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Abstract—Based on the investigation of olivine phenocrysts and melt and spinel inclusions in them from the
picrites of the Gudchikhinsky Formation and olivine phenocrysts and the whole-rock geochemistry from the
Tuklonsky and Nadezhdinsky formations of the Noril’sk region, the compositions and conditions of formation
and evolution of the parental melts and mantle sources of Siberian trap magmatism were evaluated. Olivine phe-
nocrysts from the samples studied are enriched in Ni and depleted in Mn compared with olivines equilibrated
with the products of peridotite melting, which suggests a considerable role of a nonperidotitic component (oli-
vine-free pyroxenite) in their mantle source. The onset of Siberian trap magmatism (Gudchikhinsky Formation)
was related to the melting of pyroxenite produced by the interaction of ancient recycled oceanic crust with man-
tle peridotite. During the subsequent evolution of the magmatic system (development of the Tuklonsky and
Nadezhdinsky formations), the fraction of the pyroxenite component in the source region decreased rapidly (to
40 and 60%, respectively) owing to the entrainment of peridotite material into the melting zone. The formation
of magmas was significantly affected by the contamination by continental crustal material. The primitive mag-
mas of the Gudchikhinsky Formation crystallized under near-surface conditions at temperatures of 1250—
1170°C and oxygen fugacities 2.5-3.0 orders of magnitude below the Ni-NiO buffer. Simultaneously, the mag-
mas were contaminated by continental silicic rocks and evaporites. The parental magmas of the Gudchikhinsky
rocks corresponded to tholeiitic picrites with 11-14 wt % MgO. They were strongly undersaturated in sulfur,
contained less than 0.25 wt % water and carbon dioxide, and were chemically similar to the Hawaiian tholeiites.
They were produced by melting of a pyroxenite source at depths of 130—180 km in a mantle plume with a poten-
tial temperature of 1500-1580°C. The presence of low melting temperature pyroxenite material in the source
of Siberian trap magmas promoted the formation of considerable volumes of melt under the thick continental
lithosphere, which could trigger its catastrophic collapse. The contribution of pyroxenite-derived melt to the
magmas of the Siberian trap province was no less than 40-50%. This component, whose solid residue was free
of sulfides and olivine, played a key role in the origin of high contents of Ni, Cu, and Pt-group elements and
low sulfur contents in the parental trap magmas and prevented the early dispersion of these elements at the
expense of sulfide melt fractionation. The high contents of Cl in the magmas resulted in considerable HCI emis-
sion into the atmosphere and could be responsible for the mass extinction at the Paleozoic—Mesozoic boundary.

DOI: 10.1134/S0869591109030047

INTRODUCTION

Large igneous provinces (LIP) are short-term (usu-
ally, a few million years) occurrences of simultaneous
magmatic activity over tremendous areas of continents
and oceans (Campbell and Griffiths, 1992). Among typ-
ical LIP are continental flood basalt provinces (e.g.,
Siberian and Deccan traps) and oceanic plateaus (e.g.,
Ontong—Java).

A number of often incompatible hypotheses have
been proposed to explain the formation of LIP related
to mantle magmatism. Two hypotheses are most widely
accepted by researchers. The first is the model of ther-
mal mantle plumes, whose heads produce LIP through
the extensive decompression melting of mantle peridot-

ites owing to high potential temperatures (White and
McKenzie, 1988; Campbell and Griffiths, 1992;
Dobretsov et al., 2008). The second hypothesis claims
to explain the formation of continental LIP without a
significant temperature anomaly in the convecting man-
tle assuming delamination and descent of lithospheric
block with the subsequent space filling with hot con-
vecting mantle material undergoing high degrees of
decompression melting (e.g., Elkins-Tanton, 2005).
The main shortcoming of these concepts is the absence
of rigorous estimates for the conditions of formation of
parental magmas and compositions of their mantle
sources. The problem is especially difficult for conti-
nental flood basalt provinces, including the Siberian
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traps. This is related to the fact that the occurrences of
flood basalt magmatism accessible for observation
underwent considerable differentiation in the crust, and
their composition was modified by mineral fraction-
ation and crustal contamination (Sobolev, 1936). In
such cases, the composition of parental magmas can be
reconstructed using a combination of new methods
based on the detailed analysis of olivine phenocrysts
(Sobolev et al., 2005, 2007, 2008) and fragments of the
magmatic system embedded in them (Roedder, 1984;
Sobolev, 1996).

The Siberian trap province is of special importance
among LIP. This is related, first, to its tremendous size,
which makes it the largest continental basaltic LIP of
Phanerozoic age (Masaitis, 1983; Reichow et al.,
2005). Second, the formation of the province (within
the accuracy of numerous datings) coincided with the
most significant mass extinctions in the Earth’s history
at 251 Ma at the Paleozoic—Mesozoic boundary; there-
fore, it is considered as a possible reason for this event
(Campbell et al., 1992; Kamo et al., 2003; White and
Saunders, 2005). Third, the province comprises the
world’s largest platinum—copper—nickel sulfide depos-
its (Dodin et al., 1971; Dyuzhikov et al., 1988; Naldrett
et al., 1992). These unique features of Siberian trap
basalts have not yet been explained within a single con-
sistent model of their formation.

In this paper, we propose a model combining the
plume hypothesis with the concept of delamination of
subcontinental lithosphere, which is based on the idea
of crustal recycling, i.e., re-entrainment of the ancient
subducted oceanic crust into the melting zone (Hof-
mann and White, 1982). This model explains the con-
siderable volumes of magmas formed deep beneath the
continental lithosphere; the high concentrations of
nickel, copper, and platinum-group elements and low
contents of sulfur in the parental melts; and rapid
changes in the composition of the mantle source during
the evolution of flood basalt magmatism.

OBJECTS
Short Description of Regional Geology

The Siberian trap province includes several zones
differing in the structure and thickness of lava and tuff
sequences (Masaitis, 1983; Zolotukhin et al., 1986). Of
special interest is the Noril’sk region (Fig. 1), which
comprises a thick (3.7 km) volcanic sequence contain-
ing, in addition to widespread tholeiitic basalts, subal-
kaline and picritic rock varieties (Fedorenko et al.,
1996). Its conspicuous feature is the presence of unique
Pt—Cu—Ni mineralization in ultrabasic—basic intrusive
complexes (Dodin et al., 1971; Dyuzhikov et al., 1988;
Naldrett et al., 1992).

The main first-order fold structures of the regions
(Fig. 1) are the Khantai—Rybinsky and Dudinsky arches
composed of terrigenous sedimentary sequences of the
Early and Middle Paleozoic, the Tunguska syneclise,
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and the Noril’sk—Kharaelakhsky depression, where
coal-bearing rocks of the Tunguska Formation (C,—P,)
and numerous basalt flows (P,—T,) are exposed. The
depression includes the Noril’sk, Kharaelakhsky, and
Ikonsky troughs (Dyuzhikov et al., 1988).

The volcanic sequence was subdivided into 11 for-
mations on the basis of the petrographic and chemical
compositions of volcanics and proportions of lavas and
tuffs: Ivakinsky, Syverminsky, Gudchikhinsky, Kha-
kanchansky, Tuklonsky, Nadezhdinsky, Morongovsky,
Mokulaevsky, Kharaelakhsky, ~Kumginsky, and
Samoedsky formations; subformations and members
were distinguished in some of the formations (Dodin
etal., 1971; Ryabov et al., 2000). The lower three for-
mations occur only in the Noril’sk region, whereas the
upper formations (starting from Morongovsky) were
traced along strike over hundreds of kilometers to the
east. Intermediate position is characteristic of the Kha-
kachansky, Tuklonsky, and Nadezhdinsky formations,
which occur outside the Noril’sk region and pinch out
toward the Putorana Plateau.

Sampling Sites

The section of the tuff-lava sequence was studied by
us mainly in the eastern part of the region, where nine
of the 11 formations were detected (Fig. 2). Primary
attention was given to highly magnesian extrusive
rocks, which occur in the Gudchikhinsky (Gd,), Tuk-
lonsky (Tk), and Nadezhdinsky (Nd,) formations.

The picritic basalts of the Gudchikhinsky Formation
were investigated in several sections in different parts
of the region. Three key sections were selected: in the
western part of the Kharaelakhsky Trough, in the east-
ern slope of the Khantai—-Rybinsky arch, and in the
western slope of the Tunguska syneclise. This allowed
us to trace the evolution of the structure and composi-
tion of the Gudchikhinsky picrites from west to east.

The thickest section of the Gudchikhinsky Forma-
tion was investigated in borehole KhS-51 in the western
part of the Kharaelakhsky Trough. The incomplete
thickness of the formation (its upper part was eroded) is
460 m. The lower part of the section is composed of
porphyritic and aphyric basalts with an average MgO
content of 6 wt %, and the upper part (111 m) is made
up of 17 flows of picritic basalts containing up to 24 wt %
MgO. The flows are of only moderate thicknesses
(4—6 m on average), and their upper portions (0.5—
1.3 m) are composed of amygdaloidal varieties, which
facilitated the distinguishing of flows in the section.
The rocks are extensively altered, and olivine is almost
completely replaced by serpentine or bowlingite. Fresh
samples of picritic basalts were collected in the central
part of the thickest and, consequently, least altered flow
penetrated by the borehole at depths of 118-140 m.
One of the samples (KhS-51/130) was studied in detail.
The thickness of the Gudchikhinsky Formation
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Fig. 1. Sketch map showing the distribution of tuff-lava rocks in the Siberian trap province and position of the Noril’sk region in
its structure. Compiled after the data of Masaitis (1983) and Geological Map... (1991). (1) Boundary of the Siberian trap province;
(2) faults; (3) rocks of the trap association: (a) basalts and (b) tuffs; (4) terrigenous sedimentary rocks of Paleoproterozoic—Early
Carboniferous age; (5) sampling sites: /, KhS-51/130; 2, 4270/13; 3, SU-50 (Gudchikhinsky Formation); 4, SU-33 (Tuklonsky For-

mation); and 5, 530/12 (Nadezhdinsky Formation).

decreases to a few tens of meters at the eastern side of
the trough.

The structure and composition of the rocks of the
formation change dramatically in the eastern slope of
the Khantai—Rybinsky arch. Its thickness is only 22 m,
and the rocks of the lower subformation (basalt porphy-
ries with normal Mg contents) are completely missing
in the section. The formation is represented there by
two picritic basalt flows with MgO contents of 12—
16 wt %. It should be noted that the character of mag-
matism changes in this region: numerous central-type
volcanoes appear there; they are a few tens of meters
high and composed of thin (10—15 cm) beds of lava and
ash materials. Thus, this rigid anticline structure is
dominated by vertical fracture channels, which pro-
moted faster magma ascent to the surface compared
with the adjacent trough (which may be responsible for
the less extensive crustal contamination of melts; sam-
ple 4270/13, see below).

No. 3
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The third section of the Gudchikhinsky Formation
considered here is situated at the western part of the
Tunguska syneclise. It includes a single picritic basalt
flow, 8 m thick (sample SU-50).

The Tuklonsky and Nadezhdinsky formations con-
tain very minor amounts of high-magnesium rocks.
They were documented only in layered flows (Fig. 1).
Picritic basalts were found in the Tuklonsky Formation
at Sunduk Mountain (southern coast of Lake Glubokoe;
Lightfoot et al., 1993) and in the Nadezhdinsky Forma-
tion among the rocks of the Mikchangdinsky cover
(Krivolutskaya et al., 2005) in the eastern slope of the
Khantai—-Rybinsky arch. These rocks are represented
by samples SU-50 (Tk) and 530/12 (Nd,).

Petrography

The picritic basalts of the Gudchikhinsky Formation
are macroscopically distinctly different from other lava
varieties, including the high-magnesium rocks of the
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Fig. 2. Generalized section of volcanic rocks of the trap association for the eastern part of the Noril’sk region (basin of the
Mikchangda River).

Formations: iv, Ivakinsky; sv, Syverminsky; gd, Gudchikhinsky; hk, Khakanchansky; tk, Tuklonsky; nd;, lower subformation of the
Nadezhdinsky Formation; nd,_s, undifferentiated middle and upper subformations of the Nadezhdinsky Formation; mr, Moron-
govsky; mk, Mokulaevsky; and hr, Haraelakhsky. Horizons of high-magnesium rocks are shown in black. The encircled groups of
rocks are the picrites and picritic basalts of the Gudchikhinsky (T;gd), Nadezhdinsky (T nd), and Tuklonsky (T tk) formations with
the contribution (in %) of the pyroxenite component in the melt calculated from the composition of magnesian olivine (Sobolev
et al., 2007, 2008). The diagrams show variations in Mg# and characteristic trace element ratios in the rocks along the section (black
diamonds are picritic basalts, and gray diamonds are tholeiitic and subalkaline basalts). The dashed line corresponds to Nb/La = 1.

