less often
analcite, pseudoleucite (crystals up to 1,5-2,5isndiameter). The matrix of
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tinguaites is composed of tabular alkaline feldspad prisms of hastingsite,
iIsometric grains of nepheline and melanite whieh@@mented by phenocrysts of

Table 5.

Chemical composition of rocks (in wt. %) of the Lugngol shonkinites, Barun-Khasar-Ula
carbonatites and Mauntin Pass carbonatites.

Ne 1 2 3 4 5 6 7 8 9 10 11 12
Sio, 52,1 454 554 57,3 554 524 544 51,3 51,6 709,46 3 7,69
TiO, 1,20 2,28 0,32 0,50 0,38 0,48 048 047 1,06 032,06 0 012
ALO; | 160 | 1330] 2025 1929 2220 2184 2184 2060 820,3383| 0,50 1,80
FeO; | 2,13 8,93 1,72 1,00 1,04 1,76 1,02 2,18 1,60 083,50 0 140
FeO 4,17 349 3,59 2,87 1,34 1,99 3,59 2,08 2,33 0,28,05 0 0,04
MnO 0,17 0,53 0,18 0,15 0,14 0,26 0,1b 0,19 0,18 007,36 0 158
MgO 3,15 1,30 0,92 0,42 0,5G 1,00 0,79 1,01 0,75 0,53,20 0 0,20
CaO 598 | 1450| 245 2,45 1,58 1,79 2,60 4,08 457 1,089,34 | 4513
BaO 0,23 0,30 0,13 0,11 0,20 0,20 0,2b 0,23 0,20 0,06 110 0 0,10
Sro 0,30 0,60 0,17 0,14 0,20 0,22 0,21 043 0,60 0,03 40 0 047
NaO | 540 3,58 2,86 3,79 2,83 8,10 5,26 6,67 6,66 351,46 0 044
K0 6,50 434 | 1028 993 1161 8,53 85 7,92 7/68 518,09 0,37
P.Os 041 0,18 0,13 0,35 0,34 0,10 0,10 0,25 0,32 0,10,16 0 0,06
H,O 1,60 1,38 1,30 1,40 1,85 0,90 1,06 2,00 1,80 345,131 168
F 0,40 0,05 0,52 043 0,24 0,54 0,1y 040 0,85 0,108,001 2,70
CO, 0,46 0,34 0,68 0,72 0,72 0,66 0,20 0,39 0,38 0,222,682 32,62
TR 0,05 0,08 0,07 0,05 0,07 0,09 0,01 0,06 0,06 0,05,10 0 4,70
> 100,11| 100,54 100,71 100,yO 100{48 100,59  100,670,710100,26] 10043 100,91 100,86

Ne 13 14 15 16 17 18 19 20 2] 22 28 24
Sio, 1,03 597 10,0 1,03 1,37 46,2 46,9 46,2 12,9 47786 4 495
TiO, 0,01 0,05 0,12 0,02 0,04 1,13 1,10 117 0,09 135,261 117
AlLO; | 045 2,01 1,93 0,01 0,01 16,0 16,60  15/70 120 9,800,60 9,60
FeO; | 1,21 768 | 2370 0,70 0,3¢ 441 4,18 3,24 4/14 3,33,96 5,13
FeO 0,05 0,05 0,05 0,17 0,15 349 3,04 3,84 0,10 232,133 205
MnO 1,90 0,40 1,49 1,86 1,54 0,16 0,14 0,14 0,60 0,08,09 0 0,07
MgO 2,06 0,11 0,42 041 0,39 4,30 4,20 340 563 640,20 § 8,90
CaO | 3488 | 4209] 2839 4551 3791 7,80 7,30 7,80 15,59,60 6,80 7,80
BaO 0,20 0,30 0,03 0,03 0,03 0,33 0,56 0,22 0,85 0,56 66 0 0,99
Sro 0,26 0,25 0,11 524 10,08 0,37 0,28 0,15 010 013,14 0,26
NaO | 0,12 0,09 0,12 0,03 0,03 6,79 6,19 742 0,14 6,09 ,68 7 8,59
K0 0,12 043 1,08 0,12 0,19 2,64 3,30 2,39 0,62 12156 1 156
P.Os 0,14 0,14 0,23 0,07 0,03 0,84 0,8 0,84 0,19 152,311 131
H,O 3,40 2,95 4,52 4,00 2,40 3,71 349 2,56 0,14 309,14 2 150
F 190 | 2520 155 0,32 10 0,30 0,50 0,35 240 080,301 0,90
CO, 34,3 8,39 | 22,03 3744 37, 1,55 153 4,72 25,72 4 583,32 0,94
TR 175 | 1440 424 2,89 6,83 0,42 0,68 038 3011 Q21012 0,16
> 98,73 | 9990 993§ 99,74 9901 100,29 100,55 100,99,02 | 99,69 100,29 100,13

Note. Lugingol: 1- feldspar-plagioclase pyroxenite, arnet-pyroxene-nepheline melanosyenite, 3-4 —
pulaskites of the main intrusive phase, 5 — MIReygoleucite syenite; dykes of leucitophyres: 6 -
chilled, 7 - crystallized; 8-9 — dykes of leuciteguaite, 10 — trachyliparite dyke; carbonatitek:calcite-
fluoritic, 12- calcitic, 13 - bastnasite-calcite4 + limonite-bastnasite-fluorite, 15- pyrite-cadgit16-
bastnasite-calcite, 17 — celestine-bastnasitetiral@iarun-Khasar-Ula: 18-20 — dykes of shonkinitzs

— calcite-bastnasitic carbonatite. Mauntin Pass2£22 shonkinites. Data of chemical analysis

cancrinite, calcite and fluorite. The latter aggularly distributed in rocks and do
not show metasomatic features in the origin. Timggacontaining in addition to
the above minerals arfvedsonite and albite areescar
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The nepheline syenites of the main phase and veined rocks underwent the
carbonatization. At the same time nepheline isaegd by the aggregate of
shpriunstein and carbonate. Dark-color mineralgargally replaced by oxides of
iron and carbonate.

Quartz porphyries, granosyenite-porphyries and liparites. These an& p
porphyritic rocks with microgranular spherulitic tma and sometimes with rare
round "fused" phenocrysts of quartz and pertiteaggitm fled spar. The matrix
contains microlites of potassium feldspar, as wasl spherulitic aggregates,
cemented by fine isometric quartz grains.

Carbonatites form veined bodies. By composition they are calaitd calcite-
fluorite, containing frequently abundant TR fluatnarbonates. Other minerals
include limonitized and non-altered pyrite, potassifeldspar, barite, seldom
mica. Carbonatites, containing up to 30 % of dal4ebfluorite, 20 % of
limonitized pyrite and 30 % of bastnasite are \@mjilar to ore carbonatites of TR
Bain-Obo deposit which is located in China in 108 &way from the Lugingol
massif. They are different only in concentratiofgalcite and limonitized pyrite
instead of magnetite. Calcite-bastnasite carb@satite similar to carbonatites of
other large TR deposit — Mauntin Pass in the USA.

CHEMICAL COMPOSITION OF ROCKS FROM THE LUGINGOL
MASSIF AND THEIR GEOCHEMICAL FEATURES.

All rocks of the massif belong to potassium seatsalkaline rocks [16, 25].
Chemical compositions of the Lugingol rocks areegivin Table 5. On the
classification diagram 7 they lie in the field ofkaine rocks and form
homodromic series. By the chemical composition k#hof shonkinites near the
southern endocontact of the Lugingol massif arelairto xenoliths of shonkinites
found by us in lavas of phonolite of the Mushugeld. Rare elements in the
Lugingol carbonatites and in carbonatites of Mauftass (USA) are given in
Table 6, and plots of TR spectra and spider dragrare given on Fig. 5c.
Variations of concentrations of rare elements inbonatites of the Lugingol
massif are higher than the inclination of TR speeetnd a configuration of spectra
of rare elements on spider diagrams are similae $pectra of the Lugingol
carbonatites significantly enriched with rare eletseaare not different from spectra
of carbonatites of Mauntin Pass complex.

In addition to the Lugingol massif on the east nrargf the Dzun-Bain
regional fault there are two more occurrences wtsah be regarded as the
formation of K-alkaline rocks (Fig. 2).

First of them is Zeden located near Barun-Khasar-titly. It is located on
low hill, which is composed of sandstones, apprataty in 30 km to the west of
the Lugingol massif. The host rocks including geaydstones are cut by several
dykes of K-alkaline shonkinites. The dykes are m+3hick and up to tens meters
long. Shonkinites are fine- and medium-grained taionpotassium feldspar, mica
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and pyroxene. By the chemical composition shongmand minerals composing
them are completely similar to Mauntin Pass shatdsn(Table 5, analyses 19-22
and 24-28) which are associated with the world@gelst carbonatite deposit of rare
elements. On the classification diagram 7 their positions lie close to the
compositions of the Lugingol shonkinites. Concetitdres of rare elements (Table
7) and TR spectra in shonkinites of these two sitessimilar as well (Fig.a3. In
the same area the Mongolian geologist T. Zedenddie carbonatite vein of 1 m
thick and 20 m long. The carbonatite comprisesiteabnd green bastnasite. TR
concentrations in carbonatites reach as high &%.3[@s chemical composition is
given in Table 5, the analysis 19.
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Fig. 7.Classification diagram alkalis — silica (in wt.%).
Lugingol massif: 1- Fsp-Pl pyroxenites, 2- differeh syenites, 3 — trachyliparite dykes;
Khan-Bogdo massif 4 - granites, 5 - pegmatites; 6 — shonkinites ofaBun-Khasar-Ula
massif, 7 — Mauntin Pass shonkinites.

The second occurrence is in 40 km north-westwarthefLugingol massif
near Olon-Obo hill. It was found by the author bé tarticle in 1984. A small
depres-sion demonstrates some outcrops of submesiddykes. One of dykes
contains dark-green to black nepheline syenite.dyke is up to 1 m thick and 30
m long. It is composed of nepheline (up to 40 %&eg amphibole, mica (5 %)
and potas-sium feldspar. Concentration gDKs 9,40 wt. %, that of N@ is 8,45
wt.
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Table 6.
Contents of rare elements (in ppmpin Lugingol carbonatites and Mauntin Pass.

k| 1 2 3 4 5 6 7 8 9 10 11 12 13
Be | 0,26| 0,72 | 240| 481 102 131 299 252 1719 0/83,691 1,37 | 245
Ti | 66,6 | 1036/ 8,8 453 284  15( 90,5 31 243
V |599| 264| 398| 665 185 159 82,2 54/10 2567 7|9736,31| 189 | 50,5
Cr | 373| 230]| 0,07 88| 116 036 146 29/83 2596 3]42154| 2,10| 38,7
Co | 245| 349| 556| 103/ 335 316 20/0 904 174 1/71.617 391 | 132
Ni | 17,4| 13,1| 9,15| 17,8/ 16, 11,8 189 251 2/02 3/]19,201 48,1 | 60,0
Cu | 6,04| 30| 940| 890 436 857 10/7 656 395 3/43264 323 | 188
Zn | 20,1 | 21,2 166 425| 221 183 602 433,3 3228 8529 ,427461,8 | 258
Rb | 2,89 | 1509| 451| 132 430 104 12/6 1650 21,10 7143397 | 1,46| 141
Sr | 3306| 3755| 2098/ 2300 2454 812 1103 1912 1213 2027357 1 1897 | 2340
Y 743 | 941 | 240 296| 109 94,6 171 7066 159,8 110,65,720 521 222
Zr | 945| 7,92 126 | 240 691 257 9809 23|77 13,17 6187,42| 31,9| 304
Nb | 0,70 | 4,17 | 1,95| 487 79¢Y 215 290 18/98 2|13  4|58,89 137 | 2,46
Cs | 05| 023| 040| 069 038 135 097 1,88 0/67 0/37,380 0,08 | 0,44
Ba | 32,4 | 101 123 | 835/ 140 1030 567 819,3 1296 102,93,714 17444 17593
La | 182 | 12343| 47261 4046p 4609 10645 12339 1475 265565616 28031| 30007 13875
Ce | 360 | 18899| 61243 58333 7226 13876 18103 2550 508808124 41696| 45932 21662
Pr | 41,9| 1879| 5324| 5287 673 1225 1669 204,2 4282 1798096 | 4817| 2310
Nd | 148 | 5843 | 15830 16179 2078 3686 5186 5650 1B72 464862 | 17413 8449
Sm | 22,6 | 504 | 1370| 1271 173 323 415 55/66 147,6 332,46,36B 1758 | 866
Eu | 547 | 852 | 238 210/ 30,4 553 689 11/11 26,04 50,798,6 | 323 163
Gd | 21,2 | 368 933 | 1016 146 247 328 30/89 64,79 2352 ,32521405| 693
Tb | 215| 116| 241| 36,1 650 966 11,5 264 574 11,88,16| 630| 29,0
Dy | 125| 38,9 107 116| 34,1 354 456 13/06 30,11 38,,13| 228 | 959
Ho | 2,40 | 564 | 148| 161 58y 554 694 237 620 6/621,721| 28,8 | 10,9
Er | 6,84 | 13,3| 37,7| 36,9 15y 138 167 554 1599 141@®28| 521 | 17,7
Tm | 099 | 188 | 540| 445 228 190 218 086 2j72 235354 514 | 152
Yb | 6,98 | 146 | 433| 328 162 143 159 488 16,03 13, 728,96| 406| 14,6
lu | 1,00| 1,87 | 543| 3,71/ 221 182 198 068 2025 1/97,064 407 | 1527
Hf | 0,19| 0,33| 0,73| 068 019 042 064 0389 0559 0/72,401 1,34 | 0,89
Ta | 0,05 030| 0,11| 0,15 005 0,09 009 058 0J/17 0/13,270 0,24 | 0,11
Pb | 125 | 792 | 1467 1393 621 459 2095 587,9 81,57 898,83,664 195 | 48,8
Th | 5,76 | 845 | 4100| 3117 279  64(Q 460 38/16 2256 682,06217 9139 | 192
U 1,33 | 184 | 117 116/ 29%5 268 374 29)85 975 31,79,2%| 18,3 | 4,35

Note. 1-11 — Lugingol carbonatites, 12-13 — Mauntin SPaarbonatites. Data of ACP-MS analysis,
Institute of Geochemistry SB RAS, Data of ACP-MEBSY. Smirnova and A.Yu. Mitrofanova, Institute
of Geochemistry, SB RAS, 2008-2010.

%. The rock is fine-grained, with fine phenocrystsnepheline and potassium
feldspar as well as needles and aggregates ofigheemphibole and brown mica.
The aceessory minerals include apatite and zirtbe. same depression contains
about ten others dykes of the syenite compositiothe same strike and thickness.
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They consist of phenocrysts and matrix of the mutms feldspar and insignificant
amount (1 - 5 %) of green amphibole. ConcentratbiK,O in rocks is 5,6 %,
Na,O is 6,9 %. Feldspars contain abundant fine inchsiof mica. Accessory
minerals include apatite, sphene and zircon. Imsst likely that this small
depression is syenite massif overlapped by theequaaty sediments.
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Fig. 8. TR spectra (left plots) and spider —diagrams (righplots).
(a) shonkinites: 1 — Mauntin Pass, 2 — Barun —Khasadla; (6) — Khan-Bogdo massif: 1 —
MIPh) granites, 2 — pegmatites, pegmatitized hostmliparites.

Agpaitic alkaline- granite massifs of the third intrusive complex forms a belt
stretching from the east to the west over hundigidsneters [9]. It consists of
eight massifs of alkaline granites of differentesand various rare metal potential.
The majority of massifs are non-rare-metal. The glemalso contains a poor rare-
metal Kharkhad massif and anomalously rare-metalnkBogdo massif, which we
will discuss in detail.

The largest in the world Khan-Bogdo massif of alkaline granitoids (more
than 1500 ki) is located in the southern part of Gobi deserorflyblia) [20] in
250 km from Dalan-Dzadgada aimak. On the northeargm of the massif there is
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Fig. 9. Geological map of Khan-Bogdo massif [13]. 1-5 — cks of the massif: 1 —
alkaline granites of the main intrusive phase, 2 fine-grained aegirine granites, 3 — dykes
of micro-grained syenites and monzonites, 4 — latpantellerites, 5 — alkaline granite-
porphyries; 6-8 - volcanic rocks of the bimodal association: 6 - coendites,
trachyrhyolites, their tuffs and ignimbrites, 7 — basalts, 8— non-distinguished rocks of the
association; 9 — rocks of island arc association ifterentiated complex); 10 — Pre-Late
Paleozoic complexes; 11-13 — massif roof: 14 rocks of the differentiated complex
transformed into hornfels, 12 — biotite and amphibée-biotite granites and granosyenites,
13 - sites of yuactkm haematitization of alkaline granites of GIF ( pa3BuTus
reMaTuTuaium mejdodnsix rpanutoB F'U® («red granites»); 14 — faults; 15 — borders of
volcanic flows.

Khan-Bogdo settlement. The massif was formed withen Late Paleozoic active
conti-nental margin of the Siberian paleocontinéftie location of the Khan-
Bogdo massif is controlled by the area of crossiolg Gobi-Tien-Shan

66




Deep seated magmatism, its sources and plumes

sublatitudinal rift zone and a large regional falilts the massif of the central type
with ring andradial dykes (Fig. 8). It comprisesotwing bodies (Western and
Eastern), having sharp transversal magmatic canteith the rocks of the hosting
island arc sequence and tectonic broken bordets thvet bimodal sequence [12].
The internal ring structure is especially charaster of the Western body and is
emphasized here by ring dykes and deflection ofdbéof the host sequence. The
massif, by gravimetric data, is a flat body (lagedlup to 10 km thick. The bottom
iIs graded, dipping towards the north-west. A taatcession of forming the
magmatic rocks of the Khan-Bogdo massif is theofeihg (from early to late):
light grey to pink alkaline medium-grained granitsthe main intrusive phase
(MIF) with accessory elpidite, composing the maoatt @f the Western and a part
of the Eastern bodies; 2) dykes of fine-grainedriekeporphyry-like ekerites,
layered granite-pegmatite bodies, pegmatoid al&agjranites, pegmatites, which
are abundant in the Western body indicating itg structure; 3) lilac fine-up to
medium-grained alkaline (usually aegirine or arBaute-aegirine, frequently
miarolic) granites with acces-sory zircon, compgsthe most part of Eastern
body; 4) dykes of micro-grained up to glassy dddelor dark green pantellerites.
Rare-metal alkaline granitoids and alkaline-gramiggymatites occur in the ring
dykes of the 2nd phase. These rocks also includgitek being poor in rare
elements as well as varieties transitional to maetal. The sites of the
concentrated occurrence of rare-metal alkaline iglserand pegmatites are
frequently found under the deflections of roof casgd of volcanic rocks of the
basic in cases liparite composition. About 15 omEges of rare-metal
mineralization are observed. The mineralogy pf Wrace thoroughly described in
monographs [20, 15, 7]. A large deposit of Zr, dgfsoof Nb, TR and Y were
discovered within rare-metal occurrences. The fjraned rare-metal ekerites and
medium-grained pegmatites of the layered complexaio up to 7% of Zr; the
concentrators of Zr are zircon-silicates, elpidaesl a new mineral (armstrongite).
Nb concentration in some pegmatites reaches upbteid%, TR content makes up
to 1 wt/% and Y up to 0.5 wt/%.

The main feature of this mineralization is its agpacharacter. It is proved,
that in alkaline granites parageneses with ziraamsit into parageneses with
zircon-silicates (elpidites) with agpaitic coeféait (Ka) being more than 1,2 as
opposed to alkaline and nepheline syenites in wiaabialyte is crystallized
instead of zircon if Ka is more than 1 [15]. Concators of Nb and TR are their
alkaline silicates. Over 50 rare minerals have bd#isoovered in the massif [20,
24]. A part of these minerals are new (armstrongitengolite and kovalenkoite).
One more unique feature of mineral formation irs thnassif is transformation of
some rare minerals into amorphous state. A denfssiveé screen of the roof
prevented volatile components together with raeeneints to leave the massif and
they were crystallized from the magmatic melt untdeyh temperatures. If the
alkalinity and silica content of the melt are hitfile minerals with high silica-
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carbon radical are formed. When the temperatureeiiedv they became unstable
and decayed into re-

Table 7.
Contents of rare elements (in ppm) in Mauntin Pasand Barun-Khasar-Ula shonkinites
SN 2 3 4 5 6 7 8 9
\% 123,6 88,7 99,1 67,8 97,4 114{3 1196 106,4 103,5
Cr 247 274 300 280 299 17,7 33,7 25/8 27,5
Co 23,81 | 18,16/ 28,34 2529 23,19 1548 16,/1 15,96 3617,
Ni 67,1 167,1| 188,38 2344 189,8 217 27,1 24,0 22,6
Cu 58,59 | 37,63] 75,76 11,30 5851 1422 17,60 12,28 5715,
Zn 82,22 | 55,10/ 66,48 55,70 8441 70,03 81,63 72,60 0471,
Ga 16,39 | 15,90/ 1540 1595 18,15 16,30 16,40 16,46 8015,
Ge 1,88 1,64 1,62 1,64 1,76 1,21 1,08 1,13 1,41
Rb 403 180 268 391 389 99,8 128 92/4 155
Sr 1128 810 976 1859 832 2364 157p 2198 912
Y 55 30 48 39 52 34 34 32 32
Zr 879 624 719 492 1067 398§ 431 430 379
Nb 27,9 24,0 18,2 12,0 37,3 22,2 25,0 23,9 23,0
Sn 10 10 8 14 17 8 36 8 19
Cs 8,81 1,99 1,72 5,35 8,34 2,49 13,72 20/44 3,69
Ba 5558 4397 | 6491] 710§ 648( 2585 3643 4658 2323
La 202,1 | 350,7| 184,00 2408 314,y 133,8 1338 129,0 ,0121
Ce 437,2 | 7929 383,3 6186 681,83 2586 262,8 252,0 ,3248
Pr 53,16 | 82,81 46,28 60,78 74,31 281 29,68 2§,69 5928,
Nd 198,1 | 300,5| 180,9 234,1 270,0 103,7 110,2 102,7 ,5104
Sm 35,87 | 43,69 3345 376 46,55 16,21 17,61 17,21 3516,
Eu 8,61 9,68 8,00 8,36 10,59 4,05 4,18 4,01 4,18
Gd 26,93 | 25,36/ 24,86 26,33 30,2f 12,88 13,30 12,89 3712,
Th 3,33 2,74 2,94 2,89 3,60 1,57 1,66 1,62 1,57
Dy 13,32 8,95| 11,80 10,59 12,38 7,42 7,63 7,85 7,40
Ho 2,14 1,15 1,87 1,57 1,97 1,36 1,31 1,43 1,25
Er 5,39 2,95 4,54 3,57 4,71 3,59 3,69 3,44 3,70
Tm 0,57 0,29 0,48 0,45 0,56 0,52 0,58 0,41 0,42
Yb 3,73 1,95 3,02 2,47 3,24 3,2Y 2,90 3,14 2,96
Lu 0,50 0,22 0,41 0,31 0,37 0,48 0,44 0,42 0,44
Hf 24,27 | 1893 21,95 17,34 40,84 11,45 128 12,96 2111,
Ta 1,62 1,06 1,06 1,25 2,01 1,38 1,52 1,43 1,51
Pb 86,18 | 26,80 33,66 3998 25845 74,89 153,69 83,656,209
Th 120,82 | 70,29 73,16 39,22 102,08 40,66 36,82 38,25,603
U 8,01 9,24 9,76 3,10 13,42 8,52 8,89 8,93 7,08

Note. 1-5 — Mauntin Pass shonkinites, 6-9 — Barun-Kh&Harshonkinites. Data of ACP-MS, E.V.
Smirnova and A.Yu. Mitrofanova, Institute of Geeafistry, SB RAS, 2008-2010.

dundant quartz and amorphous oxides and, in raescéwith Nb) into quartz and
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Table 8.
Chemical composition (in wt. %) of Khan-Bogdo granies and pegmatites

Ne 1 2 3 4 5 6 7 8 9 10 11
Sio, 741 | 742 | 733| 752 71,1 7348 724 732 767 754357
TiO, 018 | 028 | 026| 0022 038 024 043 036 019 05,270
Al,04 10,44 | 11,35| 11,64 102% 11,57 10,79 11)61 10,95 7210, 10,20 | 11,57
Fe,0s 556 | 4,04 | 411| 4,44 547 499 506 489 384 457,325
MnO 018 | 016 | 0413]| 0412 022 019 041 049 0,9 042,150
MgO 009 | 008| 010 0,415 02§ 0,2( 047 048 0410 010,100
CaO 026 | 032 | 033 021 100 049 O6L 034 020 047,180
Na,O 419 | 431 | 4,15| 421 474 429 425 455 3,70  4/46 627
K,0 456 | 472 | 467| 453 492 4,68 465 475 471 472 800
P,0s 001 | 003| 002 003 008 004 O00f 005 002 002,030
Zr0, 008 | 014 | 011| 0,26/ 0,09 0,0¢8 000 048 0,04 0,07,230
H,0 038 | 047 | 136| 045 02 027 025 028 0,19 043,350
Summa | 100,05| 100,09 100,20 100,06 100,05 100,07 100,01,9699 99,99 | 100,19 100,13
Ne 12 13 14 15 16 17 18 19 20 21 22
SiO, 731 | 752 | 706| 799 788 714 614 641 702 76,2996
TiO, 03 | 037| 039| o041 014 051 252 091 052 013,260
Al,03 892 | 922 | 760| 865 861 739 718 816 7,85 117@56
Fe,0s 718 | 4,76 | 1054 331 363 740 1193 7,28 8B2  2|367,71
MnO 020 | 029| 040| o040/ 0411 019 045 027 084 006,710
MgO 013 | 020| 0410| 0,40/ 010 022 04p 045 026 007,110
CaO 028 | 023| 048| 0410 017 105 085 083 056 029,390
Na,O 486 | 479 | 543| 216/ 172 261 46f 505 381 406,383
K,0 403 | 401 | 364| 561 358 574 508 595 517 469,137
P,0s 002 | 001| 004 001 003 009 o004 003 004 0,03,030
Zr0, 068 | 057 | 042| 003 00§ 151 421 512 252 005,380
H,0 055 | 037| 050| 0411 024 177 143 279 1,40 023,071
Summa | 100,30/ 100,02 100,10 100,18 97,13 100,25 100,17 ,9100100,44] 99,86/ 99,65
Ne 23 24 25 26 27 28 29 30 31 32 33
SiO, 776 | 66,9 | 686| 716 67,59 914 724  88)1 7711 66,7636
TiO, 023 | 045| 079| 044 017 012 03% 015 045 0,71 ,660
Al,04 510 | 4,76 | 298| 656] 12,12 1,75 384 3,00 32 10,300,83
Fe,0s3 8,01 | 14,90| 13,558/ 10,36 5,23 1,99 512 198 1012536, 6,93
MnO 03 | 027 | 086| 023 095 0,8 079 0583 049 046,520
MgO 007 | 023| 028 045 020 007 04p 013 0,10 0,72,890
CaO 017 | 045| 094| o048 08§ 031 100 047 043 244,700
Na,O 329 | 660 | 523| 499 7,00 0,7¢ 388 183 416 572,533
K,0 392 | 2,76 | 183| 377, 293 124 103 099 240 346,377
P,0s 004 | 007 | 017| 006/ 004 005 O00Of 008 004 047,160
Zr0, 047 | 159 | 266| 1,12 069 0,3( 328 1,07 0,80 0,73,900
H,0 080 | 153 | 230| 062 214 102 38 1689 104 247 311
Summa | 100,00| 100,53 100,24 100,42 99,78 99,90 95|95 100,99,83 | 100,09 100,09

Note. 1-10 — MIPh cataphorite granites with elpidite, L1MIPh granite with armstrongite, 12-16 —
veined ekerites, 17 — veined granite, cutting é&eyil8—20 — banded elpiditic ekerite-pegmatitds;-2
pegmatites with zircon, 22-26 — schlieren pegmatitih elpidite, 27-31 — different sites of schiier
pegmatite with TR, Zr, Nb, 32-33 — pegmatitized thijzarite. Data of chemical analysis, Institute of
Geochemistry, SB RAS, analyst — V.A. Pisarskaya.
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another mineral with a smaller silica-oxygen raliGdis process is characteristic
of minerals (Nb, Ti, TR, Zr-TR). These minerals &diie crystal facet filled after
the decay with amorphous substance and quartzugydysremoval did not occur
during the mineral formation, the composition ofsépdomorphs” could be
considered as a primary composition of mineraleré&tare three compositions of
Ce-Zr minerals, five compositions of Ti-silicatédsree compositions of TR-silicate
[15]. High-silica Nb-silicate is decayed into quadand kovalenkoite which is then
replaced by mongolite. As the crystalline lattiseabsent in these minerals it is
impossible to prove that they are new mineralss@ization of elpidite instead
of zircon is characteristic of granites of the mantrusive phase. The granites of
this phase are monospathic. They contain microgemntite, quartz and alkaline
amphibole - Ca-kataphorite. K-Na monospar was also crystallizéd hagh
temperature and non-stoichiometric ratio of Al atmé sum of alkalis was
available. Aluminum is more abundant than alkahsugh the ratio should be 1:1.
Therefore at crystal lization of the main phasenfimagma (its volume is 90 % in
relation to late rocks) the residual melt accunadatbundant alkalis, that led to
such an intensive agpaitic rare-metal mineralirat@onsidering, that the area of
the massif is more than 1500 %rit is possible to assume great volume of residual
rare-metal magma that is responsible for the originhuge deposits of rare
elements. The representa tive analyses of rocks fhe@ massif are given in Table
8, and those of rare elements are demonstratedhe ™. On the classification
diagram 7 the Khan-Bogdo granites and pegmatigeWwer that the alkaline line
that is connected with abnormal concentrationsa elements. Thus, the contents
of alkalis are underestimated, with high agpaitoefcient. Rare elements in
granites and pegmatites of this massif show higiHZrNb, TR, Y, U, Th and low
Ba, Sr, Eu concentrations (Fig. 8b).

A huge volume of alkaline-granitic plutonic and eahic rocks of the Khan-
Bogdo massif and it ring structure resulted frone tbaldera mechanism of
intrusion and evolution of its magmas.

Geochemical features of all of three rare-metal formations of South Gaie
visible on spider diagrams and TR-spectra plotg.(¥iand 8). Rare-metal ores of
Mushugai-Khuduk and Lugingol carbonatite provinbese much in common as
regard to distribution of rare elements on spidagihms and TR spectra.

Insignificant europium fractionation is common tarlzonatites and apatite
ores of these provinces. In the volcanogenic ftedoarite-crystobalite veins this
fractionation is lack. On spider diagrams configiora of lines of distribution of
rare elements also are similar for different cotragions of these elements.
Barium distribution is a little bit unstable. Suahiform distribution of elements
can be explained by their formation belonging talKaline rocks, despite the fact
that some of them belong to volcanogenic facie (Migai-Khuduk field), and
others belong to intrusive facies (Lugingol masaifyl have different age (259 and
120 Ma, correspondingly). Essentially differenttdisition pattern is typical of the
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Table 9
Contents of rare elementsg ppm) in rare-metal Khan-Bogdo granitoids

Ne 1 2 3 4 5 6 7 8 9
Li 22 41 9.0 326 16 321 231 24¢ 230
Be 10 14 16 13 20 9.5 8.9 15 15
Sc 8.7 0.34 4.6 6.2 2.3 4.5 9.3 2.4 1.0
Ti 2819 | 1263| 2309 7696 1323 3075 6624 1942 1770
V 2.8 1.6 75 20 6.0 14 32 2.4 0.02
Cr 3.1 22 1.8 0.79 2.9 5.3 0.1 3.8 0.1
Co 0.59 | 0.60 1.1 0.35] 0.66 0.54 0.57 0.93 0.69
Ni 0.59 20 4.9 1.0 0.05 2.4 2.8 0.60 6.7
Cu 2.4 24 21 13 2.1 3.6 21 7.6 10
Zn 145 327 552 275 324 444 687 349 476
Ga 17 35 6 23 0.12 44 19 33 23
Rb 170 21 231 511 244 38 304 456 294
Sr 34 9.0 46 58 47 49 11Q 18 18
Y 765 207 | 1111, 1324 824 898 69b 390 188
Zr 39931| 1293 | 7601| 2684% 3535 | 22698 17134| 5980 2044
Nb 91.3 104 209 138 284 37 91 57 55
Cs 1.9 0.74 2.6 4.5 3.2 17 10 4.4 1.8
Ba 64 16 229 197 189 40 234 60 33
Ne 10 11 12 13 14 15 16 17 18 19
Li 146 46 13 314 116 328 67 861 6.8 383
Be 12 7.7 15 20 8.8 27 127 90 30 352
Sc 4.4 4.3 7.2 6.4 3.0 8.1 3.8 2.7 15 3.8
Ti 1330 | 4342| 2297 2799 2436 3334 1936 843 189 124
V 2.4 3.6 141 125 38 145 23 17 15 12
Cr 1.9 0.82 0.1 7.8 0.56 7.2 0.79 2.9 g1 0.7
Co 0.35 | 0.47 1.1 3.20 0.62 5.8 0.51 0713 0.3 05
Ni 0.27 8.7 3.0 3.2 0.54 2.6 3.8 4.6 32 0.8
Cu 2.9 9.4 28 16 7.0 14 6.9 6.3 12 10.
Zn 341 414 613 466 207 836 1217 679 910 360
Ga 31 8.5 5.1 11 24 2.4 72 2.7 o0 24
Rb 161 99 74 180 307 393 29 66 38 54
Sr 6.5 37 124 50 14 68 134 85 31 288
Y 142 401 | 1215| 1813 553 1232 4103 2928 571 478
Zr 1292 | 6605| 8522 9926 973 5287 10628856 | 152| 104
Nb 38 112 260 325 58 260 519 443  3P1 497
Cs 2.6 6.6 4.5 1.0 15 1.7 3.5 3.5 07 4.9
Ba 25 73 453 205 70 216 96( 628 39 121

7
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Table 9 Continued

Ne 1 2 3 4 5 6 7 8 9

La 93 299 470 170 1762 33 126 101 105

Ce 183 693 1048 559 3441 104 296 2417 239

Pr 24 84 155 65 381 15 42 35 29

Nd 98 342 638 293 1449 75 187 159 120

Sm 23 74 167 91 232 25 51 40 27

Eu 0.9 2.2 6.5 3.2 7.1 1.0 1.6 1.6 0.9

Gd 35 60 175 110 202 41 58 45 25

Tb 8.1 9.6 36 25 32 11 15 8.9 5.2

Dy 66 47 223 176 163 89 112 57 31

Ho 21 9.0 48 46 33 26 31 14 6.8

Er 89 24 140 159 90 93 115 42 21

m 22 3.5 20 26 12 17 22 6.6 3.5

Yb 187 21 113 196 75 115 17@ 40 24

Lu 36 2.9 16 34 10 21 30 6.3 3.8

Hf 725 27 213 521 95 416 490 110 60

Ta 4.0 6.8 20 19 14 5.1 11 6.9 3.8

Pb 76 53 152 27 232 33 161 24 40

Th 11 55 192 21 191 9.5 15 14 20

U 40 6.5 48 26 41 16 22 14 11

Ne 10 11 12 13 14 15 16 17 18 19
La 75 a7 536 596 96 717 10279 5415 1445 14626
Ce 182 155 1378 1795 402 1738 207p1 10323 2991 28767
Pr 23 15 178 216 38 170 2204 1109 28b 3081
Nd 99 68 787 649 184 697 7422 4038 1134 10842
Sm 24 21 330 168 53 156 802 471 174 1486
Eu 0.7 0.9 11 6.4 2.0 5.2 24 14 4.7 28
Gd 23 30 309 181 64 139 718 41( 140 1218
Tb 4.5 8.0 61 38 13 27 91 62 20 115
Dy 27 61 370 243 90 155 504 328 97 771
Ho 5.7 15 78 58 22 32 103 66 19 113
Er 17 45 245 176 64 98 262 184 52 293
m 2.4 8.4 38 28 10 15 38 26 7.5 42
Yb 17 58 237 168 65 93 225 1643 47| 251
Lu 2.7 10 36 26 11 12 34 23 7.1 38
Hf 24 135 318 180 190 89 164 133 35 113
Ta 2.4 8.2 31 22 10 10 14 9.1 4.4 4.5
Pb 23 76 270 22 11 23 1438 1379 669 1049
Th 14 17 323 64 21 125 236 127 71 540
U 4.2 13 53 19 16 13 103 90 39 152

Note. 1 — MIPh granite with elpidite, 2 — MIPh granitetiwiarmstrongite, 3 — veined granite, cutting
ekerites, 4 — elpidite ekerite-pegmatite, 5-9 —d#e ekerites, 10-12 — elpidite pegmatites, 13-15
pegmatitized host liparites, 16-19 — differentsité schlieren pegmatite with TR, Zr, Nb. Data @@
MS, E.V. Smirnova and A.Yu. Mitrofanova, Institud€Geochemistry, SB RAS, 2008
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Khan-Bogdo agpaitic granites and ore-bearing pegesa{Fig. 8b). The
rocks of this formation show a sharp europium fiadtion of TR spectra and
anomouslylow Ba and Sr concentrations. The diffeeers that rare elements
are concentrated in alkaline-silicate pegmatitesl aranites, instead of
carbonate-phosphate formations. Fluid modifiersgranites and pegmatites
are HO and F, while in carbonatites they include ££L6 and RPOs. These
distinctions are connected with genetic differenoe the origin and
differentiation of these complexes.

Geochemistry of isotopes in these rare-metal massifs of the South Gobi is
well studied [12, 13]. The Lugingol massif and tiMushugai-Khuduk
volcanics originated in fold zones and the mandaree EM-2 is common to
them [18, 23]. This source demonstrates high/SF® values (0,708 - 0,714).
It is connected not with the contamination of seslary rocks by the alkaline
magma but with the subduction of the crustal matanto the mantle through
Benioff zones. The mantle in these areas becam&conated and show high
values of Sr isotopes. When alkaline magma is rdeftem such a mantle
under a small degree of melting (less than 1 %dgeronstrates high Sr isotope
ratio like the contaminated mantle. This processelated to unusual carbon
and oxygen isotope values. High oxygen isotope emloan result from the
volcanogenic origin of massifs, when at the eruptaf volcanoes we can
observe «inleakage» of surface water into the valcand their mixing with
magma. High oxygen isotope values are characteristi all volcanogenic
carbonatites, and in particular of their tuff vaies when there is an exchange
of isotopes and with air oxygen. Another distriloutipattern of isotopes is
observed in the Khan-Bogdo ore formations [13]. fdemonstrate values of
Nd epsilon being in the range from +5 up to +7 atr@dntium isotope values
ranging as 0,703-0,705 that corresponds to theetieghl mantle source, and
isotopes of oxygen have mantle values as rangiog f6 to-8, that confirms
no influence of surface water. Only the juveniletevaproper containing
mantle oxygen was accumulated under a dense “gHuscreen. As it was
earlier shown [13], the Khan-Bogdo granites aratexl to the mantle source
and generated from the differentiation of the basel magma, which is
verified by the bimodal alkaline-basalt-comendigxigs being of similar age
as the Khan-Bogdo massif. This series occurs instheh-eastern exocontact
of the massif [12].

There are there super-large TR deposits in thedvdvlauntin-Pass, the
USA, Bain-Obo, Mongolia and Tomtor in the EastenmaBar Region, Russia.
In our viewpoint these deposits belong to the fdromaof potassium alkaline
rocks [25]. There are still disputes concerning glemesis of ores and type of
formation. We believe that studies of carbonatit@sn the South Gobi will
contribute to resolving these disputes .
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CONCLUSIONS:

1.

Gohi.

Three rare-metal complexes of different agefaumd in the South
They are associated with large deposits ok ralements. Various

distribution patterns of rare elements and differanineral associations
concentrating rare elements are characteristic.

2.

large

The Mushugai - Khuduk and Lugingol carbonatienplexes like the
deposits Mauntin-Pass and Bain-Obo demoastammon geochemical

features in distribution of rare elements and thag be regarded as a common
formation type of K-alkaline rocks.

3.

Specific rocks enriched with Pb, TR, F, Ba #&emed in the

Mushugai-Khuduk complex during the volcanogeniaff process.
4. The source of Lugingol and Mushugai - Khudukrboaatite
complexes is the contaminated EM-2 mantle, whiletlie Khan - Bogdo agpaitic

granit

es and pegmatites this source is the dephetadle.
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ABSTRACT

Covering a vast area of the northern Siberian @iatfare the Siberian flood basalts
(SFB), which make up one of the world's largest matic provinces. Along the
northeastern margin of the SFB province lies theymlecha-Kotuy alkaline-ultramafic
complex, consisting of a large volume of alkalim@as, numerous dykes, and the Guli
massif together with numerous other, smaller atiaplutons. The genetic link between the
SFB and the Maymecha-Kotuy complex continues ta bebject of active debate. Although
the rocks in both units have essentially the sageectose to the Permian-Triassic boundary,
guestions remain as to the relative order of ensplent and the contributing source
materials of each lithology. This study builds upearlier petrologic, geochemical, and
isotopic work to further an understanding of théatienship between SFB and alkaline
rocks.

A whole-rock U-Pb age of 250+9 Ma was determinedtfie Guli massif, which lies
within the range of ages previously reported fer 8FB. The Pb isotopic composition of the
Guli rocks plot mainly in the lower portion of ti@B field, and a dunite and carbonatite
extend downward into the MORB field suggesting floem a more depleted source than
produced the SFB. The combined Pb, Sr, and Ndp&o®ystematics of the SFB and the
Guli alkaline rocks enable the identification of'eseal discrete source components. The first
component dominates many of the Guli rocks anchésacterized by low'Srf°Sr (0.7031
to 0.7038), higheng (+5.35 to +3.97), and relatively unradiogenic B3P/ *Pb = 17.88-
18.31;*°Pbf*Pb = 15.38-15.46°°PbF*Pb = 37.33-37.70), which we associate with the
depleted (MORB source) mantle. The second compgoregmesenting most of the SFB
demonstrates a notable chemical and isotopic unifgrwith *’Srf®Sr values of 0.7046 to
0.7052 &yq Values of 0 to +2.5, and an average Pb isotopiosition of?*Pb/*Pb = 18.3,
2’PpF*%Pb = 15.5, and”®Pb/*Pb = 38.0. This component, making up the majorit$eB,

IS speculated to be a relatively primitive lower nth@ plume with a near-chondritic
signature. Contamination by upper and lower contmlecrustal material, designated as
components 3 and 4, is postulated to explain thtofgc characteristics of some of the
higher SiQ Guli rocks and SFB. Finally, metasomatic processssciated with the invasion
of the Siberian super-plume add a fifth componesponsible for the extreme enrichment in
rare-earth and related elements found in somerGcits and SFB.

INTRODUCTION

Alkaline magmatism is sometimes observed in clasgipity to continental
flood basalt, for instance, in association with Beccan (India), Etendeka (South
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Africa), Parana (Brazil), and Siberian Flood Bag&8lEB) provinces. It has been
speculated that both magmas are derivatives ohdsag plumes [35, 3]. The SFB
province with a volume of approximately 1.6 x®lam® [39] is exposed in the
northern part of the Siberian Platform (Polar Sajelbetween the Tunguska Basin
on the west and the Archean and Proterozoic An&beeld on the east. The
Putorana basalts, which are located in the cemaal of the SFB province,
represent more than 90% of the SFB volcanism aactansidered by Sharma et
al. [27] to be an essentially pure derivative af thiberian superplume. In the W
part of the SFB province occurs the world-classNiARt sulfide Norilsk-Talnakh
deposits containing Cu-Ni-PGE resources each cabparto the Sudbury
(Canada) and Bushveld (South Africa) complexes. Nlaemecha-Kotuy Complex
(MKC), one of the world’s largest alkaline—ultrancabodies, lies along the NE
margin of the SFB province. The complex is computisd a great volume of
alkaline-ultramafic lavas, hundreds of dykes ad aglseveral carbonatite bodies,
and over 30 separate intrusive bodies, includirgywiorld’s largest, ultramafic-
alkaline intrusion, Guli [9]. Several kimberliticadremes are also found in the
MKC, closely associated with ultramafic alkalinecks, and farther east the
Mesozoic diamond-bearing Yakutian kimberlite pimesur. The compositional
complexity of these Polar Siberian rocks, which pdse tholeiitic basalts,
ultramafic alkaline rocks and their derivatives,rommatites, kimberlites and
various types of dykes suggests that this uniqogipce may have resulted from
the differentiation of a superplume-related conttabmagmatic system. However,
the genetic connection between the flood basaldstha alkaline magmatism is
still under debate [9, 39, 8, 1].

This alkaline volcanism is dated as being synchusnwith [2], or slightly
younger than [9, 1, 11], the continental flood lasdJnfortunately, it is not
possible on the basis of direct geological obsemaand mapping alone to
establish the temporal relationship between thaliakk intrusions and the SFB.
The radioactive age of the Siberian volcanics ataked intrusive rocks, although
broadly agreed upon, has given rise to some coertsgy Kamo et al. [13] obtained
a U-Pb age for zircon from the Norilsk intrusion2&1.2+0.3 Ma., and Dalrymple
et al. [8] using thé®Ar/**Ar method found the age for a group of extrusivd an
intrusive rocks from the western margin of the 8de craton to be 249+2Ma.
The latter authors also reported biotite ages Hoed intrusive Guli rocks of (1)
243.815.5 Ma for a very Mg-rich alkaline volcani@aymechite, (2) 241.4+3.6 Ma
for an alkaline dyke, and (3) 437.0 £3.1 Ma foraabonatite. [24] considers the
apparently spuriously old biotite age of the cadita, which is here dismissed,
most likely to have been caused by the presenegadss radiogenic argon. Kamo
et al. [14, 15] and Basuet al. [2] have reported slightly older ages for
melanephelinite flows of the Maimecha-Kotui are&224+0.4 Ma and 253.3+2.6
Ma). Although these results effectively constrdia ige of all igneous activity to a
value close to the Permian-Triassic boundary, theyot provide an unequivocal
sequential ordering of the emplacement history.
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Fig. 1.Simplified geological map of Guli massif:
1- Mesozoic deposits, 2- Carbonatite complex, 3Melelite bearing rocks, 4 - Maymechite,
5- Syenite, quarz syenite, nepheline syenite, shamite, granite dykes, 6- ljolite, melteigite,
jucupirangite, 7- Melanephelinite,nepheline picrite biotite-pyroxene picrite, 8 - Kosvite, 9 -
Dunite (a), Altered dunite (b).

During the last decade several important geochéraita isotopic studies of
the SFB were performed [1, 18, 33, 37], some ofctwvhncluded analyses of the
apparently related alkaline rocks. This large vauoh data on trace elements and
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Rb-Sr, Sm-Nd, U-Pb, and Re-Os isotopic systems ¢taserated several
hypotheses for the origin of the SFB. The firsttegsatic geochemical and isotopic
investigation of the region was carried out by &maret al. [26, 27], who
determined that most of the Putorana volcanics shaarrow range of initiadyg

(0 to +2.5) and®’Srf°Sr (0.7046 to 0.7052 ), and an average initial $etepic
composition of?®PbF*Pb= 18.3,2Pbf*Pb=15.5 and®PbF*Pb=38.0. These
compositions lie close to chondritic values andeveterpreted as identifying a
lower mantle-derived plume as the main source fog SFB with crustal
contamination playing no important role. An altéiva model was proposed by
Arndt et al. [1] and Wooden et al. [37], who advech a very significant
contribution of a crustal contaminant to the basdly interaction with an
asthenospheric melt in open-system magma chambkey. further conjectured
that parental magmas to the alkaline series wereergeed much deeper, and
bypassed the large crustal magma chambers dumngascension. Lightfoot et al.
[18] suggest a third model whereby the geochenandlisotopic signatures of the
SFB might be entirely derived from partial meltingf lithospheric mantle
containing a recycled sediment component. The wsmnlead, and neodymium
iIsotope data obtained by Walker et al. [33] ledriite propose that the primary
SFB melts had a source similar to OIB, possiblyantie plume ascending from
the outer core-lower mantle boundary, which itgetiorporated recycled oceanic
crust.

In previous work by Kogarko et al. [17], Nd and iSotopic compositions
showed only limited variation among all rocks ot tisuli massif, except for
several syenites and granites that appear to haee brustally contaminated.
These results were interpreted as indicating a lmaaiurce for the rocks, which
were characterized by time-integrated light REE Rbddepletion. The significant
present enrichment in alkalis and rare earth eléshespecially the LREE, of the
Guli rocks suggested that the depleted mantle sowa&s subjected to intense
metasomatism and an influx of rare earth elementsvalatile components just
before magma generation. In order for the primaptapic signatures to remain
unchanged, metasomatism must have preceded magniatiao more than a few
million years. As was shown by White and McKenZ3d][the majority of flood
basalts can be modeled by single-stage meltingpwéd mantle-derived plumes
with chondritic composition and the entrainmentiepleted upper mantle material
with a MORB isotopic and geochemical signature.plmg this approach to the
Nd and Sr isotopic data, it was speculated thaGike alkaline rocks required the
involvement of about 70% of a depleted MORB-likenpmnent, which seemed
reasonable for these alkaline rocks generated enp#riphery of the Siberian
plume. In this paper we present complementary Bbopsc ratios for all six
intrusive stages of the Guli alkaline rocks, an@xamine the genetic implications
of the combined Sr-Nd-Pb data for the Guli rockd anreviously published data
for SFB rocks.
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Fig. 2 °Pb/”*Pb vs.?*%b/*** diagram showing measured (open symbols) and initia
(solid symbols) isotopic composition. Initial ratie are calculated by correcting for 250 Ma
of in situ radioactive decay. Circles: Silica unsaturated sapies presumed to have minimal
crustal contamination. Squares: Granite (#97) and gartz syenite (#91) presumed to have
significant crustal contamination. Shown also ishe Stacey and Kramers [29] model
growth curve.

GEOLOGICAL SETTING

The MKC is one of the most extensive alkaline caxrpt in the world,
extending over an area of 220 x 350 km (fig 1) aocupying the western slope of
the Anabar shield from the margin of the middleeigin platform in the north to
the upper reaches of the Kotuy River in the S. ¥Wohous extrusive volcanic
rocks dominate the MKC, and are cut by 30 intrusiand numerous dykes spread
throughout the complex. The overall sequence otamt rocks comprises six
distinct suites and have a cumulative thicknesgpofo 4000 m. Of the six suites
the oldest two — the Aryzhangsky and Pravoboyarskyes — are the most
voluminous and are composed of ultramafic-alkaéind basic rocks. Above these
two suites are rocks of the Kogotoksky suite, whechomposed mostly of basalts
and trachybasalts. At the top of the sequenceherdtlcan suite represented by
trachybasalts, trachyandesites and melanephelganddinally high Mg ultrabasic
lavas and tuffs (maymechites) extending for moastRO km along the Maymecha
River. The Guli massif (fig 1) occupies a largeaabetween the Maymecha and
Kotui Rivers at the boundary of the Siberian platfovith the Hatanga trough. It
has a roughly oval shape of 35 x 45 km, and, inclythe two-thirds obscured by
Quaternary deposits, has an area of 1500-1600 [Rin Geophysical evidence
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indicates near vertical contacts and hence probakdyock-like form [16]. The
surrounding country rocks are volcanics, and inelugh extensive area of
maymechites.

The Guli massif, like many of the other alkalinérabasic intrusions, is a
composite, multi-stage pluton, as indicated in €abl The predominant rocks of
the massif are dunites, which occupy about 60%heftbtal area, and a range of
melanocratic alkaline rocks, which extend over al80%. The other rock types,
including melilitolite, ijolite, alkaline syenitenal carbonatite, occupy less than

10% of the area. (1) The earliest rocks of the thésst stage) are dunites, which

Table 1

Principal intrusive stages, sub-stages, and rock pes in the Guli massif.

Intrusive Sub-stage Rock types
Stage
Fourth Dolomite carbonatite
Six Third Fine-grained calcite carbonatite
(Youngest) Second Coarse-grained calcite carbonatite
First Phoscorite and ore forsteritite
Second Micro-shonkinite and solvsbergite
Fith First Peralkaline syenite, nepheline syenite, quart
syenite
Fourth ljolite and ijolite pegmatite
Third Jacupirangite and melteigite
: Second Melanephelinite, olivine melanephelinite,
Third : o L T
nepheline picrite, biotite-pyroxene picrite
First Melteigite, malignite, shonkinite
Second Melilite rocks
First Second 'I_'i-_Fe-ore pyro_xenite (kos_vite_), porphyritic
(Oldest) . ohvme pyroxenite and peridotite
First Dunite

form an arcuate area with a width of 9-10 km tleat be traced for 40 km. During
the second sub-stage the dunite intrusives wer&éyuatumerous bodies of Ti-Fe-
ore pyroxenite (kosvite) that are composed maihlyyooxene and titanomagnetite
with accessory apatite and titanite, and form allfi% of the volume of the

dunites. (2) The second stage of evolution is naalike the intrusion of melilitic

rocks that occur as a 5 x 0.6 km partial ring bodthe southern structural center
of the massif and three smaller stocks 8 km tostheheast of the main ring. The
composition of the rocks — melilitolite and kugdite is characterized by the
predominance of melilite over olivine, which in threlilitilite is up to 90 % of the

volume. The accessory minerals are pyroxene, nigghahd titanomagnetite. (3)
During the third intrusive phase a series of all@lmafic and ultramafic rocks of
rather closely related composition were emplacdtierfollowing succession: sub-
stage 1 — melteigite-malignite-shonkinite; sub-stdg— melanephelinite-alkaline
picrite, and sub-stage 3 — jacupirangite-melteigiide most widespread rocks of
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this phase are the jacupirangites and melteigittsch are characterized by the
presence of pyroxene — up to 90% in the jacupitangind nepheline—from 10
% up to 35-45% in the melteigite. The rocks of tedanephelinite-alkaline picrite
series (second sub-stage) crop out in three lagis b— up to 2 km across, and
also occur as dyke-like bodies of alkaline picfdentaining nepheline and biotite-
pyroxene, as well as olivine). The jacupirangitel amelteigites of the third sub-
stage are cut by (4) veins of ijolite and ijolitegmatites, which represent the
fourth intrusive stage. The pegmatites are compasadly of nepheline (55-65%)
and clinopyroxene (25-40%) with accessory titanomedite, phlogopite,
perovskite, titanite and apatite. (5) In the cemkthe massif there are several
bodies of fine- to medium-grained peralkaline sieeifine fifth stage), which are
composed of up to 65% K-feldspar, aegirine and lsemaounts of nepheline.
Syenites, quartz syenites, and granites form sdykié-like bodies in the central
part of the massif. (6) Rocks of the sixth andlfstage are essentially carbonatites
and phoscorites. The rocks of the carbonatite grfmupn two massifs — the
Northern and Southern and are represented mostlynbygrained calcite (third
sub-stage) as well as dolomite carbonatite (fowtib-stage). Apart from the
dominant carbonate minerals, the carbonatites efsdain apatite, magnetite,
phlogopite, and, more rarely, forsterite, aegiriopdide, pyrrhotite, pyrochlore,
dysanalyte, calzirtite and others.

ANALYTICAL METHOD

All samples used in this investigation are a sulo$ed larger suite of Guli
alkaline rocks and carbonatites that have beeniqusly analyzed for Sr and Nd
isotopes [17]. The rocks had already been brokemsmall pieces, hand-picked
free of weathered or altered material, cleanedistilldd water and 6N HCI, and
pulverized to ~200 mesh. The resultant powdersiredwo further preparation
before being brought into the chemistry laboratotyray spectrographic analyses
that included Pb, U, and Th concentrations weralada for about 2/3 of the
samples, and this information was beneficial inedatning appropriate sample
size for dissolution and spiking. Generally, wiedrto obtain ~1 ng Pb for mass
spectrometric analysis, which usually required thgestion of 1-5 mg of the
sample. One nepheline syenite (#863) with 108 pnwvould have far exceeded
our target recovery amount; even so ~1 mg of thgsawas dissolved but only a
small aliquot taken for resin column separation.

The sample powders were weighed, transferred itall Teflon digestion
vessels, and wetted with a few drops of milli-g0OHo avoid static dispersal. Next
about 5 mL HF and 1 mL HN{Qwere added to the vessel, which was then capped
and placed on a hotplate for 1-2 days. After evaprg the solution to dryness, 1
mL HNO; was added, the cap replaced, and the vessel gkitomaethe hotplate for
another day. The solution was cooled, and a fractfor concentration
measurement was removed and spiked with eithAePa***U or 2°Pb?*U-***Th
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Fig. 3. 2°®Pb/%Pb vs.?°Pb/*** diagram showing measured (open symbols) and initia
(solid symbols) isotopic composition. Initial ratos are calculated by correcting for 250 Ma
of in situ radioactive decay. Circles: Silica unsaturated sapies presumed to have minimal
crustal contamination. Squares: Granite (#97) and gartz syenite (#91) presumed to have
significant crustal contamination. Shown also ishe Stacey and Kramers [29] model
growth curve.

tracer solution. Both solutions were evaporateditgness, and the residues re-
dissolved in 0.5N HBr in preparation for anion neekxchange column separation
of the Pb. The purified Pb was dried to a smalptiband loaded with a silica gel-
HsPQO, activator on a single rhenium filament for masscspmetry. The elutriate
from the Pb concentration column, containing thikesp U (and Th), was dried,
dissolved in 7N HN@ re-dried, and re-dissolved in 7N HRI@ preparation for
anion resin exchange column separation of the UTémdJsually the same column
as was used for Pb separation was converted taithege form by multiple
washings with 7N HN@ and purification was effected by elutriation w#éveral
column volumes of 7N HN©following which the U and Th were removed with
H,O and 0.1N HCI. The purified U and Th were dried évaded as nitrates with
agquadag on a single rhenium filament for mass speetry.

Isotopic analysis was performed at the Max Planti#titute on a 30 cm
radius-of-curvature, 90° extended geometry mas<tispreter equipped with
Faraday cup and electron multiplier detection systeDepending on intensity of
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the ion beam, Pb was measured on one or the othbe aetectors, and U
and Th were measured exclusively on the electrotipher. The NBS 981 Pb
standard was run repeatedly during the course eofrthestigation, and Pb ratios
are reported normalized to that standard. Corned¢tothe procedural blank of 10-
15 pg for Pb and 0.5-1 pg for U and Th was smatiggligible for all samples, but
has been routinely applied in the data reductiamcdtainties arising mainly from
variable mass fractionation are estimated to b&60.0.15%, and 0.2% for
2%PpF¥Ph, 2°Pbf*Pb, and*®®Pbf* respectively. Concentrations of 1 ppm or
higher are considered accurate to about 1% (95%idemce level), and
proportionately less accurate for lower concerdreti Consequently, parent-
daughters ratios have assigned an uncertainty ¢f%1n the ISOPLOT [19]
calculation of an isochron age. The concentratioth isotopic data for the Guli
alkaline rocks are summarized in Table 2.

RESULTS

Representative silicate rocks and carbonatites &tnmtrusive phases of the
Guli massif have been analyzed (Table 2). The ntedsRb isotope ratios exhibit
substantial variations among samplé¥Pp/*Pb = 18.06-25.66°PbFf*Pb =
15.38-15.74, an&°PbF%= Pb 37.45-43.91), but upon correcting for 251 Mano
situ U and Th radioactive decay the data plot as ndiigeéighter clusters
*Pobf*Pb = 17.88-18.522°Pbf*Pb = 15.38-15.70, an®PbF*Pb = 37.33-
38.56) on®PbF*Pb vs.?®PbF* (Fig.2) and?®PbF*Pb vs.*PbF**Pb (Fig.3)
diagrams. The five samples for which Th conceiungthave not been determined
could not be corrected fan situ growth of thorogenic Pb, and these samples are
excluded from further discussion of initfdfPb/%ratios. An even more restricted
range in isotopic compositiorf°fPb/*Pb = 17.88-18.312Pb/*Pb = 15.38-
15.46, and*®PbF*Pb = 37.33-37.70) is observed by excluding the tqusyenite
and granite and considering only the silica unsétal rock samples. For most of
the samples appreciable amounts of radiogenic Rb geown since the rocks
crystallized, requiring large corrections in caftulg initial ratios and making it
difficult to evaluate the remaining scatter in gq@t composition. However, when
compared to the dunite (#8513), which requires atmoin situdecay correction,
deviation in isotopic composition does not cormrelaith parent-daughter ratio as
might be expected if the samples were chemicakyudbed. In this regard the
variation in*Pbf°*Pb, although less than for the other ratios, i$ig@es the most
significant in that it is by far least affected bgycertainties in the parent-daughter
ratio and can carry important petrogenetic infororat As will be discussed
below, most of the remainirfd’Pb/7*Pb scatter aften situdecay correction arises
from two samples, a granite (#97) and a quaynite (#91), for which there is
convincing geochemical and isotopic evidence ofstalucontamination. These
rocks are silica oversaturated and are also claized by high®Srf°Sr and
negative initiakng (-8.9 and -14.7) values [17].
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Figure 4 is & PbF*Pb vs.?Pb/*Pb diagram on which are plotted time
situ decay corrected Guli alkaline massif samples tagetvith the published Pb
isotope compositions of SFB [1, 11, 18, 27, 33,34, There is a general overlap
in isotopic composition of the alkaline and basaltbcks, although the silica
unsaturated Guli samples appear to have a slitgtives impoverishment ir°Pb,
which is most pronounced in the geochemically gnmidunite (#8513) and the
carbonatite (#124). The other silica unsaturatddalimle rocks have isotopic
compositions plotting in the lower portion of theut®rana basalt field.
Interestingly, those basalt samples comprising ldwer portion of the SFB
isotopic field are from the oldest and most voluotis Gudchikhinsky and
Ivakinsky Suites of the SFB [10].
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Fig. 4. *°Pbl%Pb vs.?*Pb/°*Pb diagram showing thein situ decay corrected Guli
alkaline complex samples (circles, open — silica saturated; solid — granite (#97) and
quartz syenite (#91) together with the published Plisotope compositions [27, 33, 36, 37] of
SFB rocks (triangles). While there is a general siilarity in isotopic composition of the
alkaline and basaltic rocks, the silica unsaturatedsuli rocks tend to plot beneath (i.e., with
lower ?Pb/”%Pb) or in the lower portion of the SFB field. In ontrast, the granite and
quartz syenite, which are presumed to be crustallgontaminated, plot near the top and
above the SFB field.

In contrast, the granite and quartz-bearing syemitech are quite probably
contaminated by, or even the partial melts of, telusaterial, are significantly
enriched in*’Pb. On the whole, the uncontaminated Guli rockseappo have
been derived from a slightly more depleted sounea the SFB, and to have had a
Pb isotopic composition close to that of the DMMeawvoir. However, a few
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analyses out of the 148 SFB analyzed for Pb areacteized by even more
depleted compositions, but they are much more leadicn radiogenic Sr and have
lower € Nd values. It can be speculated that during upwagtation some of the
melt may have co-mingled with super-plume magma levhundergoing
differentiation, causing a mixing of Pb isotopiangmositions. This same trend for
Guli rocks is shown by the data for the Rb-Sr andN&l isotopic systems [17].
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Fig. 5. °®Pb/%Pb vs.?*Pb/*Pb diagram showing thein situ decay corrected Guli
massif rocks (circles, open — silica unsaturated;ofid — granite (#97) and quartz syenite
(#91) together with the published Pb isotope compib®ns [27, 33, 36, 37] of SFB rocks
(triangles). Note that while there is a general siifarity in isotopic composition of the
alkaline and basaltic rocks, the silica unsaturatedsuli rocks tend to plot beneath (i.e., with
lower 2°%Pb/?%Pb) or in the lower portion of the SFB field. In ontrast, the granite and
quartz syenite, which are presumed to be crustallgontaminated, plot near the top and
above the SFB field.

Figure 5 is &°Pb/*Pb vs.2*PbF*Pb diagram on which are plotted a subset
of eightin situ decay corrected Guli alkaline massif samples tegetith the
published Pb isotope compositions of SFB. Becanggum concentrations have
been determined on only six of the Guli silica unsgted rock samples and the
quartz-bearing syenite and granite, calculatiomitial °®Pb/*Pb ratios can only
be carried out for this subset of samples. As endhse of thé°PbF*Pb ratios,
there is no assurance that after correctionirfositu radiogenic Pb growth the
remaining small dispersion among the silica unsatar samples represents a real
heterogeneity in initial isotopic composition. Agaieviation irF®Pbf%*Pb ratios
from the dunite (#8513) value does not correlatéh warent-daughter ratio, nor,
indeed, with the correspondirf§’Pbf®*Pb ratios. In comparing the Guli results
with the SFB isotopic field, a similar relationshes seen in Figure 4 emerges.
That is, the silica unsaturated Guli samples lieegislightly below (i.e., are more
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deficient in >®Pb) or within the lower portion of the SFB fieldikewise, the
granite and quartz-bearing syenite h&72b/*Pb ratios that plot distinctly apart
in the upper-right of the SFB field. From the samily in isotopic composition
shown in Figures 4 and 5 of the quartz syenitegadite to the most radiogenic,
enriched SFB, it might be deduced that a crustahpmment similar to that
characterizing the Guli granite was also likelyhtve been the major contaminant
for all the flood basalts. These plots also shoat,texcept for the quartz syenite
and granite, the alkaline rocks of the main intraphases of the Guli massif were
not strongly affected by crustal contamination.
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Fig. 6.2°Pb% vs.8U/?%Pb isochron diagram for the Guli massif rocks. Thegranite
(#97) and quartz syenite (#91) shown in solid symisp which have distinctly different initial
isotopic compositions, are excluded from the age Icalation.

Another way to examine our analyses is to plotreasured*U/***Pb vs.
29%PpF%Ph on an isochron diagram (Fig. 6).inf situ radiogenic growth greatly
exceeds the heterogeneity in initial isotopic cosman and closed-system
conditions have prevailed subsequently, the regulsochron will yield an age for
the Guli alkaline suite. Because it has alreadynbdetermined that the quartz
syenite and granite have an initial isotopic contpms distinctly different from
the silica unsaturated Guli rocks, these two samplere omitted from the
isochron calculation. A York fit regression lineraligh the remaining 11 silica
unsaturated samples yields an isochron age of 2MaMSWD = 24], and lies
within the range of ages of 232-253 Ma found fa 8FB by previous workers [2,
8, 13, 14, 15]. However, because of the high MSWiIO age uncertainty of the
Guli isochron, which is largely controlled by onglily radiogenic jacupirangite
(#131) and may also reflect significant scattanitial isotopic compaosition, this
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result is too imprecise to help in determining thelative order of

emplacement. Instead, it is the very precise mir@ad baddeleyite U-Pb ages on
the SFB and Guli carbonatite recently reported bynK et al.,[14, 15] that, in fact,
leave little doubt but that the alkaline magmatismecurred essentially
synchronously with the rapid eruption of the SFB2&tl Ma. Moreover, the
obtained ages of Guli rocks and SFB, indicating tha bulk of both rock suites
formed within a one million year time span, virlyadoincide with the age of the
Permian-Triassic boundary at 251.2+1.7 Ma [7].

DISCUSSION

In order to investigate the lead isotope geocheynadtthe Guli alkaline rocks
and gain insight into their petrogenesis, we hawe&ena compilation of all the
published Pb, Sr, and Nd isotope data relatingn¢oSFB province [1, 11, 18, 27,
33, 36, 37]. Our new Pb isotope results togethén wie relevant SFB data have
then been plotted off’Pb/*Pb vs.22PbF* (Fig.4) and®PbF**Pb vs.*PbF*Pb
(Fig. 5) diagrams. Also shown on the diagramstlageisotopic compositions of a
number of widely recognized reference reservoird toe fields of some major
rock types. On th&Pb/*Pb vs.2*PbF*diagram the SFB form an isotopic array
that starts to the left of the meteoritic isochwamere the earliest, undifferentiated
picrites of the Norilsk area plot, follows alongettMORB field, and continues
slightly into the OIB field. The main volume of SFd all of the Guli alkaline
rocks plot to the right of the meteoritic isochroaquiring a multistage evolution
of the U-Pb systems, produced possibly either oy plifferentiation in the mantle
source or by the recycling of crustal Pb back itite mantle. A few highly
contaminated basalts and the Guli granite extendlawgp into the upper crustal
field. The cluster of silica unsaturated Guli recxtends below the MORB field
and represent a more depleted mantle source, afipéairespect t6°'Pb.

Mantle plumes are generally thought to be chenyicaliotopically, and
thermally very heterogeneous and zoned as a rebutiteraction with depleted
MORB mantle, subducted slabs of oceanic crust, itental crust, and
subcontinental lithosphere. Large isotopic varraicexist in many continental
flood basalts [20, 3], and, in the case of the @dlia River basalts, different
members have very distinct isotopic compositionsd]s Carlson [5] has used this
heterogeneity to propose five isotopic sources tfer Columbia River Flood
Basalts. Likewise, Simonetti et al. [28] evaluatdee variation in isotopic
composition of the Deccan flood basalts and attetithe isotopic variations in
those rocks to three distinct mantle sources.

On the basis of all existing Sr, Nd, and Pb isatajata for the SFB and Guli
alkaline rocks, we are able to recognize at least different source components
that have contributed to their formation. The ficemponent, identified as the
main contributor to the Guli alkaline rocks, is rwterized by low?’SrPSr
(0.7031 to 0.7038), higkg (+5.35 to +3.97), and unradiogenic P¥Rb/*Pb =
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17.88-18.31; ®Pb/*Pb = 15.38-15.46;*PbFf*Pb = 37.33-37.70). This
component bears a depleted mantle (MORB sourcedrvais Pb isotopic

signature, but with slightly more evolved Sm-Nd aRO-Sr isotopic systems
Because of this divergence from pure MORB and therlap in Pb isotopic

composition with the second component described, itecannot be ruled out that
some contribution from the Siberian super-plumal$® present in the Guli rocks.
Based on Sr and Nd isotopes, Kogarko et al. [1#inased the involvement of
about 70% of upper mantle material (MORB sourcej a0% of lower mantle

material corresponding to primitive mantle as ssgge by White and MacKenzie
[34].
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Fig. 7.&ng Vs. 2’Sr/*°Sr diagram showing a plot of the Guli massif rockgcircles, open
— silica unsaturated; solid — granite (#97) and qu#& syenite (#91) together with the
published isotope compositions of SFB rocks [triarlgs;1, 11, 18, 26, 27].

The second component, which can be attributedadSiberian super-plume
itself [27], is represented by the Putorana basa#dking up 90-95% of the SFB
province. These basalts demonstrate significantnats and isotopic uniformity
with &g ranging from -0 to +2.5Srf®Sr from 0.7046 to 0.7052, and an average
Pb isotopic composition of*PbF*Pb = 18.37°Pb/*Pb = 15.5, and°PbF*Pb =
38.0, suggesting that the majority of the SFB wdegived from a relatively
primitive lower mantle plume with a neahondritic signature. Controversy still
exists, of course, over the exact nature and omwgithis near-chondritic mantle
reservoir, which instead of being a remnant ofdhginal, undifferentiated Earth
could be material recycled into the mantle by swafidn and/or lithospheric
foundering processes. It may also be possible tthiatis the large moderately
depleted reservoir (possible situated in the lomvantle), which supplies OIBs and
other plume related magmas (PREMA- or FOZO-likeenat) [12].
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Table 2

Strontium ,neodymium ,lead isotopic composition andPb, U, and Th concentration of
rocks from the Guli intrusion, Maymecha-Kotuy area, Siberia. Numerals in parentheses
refer to the sequential stages/sub-stages of empdaeent identified from field relationships.

Sample Pb,|U, |Th, |u= |[skp=
ppm|ppm|(ppm | 22U |%*Th
I2Pb|P*Pb|PP b/ PP b/ P PoPoPb/fF'Sr Jeng™*
204Pb 204Pb 204Pb 204Pb 204Pb 204Pb SGSr***

8513 dunite (1/1)1.65/0.01| 0.03| 0.38| 1.17|18.0615.3837.4518.0515.3837.440.70376(0+4.08

Measured Initial** Initial ***

37 maymechite

) 125043 - |21.9| - |18.8415.4737.7318.0315.43 - ] ]
118 ”Eﬁ;"'to“te 2020176 — |57.2| — |20.4015.5238.7218.1915.41 - |0.703174+4.83
92 ?I“I‘I"’/';‘)a'g'te 2.40/1.46/6.14| 39,8| 173 | 19.5015.4939,6017,93 15.41/37.450.703170+5.15

47alkaline |7 gg1 4ol | 118 - |18.7715.4838.7118.3115.46 - |0.70313%5+5.33
picrite (I11/2)

861 alkaline g /5 10/ g 9% | 16.6| 72,8(18.7915.4538.24 18,13 15.42 37.330.703266+4.81
picrite (111/2)

131

jacupirangite |2.18/5.90| 4.7 | 192 | 158| 25.6615.8139.4718.08 15.4237.510.703116+5.16
(111/3)

132 jjolite (IV) |1.46/0.49/0.57| 21.2| 25.5|18.7215.4837.97/17.8815.44 37.650.703446+5.35

863 nepheline

. 107|47.7) -- |29.1] -- |19.2515.51139.7618.1015.45 -- - -
syenite (V/1)

89 nepheline

. 1.40/0.14{0.45* 6.29| 20.9|18.41/15.42137.9618.1615.41/37.700.706771 -1.85
syenite (V/1)

91 quartz

) 7.17/0.89/1.59| 7.95| 14.718.7315.61/38.7418.4215.59 38.560.706261 -8.90
syenite (V/1)

97 granite (VI) | 11 | 3.812.83| 22.4| 17.2|19.41]15.7438.6618.5215.70 38.450.717440-14.69

124 carbonatite

(VIl/3) 2.26/0.23 -- |6.92| -- |18.3115.4043.9118.0415.39 -- |0.703164+4.88

Note: Th determined by x-ray spectrographic analysisCtrrected for 251 Ma of in situ radioactive
decay. ***Kogarko et al [17]

Wooden et al. (1993), in a detailed investigatiérthe SFB in the Norilsk
area, found a tendency for the more silica-richamto have higher Th/Ta ratios,
relatively high®Srf°Sr ratios, and low*Nd/*Nd and**®Pb/*Pb ratios. This
shift was attributed to a significant interactiohtile SFB with continental crust,
and theeyy vs. ¥Srf°Sr plot (Fig 7) shows this distinct trend towarde th
composition of continental crust. The SFB provinseunderlain by Paleozoic
sedimentary rocks and a granite-gneiss Precambasement [9]. The Guli granite
(#97) and, to a lesser extend, quartz syenite (#@iixh were either contaminated
by, or produced as an actual melt of upper crusthare considered as the third
component of SFB source.

Some samples of the Gudchikhinsky suite (basal reerob the SFB) are
characterized by low’Pb/*Pb ratios and plot to the left of the meteoritic
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isochron on thé”Pb/*Pb vs.*PbF*Pb diagram (Fig. 4). They also have high
87SrF°sr values relative teng, and plot noticeably to the right of the main ttem
the eng vs. 2'SrPPSr diagram (Fig. )7 Lightfoot et al. [18]have also remarked that
the rocks of the Gudchikhinsky suite show quitdedént geochemical features
(e.g., high Ti, La/Sm, Ti/Y, Gd/Y) as compared be other basaltic suites of the
Norilsk area. Lightfoot et al. [18] noted that tBe@dchikhinsky suite has chemical
and isotopic characteristics resembling those &, @lthough they suggested that
lithospheric mantle was the main component ofredl $FB. However, Wooden et
al. [37] proposed that these same characteristea® \most readily explained by
partial melting of crustal material. According teetn the isotopic features of the
Gudchikhinsky might then have been superimposednglupost-crystallization
alteration. In our opinion old lower crust is a ma@uitable candidate for being the
exotic component in the source of the Gudchikhirskiye. On the basis of a large
Pb-isotope database for lower crustal xenolithsgd¥iy et al. [23] determined that
metamorphosed Archean lower crustal granulitesamontery unradiogenic Pb,
which often plot to the left of the meteorite isomi Furthermore, Stolz and
Davies [30],McCulloch et al. [22] and Stosch and Lugmair [3&lrid that the
majority of garnet granulite xenoliths have relativhigh®’Srf®Sr in comparison
with **Nd/**Nd values and plot significantly to the right oétmantle array. For
example, McCulloch et al. [22] calculate that tiverage South Australian lower
crust has &’SrP®Sr of 0.7124 and ayg of +0.27 (recalculated to 250 Ma). The
position of the South Australian lower crust on ghevs.®’SrP°Sr diagram (Fig.7)
suggests that such a lower crustal component mayrbsent in the SFB.
Unfortunately there is no direct information abthe isotopic composition of the
Polar Siberian lower crust. However, a granite fitbwd Taymir peninsula with the
same approximate age, which is considered to bevedefrom lower crustal
material remobilized by the Siberian super-plumégtsp very close to the
Gudchikhinsky basalts [32]. According to Vernikkyset al.[32] the isotopic
signature of the Taymir granite probably resultesirf the mixing of mantle and
lower crustal components. Thus, we propose tlthtooler crustal material makes
up a fourth component of the SFB.

The enormous concentration of rare-earth and cklatements in alkaline
rocks and carbonatites, such as those of the Ga#isify is thought to have
occurred through the scavenging of metasomaticadiped mantle material by
melts or fluids associated with the upwelling plumé order to preserve the
primary isotopic signature of the depleted sourdettee Guli rocks, this
metasomatizing event in Siberia must have occuordg shortly before 251 Ma.
Subsequent to emplacement, however, considerabilsoRipic growth has taken
place in many of the rocks with high U/Pb and Th/&ims. This metasomatically-
derived component can be considered a fifth compofeaind predominantly in
some of the Guli alkaline rocks.

As it was mentioned before, a similar wide rangesatopic composition has
been established for other flood basalt provin&s b, 6, 4], suggesting the
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contribution of isotopically distinct components timeir genesis. Some of these
components are very similar to those here idedtdig contributing to the SFB and
the Guli alkaline massif. Collectively, all thesata testify to the significant

Isotopic heterogeneity that is one of the main geadcal features of continental
flood basalts.

CONCLUSIONS

1. The Pb isotope composition of the SFB and the GiKaline rocks on
2PpF¥%Ph vs. 2°PbF** and “PbPb vs. *PbfPb diagrams lie almost
entirely within the limits of the MORB and OIB fad, identifying the mantle
as the dominant component in the source of thedesroThe new Pb isotopic
compositions reported here for the Guli rocks anvith those previously
published for the SFB; however, they are mainlyfic@a to a cluster plotting
in the lower portion of the OIB field and extendislgghtly downward into the
MORSB field. We take this distinction to imply thiéde Guli rocks were derived
from a more depleted source than produced the S¥Bimilar implied source
difference between the Guli rocks and the SFB basetthe Rb-Sr and Sm-Nd
isotopic systems had been shown by an earlier study

2. A U-Pb age of 250+9 Ma was determined for the Gikaline rocks, which
lies within the range of ages previously reportedthe SFB, and agree well
with the recently published zircon and baddelepiteb ages of ~251 Ma found
for both a Guli carbonatite and the bulk of the SFEhere thus remains little
doubt that the Guli alkaline rocks were emplaceseesally synchronously
with the Siberian trap basalts. The age of tha agks and the SFB is also
seen to coincide with that of the Permian-Triabsigndary.

3. The combined Pb, Sr, and Nd isotopic systematichhefSFB and the Guli
alkaline rocks has enabled the identification oWesal discrete source
components. The first component is characterizedldwy ®'Srf°Sr, high
“Nd/*Nd, and an unradiogenic Pb, which we associate ti¢h depleted
(MORB source) mantle with perhaps a slightly moreleed Rb-Sr and Sm-Nd
isotopic system. The second component represeriirg5% of all SFB
demonstrates notable chemical and isotopic unityrmith yq values of 0 to
+2.5, ¥’SrP°Sr values of 0.7046 to 0.7052, and an average Btopis
composition of?*Pbf**Pb = 18.32°Pbf**Pb = 15.5, and’®Pb/*Pb = 38.0.
This component is speculated to be a relativelyninre lower mantle plume
with a near-chondritic isotopic signature. Contaattion by upper and lower
continental crustal material, designated as compuisrig and 4, respectively, is
postulated to explain the isotopic characteristicsome of the Guli rocks and
SFB. Finally, metasomatic processes associatddimyasion of the Siberian
superplume produce a fifth component responsihig¢hfe extreme enrichment
in rare-earth and related elements found in sonmer@tks and basalts.
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ABSTRACT

This paper presents the results of studying thed2alc volcanic series of the Kola
Province, widespread in the areas of the Lovozem l&hibina massifs, the Kontozero
caldera, and the Ilvanovka volcano-plutonic comphexistinctive feature of tie volcanics is
the presence of moderately alkaline basanites alstigsilica-undersaturated alkaline rock
associations. All of the rocks are significantlyriened in incompatible elements: the
contents of Rb, Ba, Sr, Nb, Zr and Y in the volcanof the Lovozero and Kontozero
formations. The Sm-Nd and Rb-Sr data suggest tieatvblcanics of the study area were
derived from two different mantle sources: (1) sdpeleted mantle material resulted from
the multistage crustal growth over Archean andd?oabic time in the Kola-White Sea rift-
collision zone and (2) a source that had propedignoderately enriched EMI-type mantle.
It is shown that the emplacement of the volcaniecg@ded the main pulse of alkaline
magmatism in the region and can be referred thamitial phase of the Paleozoic tectono-
magmatic reactivation. According to geochronolobitzta, the alkaline volcanic rocks were
emplaced at least 20-30 m.y. before the intrusfadhealkaline plutonic rocks.

INTRODUCTION

A distinctive feature of the unorogenic continentsdries of alkaline
ultramafic rocks and carbonatites is their spatiatl temporal association with
alkaline and subalkaline volcanics, the Ilatter wagy widely from silica-
undersaturated alkaline ultramafics and nephelirtite normal basalt and
trachyandesite. Examples of these associationshar&laimecha-Kotui Province
and the alkaline province of East Africa, wheraddition to ultrabasic lavas there
are volcanics of the alkaline basalt, alkaline iokvbasalt, and tholeiite basalt
series [32, 36, 22]. Studies that were performedh&se regions revealed the
sources and evolution trends mainly for the sewésalkaline ultramafics-
carbonatites, for which comagmatic rocks of différdepth facies were found. A
more complicated problem is the role and placeutWatkaline rocks, which are
only represented by extrusive facies and have mbompic equivalents in the
magmatic complexes of the provinces. Geologicaénizions and radiologic age
determinations correlate the eruptions of alkabheine basalt and basanite with
the initial phase of tectono-magmatic reactivatioat preceded the plutonic phase
of alkaline ultrabasic magmatism. It is obvioust i reconstruction of magmatic
processes in the zones of ancient shield readiivatiould be based on studies of
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all of the components of mineralized magmatic systeincluding rocks of
volcanic origin.
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Fig. 1. Scheme of distribution of Paleozoic rocks in the mtheastern Fennoscandian
Shield. Plutonic series: 1 - Khibina, 2 - Lovozero3 - Turiy Mys, 4 - Ingozero, 5 -
Salmagora, 6 - Lesnaya and 7 - Ozernaya Varaka, 8Afrikanda, 9 - Mavraguba, 10 - Niva,
11 - Kovdor, 12 - Sokli, 13 - Kurga, 14 - Kontozerol5 - lvanovka, 16 - Kandaguba, 17 -
Vuoriyarvi, 18 - Sallanlatva, 19 - Seblyavr, 20 - sochny, 21 - dikes and pipes of the
Tersky Coast.

The Paleozoic magmatic province of the Baltic Shantains, in addition to
the known alkaline intrusions, volcanic rocks tlaaé spatially associated with
large nepheline syenite plutons or are concentratedzones of tectonic
depressions. The prospecting and exploration apasatonducted in recent years
on the Kola Peninsula resulted in the discoverged Paleozoic volcano-plutonic
complexes [50] and also revealed a rather wideldpweent of extrusive rocks in
the Khibina and Lovozero massifs. The great laterdlent and substantial
proportion of emplaced during the Paleozoic phakehe tectono-magmatic
reactivation of the region were sufficient argumseor carrying out a study aimed
at determining the evolution trends of the volcaséries of the province and
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establishing relations between the volcanic andopla complexes, including the
identification of intrusive equivalents of the axive rocks.

GEOLOGIC SETTING AND PETROGRAPHY

In the northeastern part of the Baltic Shield, Babéc volcanic rocks are
restricted to a large NE-trending tectonic zoneeaing from the Sokli carbonatite
massif in the north of Finland to the Ivanovka \amlo-plutonic complex on the
Barents Sea coast (Fig. 1). This zone also contaang large massifs of agpaitic
nepheline syenite. During this study, we invesedahe structure of the Lovozero
and Khibina massifs. the Kontozero Depression, #ral lvanovka volcano-
plutonic complex, as well as the composition of tlidcanic rocks composing
them.

Fig. 2.Cross section of the northern slope of the Flora guntain in the Lovozero
Massif. 1 - sandstone; 2 - albitization zone; 3 ofaite; 4 - lujavrite; 5 - ultrabasic and basic
volcanics.

Lovozero massif.

The volcanic rocks occurring in the outliers of treof of this agpaitic
nepheline syenite pluton are most widely known agnitve volcanics of the region
[16, 58, 13, 14]. According to the latest resultsh@ Lovozero geological survey,
the bulk of volcanic rocks as thick as 200 m arebesded in rocks of the
differentiated lujavrite-foyaite-urtite complex aade spatially associated with the
sediments of the Lovozero Formation. Elements ¢éréh zoning have been
discovered in the distribution of compositionallyarying rocks: ankaramite
outliers dominate in the extreme northeastern gltthe massif; alkaline basanite
occurs further southward and superseded by phermmitphyry in the Apuaiv and
Kuamdespahk area. The structure of the sequendd beureconstructed only in
its ultrabasic interval: the study of large vol@apoutliers across the strike and at
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depth (Fig. 2) revealed the predominance of ankikeaatternating with basanite.
The thickness of each flow is no more than a fewense The ankaramite contains
phenocrysts or olivine and clinopyroxene and closddsters of equant
clinopyroxene crystals. There are also Ipgcof picrite containing numerous
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Fig. 3. Schematic map showing the geologic structure of ¢hKontozero caldera after
Pyatenko and Saprykina [47] with author's supplemets. (1) - ankerite-dolomite
metasomatic rocks in the fault zones; (2) - explan pipes filled with olivine-phlogopite
picrite; Kontozero stratigraphic unit: (3) - carbonatite tuff and tuffisitic breccia of the
feeder channel; (4) - uppermost carbonatite seriegb) - intermediate melilititic series; (6) -
lowermost augitite series; (7) - terrigenic and valanogenic series composed by sandstone,
alevrolite, argillite intercalated by basalt and trachybasalt; Plutonic unit: (8) - nepheline
syenite, pulaskite, malignite; (9) - nepheline pyrenite, melteigite, turyaite; Precambrian
basement: (10) - AR gneiss and granite-gneiss. (:Ifpults.
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large olivine phenocrysts. The picrite is petrodpeglly similar to the ankaramite

and can be interpreted as its accumulative varillyof the basaltoids contain

small picrite and ankaramite xenoliths and wereaagptly emplaced during an
independent phase of extensive activity. They @tnduished by the presence of
large clinopyroxene phenocrysts enclosed in a dubopgroundmass of

plagioclase, clinopyroxene, biotite, and ilmenite.

Clinopyroxene

L) o
.I:I‘
<, Amphibole
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Mg 10 1 uiok 30 Fe
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Fig. 4. Chemical composition of minerals from volcanic roks. Kontozero: (1) -
picrite; Lovozero (2) - picrite, (3) ankaramite, (4 basanite; Khibina: (5) phonolite
porphyry; lvanovka: (6) phonolite.