Tuklonsky and Nadezhdinsky formations. They are
dark gray (sometimes with a violet shade) medium- to
coarse-grained massive rocks consisting of olivine (15—
50 vol %), plagioclase (20-50%), pyroxene (10-30%),
chrome spinel, and secondary minerals. Their struc-
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tural, textural, and mineral characteristics show minor
variations.

The most magnesian picrites from the western part
of the Kharaelakhsky Plateau (sample KhS-51/130)
have a weakly manifested porphyritic structure and a

Vol. 17 No. 3 2009
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hypidiomorphic texture. Their compositions are domi-
nated by olivine (up to 50%), whose large euhedral
prismatic crystals (2-3 mm) appear as hexagonal or
rectangular grains in thin sections. Small (up to 1 mm)
oval or rounded grains of this mineral often occur
within elongated (up to 3 mm) tabular crystals of pla-
gioclase (25%) forming a poikilitic texture. Clinopy-
roxene (13%) also forms elongated (up to 1 mm)
grains, and orthopyroxene occurs in minor amounts (up
to 3—4%). The rock also contains chrome spinel, titano-
magnetite, and serpentine-group minerals. Picritic
basalts from the eastern slope of the Khantai—Rybnin-
sky arch (sample 4270/13) have a finer grained hypidi-
omorphic texture. Olivine (about 20%) usually occurs
as small euhedral grains of uniform size (0.5 mm on
average) randomly distributed in the rock and is almost
unaffected by secondary alteration. Plagioclase (about
50%) occurs as large laths (5 X 2 mm), and pyroxene
(about 30%) forms smaller irregular grains. Typical
picritic basalts from the western part of the Tunguska
syneclise (sample SU-50) are very similar in mineral
composition, texture, and structure to the rock variety
described above, but they are better crystallized.
Strongly altered subhedral olivine grains averages
1-2 mm in size (up to 15%), and 60-70% of the grains
are replaced by bowlingite or serpentine.

The picritic basalts of the Tuklonsky and Nadezh-
dinsky formations occur as 5-80-cm-thick interbeds
among high-magnesium tholeiitic basalts (8-9 wt %
MgO) and are similar to each other both in composition
and textural features. In particular, they show a weak
porphyritic structure and a doleritic texture of the
groundmass, which contains radial aggregates of pla-
gioclase and/or pyroxene. The sample of picritic basalt
from the Tuklonsky Formation (SU-33) contains
almost completely altered olivine grains (15%), sheaf-
like intergrowths of plagioclase crystals up to 2 mm in
size (30%), and anhedral clinopyroxene grains (55%).

Similar rocks from the Nadezhdinsky Formation
(sample 530/12) contain up to 30 vol % of small
(1-2 mm) porphyritic olivine grains. They are uni-
formly distributed in the groundmass with a doleritic or
radial texture composed of small (0.5 mm) plagioclase
laths (40%) and isometric pyroxene grains (30%) of the
same size.

METHODS
Analytical Techniques

Three microanalytical techniques were used to
investigate the composition of minerals and melt inclu-
sions: electron probe microanalysis, inductively cou-
pled plasma mass spectrometry with laser ablation, and
secondary ion mass spectrometry. Rock compositions
were determined by X-ray fluorescence and inductively
coupled plasma mass spectrometry.

The contents of major elements in rocks were mea-
sured by X-ray fluorescence (XRF) analysis using a
PETROLOGY  Vol. 17
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PANalytical AXIOS Advanced spectrometer at the Ver-
nadsky Institute of Geochemistry and Analytical
Chemistry of the Russian Academy of Sciences (ana-
lysts I.A. Roshchina and T.V. Romashova). An Rh
anode X-ray tube (up to 4 kW) was used for excitation.
The relative errors (two standard deviations) for the
concentration ranges observed in our samples were
estimated from the reproducibility of standard analysis
as 1.2% for SiO,; 3.5% for Al,O3; 6.2% for FeO; 8%
for Na,O, MgO, P,0s, K,0O, CaO, and TiO,; 14% for
Cr,0;5; and 17% for MnO.

Bulk rock trace element contents were obtained by
inductively coupled plasma mass spectrometry (ICP
MS) at the Institute of Mineralogy and Geochemistry of
Rare Elements (analyst D.Z. Zhuravlev) using an
ELAN 6100 DRC spectrometer (Software Kit, May
2000, PerkinElmer SCIEX) operating in a standard
mode. The sensitivity of the instrument was calibrated
over the entire mass scale using standard solutions con-
taining all of the elements analyzed in the samples. The
quality of analysis and the sensitivity drift of the instru-
ment were controlled by alternating sample and refer-
ence material (BCR-2 basalt; GeoRem database,
http://georem.mpch-mainz.gwdg.de/) measurements.
The detection limit (DL) ranged from 1-5 ppb for
heavy and medium-mass elements (U, Th, REE, etc.) to
20-50 ppb for light elements (Be and others). The accu-
racy of analysis was 3—10% relative for element con-
centrations higher than 20-50 DL.

Electron probe microanalysis (EPMA) was
employed to measure major and minor element con-
tents higher than 100 ppm in olivine, spinel, and melt
inclusion glasses. The analyses were obtained using a
Jeol JXA 8200 SuperProbe electron microprobe at the
Max-Planck Institute of Chemistry (Mainz, Germany).
The major elements of glasses and spinels were ana-
lyzed at accelerating voltages of 15 and 20 kV, respec-
tively, and a beam current of 20-30 nA using natural
standard samples: basaltic glass USMN111240/52
(VG2) and chrome spinel USMN117075 (Jarosevich
et al., 1980) with typical errors of less than 2% relative.
The composition of olivine and some elements in inclu-
sions were analyzed using a special procedure provid-
ing an accuracy of 20-30 ppm (two standard deviations)
for Ni, Ca, Mn, Al, Ti, Cr, and Co and 0.02 mol % for the
forsterite component of olivine (Sobolev et al., 2007).

Laser ablation—inductively coupled plasma mass
spectrometry (LA-ICP MS) was used to determine
trace element contents in melt inclusion glasses and oli-
vine. Analyses were carried out on an ELEMENT-2
(Thermo Scientific, England) mass spectrometer cou-
pled to a UP-213 (New Wave Research, England) solid-
state laser at the Max-Planck Institute of Chemistry
(Mainz, Germany). Basaltic glasses KL-2G and NIST
612 (Jochum et al.,, 2000 and GeoRem database,
http://georem.mpch-mainz.gwdg.de/) were used as
standards. The analyses were normalized to Ca content.
The laser beam diameter was usually 60-80 pwm, and
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the ablation time was 60-80 s. The uncertainty of con-
centrations was estimated from the reproducibility of
standard analysis as no higher than 5% relative (two
standard deviations) for contents higher than 1 ppm and
10% relative for contents of ~0.1 ppm.

Secondary ion mass spectrometry (SIMS) was
used to analyze H,O, Li, and B in melt inclusion
glasses. The analyses were obtained using a Cameca
Ims3fion microprobe (France) at the Max-Planck Insti-
tute of Chemistry (Mainz, Germany) by the method
described by Sobolev (1996). The analytical uncertain-
ties were typically no higher than 10% relative. The
detection limit for H,O was estimated from the signal
of 'H in the host olivine as 0.02 wt %.

Experimental Investigations

Melt inclusions were studied using a low-inertia
visually controlled heating stage with a purified He
atmosphere (Sobolev and Slutskii, 1984) by the method
of Sobolev and Danyushevsky (1994). Experimental
temperature was measured by a PtO9ORh10 thermocou-
ple and checked in every experiment against the melt-
ing point of high-purity gold. In order to minimize H,O
loss from inclusions, the total exposure to temperatures
of higher than 1000°C was no longer than 15 min.

In addition to experiments under visual control,
quench experiments were carried out using a con-
trolled-atmosphere vertical furnace at the Petrology
and Geochemistry Department of J.-W.-Goethe Uni-
versity of Frankfurt am Maine, Germany. The experi-
ments were carried out with an H,/CO, gas mixture at a
temperature of 1250°C and oxygen fugacity corre-
sponding to the quartz—fayalite—-magnetite (QFM)
buffer. Selected olivine crystals were loaded into open
platinum capsules and placed in a platinum container
directly into the hot zone of the furnace. After a 20-min
exposure, the samples were quenched by automatically
dropping the platinum container into the cold zone.

RESULTS
Composition of Rocks

The Noril’sk traps are dominated by low-magne-
sium (MgO < 7 wt %) tholeiitic basalts and contain
minor olivine basalts and picrites. Alkaline and subal-
kaline varieties are rare and occur mainly in the lower
formations, Ivakinsky and Syverminsky. The composi-
tion of lavas changes systematically from bottom to top
(Fig. 2), which is in agreement with the data of previous
authors (Lightfoot et al., 1993; Wooden et al., 1993).
The lower formations are significantly depleted in
heavy REE and, correspondingly, show high Gd/Yb
ratios, which suggests the presence of garnet in their
source (Lightfoot et al., 1993; Wooden et al., 1993;
Sharma, 1997). This parameter decreases considerably
in the rocks directly overlying the Gudchikhinsky For-
mation, and most of the lavas of the sequence exhibit no
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evidence for the retention of garnet in the source. The
Nb/La ratio is significantly variable within the section.
Similar to Ta/La, this ratio reflects the degree of magma
contamination by continental crust (Lightfoot et al.,
1993). The Nb/La < 1 value for an undepleted compo-
sition implies a negative Nb (Ta) anomaly, which is
compelling evidence for the contribution of continental
crust (Rudnick, 2002). Figure 2 demonstrates that most
of the Noril’sk trap rocks are contaminated by conti-
nental crust. The degree of contamination ranges from
the minimum values in the rocks of the Gudchikhinsky
Formation to the maximum values in the Nadezhdinsky
basalts (Wooden et al., 1993).

In the Noril’sk region, magnesian rocks are known
only in lower formations, Gudchikhinsky, Tuklonsky,
and Nadezhdinsky (Fig. 2). Their compositions are
shown in Fig. 3. The main difference of the Gud-
chikhinsky rocks from the overlying Tuklonsky and
Nadezhdinsky basalts is the depletion of heavy REE
and, correspondingly, high Gd/Yb ratios (Fig. 2). The
compositions of two samples from the Gudchikhinsky
Formation (4270/13 and SU-50) are similar to each
other in most elements but are significantly different
from the third sample, KhS-51/130 (Fig. 3a). The latter
is much stronger enriched in olivine, and, therefore, its
incompatible element patterns are shifted to lower con-
centrations. It also bears distinct signs of crustal con-
tamination: enrichment in Th, U, and Pb and depletion
in Nb, Ta, and Ti. These features are even more pro-
nounced in the magnesian rocks of the Tuklonsky (sam-
ple SU-33) and especially Nadezhdinsky formations
(sample 530/12) (Fig. 3b). The trace element patterns
of these rocks closely resemble the composition of the
continental crust.

The magnesian rocks described here can be consid-
ered as the least differentiated primitive members of the
main geochemical types of the Siberian trap basalts of
the Noril’'sk region (Table 1). The Gudchikhinsky
picrites are primitive rocks for the moderately titanifer-
ous basalts, which accounts for ~8% of the lavas of the
section (Fedorenko et al., 1996). With respect to com-
bined geochemical characteristics, the Tuklonsky
picrites correspond to the main low-titanium type of
magmatism, accounting for more than 75 vol % of the
Noril’sk section and are significantly different from
other rocks of this suite only in low Pb isotope ratios,
206pp2%4Ph and 2°8Pb/2Pb (Wooden et al., 1993;
Fedorenko et al., 1996). However, since crustal con-
taminant provided the main contribution to the content
and isotopic composition of Pb in the Tuklonsky
picrites (Fig. 3b), this difference should be attributed to
different compositions of contaminants rather than the
heterogeneity of primary magmas. The magnesian
rocks of the Nadezhdinsky Formation are crystalliza-
tion products of the most contaminated primitive mag-
mas producing the rocks of this formation (Krivo-
lutskaya et al., 2005; Reichow et al., 2005).
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Fig. 3. Trace element patterns of (a) the high-magnesium volcanic rocks of the Gudchikhinsky Formation and (b) the rocks of the
Tuklonsky (sample SU-33) and Nadezhdinsky (sample 530/12) formations. “Cont. crust” is the average compositions of the conti-
nental crust (Rudnick, 2002). Cyc1/Cppy is element content in the rock normalized to the primitive mantle value (Hofmann, 1988).

Composition of Spinel

Spinel inclusions in olivine phenocrysts from the
rocks of the Gudchikhinsky Formation (Table 2) corre-
spond to a Cr-rich variety, Cr/(Cr + Al) = 0.70 £ 0.03,
with high TiO, (1.6 £ 0.4 wt %) and V,0; contents
(0.5% 0.1 wt %) and high Fe*?/Fe*? (5.0 + 0.6). The
composition of spinel is not correlated with that of host
olivine, which varies within Fog,—Fo0-9. Noteworthy are
the high Fe*?/Fe*’ ratio and significant contents of
vanadium in the spinel, which indicates unusually low
oxygen fugacity in the crystallization environment
(Canil, 2002).