Ivanovka volcano-plutonic complex

Alkaline rocks were discovered in Ivanovka Bay dgrprospecting work on
the Barents Sea coast [50]. Remnants of volcarmksroccur in localities as long
as a few hundred meters along the bay shore artdhaeable as far as 18 km from
the mouth of the bay. The maximum thickness ofwuwbkeanogenic-sedimentary
sequence is 30-40 m, the bedding is subhorizoiitaé. alkaline volcanics are
represented by tuffs, tuffites, tufflavas, and lavaccias. The volcanic sequence is
underlain by Archean granites, Riphean sedimentacis, and Riphean dolerites
of a trap association. On a petrographic basisytbeanics can be grouped into
two main varieties: (1) nepheline basalts of anydaphor a less common
porphyritic texture consist of microcrystalline aggates of feldspar laths and
scarce grains of dark-colored minerals (clinopyrexemica, and amphibole) and
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(2) alkaline trachytes closely associated spatiaitia the basalts and related to one
another through a series of transitional varieti€be latter usually have a

porphyritic texture: they contain phenocrysts oflisoplagioclase enclosed in a
typically trachytic groundmass.

Khibina Massif.

Volcanic rocks occur as numerous xenoliths, gehencentrated in the
less eroded areas of the massif. The largest espo$the vol-canic rocks, as long

Fig. 5. Composition or feldspars from (1) - Khibina phonoite porphyry; (2) -
Lovozero basanite; (3) - Ivanovka phonolite; (4) -Oslo basanite and (5) - Oslo rhomb
porphyry. Data for the Oslo rocks are given after wn Harnik [59].

as 10 km and having a maximum apparent thickned®@fm, was discovered in
the western part of the massif at a contact betwbeenmassive and trachytoid
nepheline syenite (khibinite) of the peripheral eaf the intrusion. The lower
interval of the sequence consists of metamorphasgchnogenic-sedimentary
rocks, the upper one is dominated by phonolite lpgmp Similar to the porphyritic

rocks of the Lovozero Massif, the porphyries of tieibina Massif cannot be

interpreted as analogs of the rhomb-porphyry frbe @slo Graben: the latter is
the volcanic facies of the larvikite-laurdalite issr Apart from the leucocratic
varieties, Borutsky [15] found augite porphyry inhet Chasnachorr-

Yudichvumchorr block of the Khibina Massif.

Kontozero Depression

The volcanic-sedimentary rocks of the Kontozeronfairon fill a caldera 8
km across located in Archean granite-gneissesaih#tke Kontozero area 60 km
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northeast of the Lovozero alkaline massif (Fig.Agcording to a gravity survey
and 3-D density modelling based on its results, dakelera has a cone-shaped
asymmetric structure and extends to a depth of §/Km 3). The vent composed
of rocks having a density of 2800 kg/im located in the eastern part of the caldera
and has a diameter of 1-2 km. According to the dgparted by Kirichenko [25],
Borodin and Gladkikh [13], Pyatenko and Saprykidd]] and Pyatenko and
Osokin [46], the Kontozero sedimentary-volcanicnfation consists of three
members: the lower (terrigenous-volcanic) argilitember, the middle (volcanic)
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Fig. 6. Oxide-MgO (wt. %) variation diagrams for the Kola volcanic rocks. (1) -
Ivanovka; (2) - Kontozero; (3) - Lovozero; (4) - Khbina. Analyses were recast on
anhydrous and carbonate-free basis. ClinopyroxeneCpx), olivine (Ol) and feldspar (Fsp)
compositions are plotted in a MgO-CaO diagram. Polyomial trends of the 5 order are
displayed.
melilitite-nephelinite member, and the upper (cadie-terrigenous) carbonatite
member. The lower member is composed mainly oftaeigand melanephelinite
tuffs and lavas alternating with siltstone anddtdhe layers and has a gradational
contact with the overlying member of olivine nephiéd and melilitite. The upper
member has an approximate thickness of 1000 m amsists of extrusive
carbonatite (lavas and tuffs), picrite-carbonatdaed also calcareous tuffaceous
siltstone, and tuffite. The thickness of the volcasheets ranges between 1 and 10
m. The study of the mineral composition of the aoic rocks from the middle
member revealed that the dominant rock was nepteeliather than melilitite as
had been inferred before. The X-ray diffraction androprobe analyses of the
groundmass from the bulk of the samples detectptialme and feldspar instead
of melilite. This result was confirmed by chemiaaklyses.
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CHEMICAL COMPOSITION OF MINERALS
Olivine.

We studied olivine from the alkaline picrite andkaramite of the Lovozero
Formation and from the picrite-carbonatite of thenkbzero Formation (Table 1).
Olivine phenocrysts of the Lovozero volcanics arstinctly zoned: the cores
showed a composition of F093-92, the margins arallgrains in the groundiiiass
yielded Fo085-77. The evaluation of equilioni between the olivine of the

Table 1
Chemical composition of olivine of the volcanic raks.

Region Kontozero Lovozero
Rock PIC ANK PI1C
Sample K-7/240 K-7/94 107/187 107/209 5053 5033 5033
Zone of
phenol- C C C C C C C R C R C R C R
cryst
SiO, 41.23|39.10 40.65| 40.92| 41.00] 39.11 | 40.4739.22|40.84 40.73| 40.51| 39.18| 39.98|38.94
TiO, - - - - - - 0.05| 0.05 0.040.04 - 0.06 - | 004
FeO 6.71| 3.96 10.09 11.04/ 11.08| 16.51 | 14.4014.88| 7.18| 840 | 7.57| 17.7y13.98|17.47
MnO 048] 050 0.14| 011 012 018 036 036 01210| 011} 040 024 041
MgO 51.86|55.84 48.87| 48.30| 47.86| 43.02 | 44.4344.87|50.67 50.42| 51.01| 42.05| 45.57|40.05
CaO 0.07] 0.19 0.12| 0.15| 0.08 - 051 111 0p0.18| 043| 060 054 1.85
NiO 0.03| 0.03 0.39| 038 0.3 036/ 023 021 03019| 037 024 031 0.25
CoO 0.03| 0.01 0.02| 0.02] 002 003 002 - - - : 1 -
Cr,03 - - | 005| 003 003 005 003 4 0J08- 0.02| 0.04 - -
Sum 100.4199.63100.33100.95100.57 99.26 | 100.5100.7(099.50100.06100.02100.34100.6299.01
Fo % 93.24/96.18 89.63| 88.64| 88.51| 82.30 | 84.6384.31/92.64 91.46| 92.32| 80.85| 85.33|80.35

Note: Here and in other table6:- core, | - intermediate, R - rim of the phenotr - crystal in matrix.
Rocks: PIC - picrite, ANK - ankaramite, NEPH - nephite, BAS - basanite, BAST - trachybasalt, PHN
- phonolite, PHW - phonolite porphyre.

Lovozero alkaline picrite and ankaramite and theyme corresponding with the
country rock composition (with the Mg/Fe ratio imetcoexisting magma KD =
0.3) showed that in the picrite-ankaramite-alkal@sanite succession, the olivine
of F094-93, F092-90, and Fo87-80 respectively, ninaste been in equilibrium
with the magma. The cores of the large crystalcansistent with this state. This
points to an insignificant accumulation of the oier crystals that settled out from
the magma, from which the Lovozero volcanic ultrimmeocks were derived. The
concentration of Ca in the olivine, which was endgaity related to the formation
depth of ultrabasic rocks [84], varies regularlgnfr the low-Ca cores of large
phenocrysts that originated during the plutonicgehaf crystallization to the high-
Ca margins of zoned crystals and the groundmassistent with near-surface
crystallization. Olivine occurs in the Kontozerocmie and carbonatite as phe-
nocrysts of F090-88 composition and also asogessts with an unusually high
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Table 2.
Chemical composition of clinopyroxene
Readior Lovozerc
Rock PIC ANK BAS
Sample 105/290.. 107/20¢ 107/18: 133/31¢
Zone C R M M C R M M M
SiO» 51.8¢ | 51.7C | 52.3¢ | 52.9¢ 51.5¢ 50.6¢ 51.5¢ 52.62 50.41
TiO» 1.65 1.82 1.4C 1.6€ 1.9¢ 2.2¢ 1.8¢ 1.4C 1.4¢
AL 5Oz 1.4¢ 1.9C 1.21 1.62 2.22 2.8F 1.62 1.57 2.9¢
Cr,02 0.1t | 0.3t 0.2¢ 0.37 0.4< 0.4¢ 0.2¢ 0.51 0.04
FeC 6.1C | 6.6¢ 5.81 4.6C 6.2¢ 7.22 8.1C 5.7¢ 8.81
MnO 0.0¢ | 0.11 0.0¢ 0.1C 0.0¢ 0.2C 0.2: 0.07 0.2C
MaO 14.2¢ | 14.2( | 15.0¢ 15.9¢ 15.5( 13.6¢ 13.6¢ 16.3( 15.2¢
CaO 23.0¢ | 22.38 | 22.771 | 22.7i 21.5¢ 21.71] 21.3¢ 21.4: 19.6(
Na,O 0.4¢ | 0.97 0.4C 0.1C 0.31 1.3¢ 1.02 0.44 0.5z
SrO - - - - - - - - -
Sum 99.11 1100.0¢| 99.37 | 100.17 | 99.9¢ 100.4¢ 99.6( 100.1( 99.3]
Cations per 6 oxvaen jon
Si 1.93¢ | 1.91C | 1.94¢ 1.€48 1.90% 1.86% 1.92: 1.93: 1.87¢
AllV 0.062 | 0.08: | 0.05% | 0.05¢2 0.09: 0.12¢ 0.071 0.067 0.12¢
AlVI 0.00< | 0.00C | 0.00C | 0.01¢ 0.00¢ 0.00( 0.00( 0.00( 0.00¢
Ti 0.04¢ | 0.057 | 0.03¢ | 0.04¢ 0.05¢ 0.06: 0.05: 0.03¢ 0.041
Fe.t 0.00C | 0.05% | 0.00C | 0.00¢ 0.00(¢ 0.09i 0.C46 0.00¢ 0.06¢
Fe,+ 0.191 | 0.157 | 0.181 | 0.141 0.19¢ 0.12¢ 0.207 0.171 0.20¢
Cr 0.00¢ | 0.01C | 0.00¢ | 0.011 0.01: 0.01¢ 0.00¢ 0.01¢ 0.001
Ma 0.79t | 0.782 | 0.83¢ | 0.87¢ 0.85¢ 0.75C 0.75¢ 0.89: 0.84¢
Mn 0.00% | 0.002 | 0.00< | 0.00¢ 0.00¢ 0.00¢ 0.007 0.002 0.00¢
Ca 0.€24 | 0.88% | 0.907 | 0.89: 0.85¢ 0.851 0.852 0.84: 0.78¢
Na 0.032 | 0.06¢ | 0.02¢ | 0.00:i 0.022 0.09¢ 0.07¢ 0.031 0.03¢
Readior Kontozero lvanovka Khibina
Rock PIC NEPH PHN BAST PHNP
Sample K-7/94 6/861 157E-86 12B-8¢€ A-104%
Zone M M M M M M
SiO» 54.2¢ 54.2¢ 53.47 49.8¢ 51.1¢ 52.7¢
TiO» 0.62 0.9C 1.6C 1.82 2.0¢ 1.9
AL 5Oz 0.6¢ 1.04 0.9t 4.42 2.8¢4 1.35
Cr,02 0.0z - - 0.0¢ - -
FeQ 3.0Z 4.41 4.6¢ 6.87 5.67 11.9¢
MnO 0.0¢ 0.1C 0.1¢€ 0.2¢€ 0.11 0.6€
MaO 15.9i 14.4( 15.1: 11.2¢ 14.1¢ 10.0:2
CaO 24.2( 24.2¢ 23.9( 2132 23.01 14.7¢
Na,O 0.6¢ 0.4¢ 0.6C 1.2¢ 0.5¢ 5.4C
SrO - - 0.1C - - 0.24
Sum 99.57 99.87 100.5¢ 97.1¢ 99.62 99.01
Cations per 6 oxvaen ior
Si 1.98¢ 2.00¢ 1.95¢ 1.90; 1.89¢ 1.96(
AlVI 0.01¢ 0.04¢ 0.00( 0.10¢ 0.02: 0.01¢
Ti 0.01: 0.02¢ 0.04¢ 0.05: 0.05¢ 0.05¢
Fe+ 0.01: 0.00¢ 0.00¢ 0.00( 0.00: 0.30:
Fe+ 0.07¢ 0.13¢ 0.14¢ 0.21¢ 0.17: 0.06¢
Cr 0.00: 0.00( 0.00( 0.00s: 0.00( 0.00(
Ma 0.87: 0.79: 0.82¢ 0.64: 0.78: 0.55¢
Mn 0.00: 0.00: 0.00¢ 0.00¢ 0.00: 0.02/
Ca 0.94¢ 0.96( 0.93¢ 0.87: 0.91¢ 0.58:
Na 0.04¢ 0.03: 0.04: 0.09¢ 0.04: 0.38¢
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Table 3.
Chemical composition of amphibole (1-6) and mica (I2).
Reaior lvanovka Khibina
Rock BAS BAST PHN PHNP
Sample M-17-G 12B8¢ 157B8¢ A-104%
Zone M (1) C(2) | (3) R (4) M (5) M (6)
SiO, 41.7¢ 42.2¢ 42.22 41.3:¢ 40.3¢ 51.2¢
TIO» 5.6¢€ 5.9C 4.9¢ 5.6€ 4.01 3.4¢
AL 5Oz 11.0¢ 11.0:Z 10.9¢ 10.9¢ 12.52 4.07
Cr,0. - - - - - -
FeC 8.1¢ 9.6¢ 9.47 10.5¢ 14.81 9.0
MnO 0.1C 0.1¢ 0.1¢ 0.2C 0.4¢ 0.7¢
MaO 15.3( 14.5¢ 14.5( 12.91 10.0¢ 15.3¢
BaO - - - - - -
CaO 11.€6 12.01 12.0% 11.7: 11.02 4.7z
Na,O 2.8C 2.4¢ 2.41 2.64 3.1¢ 6.7¢
K>,0 1.12 1.2F 1.32 1.04 1.14 1.32
Sum 97.81 99.2¢ 98.17 97.0¢ 97.5¢ 97.02
Cations per 23 oxvaen ior

SilV 6.027 6.12] 6.177 6.14¢ 6.09¢ 7.437
AllV 1.93¢ 1.87¢ 1.82: 1.85: 1.90¢ 0.56¢
TilvV 0.63( 0.64: 0.00(¢ 0.00c 0.00(¢ 0.00(¢
AlVI 0.00c 0.00c 0.071 0.071 0.32¢ 0.13¢
TiVI 0.00¢ 0.00( 0.54¢ 0.63¢ 0.45¢ 0.37i
Ma 3.37¢ 3.13¢ 3.16¢ 2.86: 2.26¢ 3.32i
Fe,+ 1.01: 1.17: 1.15¢ 1.31] 1.871 1.09i
Mn 0.01: 0.01¢ 0.01¢ 0.02¢ 0.05¢ 0.09¢
Ca 1.879 1.86: 1.89:2 1.86¢ 1.78¢ 0.73¢
Na 0.80¢ 0.691 0.701 0.761 0.92: 1.91(
K 0.21: 0.231 0.24¢ 0.197 0.22( 0.24¢
Rock Khibina Kontozero Lovozera
Sample PHNP PIC ANK
Zone A-106& K7/240 | K7/94 107/18:

M (7) M (8) M (9) M (10 M (11 M (12)
SiO, 38.6¢ 41.21 41.3¢ 42.97 40.1¢ 38.27
TIO 7.32 0.82 0.4¢ 0.7€ 2.84 4.8¢4
AL ,O4 12.3¢ 12.8¢ 15.3] 11.72 11.2¢ 14.6¢
Cr,0a - 0.04 0.04 - - -
FeC 8.01 4.5¢ 3.62 3.97 7.62 11.8¢
MnO 0.5t 0.0t 0.0z 0.0z 0.0¢€ 0.0z
MaO 17.8¢ 25.6¢ 25.7¢ 26.7¢ 24.0¢ 16.9¢
BaO - 0.4z 093 0.31 0.2: -
CaO - 0.0t 0.1C 0.1C 0.0z 0.0¢
Na,O 0.44 1.3 1.4¢ 0.8¢ 1.02 1.0¢
K>,0O 9.4¢ 9.1¢ 8.7z 8.4¢ 8.47 8.8t
Sum 94.6¢ 96.17 97.71 95.9¢ 95.7¢ 96.5¢

Cations per 24 oxvaden ior

SilV 5.652 5.82( 5.71C 6.00C 5.76( 5.55(
AllV 2.131 2.14( 2.29( 1.93C 1.91¢( 2.45(C
TilV 0.21; 0.05(¢ 0.00(¢ 0.07¢ 0.31c 0.00(
AlVI 0.00( 0.00¢ 0.20( 0.00( 0.00¢ 0.06(
TiVI 0.58¢ 0.04( 0.05(¢ 0.01¢ 0.00( 0.53(
Ma 3.89¢ 5.40( 5.30( 5.57( 5.15(C 3.67(
Fe,+ 0.98( 0.54( 0.42( 0.46( 0.91( 1.44(
Mn 0.06¢ 0.01c 0.00(¢ 0.00( 0.010 0.00(
Ca 0.00(¢ 0.01c 0.01¢ 0.01¢ 0.00c 0.01¢
Na 0.12¢ 0.37¢ 0.39( 0.24( 0.29( 0.31¢
K 1.76¢ 1.65( 1.54( 1.51( 1.55( 1.64(
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content of the forsterite component (Table 1). Wwinfd olivine of this
composition, having very low NiO concentrations|lyom the phoscorite of
the Kovdor Massif. We believe that the occurrende otivine of this

composition in the Kontozero caldera suggests thabntains a phoscorite-
carbonatite complex.

Clinopyroxene.

According to the IMA classification [40] all of thpyroxenes from the
Paleozoic volcanic rocks can be classed with theARQW a-Mg-Fe group
(Table 2). The Kontozero picrite contains the masagnesian diopside
varieties. The clinopyroxene from the Khibina phbt@oporphyry is aegirine-
augite. The Lovozero rocks show a distinct dependetf their clinopyroxene
chemistry on the composition of the host rocks:pdide is found in the
picrite, diopside-augite in the ankaramite, andium the basanite (Fig. 4).
The AlIV value also varies in this rock sequendee positive AllV - TiIQ
correlation suggests the growth of the C&M; component during magma
differentiation; the highest AllIV contents was faunn the rocks of the
Lovozero and lvanovka massifs. The phenocrysts pmerly zoned. In the
picrite and ankaramite, the variation of their camsipons from margins to
cores corresponds with the general evolution trienthe picrite-ankaramite-
basanite succession.

Amphibole.

Amphibole is scarce and occurs as phenocrysts in the Lovoaed
Ivanovka basanites and in the Khibina phonoliteppgry. The chemical data
(Table 3) suggest several amphibole varieties. ddleulation of the formula
shows that, according to Leake's classificatione #imphiboles from the
Ivanovka rocks can be referred to the Ca and Nagf@aps: the basanite
contains kaersutite, the phonolite bear ferropatga¥he amphibole from the
Khibina phonolite porphyry is magnesiokataphorite.

Mica

Mica is represented by ferromagnesian varietiegirapfrom phlogopite
(Mg/Fe > 2) to biotite (Table 3). Mica phenocrystsd groundmass grains of
the Kontozero picrite and extrusive carbonatitdors-Ti phlogopite with an
elevated Ba content, a feature typical of the mitam the carbonatite series
of the region [48, 26]. The Khibina phonolite poypyh and the Lovozero
ankaramite contain more ferrous phlogopite vargetigth a higher Ti content.
According to Spear (1984), this indicates that themystallized under
conditions of high temperature and elevated alkigli(Fig. 4).
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Fig. 7. Trace elements (ppm)-MgO (wt. %) variation diagramsfor the volcanic rocks
of the Kola Province. (I) - lvanovka; (2) - Kontozeo; (3) - Lovozero; (4) - Khibina.

Feldspar
Feldspar was found only in the Lovozero rocks efdahkaramite-basanite-
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phonolite association and in the Khibina phonotitgphyry. In addition to

the feldspar laths in the groundmass, this minecalirs as rhomboid phenocrysts
and resembles, in this respect, the feldspars trmmrhomb-porphyry of the Oslo
Graben [16]. In contrast to the Khibina and Lovazplutonic nepheline syenites,
where feldspar is represented by albite-orthoclaseeties, the Lovozero volcanics
also contain plagioclase with a mole fraction ¢ im component as high as 46.3
% (Table 4, Fig. 5). Plagioclases of this compositivere reported from the rocks
fall regularly from the picrite to ankaramite artten to basanite, generally, in
agreement with the evolution trend of these rocks.
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Fig. 8. REE distribution patterns for the volcanic rocks d the Kola Province. The
fields of (1) the Kontozero melilitites and (2) cavonatites are plotted after Pyatenko and
Osokin [46] and those of (3) the Oslo basalts aftétdeumann et al. 43]. The normalization
factors of Taylor and McLennan [57] were used.

larvikite and laurdalite of the nearby Kurga intaug which are rocks comagmatic
with the volcanics described [6].
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Fig. 9. Results of the’Ar/ *°Ar step-heating study of a monomineral phlogopite
fraction from nepheline syenite (a) and (b) and pyoxenite (c) of the Kontozero caldera.

109



Arzamastsev A.A., Petrovsky M.N.

Table 4.
Chemical composition of feldspars.

Region Lovozero Ivanovkal Khibina
Rock ANK | BAS BAS | PHNP|PHNP| BAS |PHNP|PHNP|PHNP|PHNP
Sample107/187133/315133/3155505-G5505-G M-17-G |A-1045A-1045A-1065A-1065
SiO, 66.00 | 57.03| 64.34 66.97 65.93 63.97 66.20 66.45506664.04
TiO> - 0.18 - - - 0.92 0.100 0.08 0.10 0.10
Al,O3 | 20.24 | 27.27) 2194 19.24 21.15 2213 1880 18.66951920.36
FeO 0.11 | 0.17| 0.18 - 0.12 1.42 071 075 0.19 0.18
CaO 152 | 895| 259, 0.07 049 0.37 - 0.02 0.833 0.54
Na,0 11.39| 559| 9.75| 7.21 9.2Y 5.90 3.82 446 7|14 5.82
K,0 0.03 | 0.22| 0.26| 4.47 0.29 5.60 1076 8.p4 5/83 7.98
SrO - - - 0.86 | 1.65 0.35 0.19 0.25 - 0.22
BaO - - - 0.23 | 0.22 0.22 0.11 0.11 0.10 0.09
Sum 99.29 | 99.41| 99.06 99.056 99.12 100.88 100.89.32| 100.14 99.33
Si 11.696| 10.262| 11.437/12.008 11.737| 11.396 | 11.96112.039 11.847 11.653
Al 4224 | 5779 4593 4.068 4.409 4.643 4.000 3.981864.14.363
Ti 0.000| 0.024| 0.000 0.000 0.000 0.123 0.014 0/011130.00.014
Fe+ 0.016 | 0.026] 0.027 0.000 0.018 0.212 0.107 0.114280.00.027
Ba 0.000| 0.000f 0.000 0.016 0.008 0.015 0.008 0.008070.00.006
Ca 0.289| 1.725| 0.493 0.013 0.093 0.071 0.000 0.004630.00.105
Na 3.914| 1950 3.361 2507 3.165 2.038 1.338 1.567662.42.053
K 0.007| 0.051] 0.059 1.023 0.066 1.273 2.480 1.974251.31.852
Ab 93.0 | 52.3| 859| 70.8 952 60.3 350 442 640 51.2
An 6.9 46.3 12.6 0.4 2.8 2.1 0.( 0.1 1.6 2.6
Or 0.2 1.4 1.5 28.9 2.0 37.6 650 55/7 344 46.2

Chrome spinel, magnetite, and ilmenite.

In addition to discrete magnetite and ilmenite talgs the alkaline volcanic
rocks contain chrome spinels. The chemical compositof these minerals are
given in Table 5. The calculation of equilibriunmtgeratures and oxygen fugacity
for magnetite-ilmenite pairs from the Khibina phote porphyry (Sample A-
1045) after Powell and Powell [45] and Anderson himdisley [2] yielded 450°C
and log fQ = 29.5, values corresponding to the latest cagpnlibria of the Fe-Ti
system.

Apatite

Apatite occurs as an accessory in all of the volcanic radkie province.
The apatites from the Kontozero nephelinite andKhiina phonolite porphyry
showed the highest SrO contents (Table 6), At tmestime, the Kontozero
apatite is extremely low in rare earth elementgnethough the contents of light
lanthanides in the Khibina phonolite are abnormaillyh and exceed all of the
known LREE values in apatite of the Kola alkalimevpnce.
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Table 5.
Chemical composition of magnetite, spinel and ilmate.
Region Kontozero Lovozero
Mineral | Mag | Spl | Mag | Spl | Mag Spl \ Mag | Spl | Mag
Rock PIC NEPH NEPH PIC PIC
Sample K7/94 K7/240 6/861  105/290.3 5033 107/209 7/187| 5053

SiO, 021 | 013] 0.13 0.11] 03 010 0.10 0.0 12 0.39.28 1] 0.07

0

TiO; 824 | 899| 205 225 974 466 468 29 116 031.71 3 2.84

Al,O3 074 | 211| 0.49 116/ 021 051 05%1 509 057 0.17.95 1 0.23
il E

Cr,0Os 035 | 1214 023 11.1% 0.0 13.21 13(30 38.00 2880 2 1557 | 3.72

>
FeO; | 5342| 39.64 6562 5440 49.60 4520 4535 18.97996065.39] 41.30| 59.49
FeO 3221 | 2928 2538 2595 37.22 3424 3439 30.58102928.55| 32.44| 29.90
MnO 114 | 162| 091 1.83 140 047 047 069 035 0.10.39 g 0.72
MgO 350 | 579 411 5.92 105 043 043 3p3 1186 2.02.20 2 1.60
CaO 022 | 007| 0.16 0.07f 004 002 002 O0p7 003 0.08.23 g 0.06
NiO 0.08 | 0.06| 0.05 0.06f 002 005 005 O0p4 020 017.29 q 042
Zn0O 010 | 0.17| 0.13 042/ 0.13 - - - 016 0.07 0.28 -
V05 028 | 014 0.29 0.16 - - - - 032 0.33 0.34 -
CoO 0.06 | 0.04 - - - 0.07] 0.0% - 0.00  0.00 0.04 -

Sum |100.54/100.18§ 99.55| 103.48 99.71 98.96 99.87 100.560.13 100.38 100.01 | 99.05

Si 0.008| 0.005 0.005 0.004 0.011 0.004 0.003 0j03205Q.0.015| 0.048| 0.003

=

Ti 0.229| 0.243 0.058 0.06 0.2Y7 0.130 075330.0.009| 0.104| 0.082

Al 0.032| 0.089 0.023 0.05 0.009 0.020 213250.00.008| 0.085| 0.010

Cr 0.010| 0.345 0.007 0.322 0.000 0.400 067580.10.084| 0.457| 0.112

Fe-+ 0.994| 0.879 0.793 0.67 1.179 1.700 908200.9.903] 1.008| 0.955

Mn 0.036| 0.049 0.029 0.05 0.045 0.020 021110.0.003| 0.012| 0.023

0 0
0 0
0 1
Fest+ 1484 | 1.071 1.847 149 1413 1300 1.300 0/507411.71.862| 1.155| 1.709
1 0
0 0
0 0

Mg 0.193| 0.310 0.229 0.32 0.0%9 0.020 160050.10.114| 0.122| 0.091

PTIOTO TR T =TI TOTINY

Ca 0.009| 0.003 0.006 0.008 0.002 - . 0.010 0.001 0j0@@BO09 | 0.002

Ni 0.002| 0.002 0.002 0.00 0.0¢1 - . 0.907 - - . 0.013

Zn 0.003| 0.005 0.004 0.01 0.004 - . . 1 1 - -
Cr/Cr+Al | 0.24 | 0.79| 0.24 0.87 - 095 095 083 086 091 0/88.92

GEOTHERMOBAROMETRY OF ROCKS

The crystallization temperatures of the rocks weetermined using well-
known geothermometers (Table 7). The highest valuese obtained for the
Kontozero picrite. It appears that the data usedhenolivine-spinel assemblage
characterize the earlier stages of this rock genesirresponding with the initial
stage of the system crystallization. Phase eqialtiemperatures for the Lovozero.

The pressures at which the mineral phases crysdlicould be determined
only for the Ivanovka basanite and phonolite. Thpraximate pressure estimation
based on the AllIV and Altotal values in the amphesd51] shows that amphibole
phenocrysts of the Ivanovka rocks crystallized espures around 5 kbar, this
value indicates that crystallization began at atlilegs great as the intermediate
magma reservoir.
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Table 5. Continued

Region Khibina Lovozero | Khibina \ lvanovka
Mineral Mag lIm
Rock PHNP BAS PHNP PHNP BAS
Sample A1065 A1045 133/315 A1065 A1045 M17-G
SiO, 0.18 0.17 0.19 0.21 0.18 - -
TiO, 7.95 5.05 51.30 51.71 53.88 52.54 47.74
Al,O; 1.05 0.37 0.19 - - 0.18 -
Cr,04 0.01 0.02 - 0.07 - - 0.02
Fe,03 52.72 58.70 - - - - -
FeO 34.21 32.63 46.32 46.2p 31.00 32.72 46.31
MnO 2.57 1.30 0.53 0.55 9.33 9.57 1.30
MgO 1.22 0.67 0.70 1.09 3.47 3.05 1.57
CaoO 0.01 - 0.12 0.04 - - -
NiO - - - - - - -
ZnO 0.22 0.69 - - - - -
V,05 - - - - - - -
CoO - - - - - - -
Sum 100.14 99.60 99.18 99.93 98.68 98.06 96.94
Si 0.007 0.005 - - 0.004 - -
Ti 0.225 0.145 0.970 0.970 1.008 0.991 0.920
Al 0.046 0.017 0.01¢ - - 0.005 -
Cr - - - - - - -
Fe;+ 1.490 1.692 0.040 0.040 0.000 0.013 0.161
Fe+ 1.075 1.046 0.940 0.920 0.687 0.674 0.831
Mn 0.082 0.042 0.010 0.010 0.197 0.203 0.028
Mg 0.068 0.038 0.030 0.040 0.129 0.114 0.060
Ca - - - - - - -
Ni - - - - - - -
Zn 0.006 0.020 - - - - -
Cr/Cr+Al - - - - - - -

Note: Spinel formula calculated according to 3 catidhmenite - 2 cations. ke/Fe+ ratio calculated
according to stechiometry .

CHEMICAL COMPOSITION OF ROCKS
Major elements.

The least alkalic rocks of the alkaline volcanicspéaced during the
Paleozoic episode of tectono-magmatic reactivasion the Lovozero rocks: the
agpaitic coefficient (K + Na)/Al of the basaniteeaages 0.72; the associated
ankaramite and picrite are also less alkabmttheir Kontozero analogues. The
norm (CIPW) calculation revealed nepheline-fredetas containing as much as
7% normative hypersthene among the Lovozero vatsanihe evolution of the
Lovozero rock series was analyzed by means of rad talculation based on
computing the mass balance of major oxides usiagtimventional approach [41].
The results show that the evolution of the Lovozanes fits the model fairly well
for the fractional crystallization of the initiahkaramite magma of the ANK-294
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type (Table 8) with the formation of a series okdila and phonolite derivatives
during the successive crystallization of olivinéyioe + clinopyroxene, and salic
minerals dominated by nepheline. In MgO-oxide (Egand MgO-trace element
(Fig. 7) diagrams, this succession is displayedheyfollowing clearly expressed
relationships: Ni-MgO (olivine crystallization), MpCaO and MgO-V
(clinopyroxene), MgO-N#£, MgO-K;O, etc. (crystallization of salic minerals).

Table 6.
Chemical composition of apatite.
Region Kontozero Lovozero Ivanovka Khibina
Rock PIC | NEPH PHNP PHN | BAST| BAS BAS | PHNP| PHNP

Sample| 7/152 | 6/861] 5505-G5505-G|157B-8/12B-86 M17-G | M17-G |A-1045|A-1065
SiO; 0.54 - 0.84 0.89 0.69 0.64 0.3% 0.38 0.60 1.09
P>,Os 43.18| 41.89] 40.26 40.80 41.69 41.68 41,53 41.51 0%40.40.21
CaO 54.35| 51.80] 50.90 50.06 53.77 54.67 5417 53.79 0047.50.94
SrO 154 | 6.32 1.69 2.22 1.79 1.09 1.18 141 372 0.00
6
b

LaoO3 0.01 | 0.01 0.81 0.85 0.2¢ 0.1 0.0 0.05 161 1.42
Ce03 0.01 | 0.01 1.82 2.01 059 0.3 0.32 0.35 281 224
Pr,0Os 0.00 | 0.00 0.26 - - - 0.00 0.0¢ 0.30 0.20

Nd>O3 0.00 | 0.00 0.85 1.04 0.27 0.1p 0.04 0.08 119 0.78
Cl 0.00 | 0.00 - - 0.09] 0.15 - -
Sum 99.63| 100.03 97.42 | 97.86] 99.09 9890 97.55 97.57 97|28 96.87

Table 7.
Estimation of temperature parameters of crystallizéion of volcanic rocks.

Region Lovozero Khibina| Kontozero | [Reference]
Sample | 107/209| 105/290| 107/187| 5033 | 133/315 A-1045 | 7/94 | 7/249
Rock PIC ANK BAS PHNP PIC
Ol+Spl 1550° - 1088°| 777f - - 1717°| 1815° [18]
Ol+Spl 1488° - 1157°| 564f - - - - [19]
Ol+Cpx | 1087° | 1346°| 1277° - = - 1116° - [39]
Cpx+Spl| 993° 971° 1083° - - - - - [38]
Cpx + - - i - 505° | 1120° : . [11]
lIm

Trace elements.

A distinctive feature of the rocks under studyhsit significant enrichment
with incompatible elements (Table 8). The conceiuing of Rb, Ba, Sr, Zr, Nb,
and Y in the Lovozero volcanics are more than tvasehigh as their contents in
continental alkaline basalts from various provin&dg.

The rhomb-porphyries and basalts of the Oslo Grj&hand the basalts of
(the Maimecha-Kotui Province) [22] have lower camications of incompatible
elements. The Lovozero picrite and ankaramite aedkiontozero nephelinite are
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2 to 8 times as high in Rb, Ba. Hf, Zr, and REEtles similar rocks of Arctic
Siberia [22, 3].

The concentrations of incompatible elements inaeagularly in the picrite-
ankaramite-basanite-phonolite succession of theteno, Khibina, and lvanovka
volcanic rocks. This regularity is especially pranoed for the Th concentrations,
which increase from 7 ppm in the picrites to 40 pprthe phonolites. Analysis of
correlations between trace elements and Th revetifstent evolution trends for
the Kontozero and Lovozero series. Each of thesdras a group of elements that
have positive relations with Th and remained incatifge until the final
derivatives evolved (paired correlation coefficeate given in parentheses): Rb
(+0.67), Nb (+0.87), Ta (+0.64), U (+0.74), La (#9), and Ce (+0.87). In contrast
to these, s (-0.67) and V (-0.59) remained compatible throughbe evolution
of the series, because their concentrations irrdbielual magma were controlled
by the crystallization of apatite and clinopyroxerespectively. The trends of the
Sr and Ba contents are different in the rocks ef ltbvozero-lvanovka-Khibina
and Kontozero series: being compatible in the forweries, they behave as
incompatible elements in the Kontozero series ahdws distinct negative
correlations with Th. Zr, Nb, and Ta. This can @bly be explained by the
crystallization of melilite DSr = 1.0 - 1.12 durinige evolution of the Kontozero
volcanogenic series.

All rocks of the province have low K and P and higm and Nb
concentrations. Considering the low Rb contents, dapletion of the rocks in
potassium could be caused by the separation of tasgom-bearing phase,
apparently phlogopite, prior to the eruptive ag¢yiviThe Zr and Nb distribution
patterns show significant departures from the nieactionation trend (Zr/Nb =
6.2-8.3), which controlled the formation of the i, ankaramite, basanite, and
phonolite. The low Nb concentrations can be explhilby the separation of
perovskite and ilmenite, which have very high Niotifan coefficients. Evidence
in support of this idea comes from the occurrenicéntenite-perovskite-olivine
xenoliths in the Lovozero picrite and ankaramitbjol seem to be the cumulates
of the early crystallization phases.

The REE distribution in the rocks of the provinsalisplayed in Fig. 8. All of
the rocks show a high La/Yb ratio and no Eu anomdlye degree of REE
fractionation in the Kontozero rocks (La/Yb = 15i8)lower than in the rocks of
the other series (31.6 - 86.7). The positive catieh between REEs and $jO
suggests that the REE distribution in the rockshef Lovozero, Khibina, and
Ivanovka series was controlled mainly by silicateages. The REE distribution
patterns indicate that the enrichment of the mewedcratic derivatives in the light
rare-earth elements was caused by the separatioolivahe and, especially,
clinopyroxene during the early fractionation stage of nepheline and, to a lesser
extent, Na-K-feldspar during the final fractdion phase. In addition to the
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Table 8.

Chemical composition of volcanic rocks.
Regior Lovozera Kontozero lvanovka Khibina
Rock PIC ANK BAS NEPH BAST PHN PHNP
Sample 107/20¢ 294 252 6/861 12-B-86 15z-a-86 | A-106¢ A-106&
SiO, 37.9¢ 42.0: 41.7¢ 37.5¢ 47.2% 51.4¢ 56.0¢ 53.8:
TiO, 4.2¢ 4.0z 4.54 3.8¢ 2.81 1.7¢ 1.3¢ 2.0¢
Al,O4 3.12 5.9¢ 8.0t 9.5t 13.3¢ 22.12 18.5¢ 18.27
Fe,O4 7.94 7.92 9.1% 7.9C 5.5C 1.2C 0.97 3.9¢
FeQ 8.71 6.8¢ 6.9¢€ 6.3( 5.14 2.14 5.0¢ 4.1¢
MnO 0.22 0.22 0.17 0.34 0.1F 0.0€ 0.2¢ 0.2¢
MgO 22.4 14.7: 8.2¢ 5.3€ 4.7¢ 1.22 0.9¢ 1.04
CaO 9.97 10.7¢ 11.82 10.0¢ 7.4C 2.11 1.3¢ 1.51
Na,O 1.2¢ 3.0¢ 3.1C 2.77 5.37 11.02 7.7% 6.7¢€
K,O 0.1€ 0.7¢ 2.5¢ 4.4¢ 2.6€ 1.9¢ 5.07 6.52
P,Os 0.4z 0.51 0.7C 1.4C 0.87 0.2C 0.3C 0.34
CcoO, 0.1€ 0.3¢ 0.0t 5.1¢ 0.22 0.4t 0.0€ 0.1¢
S 0.1t 0.0t 0.0¢€ 0.67 0.1t 0.0t 0.0z 0.1€
Cl 0.01 0.01 0.1¢ 0.01 - - - -
F 0.1F 0.14 0.3 0.3€ - - 0.2¢ 0.1€
H,O0+ 2.01 1.4¢4 1.5t 2.31 3.5 3.4¢ 0.8 0.57
H,O- 0.2€ 0.1¢ 0.22 0.6% 0.1¢ 0.14 0.14 0.0z
Sum 99.2¢ 99.07% 99.47 98.71 99.3¢ 99.3¢ 99.0¢ 99.7¢
Li 7 11 18 10 88 36 31 -
Rb 5 43 11E 177 55 52 124 274
Cs - 0.t 0.t 5 13 2.€ 4.2 -
Sr 77¢€ 1111 1511 228¢ 2144 120( 298¢ 200¢
Ba 332 594 154( 560( 342( 40€ 103( 138(
Sc 25 25 30 18 16 1.12 1.4¢€ 2
\ 33C 31¢ 33€ 61€ 27¢ 112 123 122
Cr 155( 94¢ 17C 24 107 8 8.1 26
Co 10€ 82 59 41 33 8.5 3.8 19
Ni 115¢ 65C 12C 90 10C 53 60 27
Cu 191 - - - - - - 53
Zn 125 - - - - - - 19z
Y 16 55 28 46 33 32 59 59
Nb 98 277 274 14¢ 152 173 403 474
Ta .8 14 17 2.6 .2 8 16 -
Zr 414 174¢ 602 155( 762 129( 149: 178¢
Hf 9.2 29 11 27 17 22 25 -
Pb 7 - - - - - - 34
U 1.¢ 3.6 2.2 2.1 3.7 6.8 7.€ 6
Th 7.1 9.6 21 2.8 17 24 28 40
La 68 113 15€ 45 132 79 174 16C
Ce 15€ 24C 29¢ 75 26¢ 172 39C 45(
Nd 85 11C 11€ 36 14C 87 15¢ 11C
Sm 15 21 17 7.9 25 15 25 20
Eu 4.11 7.04 4.7 2.4¢ 6.92 4.6t .2 5.7
Gd - - - - - - - 13
Th 1.1 2 1.5 1.1 2.1 1.4 2.8 -
Er - - - - - - - 4.C
Yb 1.€ 3.5 1.8 2.9 3.1 2.5 3.5 4.2
Lu 0.1¢ 0.5¢ 0.2¢ 0.52 0.3t 0.31 0.65 -

Note: Oxides in mass. %, elements in ppm.

olivine-clinopyroxene control over REE distributioan important factor in the
Osokin [46] on the REE distribution in the Kontazenelilitites did show positive
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Eu and Gd anomalies. At the same time, our dattherREE distribution in the
nephelinites showed depletion of MREEs (Fig. 8)isTfact indicates that the
nephelinite and melilitite of the Kontozero sera@e complementary rocks.

ISOTOPIC SIGNATURES OF THE ROCKS
Analytical techniques.

Whole-rock samples, 100-200 mg in weight were dgeumsad using the
technique we described earlier [10]. The subseg8emtand Nd separation was
performed by the conventional technique of two-stepexchange and extraction-
chromatographic separation [1]. The isotopic contjmws and concentrations of
Rb, Sr, Sm, and Nd were measured by isotopic ditutat the Institute of
Precambrian Geology and Geochronology, Russian éogdf Sciences, using a
"Finnigan MAT-261" solid-phase eight-collector magp&ctrometer in static mode.
The Nd isotope composition was corrected for foawtion in on-line operation
using the ratid*®Nd/**Nd = 0.241570. The occurrence of an Sm admixtutéen
Nd fraction was controlled using&@Sm/**Nd ratio, whose value was not higher
than 1*10° The Nd isotope composition was measured as arageesf 15-20
blocks (not less than 150 measurements), The isotapos were measured to
better than +0.5% ) for ®*’Rbf°Sr and to +0.3% @ for **'Sm/*Nd. The
concentrations of elements were measured with emracy of + 1% (2). During
the experiment, the values of the Nd isotope nagoe 0.511879 + 14 (n = 45) for
the La Jolla**Nd/**Nd standard and 0.512673 + 15 (n = 10) for BCRKE t
87SrP°Sr values were 0.705037 + 50 (n = 4) for BCR-1 antl02249 + 18 for
SRM-987. The total blanks were 0.03 ng for Rb,riyXor Sr, 0.03 ng for Sm. and
0.05 ng for Nd and did not have any significaneefffon the composition and
concentrations of the elements under study. Thehrem parameters were
calculated with a 95% confidence interval; the exrof data point location were
0,5% for the x-axis and 0.005% for the y-axis. Tésults of the measurements are
summarized in Table 9.

Results.

The K-Ar age of 516+ 50 Ma determined by Kukhareekal. [30] confirms
the old age of the Kontozero caldera. The regradsased on three points (Table
9) yielded an age of 461 + 39 Ma, but with the vergall *’Rbf°Sr variation
range. In order to get more reliable data we peréat*°Ar/*°Ar step-heating study
of a monomineral phlogopite fractions from nephelgyenites and pyroxenites
which are suggested to be comagmatic with the watcacks. The obtained age
(Fig. 9) falls within the time span of alkaline nmagtism of the Kola Province and
correspond to the age of the plutonic phoscoritesently obtained by
Balaganskaya et al. [7].
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The trend for the Rb-Sr ratios in the Lovozero sakas not distinct enough
to date them. It can be supposed, however, thatdlge approximates the age of
the nearby Kurga intrusion: its Rb-Sr age was fotmdbe 404 £ 12 Ma and is
consistent with the K-Ar age reported earlier [30jis supposition is supported by

Table 9.
Rb-Sr and Sm-Nd isotope characteristics of volcanimcks.
Sam| Rock | [Sm], | [Nd], | [Rb], | [S1], WSm/ | Nd/MN | *Rb/ | ¥'Sr/sr
ple ppm | ppm | ppm | ppm 14Nd d+20 86gy +20
Rocks of the Lovozero complex
107/ ) 0.512599 0.70444&
187 ANK 14.24 | 80.75| 46.93 594 .4 O.1069JS +14 0.22835 18
107/ ] 0.512829 0.703079+
209 PIC 13.80 | 80.96| 6.66 799.2 0.1033/7 +15 0.02409 12
105/ i 0.512782 0.703943%
287 PIC 16.69 | 94.71 33.24 121 0.10684 +12 0.07897 14
133/ L 0.512618 0.703687+
315 BAS 21.31 | 65.27] 29.25 824.6 0.11435 118 0.10258 29
119/ 0.512013 0.72673%
61.8 PIC 9.15 43.03] 139.0 167.4 0.12893 +13 2.40675 17
Rocks of the Kontozero caldera
Bl cARB | 6.36 | 23.50| 049 17200 0.16415 0'5+112907 0.00008 0'7023;1124
88| bic | 138 | 82.92| 4404 1964  0.1009M 0'5+1127848 0.06477 0'70137543
6/ 112.7 0.512816 0.703673%
863 NEPH 8.48 41.01 0 3914 0.12543 +12 0.08325 16
Plutonic rocks of the Kurga massif

1/ i 0.512692 0.703289+
200 PRX 15.08 | 74.54| 34.6 542§ 0.12271 +7 0.01023 12

1/ . 0.512576 0.703309+
224 SYN 11.97 | 74.56| 41.83 6966 0.09733 +9 0.01736 14

Notee CARB - calcite carbonatite, PRX - pyroxenite, SYNnepheline syenite, the other rock
abbreviations see Table 1.

the evidence that the Lovozero volcanic seriesthedKurga intrusive series are
comagmatic, as well as by the proximity of theirolggic positions and
geochemical characteristics [4].

DISCUSSION OF RESULTS
Mantle source characteristics.

TheeNd(t) - 8’SrP°Sr(t) diagram plotted in Fig. 10 shows the compmsit of
spatially close igneous rocks of the Kola Peninstila kimberlite of the Tersky
Coast, plutonic carbonatite intrusions, agpaitimptexes, and volcanic rocks of
the province. The data points of these rocks fotmead, a fragment of which is a
line plotted by Kramm and Kogarko [28] for the camiatite association of the
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region (KCL). Kramm [27] believes that the origihthis carbonatite association
was related to the evolution of two isotopic comgats: a depleted mantle source,
similar to the source reported for the Canadiabamatites [9], and an EMI source
enriched in LILE and incompatible elements. Accogdito the data for the
adjacent Arkhangelsk diamond-bearing province [8¥8,trend established for the
aluminous kimberlite-melilitite series was spedfiby the contribution of a
PREMA source and an old LREE-enriched EMI-typed#pheric mantle.

10 -_SNd DM hh

% 1
+2
) m3
o4
o5

iinig
& Lk prEMA

[ ¥Sr/*°Sr
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Fig.10. Diagram showingeNd vs. 8'Sr/®°Sr variations for (1) Kontozero volcanics, (2)
Lovozero volcanics, (3) Kurga intrusive rocks, (4-pkimberlites (4) and olivine melilitites
(5) of the Tersky Coast. The fields are plotted fothe plutonic rocks of the carbonatite and
agpaitic complexes of the Kola Province (1) [29, $2nd for the kimberlites and picrites of
the Fe-Ti series (Il). Diamond-bearing mica kimberites (1), olivine-phlogopite melilitites
(IV), and olivine-nepheline melilitites (V) of theArkhangelsk Province [44, 37].

All data were corrected for the age of 380 Ma.

Our data indicate that the mantle reservoir fronictvithe primary magma of
the volcanic rocks was derived was substantiallyenmtepleted in light lithophile
elements when compared to the PREMA source antl ¢ the alkaline rocks of
the province. The higlaNd(t) values established for the volcanic rockstlod
Kontozero caldera and the Lovozero Massif conttathe participation of a
PREMA component in the mantle magma source andestigg more depleted
mantle material might be produced by multiphasesteforming processes that
operated during the Archean and Proterozoic histdrihe Kola-White Sea rift-
collision zone. As a matter of fact, mantle soummnponents having long
depletion histories were reported from many comtiakplateau basalt regions of
the world [35]. The direct evidence supporting éxestence of this component in
the Kola Province is the discovery of spinel hargiie nodules, extremely
depleted in the basalt component, in an explosipa putting through the rocks of
the Khibina Massif [6]. The Sm-Nd isotope charastars of the nodulesNd(t) =
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+17.8 for the age of 2054 Ma) classify them witimnants of the superdepleted
mantle, which retained the features of an Archaatopth and bear signatures of
later mantle transformations [5].
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Fig. 11 **'SmA*Nd - ***Nd/***Nd diagram for the Paleozoic rocks of the Kola alkline
province and adjacent regions. 1 - volcanic rocksfahe Kola province; 2 - plutonic rocks of
the Kurga massif; 3 - plutonic rocks of the agpaitt and carbonatite intrusions of the Kola
province after [28, 62]; 4 - olivine melilitite and (5) kimberlite of the Tersky Coast;
Arkhangelsk province: 6 - olivine-phlogopite and aline-nepheline melilitite; 7 - diamond-
bearing micaceous kimberlite after [44, 37].

The geochemical features of the volcanic rocks ustiedy allowed us to
identify another isotopic component which seemd¢oclose to a moderately
depleted mantle source of the EMI type. It was toisyponent that was obviously
responsible for the enrichment of the Paleozoi&saxf the province in LILE and
incompatible elements. Its origin can be associatégter with lower crust
transformation under mantle conditions [24] or witlantle metasomatism [60,
34]. The indicator ratios of the rocks (Zr/Nb = 5l4/Nb = 0.51, Ba/Th = 67,
Th/La = 0.15, Rb/Nb = 0.42) have values close ts¢hof oceanic-island basalts
(OIB) [52, 60]. Further evidence in support of tearichment instead of the
depletion of the mantle material are the negataees of the fractionation factor
fSm/Nd = [*'SmA*Nd(sample)]/f*’Sm/M**NdCHUR] - 1] varying in the volcanic
rocks from -0.17 to -0.49. The significant conttibn of mantle metasomatic
processes that operated under the entire regitimedPaleozoic magmatic activity

119




Arzamastsev A.A., Petrovsky M.N.

Is proved by the discovery of numerous hypoxenslghowing traces of mantle
metasomatism in various areas of the Baltic SHZ3¢ 20,6 53].

The Sm-Nd and Rb-Sr isotopic characteristics ofRakozoic magmatic rock
associations in northeastern Fennoscandia arecigaffito outline the main evo-
lution trends of the mantle magma sources, thdiv@dion of which resulted in the
Paleozoic magmatic activity. The calculation of thedel ages of the rocks with
respect to TNd (DM) yielded a broad scatter of galdor all of the magmatic
rocks of the province. Considering that model agee actually isochrons
representing a relationship between the isotopesrédr a depleted mantle and the
values measured for a particular sample, thesecagebe plotted in &°Nd/**Nd-
'SmA*Nd diagram. The diagram presented in Fig. 11 shinsprogressively
younger ages in the following succession of rocksliferent composition and
different magma generation depths: (1) the dianmoealing kimberlites of the
Arkhangelsk District (1500-1200 Ma), (2) the poodiamondiferous kimberlites
at the Tersky Coast of the Kola Peninsula (1200-P1), (3) the Kola olivine
melilitites and the diamond-free kimberlites andctrppes of the Arkhangelsk
District (900-750 Ma). (4) the alkaline rocks ottKola carbonatite and agpaitic
intrusions (750-550 Ma), and (5) the volcanic rookshe Kola Province (750-400
Ma). Comparison with the model ages reported fortinental flood basalts [61]
shows that the mantle source was formed no later ¢time billion years before the
first basalt eruptions. According to White and MacKie [61], a zone of magma
generation at the head of a rising mantle plumgirmaies at depth below 120 km
in the region of garnet stability and descends espdas the spinel-facies depth
level (30-70 km). It can he-supposed that, in tBgian of a long-cratonized
lithosphere under north-eastern Fennoscandia, énecal range of the magma
generation zone was wider and extended as fareadiimond-facies depth. The
successive separation of mantle magmas and thdtaimaaus rise of the magma
generation level seem to represent the evolutiothefmantle plume-lithosphere
interaction and generally agrees with a dynamicehéat a rising mantle plume.

Correlation with tectono-magmatic activity.

The results of isotopic dating proved that the latkaintrusions of the Kola
Peninsula were emplaced during a relatively shio interval, 380-360 Ma [29],
a period that can be interpreted as the main pbadghe Paleozoic tectono-
magmatic activity in northeastern Fennoscandia. #te same time,
geochronological data on minor lamprophyre intrasidrom the Kandalaksha
Graben [8] and dolerite dikes from the Rybachy &reédny Peninsulas [49]
suggest some local manifestations of the earliegmadism in the region. In this
context, the assignment of the alkaline volcanaksoof the Kola Province and the
intrusive rocks of the Kurga Pluton to the inifddase of the Paleozoic reactivation
indicates that extensive subalkaline and alkaliagmmatism was active not only in
Late Devonian but also in Early Devonian. Relyingn dhe available
geochronological data, one can postulate that iimli phase of the endogenic
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activity, responsible for the emplacement of volcanocks in northeastern
Fennoscandia, occurred at least 20-30 Ma before itfextion of alkaline
intrusions.

CONCLUSION

|. The emplacement of volcanic rocks in the Kolealihe province preceded
the plutonic phase of alkaline magmatism in theare@nd can be referred to the
initial phase of the Paleozoic tectono-magmaticctreation. According to
geochronological data, the volcanics were emplatddast 20-30 Ma before the
intrusion of plutons.

2. A distinctive feature of the volcanic rocks bétprovince is the occurrence
of moderately alkaline basanites along with silicalersaturated alkalic rock
associations: the dominant rocks of the Lovozera dwanovka suites are
nepheline-free miaskitic varieties (agpaitic cazéint 0.72). The volcanic rocks
are significantly enriched in incompatible elemefitise concentrations of Rb, Ba,
Sr, Zr, Nb, and Y in them are considerably higlhantthose in continental alkaline
basalts from various provinces.

3. The Sm-Nd and Rb-Sr isotopic data suggest thdribation of two
different mantle sources to the genesis of thearotcrocks: (1) superdepleted
mantle material formed as a result of multiphasestcgeneration processes that
occurred during the Archean and Proterozoic histdrthe Kola-White Sea rift-
collision zone and (2) a moderately enriched EMpe mantle source.
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The formation of planets from protoplanet nebulamsextremely complex
process. Substantial progress in the study of ghe€ess has been achieved in
recent decade owing to the discovery of protoplamedtulas and more than 100
planet systems of young stars. Decisive argumeats been adduced in favor of
the formation of stars and planets in the coursa obllapse of the dense cores of
gas nebulas [1]. Modern models provide for sevatiages in the evolution of pro-
toplanet nebula [1-3]: gravitational collapse; &tion of protostar nebula; settling
of dust particles on the central region and thenfdgion of a revolving disk;
beginning of disk fragmentation with the formatiohbodies and particles up to 1
cm in size; and the accretion stage at which thaielso 0.1-10 km in size, grew
into planetary dimensions.

The key problem that arises in the elaboration oflefs of the formation of
the Earth and planets of the terrestrial group (i¥delated to the necessity of
explaining the origin of a dense (mainly iron) cared silicate mantle. The various
models that have been proposed for the solutidhisfproblem may be classified
into two groups: (1) models of homogeneous acanetibe formation of a quasi-
homogeneous primordial Earth and its subsequefardiftiation into the core and
mantle after the completion of accretion) and (2pdeis of heterogeneous
accretion (the formation of the Earth's iron caréha initial stage as a result of the
coalescence of metallic particles).

The model of planet formation from dust and smalttiples leads to the
homogeneous accretion. The fall of such materigleiat accompanied by the
formation of deep craters; the energy of collistbat is released within a thin
surface layer is largely dissipated by irradiatioom the surface of a growing
nucleus. Therefore, the temperature within the gilannterior remains below the
solidus [2, 4, 5]. The fusion of its core couldyhhkve started in the Earth's upper
layers,which were heated by large bodies falling on itsfasie [2-5]. Leaving
aside the difficulties related to the physical sabsation of the mechanisms
providing for the transport of core material to tarth's center, let us only note
that the time required for the submergence of suoaterial into the core [3] turns
out to be sharply overestimated in comparison \thi age of the geomagnetic
field and with the duration of core formation sugigel by lead and some other
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(e.g., W-Hf) isotopic systems [6]. The model of laganeous accretion is also
inconsistent with certain energy aspects of thélpra [5].

Models of heterogeneous accretion meet anotheiculiff. Heterogeneous
accretion should depend on the sequence of sulestandensation in the pro-
toplanet nebula and begin with initially condensgtcompounds. The sequence of
condensation depends Bil conditions in the protoplanet nebula and represamts
independent problem [1]. Modern estimates indi¢dhtg corundum, perovskite,
melilite, and spinel are the first to condensatéhm TG planets, whereas iron and
silicates of Mg and Ca condensate later. Theretbeeproblem of Fe transport to
the Earth's center remains topical in this scenaoo In recent years, the model of
megaimpact has been actively discussed towardsaiexgy the distribution of
matter in the Earth-Moon system. According to thisdel, the Earth collided with
a body having the mass of Mercury or Mars at thalfstage of its accretion. This
promoted the heating of the Earth and the formatiats core. It is hard to believe
that such a fortuitous event could be systemayiaalpeated in the course of the
formation of the cores of all TG planets. Some feoucal attributes that come
into conflict with this model are noted in [7]. Timodel of the accretion of the
Earth and other TG planets proposed in this comeoation is free of the
aforementioned difficulties.

Meteorites bear the primary information on the cosifon and PT
conditions of the protoplanet nebla. To develop aalequate model of planet
formation, it is necessary not only to take intcamt the data on meteorite
composition, but also to keep in mind their couddeevolution—from their
condensation from a gas nebula to the formatigmaoéntal bodies. In terms of the
character of their evolution, primary and differatéd meteorites are recognized
[8]. The first group is represented by carbonacedhendrites composed of the
substances that were released at the early (higpetature) stage of nebular gas
condensation. The iron meteorites, pallasites, @monbdably eucrites are related to
the second group [8]. The mineral composition efphoducts of high-temperature
condensation is best represented by coarse-grai@édd aggregates of
carbonaceous chondrites composed of spinel M@AI15-20 vol %), gehlenite
CaAI[(SIAl) ;07)] (80-85 vol %), and perovskite CaTy(1-2 vol %) [8, 9].
Despite the rarity of such inclusions, their oceage convincingly indicates that
the sequence mentioned above was characteristmnoiensation from gas nebula.

The state of protoplanet matter at the early sy the character of its
differentiation may be judged from the metamorpdriade of various meteorites.
Occurrences of glass in chondrules of carbonacebos-drites indicate that they
experienced agglomeration and partial melting dfteir formation [8]. As follows
from phase equilibria in the systems CaO-SD,0; CaSiQ-CaSiTiO-
CaAlSkOg, and MgSiO,-SiO,-CaAlLSi,Og [9], they were heated up to 1800 £+ 50
K. The eucritic material bears doubtless indicaiaf crystallization from melt
[8]. The melt in the diopside-anorthite-forstetestem, which mimics the mineral
composition of eucrites, crystallizes at 1600-1%(10]. The material of iron
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meteorites underwent total melting [8]. The meltiagperature of the Fe-Ni alloy
of these meteorites with an admixture of FeS isah@20 K.

Iron meteorites and pallasites bear extremely itgmbrinformation on the
differentiation of matter during the formation ofarpntal bodies. First, the
occurrence of such meteorites indicates that egkatively small parental bodies
have been distinctly differentiated into their calie and iron-nickel constituents.
Second, the mineral composition of pallasites stimgj of Fe-Ni alloy and olivine
IS consistent with the sequence of condensatidhdrgaseous protoplanet nebula.
Third, the uniform distribution of olivine grains ithe Fe-Ni alloy of pallasites
indicates that the differentiation of matter durthg formation of parental bodies
was characterized by an absence of significantityréeld. This constrains the
size of parental bodies by a few hundred kilomet&re Fe-Ni component of
pallasites is undoubtedly of melt origin. Howevére melting temperature of
olivine is 1970-2070 K, and this mineral hardly expnced fusion. Most of the
meteorites bear indications of the impacts thauoed during the collisions of
parental bodies with one another. This process agcasmpanied by brecciation,
shock metamor-phism, and partial melting. Howewaily local heating was
possible, because the parental bodies were smdle Temperatures of
metamorphism mentioned above are achieved in geostepnuclei already at their
relatively small dimensions and not only at thalfistage of planet accretion.

Table 1
Temperature in the center of a growing planet nucles vs. radius and average AD;
content.
Temperature in the center, K
Ral?ri:ls’ Al,O4 content, wt %

1.0 3.0 46 9.0

50 1240 1701 1734 1825
100 1675 1752 1812 1978
150 1690 1793 1876 2104
200 1701 1828 1928 2206
250 1711 1856 1972 2290
300 1718 1878 2006 2359
400 1730 1912 2059 2461

Let us consider the possible sources of energyftinationed in the course of
the formation of the parental bodies of meteoraed take them as a basis for the
development of a thermal model. When developindy sumodel, we will consider
only the early stage of planet accretion, whenrtbige was not larger than a few
hundred kilometers. The duration of this stagesmated from various data at
10°-10" Ma [1, 8]. The temperature of bodies at this stags controlled by the
following factors: (1) temperature of the enviromthat a given distance from the
Sun, (2) energy of collision with other bodies gadgiticles, and (3) heating related
to the decay of short-lived radioactive isotopdse Eontribution of energy that is
released by impacts and that can be estimated fin@mmost reliable Safronov
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model [2] was small at this stage [2, 4, 5]. Theref the third factor is preferential
as a source of energy. Isotofjal with a half-life periodt = 7.38 « 18yr and an
energy of decay equal to 2.99 ¥V has attracted the most interest among the
short-lived isotopes. A rather reliable estimate®¥fl content in the parental
material of meteorites is given in [11].

In order to describe the growth of a planet, letisis the Safronov model [2]
that approximates the complex evolution of a plametleus in the course of
multifold chaotic collisions with competing bodiasd particles contained in the

dm P 1
E}* = 2(1 + 26)1’ f_l)(l —;'W—jﬁn,
0= 2"
protoplanet nebula at the accretion stage by thatem where T IS the

angular velocity of the orbital motion of the plgneis the period of circulation
equal to 3.1 « 10s; oy is the surface density of material in the protoptafeeding
zone equal to 100 kg/mf2]; mis the present-day mass of a planet; m is the mass
of the growing planetf is the statistic parameter that takes into accdhbet
distribution of particles by their masses and vigleg in the feeding zone; amds

the radius of the growing planet. To assess theggnsontribution made by the
decay of short-lived isotopes, we shall restrict oansideration to a spherical-
symmetrical model. The convective heat transfertaedoresence of alloy melting
zones are taken into account parametri-cally, a$5jn6], by introducing the

effective heat capacity and thermal conductivity:
oT

Cet‘fp‘é“; = V(A VT)+ 0,
wherep is the density of a body accepted to be 3000 kgceff is the effective
heat capacityl is the effective thermal conductivity; addis the total power of
internal heat sources provided by the decay obeaddive elements and the release
of energy of falling bodies. The temperature on dhéer surface of the growing
body at minor masses is determined by the solastanon A zero heat flow is set in
the center of body.

Equation (2) was solved numerically for a spherenofeasing radius. The
radius incremenfR over one time step was assumed constant. Thensiomal
value AR was accepted as equal to 1/20 000 of the finalsadin the general case,
a variable time step is chosen and found from {ltha chosen distribution of
model density at the accept@dR. The position of the partial melting zone is
determined from the correlation of the calculatahperature distribution and the
melting onset temperature at the protoplanet massesponding to a given
temporal layer. An estimate GfAl concentration in the protoplanet nebula is
important for further calculations. The isotopaadfAl/>’Al = 5 « 10° is accepted
as the most highly substantiated value.

Our primary interest is the dependence of the mamimestimate of
temperature in the center of the growing nucleugsomass (or radius if density is
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constant) at various AD; concentrations in the initial matter. The caldolat
results are given in the table. As follows from fresented values, even a very
low average Al content provides a temperature @& niicleus center above the
melting temperature of Fe-Ni alloy (1720 K). Thegure shows the calculated
temperature distribution in the protoplanet intefar three radius values. As can
be seen, even at a radius of 250 km and 4.6 wt#;Alhe melting temperature of
Fe-Ni alloy that accreted after the mineral asseglin the central portion of the
parental body is achieved at half-radius of thengng planet. Partial melting may
also take place in a part of the next layer, whaohsists of diopside, forsterite,
anorthite, and enstatite that condensed and adcadter iron. At the same time,

the outer shell remains solid.

T, K
2400 -

2000
1600 |-
1200 |

800

400

0 0.2 0.4 0.6 0.8 1.0
riR

Fig 1.Temperature distribution in the nucleus of a growirg planet. Radius of nucleus, km:
(1) 400, (2) 300, (3) 250.

Let us consider further the process of accretioncompliance with the
Safronov model [1], a great number of chaoticallpving parental bodies
colliding with one another should be formed at iiéal stage. The collision of
two bodies that have similar dimensions, partiatiglted aluminosilicate core,
completely fused middle shell composed of iron, ansblid outer shell leads to
their destruction. Fragments of the solid outerlstan be partially lost, whereas
the fragments of the fused iron merge and formnilngteus of a new body with a
core composed of Fe-Ni alloy. As follows from tlesults shown in the figure, the
thickness of the outer brittle shell is small. Tdfere, the efficiency of coalescence
Is close to unity, as suggested by the model [2].

Thus, the proposed mechanism of planet formatioreadized during two
stages. Many parental bodies no larger than a tavdded kilometers across are
formed at the first stage. In the process of thegretion, the primary bodies are
heated as a result of the decay of short-livecogdive isotopes, first of alf®Al.
These bodies are partly destroyed in the coursmlbgion with one another. The
second stage is marked by the merger of meltedssimainly consisting of iron
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derived from the destroyed parental bodies, anahévebodies serve as nuclei that
accrete material of the destroyed parental bodes planets. The quantitative
description of this process requires an adaptatfstheme (1) and especially (2),
in which such a process of separation is not takenaccount in explicit form.
The duration of the second stage might b&110 Ma. This scenario allows us to
suggest that the formation of the Earth's coréegat, its central portion) and divi-
sion of the planet into shells occurred in the bemig of the second stage. The
proposed model does not rule out a continuatiothefcore formation during the
further growth of the planet and after its completi This principally new
differentiation mechanism does not require the sbrtatastrophic megaimpact
that is often adduced in order to explain the fdaromaof the Moon and initiation
of the iron core formation in the Earth. Furthereyayur model opens the door to a
rather simple solution of the geochemical probleissussed in [7]. In particular,
the model suggests that the separation of leadrendivision of the W-Hf system
should have occurred in relatively small bodieg tham over ~10 yr. Thus, our
model eliminates the difficulties associated witlcts separation given the present-
day dimensions of the core and mantle.
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ABSTRACT

The Devonian Udachnaya-East pipe (Siberia) preserdse example of exceptionally
fresh kimberlite rocks, containing a rich assemélal alkali carbonate, chloride and
sulphate minerals in its groundmass. Accordinglylkbgroundmass compositions have
unusually high concentrations of sodium and chiriop to 6 wt.% each), while water
contents are very low. High Ma and low HO are inconsistent with currently accepted
model kimberlite magma compositions; and high Na @hcontents in the Udachnaya-East
pipe have been ignored by the geoscience commutiggcause of possibility of
contamination from sedimentary crustal rocks. Newtural evidence suggests that the
chloride and alkali carbonate minerals in this kemite are co-magmatic with perovskite.

Radiogenic isotope ratios for the perovskit&if°Sr ~0.7031gyg +5, &1 +5.3, obtained by
solution-mode and laser-ablation methods) are peryitive and provide no support for a
crustal contaminant. The new perovskite data canfpreviously published Sr-Nd-Pb
isotopic evidence for the chlorides and alkali cadies themselves, but are considered more
reliable because of possible open system behasiodranalytical problems with unstable
halide and carbonate minerals. Similar isotopeosafi’Srf°Sr=0.70292 gng=+5, £=+6.5)
are recorded in a clinopyroxene macrocryst, whiahtains chlorides and alkali carbonates
within melt inclusions, implying a similarly prinive isotopic signature for the host
kimberlite. We infer that assimilation of evaparisediments is unlikely and that abundant
chlorine and sodium in the kimberlite originated tlre upper mantle. Our results and
published experimental data on mantle chloride svatid presence of a chloride component
in diamond-hosted fluid inclusions suggest a prasip unrecognised role for mantle-
derived halide melts in the genesis, compositiod dreological properties of kimberlite
primary melts.

INTRODUCTION

Kimberlites, the most important source of diamondse also a most
enigmatic rock type. After a century of researble, hature, origin and evolution of
their parent magmas are still controversial [27;2328]. “Archetypal” kimberlites
(often referred to as group-I kimberlites) worldeiidlave ultramafic compositions
(MgO >20 wt%), contain abundant volatiles (86,0 >6 wt%) and incompatible
trace elements (e.g., La >50 ppm), but have lowlfeof “basaltic” components
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(Na&O <0.4 wt% and AID; <5 wt%) and elements of moderate incompatibility
(e.g., Yb <1.5 ppm; the so-called “garnet” signajuKimberlite parental melts are
therefore believed to be high-Mg ultrabasic, hydroand highly enriched in
incompatible trace elements [5, 39, 23, 9, 21123,

A model magma of this nature, while capable of aoting for many of the
compositional features of kimberlite rocks, preseatnumber of problems. For
example, an ultrabasic magma composition is dilfitireconcile with models of
kimberlite magma source compositions and meltingddemns, with inferred
magma temperatures and rheological propertieswatidthe style of kimberlite
magma ascent aneémplacement [27, 6, 46, 48, 28In our view, these
inconsistencies indicate serious flaws in curremtdels of kimberlite magma
ompositions.

'H]":

H,0, wi%

0.1

0.01 10

Fig. 1. Compositional co-variations of Na20 and H20 (in wéb) in the Udachnaya-
East pipe kimberlites and “archetypal”’ rocks from South Africa and Lac de Gras, Canada
(shown as a field; e.g., [19]).

Much of the uncertainty over true kimberlite compioas may stem from the
almost ubiquitous hydrous alteration of kimberlitéor example, two of the
inferred key characteristics of kimberlitic magmaslow sodium and highwater
contents (Fig. 1; [19]) — may relate to postmagmatteration that affected most
kimberlites worldwide.

A rare example of serpentine-free, but otherwigecst (group-1) kimberlite,
is the diamondiferous Udachnaya-East pipe, Sibg&a 14, 15, 16], inwhich
unusual for kimberlites low ¥ abundances is coupled with extraordinary
enrichment in NZO (up to 6 wt.%), and both components are negativ@irelated
(Fig. 1). In addition to common olivine and calcitke groundmass of this
kimberlite contains abundant alkali carbonatesrtged\NgaCa(COs); and
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zemkorite (Na, K)Ca(CQ),). By contrast, hydrous minerals (phlogopite) are
rare and serpentine is absent, consistent with legvintrinsicwater content in the
parentmagma. Another key ingredient in this kimkers chlorine (total Cl up to 6
wt.%, 14, 15), which ismainly hosted in abundanbugrdmass halides (halite,
sylvite). The halides are observed only in the dsepnd freshest mine exposures
in the pipe. They are relatively minor in kimbexlirom shallower mine levels and
the twin Udachnaya-West pipe [35], and have noviptesly been reported from
other kimberlites, except olivine-hosted melt isotuns in the Canadian and
Greenland kimberlites [17], presumably becausg Hre so easily destroyed by
alteration.

T 7 — max

Fig. 2. Backscattered electron image and X-ray element mapshowing intimate
association of perovskite (p) with Na—K chloridesh(), alkali carbonates (ac), calcite (cc),
sodalite (sd) and olivine (ol) in the groundmass dfidachnaya-East kimberlite.

We believe that observations from an unaltered knhite, such as
Udachnaya-East, may hold the key to an improvecerstadnding of kimberlite
parent magma compositions. We have therefore arthuediow water content,
high sodium and high chlorine represent primary meiic characteristics of the
Udachnaya-East kimberlite, with important potentraplications for kimberlite
petrogenesis in general [13, 15, 16, 17].

Predictably, these claims have been received wathesscepticism, simply
because halides would not be expected to form pyimanerals in igneous rocks.

134



Deep seated magmatism, its sources and plumes

Fig. 3. Backscattered electron images of polished surfaced the Udachnaya-East
kimberlites (A — host kimberlite; B-D — perovskite- and phlogopite-rich clast), showing
typical groundmass assemblage of co-crystallised Iohides, halite (h) and sylvite (s), alkali
carbonates (ac), erovskite (P), phlogopite (phl), amticellite (mtc) and olivine (ol).

In fact, the halides at Udachnaya-East were at&thto reworking of crustal
sediments of the Siberian Craton [35, 8, 38].

In efforts to support our hypothesis of primary,mhaderived alkali- an€l-
bearing minerals (halides, sodalite and djerfigbgnn this kimberlite, we have
presented evidence based on melt inclusions [18],an stable and radiogenic
isotopes [24, 14]. For example, Maas et al. [24)\akd that easily soluble halides
fromthe kimberlite have presentd®rf°Sr ratios considerably lower than those
of potential crustal (evaporitic) contaminants, aattulated initial Nd—Pb isotope
ratios that are closto those of the silicate component in the samepkzsn
consistent with a co-magmatic origin. Neverthelasshas proved difficult to
completely dispel alternative scenarios, most rgt#tie possibility that crustal
halides picked up at depth have been thoroughiyndated and processed through
the kimberlite magmatic system, to the extent likis of their crustal (isotopic)
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heritage remains. In this regard, robust, high ipr@c isotopic information for the
halides and alkali chlorides becomes critical,igedifficult to obtain, for two main
reasons. Firstly, halides and alkali carbonateshaykly unstable in air, even on
the timescale of hours and days [e.g., 57]. Thiamadghat parent/daughter ratios
could be changed by dissolution and reprecipmgtiocesses in the laboratory; in
fact, evenpresent-day isotope ratios (Sr, Pb) nbghaffected, by incorporation of
air- and surface-borne contaminants in reprecguli@aterial [e.g., 25, 24].
Secondly, halides are soluble inwater and are fineralifficult to clean properly
prior to isotopic work, complicating blank correxis to samples with low Sr, Nd
or Pb contents. These factors compromise calculatgdl isotope ratios for the
halides and alkali carbonates from Udachnaya-B24dt |

Table 1
Compositions of kimberlite clast, groundmass mineris and clinopyroxene
macrocryst.
1 2 3 4 5 6
SO, 32.3¢ 0.0: 0.0Z 37.8¢ 37.7: 54.9¢
TiO. 5.24 54.3( 55.5¢ 2.8t 3.52 0.2C
AL .O. 5.3¢€ 0.2¢ 0.12 14.9¢ 15.4( 2.01
FeC 7.85 1.3¢ 1.17 5.0 6.1¢ 4.1%
MnO 0.1z n.d n.d 0.03 0.07 0.1Z
MgO 31.07 0.07 0.07 22.84 22.93 16.17
CaO 5.9¢ 37.1:¢ 37.9¢ 0.1t 0.04 20.6¢
Na.O 1.47 0.5¢ 0.54 0.17 0.1C 1.74
KO 3.7¢ n.d n.d. 9.9¢ 10.04 0.02
P.O: 0.14 n.d n.d n.d n.d n.d
Cr.0. 0.2¢ n.d n.d. 0.64 0.21 0.31
BaO 0.4¢ n.d n.d 0.71i 0.7¢ n.d
total 94.09 93.78 95.44 95.28 96.99 100.36

Note: (1)whole rock composition of clastUV31k-05; (2, &)jerage compositions of perovskite in host
kimberlite and kimberlite clast, respectively; $3,average compositions of phlogopite in host lanite
and kimberlite clast, respectively; (6) clinopyraremacrocryst UV9774.

n.d. — not determined (but likely negligible).

2 Total exclude 3.22 wt.% GQ.21 wt.% HO and undetermined ClI.

® Totals exclude 4-5 wt.% of REE, Sr, Th, Zr, Nb dadin perovskite (see Fig. 6).

An attempt to address the crustal contaminatiorothgsis with Cl isotopes
proved inconclusive because of the simi4l/*°Cl ratios in mantle and crustal
rocks [43]. Here we revisit the issue using a défe isotope-based approach: we
employ kimberlitic perovskite, closely associatedthwhalide minerals to
approximate the radiogenic isotopic signature oéséh halides. Perovskite
(CaTiGs) is a common groundmass mineral in kimberliteg.[€8] and is clearly
derived from the melt. It has high Sr—Nd contertd &b/Sx0 [10] and should
preserve the initial Sr—Nd isotope signature of #imberlite melt during
perovskite formation, even in altered kimberlite3][3 In our samples of
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Udachnaya-East kimberlite, perovskite and assatiaddides/alkali carbonates can
be shown to be co-magmatic based on textural oakti Radiogenic isotope
signatures of the former should therefore providkdvhigh-precision constraints
on the role of crustal material, if any, in thetéat while avoiding the analytical
problems mentioned above.

SAMPLES FOR ISOTOPE STUDY

In the Udachnaya-East kimberlite, perovskite ocasrsnclusions in the rims
of olivine phenocrysts [16] and disseminated imth&ix in close associationwith
groundmass phases (Figs. 2 and 3A), typical fokiatberlites (olivine, calcite,
phlogopite, monticellite, apatite, Fe—Ti—Cr oxidasd Fe—Ni sulphides) and
alkaliand Cl-bearing minerals, characteristic @ thdachnaya-East [13] and some
other kimberlites (alkali carbonates and sulphgigshthitalite Nak(SQy),),
chlorides, sodalite NAI ;SisO,4Cl, and K-sulphides
(djerfisheriteks(Cu,Fe,Ni)sSCl and rasvumite KR&;; [44, 45]). Perovskite is
particularly abundant (10%) in sample UV31k-05 (BB-D, Table 1), a spherical
~3 cmphlogopite-olivine ‘clast’ recovered from frekimberlite. Mineral (olivine,
phlogopite, perovskite) compositions in UV31k-O5datime host kimberlite are
near-identical (Table 1), and groundmass assenblagevery similar, including
interstitial carbonates, chlorides and perovskiigg. 2 and 3). We will therefore
assume that UV31k-05 and the host kimberlite araegeally related. For
example, UV31k-O5may represent a fragmented cumtulaccumulation of
perovskite has been reported in a number of kirbsil4, 27].

Textural relationships between perovskite and attarlbonates and chlorides
(Figs. 2 and 3) suggest their coprecipitation ftexmelt. A further link between a
carbonate—chloride component and the kimberliteadd—oxide assemblage is
providedbymelt inclusions.Asdocumented earliee, tims of zoned groundmass
olivine in the Udachnaya-East kimberlite containltmeclusions of carbonate—
chloride composition, implying Cl-alkali-rich latgage melt compositions [13, 7].
This evidence is also relevant to this study obpskite, because its crystallisation
partly overlaps that of the olivine (cf. perovskitelusions in olivine rims, 16).
Moreover, phlogopite-hostedmelt inclusions in samplV31k-05 (Fig. 4) are
identical to olivine-hosted melt inclusions mengdnabove, in having essentially
carbonate—chloride compositions and low homogednisdemperatures (650-700
°C). This implies that all three minerals coexisteith a Cl-alkali-rich melt, in
both host kimberlite and sample UV31k-05, and thAt31k-05 is indeed
cogenetic (cognate clast) with the host kimbekie.therefore used UV31k-05,
with its abundance of phlogopite and perovskittheathan the host kimberlite, to
obtain high-quality separates of perovskite anc@ipite for Sr—Nd isotopic and
Rb-Sr/Ar—Ar dating, respectively. Hafnium isotopttata were obtained for
perovskite—phlogopite—olivine mixtures.
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Sample UV9774 is large (-4 cm) clinopyroxene -ciygtanacrocryst”
thereafter instead of “megacryst” to avoid genetienplications; Table 1) from
Udachnaya-East. It contains a number of cavitieg. (), most likely melt
inclusions, which have recrystallised into assegéda of halite, sylvite,
tetraferriphlogopite, shortite, apatite, djerfistesrbarite,ilmenite, aphtitalite and
olivine, all phases which also occur in the hostberlite groundmass andwould
be expected to formfrom the type of melts trappethe olivine-and phlogopite-
hosted melt inclusion described above. Fragmentleotlinopyroxene were used
for Sr—Nd—Hf isotope work.

Fig. 4. Photomicrographs of a typical multiphase melt inclsion in phlogopite from
clast sample UV31k-05 at room temperature and durig experiment in a heating stage with
visual control. At temperature N500 °C melting within melt inclusions is intense, vapour
bubbles decrease in size, and possibly two liquidsarbonate-rich and chloride-rich) form.
When the melt inclusion was close to homogenisaticat ~600 °C, leakage of the liquid
content and bubble increase occurred.

ANALYTICAL TECHNI-QUES

“PAr—*Ar, Rb—Sr, Sm—Nd and LuHf isotope analyses wereemhout at the
University of Melbourne, following published anabal procedures [24, 34, 37].
Additional detail is given here and rables 2—4Perovskite and phlogopite in
UV31k-05 were handpicked from sized fractions a#kminating easily soluble
salts and carbonates with cold 1.5 M HCI. Peroeskiactions (b0.1 to 0.4 mg)
were in the size range 30-2Qén, while phlogopite samples (0.3—1.5 mg) were
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picked from the 50-200m (multiple single flakes) and 200-306h (small mica
stacks) fractions. Larger mixed mineral fractionfvine, phlogopite, perovskite,
100 mg) were used for Lu—Hf isotope work becausee perovskite fractions
would have been too small to obtain good-quality-Hfi data. Assuming that
olivine is very low in Lu and Hf, measured Hf isp#o ratios for the mixed
fractions should represent cogenetic perovskite @mdgopite. Acid-leached host
kimberlite fractions for Lu—Hf were produced fronulk groundmass samples
using cold 1M HCI. Mineral separates were cleanediiute nitric acid and
dissolved (2:1 HF/HNO3, 6 M HCI) on a hotplatankierlite groundmass samples
were dissolved at high-pressure. Elemental sepasatiwere done using a
combination of conventional cation exchange andHROM SR-resin (Rb-Sr),
RE-resin and LN-resin (Sm-Nd, Lu—
Hf, 21, 24). Total blanks for all
elements of interest were well below
100 pg and negligible in all cases. Sr—
Nd—-Hf isotopic analyses were carried
out on a NU Plasma MC-ICPMS; for
further details se€elTables 2 and 4
Recent isotope dilution analyses for
USGS basalts BCR-2 and BHVO-2
yield YLu/t""Hf and Hf/YHf of
0.01435, 0.282875 and 0.00878,
0.283113, respectively, very similar to
results reported elsewhere [e.g., 56].
Parentdaughter

Fig. 5. Backscattered electron images
of unpolished surface of clinopyroxene
macrocryst (sample UV9774) showing: A
— “negative crystal” shaped cavities,
exposed by sawing and interpreted to have
been large melt inclusions, with a
microcrystalline  aggregate of re-
precipitated halite around them; B —
remaining in cavities material represented
by a porous mass (partly leached bywater
during sawing) of alkali carbonates and
chlorides, intergrown with
tetraferriphlogopite crystals.
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ratios of some samples are based on quadrupole-BJiPAde element data. Laser-
ablation MC-ICP MS Sr isotope analyses of singleopskite grains were done
following the published protocol [34]. Some of tRB@ spot analyses (total Sr
signals 0.9-2.8 V, 19-40 s ablations) produced yspiRb interference from
impurities, but all calculated initidl’'Srf°Sr ratios were the same within errors
(0.70312+5, MSWD 0.54)*'SrF°Sr ratios, determined on small signals (4.5-14
mV) and corrected for REE++, ranged from 0.056®.tab72, averaging 0.0569,
slightly elevated compared to the natural ratio@565).

RESULTS AND DISCUSSION

As mentioned earlier, mineral compositions for gmmass olivine,
phlogopite and perovskite in UV31k-05 and the Hastberlite are very similar.
This similarity extends to trace elemer(fBable 1, Fig. 6).The data support
accumulation of perovskite and phlogopite from kiraberlite parentmelt as the
dominantmechanismto formclast UV31k-@big. 6). A further genetic link is
provided by similar Nd—Hf isotope ratios in perowskirom the clasteygzes~+5,
enmea~+5.3) and host kimberlite (~+4.4, +5Dable 2).*°Ar—**Ar (362.7+3.7 Ma,
Table 3)and Rb-Sr (364.6+4.1 M&able 4 ages for phlogopite in UV31k-05
(Fig. 3B-D) are identical within error to the 367+5 Ma SINRR U—-Pb age of
perovskite from the host kimberlite [18]. These qgupite ages are the first
independent high-precision confirmation of the pskite U-Pb age oKinny et
al. [18]. We note that these ~363 Ma ages are older thantative age of 34515
Ma, estimated previously from U-Pb and Rb-Sr appas®chron ages for the
carbonate, chloride and silicate/oxide fractionghe kimberlite, and for a large
halite crystal [24]. In light of our new phlogopitiata and the analytical problems
posed by halides (see above), we nowattribute gt#Va age offset largely to
geological and laboratory-induced open system hebavThis vindicates the
approach taken in this study, i.e. the use of @otoatios in oxide and silicate
minerals as proxies for halides and alkali carbesat

The chemical and isotopic data for perovskite, gbjpote and olivine,
together with textura(Figs. 2 and 3and melt inclusion datéFig. 4 and 13, 7)
imply a close paragenetic relationship between lialk@bonates, chlorides and
perovskite in both UV31k-05 and host kimberlite.dther words, chlorides and
other Cl-bearing minerals (sodalite, djerfisherit@med from the same parental
melt as the perovskite. The initial Nd—Hf isotoios for halides and alkali
carbonates should therefore be the same as, @rpeinilar to, those determined
for the associated perovskitesydzes~+5, enmez~+5.3; Table 2).Likewise, initial
8’SrF°Sr ratios for perovskite, easily determined anchlyigeliable, should be a
close proxy for the chloride and alkali carbonateerals.

Three Sr isotope analyses of UV31k-05 perovskitsdiytion-mode average
0.70305x7 (8, age-correctedTable 2),similar to laser ablation MC-ICP MS
results for 20 individual perovskite grains (aver&y70312+5, @, age-corrected).
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These®’SrF°Sri ratios are lower than those for the host kiritee(0.7043—0.7049,
36, 24, 22], although results for acid-leached larite (0.7034-0.7037, 24)
provide a closer matcliTable 2). Such offsets between perovskite and host
kimberlitewere also noticed in other studies [elf), 33], and probably reflect
minor disturbance of bulk rock Rb—-Sr systems. Im samples, the elemental
redistribution effects, associated with unstabldomtbe and alkali carbonate
minerals,may be themain reason for these discregmnthe perovskite-based
87SrF°Sri is therefore considered as a more robust estifoathe kimberlite melt.

100000 Presk_UV31k-05
1 muu B Q F'rl.rsk_'ln_l:ll
—a—WH_UV31k-05
1000 -
100 -
101
1 4
0.1
Th U NbTa La Cepb Pr Sr " r.:lstr Hf EquTb Dy v HoErTmYbLu

Fig. 6. Primitive mantle — normalised [53] trace element composition aflast sample
UV31k-05 and average compositions (by in situ LA-I@MS analysis of individual grains) of
perovskite from clast and host kimberlite.

The measured ratio of ~0.7031 is similar to Srapet ratios reported from
megacrysts in some (group-1) kimberlites [30] aled lat the unradiogenic end of
the range for “archetypal” kimberlite bulk rock dg#7, 30], including Siberian
kimberlites [22]. The low87Sr/86Sr args—cns near+5(Table 2)place the source
of the parentalmagmaat the edge of the global ‘MdRBmantle array’ in both
Sr—Nd andNd-Hf space,within the field formodern Hibtean island basalts
[11]. Material derived from old continental crustigh ®’Srf°Sr, low eng—ery), if
present, must be negligible, consistent with tlo& laf trace element evidence for
suchmaterial (e.g., high Gd/Yb, no positive Pb aalgntig. 6).By inference, the
kimberlite melt shows no sign of crustal contamomat even at the time when
perovskite and associated chlorides and alkalicraates crystallised within clast
UV31k-05. This in turn supports a mantle originsafich minerals in UV31k-05
and in the host kimberlite.