Composition of Olivine

Three groups of olivine phenocryst compositions
are clearly distinguished (Table 3, Fig. 4). The first
group comprises high-Ni and low-Mn olivines from the
rocks of the Gudchikhinsky Formation, which practi-
cally have no analogues among the olivines of mantle
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magmas. The content of the forsterite component in the
olivines of this group is up to 84%. Magnesian olivines
from the rocks of the Nadezhdinsky Formation contain
less Ni and more Mn, and the lowest Ni contents cou-
pled with the highest Mn are characteristic of olivines
from the rocks of the Tuklonsky Formation. In the latter
two groups, the maximum content of the forsterite com-
ponent is no higher than 80%. A characteristic feature
of olivine from the rocks of the Nadezhdinsky Forma-
tion is the steep trend of a decrease in Ni content with
decreasing MgO, which is not reflected in the Mn/Fe
ratio. This trend is readily explained by the segregation
of sulfide melt from the parental magma of the Nadezh-
dinsky rocks; this process was considered by Naldrett
etal. (1992) as a reason for the depletion of the Nadezh-
dinsky lavas in ore elements.

Sobolev et al. (2005, 2007) showed that Ni excess
and Mn deficit in olivine composition compared with
the level of equilibrium with mantle peridotites are
indicative of the presence of melting products from oli-
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Table 1. Composition of magnesian rocks from the Noril'sk
region of the Siberian trap province

Com- Gd Gd Gd Tk Nd
ponent|4270/13*%| SU-50 |KhS-51/130| SU-33 | 530/12
Si0, 47.33 44.40 44.47 43775 | 48.12
TiO, 2.13 1.58 0.88 0.70 0.65
AlL,O5 | 10.14 8.07 6.68 12.12 9.93
Fe,O5 | 13.22 12.94 13.35 12.34 | 12.82
MnO 0.18 0.19 0.19 0.18 0.18
MgO | 13.14 18.85 22.97 15.27 | 17.28
CaO 9.54 6.58 5.37 8.51 7.74
Na,O 2.40 0.78 0.62 0.78 0.33
K,0 0.26 0.10 0.07 0.23 0.65
P,04 0.20 0.17 0.10 0.06 0.08
Cr,04 0.10 0.15 0.18 0.09 0.18
LOI 1.44 5.35 5.40 6.37 2.98
Total | 100.07 99.15 100.28 100.40 | 100.93
Sc 18.9 17.5 15.9 16.9 29.2
v 260 202 148 179 194
Co 66 83 101 79 87

Ni 211 1057 1532 429 349
Cu 66 67 50 79 20
Zn 98 92 82 73 82
Rb 53 3.8 4.4 4.9 23.1
Sr 229 135 106 139 138

Y 20 20 12 12 16

Zr 99 88 44 40 77
Nb 6.8 6.0 3.1 2.0 59
Cs 2.28 1.59 0.39 4.16 3.33
Ba 59 32 44 85 174
La 7.7 8.3 5.0 4.5 10.8
Ce 21 21 12 9 23

Pr 3.09 2.94 1.65 1.23 2.79
Nd 15 14 8 6 12
Sm 4.2 3.8 2.0 1.6 2.6
Eu 1.63 1.45 0.75 0.58 0.70
Gd 4.54 4.12 2.25 1.93 2.60
Tb 0.69 0.62 0.35 0.33 0.43
Dy 4.00 3.49 2.00 2.13 2.61
Ho 0.76 0.66 0.38 0.44 0.58
Er 1.96 1.64 0.98 1.23 1.52
Tm 0.26 0.22 0.13 0.18 0.22
Yb 1.57 1.28 0.80 1.16 1.43
Lu 0.23 0.18 0.12 0.17 0.21
Hf 3.03 2.44 1.26 1.20 1.93
Ta 0.57 0.45 0.25 0.16 0.34
Pb 2.64 1.17 2.02 3.27 3.41
Th 0.82 1.28 1.19 0.47 2.09
U 0.27 0.21 0.21 0.10 0.47

Note: Here and in Tables 2—-6, oxides and total are in wt %, and ele-
ments are in ppm. LOI is loss on ignition in wt %. Formations:
Gd, Gudchikhinsky; Tk, Tuklonsky; and Nd, Nadezhdinsky.

* Sample no.

vine-free pyroxenite formed by the reaction between
recycled crust and peridotite. The Mn/Fe and
Ni/(Mg/Fe) ratios of olivine were parameterized to
determine the fraction of melt from a pyroxenite source
in the bulk composition of magma (Sobolev et al.,
2007, 2008). This parameter was estimated indepen-

SOBOLEYV et al.

dently on the basis of Mn/Fe and Ni/(Mg/Fe) ratios for
olivine phenocrysts from our samples (Fig. 5). Average
values for the most magnesian olivines are shown by
large symbols in Fig. 5. It is evident that the olivine
phenocrysts from the Gudchikhinsky Formation indi-
cate an almost pure olivine-free pyroxenite source for
these magmas, which was previously noted by Sobolev
et al. (2007). The compositions of magnesian olivines
from the rocks of the Nadezhdinsky and Tuklonsky for-
mations indicate a significantly lower contribution
from a pyroxenite source. Sulfide melt fractionation in
the magmas of the Nadezhdinsky Formation leads to
significantly underestimated contributions of the
pyroxenite component calculated from the Ni/(Mg/Fe)
ratio of olivine, but has almost no effect on the esti-
mates based on the Mn/Fe ratio (Fig. 5).

Inclusions in Olivine

Magmatic inclusions were investigated in olivine
from samples KhS-51/130, 4270/13, and SU-50 of the
Gudchikhinsky Formation. They are represented by
crystallized melt, spinel, low-density fluid, and occa-
sionally combinations of these phases in varying pro-
portions. Most of the inclusions are not confined to
fractures but are randomly distributed within the phe-
nocryst volume. Such inclusions are interpreted as pri-
mary, i.e., trapped during phenocryst growth (Roedder,
1984).

Most of the melt inclusions have rounded or ellip-
soidal shapes. Their typical size ranges from 20 to
80 um along the long axis. The inclusions are com-
posed of clinopyroxene crystals, interstitial glass, low-
density fluid phase (shrinkage voids), spinel crystals,
and occasionally tiny droplets of sulfide melt (Figs. 6a,
6¢). During heating, the inclusions begin to melt at tem-
peratures of 1050—1100°C, and the last daughter pyrox-
ene crystal disappears at 1150-1180°C. Homogeniza-
tion (complete dissolution of the fluid phase in the
melt) occurs almost simultaneously in all inclusions of
a series (Fig. 6d). According to the results of 15 exper-
iments, the range of homogenization temperatures is
1180-1290°C. In some of the homogenized inclusions,
a well shaped spinel crystal was preserved after
quenching (Fig. 6b); such crystals were interpreted as
xenocrysts trapped with the melt.

In order to obtain statistically representative data on
the composition of melt inclusions, 100-150 olivine
grains from each of samples KhS-51/130, 4270/13, and
SU-50 were annealed for 20 min at a temperature of
1250°C in the vertical furnace at oxygen fugacity cor-
responding to the QFM buffer and quenched (see the
“Methods” section). The quenched crystals were sec-
tioned, polished, and examined under a microscope.
Homogeneous inclusions or inclusions with a shrink-
age void (fluid vesicle) accounting for less than 0.1% of
inclusion volume and more than 40 pm in size were
selected for analysis (Figs. 6b, 6d).
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Table 2. Representative compositions of spinel inclusions in olivine phenocrysts from the picrites of the Gudchikhinsky Formation

Component| ol5-12-18* | 0l5-12-20 | ol5-12-23 | ol5-13-1 | ol5-13-11 | ol5-13-13 | o0l5-13-21 | ol5-15-1 | ol5-15-11
SiO, 0.36 0.34 0.48 0.34 0.36 0.34 0.38 0.34 0.39
TiO, 1.70 1.54 1.20 1.36 1.52 1.52 0.93 1.44 2.87
Al,O4 14.4 13.4 13.3 13.2 13.5 12.3 10.4 13.2 13.2
Cr,04 45.7 46.5 46.8 46.5 46.7 44.9 49.5 46.5 41.1
V,05 0.33 0.39 0.45 0.49 0.41 0.39 0.44 0.45 0.71
FeO,,, 27.4 28.5 27.7 29.0 27.4 32.8 28.6 29.3 31.3
MnO 0.26 0.25 0.26 0.30 0.22 0.27 0.30 0.27 0.32
MgO 8.41 7.43 7.08 6.60 8.09 5.98 6.63 6.86 6.98
NiO 0.19 0.16 0.14 0.14 0.17 0.14 0.14 0.16 0.23
ZnO 0.15 0.19 0.22 0.21 0.18 0.21 0.23 0.18 0.24
Total 1 99.0 98.7 97.7 98.2 98.5 98.9 97.7 98.8 97.5
FeO 22.6 23.7 23.7 24.6 22.7 25.9 23.6 24.5 25.11
Fe,04 53 53 4.4 4.9 5.2 7.7 5.6 54 6.9
Total 2 99.5 99.2 98.1 98.7 99.0 99.7 98.2 99.3 98.1
Fe*t?*3 sp 4.8 5.0 6.1 5.6 49 3.7 4.7 5.1 4.0
Fe™”*m 21.9 23.1 29.7 26.9 22.5 15.9 21.2 23.7 17.5
Fo 82.1 82.6 81.0 83.4 79.1 82.8 81.4 81.4 81.6
Component| ol5-15-18 | ol5-15-19 | ol5-16-7 601-2-4 601-2-6 601-2-7 601-3-2 60l1-3-7 601-3-10
SiO, 0.42 0.34 0.36 0.37 0.36 0.34 0.34 0.33 0.36
TiO, 1.51 1.33 2.80 1.56 1.84 1.52 1.59 1.44 1.34
Al,O4 13.9 12.5 13.1 13.2 17.8 13.2 13.4 13.3 12.6
Cr,04 46.2 48.3 43.1 454 40.8 45.7 449 45.6 46.2
V,0, 0.45 0.40 0.56 0.48 0.38 0.41 0.45 0.44 0.45
FeO, 28.5 27.9 30.2 30.5 28.9 29.6 30.6 28.9 30.5
MnO 0.25 0.24 0.29 0.27 0.25 0.27 0.26 0.27 0.28
MgO 7.18 7.18 6.43 6.23 8.21 6.86 6.47 7.03 6.41
NiO 0.14 0.13 0.18 0.16 0.21 0.13 0.16 0.15 0.14
ZnO 0.19 0.19 0.23 0.22 0.19 0.19 0.20 0.20 0.23
Total 1 98.9 98.6 97.5 98.5 98.9 98.3 98.4 97.7 98.6
FeO 24.3 23.8 25.9 25.5 23.5 24.4 25.2 23.9 25.0
Fe,04 4.6 4.6 4.9 5.6 5.9 5.7 6.0 5.5 6.2
Total 2 99.3 99.0 97.9 99.0 99.5 98.9 99.0 98.3 99.2
Fet?*3 sp 59 5.8 5.9 5.1 4.4 4.8 4.7 4.8 4.5
Fet”*m 28.4 27.9 28.9 23.6 19.8 21.7 21.0 22.0 20.1
Fo 82.5 82.7 81.6 82.3 80.3 79.5 81.3 80.1 82.2

Note: FeO and Fe,O5 in spinel were calculated assuming ideal stoichiometry; FeOy, is total iron calculated as FeO. Total 1 and Total 2
are analytical totals calculated before and after the calculation of ferric and ferrous iron contents, respectively. Fe*<*> sp is the fer-
rous to ferric Fe ratio of spinel, and Fe*?/*3 is the ferrous to ferric iron ratio in melt calculated using the model of Maurel and Maurel
(1982). Here and in tables 3-6, Fo is the molar percentage of the forsterite component in the host olivine.

* Sample no.

Crystallization Conditions and Melt Composition

The compositions of 37 quenched melt inclusions
and their host olivines from the samples of the Gud-
chikhinsky Formation are given in Table 4. Since the
quenching temperature (1250°C) of inclusions in the
vertical furnace was in general different from the tem-
perature of entrapment, the compositions of inclusions
were additionally recalculated to equilibrium with the
No. 3
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host olivine using the model of Ford et al. (1983). There
is a significant linear correlation between the contents
of FeO in the inclusions and host olivine, FeO,, =
0.53FeOg, — 0.9 (R = 0.7, Table 4), which indicates the
loss of Fe from the inclusions owing to the diffusion
redistribution of Fe and Mg between the inclusions and
host olivine during cooling (Sobolev and Danyush-
evsky, 1994). This effect can be accounted for on the
basis of a significant correlation between FeO and SiO,
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Fig. 4. Compositions of olivine phenocrysts from the magnesian Siberian traps of the Gudchikhinsky (Gd), Nadezhdinsky (Nd),
and Tuklonsky (Tk) formations of the Noril’sk region. The solid line encloses the compositional field of olivines in equilibrium with
peridotite material. The dotted line encloses the field of the majority of olivine phenocrysts from mid-ocean ridge basalts. The
dashed line encloses the field of olivine phenocrysts from intraplate magmas formed beneath the thick lithosphere (more than

70 km). The compositional fields are after Sobolev et al. (2007).

contents, FeO,, = 30.84 — 0.369Si0, (R = 0.7), in the
rocks of the Gudchikhinsky Formation containing, sim-
ilar to the melts, 7-15 wt % MgO (GEOROC;
http://georoc.mpch-mainz.gwdg.de/georoc/). The
Fe*?/Fe*? ratio of melt was determined from the compo-
sition of chrome spinel and the model of spinel-melt
Fe*?/Fe*3 partitioning (Maurel and Maurel, 1982). The
corrected values are only slightly different from the

compositions of quenched inclusions, mainly with
respect to Mg and Fe contents. Nonetheless, Table 5
reports correction coefficients for olivine-incompatible
trace element contents in inclusions, K. The coeffi-
cient was calculated for each inclusion as a ratio of
Al,O; contents in the measured and corrected composi-
tions. In order to obtain a corrected value for incompat-
ible element content in trapped melt, values from
No. 3
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Fig. 5. Fraction of melts derived from the pyroxenite component (X,,,) in the source of the Siberian traps calculated on the basis of
the composition of olivine phenocrysts. X,, v, and X, ; are linear functions of the Mn/Fe and NiO/(MgO/FeO) ratios in olivine,
respectively (Sobolev et al., 2008). Large symbols show the average compositions of the most magnesian olivines (within 1 mol %
from the maximum Mg# value) from the given sample. The fields show the compositions of olivine equilibrated at low pressures
with the melting products of peridotite (dotted contour) and pyroxenite (dashed contour) after Sobolev et al. (2007). The arrow

shows the trend of sulfide melt fractionation.

Table 4 should be multiplied by K, from Table 5.
Hereafter, we will consider only the corrected compo-
sitions. The content of Ni in melt was calculated from
the composition of host olivine and the model of oliv-
ine—melt equilibrium by Beattie (1993).

The temperatures of equilibrium between trapped
melts and their host olivine lie within the range 1170-
1250°C (Table 5), close to the range of homogenization
temperatures for these inclusions (1180-1290°C). The
oxygen fugacity is unusually low (2.5-3.0 logarithmic
units below the Ni-NiO buffer), which is related to the
strongly reduced spinel composition (Table 3).

A monotonous increase in CaO and Al,O; contents
at decreasing MgO (Fig. 7a) suggests that melt evolu-
tion was controlled by olivine crystallization without
coexisting plagioclase and pyroxene. This fact allowed
us to calculate the composition of parental melt by
modeling reverse olivine fractionation (see the section
Composition of Primary Magmas below). The compo-
sitions of inclusions from samples SU-50 and 4270/13
form a single trend with respect to all elements (Fig. 7)
and are similar to the compositions of basaltic glasses
from Mauna Loa Volcano, Hawaii. Inclusions from
No. 3
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sample KhS-51/130 are distinguished by high SiO, and
K,0; low CaO, TiO,, and P,Os; and elevated Rb, Ba, U,
Th, La, and Pb contents (Figs. 7-9); i.e., they are
enriched in elements typical of the silicic rocks of the
continental crust (Rudnick, 2002). The lithophile ele-
ment spider diagrams of these inclusions (Fig. 9a) dis-
play distinct characteristic anomalies of the continental
crust, positive for Rb, U, and Pb and negative for Ta,
Nb, and Ti. These observations suggest that the melts
from which the olivine of sample KhS-51/130 crystal-
lized were significantly contaminated by silicic conti-
nental materials, for instance, quartz sandstones. Indi-
cations of contamination (elevated contents of K, ClI,
and B) were also observed in some inclusions from
sample SU-50 (Fig. 10). However, in that case, the con-
taminant was different, enriched in Cl and K and poor
in Si (probably, evaporite).

The compositions of melt inclusions in olivine from
samples SU-50 and 4270/13 containing Cl < 0.045 wt
% show a very narrow range of all incompatible ele-
ments, identical for the two samples (Fig. 9b). No evi-
dence for crustal contamination was observed. The
composition of the inclusions is very similar to the
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Table 3. Representative analyses of olivine phenocrysts from the picritic basalts of the Nadezhdinsky and Tuklonsky formations

Sample no. |SiO,| TiO, | AlLO; | FeO MnO | MgO CaO NiO CoO | Cr,O5 | Total | Fo
530-247 39.3 0.034 19.5 0272 | 42.0 | 0.234 | 0.191 | 0.025 | 0.046 | 101.6 | 79.4
530-187 39.0| 0.014 | 0.022 19.5 0.275 | 41.7 | 0.256 | 0.156 | 0.027 | 0.031 | 101.1 | 79.1
530-138 38.9| 0.014 | 0.023 19.6 | 0277 | 415 0.254 | 0.139 | 0.026 | 0.038 | 100.9 | 79.0
530-53 39.0| 0.015 | 0.034 19.7 | 0278 | 41.6 | 0.255 | 0.161 | 0.026 | 0.042 | 101.1 | 79.0
530-37 39.1| 0.013 | 0.025 19.7 | 0279 | 41.6 | 0.256 | 0.126 | 0.027 | 0.034 | 101.3 | 789
530-62 389 0.016 | 0.028 19.8 | 0.280 | 41.4 | 0.251 | 0.138 | 0.028 | 0.046 | 101.0 | 78.8
530-41 39.1| 0.015 | 0.028 19.8 | 0277 | 415 0.238 | 0.156 | 0.026 | 0.042 | 101.3 | 78.8
530-8 39.0| 0.013 | 0.031 19.8 | 0277 | 414 | 0.243 | 0.169 | 0.025 | 0.037 | 101.1 | 78.8
530-128 3891 0.016 | 0.03 19.9 | 0.281 41.6 | 0.253 | 0.152 | 0.025 | 0.044 | 101.2 | 78.8
530-30 38.8 0.026 19.7 | 0278 | 41.2 | 0.239 | 0.167 | 0.025 | 0.041 | 100.7 | 78.8
530-159 39.0| 0.015 | 0.028 19.8 | 0.281 414 | 0257 | 0.135 | 0.025 | 0.04 101.1 | 78.8
530-196 389 0.013 | 0.032 199 | 0278 | 41.4 | 0.248 | 0.141 | 0.025 | 0.044 | 101.1 | 78.7
530-117 39.0| 0.015 | 0.025 199 | 0278 | 414 | 0.258 | 0.125 | 0.026 | 0.035 | 101.1 | 78.7
530-85 39.0| 0.019 | 0.03 19.9 | 0.283 | 415 0.260 | 0.133 | 0.026 | 0.049 | 101.3 | 78.7
530-156 389 0.018 | 0.026 | 20.0 | 0.284 | 414 | 0.245 | 0.119 | 0.024 | 0.042 | 101.2 | 78.6
530-99 389 0.013 | 0.026 | 20.0 | 0.280 | 414 | 0.250 | 0.133 | 0.026 | 0.034 | 101.1 | 78.6
530-100 389 0.014 | 0.04 20.0 | 0.281 414 | 0.248 | 0.129 | 0.027 | 0.046 | 101.2 | 78.6
530-142 39.0| 0.014 | 0.032 | 20.1 0.278 | 412 | 0.242 | 0.131 | 0.026 | 0.045 | 101.0 | 78.5
530-60 38.8 | 0.014 | 0.024 | 20.1 0.284 | 41.1 0.258 | 0.128 | 0.027 | 0.038 | 100.9 | 78.4
530-126 38.8| 0.013 | 0.154 | 20.1 0.285 | 40.8 | 0.390 | 0.122 | 0.026 | 0.056 | 100.8 | 78.3
530-59 389 0.013 | 0.066 | 20.2 | 0.281 409 | 0.283 | 0.152 | 0.024 | 0.052 | 101.0 | 78.3
530-181 39.0| 0.011 | 0.024 | 20.3 0.286 | 412 | 0.253 | 0.125 | 0.027 | 0.036 | 101.3 | 78.3
530-191 38.9| 0.041 | 0.027 20.3 0.289 | 41.1 0.267 | 0.114 | 0.027 | 0.032 | 101.2 | 78.3
530-52 389 0.014 | 0.031 20.3 0282 | 41.1 0.250 | 0.120 | 0.028 | 0.041 | 101.1 | 783
530-9 38.8 | 0.014 | 0.025 20.3 0.289 | 41.0 | 0.271 | 0.123 | 0.028 | 0.045 | 101.0 | 78.2
530-146 389 0.011 | 0.026 | 204 | 0.287 | 41.1 0.273 | 0.124 | 0.027 | 0.034 | 101.2 | 78.1
530-163 39.0| 0.014 | 0.023 | 20.5 0.290 | 412 | 0.277 | 0.124 | 0.027 | 0.035 | 101.6 | 78.1
530-39 38.8 | 0.013 | 0.035 206 | 0.286 | 40.7 | 0.256 | 0.130 | 0.027 | 0.041 | 101.0 | 77.8
530-14 38.8| 0.012 | 0.024 | 20.8 | 0.289 | 40.6 | 0.260 | 0.126 | 0.026 | 0.042 | 101.1 | 77.6
530-341 38.9 0.014 | 21.6 | 0.301 40.1 0.265 | 0.086 | 0.025 | 0.021 | 101.5 | 76.7
530-320 38.9 0.022 | 223 0.308 39.8 | 0.260 | 0.095 | 0.028 | 0.025 | 101.9 | 76.0
530-296 38.5 0.015 | 23.1 0.314 | 39.2 | 0.261 | 0.086 | 0.028 | 0.015 | 101.6 | 75.1
530-31 38.7 0.024 | 23.1 0314 | 38.8 | 0.257 | 0.092 | 0.028 | 0.024 | 101.5 | 749
530-317 38.5 0.023 244 | 0322 | 38.1 0.249 | 0.099 | 0.028 | 0.016 | 101.9 | 73.5
530-345 383 0.009 | 24.8 | 0.328 37.8 | 0.238 | 0.090 | 0.029 | 0.012 | 101.7 | 73.0
SU36¢-1-4 38.0| 0.015 | 0.025 | 263 0.370 | 36.2 | 0.240 | 0.122 | 0.031 | 0.011 | 1014 | 71.0
SU36c-1-2 37.5| 0.033 | 0.016 | 26.8 | 0.377 355 0.206 | 0.119 | 0.032 | 0.000 | 100.8 | 70.2
SU36a-1-9 384 0.036 | 0.010 | 24.0 | 0.353 38.0 | 0.207 | 0.120 | 0.030 | 0.003 | 101.3 | 73.8
SU36a-1-8 38.8 | 0.040 | 0.023 24.1 0.353 382 | 0.199 | 0.122 | 0.030 | 0.005 | 101.9 | 73.8
SU36a-1-7 38.5| 0.036 | 0.010 | 242 | 0.351 379 | 0.196 | 0.122 | 0.030 | 0.000 | 101.5 | 73.5
SU36a-1-5 38.2| 0.037 | 0.016 | 24.1 0.354 | 375 0.200 | 0.118 | 0.029 | 0.003 | 100.6 | 73.4
SU36a-1-4 38.5| 0.036 | 0.018 243 0.360 | 37.3 0.214 | 0.119 | 0.031 | 0.002 | 101.0 | 73.2
SU36a-1-2 38.3| 0.030 | 0.015 239 | 0352 | 379 | 0.224 | 0.121 | 0.028 | 0.004 | 101.0 | 73.8
SU36a-1-15 |38.5| 0.030 | 0.017 243 0.357 382 | 0224 | 0.119 | 0.029 | 0.002 | 101.8 | 73.6
SU36a-1-14 [ 38.4| 0.028 | 0.022 | 24.1 0.356 | 382 | 0.246 | 0.120 | 0.030 | 0.009 | 101.6 | 73.8
SU36a-1-13 [ 38.9| 0.029 | 0.022 | 21.6 | 0.324 | 39.8 | 0.234 | 0.125 | 0.028 | 0.019 | 101.2 | 76.6
SU36a-1-10 |38.5| 0.032 | 0.012 | 24.1 0.351 379 | 0203 | 0.121 | 0.030 | 0.004 | 101.4 | 73.7
SU36a-1-1 38.3| 0.035 | 0.011 246 | 0354 | 373 0.221 | 0.119 | 0.032 | 0.002 | 101.1 | 73.0
SU36-1-7 38.1| 0.019 | 0.017 259 | 0372 | 365 0.256 | 0.117 | 0.031 | 0.002 | 101.3 | 71.5
SU36-1-5 38.3| 0.034 | 0.006 | 263 0.381 364 | 0222 | 0.114 | 0.031 | 0.000 | 101.9 | 71.1
SU36-1-1 384 0.030 | 0.010 | 26.2 | 0.377 364 | 0229 | 0.116 | 0.031 | 0.000 | 101.8 | 71.3
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Table 3. (Contd.)