Similar resultswere obtained for clinopyroxene macyst UV9774. Initial
Sr—Nd-Hf isotope ratios (0.7029, + 5.0, + @d&lculated at 363 Malable 2)
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resemble those in UV31k-05 perovskite, suggestinbese intrinsic isotopic
similarities or equilibration of the macrocryst withe reactive kimberlitic melt. If
the chlorides, alkali carbonates and other phasesept within UV9774 do indeed
represent melt inclusion$ig. 5),as we infer, the unevolved mantle-like isotopic
composition of the host clinopyroxenewould suppartmantle origin of this
material.

Fig. 7. Backscattered electron image (A) and X-ray elemennaps (B to D) showing
"alteration" at the contact between omphacite (Cpx)} and garnet (Gr) in kimberlite-hosted
eclogite xenolith

Further strong support for kimberlitic chlorineraaintle depths is provided by
eclogite xenoliths from Udachnaya-East. While galervery fresh [50], these
eclogite samples do show characteristic grain bamndlteration of primary
omphacite and garnet, observed in many kimberbistdd eclogite suites. This
includes “sieved” or “spongy” clinopyroxene depbteten Na and Al relative to
original omphacit€Fig. 7),andmultiphase “kelyphitic” rims around garnet.

Minerals present in this alteration (sodalite, italc phlogopite, halite,
monticellite, apatite, spinel and different sulg@st also occur in the host
kimberlite, with sodalite being themost importaatreer of chloringFig. 7). Grain
boundary alteration is believed to be related teraction of eclogite with Na—K—
Ca—CI-S-rich kimberlitic melt [26]. The presenceal docation of diamond within
such “alteration” indicates that this interacticztorred at mantle depths, as noted
by Spetsius and Tayldb0] on p. 129 “It is becoming increasingly evident thmat
eclogites, diamonds are NEVER in contact with pringarnet and/or omphacites.
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Instead, they mostly occur along metasomaticallguaed alteration zones,
sometimes in a linear fashion. Such zones woulceappo be the avenues for
permeation of the C—-O-H-N-Smetasomatic fluids, @ggested by Haggerty
(1986)". We therefore suggest that a chloride camepd was present in

protokimberlite melts, at least at the earliesbggusable stages of their derivation
from and interaction with mantle rocks, and wasspuag instrumental in the

diamond formation [e.qg., 54, 32].
carbonate—chloride-bearing melt inclusiomsthin groundmass
olivine [13] carry a neon isotope signature [52hig&r to that found in deep
mantle-derived magmas, thus providing anothermahtike for the chloride

component.
Table 4
Rb-Sr isotope results for phlogopite in clast UV3LO5.
8/ 86, 87, 386
Rb Sr Rb/*°Sr Sr/%°Sr @,95
(ppm) (ppm)

phl 2 15.33 0.78441 373.1
phl 3 57( 95.61 17.4( 0.7938¢ 367.(
phl 4 337 63.16 15.55 0.78506 370.6
phl 5 590 104.6 16.44 0.78827 364.4
phl 6 888 128.8 20.13 0.80594 359.2
phl 7 65€ 98.€ 19.4: 0.8028: 361.(
phl 8 506 75.0 19.73 0.80438 360.9
phl 9 437 66.Z 19.2¢ 0.8012( 357.€

CONCLUDING REMARKS

Dry, chlorine-bearing alkali minerals in the Udaala-East kimberlite are
products of crystallisation of the mantle-derivedcontaminated melt. We suggest
that essentially non-silicate compositions richaikalis, CQ and ClI may be a
viable alternative to the currently favoured waieh, high-Mg model primary
melt. Entrainment of mantle silicates into such eltnen route to the surface,
followed by gravitational accumulation of mantlevole at the bottom of magma
bodies after emplacement, would explain the obse®perties of kimberlite
magma/rock, notably enrichment in olivine in thealyssal kimberlite facies.

A “salty” carbonate composition of the kimberlitarpntal melt can account
for trace element signatures consistent with lowrees of partial melting, low
temperatures of crystallisation and the exceptiamaological properties that
enable kimberlite magmas to rise with high asceidaities, while carrying a large
cargo of entrained xenoliths and crystals. EvidefareCl and alkalis in the
kimberlite melt is best preserved in unaltered soslch as those fromUdachnaya-
East. Importantly, CI- and Na-bearing mineralshaf type reported here can be
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found inside melt inclusions even in partly alteredks, such as kimberlites
from Canada and Greenland [17] and South Africa (opublished data).

The possible existence of chloride—carbonate I|gjuathin the diamond
stability field can be inferred from experimentstive model silicate system with
addition of Na—Ca carbonate and K-chloride [41,.4Djese experiments also
show that Cl-bearing carbonate—silicate and Sitbgachloride—carbonate melts
evolve towards Cl-rich carbonatitic liquids withadeasing temperature, providing
a possible explanation for chlorine- and alkalilgmed microinclusions in some
diamonds from Udachnaya-East [58] and other kintlesrlin South Africa and
Canada [12, 55, 20]. Brine inclusions in diamonasnf various kimberlites, and
the inferred role of chlorides in diamond nucleatend growth [54, 32] further
illustrate the potential significance of mantleided “salty” fluids sampled by the
kimberlite melt and fortuitously preserved at Udaaya-East.
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ABSTRACT

Vulture Volcano is build up of a variety of mafittnamafic alkaline rocks and
carbonatites. This paper presents a study of meltflaid inclusions in minerals of Vulture
basanite. The rock contains phenocrysts of olivitiappyroxene, apatite, and hauyne. We
distinguished three generations of clinopyroxerfteding in composition and morphology.
All the phenocrysts bear primary and secondary muadt fluid inclusions, which recorded
successive stages of melt evolution. The most fiviemimelts were found in the most
magnesian olivine and the earliest clinopyroxerenplrysts. The melts are close to primary
mantle liquids and are rich in Ca, Mg and inconfgatand volatile elements. Thermometric
experiments with the melt inclusions suggested thadlt crystallization began at
temperatures higher than 12@0and pressures of more than 5 kbar. Combinedatshc
carbonate melt inclusions were found in apatite npbeysts. They are indicative of
carbonate-silicate liquid immiscibility, which oated during melt differentiation. Large
hydrous secondary melt inclusions were found ivirdi and clinopyroxene. The inclusions
in the phenocrysts recorded an open-system magolatiew in a magma chamber and a
conduit including 2 crystallization, degassing, @vatinput, oxidation, and liquid
immiscibility processes.

INTRODUCTION

Carbonatites are usually considered as magmatic bexsmof alkaline
associations [6]. Several mechanisms of their genbave been proposed
including (i) partial melting of carbonated mant(@) liquid immiscibility in
carbonate-silicate magmatic systems; and (iii) resitee fractional crystallization
and formation of volatile-rich residual liquids.

The possibility of carbonatite magma derivation ingirpartial melting of
carbonated peridotite has been supported by geochlestudies of mantle nodules
and primary mantle carbonates [1, 23, 14], expeartaledata [29, 4, 10], and
investigations of some carbonatitic complexes [3].

Experimental evidence suggests that liquid immistgbomay play a leading
role in the genesis of carbonatites [11, 12, 13)wide field of two immiscible
liquids exists in the system (Si€Al,0:+TiO,) - (MgO+FeO+CaO) - (N®+K,0)

- CO,. The immiscibility gap expands with increasinggs@e and alkali content
and decreasing magnesium concentration. Basedase tthata it was concluded
that alkali-rich residual magmas may intersect bwaindary of the silicate-
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carbonate liquid immiscibility field under crustbnditions. Lee and Wyllie [17,
18] pointed out a number of limitations on this agesis and argued that there is
no single process responsible for the formatioralbtarbonatites. According to
Lee and Wyllie, fractional crystallization of cariaie-bearing alkaline magmas
may be very important in the genesis of carborstite agreement with the ideas
proposed by Twyman and Gittins [28]. Kjarsgaard Beterson [13] supposed that
the alkali-poor carbonatites of Shombole Volcano Alifica) were the result of
silicate-carbonate immiscibility.

Since the genesis of carbonatites still remaindrowersial, geological and
mineralogical observations on the relationshipsvbeth carbonate and silicate
materials in magmatic rocks are very important.sTaper presents data on the
petrography, mineral composition, and carbonatehbgamicroinclusions from
Vulture Volcano, Italy.

GEOLOGICAL BACKGROUND

Vulture Volcano is situated at the eastern boundérhe Roman magmatic
province. Its volcanic products are dominated byKNach undersaturated rocks,
from basanite to trachyphonolite. Vulture is thdyoocomplex in this province
where sodalite-group minerals occur as major phafsesicanic rocks [19].

The genesis of the primary mantle melts of Vultdodcano was attributed to
a subduction zone [9, 22] or continental riftin@[1Cavarretta et. al. [7] proposed
several magma sources for the Vulture volcanicané&sauthors suggested a
significant role of crustal assimilation [9]. Howazy recent Sr isotopic data [5] did
not support this view and indicated a mantle orifgn the volatile-rich Vulture
magmas.

The volcanic activity of Vulture occurred betweeB @nd 0.42 Ma [15, 8, 9]
and produced pyroclastic and lava flows and dikelsasanite, tephrite, foyadite,
phonolite, and melilite-bearing rocks. In additiom silicate rocks, intrusive
carbonatites (sovites) were found in the Monticcake area [27, 26, 24]. The
carbonatites were interpreted as products of dhystBon of ultramafic carbonate
liquid cognate with the silicate alkaline magmas Mf. Vulture [24]. An
alternative model implies carbonatite formationotigh interaction of alkaline
magmas with sedimentary carbonates [22].

Direct evidence for the occurrence of liquid imnitidldy can be obtained
from a study of inclusions in minerals. The coestiste of silicate and carbonate
liquids in melt inclusions was directly observed annumber of alkaline and
carbonatite complexes [25, 20, 2, 21].

Samples of Vulture volcanics were collected dutimg Eurocarb-2002 workshop
and field excursion. Melt and fluid inclusions westeidied in minerals of olivine
basanite from the Monticcio Lake area.
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Table 1.
Chemical compositions of groundmass minerals and @mocrysts, wt.%
Cpx Cpx Phi Pl Anor Ab Ne Mt Ol
Sio, 43.29 49.97 | 38.97 | 59.9¢ | 62.7¢ | 63.27 | 45.0( 0.7t 39.9(
TiO, 163 0.9t 4.0C 0.11 0.1C 0.0¢ 0.01 8.0t 0.00
Al,O4 13.41 4.8 13.11 | 23.5¢ | 20.6¢ | 23.71 | 33.7¢ 4.0¢ 0.0C
FeC 8.81 4.82 3.1C 0.44 0.4€ 0.37 0.61 78.2 15.6¢
MgO 0 10.1¢ 14.8¢ | 19.9% | 0.0C 0.01 0.0C 0.01 2.22 % 43.8¢
MnO % 0.2C 0.12 0.3¢ 0.01 0.0t 0.0¢ 0.01 1.37 g 0.4€
CaO = 22.8i 24.5¢ 0.1€ 4.72 2.0¢ 0.32 2.2¢ 0.21 S 04z
Na,O -8 0.47 0.2¢ 0.42 5.92 4.0¢ 9.47 15.1: n.d 8 0.0C
K,O g 0.01 0.0z 9.5C 2.9¢€ 3.94 0.61 4.65 n.d () 0.0C
BaO (’5 0.6€ 0.00 0.00 0.00 0.00 0.00 0.00 n.d i 0.6€
Sro 0.0C 10C 0.00 0.00 10C 0.00 0.00 n.d 0.00
P,Os n.d n.d n.d n.d n.d n.d n.d. n.d n.d
Cl 6.0C 6.0C 6.0C 6.0C 0.0C 6.0C 6.0C n.d 6.0C
F n.d n.d n.d n.d n.d n.d n.d. n.d n.d
SO, 0.0C 0.0C | 0.0C | 0.0C | 0.0C | 0.00 0.00 n.d 0.0C
Total 100.9% 100.3: | 94.5¢ | 97.6% | 99.0¢ | 99.8¢ | 101.4: | 95.16° 100.31
Ol Ol Ol Cpx 1 Cpx 1 Cox1 | Cpx1 Cpx 2 Cpx 2 Cpx 2
SiO, | 39.1¢ 41.8( 42.61 51.1Z 49.0( 46.87 51.4( 45.4; 45.3¢ 47.24
TiO, 0.0C 0.0C 0.0C 0.8¢ 1.3€ 1.62 0.64 1.9¢ 1.9¢ 1.2¢
Al,O; | 0.0C 0.0C 0.0C 5.8¢ 7.3t 7.7¢ 3.61 9.41 9.41 7.3¢
FeO | 10.27 8.2¢ 8.5¢ 5.3¢ 6.41 6.7t 4.0z 12.52 14.2¢ 9.34
MgO | 49.0C 49.7( 49.67 15.0¢ 14.4] 13.7( 15.97 8.7¢ 8.0C 12.51]
MnO 0.22 0.15 0.1¢ 0.04 0.0¢ 0.12 0.0C 0.51 0.65 0.2¢
CaO 0.34 0.4C 0.2¢ 21.87 21.6¢ 22.91 23.2¢ 19.42 20.2( 21.62
Na,O | 0.0C 0.0C 0.0C 0.4C 041 0.3¢ 0.2¢ 0.8t 0.9¢ 0.5¢
K,O 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C
BaO 0.0C 0.0C 0.0C 0.04 0.01 0.0C 0.0¢ 0.0€ 0.09 0.0E
SrO 0.0C 0.0C 0.0C 0.2t 0.06 0.0C 0.1< 0.07 0.14 13€
P,Os n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d.
Cl 6.0C 0.0C 6.0C 6.0C 0.0C 0.0C 0.0C 6.0C 0.0C 6.0C
F n.d n.d n.d n.d. n.d n.d. n.d. n.d n.d n.d.
SO, 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C
Total | 93.9¢ | 100.3¢ | 101.3¢ | 100.9: | 10073 | 100.1: | 99.41 93.97 100.9¢ 100.5:¢
Cox 2 Cpx3 Cox 3 Cox 3 Ap Ap Ap Ha Ha Ha
SiOo, 46.61 47.41 49.49 45.64 1.15 1.15 1.8p 35.89 34)3233.82
TiO, 1.72 1.2¢ 1.0Z 1.82 n.d. n.d n.d 0.0C 0.04 0.04
Al,O4 7.8¢ 6.5¢ 5.1€ 7.4 n.d. n.d n.d 29.32 29.1:8 29.97
FeQ 6.9¢€ 6.3¢ 4.57 7.3¢ 1.3¢ 0.7t 0.3C 2.8C 0.3€ 1.0¢
MgO 12.81 13.5¢ 14.3¢ 13.0¢ n.d. n.d n.d 0.07 0.01 0.01
MnO 0.0C 0.0¢ 0.0t 0.0¢€ n.d. n.d n.d 10C 0.01 0.0z
CaO 23.61 24.4:% 24.5( 22.8¢ 52.8¢ 52.2¢ 53.7( 6.2% 10.32 7.62
Na,O 0.3¢ 0.3t 0.2¢ 0.31 n.d. n.d n.d 6.9 8.9¢ 3.47
K,O 0.0C 0.0C 0.0C 0.0C n.d. n.d n.d 3.0€ 1.04 3.71
BaO 0.1z 0.0C 0.0C 0.0C 0.0¢ 0.14 0.0C 0.0C 0.0C 0.0C
SrO 0.0€ 0.0C 0.0C 117 0.27 0.44 0.47 0.1€ 0.0C 0.0C
P,O5 n.d. n.d. n.d. n.d. 37.91 38.3¢ 38.6¢ n.d n.d n.d.
Cl 6.0C 0.0C 6.0C 6.0C 0.41 0.31 0.4C 1.31 6.0C 6.0C
F n.d. n.d. n.d. n.d. 4.11 3.9¢ 2.5C n.d n.d n.d.
SO, 0.0C 0.0C 0.0C 0.0C n.d. n.d n.d 12.0C 9.5¢ 10.1¢
Total | 100.1¢ | 100.0( 99.8¢ 93.64 98.1¢ 97.32 97.8¢ 97.7: 94.3: 94.91

Note. n. d. - not determined. Mineral symbols: Ab -i@bAp - apatite, Anor - anorthoclase, Cpx -
clinopyroxene (with phenocryst generation), Ha uyre, Mt - titanomagnetite, Ne - nepheline, Ol -
olivine, Phl - phlogopite, PI - plagioclase. *Inding 0.21 wt % GO;

METHODS
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Inclusions were studied in double-polished thintisas, 0.3 mm thick.
Thermometric experiments were performed in smacttelc furnaces with Pt-Rh
heaters (up to 150Q) and graphite containers to prevent oxidatiowl, @ahinkam
microscopic heating stage Temperature was calibbragainst the melting point of
gold (1063C). Heating rate varied from 5 to ®min, and samples were held for
10 to 60 min (usually, 15 min) at desired tempeesu Fluid inclusions were
explored on a Linkam microscopic stage cooled Wwghid nitrogen. This stage
was calibrated using synthetic inclusions of ,Gdd aqueous NaCl solutions of
known concentrations. Cooling and heating ratestdrom 0.5 to 58C/min.

The compositions of minerals and glasses werermdated on a Cameca MS-
46 electron microprobe with four spectrometers het Vernadsky Institute of
Geochemistry and Analytical Chemistry, Russian Arag of Sciences. The
measurement conditions were as follows: an acdalgraoltage of 15 kV, a beam
current of 20 nA, and a counting time from 10 tosé@. Minerals were analyzed
with a focused beam and glasses were scanned magea of 12 * 12 um. Sodium
was analyzed first in order to minimize its migoati The concentrations of oxides
were calculated using the ZAF procedure.

0.5
HH,,HH_ CaO -
o 04 “-"*.._,_HH—H-Q ""‘-—-_.,_'__L;l:_h_‘ &,
S~ Al O
< 0.3 - ® -0 (&)
g i‘"'-,__h_ O
0.2 } 3 P
MnO @9-__
0.1 f °®

0.84 086 088 080 0.92
Ol, Mg=Mg/Mg+Fe

Fig. 1.Correlations of CaO and MnO concentrations with Md(Mg+Fe) for
olivine phenocrysts.

MINERALOGY AND PETROGRAPHY

The olivine basanite sample studied is a dark goai without any visible
secondary alteration. Its phenocryst assemblagdominated by olivine and
clinopyroxene. The holocrystalline groundmass ismposed of clinopyroxene,
plagioclase (Ag to Any, some crystals with up to 2 wt % BaO and SrO),
phlogopite, nepheline, alkali feldspars, and Ti-metge (Table 1). The mineralogy
of Vulture rocks was reported in detail by Mellustoal. [19] and Beccaluva et al.
[5]. We only briefly describe here the phenocrytat host melt and fluid
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inclusions and provide selected analyses of groasdmminerals important for
further discussion.

Olivine

Olivine phenocrysts are strongly fractured and samystals show smooth
rounded outlines. Most olivine crystals are up # 1@m in size. The composition
of olivine varies from Fg to Fa; with up to 0.48 wt % CaO (Table 1). The
concentrations of CaO and MnO correlate negatiwdlly mg = Mg/(Mg+Fe) (Fig.
1). In addition, there are very large crystals {ob-6 mm) of Fg.gswith 0.20-
0.35 wt % CaO. These crystals are devoid of primagusions and are often
angular. Most likely, they are xenocrysts.

Clinopyroxene

Clinopyroxene is the most common phenocryst minecaurring in three
generations differing in morphology and compositi@linopyroxene 1 forms
large (2-6 mm) strongly fractured homogeneous atgstolorless or light yellow
without pleochroism. Its narrow (no wider than 10@) colorless or light green
rim zones are stuffed by small crystalline inclosi@f fresh hauyne and apatite no
larger than 10 um in size.

Clinopyroxene 2 forms phenocrysts up to 1 mm i gileochroic from dark
green to amber yellow. Some grains are stronglyorbesl. Crystals of
clinopyroxene 2 are mantled by finely banded zafeplorless clinopyroxene 3.

The compositions of all clinopyroxene phenocrydtable 1) form a single
trend in variation diagrams (Fig. 2). However thetidguished clinopyroxene
types fall within different segments of this trer@inopyroxenes 1 and 3 form a
compact cluster at high MgO and low 85, NaO and MnO (Fig. 2). The
compositions of clinopyroxene 2 are lower in MgQ@l amuch richer in FeO, ADs,
NaO, and MnO. The central zones of dark green clinmpgne 2 are
characterized by the maximum concentrations of F¢&®0O and A}Os;, whereas
colorless clinopyroxene 3 contains up to 14.3 wiMgO, which is similar to
clinopyroxene 1 (Fig. 3).

The mg values of groundmass clinopyroxene vary f6o@&b to 0.67, and its
TiO, content is no higher than 1.8 wt %.

Hauyne

Large (up to 0.5 mm) hauyne grains are surrounglegpbque rims (Fig. 4a).
They are often strongly altered and depleted in @®NaO (Table 1).
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Fig. 2. Variations of major element contents as function®f MgO in clinopyroxene
phenocrysts. Filled squares — clinopyroxene 1; urieéd diamonds — clinopyroxene 2; and
triangles — clinopyroxene 3. The shaded field showoutlines the compositions of
clinopyroxene 1 and 3.
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Fig. 3.Variations in FeO, Al,O3, and NaO concentrations as functions of MgO for
clinopyroxene 2 (squares) and clinopyroxene 3 (cikes) in three phenocrysts.

4.4. Apatite
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Anhedral F-apatite phenocrysts are up to 700 urmeize (Table 1). They
contain numerous tiny (less than 1 um) tubular séaoy inclusions with a rough
optic relief (low-density fluid). There are alsmegated inclusions of salt phases,
occasionally with aqueous solution, up to 20 preize. These inclusions are

Fig. 4.Photomicrographs of (a) hauyne phenocryst with aakk reaction rim in rock
groundmass, (b) a hauyne crystalline inclusion inlmopyroxene 2 and. Plane-polarized
transmitted light.

aligned parallel to cleavage planes and were ireged as secondary. Because of
the strong alteration of apatite crystals, thermmimeexperiments failed, the
inclusions were opened both during cooling t’&and heating to 60G.

INCLUSIONS IN MINERALS
Crystalline inclusions

Early olivine (Fgo.97) contains crystalline inclusions of Cr spinel with to
46 wt % CpO; (Table 2). Similar spinels were found in earlynojpyroxene
phenocrysts (clinopyroxene 1). Later olivine cristand colorless rims of
clinopyroxene 3 around green crystals of clinopgroe 2 contain only low-Cr Ti-
rich spinel (less than 1 wt % £¥ and up to 17 wt % Ti¢). Clinopyroxene 2
hosts crystalline inclusions of Ti-magnetite idealtito the opaque phase from the
rock groundmass (Table 1 and 2).

Crystalline inclusions of clinopyroxene in olivisow high mg = 0.89 and
contain up to 0.91 wt % N@ (Table 2). The concentration of,Og in one of such
inclusions was about 0.38 wt %, in contrast to 50u@ % in the clinopyroxene
phenocrysts.
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Table 2.
Chemical compositions of crystalline inclusions iphenocrysts, wt.%
Sp Ap Mt Mt Ap Ha Ha Ha Cpx
SiO, 1.21 1.37 072 | 1.04 | 1.6 30.43 31.74 | 31.24] 43.06
TiO, 0.86 0.0 459 | 4.67 0.0 0.0 0.0 0.0 1.86
ALOs | o 1473 000 | & | 591 | 545 0.00 3B 3174 | 3124 | 8.93
FeO § 31.28 0.39 § 80.64) 80.20  0.37 1.01 0.85 079 12.28
MgO S 10.34 0.00| S 3.31| 6.11 0.00 0.40 0.16 016  8.32
MnO § 0.41 0.00 § 0.64| 0.59 0.00 0.00 0.0d 0.00 0.48
CaO £ 1.09 40.35| £ 0.71| 0.97| 5194 10.2} 10.09 8.39 23.37
Na,0 | 2 0.00 000 | 2| 000 0.00 | 000 | 10.46 9.73 13.72] 0.68
K,0 P 0.00 0.00 | 0.00| 0.00 0.00 2.47 1.73 2.2 0.00
BaO 8 0.00 006 | o 0.00| 0.00 0.04 0.00 0.0d 0.0 0.00
SrO E 0.00 043 | 3 0.00| 0.00 0.33 0.30 0.24 0.3 0.00
Cl £ 0.00 0.38 | £ 0.00| 0.00 0.41 0.88 1.09 1.2 0.00
SO, 0.00 0.00 0.00| 0.00 0.00 12.3( 1177  11.86  0.00
Cr,03 3973 n.d. 0.07 0.11 n.d. n.d. n.d. n.d. 0.02
Total 99.65 42.98 96.59 | 99.14| 54.69] 98.95 99.04 101.83 98.99
Phi Amf Sp Ha Ha Ha Sp Sp
SiO, 37.65 41.32 0.99 34.83 32.90 33.41 0.49 0.80
TiO, 1.27 250 | 4.93 0.00 0.00 0.00 0.75 0.77
Al,O4 15.3 1521 | o 11.43 28.29 28.36 27.26 10.83 14.52
FeO 10.55 1099 | ¢ 71.86 0.53 0.48 0.62 o 37.72 26.72
MgO 19.33 1470 | 2 8.12 0.36 0.44 039 S 6.03 12.56
MnO 0.24 0.16 =X 0.39 0.00 0.00 0.000 © 1.21 0.25
CaO 0.34 1252 | = 0.77 11.92 12.63 12.2D f, 0.15 0.00
Na,O 0.4 206 | ¢ 0.00 8.61 10.37 9,98 § 0.00 0.00
K,O 9.76 137 | @ 0.00 5.43 6.09 5.80 2 0.00 0.00
BaO 0.92 016 | 2 0.00 0.08 0.08 0.00 8 0.00 0.00
SrO 0.02 031 | 2 0.00 0.26 0.26 0.46 0.00 0.00
Cl 0.00 0.00 | £ 0.00 0.50 0.39 0.76 0.00 0.00
SO, 0.00 0.00 0.00 9.23 9.30 8.35 0.00 0.00
Cr,03 n.d. n.d. 1.38 n.d. n.d. n.d. 41.94 44.30
Total | 98.43* 101.30 99.87 | 100.04 101.30|  99.23 99.12 99.92
Sp Sp Sp Sp Sp Cpx Cpx Grt
Sio, 0.80 0.68 0.83 0.53 0.58 53.00 52.25 38.32
TiO, 0.77 0.61 0.64 16.91 15.07 0.13 0.40 3.13
Al,04 14.52 15.19 14.63 5.51 6.88 4.58 3.94 16.15
FeO 26.72 24.53 25.67 66.30 65.30 4.31 3.64 7.34
MgO 12.56 13.16 12.21 7.84 7.20 16.49 16.45 10.77
MnO 0.25 0.26 0.30 0.34 0.49 0.03 0.07 0.09
CaO 0.00 0.00 0.00 0.00 0.00 21.35 22.84 22.14
Na,O 0.00 0.00 0.00 0.00 0.00 0.91 0.42 0.48
K,0 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.18
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04
SrO 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.02
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr,04 44.30 45.87 45.28 2.05 1.15 n.d. 0.38 n.d.
Total 99.92 100.30 99.56 99.48 96.67 101.01 100.39 98.66

Note: Amf - amphibole, Grt - garnet, Sp-spinel; othemeral symbols are the same as in Tab.1.

*Including 0.48 wt % CgDsand 2.17 wt % F.
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Table 3.
Compositions of daughter phases in primary and seodary melt inclusions, wt.%
1 2 3 4 5 6 7 8 9
Phase Cpx Cpx Anor Glass Amf Phi Anor| Glasgs Cpx
SiO, 42.14| 53.00| 56.99] 57.79 40.03] 3641 63.34 50.93 0042.
TiO, " 2.80 | 0.13 0.01 0.00 2.17 318 004 0.2 2.07
Al,0; | S 12.18| 458 | 24.67] 2247 14.07] 18.55 1809 23.33 9.62
FeO [ 6.46 | 4.31 0.56 0.85| o 8.90 744 028 1570 13.59
MgO | T e [1231] 1649 1.03| 035 § 1594 1817 026 1648 9.59
MnO | =35 | 006 | 003 | 004| 000 g 0.25 0.2 0.0p 0.00g 0.54
caO 20 |2251| 21.35| 281 1.85| & 13.21 0.67 241 5.p0& 20.49
Na,O | >= | 029 | 091 | 542 7.76] = 2.48 058 1.98  3.04% 0.82
K,0 g 0.16 | 0.00 8.69 8.34| c 1.99 1145 1541  2.p3c 0.03
BaO S 0.00 | 0.13 0.07 0.00 0.11 204 000 0.00 0.00
SrO 0.00 | 0.00 0.21 0.54 0.21 011 055  0.00 0.23
Cl 0.00 | 0.00 0.00 0.25 0.00 0.0p 018 2.46 0.00
SO, 0.00 | 0.00 0.00 0.85 0.00 0.0p 000 3.25 0.00
Total 98.91| 100.93] 100.50 101.05 99.36 | 98.89] 102.44 93.7]7 98.98
10 11 12 13 14 15 16 17
Phase Cpx Cpx Anor Or Glass Cpx Cpx Cpx
SiO, 43.47 | 40.54| 60.54 62.68 56.19 47.22 46.90 49.23
TiO, 1.72 1.54 0.00 0.06 0.47 1.15 1.21] 1.09 2
Al ,0; 8.43 9.28 20.61 19.91 16.12 7.82 7.0( 7.74 3
FeO 12,50 | 13.50 0.64 0.00 3.00 o 8.61 8.91 479 3
MgO 11.04 | 9.56 1.51 0.20 4.00 § 14.06 13.58 13.74 g
MnO 0.41 0.27 0.00 0.00 0.09 2 0.10 0.00 032 &
CaO 20.93 | 23.28 4.96 0.46 9.560 & 21.63 23.37 2243 =
Na,O 0.94 0.62 6.19 0.47 2.18 % 0.59 0.67 0.66 g
KO 0.00 0.00 3.90 15.52 6.20, < 0.05 0.09 0.00 &
BaO 0.00 0.00 0.78 0.12 0.00 0.10 0.08 0.00 &
SrO 0.00 0.00 1.10 0.65 0.00 0.00 0.00 0.00 =
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.44 | 98.57| 100.23] 100.07 97.81 101.33 101.71| 100.00
18 19 20 21 22 23 26 27 28 29
Phase Grt Glass = Cpx Cpx Cpx Glass Phi Carbf Carb Céar
Sio, [34.71 | 6057 | B 40.25| 4437 4491 56.1§ 3544 022  0.1D2.07
TiO, |1.63 | 0.07 S 162 | 1.11 | 0.85 0.27 2.96 0.0( 0.00  0.00
Al,O; [13.39 | 2471 | -3 13.00| 11.29 12.73 24.84 19.06 0.0  0.0®.00
FeO 16.36 | 0.38 g 10.08| 7.85| 7.89 1.90 9.26 028 209 081
MgO |[590 | 0.27 3 9.32 | 10.20] 10.63 1.68 16.90 43.69 25[2964 1
MnO | 0.55 | 0.00 4 019 | 016 | 0.21 0.03 0.17 0.0( 011  0.18
CaO [2273 | 1.81 ® 23.48| 23.36 23.86| 5.24 1.35 255  28/815.306
Na,O |0.88 | 3.07 5] 051 | 074 | 0.25 8.93 0.24 001 030 0.09
K,O 0.07 | 4.42 = 0.06 | 0.05| 0.12 1.32 1439 001 0.01 0,01
BaO [0.05 | 0.00 g 023 | 0.17 | 0.09 0.00 1.56 0.0( 0.0  0.03
Sro 0.24 | 0.22 g 0.00 | 0.00 | 0.00 0.00 0.00 0.0( 018  0.00
Cl 0.00 | 0.50 § 0.00 | 0.00 | 0.00 0.03 0.00 0.02 0.04 0.10
SO, 0.00 | 0.00 = 0.00 | 0.00 | 0.00 0.03 0.00 0.05 013 0.20
Total | 96.52 | 96.02 98.73 | 99.31| 101.54| 100.44 101.33 46.78 57,10 58.42
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Table 3. Continued

30 31 32 33 34 35 36 37
Phase Carb Carb Cpx Cpx Cpx Amf Phi Phi
SiO, 0.19 0.80 43.42 44.61 46.48 38.52 33.70 37.00
TiO, 0.00 0 0.00 11.61 2.21 1.39 1.73 4.05 1.98
Al 03 0.00 | -2 0.00 9.13 8.85 7.98 16.4( 16.6f 14.28
FeO 7.08 | 2 8.95 P 9.41 8.38 8.79 9.04 13.66 7.24
MgO 1.52 E o 41.07 é 12.35 12.29 13.67 14.39 15.77 19.94
MnO 0.32 S S 0.12 ; 0.23 0.08 0.15 0.34 0.39 0.16
CaO 43.54 gg 0.14 §- 24.23 21.04 21.22 13.71 0.2y 0.66
Na,O 028 | 8~ 0.34 5 0.95 0.37 0.36 3.06 0.41 0.82
K,0 0.09 5 0.00 [= 0.00 0.00 0.00 2.77 13.70 11.52
BaO 0.00 o 0.00 0.06 0.00 0.00 0.00 2.57 3.33
SrO 0.11 @ 0.00 0.00 0.00 0.15 0.20 0.12 0.07
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SO, 0.88 0.28 0.00 0.00 0.00 0.00 0.00 0.00
Total 54.01 51.70 101.39 97.95 100.33 100.27 101.31 101.00

38 39 40 41 42 43 44 45 46
Phase Anor Or Ne Ap Mt Ze Ze Ze Ze
SiO, 64.34 65.24 46.82 1.80 0.94 41.09 47.04 48.38 42.41
TiO, 0.00 0.00 0.00 0.00 9.02 0.00 0.00 0.00 0.00
Al 03 21.47 18.99 33.06 0.00 1.97 24.44 0.00 21.93 24.38
FeO 0.26 0.39 0.70 0.34 78.27 0.25 19.86 0.32 0.35
MgO 0.13 0.33 0.15 0.00 1.13 0.44 2.76 0.40 0.18
MnO 0.00 0.00 0.00 0.00 1.59 0.00 3.47 0.00 0.00
CaO 0.97 1.08 2.95 53.90 0.59 8.56 0.00 9.2Y 8.11
Na,O 7.13 0.48 15.79 0.00 0.00 0.09 12.18 0.05 0.15
K,0 5.36 12.03 1.11 0.00 0.00 4.00 0.65 1.48 2.08
BaO 0.00 0.90 0.00 0.06 0.00 0.17 3.35 2.80 3.49
SrO 0.26 0.95 0.00 0.67 0.00 6.27 0.71 4.82 5.22
Cl 0.00 0.00 0.00 0.17 0.00 0.00 0.85 0.00 0.00
SO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.92 100.39 100.58 97.597 93.62*) 89.3] 96.3) 89.4 87.47***

47 48 49 50 51 52 53

Phase Carb Carb Carb Carb Cpx Cpx Or
SiO, 0.62 0.80 1.03 0.82 42.00 42.25 60.28
TiO, 0.00 0.00 0.00 0.00 2.07 1.61 0.00
Al 03 2.83 0.00 0.00 0.00 9.62 9.70 18.73
FeO 22.17 16.46 8.44 0.15 ° 13.59 14.40 0.31
MgO 0.23 2.41 2.49 0.55 é 9.59 9.68 0.12
MnO 40.52 1.43 0.48 0.00 ; 0.54 0.00 0.00
CaO 0.27 40.45 43.48 52.87 <3 20.49 20.51 2.19
Na,O 0.26 0.21 0.11 0.07 % 0.82 0.52 2.49
K,0 0.00 0.09 0.12 0.05 [= 0.00 0.03 14.34
BaO 0.00 0.13 0.11 0.03 0.03 0.00 0.72
SrO 0.00 0.00 0.14 0.13 0.23 0.27 0.42
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SO, 0.40 0.28 1.02 0.00 0.00 0.00 0.00
Total 67.30 62.26 57.42 54.67 98.98 98.97 99.60

Note: Carb - carbonate, Or - orthoclase, Ze - zeoliier abbreviations are the same as in Tables 12and
*Including 36.53 wt % FOs, 3.41 wt % F, 0.52 wt % G@3, and 0.19 wt % L#Ds. **Including 0.11 wt % CjOa.
***ncluding 1.1 wt % CeOs
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A crystalline inclusion of pyropic garnet (Bfnds;,Grosg) was found in
olivine. This garnet is different from the Ti-riggarnets (melanite and shorlomite)
described by Melluso et al. [19] and Beccaluvalef5 in the volcanic rocks of
the Vulture complex.

. ALK

Fig. 5. Photomicrographs of inclusions in apatite crystals(a) Primary inclusion of
silicate melt in a prismatic apatite grain enclosedby clinopyroxene 2. (b)-(d) Primary
silicate-carbonate melt inclusions in apatite phenysts ranging from (b) predominantly
silicate through (c) 50% silicate — 50% carbonate @ (d) predominantly carbonate
composition.

Green clinopyroxene 2 bears numerous crystallirdusions of hauyne,
apatite, and rare grains of Ba-rich phlogopite (8aB) and amphibole. The
amphibole is strongly resorbed and contains nuasegas bubbles.

Fresh rounded inclusions of hauyne in clinopyr@éx@nare up to 50 pm
across (Fig. 4b). Compared to the hauyne inclusionhe marginal zones of
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clinopyroxene 1 (smaller than 10 mm in size), taey enriched in SQCI, NgO,
and AbO; (Table 2).

Fig. 6. Photomicrographs of inclusions in olivine and chopyroxene. (a) Primary
high-density CO2 inclusion in olivine. (b) Partialy leaked melt inclusion in olivine
surrounded by the halo of small tiny inclusions impegnated into the host mineral. (c)
Primary melt inclusion in olivine. (d) Primary melt inclusion in clinopyroxene 2. (e), (f)
Secondary melt inclusions in clinopyroxene 1.

Clinopyroxene 2 contains numerous prismatic ranglaidtributed inclusions
of apatite (Table 2), up to 70 um in size. They paetially resorbed and show
smoothed faces (Fig. 5a).

Fluid inclusions

Rare primary fluid inclusions were found in oliviaad clinopyroxene 1.They
are often decrepitated and contain gas phase Blolever one small inclusion,
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less than 20 pum across, contained liquid and gas€d@® (Fig. 6a). Its
homogenization temperature 29 suggests a density of 0.63 gfcissuming
that it was captured by the clinopyroxene crysta teemperature of about 1200
(see thermometric experiments), pressure duringineli and pyroxene 1
crystallization is estimated as about 3.5 kbar.

One partially leaked secondary €@clusion containing liquid and gas was
also found in clinopyroxene 2. Its density is Og@8nT, which corresponds to 1.2
kbar at a temperature of 1100 - 1360

5.3. Primary melt inclusions in clinopyroxene and livine
5.3.1. Phase composition

Primary melt inclusions in olivine and clinopyroxeiare fully crystallized.
The daughter phases of melt inclusions are colridsmopyroxene and alkali
feldspars in olivine (Fig. 6c); clinopyroxene, arnigle, phlogopite, and
orthoclase in clinopyroxene 1; and clinopyroxerlkalafeldspars and orthoclase
in clinopyroxene 2 (Fig. 6d, Table 3). All the iaslons contain minor amounts of
residual glass and a gas phase accounting for ne tinan 7 vol %.

The daughter clinopyroxene crystals in melt in@asi from clinopyroxene
are always more intensely colored than the hosixgme. They occupy up to 40%
of inclusion volume and are enriched in FeO, MnOQM, NaO, and SrO at the
expense of Si©Q The daughter clinopyroxene of olivine-hosted metiusions
shows a high BaO content, whereas daughter clioeye in inclusions from
clinopyroxene 2 is SrO-rich (up to 0.23 wt %).

5.3.2. Thermometric experiments

The complete homogenization of melt inclusions wever reached in
thermometric experiments. The temperatures listatie table 4 correspond to the
point of complete melting of daughter phases. Isaifide was present in some
melt inclusions in olivine at a temperature of 1ZD0Primary melt inclusions are
sometimes decrepitated (Fig. 6b). In some caseawdiier inclusions in olivine
contained up to five gas bubbles at 1°G30which is indicative of melts enriched
in volatile components. The temperatures of pah@hogenization (melt + gas)
are 1180-124T for olivine and clinopyroxene 1, and 1160-1%®0for
clinopyroxene 2.

5.3.3. Composition of initial melt in olivine and clinopyroxene 1

The composition of primary melt was estimated ushreganalyses of glasses
from heated melt inclusions in olivine and clinopyene 1. The glasses of melt
inclusions in olivine were recalculated to equilion with the host mineral by
adding the appropriate amount of olivine to attéin= (Fe/Mg§ (Mg/Fe}' ~ 0.3
(Table 4). The compositions show moderate MgO (ahOuwwt %), low SiQ (40 —

162



Deep seated magmatism, its sources and plumes

44 wt %) and Ti@(no more than 1.5 wt %), and high,®k (up to 22 wt %) and
CaO contents (up to 17 wt %). The total of alkalisup to 11 wt % with about
equal sodium and potassium contents. The initiamaawas enriched in F (up to
0.6%), S (up to 0.43%), Cl (up to 0.55%), BaO (a@®15%), SrO (up to 0.52%),
and CgOs; (up to 0.15%). The high concentrations of S in thelts resulted in
sulfide appearance during early stages of crystdibn and sulfates during late
stages (hauyne).

The residual glasses of primary melt inclusionslimine contain up to 57 wt
% SIO, (Table 4).

5.3.4. Compositions of melt inclusionsin clinopyroxene 2

Table 5 shows the compositions of glasses fromekdeatelt inclusions in
clinopyroxene. They are richer in SI@5-50 wt %) compared to the inclusions in
olivine and poorer in CaO and,® at the same MgO content. However, the
concentrations of BaO, SrO, F, S, and ClI are sriyilsigh. The melts also show
high ROs concentrations, up to 1.3 wt %. The residual gasd melt inclusions
in clinopyroxene coexisting with daughter phasesaao up to 57 wt % Si©

5.4. Primary silicate melt inclusions in apatite

Primary tubular melt inclusions often occur in tbentral parts of apatite
grains enclosed in clinopyroxene 2. One of suclusgions, 5 x 20 um in size,
contained glass and euhedral daughter crystalsuatog for 40-50 vol % (Fig.
5a). Among the daughter phases, garnetsAlmds;GrossPy.s and clinopyroxene
were identified. The residual glass is Na-K-riclalfle 3). The bulk composition of
this inclusion is roughly estimated as 45 wt % Si® wt % AbOs, 10 wt % FeO,
6-7 wt % MgO, and 16 wt %a0. NaO + KO is no higher than 4 wt % and }a
> K,0. It is similar to the composition of tephrite ogfed by Meluso et. al. [19].

5.5. Primary silicate--carbonate melt inclusions irapatite

Large tabular apatite crystals identical to indixatl phenocrysts are sometimes
completely enclosed by clinopyroxene 1 and are nhetter preserved in such a
case. Primary silicate-carbonate melt inclusionst@70 pum in size) were found
in such crystals (Fig. 5b-d). The silicate and oadie materials show variable
proportions and are always clearly separated. Soahgsions display a meniscus-
shaped boundary between the silicate and salt p@ig. 5c). Daughter
clinopyroxene, phlogopite and residual glass werayaed in the silicate part of
these inclusions (Table 3). Electron microscoperexation revealed a SrO, S and
Cl enriched zone in the host apatite in contach Wt carbonate portion of one
inclusion.

Calcite from the inclusions is enriched in FeO (@@ wt %) and SrO (up to
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Table 4.
Compositions of glasses from heated primary melt glusions in olivine, wt.%

1 2 3 4 5 6 7
SiO, 43.62 41.24 41.45 40.73 42.09 41.66 42.97
TiO, 1.23 1.29 1.25 1.31 1.28 1.36 1.37
Al,O3 20.75 17.37 18.22 18.8% 17.0% 16.p5 16.83
FeO 5.79 5.60 5.87 6.28 6.48 5.98 5.82
MgO 6.45 8.24 7.03 7.18 8.04 7.09 7.84
MnO 0.03 0.01 0.04 0.11 0.11 0.0p 0.05
CaO 10.51 15.97 13.39 14.09 16.48 16.66 16.91
Na,O 5.24 3.38 5.71 4.18 4.28 3.88 3.60
K0 3.61 2.42 3.18 2.93 3.95 3.88 3.73
BaO 0.46 0.32 0.22 0.20 0.28 0.26 0.22
SrO 0.18 0.09 0.31 0.44 0.16 0.3 0.06
La,O3 0.04 0.07 0.03 0.00 0.07 0.0y 0.00
Ce0; 0.13 0.04 0.12 0.00 0.15 0.06 0.08
Cl 0.46 0.23 0.53 0.55 0.50 0.40 0.38
F 0.60 0.24 0.28 n.d. 0.12 0.00 0.16
S 0.18 0.34 0.17 0.18 0.20 0.22 0.26
Total 99.27 96.84 97.77 97.0% 101.22 97.96 100.28
T°C exp. 1200 1200 1200 1200 1240 1240 1240
mg# of host 01 0.86 0.92 0.85 0.85 0.90 0.90 0.90

8 9 10 11 12 13
SiO, 42.35 43.11 41.41 42.96 39.91 39.14
TiO, 1.38 1.46 1.42 1.12 1.45 4.25
ai,03 16.75 16.89 18.18 17.48 15.64 15.45
FeO 4.93 5.18 5.94 8.27 7.23 10.12
MgO 8.35 7.77 7.29 7.25 9.21 7.64
MnO 0.11 0.05 0.11 0.13 0.11 0.11
CaO 17.06 15.50 13.99 12.27 13.35% 13.44
Na,O 3.68 2.84 5.07 4.62 5.15 4.89
K0 3.58 4.06 5.69 3.66 4.60 451
BaO 0.32 0.34 0.39 0.33 0.33 0.14
SrO 0.35 0.24 0.29 0.38 0.40 0.24
La,O3 0.01 0.00 0.00 0.00 0.00 0.00
Ce0; 0.04 0.00 0.00 0.01 0.00 0.08
Cl 0.44 0.26 0.59 0.48 0.55 0.12
F 0.16 0.00 n.d. 0.38 0.29 0.11
S 0.18 0.33 0.00 0.41 0.33 0.16
Total 99.69 98.01 100.37 99.75 98.5% 100.40
T°C exp. 1200 1210 1180 1200 1200 1180
mg# of host 01 0.90 0.90 0.88 0.85 0.89 0.85

0.2 wt %). Magnesite was identified among the d&mglphases in primary
silicate-carbonate inclusions in apatite and in agnesite-zeolite lens in the
groundmass. It always contains variable amountsefd and CaO. In addition,
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dolomite and ankerite were found in primary mettlusions. Such a diversity of
carbonates is certainly nonequilibrium and probabfiects a prolonged evolution
of the carbonate system during changes in P-T tondi

Secondary melt inclusions in clinopyroxene 1, olime and clinopyroxene

Phenocrysts of olivine and clinopyroxene contangéamelt inclusions up to
200 pm in size (Fig. 6e, f). The phase composiamad morphology of these
inclusions are very different from those of the rimal” melt inclusions that are
described above. In addition to much larger sizesparable with that of the host
crystal, they show irregular outlines and are rootfined to certain mineral zones.
Some of these “inclusions” are connected with tlmeugdmass through thin
channels filled with daughter minerals and aretyrspeaking not inclusions (Fig.
6f). However, many of them are certainly compleisltylated within crystals. We
believe that such inclusions record a stage ofigdaiitssolution of phenocrysts;
they are thus fundamentally different from smah-gyystallization inclusions and
referred to as secondary.

The secondary melt inclusions contain large daughtgstals and glass
(Table 3). No less than 40 vol % of yellowish gredinopyroxene occur on the
walls. This clinopyroxene is much lower in MgO dmdher in FeO, AIO;, TiO,,
and NaO than host clinopyroxene 1. Their daughter phasa@ation is also
different from those of primary melt inclusions andludes F-apatite, amphibole,
F-phlogopite, Na-K feldspar, orthoclase, nephelida;Sr zeolites, Ti-magnetite,
and carbonates. Characteristic features of theldaugiinerals in such aggregates
are high contents of SrO (in apatite, clinopyroxexidspars, and amphibole), BaO
(in phlogopite, feldspar, and amphibole) and,@e(in apatite) (Table 3). The
zeolite is rich in BaO (3.5 wt %), SrO (5.2 wt %hd CeO; (1.1 wt %). There is
always a distinct gas bubble accounting for no ntoa@ 7-9 vol %.

DISCUSSION AND CONCLUSIONS

The diversity of mineral compositions suggests anmex history of
crystallization of the basanite sample studied. ifvestigation of melt and fluid
inclusions in the minerals provided some constsagnt this process. It is evident
that the earliest magmatic minerals of this rogk @ivine and clinopyroxene 1,
which form large and rather homogeneous phenocry$ts high maximum mg
values of olivine phenocrysts (up to 0.91) sugg¢fest the magma that arrived into
a magma chamber was almost undifferentiated andasito the primary mantle
melt. The high Ca contents of the most magnesiasinel phenocrysts (Fig. 7)
indicate that high Ca is a pristine characteristithe mantle melt rather than the
result of assimilation of crustal carbonatébe composition of primary mantle
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Fig. 7. Variations in the concentrations of major elementss functions of MgO for
homogenized melt inclusions in olivine and clinopyrxene phenocrysts.

melt was characterized by high,® N&O, F, Cl and S contents, which were
inherited by all later derivatives and are recordedhelt inclusion compositions.
The conditions of the beginning of magma crystatlan in a transitional magma
chamber are estimated from the results of thermaenetperiments with melt and
fluid inclusions. The highest crystallization termgere recorded by melt
inclusions in olivine is 124C. Because of the partial leakage of all primaunydfl
inclusions, the pressure of crystallization is ¢aased only from below as >5
kbar.

The compositions of clinopyroxene grains ssgghat clinopyroxene 2

Table 5
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Compositions of glasses from heated primary melt zlusions in clinopyroxene, wt.%

1 2 3 4 5 6 7
SiO; 46.53 45.86 46.92 45.71 50.04 44.7% 47.85
TiO> 1.17 0.91 1.08 1.05 0.91 1.23 1.21
Al,03 14.64 13.45 13.57 14.81 16.73 13.71 15.08
FeO 6.98 6.68 8.81 7.48 5.54 8.35 8.37
MgO 7.22 6.91 7.61 6.41 4.79 8.08 6
MnO 0.14 0.11 0.21 0.11 0.32 0.33 0.3
CaO 13.37 14.21 15.03 13.31 11.42 14.99 12.44
Na,O 3.76 4.92 2.98 4.15 4.71 3.84 4.11
K20 2.32 2.03 1.15 2.34 5.51 3.44 3.78
BaO 0.19 0.08 0.11 0.25 0.26 0.23 0.26
SrO 0.21 031 0.21 0.08 0.26 0.43 0.3
Cl 0.12 0.67 0.03 0.38 0.54 0.39 0.51
F 0.23 0.22 0.04 0.14 0.42 0.22 0.39
S 0.32 0.19 0 0.34 0.03 0.48 0.37
P>Os 1.28 1.01 1.33 1.08 0 0 0
LayO3 0.01 0.04 0.04 0.05 0 0 0
Ce0s3 0.06 0.11 0.07 0.08 0.15 0.13 0.27
Total 98.54 97.71 99.2 97.77 101.63 100.6 101.24
T°C exp 1165 1180 1180 1180 1195 1190 1160

crystallized after olivine and clinopyroxene 1. THenited data on the
compositions of melt inclusions in clinopyroxeneir@icate that it crystallized
from a melt similar to that parental of clinopyroee 1 but more evolved
(clinopyroxene 2 are lower mg, higher Ti, etc.)abidition to melt differentiation,
the sharp difference of compositions and appeasarfethe two pyroxene
generations could be related to a change in phgisernical crystallization
conditions (pressure, redox potential, or wateiveg). This is suggested by the
partial resorption of olivine and clinopyroxene dfdre or during clinopyroxene 2
crystallization. This process was most extensiveerwharge secondary melt
inclusions in olivine and clinopyroxene were formed remarkable feature of
these inclusions is elevated water and, €@ntents, which resulted in carbonate
crystallization and formation of zeolites duringeithpostmagmatic closed-system
evolution. It is important that such high water @ms could not be derived by
fractional crystallization of melts trapped as mgmnmelt inclusions in olivine and
clinopyroxene 1. These inclusions also evolved utissed-system conditions to
low temperature, but they never contain zeolites @my minor amphibole and F-
phlogopite as hydrous phases.

The conditions and compositions of crystallizatafrihese hydrous melts are
difficult to constrain, because the secondary mettlusions could not be
homogenized. Rough estimates of their bulk compostfrom the proportions
and compositions of daughter minerals suggest ttheyt were similar to other
melts. This is further supported by the specifieroital characteristics of the
minerals, such as high Ba, Sr, F, and S contents.
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The last stage of crystallization is recorded bwopyroxene 3, which
overgrows both clinopyroxene 1 and 2, and groundmasnerals. The
compositions of these minerals indicate again apslchange in crystallization
conditions. The high mg of clinopyroxene 3 suggésas the parental magma was
strongly depleted in Fe owing to extensive crystalion of titanomagnetite,
which is abundant in groundmass. The mineralogyh@fgroundmass is indicative
of almost water-free conditions. This conclusiorasroborated by the absence of
low-temperature hydrous minerals in the groundmassept for the deep inlets in
pyroxenes cogenetic with secondary melt inclusidifgs implies that most of
water gained after clinopyroxene 1 and 2 crystailon was lost by the moment of
eruption.

Thus, the complex mineralogy of the rock mirrorgamary mantle magma
crystallization under open-system conditions, w#inong variations in water
(probably, also oxygen) potential. Silicate-carlienauid immiscibility occurred
during some phase of this process. This is recarddte melt inclusions in apatite
containing silicate and carbonate materials in wgryproportions. Primary silicate-
carbonate inclusions in calcites were also repdr@d the Mt. Vulture sdvites by
Rosatelli et al. [24]. Their carbonate componentasninated by dolomite. The
compositions of carbonate and silicate liquids frahe apatite were not
determined, but the main mineral of the carbonai 13 calcite. The carbonate
melt coexisting with alkaline silicate melt mustntan substantial amounts of
alkalis. According to the available experimentalaglahe partition coefficients of
Na and K between carbonate and silicate liquidsk®e to one, if N® and kO
contents lower than 10 wt %. The carbonatite ligutdapped together with
silicates in apatite must therefore contain 5-10%wtof NgaO and KO. These
components could be consumed by the crystallizaifamepheline and potassium
feldspar or (and) be dissolved in aqueous fluidassmg during inclusion
crystallization.
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ABSTRACT

We compiled a database containing more than 48@6é@&minations for 73 elements
in melt inclusions in minerals and quenched glas$e®lcanic rocks. These data were used
to estimate the mean contents of major, volatihel thace elements in igneous melts from
main geodynamic settings. The following settingsengistinguished: (I) oceanic spreading
zones (mid-ocean ridges); (ll) zones of mantle guaativity on oceanic plates (oceanic
islands and plateaus); (lll) and (IV) settings tetato subduction processes, including (ll1)
zones of island-arc magmatism generated on thenmceeust and (IV) magmatic zones of
active continental margins involving the continémfaist into magma generation processes;
(V) intracontinental rifts and continental hot sgaand (V1) back-arc spreading centers. The
histogram of Si@contents in the natural igneous melts of all geadyic settings exhibits a
bimodal distribution with two maxima at Si©ontents of 50-52 wt % and 72—74 wt %. The
range 62-64 wt % Siromprises the minimum number of determinationsnilve mantle
normalized spidergrams were constructed for avecageents of elements in the igneous
melts of basic, intermediate, and acidic compasitifsom settings I-V. The diagrams reflect
the characteristic features of melt compositiomsefich geodynamic setting. On the basis of
the analysis of data on the composition of meltusions and glasses of rocks, average
ratios of incompatible trace and volatile compoedhtO/Ce, I0/Cl, Nb/U, Ba/Rb, Ce/Pb,
etc.) were estimated for the igneous melts of Blhe settings. Variations of these ratios
were determined, and it was shown that, in mosts;abe ratios of incompatible elements
are significantly different between settings. Thigedence is especially pronounced for the
ratios of elements with different degrees of incatiplity (e.g., Nb/Yb) and for some ratios
with volatile components (e.g..&/H;0).

In 2004, Naumov et al. [1] published the figgneralization for the mean
contents of major, volatile, and trace elementsigneous melts from main
geodynamic settings on the basis of a databaseding the analyses of glasses
from homogenized melt inclusions and quenched g#assf volcanic rocks
assembled in the Paradox for Windows system. Ttat nomber of analyses, i.e.,
the number of the natural objects (melt inclusiand quenched glasses), was then
almost 14000. Overall, the database contained 00@Bterminations representing
60 elements. During the past five years, the ingasons of melt inclusions in
minerals have rapidly increased, which is illugtdaby Table 1. The total number
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of publications exceeds 1000, and the number cfabbjanalyzed reaches 33 000.
Note that more than 50% of these papers have bekirsiped and 70% of the
determinations have been obtained during the lasadk. This attention to the
investigation of inclusions in minerals is explainey the fact that they provide,
perhaps, the most reliable method for the estimatb the composition and
physicochemical parameters of igneous melts. Thesestigations became
especially efficient after the advent of the methad local quantitative analysis
(electron, ion, and proton microprobes, Raman spsxbpy, LA ICP-MS, local
infrared spectroscopy, etc.). Some recent studeeg.,([2—7]) reported even
isotopic characteristics for some elements in iiddial melt inclusions.

Table 1.

Numbers of publications and analyses of melt inclisns in minerals and quenched glasses
of rocks for various time periods

. Number
Period of publications % Number %
of analyses

1970-1979 26 2.5 295 0.9
1980-1989 112 10.6 1465 4.4
1990-1999 361 34.2 8310 25.2
2000-2009 555 52.7 22935 69.5
1970-2009 1048 100.0 33005 100.0

As of the beginning of May 2009, the database d@oetamore than 480 000
determinations representing 73 elements, inclu@@g 000 for major elements,
47000 for volatile components {8, Cl, F, S, and C§£), 88 000 for trace and ore
elements (44 elements), and 52 000 for rare eddmemts. In addition, the
database comprises 7700 determinations of tempees tand more than 2000
determinations of pressures for natural igneoussn&@iven the variable abun
dances of natural minerals, the number of deterrores for particular minerals
Is, of course, also variable, which is illustratgdTable 2. The maximum amounts
of data were obtained for inclusions in olivineldfgpars, quartz, and pyroxenes.
Overall, the database comprises melt inclusionyaeal from 40 minerals. The
analyses of quenched glasses of volcanic rocks uatcéor 43% of all
determinations (Table 2). The following main geoaync settings differing in
conditions of formation and evolution of igneousltaieare considered in this
paper: (I) oceanic spread ing zones (mid-ocearesjdll) zones of mantle plume
activity on oceanic plates (oceanic islands andeplss); (Ill) and (IV) settings
related to subduction processes, including (lIhemof island-arc magma tism and
(IV) magmatic zones of active continental margif\é) intracontinental rifts and
continental hot spots; and (VI) back-arc spreadiegters related to subduction.

Figure 1 shows the histogram of Si€dntents in homogenous melt inclusions
in minerals and quenched glasses of volcanic réoksll geodynamic settings.
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Figure la is based on 13 500 determinations availayp 2004 and discussed in
[1]. A bimodal dis tribution was observed for theadable data on natural igneous

Table 2.

Numbers of analyses of major, volatile, and tracelements in the quenched lasses of rocks
and melt inclusions in various minerals

Object Number of analyses Object Number of analyse
Quenched glasses 14227 Mai?rzgﬂtiteeand 6
SO 7o Melilite 53
Feldspars 3912 el
Quartz 3383 Monticellite 42
Pyroxenes 2369 Topaz 41
Spinel 305 Titanite 40
i Perovskite 32
Amphibole 244
i Garnets 24
Apatite 221 e
Zircon 169 Cordierite 16
Feldspathoids 105 Corundum 16
Other 19 minerals 177
" Fi
DO @ L DO~ (5) n=33000
5 "
2
6000 - €000 L

4000 - 4000

2000

Yy

80 5i0; 40 60 B0 SiO,

Fig. 1. Histogram of SiO, contents in natural igneous melts from all geodynaic
settings according to the nvestigation of homogeaes melt inclusions in minerals and
guenched glasses of rocks is the number of determinations. (a) Data of [1] ad (b) data of
this study. (1) Melt inclusions in minerals and (2uenched glasses of rocks.

melts. Figure 1b presents the results of 33 00Q 8eerminations available now.
It is clearly seen that (1) the two diagrams ammgetely equivalent, although a
number of new natural objects from various geodynasettings were involved

into analysis, and (2) the distribution of $i€bntents in natural igneous melts is
bimodal. There are two maxima at Si€ntents of 50-52 wt % and 72—74 wt %.
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The lowesnumber of determinations corresponds to,Si@nhtents of 62—64 wt %.
The bimodal character of natural melts was deteoyeds [8] on the basis of 3465
analyses and was confirmed using an extended dataf 41 500 analyses [9]. It
can probably be concluded that such a type obigion of SiQ contents will not
be changed by future investigations. (3) A bimadlatribution is characteristic of
both melt inclusions in minerals (Fig. 1b, 1) anteched glasses of rocks (Fig.
1b, 2).

The histograms of Fig. 2 show the distribution @®Scontents in natural
igneous melts from particular geodynamic setting¥/I1). Setting | (mid-ocean
ridges) is practically devoid of intermediate aradec melts (there are only 61
such analyses in our database, i.e., 1.2%). Settingcean islands) is also
dominated by basic and ultrabasic melts. Similgsesy of distribution were
observed in settings Ill, IV, and V (island arcstivge continental margins, and
intraplate continental regions). They contain igmeanelts with widely variable
SIO, contents from 40 to 80 wt %. Data for back-arcinmsgsetting VI) are still
limited (908 determinations), but the dominancéadic melts is evident. Keeping
in mind such a distribution of Spontents (Figs. 1, 2), we calculated the mean
contents of major, volatile, trace, and rare eal#iments for three types of igneous
melts of basic (40-54 wt % Sj) intermediate (54-66 wt % SiJD and acidic
(>66 wt % SiQ) compositions.

For each melt type, mean contents were calculated ttie particular
geodynamic settings that were distinguished abNaemov et al. [1] showed that
geometric mean contents are more adequate th&umatit mean values, because
the contents of many elements have an approximitghormal distribution. Such
a distribution is exemplified by Fig. 3, which sh®wW348 determinations of Cl
content in basic igneous melts from geodynamicirggtli. The lognormal
distribution of element contents, irrespective loé geodynamic setting, was also
observed for Nb, Ce, Yb (setting I), Sr, Cr, and(Bstting Il) in Fig. 4 and for Ba,
Nd, Sm (setting Ill), Rb, B, and Th (setting V)kig. 5. Therefore, the abundances
of elements were calculated as geometric meansruhe conditions that any
particular measurement will not deviate from theamdy more than 2 with a
probability of 95%. The determinations that did matet this requirement were
rejected and the mean was recalculated. The oldtaim=san contents of major,
volatile, and trace elements are given in Tables. Each of the obtained mean
contents in the tables is accompanied by two vathesacterizing the confidence
interval (the first and second values are to beeddd and subtracted from the
mean, respectively). Mean contents were calculdtetl least 10 determinations
were available. Otherwise, the tables give onlythmber of available analyses by
the time of calculations.

How significantly did the mean contents of elemeciigange owing to the
investigation of new natural objects and the sigaiit increase of the number of
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Fig. 2. Histograms of SiQ contents in natural igneous melts from the main
geodynamic settings (I-VI) according to the inveggiation of homogeneous melt inclusions
in minerals and quenched glasses of rocks; n is the number of determinations.
Geodynamic settings: (I) mid-ocean ridges, (II) o@n islands, (lll) island arcs, (IV) active

continental margins, (V) intracontinental rift and hot-spot regions, and (VI) back-arc
basins.
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determinations compared with those available presh® In order to estimate this
effect, let us compare the mean compositions oicbhaelts from geodynamic
setting | reported in [1] with those for the sanedting presented in Table 3.
Discrepancies higher than 10% rel. were obtaineddttile components, O, B,
Nb, and Ba. The remaining 43 elements showed diffgs of no higher than 10%
rel. On the other hand, the difference appeardxsttouch higher than 10% rel. for
the contents of many elements in basic melts frewdgnamic settings Il and V,
because the number of determinations discussedl]inv§gs much lower. In
addition, this fact indicates a higher diversity floe compositions of natural melts
from geodynamic settings Il and V compared withdyg@mic setting I.

In addition to the elements presented in Tables Biebfirst analyses of other
trace elements (Re, Os, Ir, Pt, Pd, Ru, Cd, Br, Hhavere recently reported for
basic igneous melts (40-54 wt % $IOThese data are summarized in Table 6,
which shows the geodynamic setting, the numbeetérchinations, mean contents
(ppb), and confidence limits (first number has o dulded to the mean, and the
second number has to be subtracted from the mPaspite the limited number of
determinations, the data of Table 6 provide insigtd the level of concentrations
of these elements in the igneous melts of the aotdynamic settings.

7] 3':][’ It {b:|
i
()
EAL
200
L]
e 100
L]
p— | 1 i u
1] 0.1 0.2 0.3 0.4 000 .01 i1 11

Fig. 3. Histogram of the distribution of 1348 determination of Cl content in basic
igneous melts from geodynamic setting | on (a) lirsee and (b) logarithmic scales.

Figures 6—8 present spidergrams constructed ubmgldta of Tables 3-5 for the
mean contents of elements in the igneous meltiefrtain geodynamic settings
(I-V). The results for back-arc settings (VI) aret shown in these diagrams,
because, as was noted above, the number of awadelalyses is still low. The
comprehensive analysis of the distribution of tratmments in melts of various
compositions from various geodynamic settings igobd the scope of this
contribution. Many relevant problems have been utised in the papers that
focused on data for particular settings [11-17]. B¥dy emphasize here some
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general relations, which were revealed during thedyesis of the whole data set on
the compositions of inclusions and glasses of rocks

n
300

[ n=1020

lig

Lt

"
400

[ = l0es

Cr

[ n=1937

?n-‘ 1 [ig [iy

Dy

Fig. 4.Histograms of the contents of Nb, Ce, Yb (setting, Sr, Cr, and Dy (setting II).

(1) The mean compositions of inclusions and glassesab confirm the
existence of geochemical signatures for the mdlisagh of the settings. This is
primarily demonstrated by the radiating arrangenwdnthe set of the spectra of
mean contents in the melts of basic and intermedampositions. The maximum
differences are observed between the melts ohgsttiand V.
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(2) In general, the distributions of trace elementsintermediate and
basic melts are similar to each other and diffeheam the distribution observed in
acidic rocks. This may indicate that the sourceshef inter mediate and basic
magmas were similar. It can be sup posed that then rmechanism of the
formation of intermediate melts was the differeinia of basic (mantle) magmas,
whereas the sources and processesof the formaftioacidic magmas were
different (crustal rocks).

£ d .
W s T =03
00 |

00
1 |
i
12 I Tig Try g I Tia 1ot
Ba b

Fig. 5.Histograms of the contents of Ba, Nd, Sm (settinigj), Rb, B, and Th (setting V).

(3) A remarkable feature of the diagrams, especiatygeifor basic melts,
is the very limited variations in the contents loé teast incompatible elements in

178



Naumow.B., Kovalenko V|I., Dorofeeva V.A., Girnis Adhd Yarmolyuk V.V.

the right part of the distribution patterns (fronb To Lu). Such uniformity
indicates that the sources of magmas were, on gaesamilar. It should be kept in
mind

A P I |

—a— 1Y

Pvle It/ Primitive neanile

Cs Ba U Ma La P Sr BMd Hf Eu Gd Dy Y Er Yh
Fbh Th Wb K Ce Pr P Zr 8n Tl Th LI Ho Tm Lu

100
-1 I

—a Y

vl It/ Primitive nentle

1 1 1 1 1 ! ! 1 1 1 1 ! ! 1 1

La €& Pr MNd Sm Euw Gd Th Dy He Er Tm Yo Lu

Fig. 6. Primitive mantle normalized [10] distribution patterns of trace and rare earth
elements in the basic melts of (I) midoceanridgeg§ll) ocean islands, (lll) island arcs, (IV)
active continental margins, and (V) intracontinenta rifts and continental hotspots.

that the relative contents of these elements ast laffected by the processes of
crustal contamination, modification of source cosipon under the influence of
fluid and melt mass transfer, etc. Although mirtbg differences in these parts of
patterns are also interesting. The melts of mickocedges appear to be most
enriched in these elements.
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Table 3.

Mean contents of major, volatile, and trace elemestin basic (40-54 wt % Si@) igneous
melts from the main geodynamic settings (I-VI) acadling to the investigation of melt

Component n I n [l n [l
SiO; 4815 50.33 5197 49.82 2468 50.59
+ 1.05/-1.03 +2.49/-2.37 +2.83/-2.68
TiO2 3593 1.22 4977 2.15 2385 0.98
+0.52/-0.36 +0.97/-0.67 +0.51/-0.34
Al1,0; 3522 15.53 4988 13.92 2385 16.08
+1.28/-1.18 + 1.60/-1.44 +2.84/-2.41
FeO 3591 9.19 5024 10.87 2390 8.63
+ 1.66/-1.40 +2.34/-1.92 +2.48/-1.93
MnO 2233 0.16 3878 0.17 1922 0.16
+0.06/-0.04 +0.06/-0.05 +0.10/-0.06
MgO 3869 7.80 5111 1.27 2417 6.56
+ 1.54/-1.29 +2.84/-2.04 +4.19/-2.56
CaO 3522 11.53 4988 11.12 2385 10.79
+1.271.43/- +1.79/-1.54 +2.92/-2.30
Nax0 3575 2.68 4975 2.38 2385 2.64
+0.66/-0.53 +0.64/-0.50 + 1.03/-0.74
K20 4460 0.14 5029 0.57 2401 0.74
+0.30/-0.10 +0.57/-0.28 +0.86/-0.40
P20s 3074 0.15 4521 0.29 1959 0.17
+0.15/-0.08 +0.26/-0.14 +0.20/-0.09
H.0O 1216 0.29 1238 0.52 1044 1.80
+0.34/-0.16 +0.68/- 0.29 + 1.49/-0.82
Cl 1348 110 1856 300 1459 960
+ 390/-90 +620/-200 +700/-400
F 395 150 1002 650 601 330
+210/-90 +1110/-410 +480/-200
S 762 1000 2797 620 1276 1350
+450/-310 +1280/-420 + 1160/-620
CO; 479 160 848 100 194 250
+150/ - 80 +220/-70 +1180/- 200
Total 99.17 99.24 99.43
T,°C 541 1226 1051 1200 1014 1172
+43/-42 +60/-57 +84/-78
Li 453 6.13 145 6.11 478 5.88
+1.82/-1.40 + 3.35/-2.16 +4.1 1/-2.42
Be 407 0.58 78 0.69 373 0.55
+0.38/- 0.23 +0.42 /-0.26 +0.21/-0.15
B 212 1.39 224 1.70 582 12.85
+1.07/-0.61 +1.80/-0.87 +7.59/-4.77
Sc 730 38.30 232 34.79 87 31.66
+ 5.17/-4.56 +12.36/-9.12 +19.72/ 12.15
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Table 3. Continued

Component n vV n V n \
SiO; 1304 49.64 2143 48.57 704 50.15
+2.77/-2.62 +3.82/-3.54 +2.19/-2.10
TiO2 1303 1.31 2077 1.36 661 0.99
+0.48/-0.35 + 1.20/-0.64 +0.61/-0.38
Al,0; 1304 17.01 2107 15.42 661 15.07
+2.99/-2.54 +5.83/-4.23 +2.75/-2.32
FeO 1303 8.87 2091 8.41 661 8.13
+3.19/-2.34 +4.66/-3.00 +2.17/-1.71
MnO 1189 0.14 1551 0.16 520 0.15
+0.09/-0.05 +0.15/-0.08 +0.06/-0.04
MgO 1303 6.21 2080 5.07 683 7.83
+2.86/-1.96 +4.62/-2.42 +2.58/-1.94
CaO 1304 10.07 2108 9.61 661 11.92
+2.15/-1.77 +4.85/-3.22 +2.28/-1.92
Na,O 1304 3.06 2117 2.81 661 2.58
+1.33/-0.93 +2.77/-1.40 +0.63/-0.50
K20 1304 0.82 2143 1.84 683 0.74
+0.69/-0.38 +3.18/-1.16 + 1.90/-0.53
P05 1227 0.40 1562 0.58 653 0.20
+0.49/-0.22 +0.93/-0.36 +0.20/-0.10
H,0 430 1.96 550 1.64 196 0.92
+2.36/-1.07 +2.42/-0.98 +0.91/-0.46
Cl 1068 680 1187 2000 142 970
+920/-390 +7150/-156( +960/-480
F 97 1160 430 2090 35 80
+5880/-970 +5650/-1530 +90/-40
S 1032 1170 964 1020 103 790
+ 1150/-580 +2350/-710 + 550/-320
CO; 152 930 241 1330 39 420
+ 1550/-580 + 1900/-780 +960 /-290
Total 99.89 96.11 98.91
T, °C 757 1207 982 1194 32 1181
+24/-23 +69/-66 +59/-57
Li 133 7.08 175 9.11 17 5.70
+5.52/-3.10 +18.60/-6.1 1 +2.10/-1.53
Be 35 0.47 139 4.04 11 0.54
+3.7/-0.21 +9.57/-2.84 +0.34/-0.21
B 102 10.21 216 10.71 - -
+ 10.30/-5.13 +37.6/-8.33 -
Sc 137 27.77 105 33.45 54 40.59
+9.44/-7.04 +20.12/-12.6 +6.12/-5.32
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Table 3. Continued

Component n I n Il n 1
\% 619 268 453 297 203 314
+ 8 8/-66 +120/-86 +90/-70
Cr 1106 313 1182 398 437 236
+ 251/-139 +533/-228 +609/-171
Co 324 44.1 87 50.5 31 37.5
+4.8/-4.4 +10.0/-8.4 +25.3/-15.1
Ni 534 102 464 148 61 59
+ 52/-35 +220/-88 +160/-43
Cli 371 73.0 192 100.2 27 145.1
+14.6/-12.2 +60.8/-37.8 + 133.6/-69.6
Zn 351 80.2 206 108.0 18 71.8
+28.9/-21.3 +34.9/-26.4 +22.2/-16.9
Ga 341 17.8 61 21.7 - -
+1.9/-1.8 +2.6/-2.3 -
Rb 719 1.52 661 11.44 184 14.2
+3.11/-1.02 +28.37/-8.1 +32.3/-9.9
Sr 1078 127 1065 296 531 340
+61/-41 +403/-170 +266/-149
Y 1041 27.8 940 25.2 653 20.0
+12.8/-8.8 +13.3/-8.7 +6.4/-4.8
Zr 1153 89.6 1053 142 647 65.7
+75.6/-41.0 +180/-79 +43.7/-26.2
Nb 1029 247 897 17.1 621 1.49
+4.37/-1.58 +33.4/-11.3 + 1.50/-0.75
Mo 22 0.90 - - - -
+ 1.22/-0.52 - -
Cs 336 0.04 110 0.17 118 0.85
+0.13/-0.03 +0.34/-0.11 +3.00/-0.66
Ba 973 15.9 932 102 656 214
+45.5/-11.8 +247 [-72 +256 /-116
La 1318 4.26 1096 8.11 647 5.76
+5.28/-2.36 +22.74/-5.98 +5.55/-2.82
Ce 1428 11.3 939 24.0 513 13.4
+12.3/-5.9 +74.0/-18.1 +12.7/-6.5
Pr 285 1.76 466 3.14 130 2.12
+1.20/-0.71 +2.14/-1.27 +2.49/-1.14
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Table 3. Continued

Component n v n \% n VI
\% 91 274 114 276 104 265
+67/-54 +176/-108 +50/-42
Cr 56 125 491 482 327 470
+690/-106 +1722/-377 +675/-277
Co - - 46 56.2 60 44.6
- +131.8/-39.4 +22.6/-15.0
Ni - - 250 316 106 106
- +717/-219 +7S/-44
Cli 24 209 31 646 92 102
+1088/-175 + 1200/-420 +43/-30
Zn 21 117.3 27 88.4 39 68.8
+51.5/-35.8 +80.6/-42.2 +25.3/-18.5
Ga - - 26 16.4 21 15.5
- +2.7/-2.3 +2.3/-2.0
Rb 190 14.7 251 49.0 166 3.27
+40.3/-10.8 +192.5/-39.1 + 3.54/-1.70
Sr 288 502 445 740 172 182
+427/-231 +1110/-444 +83/-57
Y 287 22.4 311 21.2 167 21.3
+S.6/-6.2 +11.9/-7.6 +16.4/-9.3
Zr 288 111 386 167 142 57.7
+134/-61 +271/-103 +79.4/-33.4
Nb 235 8.89 310 23.6 142 0.82
+10.48/-4.81 + 55.9/-16.6 +1.15/-0.48
Mo - - - - 30 0.59
- - +0.33/-0.21
Cs 38 1.06 112 5.39 22 0.03
+2.93/-0.78 +15.12/-3.97 +0.11/-0.02
Ba 295 322 470 740 180 45.5
+493 /-195 +4230/-630 +42.0/-21.8
La 245 14.62 289 24.2 146 4.92
+23.61/-9.03 +64.4/-17.6 +4.09/-2.23
Ce 287 31.6 350 62.6 99 11.35
+54.1/-20.0 +109.1/-39.8 +9.29/-5.11
Pr 156 521 81 4.85 34 1.11
+7.71/-3.11 +3.03/-1.86 +0.66/-0.41
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Table 3. Continued

Component n I n [l n 1
Nd 1133 10.14 939 17.4 505 10.09
+6.43/-3.94 + 33.8/-11.5 +6.94/-4.11
Sm 1212 3.39 955 4.72 529 2.80
+1.81/-1.18 + 5.35/-2.51 +1.41/-0.94
Eu 1045 1.16 917 1.27 499 1.02
+0.52/-0.36 +1.12/-0.59 +0.49/-0.33
Gd 775 431 669 5.86 272 3.55
+1.61/-1.17 + 3.08/-2.02 +1.64/-1.12
Tb 350 0.77 378 0.88 71 0.60
+0.27/-0.20 +0.23/-0.18 +0.20/-0.15
Dy 1032 4.72 937 4.73 494 3.30
+2.13/-1.47 + 2.79/-1.76 +1.01/-0.77
Ho 274 1.00 464 0.99 69 0.79
+0.36/-0.26 +0.28/-0.22 +0.30/-0.22
Er 889 2.99 840 2.31 494 2.04
+118/-0.85 +1.12/-0.76 +0.60/-0.47
Tm 228 0.42 378 0.38 93 0.28
+0.14/-0.10 +0.12/-0.09 +0.12/-0.08
Yb 1069 2.88 1049 2.02 532 1.91
+1.29/-0.89 +0.88/-0.61 +0.66/-0.49
Lu 565 0.43 420 0.32 100 0.37
+0.15/-0.11 +0.12/-0.09 +0.21/-0.13
Hf 608 2.33 485 3.92 359 1.84
+1.24/-0.81 + 2.63/-1.57 +0.92/-0.61
Ta 518 0.27 343 1.09 100 0.21
+0.48/-0.17 +1.12/-0.55 +0.27/-0.12
wW 52 0.02 13 0.29 - -
+0.02/-0.01 +0.46/-0.18 -
Pb 459 0.69 380 0.96 324 2.13
+0.38/-0.24 +0.96/-0.48 +2.11/-1.06
Th 736 0.34 471 1.00 542 0.56
+0.71/-0.23 + 2.52/-0.72 +0.52/-0.27
U 588 0.09 450 0.39 400 0.36
+0.17/-0.06 +0.64/-0.24 +0.36/-0.18

Table 3. Continued
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Component n v n \% n VI
Nd 228 20.6 286 27.4 172 9.61
+29.0/-12.0 +31.9/-14.8 +4.41/-3.02
Sm 210 4.72 325 5.78 186 2.68
+4.83/-2.39 +6.57/-3.07 +1.10/-0.78
Eu 177 1.45 247 1.70 131 0.94
+0.83/-0.53 +1.33/-0.75 +0.33/-0.24
Gd 177 4.39 200 5.47 120 3.07
+ 2.95/-1.76 +4.82/-2.56 +1.70/-1.09
Tb 15 0.90 79 0.87 21 0.73
+0.21/-0.17 +0.41/-0.28 +0.30/-0.21
Dy 196 3.98 236 4.13 99 4.08
+1.86/-1.27 +2.71/-1.64 +1.97/-1.33
Ho 10 0.84 47 1.06 51 0.67
+0.20/-0.16 +0.22/-0.18 +0.31/-0.21
Er 203 2.11 202 2.10 100 2.50
+0.79/-0.58 +1.00/-0.68 +1.32/-0.86
Tm - - 30 0.33 60 0.21
- +0.02/-0.02 +0.07/-0.05
Yb 211 1.97 281 1.82 146 1.97
+0.88/-0.61 +1.02/-0.66 + 1.26/-0.77
Lu 34 0.29 117 0.30 39 0.36
+0.29/-0.14 +0.11/-0.08 +0.28/-0.16
Hf 124 2.36 165 3.58 83 0.86
+1.51/-0.92 +4.17/-1.92 +0.36/-0.25
Ta 143 0.59 173 1.22 94 0.04
+0.38/-0.23 +2.99/-0.87 +0.06/-0.02
w - - - - 12 0.05
- - +0.02/-0.02
Pb 202 3.63 113 1.62 110 1.08
+ 8.03/-2.50 + 3.44/-1.10 +0.66/-0.41
Th 193 1.27 299 2.51 68 0.29
+2.43/-0.84 +8.07/-1.91 +0.32/-0.15
U 168 0.84 242 1.35 76 0.18
+1.49/-0.54 +4.02/-1.01 +0.15/-0.08

Note: In Tables 3-5, the contents of major oxides angfmare in wt %, and other elements are in ppm;

is the number of determinations; geometric meamscatculated under the condition that a particular
determination does not deviate from the mean byenmban 2with a probability of 95%; and the
numbers beneath the mean values are standardidesiéthe first number has to be added to, and the
second number, subtracted from the mean).
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(4) In general, an increase in the normalized elemeamitents with
increasing incompatibility mimics the characteretdment variations in the mean
composition of the continental crust. However,rapde model based on the direct
contamination of mantle melts (similar to the dégdemelts of setting 1) by crustal
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Fig. 7. Primitive mantle-normalized [10] distribution patt erns of trace and rare earth
elements in the intermediate melts of (1) islandarcs, (IV) active continental margins, and
(V) intracontinental rifts and continental hot spots.
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Table 4.