Sample no. |SiO,| TiO, | ALO; | FeO MnO | MgO CaO NiO CoO | Cr,O5 | Total | Fo

SU33-3a-9 38.3| 0.038 | 0.012 | 24.6 | 0.366 373 0.192 | 0.120 | 0.030 | 0.002 | 100.9 | 73.0
SU33-3a-8 38.5| 0.034 | 0.008 24.5 0.368 372 | 0.195 | 0.119 | 0.029 | 0.005 | 101.0 | 73.1
SU33-3a-7 38.7| 0.031 | 0.011 24.8 0.366 37.5 0.190 | 0.119 | 0.032 | 0.000 | 101.7 | 72.9
SU33-3a-6 384 0.036 | 0.024 25.0 | 0.365 37.3 0.212 | 0.123 | 0.033 | 0.000 | 101.6 | 72.7
SU33-3a-5 38.5| 0.032 | 0.003 24.5 0.359 37.2 | 0.181 | 0.116 | 0.031 | 0.002 | 101.0 | 73.1
SU33-3a-4 38.3| 0.032 | 0.010 | 2438 0.365 373 0.182 | 0.119 | 0.031 | 0.001 | 101.2 | 72.8
SU33-3a-3 38.7| 0.032 | 0.010 | 249 0.363 37.1 0.190 | 0.121 | 0.029 | 0.002 | 10L.5 | 72.6
SU33-3a-26 | 38.4| 0.032 | 0.014 252 | 0.378 36.7 0.182 | 0.116 | 0.029 | 0.000 | 101.0 | 72.2
SU33-3a-25 |38.4| 0.029 | 0.009 246 | 0360 | 37.1 0.184 | 0.121 | 0.027 | 0.005 | 100.8 | 72.9
SU33-3a-23 | 38.4| 0.031 | 0.011 24.3 0.365 373 0.198 | 0.117 | 0.032 | 0.006 | 100.8 | 73.2
SU33-3a-22 | 38.0| 0.032 | 0.017 25.5 0.368 36.7 0.174 | 0.118 | 0.030 | 0.000 | 100.9 | 72.0
SU33-3a-21 |38.3| 0.045 | 0.015 252 | 0.366 37.3 0.206 | 0.122 | 0.031 | 0.000 | 101.7 | 72.5
SU33-3a-20 | 38.3| 0.033 | 0.016 252 | 0.367 37.3 0.198 | 0.118 | 0.030 | 0.010 | 101.6 | 72.6
SU33-3a-19 | 38.5| 0.032 | 0.008 244 | 0.358 37.2 | 0201 | 0.117 | 0.029 | 0.005 | 100.8 | 73.1
SU33-3a-17 |38.2| 0.035 | 0.016 249 0.364 374 | 0.183 | 0.121 | 0.031 | 0.001 | 101.2 | 72.8
SU33-3a-16 | 38.6| 0.030 | 0.016 243 0.358 382 | 0215 | 0.124 | 0.032 | 0.007 | 101.9 | 73.7
SU33-3a-15 |38.1| 0.032 | 0.009 25.0 | 0.364 373 0.171 | 0.120 | 0.030 | 0.002 | 101.2 | 72.7
SU33-3a-14 | 38.2| 0.033 | 0.007 246 | 0.364 37.1 0.189 | 0.117 | 0.029 | 0.001 | 100.7 | 72.9
SU33-3a-13 [ 37.7| 0.031 | 0.006 | 24.3 0.362 36.9 0.195 | 0.119 | 0.030 | 0.000 | 99.7 | 73.0
SU33-3a-12 | 383 | 0.035 | 0.014 | 252 | 0.366 372 | 0213 | 0.120 | 0.030 | 0.002 | 101.5 | 72.5
SU33-3a-11 [38.6| 0.032 | 0.015 25.0 | 0.364 374 | 0204 | 0.121 | 0.030 | 0.004 | 101.7 | 72.7
SU33-3a-10 | 38.7| 0.032 | 0.017 24.7 0.364 37.5 0.196 | 0.121 | 0.030 | 0.004 | 101.7 | 73.0
SU33-3a-1 38.8 | 0.032 | 0.007 22.5 0.335 39.0 | 0.197 | 0.121 | 0.029 | 0.008 | 101.1 | 75.6
SU33-3-9 38.4| 0.035 | 0.007 24.1 0.359 37.6 | 0.209 | 0.121 | 0.032 | 0.009 | 100.9 | 73.6
SU33-3-7 38.2| 0.039 | 0.009 25.6 | 0.377 36.5 0.177 | 0.119 | 0.031 | 0.002 | 101.0 | 71.8
SU33-3-5 38.6| 0.028 | 0.011 244 | 0.362 374 | 0206 | 0.118 | 0.031 | 0.004 | 101.2 | 73.2
SU33-3-45 38.1| 0.038 | 0.017 23.8 0.358 37.6 | 0.184 | 0.120 | 0.030 | 0.005 | 100.3 | 73.8
SU33-3-44 38.6 | 0.028 | 0.008 23.9 0.354 37.8 0.221 | 0.119 | 0.028 | 0.013 | 101.1 | 73.9
SU33-3-43 384 0.012 | 0.023 232 | 0.348 38.3 0.251 | 0.123 | 0.030 | 0.013 | 100.7 | 74.7
SU33-3-42 38.5| 0.018 | 0.018 233 0.348 38.3 0.243 | 0.123 | 0.032 | 0.009 | 100.9 | 74.6
SU33-3-41 38.1| 0.035 | 0.009 252 | 0.368 37.0 | 0202 | 0.119 | 0.030 | 0.001 | 101.1 | 72.4
SU33-3-4 38.8| 0.044 | 0.020 | 223 0.339 39.0 | 0.194 | 0.122 | 0.028 | 0.012 | 101.0 | 75.7
SU33-3-39 37.8 | 0.041 | 0.014 24.7 0.362 36.6 | 0.210 | 0.120 | 0.030 | 0.002 | 99.9 | 725
SU33-3-38 38.1| 0.033 | 0.015 249 0.365 36.8 0.203 | 0.120 | 0.031 | 0.000 | 100.6 | 72.5
SU33-3-37 38.1| 0.033 | 0.009 24.8 0.363 36.8 0.186 | 0.118 | 0.032 | 0.000 | 100.5 | 72.5
SU33-3-35 38.2| 0.033 | 0.012 24.5 0.362 374 | 0215 | 0.121 | 0.029 | 0.002 | 100.9 | 73.1
SU33-3-33 384 0.032 | 0.015 24.5 0.361 37.7 0.167 | 0.124 | 0.030 | 0.002 | 101.3 | 73.3
SU33-3-32 38.1| 0.032 | 0.010 | 243 0.359 373 0.183 | 0.122 | 0.030 | 0.003 | 1004 | 73.2
SU33-3-31 38.0| 0.029 | 0.007 243 0.359 37.5 0.193 | 0.124 | 0.030 | 0.005 | 100.6 | 73.3
SU33-3-30 384 0.022 | 0.011 24.5 0.359 37.6 | 0243 | 0.119 | 0.029 | 0.008 | 101.2 | 73.2
SU33-3-3 38.7| 0.027 | 0.014 23.1 0.345 384 | 0205 | 0.122 | 0.028 | 0.010 | 1009 | 74.8
SU33-3-29 384 0.025 | 0.012 243 0.358 37.7 0.223 | 0.120 | 0.031 | 0.006 | 101.2 | 73.5
SU33-3-28 38.3 | 0.036 | 0.022 24.7 0.353 373 0.195 | 0.122 | 0.030 | 0.000 | 101.0 | 73.0
SU33-3-27 38.3 | 0.032 | 0.005 24.8 0.363 37.2 | 0.196 | 0.121 | 0.028 | 0.002 | 101.0 | 72.8
SU33-3-26 384 | 0.031 | 0.010 | 2438 0.366 373 0219 | 0.117 | 0.028 | 0.001 | 101.2 | 72.8
SU33-3-25 38.3| 0.031 | 0.003 24.6 | 0.367 37.1 0.196 | 0.120 | 0.028 | 0.000 | 100.7 | 72.9
SU33-3-24 38.7| 0.034 | 0.017 240 | 0.357 38.1 0.190 | 0.121 | 0.031 | 0.001 | 101.5 | 73.9
SU33-3-23 38.5| 0.030 | 0.018 242 | 0.359 37.9 0.183 | 0.119 | 0.029 | 0.000 | 101.3 | 73.6
SU33-3-22 38.5| 0.030 | 0.012 24.1 0.355 37.7 0.185 | 0.122 | 0.029 | 0.001 | 101.1 | 73.6
SU33-3-21 38.9| 0.097 | 0.020 | 234 | 0.354 35.8 0.215 | 0.125 | 0.020 | 0.010 | 98.9 | 73.2
SU33-3-2 39.1| 0.013 | 0.025 19.2 | 0.287 41.8 0.253 | 0.135 | 0.026 | 0.035 | 100.8 | 79.5
SU33-3-19 38.9| 0.031 | 0.006 222 | 0.337 39.2 | 0.198 | 0.124 | 0.029 | 0.011 | 101.0 | 75.9
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Sample no. |SiO,| TiO, | ALO; | FeO MnO | MgO CaO NiO CoO | Cr,O5 | Total | Fo
SU33-3-18 39.1| 0.029 | 0.011 222 | 0.331 39.5 0.204 | 0.126 | 0.029 | 0.012 | 101.6 | 76.1
SU33-3-17 38.8| 0.033 | 0.016 | 222 | 0339 | 38.7 | 0.223 | 0.121 | 0.030 | 0.013 | 100.6 | 75.7
SU33-3-15 39.0| 0.020 | 0.015 209 | 0316 | 403 0.205 | 0.131 | 0.029 | 0.025 | 101.0 | 77.4
SU33-3-14 38.5| 0.035 | 0.003 | 24.1 0.357 38.0 | 0.198 | 0.121 | 0.030 | 0.008 | 101.4 | 73.8
SU33-3-12 38.7| 0.026 | 0.018 206 | 0314 | 40.1 0.261 | 0.127 | 0.027 | 0.037 | 100.2 | 77.6
SU33-3-11 384 0.035 | 0.011 24.0 | 0360 | 37.7 | 0.201 | 0.120 | 0.030 | 0.008 | 100.9 | 73.7
SU33-3-10 385 0.034 | 0.014 | 239 | 0353 379 | 0.193 | 0.126 | 0.030 | 0.015 | 101.1 | 73.9
SU33-1b-8 37.8| 0.033 | 0.007 | 27.9 | 0.377 355 0.196 | 0.120 | 0.033 | 0.001 | 101.8 | 69.4
SU33-1b-3-5 [37.9| 0.031 | 0.015 26.7 | 0.371 359 | 0202 | 0.116 | 0.029 | 0.017 | 101.3 | 70.6
SU33-1b-3-2 [ 38.0| 0.032 | 0.008 | 27.3 0.380 | 358 | 0.196 | 0.117 | 0.029 | 0.000 | 101.8 | 70.0
SU33-1a-1-8 [37.9| 0.029 | 0.007 243 0.350 | 375 0.181 | 0.117 | 0.029 | 0.005 | 1004 | 73.4
SU33-1a-1-16 [ 38.0 | 0.032 | 0.017 | 23.7 | 0.339 | 37.6 | 0.167 | 0.115 | 0.029 | 0.020 | 100.0 | 73.9
SU33-1a-1-1 |37.6| 0.030 | 0.023 25.1 0359 | 36.8 | 0.162 | 0.113 | 0.029 | 0.007 | 100.3 | 72.4
SU31-4-1-2 [ 374 0.028 | 0.012 | 27.7 | 0.380 | 35.1 0.171 | 0.109 | 0.031 | 0.001 | 100.9 | 69.3
SU31-2a-9 38.5| 0.031 | 0.007 253 0364 | 374 | 0.182 | 0.113 | 0.029 | 0.004 | 101.9 | 72.5
SU31-2a-6 38.2| 0.033 | 0.009 | 254 | 0369 | 37.3 0.186 | 0.110 | 0.030 | 0.004 | 101.6 | 72.4
SU31-2a-5 384 0.032 | 0.010 | 254 | 0.367 37.5 0.170 | 0.110 | 0.030 | 0.001 | 102.0 | 72.5
SU31-2a-4 38.3| 0.030 | 0.018 | 254 | 0.368 37.5 0.169 | 0.110 | 0.028 | 0.004 | 101.9 | 72.5
SU31-2a-2 38.2| 0.031 | 0.014 | 25.1 0.363 37.5 0.183 | 0.110 | 0.030 | 0.005 | 101.5 | 72.7
SU31-2a-12 | 38.1| 0.029 | 0.015 25.8 | 0.368 36.7 | 0.174 | 0.106 | 0.029 | 0.000 | 101.3 | 71.7
SU31-2a-10 |38.3| 0.030 | 0.015 252 | 0.367 374 | 0.175 | 0.111 | 0.029 | 0.001 | 101.7 | 72.6
SU31-2a-1 384 0.033 | 0.019 | 25.1 0.363 37.0 | 0208 | 0.112 | 0.029 | 0.002 | 101.3 | 72.4
SU31-2-4 38.1| 0.023 | 0.010 | 26.6 | 0.378 364 | 0.181 | 0.109 | 0.031 | 0.000 | 101.9 | 70.9
SU31-2-3 3791 0.024 | 0.016 | 269 | 0.382 | 36.1 0.171 | 0.107 | 0.030 | 0.000 | 101.6 | 70.5
SU31-2-2-9 |37.7| 0.029 | 0.008 253 0.366 | 36.8 | 0.183 | 0.107 | 0.028 | 0.003 | 100.5 | 72.1
SU31-2-2-6 [ 38.0| 0.030 | 0.010 | 25.7 | 0.368 37.1 0.165 | 0.108 | 0.029 | 0.002 | 101.6 | 72.0
SU31-2-2-5 379 0.031 | 0.016 | 25.5 0.366 | 37.0 | 0.203 | 0.114 | 0.027 | 0.000 | 101.2 | 72.1
SU31-2-2-12 |37.6| 0.027 | 0.015 257 | 0372 | 36.6 | 0.188 | 0.105 | 0.030 | 0.002 | 100.6 | 71.7
SU31-2-2-11 |37.8| 0.023 | 0.003 262 | 0379 | 36.2 | 0.172 | 0.110 | 0.031 | 0.001 | 101.0 | 71.1
SU31-2-2-10 [37.6| 0.024 | 0.006 | 26.5 0.381 36.2 | 0.164 | 0.109 | 0.031 | 0.000 | 101.0 | 70.9
SU31-2-2-1 |38.0| 0.030 | 0.010 | 255 0.367 37.1 0.197 | 0.109 | 0.028 | 0.005 | 1014 | 72.2

Note: Here and in Tables 4 and 5, blanks mean that elements not determined.

composition of melts with similar Mg contents from
Mauna Loa Volcano, Hawaii.

Volatile Components in Melts

The melt inclusions in olivine from sample SU-50
and the majority of inclusions in olivine from sample
KhS-51/130 show anomalously low H,O contents
(Fig. 10), which is probably related to the near-surface
degassing of crystallizing magmas. The inclusions in
olivine from sample 4270/13 show somewhat higher
H,O contents (up to 0.25 wt %), comparable with esti-
mates obtained from the concentration of an element
with similar incompatibility, e.g., Ce (Dixon et al.,
2002). Consequently, they can be considered as the ini-
tial characteristics of undegassed magmas. This con-
centration level is also similar to the minimum H,O
contents in the glasses of Mauna Loa, Hawaii.

The melt inclusions in olivine from sample KhS-
51/130 have extremely low CI contents, which, similar
to H,O, probably result from near-surface degassing
(Fig. 10). The compositions of inclusions in olivine

from sample SU-50 form a steep trend of Cl accumula-
tion with increasing K,O content. The contents of Cl
reach remarkably high levels. The compositions of
inclusions from sample 4270/13 lie at the beginning of
the Cl accumulation trend and are comparable in this
respect to the Cl richest glasses of Mauna Loa, Hawaii.

A characteristic feature of all the melt inclusions is
elevated boron content, which reaches the maximum
values in the Cl richest inclusions from sample SU-50.

All of the inclusions show low S contents, more than
2-3 times lower than the level of basaltic melt satura-
tion in sulfide liquid (Fig. 10).

Owing to early degassing, CO, content in low-pres-
sure melts is not representative for parental magmas.
However, CO, content in an undegassed melt can be
estimated from the content of a nonvolatile element of
similar incompatibility (Nb) using the data of Saal et al.
(2002). Given a CO,/Nb value of 240 reported by these
authors, the initial level of CO, content can be esti-
mated as ~0.25 wt %.
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Fig. 6. Melt inclusions in olivine phenocrysts from sample KhS-51/130 of the Gudchikhinsky Formation of the Noril’sk region.
(a) Partly crystallized primary inclusions in olivine at 7= 270°C consisting of acicular clinopyroxene crystals, interstitial glass,
opaque isometric spinel crystals, and a spherical fluid phase. (b) Homogenized melt inclusion quenched at 7'= 1250°C (photomi-
crograph at room temperature) containing a flattened crystal of xenogenic spinel. (c) and (d) primary melt inclusions in olivine at
temperatures of 7= 200°C and T = 1240°C, respectively. Au is pure gold foil used for the visually controlled calibration of the
thermocouple in each experiment. The small spherical fluid specs in the inclusions of photomicrograph (d) are fluid phase immedi-

ately before the homogenization of inclusions.

Composition of Primary Magmas

The primary melts of the Gudchikhinsky rocks can
be reconstructed on the basis of the compositions of
melt inclusions with the minimum indications for
crustal contamination. Such inclusions were analyzed
in olivine from samples SU-50 and 4270/13 and show
the lowest contents of Cl and other highly incompatible
elements (Figs. 7, 8, 9b). For these inclusions, we uti-
lized the algorithm of reverse olivine fractionation to
equilibrium with the most magnesian olivine (Sobolev
and Danyushevsky, 1994) detected in the rocks of the
Gudchikhinsky Formation, Fog, (Sobolev et al., 2007
and this study). Calculations were carried out by the
Petrolog software (Danyushevsky, 2001) using the
models described above in the section Crystallization
Conditions and Melt Composition. The MgO content
and equilibrium temperature for the obtained composi-
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tions could be lower than in the real primary melts, if a
more magnesian olivine crystallized in the system, but
was not detected in the samples despite the statistically
large data set (more than 400 analyzed olivine grains).
The addition of olivine results in a considerable
increase in Ni content in the melt; therefore, the maxi-
mum amount of added olivine must be limited by the
concentration of Ni in melts equilibrated with reaction
pyroxenite (Fig. 11). Since the compositions of pyrox-
enite-derived melts form a field in the Ni-MgO coordi-
nates, the compositions of primary melts were recalcu-
lated to its lower (Gd PM min) and upper (Gd PM max)
boundaries. The estimated primary melts (Table 6) are
in equilibrium at atmospheric pressure with olivine
Fog, ¢7 (Fogs s on average) and are chemically equiva-
lent to tholeiitic picrites with 48—49 wt % SiO, (48.7 on
average) and 11-14 wt % MgO (12.7 on average).
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Table 4. Compositions of melt inclusions and host olivines from the picrites of the Gudchikhinsky Formation

Component |SU50—3| SU50-4 | SU50-5

SU50-6

SU50-7

SU50-8

SU50-9 | SU50-10 |SU50—11 | SU50-12

Melt inclusions

SiO, 50.76 50.92 51.05 51.06 50.25 51.24 51.26 50.52 51.16 50.45
TiO, 2.29 2.56 2.22 2.24 2.63 2.26 2.28 2.30 2.38 2.35
Al,O4 13.01 12.48 13.35 13.09 12.87 13.16 13.33 12.71 13.34 13.27
FeO 9.46 10.05 8.82 8.57 9.02 8.80 8.74 9.66 8.19 8.15
MnO 0.13 0.13 0.11 0.13 0.11 0.12 0.14 0.10 0.13 0.10
MgO 9.85 9.62 9.50 9.71 9.96 9.90 9.88 9.99 9.67 9.74
CaO 10.88 10.22 11.26 11.39 11.18 11.35 11.13 10.91 11.54 11.41
Na,O 2.33 2.42 2.45 2.23 2.27 2.29 2.40 2.30 2.34 2.33
K,0 0.37 0.43 0.40 0.50 0.44 0.45 0.39 0.35 0.40 0.39
P,04 0.21 0.25 0.19 0.23 0.25 0.19 0.21 0.21 0.20 0.21
S, wt % 0.04 0.05 0.04 0.06 0.06 0.04 0.05 0.03 0.03 0.04
Cl, wt % 0.041 0.072 0.101 0.205 0.057 0.120 0.074 0.046 0.074 0.056
Total 99.38 99.20 99.49 99.42 99.09 99.92 99.88 99.12 99.44 98.49
NiO 0.048 0.038 0.046 0.031 0.057 0.049 0.042 0.047 0.045 0.048
Cr,04 0.185 0.100 0.187 0.219 0.177 0.188 0.208 0.181 0.150 0.153
TiO,, wt % 2.27 2.30 2.05 2.14 2.24 2.23 2.26 2.36 2.21
H,0, wt % 0.05 0.07 0.03 0.03 0.05 0.03 0.06 0.04 0.03
B 4.0 4.7 5.4 7.1 6.5 4.9 4.0 5.3 4.3
Li 5.8 6.2 4.3 4.9 4.4 4.4 5.6 5.0 4.9
Rb 7.05 9.57 10.85 11.48 10.76 11.71 8.27 7.58 9.31 8.39
Ba 71.7 85.1 83.9 99.7 84.7 84.7 76.1 69.2 77.5 71.6
Th 1.00 1.22 1.26 1.39 1.19 1.24 0.96 1.02 1.15 1.02
U 0.26 0.33 0.35 0.39 0.33 0.33 0.32 0.28 0.31 0.32
Nb 9.85 11.43 10.23 11.71 12.90 10.23 9.48 9.90 10.58 10.10
Ta 0.71 0.75 0.69 0.77 0.83 0.68 0.63 0.66 0.69 0.68
La 10.51 12.21 11.11 12.68 12.49 11.27 10.39 10.27 10.56 10.19
Ce 28.13 31.10 27.96 31.98 32.35 27.31 26.26 26.07 27.97 26.67
Pb 1.35 1.87 1.81 1.90 1.93 1.93 1.58 1.41 1.63 2.46
Pr 4.03 4.75 4.02 4.60 4.86 4.02 3.71 3.94 4.19 3.93
Nd 19.92 23.73 20.80 21.42 23.70 20.11 19.70 19.93 20.19 19.05
Sr 297 368 343 355 387 322 292 299 313 302
Sm 5.56 6.63 6.14 5.41 6.50 5.45 5.64 5.76 5.84 5.53
Zr 146 173 148 153 186 143 132 143 150 147
Hf 3.65 4.63 3.90 4.21 4.62 3.63 3.64 3.74 3.99 3.85
Eu 2.02 2.22 1.96 1.97 2.08 1.82 1.81 1.82 1.98 1.89
Ti 14108 15850 13939 14608 16584 14292 13765 14195 15210 14787
Gd 6.04 7.29 6.43 6.22 6.85 6.11 5.97 6.25 6.01 6.19
Tb 0.97 1.15 1.01 0.96 1.05 0.93 0.98 0.92 0.92 0.97
Dy 5.67 6.62 5.79 5.82 5.86 5.84 5.29 5.54 5.54 5.56
Ho 1.09 1.26 1.09 1.06 1.08 1.06 0.93 1.06 0.98 0.99
Y 26.83 33.81 29.22 27.43 30.44 27.80 26.43 26.02 26.03 26.40
Er 2.65 3.44 2.94 2.74 2.82 2.59 2.43 2.72 2.56 2.71
Tm 0.35 0.43 0.34 0.33 0.35 0.34 0.32 0.31 0.32 0.32
Yb 1.96 2.75 2.13 2.23 2.04 2.03 1.95 1.94 2.13 2.00
Lu 0.29 0.39 0.31 0.28 0.29 0.27 0.27 0.27 0.26 0.29
Host olivine
Fo 79.62 77.42 80.40 81.24 79.82 80.15 80.43 78.86 81.01 80.45
Si0, 38.64 38.64 38.90 39.04 39.12 39.21 39.40 39.07 39.23 39.02
TiO, 0.008 0.019 0.011 0.012 0.011 0.012 0.008 0.008 0.012 0.016
Al,O4 0.024 0.027 0.028 0.029 0.028 0.025 0.027 0.023 0.023 0.024
FeO 19.07 21.00 18.47 17.83 19.06 18.77 18.47 19.83 17.95 18.43
MnO 0.230 0.263 0.220 0.216 0.230 0.227 0.224 0.247 0.216 0.220
MgO 41.79 40.40 42.52 43.32 42.31 42.28 42.59 41.51 42.96 42.58
CaO 0.294 0.302 0.293 0.298 0.300 0.304 0.294 0.287 0.292 0.297
NiO 0.360 0.317 0.386 0.385 0.357 0.374 0.382 0.359 0.389 0.381
Cr,04 0.045 0.033 0.048 0.048 0.049 0.040 0.048 0.047 0.047 0.039
Total 100.47 101.01 | 100.90 101.20 101.49 101.26 101.46 101.40 101.14 | 101.03

PETROLOGY Vol. 17 No. 3

2009



PETROLOGY OF THE PARENTAL MELTS AND MANTLE SOURCES 269

Table 4. (Contd.)