Mean contents of major, volatile, and trace elemestin intermediate (54—66 wt % SiQ)
igneous melts from the main geodynamic settings 4) according to the investigation of

melt inclusions in minerals and quenched glasses wblcanic rock

Component n I n [l n [l
SiO; 59 56.52 349 58.57 1520 57.84
+2.50/-2.40 +4.51/4.18 +4.17/-3.89
TiO2 55 1.57 344 1.01 1505 0.89
+1.26/-0.70 +1.51/-0.61 +0.81/-0.42
Al,03 54 14.51 347 16.86 1511 15.23
+5.48/-3.98 +4.56/-3.59 +2.53/-2.17
FeO 55 7.96 349 3.98 1519 7.44
+3.38/-2.37 +4.15/-2.03 +4.36/-2.75
MnO 42 0.14 285 0.10 1054 0.16
+0.06/-0.04 +0.22/-0.07 +0.14/-0.08
MgO 59 4.33 348 1.72 1510 2.15
+5.02/-2.32 +2.50/-1.02 +2.40/-1.14
CaO 55 6.18 347 3.28 1511 6.38
+5.51/-2.91 +4.89/-1.96 + 3.19/-2.13
Na,O 55 3.22 344 4.41 1510 3.17
+ 1.45/-1.00 +2.95/-1.77 + 1.44/-0.99
K20 58 0.68 349 2.09 1511 1.05
+ 1.54/-0.47 +3.1/-1.25 + 1.74/-0.65
P>0s5 35 0.28 285 0.26 1056 0.21
+0.39/-0.16 +0.52/-0.17 +0.40/-0.14
H.0O 4 - 47 1.58 433 1.87
- + 3.43/-1.08 +1.61/-0.87
Cl 20 2710 187 1430 901 1450
+1980/-830 +1820/-810
F 0 - 94 800 322 380
- +1280/-490 + 960/-270
S 17 730 148 340 589 430
+700/-360 +620/-220 +1070/-310
CO; 0 - 3 - 41 70
- - +160/-50
Total 95.73 96.20 96.63
T,°C 11 1250 60 1203 331 1134
0/-0 +55/-53 +77/-72
Li 5 - 15 4.76 163 8.26
- +1.91/-1.36 +6.29/-3.57
Be 4 - 0 - 142 0.54
- - +0.21/-0.15
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Table 4. Continued

Component n v n \% n VI
SiO; 698 60.92 918 58.80 131 56.77
+ 5.50/-5.04 +3.58/-3.38 +2.98/-2.83
TiO2 689 0.92 1097 0.64 123 0.76
+0.90/-0.46 + 1.07/-0.4( +0.41/-0.27
AL 7,03 694 16.38 1118 17.85 123 16.71
+2.36/-2.07 +5.75/-4.35 +3.04/-2.57
FeO 690 4.62 1114 2.56 123 6.23
+ 3.41/-1.96 +3.01/-1.38 +4.38/-2.57
MnO 562 0.10 845 0.12 106 0.13
+0.12/-0.05 +0.26/-0.08 +0.09/-0.05
MgO 683 2.05 1086 1.06 131 1.92
+2.74/-1.17 +4.47/-0.86 +2.22/-1.03
CaO 689 4.42 1104 2.11 123 6.34
+3.68/-2.01 +2.89/-1.22 +2.53/-1.81
Na,O 694 4.26 1118 4.30 123 2.82
+1.75/-1.24 +3.35/-1.88 +1.31/-0.89
K20 694 1.94 1118 4.94 112 0.81
+ 1.53/-0.86 +4.72/-2.41 +0.58/-0.34
P.0. 534 0.37 740 0.15 117 0.20
+0.40/-0.19 +0.74/-0.13 +0.20/-0.10
H.0O 312 1.65 264 1.61 77 1.55
+2.95/-1.06 +2.68/-1.00 +0.37/-0.30
Cl 286 1140 799 2850 76 2410
+1820/-700 +6330/-1970 +950/-680
F 114 3360 414 3630 53 140
+ 16690/-280( +7010/-2390 +2020/-130
S 177 460 415 370 25 430
+1850/-370 +690/-240 +1560/-340
COs 34 1790 4 - 3 -
+ 9720/-1510 - -
Total 98.31 94.83 94.53
T,°C 123 1144 414 1124 1 -
+96/-8S +167/-145 -
Li 40 24.50 60 120 0 -
+36.64/-14.68 +905/-106 -
Be 18 1.88 48 15.7 3 -
+6.03/-1.43 +98.5/-13.6 -
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Table 4. Continued

Component n I n [l n 1l
B 3 - 15 2.15 164 18.2
- +0.60/-0.47 +22.1/-10.0
Sc 15 36.7 4 - 30 215
+ 5.53/-4.81 - +32.6/-12.9
Vv 6 - 11 27.8 87 271
- +328/-25.6 + 530/-179
Cr 6 - 41 284 198 170
- +1002/-222 + 735/-138
Co 1 - 2 - 16 24.8
- - +15.9/-9.7
Ni 1 - 45 222 38 43.0
- +353/-136 +295/-37.5
Cu 1 - 8 - 13 93.6
- - +285/-70.5
Zn 11 - 14 150 13 77.7
- +99/-60 +12.1/-10.4
Rb 15 7.31 21 33 102 16.3
+28.22/-5.81 +276/-29 +58.2/-12.f
Sr 18 187 36 341 174 250
+208/-98 +258/-147 +490/-166
Y 18 16.8 21 34.6 159 18.0
+12.0/-7.0 +48.5/-20.2 +22.2/-10.0
Zr 18 130 36 252 157 82.7
+232/-83 +798/-191 +147.1/-52,9
Nb 16 8.73 36 23.3 151 1.90
+37.05/-7.07 + 106.3/-19. +3.34/-1.21
Mo - - - - - -
Sn - - - - - -
Cs 4 - 5 - 35 1.46
- - +6.37/-1.19
Ba 17 63.7 47 245 196 338
+370/-54.3 +1125/-201 +1936/-288
La 19 6.65 32 21.4 160 3.46
+16.40/-4.73 +107.7/-17. +9.06/-2.50
Ce 19 14.8 22 142 164 14.2
+27.0/-9.6 +393/-104 +54.4/-11.3
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Table 4. Continued

Component n v n \% n VI
B 42 36.9 59 84 0 -
+78.2/-25.1 +539/-72 -
Sc 20 15.23 23 2.90 14 22.4
+6.03/-4.32 +3.84/-1.65 +13.4/-8.4
Vv 36 167 27 42.3 12 290
+ 194/-90 +171.3/-34. +159/-103
Cr 46 151 88 149 25 43.7
+1958/-141 +-1532/-135 +223.9/-36.6
Co 12 14.5 24 1.66 10 29.0
+16.7/-7.8 +2.02/-0.91 +7.11/-5.71
Ni 8 - 45 101 18 13.0
- +4720/-99 +18.8/-7.7
Cu 72 197 6 - 27 56.3
+358/-127 - +116/-37.9
Zn 54 69.3 14 107.0 13 81.0
+40.2/-25.4 +68.8/-41.9 +77.0/-39.4
Rb 119 80.1 89 414 18 9.42
+ 159/-53.3 +3030/-364 +7.82/-4.28
Sr 117 429 187 292 20 168
+ 304/-178 +2180/-258 +231/-97
Y 111 25.2 81 24.5 19 30.2
+25.3/-12.6 +65.8/-17.8 +17.4/-11.0
Zr 115 199 182 900 20 106.4
+146/-84 +3486/-716 +95.8/-50.4
Nb 114 11.7 90 83.2 34 1.30
+16.9/-6.9 + 166.9/-55. +1.26/-0.64
Mo 12 1.78 16 3.15 5 -
+2.48/-1.04 +5.18/-1.96 -
Sn - - 19 22.7 - -
- +208.2/-20.4 -
Cs 87 2.76 64 24.8 8 -
+4.85/-1.76 +684/-23.9 -
Ba 137 719 206 1293 34 140
+415/-263 - +172/-77
La 104 25.9 108 90.1 16 5.78
+ 18.9/-10.9 +406/-73.7 +9.00/-3.52
Ce 111 56.4 133 208 15 211
+40.6/-23.6 +754/-163 +35.0/-13.2
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Table 4. Continued

Component n n Il n 1
Pr 6 - 10 4.22 41 3.32
- +7.40/-2.69 +6.48/-2.20
Nd 17 8.31 22 56.5 151 8.14
+7.54/-3.95 + 148/-40.8 +17.70/-5.57
Sm 17 1.95 22 10.2 147 1.94
+1.47/-0.84 + 18.5/-6.6 +2.48/-1.09
Eu 17 0.93 22 2.26 131 1.05
+0.58/-0.36 +2.40/-1.16 +1.08/-0.53
Gd 17 2.36 20 8.56 83 3.02
+2.28/ 1.16 +13.84/-5.2 +1.97/-1.19
Tb 5 - 7 - 31 0.87
- - +0.30/-0.22
Dy 17 2.62 22 7.05 145 2.72
+2.51/-1.28 +8.95/-3.94 +2.47/-1.29
Ho 7 - 10 0.99 28 1.08
- +0.76/-0.43 +0.29/-0.23
Er 18 1.55 21 3.07 133 1.80
+ 1.04/-0.62 +3.05/-1.53 + 1.24/-0.74
Tm 5 - 5 - 18 0.48
- - +0.16/-0.12
Yb 18 1.88 32 2.25 152 1.78
+ 1.49/-0.83 + 1.55/-0.92 +1.35/-0.17
Lu 9 - 8 - 52 0.42
- - +0.38/-0.20
Hf 9 - 6 - 80 1.75
- - +1.52/-0.81
Ta 6 - 6 - 48 0.31
- - +0.92/-0.23
Pb 11 1.10 15 5.25 70 3.90
+ 1.89/-0.69 +27.46/-4.4 +4.63/-2.12
Th 14 1.20 6 - 101 0.74
+ 3.49/-0.89 - + 1.16/-0.4%
U 10 0.82 6 - 64 0.51
+1.63/-0.55 - +0.51/-0.25
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Table 4. Continued

Component n v n \Y n VI
Pr 20 8.06 50 8.30 14 2.44
+6.86/-3.71 +28.67/-6.44 +2.34/-1.19
Nd 90 29.0 76 29.5 17 134
+21.6/-12.4 +86.8/-22.0 +16.6/-7.4
Sm 52 7.69 82 5.00 17 3.18
+6.68/-3.58 +15.88/-3.8D +2.02/-1.24
Eu 49 2.37 70 161 15 1.10
+ 1.35/-0.86 +2.26/-1.08 +0.29/-0.23
Gd 31 5.04 46 3.76 14 2.99
+2.60/-1.72 +8.46/-2.60 +2.19/-1.26
Tb 20 0.78 48 0.86 13 0.64
+0.30/-0.22 +2.53/-0.64 +0.34/-0.22
Dy 30 4.00 75 3.68 10 3.36
+1.84/-1.26 +7.31/-2.45 +3.80/-1.78
Ho 12 0.70 47 0.90 13 0.99
+0.38/-0.25 +2.66/-0.67, +0.60/-0.38
Er 28 1.88 67 2.08 15 2.54
+0.66/-0.49 +3.87/-1.35 +1.68/-1.01
Tm 14 0.24 25 0.50 6 -
+0.07/-0.05 + 1.33/-0.36 -
Yb 66 1.96 76 2.44 15 2.63
+1.80/-0.94 +4.56/-1.59 +2.06/-1.15
Lu 26 0.57 51 0.45 14 0.64
+0.67/-0.31 +0.94/-0.30 +0.59/-0.31
Hf 25 4.47 45 5.82 14 2.30
+5.44/-2.4S +7.97/-3.36 +2.51/-1.20
Ta 49 0.97 35 8.33 22 0.06
+1.74/-0.62 +27.72/-6.29 +0.03/-0.02
Pb 73 12.21 21 29.5 28 2.45
+7.27/-4.S6 +94.0/-22.5 +2.58/-1.26
Th 76 4,72 69 11.38 28 0.70
+6.90/-2.80 +21.64/-7.46 +0.40/-0.26
U 66 1.21 56 8.34 28 0.45
+1.41/-0.65 +20.99/-5.67 +0.47/-0.23
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Fig. 8. Primitive mantle-normalized [10] distribution patterns of trace and rare
earth elements in the acidic melts of (lll) islandarcs, (IV) active continental margins, and
(V) intracontinental rifts and continental hot spots.
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Table 5.

Mean contents of major, volatile, and trace elemestin acidic (SiG > 66 wt %) igneous
melts from the main geodynamic settings (I1I-VI) acording to the investigation of melt

inclusions in minerals and quenched glasses of valtc rocks

Component n I n 1 n

SiO; 205 70.48 3364 73.40 2856
+2.35/-2.28 +3.33/-3.18

TiO; 201 0.29 3155 0.28 2429
+0.21/—0.12 +0.58/-0.19

Al1,03 205 12.97 3277 12.57 2694
+2.98/-2.43 +1.52/-1.36

FeO 205 3.29 3283 1.35 2419
+ 1.29/-0.93 + 1.04/-0.59

MnO 172 0.12 2088 0.06 1688
+0.08/-0.05 +0.10/-0.04

MgO 205 0.12 3138 0.23 2397
+0.90/-0.11 +0.54/-0.16

CaOo 205 1.20 3303 1.16 2665
+1.93/-0.74 +0.75/-0.46

Nax0 203 5.11 3275 3.72 2678
+1.44/-1.12 +1.11/-0.8%

K20 205 3.21 3292 3.05 2727
+ 1.46/-1.00 + 1.30/-0.91

P05 102 0.05 1135 0.06 1521
+0.27/-0.04 +0.17/-0.04

H.O 31 1.72 1131 2.39 1576
+3.66/-1.17 +2.84/-1.30

Cl 102 2330 2050 1110 912
+2860/-1280 +1820/-690

F 82 1150 667 320 555
+3330/-860 +400/-180

S 73 130 535 120 367

+ 200/-80 +250/-80
CO2 1 - 168 90 323
- +120/-50
Total 98.92 98.43
T°C 1 - 483 989 599
- +206/-170

Li 13 61.4 694 38.2 435
+73.4/-33.4 +62.0/-23.7

Be 13 12.49 410 1.22 156
+ 1.92/-1.66 +0.99/-0.55
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Table 5. Continued

Component v n \% n VI
SiO; 72.71 2123 73.82 61 68.89
+ 3.28/-3.14 +2.88/-2.77 +3.39/-3.24
TiO2 0.19 1751 0.10 60 0.59
+0.57/-0.14 +0.17/-0.06 +0.26/-0.18
Al,03 13.40 2017 12.16 60 13.70
+2.28/-1.95 +1.92/-1.66 +1.76/-1.56
FeO 1.11 2009 0.98 60 3.84
+1.34/-0.61 +1.32/-0.56 +1.74/-1.20
MnO 0.05 1301 0.04 55 0.10
+0.10/-0.03 +0.12/-0.03 +0.14/-0.06
MgO 0.19 1934 0.04 61 0.87
+0.68/-0.15 +0.07/-0.02 + 1.14/-0.49
CaO 0.97 1855 0.40 60 2.73
+ 1.35/-0.56 +0.42/-0.20 + 1.35/-0.90
Na,O 3.66 2014 3.91 60 3.36
+1.74/-1.18 +1.38/-1.02 +1.34/-0.96
K20 4.06 2017 4.54 61 1.61
+1.87/-1.28 +1.05/-0.85 +0.56/-0.42
P20s5 0.07 812 0.03 47 0.11
+0.26/-0.06 +0.05/-0.02 +0.12/-0.06
H,0 2.06 1385 2.58 36 1.41
+ 2.20/-1.06 +2.78/-1.34 +0.48/-0.36
Cl 1280 1230 1680 41 5110
+1160/610 +2580/-1020 +2160/-1520
F 870 1376 2080 11 520
+2480/-640 +7730/-1640 +1090/-350
S 90 197 70 11 40
+270/-70 +160/-50 +240/-40
CO, 20 155 140 1 -
+50/-10 +310/-100 -
Total 98.70 99.00 97.77
T,°C 898 807 840 - -
+129/-113 +210/-168 -
Li 13.3 922 80.6 - -
+45.2/-10.3 +174.2/-55.1 -
Be 2.40 540 7.38 - -
+2.16-1.14 +10.97/-4.41 -
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Table 5.Continued

Component n [l n 11l n
B 13 17.75 673 31.0 441
+3.91/-3.20 +36.2/-16.7
Sc 3 - 191 4.39 38
- + 2.40/-1.55
Vv 3 - 224 5.71 19
- + 8.02/-3.34
Cr 12 421 130 2.15 64
+1059/-301 +4.19/-1.42
Co - - 44 1.78 8
- +1.64/-0.86
Ni 3 - 52 1.60 5
- +1.83/-0.85
Cu - - 63 27.5 399
- +40.3/-16.3
Zn 2 - 57 54.0 364
- + 38.5/-22.5
Ga - - 43 16.73 29
- + 3.63/-2.98
As - - 18 8.32 258
- +4.27/-2.82
Rb 18 170 745 100 677
+84/-56 +87/-46
Sr 20 4.99 792 71.3 644
+122.2/-4.8 + 84.1/-38.6
Y 19 76.6 711 18.1 365
+ 382.6/-63.8 +12.3/-7.3
Zr 20 1600 704 105.0 427
+2311/-945 +79.7/-45.3
Nb 19 190 783 6.78 334
+409/-129 +4.70/-2.78
Mo - - 131 1.52 275
- +0.63/-0.45
Sn 13 42.73 10 2.08 276
+7.88/-6.65 +1.35/-0.82
Sb - - 16 0.84 233
- +0.57/-0.34
Cs 16 3.42 236 5.26 349
+4.03/-1.85 + 3.06/-1.94
Ba 6 - 825 619 508
- +528/-285
La 7 - 768 194 341
- +13.2/-7.8
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Table 5.Continued

Component v n \Y n VI
B 77.0 929 40.1 - -
+466/-66.1 +45.1/21.2 -
Sc 7.23 237 2.74 13 10.42
+11.28/-4.40 +1.74/-1.06 +4.56/-3.17
\% 21.4 287 4.08 - -
+150.8/-18.8 +2.08/-1.38 -
Cr 3.75 100 3.04 12 5.01
+12.07/-2.86 + 5.02/-1.89 +2.35/-1.60
Co - 22 0.65 - -
- + 1.30/-0.43 -
Ni - 14 4.08 - -
- 37.50/-3.68 -
Cu 25.9 64 92.8 34 19.3
+50.7/-17.1 +1002/-84.9 +17.0/-9.0
Zn 45.0 38 114 13 18.7
+ 38.6/-20.8 +212/-10.8 +40.7/-12.8
Ga 22.54 16 61.6 - -
+14.31/-8.75 +55.2/-29.1 -
As 1200 12 88.9 13 1.35
- +258.5/-66.2 +1.23/-0.64
Rb 317 803 217 14 9.9
+1451/-260 +230/-112 +32.9/-7.6
Sr 24.3 873 2.01 14 305
+337/-22.7 +4.22/-1.36 +72/-58
Y 13.7 830 31.3 13 31.4
+17.8/-7.7 +66.0/-21.2 +12.1/-8.7
Zr 92.9 770 113 13 106
+148.0/-57.1 +179/-69 +38/-28
Nb 10.7 871 36.3 34 1.61
+10.6/-5.3 +76.9/-24.6 +0.47/-0.36
Mo 21.8 173 4.88 12 0.86
+81.3/-17.2 +5.17/-2.51 +0.41/-0.28
Sn 207 178 23.0 - -
+808/-165 +42.8/-14.9 -
Sb 316 21 1.08 - -
+1710/-267 +8.18/-0.95 -
Cs 26.8 401 8.66 - -
+1137/-26.2 +21.78/-6.19 -
Ba 398 739 4.49 35 376
+1065/-290 +20.59/-3.69 + 150/-107
La 20.9 475 20.7 14 11.0
+13.9/-8.3 +28.9/-12.0 +13.6/-6.1
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Table 5.Continued

Component n [l n [l n
Ce 20 172 800 39.1 385
+178/-88 +27.3/-1&
Pr 2 - 243 4.46 75
- +4.67/-2.28
Nd 7 - 396 12.0 225
- +10.5/-5.6
Sm 7 - 398 2.50 106
- +2.12/-1.15
Eu 6 - 341 1.03 100
- + 3.18/-0.78
Gd 6 - 144 2.83 77
- +3.50/-1.56
Tb 2 - 87 0.63 43
- +0.54/-0.29
Dy 7 - 268 2.49 90
- +2.66/-1.29
Ho 2 - 84 0.81 34
- +0.79/-0.40
Er 3 - 249 1.79 89
- + 1.56/-0.83
Tm 2 - 83 0.33 25
- +0.64/-0.22
Yb 19 4.41 274 1.90 127
+21.04/-3.65 +1.87/-0.94
Lu - - 86 0.32 61
- +0.67/-0.22
Hf - - 101 3.77 73
- + 2.55/-1.52
Ta 12 19.68 162 0.83 229
+3.12/-2.70 +0.79/-0.40
W - - 4 - 230
Pb - - 324 16.2 180
- +11.0/-6.6
Bi - - 2 - 225
Th 13 14.83 390 9.26 268
+6.98/-4.75 + 16.98/-5.99
U 13 4.38 339 2.70 299
+1.27/-0.98 +2.38/-1.27
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Table 5.Continued

Component v n \Y n VI
Ce 40.4 786 47.3 14 25.7
+27.4/-16.3 +44.4/-22.9 +27.2/-13.2
Pr 5.76 275 451 13 1.95
+ 3.18£2.05 +3.31/-1.91 +1.62/-0.88
Nd 16.7 448 17.7 14 17.6
+13.5/-7.5 +22.1/-9.8 +15.4/-8.2
Sm 4.17 397 3.43 14 3.54
+3.14/-1.79 +5.40/-2.10 +2.82/-1.57
Eu 0.63 377 0.25 14 1.24
+0.82/-0.36 +1.20/-0.20 +0.27/-0.22
Gd 4.04 257 3.60 14 4.67
+2.62/-1.59 +6.13/-2.27 + 1.89/-1.35
Tb 0.73 170 0.72 13 0.82
+0.51/-0.30 +0.70/-0.38 +0.24/-0.18
Dy 3.39 298 4.50 1 -
+2.86/-1.55 +9.71/-3.08 -
Ho 0.75 154 0.75 13 1.18
+0.34/-0.24 +0.64/-0.35 +0.40/-0.30
Er 1.89 281 3.43 14 2.62
+ 1.60/-0.87 +7.46/-2.35 +1.13/-0.79
Tm 0.37 147 0.51 - -
+0.29/-0.16 +0.49/-0.25 -
Yb 2.17 316 2.87 14 2.89
+2.29/1.12 +6.12/-1.95 +1.86/-1.13
Lu 0.33 206 0.78 13 0.46
+0.20/-0.13 + 1.65/-0.53 +0.58/-0.26
Hf 3.66 267 4.90 13 3.06
+ 3.84/-1.88 +8.06/-3.05 +1.10/-0.81
Ta 12.0 111 7.10 21 0.11
+274/-11.5 +19.06/-5.17 +0.03/-0.02
W 60.8 55 111 - -
+99.1/-37.7 +27.6/-7.9 -
Pb 18.6 300 29.1 35 5.38
+11.8/-7.2 +30.7/-14.9 +3.28/-2.04
Bi 8.24 15 2.89 - -
+27.53/-6.34 +14.87/-2.42 -
Th 15.02 817 18.11 34 1.22
+20.94/-8.75 + 14.62/-8.09 +0.40/-0.30
U 5.17 533 7.91 34 0.84
+7.84/-3.11 +.97/-3.4 +0.30/-0.22
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materials is implausible, because the mean contehthe most incompatible
elements in the basic melts are higher than thosthe continental crust (for
instance, the mean Ba content is 645 ppm in thérmotal crust [18] and 740
ppm in the melts of setting V). The formation of aimportions of strongly
enriched mobile melts or fluids modifying the compions of mantle sources and
(or) mantle magmas is probably a more viable m{id#l

(5) The melts related to continental margin environméht and V) are

distinguished by strong variations in the left paot the trace element distribution
patterns, which are usually described in terms ebcgemical anomalies. A
spectacular example of such anomalies is the welkk negative Ta—Nb

anomaly. Its origin is still disputable. Perhapb, &hd Ta were retained in the solid
residue during melting. These elements are sedgtconcentrated, for instance,
in rutile, but basic elts in equilibrium with rlgimust be significantly enriched in
Ti, which is not observed.

Table 6.

Mean contents of trace elements (ppb) in basic (484 wt % SiO,) igneous melts from the
main geodynamic settings (I-VI) according to the imestigation of inclusions in minerals
and quenched glasses of volcanic rocks

Element | Geodynamic setting| n Average content 5

Re I 34 0.97 +0.37/-0.27
Re Il 16 0.80 +0.55/-0.32
Re [l 30 1.32 +0.68/-0.45
Re VI 55 1.03 +0.81/-0.45
Pt I 23 0.23 +0.39/-0.14
Pt Il 15 5.04 +3.52/-2.08
Ir I 22 0.03 +0.05/-0.02
Ir V 20 4.35 +5.53/-2.43
Pd I 24 0.66 + 1.55/-0.48
Os I 34 0.004 +0.005/-0.002
Cd Il 15 122 +27/-22
Ru I 27 0.03 +0.07/-0.02
Br I 56 280 +450/-170
Tl I 26 15.8 +21.9/-9.2

(6) Another intriguing feature of melts from settings and 1V is the
positive Pb anomaly (high Pb/Ce ratio). The natafethis anomaly is also
controversial. During crystallization of silicatarmarals from a melt, both Pb and
Ce are strongly incompatible. The fractionatiorthefse elements is possible in the
presence of a sulfide phase, because Pb is a ltyghedcophile element [20].
However, sulfide phases are common in the basiamaagf all settings, whereas
a Pb anomaly is distinctly observed only in twdlem. Another possible
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Table 7.

Ratios of components in basic (40-54 wt % Sipigneous rocks from the main geodynamic
settings (I-VI) according to the investigation of relt inclusions in minerals and quenched
glasses of volcanic rocks

Ratio n I n Il n M n v n \% n VI
H,0/ 649 190 204 130 300 1310 124 950 152 70 63 880
Ce +80/- +130/- +3040/— +4100/- +520/- +1000/~
50 60 910 770 60 470
421 | 231 378 25.6 251| 6.2 172 74 116 323 69 149
Ce/Pb +8.4/- +16.8/— +3.8/— +6.1/-3.3 +15.5/- +9.9/-
6.2 10.1 2.3 7.1 6.0
K0/ 1177 | 06 1194 1.0 872| 04 429 0.7 553 19 196 0.3
H,0 +0.4/- +1.5/— +0.7/- +1.9/-0.5 +4.2/— +0.2/—
0.2 0.6 0.2 1.3 0.10
1288 | 11.7 | 1855 22.6 1459 7.9 1068 145 1219 147 | 142 3.2
K0/ + 1267/ +8.3/— +13.4/~7.0 +24.0/- +2.3—-
CL 18.4/- ' 41 9.1 13
71 122
1028 | 1.2 1044 2.7 526| 24 211 6.1 236 139 | 123 1.6
La/Yb + 1.1/ +5.1/— +2.4/— +10.0/-3.8 +36.0~ +1.5/-
0.6 1.8 1.2 10.0 0.8
477 | 427 446 50.7 391| 54 164 12.8 222 254 76 2.3
+ +3.1/- +18.0~7.5 +49.6/— +1.4/-
Nb/U 10.7/- +14.0 2.0 16.8 0.9
11.0
85
733 11 835 6.0 494| 09 208 37 257 11.6 78 0.4
Nb/Yb +2.2/- +8.8/— +0.6/— +5.2/-2.2 +36.5/—~ +0.2/—
0.7 3.6 0.4 8.8 0.2
892 | 242 | go97 8.8 616| 381 | 235 17.9 313| 64 |132] 471
Zr/Nb +38.3/- +6.6/— +20.2/— +20.3/-9.5 +8.9/— +58.4/—
14.8 3.8 13.2 3.7 26.1
503 1.0 343 1.0 100 6.6 129 2.8 170 14 64 39
Th/Ta +0.3/- +0.4/- +12.6/— +5.9/-1.9 +1.0/— +16.4/—
0.2 0.3 43 0.6 3.1
632 0.1 464 0.6 421 03 167 0.7 255 15 41 0.1
ThiYb +0.2/- +0.9/— +0.4/— +1.2/-0.4 +4.0/— +0.6/—
0.1 0.4 0.2 1.1 0.1
578 2.7 463 35 343 17 171 25 248 34 48 2.6
ThiU +0.8/- +1.4/— +1.0/— +1.2/-0.8 +1.4/— +0.8/-
0.6 1.0 0.6 1.0 0.6
636 111 629 114 184| 135 190 28.0 194 11.1 | 165 105
Ba/Rb +2.9/- +5.2/— +8.8/— +28.6/— +8.7/— +6.2/—
2.3 3.6 53 24.2 49 3.9
309 7.6 1000 5.3 527| 4.0 95 42 412 2.6 - -
P,05/F +5.0/- +3.8/— +4.2/— +5.0/-2.3 +8.4/—
3.0 2.2 2.0 2.0
Tio,/ 1030 | 2800 929 4100 494 2900 196 3400 239 3300 99 00 27
Dy +840/- +1900/— +750/— +1000/— +2700/— +490/—
650 1300 600 790 1500 420

Note: The ratios were calculated as geometric meansruhdecondition that a particular value does not

deviate from the mean by more than\&ith a probability of 95%; the numbers beneathrtiean values
are standard deviations (the first number has tadged to, and the second number, subtracted frem t

mean).
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mechanism of magma (or source) enrichment in Ritivelto Ce is mass transfer
with an aqueous fluid [21]. Note that a Pb anomialyalso characteristic of
intermediate and acidic melts, and in the lattés éven more pronounced than the
Nb anomaly Table 7 shows some mean ratios of coemgenn the magmas of
various settings. This information provides a qilative illustration to the
conclusions drawn on the basis of the examinatiathe spidergrams. First, there
are rather significant variations in the ratioshafsic melts. In many cases, the
variation ranges overlap to a large extent, andetiea group of ratios showing
very minor variations between settings. Among theme KO/CI, Th/U, BOg/F,
and TiQ/Dy. These ratios are insensitive to geodynamidinggt, and their
significant variations are probably related to lquacesses. Other ratios are more
setting specific, but it should be noted that thisrao ratio that could have been
used for the unequivocal assignment of a particcdanposition to one of the five
settings. Moreover, with respect to many parametiies settings are combined
into larger groups, the differences within whicle ansignificant. For instance,
settings related to plate boundaries (lll and I1¥@ aignificantly different from
settings related to mantle plumes with respecthto €e/Pb, Nb/U, Zr/Nb, and
Th/Ta ratios. Setting | is similar to plume set8rig some parameters (e.g., Th/Ta)
and to settings Il and IV in other parameters.(&ZgNb). Setting | is significantly
different from all other settings in showing vegw La/Yb and Th/Yb values
(these ratios can be used as indicators of theetbgpmantle). It is remarkable that
this depletion is not accompanied by significardrgies in the ratios of strongly
incompatible elements: for instance, thgOHCe and Ce/Pb ratios are similar in
settings | and Il but significantly different frothose of settings Ill and IV. The
quantitative interpretation of these differencea difficult problem, because they
could be related to the redistribution of compogmamtder the influence of melts
and fluids formed under various thermodynamic cbmas. Some differences
could probably be inherited from the early stageb® evolution of geospheres. In
this context, it would be interesting to track timariations in element ratios in
melts of similar ompositions, but such data ardl stery rare for ancient
complexes.

CONCLUSIONS

(1) We compiled a database containing more than0880determinations for
73 elements in melt inclusions in minerals and ghed glasses of volcanic rocks.
Using this database, we estimated the mean contémbsjor, volatile, and trace
elements in igneous melts from main geodynamingstt

(1) Six main geodynamic settings were distinguisi®doceanic spreading
zones (mid-ocean ridges); (ll) regions of mantlenp activity within oceanic
plates (oceanic islands and plateaus); (lll) and) (&nvironments related to
subduction pro-cesses, including (lll) zones o&nslarc magmatism formed on
the oceanic crust and (IV) magmatic zones of acorginental margins, where the
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continental crust is involved in magma formatioW) (ntracontinental rifts and
continental hot spots; and (VI) backarc spreademgers.

(2) A bimodal distribution of Si© content in natural igneous melts was
established for all geodynamic environments: tlaeestwo maxima at 52-52 wt %
and 72-74 wt % Si© The minimum of the distribution of SjQ@leterminations
was observed at 6264 wt %.

(3) Spidergrams were constructed for the mean otstef elements in the
igneous melts of basic, intermediate, and acidimmusitions for settings IV
normalized to primitive mantle values. These diaggaeflect the characteristic
features of melts from each of the geodynamicrsgtti

(4) Based on the analysis of data on the compasited melt inclusions and
glasses of rocks, mean ratios of some incompadibtevolatile components were
estimated (KHO/Ce, KO/CI, Nb/U, Ba/Rb, Ce/Pb, etc.) in the igneous meftthe
distinguished settings. Variations in these ratwese examined, and it was shown
that most incompatible element ratios are sigmifilya different in different
settings. The discrepancies are especially sigmfifor the ratios of elements with
different degrees of incompatibility (e.g., Nb/Yland some ratios including
volatile components (e.g.,.R/H,0).
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The composition of hafnium isotopes in zircons usrently an important
instrument for reconstruction of the source of magenrocks. Zircon is stable in
many hypogene and hypergene processes. Metamimtizatd later processes of
alteration practically do not affect the compositiof Hf isotopes in zircon [12].
The relative stability of Hf isotopes in zircons kea them a powerful instrument
for the study of the source age, as well as thgirond isotopic evolution of
various rocks [6, 11]. The combination of datingaof individual zircon grain by
the U-Pb method with the study of Hf isotopes oé ttame grains (with
application of local isotopic methods, such as SWRI SIMS, and laser ablation)
Is the most effective. Such a combination provishegortant information on the
rock source even in the case when other isotopstesys are significantly
disturbed.

We obtained the first Lu—Hf isotopic data (in comdtion with the U-Pb
isotopic data) by the method of laser ablation Zwcons from carbonatite and
alkaline rocks of the II'meno-Vishnevogorsky Coewlin order to study the age
of rocks and the source of their material. Since® $m—-Nd and Rb-Sr isotopic
systems were disturbed to various degrees durmgfiércynian collision [5, 9], we
considered application of the Lu—Hf isotopic systas the most stable and
informative to be especially important.

The II'meno-Vishnevogorsky Complex occurs at theirmary between the
Middle and Southern Urals and is located within 8ysert—llmeny Precambrian
block, which has a two level structure and a loingrin of the formation. The core
of the block is composed of granulitic gneiss andmatite of the Selyankino
Series (the U-Pb age of its zircons is 1820 + 70, s well as plagiogneiss and
amphibolite of the Vishnevye Gory Series (PR1). Tiaene (the upper structural
level) is represented by the limeny Series in thaglsand Shumikhin and Chernov
Series in the north composed of amphibolite, plgigaiss, and quartzite, which are
presumably Pre-Uralian paleovolcanic complexes with-Pb zircon age of 643 +
46 (llmeny Series) and 576 + 65 (Shumikhin Serigls) [1]. The age of the
miaskite and carbonatite formation for the II'meviehnevogorsky Complex
obtained by Rb—-Sr and U-Pb geochronology is 440-Ma0In additional, later
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metamorphic processes related to Hercynian orogé60-320 Ma) and
subsequent postcollision spreading (260-240 Mapated by the U-Pb and Rb-
Sr methods [2, 9, 10].

Geological cross section |# | Heo
Buldym Lake

Sungul’ Lake

B
-

Fig. 1. Scheme of the geological structure of northern parof the II'meno-
Vishnevogorsky complex, after [3]. (1) Plagioclasschist and quartzite of the Igish, Sait,
Arazin, and Kyshtym series (R-»); (2) plagiogneiss and amphibolite of the Vishnew Gory
series (PR); (3) meta-ultrabasic rocks (PR?); (4) alkaline metasomatic rocks of the central
alkaline band (fenite, carbonate-silicate rocks, naskite, and carbonatite); (5) miaskite of
the Vishnevye Gory massif; (6) zones of carbonatiteand carbonate-silicate rocks; (7)
massifs: (1) Buldym ultrabasic, (2) Vishnevye Gorymiaskitic; (8) lines of tectonic
dislocations; (9) places of sampling and sample nibars.

According to the model of crustal anatexis [3], th@eno-Vishnevogorsky
alkaline complex was formed under the influenceagdowerful flow of juvenile
alkaline hydrous—carbon dioxide fluids on the gsesnphibolite substrate of the
Sysert—-llmeny block and subsequent evolution ofdhestal anatectic processes
controlling the formation of carbonatite—miaskit¢rusions.

The model of mantle anatexis is based on mantlé,&, Sr, and Nd markers
and suggests that the formation of the I'meno-Weslogorsky miaskite—
carbonatite = complex results from thetraduction of deep alkaline
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magma; palingenesis processes are
it dependent [9].
W The study of the Lu—Hf and U-
Pb isotopic compositions of zircons
from the I'meno-Vishnevogorsky
complex was performed by the laser
ablation method at the National Key
Centre of Geochemical Evolution
and Metallogeny of the Continents
(GEMOC) of Macquarie University

(a)

0.070

0.066

0.062 -

T=dll=z 14 M2

s MSWD =047, =3 (Sydney, Australia). An ultraviolet
S E 04 05 06 07 laser UP213 New Wave/Merchantek
- L together with a multicollector
- MC ICPMS Nu_ Plasma were

applied for the Hf isotopic analysis
and U-Pb dating. Analyses were
performed with a beam diameter of
~50um. The ablation time was 100-
120 s; the depth of the crater was
40-60um. The methodology of U-
Pb dating and Hf isotope
e : g measurements  were  previously
9 02 oy 20ee 06 described in detail [8].

; We studied zircons from
: : : miaskite (Samples Vnp-1 and Vnp-
Fig. 2 U—Pb diagram for zircons from the 2), miaskitic pegmatite (Sample

II'meno-Vishnevogorsky complex: (a) Sample .
V-354, from calcitic carbonatite of the Krv-5), and carbonatite of the

Vishnevye Gory miaskitic massif; (b) Sample Vishnevye Gory miaskitic massif
K-103, from dolomitic carbonatite of the (Sample V-354), as well as zircons
Buldym ultrabasic massif. from dolomitic car bonatite of the

Buldym ultrabasic massif (Sample

0.048

0.044

0.040

0.036

K-103) (Fig. 1).

Zircon in miaskite, miaskitic pegmatite, and carkiite of the Vishnevye
Gory massif is represented by crystals of severarphological types:
xenomorphic, prismatic, and dipyramidal which atsoadifferent in color, the
presence of inclusions, and transparency. The eadpn |, most likely formed
during the crystallization of the miaskitic mass#,represented by xenomorphic,
poor-transparent  grains  with ~ nonuniform  color, lisua darker
cathodoluminescence (CL), spotty on back-scattetectron (BSE) images, with
relics of oscillatory zonation. Late newly formedcnn Il is characterized by
short-tabular grains of round shape, transparenth vprimary zonation,
homogeneous on BSE images, and clearhodaluminescence. Most
zircon grains are represented by intermediate trasidlustrating various degrees
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of transformation of early zircon generations aneirt replacement by later ones.
Zircon crystals contain inclusions of thorianiteyrgchlore, xenotyme, and

monazite.

Zircons from miaskite and carbonatite of the Vishyee Gory massif were
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Fig. 3.Initial *"®Hf/*""Hf isotopic ratios and ey
II'meno-Vishnevogorsky
complex. (1)—(3) Zircons of the Vishnevye Gory
massif: (1) from miaskite, (2) from carbonatite, (3
from miaskitic carbonatite; (4) zircons of the
Buldym massif (from dolomitic carbonatite). Lines
of the DM and CHUR mantle reservoir isotopic
evolution are shown for comparison. A decay
constant of *"®Lu 2 = 1.865 x 10" [14] is applied
for the calculation of DM and CHUR isotopic

in zircons from the

evolution.
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previously dated by the classic
U-Pb method studying bulk
samples with acid decomposition
of grains [10] and were studied
on a SHRIMP-II as well [2].

Zircons from carbonatite of the
Buldym massif were not studied
previously.

The U-Pb age of early
zircon | from carbonatite of the
Vishnevye Gory massif was
determined by the laser ablation
method as 411 + 14 Ma (Fig. 2a).
An age of 408 + 8 Ma was
obtained by the U-Pb-SHRIMP
dating of early zircon generations
from miaskite [2]. Late zircon I
provided an age of 282 Ma. The
U-Pb age of zircons from
dolomite carbonatite of the
Buldym massif was determined
as 268 + 6 Ma (Fig. 2b).

The results of the Hf
isotopic composition analysis of
the studied zircons are given in
the table and Fig. 3.

The initial ratios of Hf
iIsotopes in early zircons (the
same grains that were used for
the U-Pb dating) demonstrate
insignificant variations of
CHI " H) 4 = 0.282617-
0.282678, ¢y = 3.5-5.7 and
provide evidence for the
formation of zircon from a
moderately depleted source.
Zircons from miaskite, miaskitic
pegmatite, and carbonatite have
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close values of the Hf isotopic parameters, whigimgs to the same source of their
material.

Hf isotopes were also analyzed in the zircon listal (a U-Pb age of 282
Ma) from carbonatite of the Vishnevye Gory masaifcon Il differs significantly
from early zircon I, it has high values of,¢df/1;7Hf)2eo = 0.283055,; = 16
corresponding to those of a depleted mantle that pravide evidence for the
different, juvenile source participating in miagkdnd carbonatite transformations.
However, this question requires statistical suligthon and further study.

Enr
25F

204
15+

10+

=10

Fig. 4 €4. —&€ng diagram for zircon from rocks of the II'meno-Vishnevogorsky
complex. Isotopic compositions of MORBY), OIB (2), and IAB (3) [12, 13, and others] and
lower crustal rocks @) [15] are shown for comparison. Fields of zircon @ampositions: (1)
and (2) from miaskite, miaskitic pegmatite, and cabonatite of the Vishnevye Gory massif
and (3) from dolomitic carbonatite of the Buldym massif; U—Pb zircon age: (1) 410 Ma,
(2) 282 Ma, (3) 268 Ma.

The composition of Hf isotopes in zircons from dultic carbonatite of the
Buldym massif {"°Hf/*""Hf),¢s = 0.282525-0.282555, —0.2...—1.8 is close todhat
chondrite and differs significantly from zircons thie Vishnevye Gory massif by
the lower initial ratios of Hf isotopes angi, which provides evidence for
participation of various sources in their formation

The isotopic composition of Nd in rocks of the Iémp-Vishnevogorsky
complex is also different for carbonatites of theshevye Gory and Buldym
massifs. Carbonatite and miaskite of the Vishne®@gy massif have higher
values of t*Nd/**Nd); = 0.512232-0.512364y4 = 2.4—4.9 (n = 10) typical for a
moderately depleted mantle. Dolomitic carbonatftthe Buldym massif has quite
low values of **Nd/*Nd); = 0.512197-0.512149 (n = 2) and negativefrom —
1.9 to —2.8 corresponding to the parameters ohaicheed source of the EM1 type
[5]. We cannot exclude that the differences inapat parameters of zircons from
the Vishnevye Gory and Buldym massifs result of taomnation during the
evolution of carbonatitic melts/fluids of the II'me-Vishnevogorsky complex.
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The composition of Hf and Nd isotopes for rockshef II'meno-Vishnevogorsky
complex is shown on theNd-eHf diagram (Fig. 4). The mantle trend of isotopic
compositions of depleted mantle (MORB), enrichedtfeaand island arc basalts (IAB)
is shown for comparison [12, 13, and others]. bhitamh, the data for lower crustal rocks,
particularly isotopic compositions of granuliteshieh are close to mantle isotopic
compositions [15], are plotted on the diagram.

Points of the compositions of early zircon generati from the II'meno-
Vishnevogorsky complex plot on the mantle trendtre evolution of moderately
depleted mantle compositions and lower crustalsackthesyg—<s diagram. Only one
point (V-354-2, late zircon Il with an age of 282 Ntom carbonatite of the Vishnevye
Gory massif) is outside the “terrestrial array”|[{=ig. 4). The initial ratios of the Hf and
Nd isotopes for the I'meno-Vishnevogorsky comgiasm discrete compositional fields
on the diagram. Miaskite, miaskitic pegmatite, aatbonatite of the Vishnevye Gory
massif have isotopic compositions of a moderatedplated mantle. Dolomitic
carbonatite of the Buldym massif has isotopic patars of an enriched source.
Significant differences in the isotopic parametfrcarbonatites from the Vishnevye
Gory and Buldym massifs provide evidence for tfagimation from various sources and
multistage carbonatite formation in the I’'menofisvogorsky complex.

Lu—Hf model agedpy and Thyc were calculated for the estimation of the time of
melt generation, i.e., the separation of parentnmaagfor the II'meno-Vishnevogorsky
complex from the depleted mantle. To calculatentbeel agel'ny based on melting of
rocks from the depleted mantle, we accepted theetmath ¢"Hf/*"’"Hf) s = 0.279718
in 456 Ga and™Lu/*"Hf = 0.0384, which provides modern values'GHf/*"Hf =
0.28325 close to the average MORB values [8]. Stheecalculation oflpy may
provide only a minimal age for the magma sourcenfwehich zircon crystallized, we
also calculated the two-stage model aggcTsuggesting melting of parental magma
from the middle continental crust previously formédm the depleted mantle
" Lu/Hf = 0.015; Geochemical Earth Reference Model da@b
http://mwww.earthref.org/).

The calculation of Lu—Hf model ages provides an egjgmation of melt source
producing the earliest zircons of the I'meno-Viehogorsky complex @y = 790-880
Ma). If the two-stage model of the evolution of isthtopic composition is applied, the
protolith age of the I'meno_Vishnevogorsky compieXipyc = 1040-1170 Ma. Note
that the model Jy age of the late zircon Il generation in carboadtdm the Vishnevye
Gory massif is 270 Ma and well consistent with thePb age of these zircons. Such
similarity may provide evidence for the formatidrilee late zircon generation during the
collision processes.

Thus, Lu—Hf isotopic data obtained by the earlgarirgenerations (in addition to
the previously obtained Sr—Nd isotopic data [4, &jhfirm the mantle character of
matter source for magma of the II'meno-Vishnevdgpomplex and provide evidence
for participation of material of depleted mantleMPand enriched source (most likely a
lower crustal component) in magma generation. Mixahmaterials from these sources
may provide the whole spectrum of isotopic compst of rocks from the II'meno-
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Vishnevogorsky complex. The model age of the ptbtof the I’'meno-Vishnevogorsky
complex corresponds to the initial stages of theeap riftogenesis resulting in
destruction of the Rodinia supercontinent, attiha the Riphean—Vendian crust (upper
structural level of the Syssert—limeny block). Thwe may suggest that the protolith of
the I’'meno-Vishnevogorsky complex was most likedpresented by Riphean oceanic
or rifting_related series with close Sr—Nd chargsties and a model Sm— Nd age of the
source [7]. Their melting provided magma generatiothe I'meno-Vishnevogorsky
complex at the initial stages of Paleozoic riftagges in the Urals.

Thus, we may suggest that the protolith of thedhm-Vishnevogorsky complex
was most likely represented by Riphean oceanidtioigr related series with close Sr—
Nd characteristics and a model Sm—Nd age of theesdid). Their melting provided
magma generation in the I'meno-Vishnevogorsky demmt the initial stages of
Paleozoic riftogenesis in the Urals.
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Reconstruction of mantle sequences beneath
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ABSTRACT

Xenocrysts from two Paleozoic kimberlite pipes 8laand Kelsey Lake - 1 in
northern Colorado were analyzed by EPMA and LAM 4@8B. Their pyrope compositions
relate to Iherzolitic field (up to 14 Wt % £3s). Clinopyroxenes from these pipes differ in
major and trace elament compositions as well asnagibes and ilmenites. All minerals were
used to reconstruct the mantle section in this @attte Wyoming craton with monomineral
thermobarometry. The minerals from Sloan show thmemches in the lower part of the
mantle lithosphere, one of which is close to stekgreridotites, the second represents a
refertilization trend under the influence of pratokerlite melt, and last one represents
metasomatized peridotites. Heating was found n@aklr and starting from 30 kbars
within the garnet-spinel facies. Trace elementgpast in minerals from the lower part of the
mantle section suggest a high degree of interaetitim protokimberlite melts. The mantle
lithosphere beneath Sloan originally containd gdaamount of subducted material which
was later metasomatized and homogenized undentfilverice of fluids and protokimberlite
melts which left several refertillization trendstive lower part of the mantle section.

Comparison of the PT diagrams for mantle sectiogrsved from other kimberlite
occurrences, e.g. the Chicken Park (Vendian), Mmuntain (Ordovician), Williams and
Homestead (Eocene) show the onset of intrusiodtafroafic plumes then development of
feeder system for mantle-derived melts. This wdlevi@d by formation of mantle diapirs
which intruded the level upper above the graphiéendnd boundary.

INTRODUCTION

Information about the sub-cratonic lithospheric tt@iSCLM) is available
now for many cratons but mostly for those cratonsictv were intensively
explored for diamonds, such as the Kaapvaal aner difrica [34] and Slave [3]
craton. Similar information is now available forettDharwar [19, 38, 41],
Australian and Siberian [2, 39, 40, 48-53] cratamsl even for South America
[10]. In North America, the Wyoming craton has etlong story of investigation
of kimberlites, mantle mineralogy and petrology2&- 28-29, 42-49]. But the
more productive kimberlites in the Slave and Supesratons have received more
attention from petrologists.