Component | SU50-13 |SU50—201 SU50-202|SU50-203 |SU50-204 | SUS50-205|SU50-206{ SU50-207 |SU50-208| 4270-1
Melt inclusions

Si0, 50.63 50.09 50.39 50.04 50.59 50.53 50.28 50.44 50.63 50.09
TiO, 2.29 2.30 2.37 2.42 2.30 2.33 2.36 2.21 2.29 2.30
Al,O4 12.94 12.73 12.84 13.32 12.83 12.80 12.79 13.00 12.94 12.73
FeO 9.39 9.99 9.69 8.41 9.90 9.71 10.20 9.99 9.39 9.99
MnO 0.13 0.13 0.14 0.11 0.13 0.13 0.14 0.15 0.13 0.13
MgO 9.78 9.70 10.05 991 9.84 9.77 9.37 9.11 9.78 9.70
CaO 10.77 11.22 11.21 11.16 10.77 11.17 11.27 10.69 10.77 11.22
Na,O 2.46 2.19 2.12 2.26 2.29 2.07 2.07 2.46 2.46 2.19
K,0 0.49 0.34 0.34 0.38 0.37 0.36 0.36 0.35 0.49 0.34
P,04 0.21 0.19 0.22 0.23 0.22 0.20 0.23 0.19 0.21 0.19
S, wt % 0.05 0.04 0.05 0.06 0.05 0.03 0.06 0.04 0.05 0.04
Cl, wt % 0.133 0.035 0.039 0.066 0.047 0.043 0.043 0.066 0.133 0.035
Total 99.27 98.97 99.48 98.37 99.34 99.14 99.19 98.69 99.27 98.97
NiO 0.033 0.043 0.047 0.052 0.044 0.044 0.040 0.041 0.033 0.043
Cr,04 0.129 0.179 0.159 0.153 0.184 0.206 0.188 0.208 0.129 0.179
TiO,, wt % 2.20 2.20
H,0, wt % 0.04 0.04
B 6.5 6.5
Li 7.4 7.4
Rb 11.32 7.78 7.50 8.90 7.24 8.18 7.27 8.11 11.32 7.78
Ba 93.7 73.6 71.9 77.0 69.6 76.6 73.6 72.4 93.7 73.6
Th 1.34 1.00 0.94 1.11 0.97 1.11 1.00 1.03 1.34 1.00
U 0.36 0.28 0.28 0.32 0.29 0.30 0.30 0.26 0.36 0.28
Nb 11.27 10.28 10.08 10.55 9.65 9.96 991 9.28 11.27 10.28
Ta 0.73 0.66 0.67 0.72 0.65 0.68 0.70 0.61 0.73 0.66
La 12.21 10.41 10.43 11.07 10.39 10.36 10.38 10.41 12.21 10.41
Ce 29.99 26.76 26.76 28.33 26.87 27.11 27.38 26.65 29.99 26.76
Pb 2.03 1.59 1.46 1.76 1.48 1.57 1.51 1.55 2.03 1.59
Pr 431 3.94 4.01 4.29 4.09 3.98 3.84 4.01 431 3.94
Nd 21.35 20.27 20.30 21.49 18.87 20.46 20.29 18.73 21.35 20.27
Sr 325 308 299 320 312 313 313 304 325 308
Sm 5.79 5.49 5.85 6.01 5.70 5.75 5.69 5.96 5.79 5.49
7r 147 147 144 155 149 148 149 141 147 147
Hf 4.03 4.09 3.92 421 3.84 4.02 3.87 3.75 4.03 4.09
Eu 1.99 1.97 1.86 1.96 1.87 1.85 1.97 2.03 1.99 1.97
Ti 14244 14927 14896 15370 14218 14274 14543 13566 14244 14927
Gd 6.43 6.20 6.38 6.69 6.13 6.06 5.86 6.32 6.43 6.20
Tb 1.01 0.95 0.96 0.99 0.99 0.93 0.95 1.03 1.01 0.95
Dy 6.36 5.86 5.74 5.92 5.73 5.71 5.70 5.64 6.36 5.86
Ho 1.17 1.03 1.04 1.09 1.01 1.06 1.08 1.01 1.17 1.03
Y 29.75 27.26 26.57 27.20 26.90 26.93 26.95 26.92 29.75 27.26
Er 3.08 2.65 2.68 2.69 2.55 2.68 2.72 2.60 3.08 2.65
Tm 0.39 0.33 0.33 0.34 0.33 0.34 0.31 0.34 0.39 0.33
Yb 2.43 2.05 2.07 2.10 2.15 2.21 2.02 1.99 2.43 2.05
Lu 0.31 0.28 0.27 0.29 0.27 0.30 0.28 0.30 Lu 0.31
Host olivine
Fo 78.06 77.07 77.66 81.25 79.85 78.30 79.14 79.36 80.55 80.41
SiO, 38.77 38.42 38.94 39.39 39.57 39.11 39.43 38.70 39.35 39.04
TiO, 0.008 0.016 0.011 0.011 0.009 0.012 0.009 0.010 0.014 0.013
Al,O4 0.026 0.030 0.027 0.024 0.026 0.022 0.022 0.030 0.028 0.032
FeO 20.56 21.12 20.86 17.67 19.02 20.31 19.67 19.18 18.38 18.40
MnO 0.246 0.253 0.247 0.213 0.232 0.240 0.236 0.230 0.219 0.222
MgO 41.04 39.82 40.68 42.96 42.27 41.13 41.86 41.37 42.70 42.37
CaO 0.288 0.312 0.294 0.292 0.294 0.287 0.294 0.289 0.296 0.291
NiO 0.361 0.340 0.345 0.384 0.366 0.354 0.349 0.358 0.370 0.370
Cr,04 0.036 0.029 0.031 0.042 0.044 0.034 0.036 0.041 0.039 0.036
Total 101.37 100.36 101.44 101.00 101.84 101.52 101.91 100.22 101.41 100.78
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Component | 4270-2 | 4270-3 | 4270-4 | 4270-5 | 4270-6 | KhS51-1 | KhS51-4 | KhS51-5 | KhS51-6 | KhS51-7
Melt inclusions
Si0, 50.08 48.60 49.74 50.65 49.73 52.86 52.95 52.78 52.92 53.76
TiO, 2.25 2.57 2.25 2.28 2.31 1.71 1.65 1.76 1.57 1.58
Al,O4 13.11 12.89 12.72 12.80 12.85 13.46 13.29 13.43 13.11 12.16
FeO 9.90 10.98 11.20 9.95 10.83 8.37 9.40 8.51 9.26 9.96
MnO 0.13 0.14 0.16 0.15 0.14 0.12 0.13 0.11 0.14 0.14
MgO 9.96 9.73 9.84 10.05 9.69 9.50 9.63 9.42 9.14 9.71
CaO 10.62 10.69 10.42 10.88 10.57 9.72 9.76 9.95 9.89 9.24
Na,O 2.20 2.20 2.32 2.19 2.28 2.41 2.28 2.37 2.24 2.24
K,0 0.34 0.37 0.34 0.33 0.32 0.63 0.59 0.61 0.57 0.48
P,04 0.20 0.23 0.18 0.21 0.22 0.16 0.15 0.18 0.15 0.17
S, wt % 0.04 0.04 0.05 0.04 0.03 0.03 0.04 0.04 0.03 0.04
Cl, wt % 0.043 0.032 0.029 0.039 0.035 0.003 0.003 0.005 0.003 0.003
Total 98.87 98.47 99.25 99.57 99.01 98.98 99.86 99.17 99.03 99.48
NiO 0.056 0.051 0.047 0.056 0.050 0.038 0.032 0.036 0.036 0.034
Cr,04 0.093 0.114 0.046 0.132 0.150 0.168 0.099 0.184 0.204 0.184
TiO,, wt % 2.26 2.72 2.14 2.24 2.34 1.65 1.60 1.74
H,0, wt % 0.12 0.25 0.13 0.19 0.14 0.05 0.06 0.05
B 3.5 3.7 3.0 3.7 3.2 3.9 5.3 3.7
Li 3.6 53 3.2 4.8 5.0 7.0 7.7 7.3
Rb 6.87 8.12 6.59 6.95 6.65 20.46 19.81
Ba 67.8 81.0 68.7 69.1 72.6 1154 114.5
Th 091 1.02 0.89 0.89 0.92 1.38 1.39
U 0.27 0.31 0.26 0.27 0.25 0.53 0.54
Nb 9.15 11.40 8.66 9.31 8.92 8.20 8.32
Ta 0.62 0.81 0.55 0.64 0.60 0.56 0.62
La 9.81 11.53 9.23 9.83 10.09 9.59 9.62
Ce 24.73 29.92 24.07 2591 26.29 23.42 24.17
Pb 1.37 1.54 1.29 1.37 1.18 3.68 3.47
Pr 3.83 4.53 3.58 3.82 3.89 3.36 3.58
Nd 19.35 22.10 17.59 19.27 19.17 16.37 17.89
Sr 287 329 282 292 282 258 279
Sm 5.30 6.04 5.21 5.51 5.44 4.50 4.65
7r 138 166 132 137 134 120 131
Hf 3.65 4.40 3.69 3.68 3.55 3.25 3.59
Eu 1.77 2.00 1.78 1.93 1.79 1.53 1.66
Ti 13508 16659 13326 14398 13649 10309 10927
Gd 6.11 6.73 5.61 5.93 6.25 4.80 5.48
Tb 091 1.02 0.94 0.96 0.98 0.81 0.80
Dy 5.47 6.05 5.81 5.56 5.46 481 4.95
Ho 0.98 1.10 1.03 0.98 1.03 0.84 0.92
Y 25.47 27.89 26.60 25.79 25.36 22.46 23.75
Er 2.48 2.87 2.86 2.66 2.50 2.21 2.61
Tm 0.34 0.34 0.34 0.31 0.33 0.30 0.31
Yb 1.96 2.26 2.34 2.01 1.94 1.76 1.82
Lu 0.27 0.29 0.26 0.25 0.28 0.25 0.27
Host olivine

Fo 80.23 77.60 77.90 80.32 78.97 79.93 79.63 80.17 79.50 79.15
SiO, 39.54 38.98 39.32 39.18 39.13 38.83 39.29 39.21 38.82 39.39
TiO, 0.014 0.018 0.013 0.010 0.010 0.011 0.008 0.012 0.013 0.012
Al,O4 0.030 0.028 0.025 0.025 0.025 0.023 0.023 0.024 0.027 0.027
FeO 18.66 20.89 20.72 18.52 19.77 18.89 19.18 18.73 19.11 19.66
MnO 0.223 0.249 0.249 0.222 0.237 0.237 0.240 0.236 0.243 0.246
MgO 42.50 40.60 40.98 42.41 41.66 42.20 42.14 42.24 41.57 41.87
CaO 0.293 0.304 0.295 0.297 0.290 0.266 0.260 0.270 0.278 0.267
NiO 0.387 0.339 0.363 0.365 0.353 0.344 0.342 0.346 0.345 0.336
Cr,04 0.045 0.034 0.039 0.045 0.040 0.043 0.039 0.036 0.037 0.038
Total 101.72 101.46 102.02 101.11 101.54 100.85 101.53 101.11 100.46 101.86
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Component | KhS51-9 KhS51-11 KhS51-12 KhS51-13 KhS51-14 KhS51-16 KhS51-18
Melt inclusions
SiO, 53.04 53.18 52.39 52.65 50.91 54.37 52.16
TiO, 1.71 1.79 1.63 1.54 1.73 1.46 1.75
Al,O5 13.24 13.22 12.74 13.73 12.64 12.94 13.48
FeO 8.76 8.54 9.69 8.91 9.73 8.03 7.60
MnO 0.12 0.13 0.12 0.12 0.12 0.11 0.12
MgO 9.38 8.94 8.84 9.02 9.22 943 9.72
CaO 10.20 10.41 10.00 9.47 9.93 9.82 10.20
Na,O 2.30 2.30 2.09 2.85 2.15 2.28 2.35
K,O 0.57 0.59 0.52 0.55 0.56 0.60 0.61
P,05 0.16 0.16 0.16 0.16 0.18 0.15 0.15
S, wt % 0.04 0.03 0.04 0.04 0.03 0.04 0.02
Cl, wt % 0.002 0.003 0.004 0.002 0.008 0.004 0.003
Total 99.52 99.30 98.23 99.05 97.19 99.23 98.15
NiO 0.037 0.032 0.033 0.031 0.031 0.044 0.044
Cr,04 0.177 0.200 0.180 0.158 0.187 0.209 0.204
TiO,, wt % 1.43 1.67
H,0, wt % 0.05 0.03
B 3.1 3.6
Li 4.1 6.6
Rb 20.62 18.80 21.94
Ba 115.3 110.3 116.8
Th 1.42 1.41 1.35
U 0.53 0.53 0.58
Nb 8.01 8.42 8.26
Ta 0.61 0.61 0.55
La 9.45 9.54 9.19
Ce 24.12 23.17 23.11
Pb 4.12 3.46 3.76
Pr 3.48 3.56 3.28
Nd 16.93 16.50 15.74
Sr 260 266 258
Sm 4.09 4.63 4.43
7r 116 124 119
Hf 3.39 3.27 2.88
Eu 1.52 1.58 1.56
Ti 10990 10838 10932
Gd 5.00 5.25 4.77
Tb 0.79 0.79 0.75
Dy 4.66 4.92 4.67
Ho 0.92 0.94 0.85
Y 23.29 23.36 22.97
Er 2.36 2.47 2.30
Tm 0.29 0.31 0.24
Yb 1.97 2.00 1.65
Lu 0.28 0.27 0.23
Host olivine