Numerous studies of the xenocrysts and xenolithpetsologists [12-19, 42-
48] and prospecting geologists [11, 20, 27] showomdy details of the general
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variations of the minerals and position of the geatn but also the evolution and
reduction of the mantle lithosphere beneath the Miggg Craton. Here we present
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Fig.1. Scheme of the location of kimberlite pipes in Wyoimg craton in State Line district
and surrounding area.

more detailed information for the Sloan and Kel&ake- 1 pipes [1] than was
done previously [11 and references therein]. Theoihpng craton gives a unique
example for studying of the evolution of the uppentle because of the possiblity
to find kimberlites from Late Proterozoic througlaté Paleozoic to Eocene and
Miocene time [11, 22, 27]. Reported petrologic restauctions suggest continuous
destruction of the craton by subduction tensiontot@ic and plume forces with
reduction of the cratonic keel [7-9, 11]. Here gsimainly monomineral
thermobarometry and geochemical features of minaval will show the
reconstructions of the sub-cratonic lithospheamantle (SCLM) of the Wyoming
craton and further evidence for its evolution.
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LOCATION AND GEOLOGY

The Wyoming craton has experienced mantle-derivaddanism over a long
period of time, including kimberlites [11, 48] (V&ian to Eocene), lamproites
[32], minettes [14-15, 42] and alkaline basalts],[3hd most of these contain
various sets of deep seated xenoliths. The Sloah Kaisey Lake kimberlite
groups are located in the southern part of the Wiygnaraton in the State Line
kimberlite district. They both consist of severankerlites bodies (Sloan-5 and
Kelsey Lake-8), some of them relatively large (ap400 meters) which contain
diamonds [11]. Most of them carried abundant xeysisrand their intergrowths
which are more frequent and fresh in the Sloanspiharge peridotite xenoliths
are not frequent and in KL - 1 pipe they are mosHgred.

DATA SET AND ANALYSES

We made EPMA analyses (>2000) of mineral grainsnfrmoarse grained
concentrate (+2) and discrete xenocrysts and irdetf). All analyses for Sloan
(990 grains) and from Chicken Park (~80 grains)enmade on Jeol Superprobe
with the standard procedure. Silicate minerals vaaralyzed for 10 components
using silicate scheme. For the ilmenites and spitied set of elements include Ti,
Al, Cr, Fe, Mn, Mg and in addition Ni, V, Ta, Znh& analytic uncertainty for
minor components was not high because they showl gooelations with the
main components with relatively low dispersion. fHoe megacrysts from KL-1
kimberlite (>1100) most analyses were made on Caméticro machine. A new
series of Cr-rich garnets, ilmenites and chromitas obtained in comparison on
Jeol Superprobe. Some published analyses [16-1744189] were included for the
thermobarometric reconstructions. To increase thecigion mostly natural
iimenite standard GF -55 [26] was taken, analyzgdliremical methods and in
many EPMA laboratories. The accelerating voltagek¥5and a focused beam
current 20 nA, 1um beam diameter and counting times of 20 s wereal.use
Reduction procedure using PAP correction was apple the analyses. The
relative standard deviation did not exceed 2 %, texision was close to 0.02-
0.015% for minor (Al, Ni. Mn, V) elements. Analysed the grains (garnet,
clinopyroxenes, ilmenites etc) were obtained inAnalytic Centre of UIGGM on
a Finnigan Element ICPMS with a UV LaserProbe (wiavgth 233) and UP 213
(wl 213) laser ablation systems using internatioeétrence standards NIST 612
SRM and NIST 614 SRM. The background was obtaimech fmeasurements of
argon. Corrections were introduced from analysesagiples analyzed by EPMA.

The*’Ca was used for corrections for garnets and clirmmnes and Ni and
V for ilmenites.
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MINERALOGY OF XENOCRYSTS

Garnetsfrom Sloan (fig. 2a) mainly fall into the lherzdifield according to
[52] with up to 12.5 Wt % GO;. Compared to the KL- garnets which reach 13 Wt
Cr,0O; and show deviations to the harzburgite fieldss thiless favorable for the
diamond grade. But this is possibly the result lné farge grain size of the
concentrates because reported diagrams for gdroetsFront Range kimberlites
including these pipe show more sub-calcic garmethe concentrate and a similar
range of C4O;. Amount of the eclogitic garnets [46, 51] showilagge nearly
continuous range of the FeO (8-27 Wt %) is muchéigSloan pipes. garnets
showing TiQ to 1.2 Wt % and some enrichment in,®8ao 0.125 Wt % which is
more typical for megacrysts [16, 45]. Garnets fréth pipe (fig. 2b) show
essential enrichment in FeO and more continuous dasigersed enrichment in
TiO,, gradually decreasing to the high-Cr part of ttagchm.

Cr-diopsidesfrom these two pipes (fig. 3) are much less deglét@n those
in Siberia, for example from the Daldyn area, sk for Udachnaya pipe (fig.
3b). Cpx from Sloan are divided into two groupsresponding to different parts
of the mantle sections. Those with lower Al araxfrthe lower part of the mantle
section and show a trend similar to those for sleb@eridotites. The other more
Mg-rich group differs from the common trend for tkelsey Lake clinopyroxene,
demonstrating much less enrichment in Cr, but taey richer in Al. The KL
diopside show a rather interesting trend of resttid-eO values and sharp growth
of Al-Cr, Na together with Fe, which looks like axmng trend between eclogitic
and peridotitic material.

Cr-Spinelsfrom Sloan (fig. 4) demonstrate the common periaotrend but
with very interesting behavior of TgOand \LO; which increase together with
Cr,0s. The opposite behaviour is shown by NiO whichgisegether with AlOs.
ZnO negatively correlates with temperatures arfdghler in the middle part of the
mantle section. NiD; shows high dispersion but in general it showsea together
with Al,Os. Chromites from the KL pipe practically coincide their plot (fig.4)
with those from the Cr-rich part of the Sloan spitiend. They both have very
high dispersion of Ti@and related elements showing a trend to the uinesBut
in general chromites from KL -1 are higher in Fa@ &nO, some of them with
up to 7 Wt % MnO.

liImenitesfrom Sloan pipe (fig. 5a) are restricted in Fi@bm 56 to 44 Wt %
and show two definite branches, one of which igi€h-and the other Cr-poor.
lImenites from the first one show a decrease eDAbs well as FeO, a flat trend in
NiO together with an increase in Cr. These typesnoénites are probably from
the common metasomatic association and representréhd of interaction with
the peridotites [2]. But this trend in general des into 3-4 parts with nearly equal
FeO and GIO; contents. NiO demonstrates two branches decreasitig Fe
increase, YOs is slightly rising but in each part there are wsraf rapid decrease.
Mn negatively correlates with Fe in this trend.
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The KL-1 ilmenite trend (fig. 5b) is more extend@®-60% TiQ) than those
found for Sloan ilmenites. These ilmenites are mmoie dispersed because many
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Fig.4 Variations of major element compositions for Cr- pinels from 1 Sloan and 2

are in intergrowths with exsolved rutile [1, 45] darare not constant in
composition. Nevertheless the general tendencies samilar as for Sloan
ilmenites. They are very are enriched in Cr in i€rrpart but many of them
demonstrate essential enrichment in MnO sometimpds 8 Wt %. Iimenites from
Chicken Park are mildly Mg (8-10 Wt %) and Ti#ch. They are slightly
enriched in AJO; and show relatively low Ni content and highly vagy V,0s.
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THERMOBAROMETRY

Using our new analyses the SCLM sequences bengatBloan and Kelsey
Lake (fig. 6) and Chicken Park kimberlites were omstructed by set of
thermobarometers [2]. Further diagrams were coosduusing published analyses
for Iron Mountain (Wyoming), and Williams and Honesd (Montana) [16-17,
23-24] (fig. 8) kimberlites. The SCLM beneath Sloaneals a sharp division into
two large parts which are divided by the PT estandor Opx and some eclogitic
pyroxenes (omphacites having up to 6 Wt %®)aand to Al-augites from Ga-Cpx
cumulates) at the 40-10 kbar interval. They do differ much those found in
ultramafic diatremes [49] in young basalts and lalk@nettes [55]. But lawsonite
eclogites which are Na-rich [55] show much coldebduction gradients. They
also differ from diamond eclogites [44, 46] andndeand inclusions from Sloan
[47] which are rich in TiQ and show the heated condition of the convective
branch. Similar high temperature PT conditions wéyend for Mg, Cr-rich
iimenites and some diopsides which are close tgetHfoom sheared peridotites
[36, 50]. Estimates for Cr-rich garnets formingriaditic trend (G11) enriched in
TiO, show the position near heating base of SCLM. Tdramon peridotites and
metasomatites and Cr-rich ilmenites reflect thedétions ~37mw/rit. In the lower
part of the section, two branches for the Cr-didgsiclose to sheared and Ti-
enriched garnets mark the heating of the mantle bag5 kbars. The deeper Cr-
spinels show variations from 60 Wt%,Og to Ti-enriched ulvospinels with linear
enrichment of Ti with estimated pressures. Enriahinie NiO for the peridotitic
Cr-picotites from shallow horizon increases witltr@&sing pressures.

The PT conditions for low-Cr diopsides and ilmesitat the base of the
SCLM which form a dispersed sub-adiabatic brancibgbly reflect the conditions
of protokimberlite fractionation in the vein conttui2]. In the lower part they
coincide with the PTconditions for low-Cr pyroxerasd in the upper part with
Fe-rich Opx and some hot eclogites. limenites shgWAT conditions close to the
metasomatitic peridotitic minerals were probablyide from the major magmatic
system. Trends of Fe# enrichment with decreasipghder ilmenites and Cr-poor
clinopyroxenes may indicate coeval crystallizatiohthese minerals which is
proved by their intergrowths [16].

Three major branches for Cr-diopsides and ilmengies evident in the P-
Fe#Ol diagram at the base of SCLM. The branch Wit%o Fe# reflects evolution
of protokimberlite melts which formed Cr-diopsidesth the chemical features
close to those from the sheared peridotites. Thrdbr of the metasomatites shows
a relatively constant Fe#= 12%, while typical manperidotites and some
iimenites reflect the Fe# branch near 8-10%.

The upper level of the mantle column > 30 kbar ats/éhree branches of PT
paths. First is the most heated marked by the @pExGpx, then the lower in Ti for
garnets and Cpx, and the last is the lowest terperssp, Cpx and Gar. Fe#
variations from 9 to 11% possibly reflect diseduiluim of the heated minerals in
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associations. In general the heated PT conditionthé shallow mantle from 1000
to 600C are common for spinel peridotites beneath cratmusmodern platforms
worldwide and for the Colorado plateau as well [1N8pte that the Colorado
Plateau is located far away from the Wyoming criiton

This mantle sequence beneath the KL-1 (fig. 6b)e pghows lower
temperature conditions with some deviations to 4188 geotherm. Relatively
HT branches for Cr-rich garnets in the base of SGkRect high-Ca pyroxenitic
tendencies. Several joined ilmenites and Cr digssitends (Fe#~15-17%; 11-
14%; 9-10%) resulting from refertilization at 65 t80 kbar interval are
reconstructed. PT conditions have also tendencyhidivision to relatively low
heated and those overheated at the shallow leliebn@te PT estimates show split
trends Fe#~10%; 12%) at 55-40kbar. The HT conditisith sub-adiabatic path
are detected for some ilmenites in the middle gmpleu parts of the lithospheric
mantle section. Most ilmenites from KL-1which udwalorm aggregates and
intergrowths probably reflect the freezing condigoin the vicinity of the
magmatic chambers or veins. Several trends of Rei¢henent with decreasing
depth for ilmenites and clinopyroxenes probably vshseveral coeval
crystallization PT paths of these minerals. Garmmethese both pipes demonstrate
enrichment in Ca with increasing estimated depth.

Interesting examples for two more pipes from Skate districts (fig. 7) give
some imagination about development of the manttiage. Chicken Park is
probably one of the earliest pipes in the Wyomingtan [21]. The SCLM
obtained with the restricted analyses shows theligison into two parts at 40
kbar where the garnet PT trend reveals an inflacfitne base of the lithosphere
judging by PT conditions for two Opx is heated &#®C. The Fe# enrichment is
restricted to 5 kbar and is not seen in the uppexll The next heated horizon is at
40 kbar.

The SCLM beneath Iron Mountain (Wyoming) is similaith a sharp
division at 40 kbar. Garnets in the upper sectiemahstrate an increase in FeO
and equal amounts of CaO while in lower part therelispersion in CaO and
increase in Fe within 50-70 kbar pressure intervethe high temperature
convective branch is pronounced there for PT eséisniom both garnets and The
pipes from the Northern part of the craton neférto the Paleocene (48 Ma)
(Williams) and Homestead in Montana show thinnet BCThe mantle sequence
beneath the Williams pipe reveals high heating ibstill keeps its lithospheric
root at about 60 kbar as calculated for garnetsilamehites and is proved also by
CPx estimates [24], but most xenoliths were brodigith the heated upper part of
the mantle section. The northern Homestead kintbdi3] shows a very similar
configuration of the PT plot but relates mainlytlee mantle section above the
graphite-diamond transition and 45 mvifrgeotherm from 40 to 20 kbars. The
xenoliths demonstrate disequilibrium between garaatl pyroxenes, the Cpx are
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seated inclusions from kimberlite pipes Sloan (agnd Kelsey Lake 1 pipes (b) Symbols: 1.

Opx T°C[2]- P(kbar) [31], 2. Cpx: T°C [33]- P(kbar) [2]; 3. T°C P [33], 12. Garnet [36]-

P(kbar) [2]; 5. Chromite T°C [37]- P(kbar) [2];
inclusions; 10. Gar [36]- P(kbar) [2] for diamondinclusions; 11. Chr T°C [37]- P(kbar) [2]

for diamond inclusions.

P(kbar) [31] ; 8. T°C [33]- P(kbar) [2] Cpx [2] for eclogites; 9. the ame for diamond
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higher then Opx and garnets in Fe# and definitetyewformed as a result of
fertilization.

TRACE ELEMENTS

The trace elements determined for the minerals ftloenSloan pipe reveal
rather uniform configuration of the spiderdiagrafes peridotitic garnets and
clinopyroxenes. Garnets show mainly common roundedstributions
corresponding to those equilibrated with Cpx whes formed from 1-2 % partial
melting. Small humps (enrichment) from Nd to Gddeveral grains may be a sign
of their origin from pyroxenites. Such grains rdv&aall enrichment in U, Ba and
less in Nb and Ta and very small fluctuations inHfrand have no Pb anomalies.
The concentration of such components is lower foe @ven more depleted
sample.

Most Cpx show the inclination 50<Gd/Yb<80 which remponds to the
garnet mode of about 10-15% due to fluctuationHREE. The spideragrams
show small depletion in left part but without peakbe small troughs of Zr are
typical for all of them. The enrichment in Ba isedine presence of fluid inclusions
— evaporation of fluids with Ba was visible duritige laser ablation of the grain.
The trace elements for ilmenites are also veryanmfwith the strong peaks in Ta-
Nb, less in Hf-Zr and evident for Pb. But some ihibes have higher Rb and Ba,
probably due to metasomatism. One ulvospinel shwhned REE patterns and
moderate enrichment in HFSE.

Eclogitic minerals demonstrate different behaviortiace elements. One of
the eclogites shows common rounded patterns foneggmrand clinopyroxene
without Eu anomalies. The next one with high amafnhodal Cpx demonstrates
a spoon-like distribution common for garnet-pooffree associations. Two Cpx
show a distribution typical for plagioclase andhably result from the inversion
of this mineral without high influence of garneti#goning. The spiderdigrams for
most of them show peaks in Ba, U, Sr, Pb, whidypscal for subduction-related
fluids but they have no essential negative anosati¢iFSE.

Sloan mineraldiffer in geochemical features. Garnets with higrheontent
demonstrate increase in LREE and progressive Srghapith pressure increase.
The peak in U is higher for garnets having comnmmded REE.

Clinopyroxenes REE patterns show the rotationGd (La/Yb variations)
suggesting a different percentage of garnet ininggfirecipitation assemblages.
Zr-Hf depletion was found for two grains while TdNninima are common.
Depletion in HFSE coincides with the growth of theeaks. Cpx with one order
of magnitude REE enrichment displays LREE and Tiickment probably derived
from carbonatite melt. The pattern for Cpx from Bprzolites with flattened
HREE show LREE enrichment or depletion and U, Bakpanarking subduction
processes. Spinels have very low concentratiorREE, with higher LREE and
HFSE peaks. llmenites from this pipe are veryiched in trace elements espe-
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cially in LREE. The inclination of their REE patter (La/Yb)n is greater for the
less enriched grains. Divergence in HREE may mden dgarnet dissolution
because other components especially Ta-Nb-Zr-Hivsreyy high concentrations.

DISCUSSION

Two pipes from different parts of the State Lingioa of the Wyoming
craton have different mineralogical and geochemfeatures of the xenocrysts
captured from the upper mantle. The SCLM underrSlus a definite division to
three units with contrasting structure of SCLM. @mg of the minerals
corresponds to these divisions. One can supposa&a@ scheme of the mantle
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Fig. 10a. Trace element patterns for minerals from deep seatl inclusion from Kelsey
Lake-1 pipe.

structure development. Division at 40 kbar into tbeer and upper section of
typical for all mantle sections [2]. The SCLM betie€hicken Park shows the first
step with the high heating of the base of the neam#ction and beginning of
formation of deformed peridotites and the influermfeplume melts marked by
ilmenites. The next step of development of mangletien probably is shown by
the Iron Mountain SCLM where probably a long pramolerlite vertical channel
was traced by ilmenites and accompanied by loctlization. The next step was
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shown by the Williams SCLM in Montana where aburidaelts likely created a
mantle diapir which intruded the upper part of tmantle section, the more
complete and homogenized type of such processeflexted by the Homestead
SCLM, also in Montana. The story of the craton gtoand destruction [9, 11] can
be reconstructed in detail for its different parts.

The Sloan and KL-1 pipes reveal different procesdele extensive reaction
of the mantle protolith with different matter. F8loan the lower part is subjected
to reactions with the rather uniform melt which wasbably close to the
protokimberlites. Cpx samples analysed for traeamehts were from the lower
part of the section and probably reflectstprocess. The KL-1 SCLM was
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Fig. 10b.Trace element patterns for minerals from deep seatl inclusion from Kelsey
Lake-1 pipe.

probably much more diverse in composition and thextisn was later
metasomatized and homogenized by protokimberlitésm@riginally it contained
a lot of subduction material. This is visible by thigh Mn Ba and Sr contents, and
especially high Pb and U. This probably correspandthe subduction not only
eclogites but sediments. Trace element peaks pamdgnt to the subducted fluids
how primary high degree metasomatism of the maiitie. metasomatism dated by
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zircons reveals mainly the ages of the kimberlagemiation [7, 8, 43]. Mantle
xenoliths from the spinel facies which are deplatedome cases [13] and seems
to be more enriched in the Sloan SCLM may givertiost ancient ages for the
craton growth.

The high heterogeneity of the mantle beneath theoiWyg craton was
probably an original feature of the Wyoming cratael which was composed
from several high angle slabs joined together iatacr margins. Position and
compositions of the eclogites in the mantle sectbulifferent pipes is unstable
and this also probably most interesting thing nowdetermine the ages of the
eclogites, The Os ages for the peridotitic minenadscate Archean to Proterozoic
events [7-9].
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ABSTRACT

Alkaline igneous rocks have a notoriously complexnenclature. A new method of
coding the mineralogical compositions of alkalineks is offered. Normative compositions
of 418 alkaline rocks calculated using program NORgrovided the input data. They were
processed on RHA method (program PETROS-2). Tlusiges the following information:
R (the rank formula) which is a sequence of comptmerdered in decreasing content in the
normative analysis (e.g. (Ab>Ne>Ort>...); H which dsmeasure of the complexity or
“entropy” of the composition; A which is a measwfepurity of the composition (i.e. how
closely it approaches being a monomineralic rogkle set of R values provided by the
program can be considered analogous to words AbgeOrt (Ab>Ne>Ort>...). They are
ordered “alphabetically” to give the R-classificatiof mineralogical composition of rocks
(see: http://geology.spbu.ru/department/scientific/rhagaage-methogl/ This method can
serve as a universal language for worldwide comoaiitin of geologists, and applies
particularly well to the complex homenclature dfadine igneous rocks.

INTRODUCTION

It is known that the names given to the same rocKiffierent authors differ
considerably, not only by macroscopic descriptiahdlso even after microscopic
study. D’Alessandro et al. [4] proved this by segdidentical specimens of 23
different rocks for independent examination by pgtaphers in 18 different
geological institutes in various parts of the worlthe resulting petrographic
names of these specimens and their descriptionsdvaidely, viz. 22 of the 23
rocks received at least four different petrograptames. This clearly showed that
differences in nomenclature and description maarige due to the “manner of
observing”, i.e. by subjective factors. This cansmsignificant difficulties in the
worldwide exchange of geological or geochemicahdstised on rock names. The
situation has not essentially changed for the Blsyears. The existing rules of
rock classification are not universal, and consatijyeare at best suitable for
ordering only within the limits of individual rocgroups, not covering all their
variety.

Natural borders between chemical compositions dféignt” rocks do not
exist. There is an important distinction betweeneroital and mineral
compositions. According to the known Russian geptseVernadsky [21], the
wide dispersion of elements should be consideradhasacteristic property of
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Table 1

The names of some rocks of nepheline syenite groapd their mineral composition
according to [11, 2].

localynames | locality Rock name and mineral composan
borolanite Loch Borolan, Scotland Ne syenite [Ort, Bt, Ands; Rt

ditroite Ditro, Romania Ne syenite [Cen, Bt, Cal

foyaite Mt Foya, Portugal Ne syenite trachytoid [Ort, Aégf, Ab
juvite Juvet complex, Norvay Ne syenite [Ort.>Ab

kakortokite | Kakortok, Grenland Ne syenite [Eud, Arf

khibinite Khibina, Russia Ne syenite [Aeg, Eud, Amf

litshfieldite | Lithfield, St. Maine, USA Ne syenite [K, Fsp, AbgGeSId, Lpdm
lujavrite Mt. Lujavr, Lovosero, Russia Ne syenite melanocfatel, Aeg, Arf
malignite R. Malign Ne syenite fg [Ort, Aeg, Aug, Cen, Amf
mariupolite | Mariupol, Ukraine Ne syenite leucocrate [Ab, Aeg (K-Fsp!)
miaskite Miass, Russia Ne monzosyenite (12 QAPF) [Bt,Orig Ol
naujaite Naujakasik, Greenland Ne-Sdl syenite [Ort, Arf,gAEuUd
pulaskite Raglan, Ontario, Canada Ne diorite [Olig, Bt

rischorrite Mt.Rischorr, Khibina, Russia Ne syenite poikilift, Aeg-Aug, Ap
saibarite Sabar, Siberia, Russia Ne syenite trachytoid [Kedssp, Ab, Amf
shonkinite Shonkin, Montana, USA Ne syenite (Il QAPF) [Ort,AWI, Bt, Hbl

Note: Ab — albite, Aeg — aegirine, Amf — amphibole, Ararfvedsonite, Aug — augite, Bt — biotite, Cch —
cancrinite, Crn — corundum, Di — diopside, Eud 4ialite, Fa — fayalite, Hbl — hornblende, K-Fsp —
potassium feldspar, Ne — nepheline, Ol — olivinkg © oligoclase, Ort — orthoclase.

substance of our planet. In the first quarter @vpus century he pointed out that
in any geological object, there are all elementshefperiodic table. At the same
time, rocks contain mixtures of compounds of eleimgminerals) in which the
variety of minerals is sharply limited. Eight tantelements are required for the
description of a rock using its chemical compositiand often additional data, but
only 3-5 minerals are often sufficient for the sartesk using mineral
compositions. The natural limits both of rock-fongioxides and mineral contents
in any given rock family usually overlap, and thefidition of the different types
within the family causes difficulties. Besides thiswequivocal identification of
rock types is confused also by the fact that diassions published in reference
books [e.g., 11; 2] are based on different priresp{mineral and/or chemical
composition, texture and structure, agpaite caefii; etc.). The data about rock
compositions are not systematized, which makes uhi#orm ordering and
searching of information about the rock’s compositimpossible (Table 1). In
addition, the rigid criteria used to unequivocallfine a rock variety are not fixed
to traditional names of nepheline syenites rocKs The alkaline rocks, and in
particular the representatives of the nephelinelgf@mthoid) syenite group, often
sharply reveal contradictions connected with degéniof the rock name [8].
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Uncertainty of rock names in relation to their nmadecomposition will be
shown using the example of the nepheline syendtels family. The main task of
this article is to present a way of describing eki® mineralogical composition,
which will help to produce a more improved nomenhaia

INITIAL DATA AND METHOD OF PROCESSING

The practical absence of parallel chemical and rainenalyses of alkaline
rocks has compelled us to use normative rock coitoal data, calculated by
means of program Norm-4 applied by many geologlts. will not discuss the
problem of conformity of the mineral compositiorriged from the CIPW method
to real rock compositions, since normative calcoiet are standard petrographic
practice. It is sufficient that use of similar cheah rock analyses leads to similar
normative mineral compositions, irrespective of thethod by which they have
been calculated.

Normative compositions have been calculated for éi@mical analyses of
many alkaline rock varieties taken from six literat sources and two databases of
our own. They are given in volumetric % (Vol. %),hieh most closely
corresponds to the visual definition of the rock.

The systematisation of chemical and mineral contjpos has been made
using the rank-entropy RHA method [14]. It is basada principle of ordering of
components ranged according to decreasing conteniha analysis — R. The
symbol “=" between two components shows that pilpi€ 1,15, which
corresponds to the difference between the neiglgpeomponents not more than
15% relative. The entropy and purity charactersstiel and En, respectively)
describe a kind of ranged distributions (rank dsittion). The closeH is to zero,
the closer the rock is to being monomineraic; fbser En is to unity, the closer is
its composition to a uniform distribution of volumef different minerals (uniform
distribution of volume %). The method is descriliedanore detail by Petrov [15]
and Petrov and Farafonova [16]. The results areeatdied as RHAchem and
RHAmIN respectively.

From the ranking we receive the rank formulas (Rmahich are sequences
of minerals, e.g. of type AbNeOrt... that corresporidsdecreasing volume
fractions (percents) of minerals in a rock Ab>Net(Qifable 2). Such an
arrangement of mineral symbols in the descriptiots phe dominant components
into first place, in other words, the building maéédefines the major properties
of the object. Such components of some of the apalyshown in Table 2 are
specially marked to facilitate the understanding tank formulas formation. The
ordered set of symbols of the components corresptmdhe visual definition of
the rock’s composition. The rank formula set carséen as being analogous to a
word, which can be ordered under a specially choseneated alphabet.

In the case of alkaline rocks, the rank formula seé ordered under a certain
“alphabet, using the sequence of minerals in ttle@mical R-classification of all
minerals [17; also see a file R-Min-Catalogue-2fdi0at the same web-site].
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Horizontal lines (classifiers), which begin fromchanew component in their
vertical succession, divide distinct groups of Rmin

RESULTS

Table 2 represents the calculated normative cortiposiand corresponding
rank formulas (Rmin) of foyaites and some other heéipe syenites. Three
normative minerals (namely Ne, Ab and Ort) domirtaee first three ranks. Only
in the rank formulas of two foyaites is the thieshk occupied by Di (diopside) and
in one Crn (corundum). The variety of compositiagharply increases when the
4th component is considered and further changdtea the only new component
Mag (magnetite) occupies the 5th rank. The file RM& comp_alkaline rocks.rar
on the web-sitéttp://geology.pu.rushows the full version of our results.

Table 3a-e with reduced up to 3 positions rank tdam show the
predominance in their composition of nepheline (N@m}hoclase or microcline
(Ort) and alkaline plagioclase (Ab) assemblagesngarison of R-data for all
syenite family rocks shows similarity of many rafdemulas. Thus, formulas
AbNeOrt and AbOrtNe are present in the followingups: foyaites (Table 3a),
khibinites (Table 3b), mariupolites (Table 3c), skides (Table 3d) and lujavrites
(Table 3e). In contrast, the formula OrtNeAb is coom in foyaites, khibinites,
rischorrites and juvites (data on the latter twe available only in the full table on
the web-site). The formula OrtAbNe is seen in fegsi khibinites, miaskites and
lujavrites. Thus, it is clear that, using such shank formulas, it is impossible to
define a rock variety in the nepheline syenitekrfaenily. The similarity of rank
formulas within the limits of the three first comqmmts in Table 3a-e illustrates a
generality of representatives from this rock graDp.the other hand, the variety of
names of such rocks in Table 1 is mostly causedisiinctions of minor minerals,
many of which contain volatile components. Congaidns of these minerals are
impossible to calculate using the program NORM-de Folution to this problem
requires either significant improvement to thisgyeon, or direct definition of the
real mineral contents of rocks. The latter is nabesirable, as it corresponds more
closely to nature. First, it will allow us to codsr the present minerals, instead of
virtual components such ass;&0;, NaCOs;, corundum, etc., derived sometimes
from the norm calculations. Secondly, it will prdgi an account of the minerals
including volatile components, among which in tleeks under consideration
usually occur micas, amphiboles, cancrinite, etesénce of these minerals does
not come to light by using of program Norm-4. Seowe[20] already pointed out
the great significance of the melanocratic minef@aighe classification of alkaline
rocks.

Using the visual definition of mineral content is@mple (Figure a) or in thin
section (Figure b), it is possible to repregbatreal composition of rock. Such a
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definition more or less corresponds to the calcadf volumetric % of minerals
in the rock and can be represented in the fofmank formulas. In the present

Fig. a. The sample: the composition (in Vol.%): Ne-36,0rt-3,Ab-14,Aeg-13,Eud-5
Rank formula: Ne=OrtAb=AegEud. The rocks identification: Nepheline syenite aegirine-
eudialyte (Ne-syenite Aeg-Eud).

Fig. b. The thin section: the composition (in Vol.%): Mi-54 Ne-25, Bt-16, Ab-5 Rank
formula: MiNeBtAb. The rock: Nepheline syenite bioite (Ne-syenite Bt).

case, the first three predominant minerals mos#finé only the rock group

(nepheline syenite): NeOrtAb, AbOrtNe, OrtNeAb dtt.order to determine the
classification of alkaline rock varieties, we ndgedise the longer rank formulas of
mineral composition, not less than of four rankgs Ipossible to create a simple
rock name by adding to the term «nepheline syenitesname of mineral (or some
minerals) occupying the fourth or fifth rank posits. For example, a rock with the
rank formula «OrtAbNeBt» can receive the name “mdiplke syenite Bt”. Such

names can be formed basing on quantitative calonktof their real mineral

composition. Obvious, a high precision of thesewdations is not required, but
only creation of rank formula on the basis of visaatimation of the relative

amounts of rock-forming minerals.

It will be possible to work out a rational nomenuala for various rock groups
within this family after critical revision of sualepresentative RHAmin collections
from different regions. The values of complexitynfEand purity (An) of
composition, showing the degree of approach to mmmerality, can be used for
specification of the description in the form of kdformulas.

The RHA-method allows us to create a uniform, unempal classification of
mineral compositions not only of nepheline syergteups, but also all set of
rocks. Such a classification is open for additidn new types, which were
previously unknown. The opportunity to create aequivocal rock classification
based on mineral composition using the mineral ammion rank formulas has
been shown earlier on the example of phoscoritéscanbonatites [9, 18], rocks
which had no standard nomenclature. In additioo¢cesss of the application of this
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method can be shown on an example of well-studbe#tsr such as granites (77
analyses), diorites (59) and gabbros (33 analy3é®&se results are accessible on
separate pages of file RHA-Min comp_alkaline rocks.

Table 3a-e

The reduced rank formulas of mineral composition (Rmin) for different representatives of
nepheline-syenite family (N — quantity of analysesorresponding of given analysis)

a. foyaite
Rmin N | b. khibinite ¢.  mariupolite
Ne Ab Ort | 1 Rmin N Rmin N
Ne Ort Ab | 3 Ne Ort Ab | 3 Ne Ort Ab | 1
Ne Ort Di |2| |Ne Ort Di | 1| [Ne oOrt Di |1
An Ort Ne 1 d.  miaskite e. lujavrite
Ab Ol Ne 1 Rmin N Rmin N
Ab Ne Ort| | Ab Ne Ort | 1 Ab Ne Ort| 7 Ab Ne Ort| | Ab Ne Ort| 1
= | - Ab Ort Crn| 1 -
Ab Ort Ne [ 9] [Ab Ort Ne [ 1| |Ab Ort Ne [ 5| |Ab Ort Ne | 14| |Ab Ort Ne |2
Ort Ne Ab |12] |Ort Ne Ab |18 Ab Ort Aeg| 1
Ort Ne Di |1 Ort Ab OI |1
Ort Ab Crn| 1 =
ort Ab Ne [15| |ort Ab Ne |4 Ort Ab Ne [ 5| |ort Ab Ne |1
ort Ab Di |2
total 47 total 28 total 16| |total 21 total 6

A fragment of such an RHA classification of minetamposition for some typical
rock groups is shown in table 4. Increasing det#Hilhe description (rank formula
length) will allow the peculiarities of a rock’s n@ral composition to be taken into
consideration, significant for some cases. The umgmity of our alphabetic
ordering of RHA-descriptions of compositions allows to store numerous data
sets and to reveal groupings of similar rocks l®irthomposition, to estimate the
completeness of data for various groups, tandveal different types of error.
The existence of sufficiently representative arraysrock types stipulates the
opportunity of their identification by real modairaposition.

CONCLUSIONS

The authors do not suggest replacing the standamdrglly accepted names
of rocks. However they suggest that the RHA languagnly a way of coding of
analytical information, based on which its unequaslp hierarchical, periodic
ordering can be made. Such standardisation of septation of chemical and
mineral compositions of a rock based on the RHAhametwill promote the
ordering and systematisation of most geologicah.d&tmplicity and clearness of
rules for using the RHA method allows the constoictof a uniform
systematisation of various rock compositions infedént geological institutes
independently. It will be necessary to cooate only two questions — general

Table 4.
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The RHA classification of normative mineral compodion (Vol. %) for some rock types.

Rank formula Min En An Description An%

Ne Ort Ab Di Ilm 0.722 0.113 |16-2025-t1 khibinite 0
Ne= Ort Ab Di Ilm 0.708 0.146 |32-2025-tl1_syenite Ne 7
Ne Ort Ab Di Mag | 0.642 | 0.149 |30-19-t41_syenite Ne 0
Ne= Ort Ab Di Mag 0.728 0.130 |148-2025-t1_svenite 0
Ne= Ort Di Ab Wo 0.845 0.058 |4-676-p310_Ne syenite P
Ne= Ort Di Ab Wo 0.832 0.062 |10-1061-t30_fovaite 0
An Ol= IIm Ap Mag 0.816 0.048 |23-2052-t16 peridotite 100
An ol IIm Mag Ne | 0.785 | 0.079 |22-2052-t16_gabbro Ol 100
An o1 Im= Mag Kis | 0.696 | 0.097 |19-2052-t11_gabbro 100
An= (0]} Ilm= Mag Kls 0.849 0.061 |10-2052-t11_ peridotite 100
An (0]} Mag IIm Ne 0.757 0.090 |9-2052-t11 peridotite 100
Qtz Ab Ort Crn Hyp 0.725 0.116 |1002-1024_Bt granite 17
Qtz Ab Ort Crn Hyp 0.698 0.146 |1008-1024_granite s
Qtz= Ab Ort Crn Hyp 0.690 0.172 |1074-1024 Bt granite 11
Qtz Ab Ort Hyp Crm | 0.706 | 0.153 |[1070-1024 granite 13
Qtz= Ab= Ort Hyp Cm 0.694 0.169 |1054-1024_Bt granite 8
Qtz Ab Ort Hyp Cm | 0690 | 0.140 |1057-1024_aplite 21
Qtz= Ab Ort Hyp Cm 0.688 0.171 |1024-1024_granite 9
Ab Ne Ort Aecg Ol 0.821 | 0.061 |9-19-t41_lujavrite 0
Ab Ne Ort Aeg Ol 0.785 0.080 |5-1061-t32_ mariupolite 0
Ab Ne Ort Aeg Ol 0.920 0.023 |3-19-t41_kakortokite 0
Ab Ne=  Ort Aeg Ol 0.702 0.139 |15-2009-t41_mariupolite 0
Ab= Qtz Ort Hyp Cm 0.687 0.171 |1078-1024_granite 9
Ab= Qtz Ort Hyp Cm 0.665 0.205 ]1035-1024 Bt granite 15
Ab Qtz Ort Hyp Crr 0.660 | 0.200 |1069-1024 granite 11
Ab Qtz Ort Hyp Di 0.697 0.163 |1029-1024_aplite 2
Ab= Qtz Ort Hyp Di 0.680 0.177 |1037-1024_granite 11
Ab Qtz= Ort Hyp D1 0.660 0.204 |1044-1024 granite 3
Ab Qtz Ort Hyp Mag 0.671 0.187 |1075-1024_granite 7
Ab= Qtz Ort Hyp Mag | 0.664 0.217 |1046-1024_granite 11
Ab Qtz= Ort Hyp Mag 0.659 0.224 |1010-1024 granite 7
Ab Qtz= Ort Hyp Mag 0.670 0.199 |11040-1024_granite 2
Ab Qtz= Ort Hyp Mag 0.660 0.226 |1052-1024_Bt granite 8
Ab Qtz Ort Hyp Mag 0.652 0.208 11014-1024 granite =
Ab= Qtz Ort Hyp Mag | 0.675 | 0.209 |1051-1024_granophyre 10
Ab Qtz Ort Hyp Mag 0.672 0.201 |1063-1024_granite 7
Ab Qtz= Ort Hyp Mag 0.649 0.244 11023-1024_granite 5
Ab Ort Ne (0] Cm 0.615 0.173 |5-2008-t8_miaskite 7
Ab Ort Ne (0]} Crmn 0.582 0.157 |7-2008-t8_muaskite 9
Ab Ort Ne Ol Crn 0.657 0.143 |20-2009-t41_mariupolite 3
Ab Ort= Ne Ol Crn 0.537 0.153 122-2009-t41 mariupolite 7
Ab Ort Ne Ol Di 0.693 | 0.115 |3-1061-131_foyaite-peg 16
Ab Ort Ne (0]} D1 0.571 0.186 |5-2009-t41_syenite Ne 4
Ab Ort Ne Ol Hem | 0.671 | 0.169 |1-2008-t8 miaskite 20
Ab Ort Ne 01 Hem | 0.582 0.170 |5-2008-t28_syenite 18
Ab Ort Ne Ol Mag | 0.715 | 0.126 [29-19-t41 syenite 10
Ab Ort Ne Ol Mag 0.707 0.135 |6-1061-t18 fovaite 12
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Table 4.Continued

Rank formula Min En An Description An%
Ab Ort Ne Di Ol 0.719 0.122 |1-19-t13_ svenite Ne 29
Ab Ort Ne Di O1 0.704 0.132 |3-2008-t28_miaskite Bt 30
Ab Ort Ne Di 01 0.704 0.125 |1-19-t35_tinguaite 8
Ab Ort Ne Di Ol 0.621 0.144 |3-19-t28_nephelinite Lct 8
Ab= Ort Ne Di Aeg 0.833 0.056 |40-19-t41 hedrumite 0
Ab Ort Ne Di Aeg 0.716 0.121 ]6-19-t29_phonolite 1]
Ab Ort Di Ne o1 0.800 0.068 |1-2009-t41_ syenite Bt 24
Ab Ort Di Ne o1 0.691 0.108 |8-19-t12 ordanchite 15
Ab Ort Di Ne Ol 0.645 0.124 |21-19-t41_syenite Ne 13
Ands Hyp Qtz= Di Ort 0.637 0.106 |4-2052-t5_ diorite Qtz
Ands Hyp Di Ort Qtz 0.769 0.069 |3-1144-t2_gabbronorite
Ands Hyp Di Ort Qtz 0.740 0.078 |1-1144-t2 gabbronorite
Ands Hyp Ort= Qtz Di 0.814 0.061 |2-1144-t2 monzogabbro
Ort Ne= Ab Aeg Ol 0.770 0.094 |42-2025-t1_khibinite
Ort Ne= Ab Aeg OI1 0.756 | 0.089 |7-1061-t28 foyaite
Ort Ne Ab  Aeg Di | 0.767 | 0.079 |2-19-136_foyaite
Ort= Ne Ab Aeg Di 0.728 0.108 |39-2025-t1_khibinite
Ort= Ne Ab Aeg Di 0.821 0.063 |38-19-t41_foyaite
Ort Ne= Ab Aeg D1 0.770 0.098 ]166-2025-t1_foyaite
Ort= Ne Ab Aeg Di 0.731 0.118 |17-2025-t1_Kkhibinite

Ort= Ne Ab Di Aeg 0.757 0.101 |3-19-t5_syenite Ne
Ort= Ne Ab Di Aeg 0.736 0.107 |5-19-t5_Khibina av.

2ooaecscsess i bneslessessnssa2Etln

Ort Ab Ne Ol Crn 0.659 0.105 |4-19-t40_syenite Ne

Ort Ab Ne (0] Crn 0.577 0.174 |2-19-t40_svenite Ne

Ort Ab= Ne Ol Cm | 0657 | 0206 |1-2009-t26 Mi-Ne peg.

Ort= Ab Ne (0]} Crn 0.625 0.176 |1-19-t9 miaskite

Ort Ab= Ne Ol Di 0.689 | 0.164 |11-2009-t26_Mi-Ne peg.

Ort Ab Ne Aeg Ol | 0.838 | 0.055 |2-1061-t28 foyaite

Ort= Ab Ne Aeg Ol 0.741 | 0.118 |168-2025-t1 foyaite

Ort Ab= Ne Aeg Di | 0.734 | 0.118 |45-2025-t1 khibinite

Ort Ab= Ne Aeg Di 0.734 | 0.118 |46-2025-t1 Kkhibinite

Ort Ab= Ne Aeg Di 0.774 | 0.095 |167-2025-t1_foyaite

Ort Ab= Ne Aeg Di 0.739 | 0.123 |158-2025-t1 fovaite

Ort= Ab Ne Di__ Ol 0.770 | 0.096 |2-19-t8 syenite Ne

Ort Ab= Ne Di Ol 0.756 | 0.078 |8-2009-t41_fovaite Bt

Lbr Hyp Qtz— Di  Ort 0.741 | 0.073 |4621-1024 diorite

Lbr Hyp Qtz Di Ort 0.631 | 0.104 |4649-1024 diorite Qt= 63
Lbr Hyp Qtz Ort Di 0.752 | 0.074 |4602-1024 diorite 58
Lbr Hyp Qtz Ort Di 0.537 | 0.140 |4622-1024 diorite Qt=z 47
Lbr Hyp Ort Qtz Di 0.784 | 0.067 |4623-1024 _diorite Qtz 56
Lbr Hyp Ort= Qtz Di 0.663 | 0.101 |4612-1024 diorite 45
Lbr Hyp Ort Qtz Di 0.631 | 0.113 |4618-1024 diorite 46
Lbr Ort Hyp Qtz Da 0.764 0.074 ]4605-1024_granodiorite 50
Lbr Ort= Hyp Qtz Di 0.651 | 0.102 |4639-1024 diorite 49
Lbr Ort Hyp= Di Qtz | 0.805 | 0.061 |4617-1024 diorite Hbl 48
Lbr Ort= Hyp Di Otz | 0.715 | 0.083 |4651-1024 diorite 50
Lbr Ort= Hyp Di Mag | 0655 | 0.127 |4624-1024 diorite Qtz 33

Note: Both En — measure of composition complexity and-Ameasure of purity were calculated for 4
first components. Description: No of analysis, Noederence see table 2, in addition: 676 — [10D2—
[13], 1024 —[22], 1144 —[19], 2008 — [12], 20521} (No of table/page); rock name.
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abbreviations of mineral names and specificatioftaindaries between mineral
species in isomorphic series.

Using this RHA language, the definition of rocksdily has a chance to
become unequivocal. It is possible to determinedthiet specification of limits
between mineral varieties of rocks on the presemfcehanges in their rank
formulas (e.g. on rearrangements of mineral symbolfius, as pointed by
D’Alessandro et al. [4], we can envisage the cosatf a reliable universal
language for communication among all geologists.
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