Fo 80.84 80.26 79.86 82.14 78.01 82.23 80.57
Si0, 39.29 39.31 39.18 39.30 38.73 39.40 38.69
TiO, 0.008 0.014 0.011 0.006 0.013 0.007 0.010
Al,O4 0.024 0.028 0.029 0.032 0.022 0.027 0.030
FeO 18.17 18.68 19.02 16.92 20.44 16.83 18.06
MnO 0.230 0.236 0.242 0.213 0.253 0.215 0.228
MgO 43.00 42.60 42.33 43.65 40.68 43.70 42.01
CaO 0.265 0.268 0.267 0.259 0.277 0.258 0.268
NiO 0.353 0.355 0.341 0.379 0.322 0.386 0.366
Cr,04 0.049 0.043 0.049 0.059 0.031 0.058 0.078
Total 101.41 101.55 101.49 100.84 100.78 100.90 99.75

Note: The melt inclusions are 40-80 um in size. Horizontal lines separate element groups determined by different local methods (from top
to bottom): ordinary electron-probe miscroanalysis, high-accuracy electron probe microanalysis, secondary ion mass spectrometry,
and inductively coupled plasma mass spectrometry with laser ablation.
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Table 5. Compositions of trapped melts in olivines from the picrites of the Gudchikhinsky Formation

Component |  SU50-3 SU50-5 SU50-6 SU50-7 SU50-8 SU50-9 SU50-10
Sio, 50.33 50.10 50.02 49.72 50.19 50.14 50.43
TiO, 2.27 2.12 2.12 2.58 2.18 2.18 2.33
ALO;, 12.88 12.76 12.37 12.60 12.67 12.76 12.85
Fe,0; 0.52 0.53 0.53 0.53 0.53 0.53 0.52
FeO 11.79 11.88 11.90 12.01 11.85 11.86 11.76
MnO 0.12 0.11 0.11 0.12 0.11 0.11 0.12
MgO 8.23 8.64 9.15 8.40 8.52 8.66 7.86
Ca0 10.77 10.76 10.77 10.95 10.93 10.66 11.03
Na,O 231 2.34 2.11 2.22 2.21 2.30 2.33
K,O 0.37 0.38 0.47 0.43 0.43 0.37 0.35
P,05 0.21 0.18 0.22 0.25 0.18 0.20 0.21
Cr,0, 0.18 0.18 0.21 0.17 0.18 0.20 0.18
NiO 0.028 0.031 0.033 0.028 0.030 0.031 0.027
T..,°C 1208 1220 1231 1212 1215 1220 1197
Fo 79.62 80.4 81.24 79.82 80.15 80.43 78.86
NiOy, 0.360 0.386 0.385 0.357 0.374 0.382 0.359
Keor 0.990 0.956 0.945 0.979 0.963 0.957 1.011
Seor 0.042 0.036 0.058 0.058 0.036 0.049 0.025
Cly, 0.041 0.097 0.193 0.055 0.116 0.071 0.046

Component | SUS50-11 SU50-12 SU50-13 SU50-201 | SU50-202 | SU50-203 | SUS50-204
Sio, 49.92 49.80 50.52 50.36 50.26 49.46 50.32
TiO, 2.23 2.25 2.32 2.38 2.42 231 2.29
ALO;, 12.52 12.70 13.09 13.15 13.09 12.70 12.78
Fe,0; 0.53 0.53 0.52 0.52 0.53 0.54 0.52
FeO 11.93 11.99 11.73 11.75 11.83 12.11 11.79
MnO 0.11 0.11 0.13 0.13 0.13 0.10 0.13
MgO 9.00 8.72 7.45 7.11 7.41 9.25 8.35
Ca0 10.83 10.92 10.90 11.59 11.43 10.64 10.73
Na,O 2.20 2.23 2.49 2.26 2.16 2.15 2.28
K,O 0.38 0.37 0.50 0.35 0.35 0.36 0.37
P,05 0.19 0.20 0.21 0.20 0.22 0.22 0.22
Cr,0, 0.14 0.15 0.13 0.19 0.16 0.15 0.18
NiO 0.033 0.031 0.025 0.023 0.024 0.034 0.029
T..,°C 1228 1221 1189 1172 1181 1234 1211
Fo 81.01 80.45 78.06 77.07 77.66 81.25 79.85
NiO, 0.389 0.381 0.361 0.340 0.345 0.384 0.366
Keor 0.938 0.957 1.011 1.032 1.019 0.953 0.996
Seor 0.026 0.035 0.055 0.040 0.053 0.055 0.052
Cly, 0.070 0.053 0.134 0.036 0.040 0.063 0.046
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Component | SU50-205 | SU50-206 | SU50-207 | SU50-208 4270-1 4270-2 4270-3
Si0, 50.45 50.15 50.48 49.82 50.07 50.03 49.29
TiO, 2.36 2.36 2.20 2.23 2.32 2.25 2.69
ALO, 12.95 12.77 12.96 12.73 12.82 13.08 13.48
Fe,0, 0.52 0.53 0.52 0.53 0.53 0.53 0.54
FeO 11.75 11.86 11.75 11.98 11.88 11.91 12.16
MnO 0.13 0.13 0.13 0.12 0.13 0.13 0.14
MgO 7.66 8.08 8.07 8.82 8.72 8.62 7.46
CaO 11.30 11.25 10.66 10.80 10.54 10.60 11.18
Na,O 2.09 2.07 245 2.19 2.17 2.20 2.30
K,O 0.36 0.36 0.35 0.32 0.36 0.34 0.39
P,05 0.20 0.23 0.19 0.21 0.24 0.20 0.24
Cr,0, 0.21 0.19 0.21 0.23 0.20 0.09 0.12
NiO 0.026 0.027 0.027 0.031 0.030 0.031 0.024
T.4.°C 1187 1199 1206 1222 1220 1218 1185
Fo 783 79.14 79.36 80.55 80.41 80.23 77.6
NiO,, 0.354 0.349 0.358 0.370 0.370 0.387 0.339
Keor 1.012 0.999 0.997 0.964 0.999 0.998 1.046
Seor 0.029 0.061 0.036 0.018 0.039 0.038 0.037
Cl,, 0.044 0.043 0.066 0.042 0.041 0.042 0.033
Component | 42704 4270-5 4270-6 KhS51-1 KhS51-4 KhS51-5 KhS51-6
Si0, 50.33 50.26 50.02 52.43 52.57 52.18 52.87
TiO, 2.37 2.26 2.37 1.68 1.65 1.72 1.57
AlLO, 13.37 12.70 13.16 13.25 13.30 13.11 13.13
Fe,0, 0.52 0.53 0.53 0.49 0.49 0.50 0.48
FeO 11.79 11.83 11.91 11.05 11.01 11.14 10.89
MnO 0.16 0.14 0.14 0.12 0.14 0.12 0.13
MgO 743 8.63 7.98 8.06 7.92 8.24 7.83
CaO 10.96 10.79 10.83 9.57 9.77 9.71 9.91
Na,O 2.44 2.17 2.34 2.37 2.28 231 2.24
K,O 0.36 0.33 0.33 0.62 0.59 0.60 0.57
P,05 0.19 0.21 0.23 0.16 0.15 0.18 0.15
Cr,0, 0.05 0.13 0.15 0.17 0.10 0.18 0.20
NiO 0.026 0.030 0.027 0.026 0.025 0.027 0.025
T.4.°C 1187 1217 1201 1213 1207 1216 1203
Fo 77.9 80.32 78.97 79.93 79.63 80.17 79.5
NiO,, 0.363 0.365 0.353 0.344 0.342 0.346 0.345
Keor 1.051 0.992 1.024 0.984 1.001 0.976 1.002
Seor 0.049 0.036 0.032 0.027 0.040 0.039 0.035
Cl, 0.030 0.039 0.036 0.003 0.003 0.005 0.003
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Component | KhS51-9 | KhS51-11 | KhS51-12 | KhS51-13 | KhS51-14 | KhS51-16 | KhS51-17 | KhS51-18
Si0, 5223 52.37 52.85 51.75 52.20 53.34 53.20 51.68
TiO, 1.65 1.73 1.64 1.45 1.82 1.39 1.64 1.69
Al,O4 12.81 12.74 12.85 12.95 13.26 12.30 12.72 13.05
Fe,0; 0.49 0.49 0.49 0.51 0.50 0.48 0.48 0.50
FeO 11.12 11.08 10.91 11.36 11.13 10.73 10.78 11.32
MnO 0.12 0.13 0.14 0.13 0.15 0.11 0.14 0.11
MgO 8.59 8.27 8.03 9.39 7.29 9.20 8.05 8.53
CaO 9.87 10.04 10.09 8.93 10.42 9.34 9.79 9.87
Na,O 2.22 2.22 2.11 2.69 2.26 2.17 2.22 2.28
K,0 0.55 0.57 0.53 0.52 0.59 0.57 0.56 0.59
P,05 0.16 0.15 0.16 0.15 0.19 0.14 0.19 0.15
Cr,0; 0.17 0.19 0.18 0.15 0.20 0.20 0.21 0.20
NiO 0.028 0.027 0.025 0.033 0.022 0.033 0.026 0.029
T.°C 1223 1214 1206 1253 1185 1241 1209 1222

Fo 80.84 80.26 79.86 82.14 78.01 82.23 80.07 80.57
NiOy, 0.353 0.355 0.341 0.379 0.322 0.386 0.354 0.366
Koo 0.967 0.964 1.008 0.943 1.049 0.951 1.017 0.968
Scor 0.038 0.032 0.041 0.038 0.032 0.035 0.051 0.021
Cloor 0.002 0.003 0.004 0.002 0.008 0.004 0.003 0.003

Note: Ty, C is the temperature of equilibrium with the host olivine. Fo (mol %) and NiO (wt %) are the compositional characteristics of
the host olivine. K, is the correction factor for incompatible elements (see text for explanation). S, and Cl.,, are the corrected

contents of sulfur and chlorine in the melt.

Conditions of Primary Magma Formation

Given the composition of primary melts, the condi-
tions of their equilibrium (pressure and temperature)
with the mantle source can be estimated. Such calcula-
tions are usually performed assuming an olivine-bear-
ing (peridotitic) source (Herzberg and O’Hara, 2002).
However, the compositions of olivine phenocrysts from
the Gudchikhinsky picrites indicate the absence of oli-
vine in their mantle source (see above and Sobolev
etal., 2007). Indeed, the determination of liquidus
assemblage for the estimated primary melts using the
olivine—melt (Ford et al., 1983) and clinopyroxene—
melt (Danyushevsky et al., 1996) models and the
Petrolog software (Danyushevsky, 2001) showed that
the melts become olivine-undersaturated and have cli-
nopyroxene as a liquidus phase at pressures above 1.2—
1.8 GPa. However, the clinopyroxene—melt equilibrium
model of Danyushevsky et al. (1996) was calibrated at
low pressures and its application requires additional
testing. Figure 12a presents the results of such testing,
which revealed a systematic overestimation of calcu-
lated equilibrium temperature compared with experi-

mental values. The temperature correction shows a sig-
nificant correlation with pressure and can be readily
applied to adjust the P-T liquidus parameters of pri-
mary melts. The corrected data show that the tempera-
ture of clinopyroxene liquidus for the estimated pri-
mary melts becomes significantly lower than the dry
solidus of mantle peridotite at pressures higher than
3 GPa, but remains above the “dry” pyroxenite solidus
(Fig. 12b). This suggests that the primary trap melts
could be derived from a pyroxenite at great depths,
while almost no melting occurred in a “dry” peridotite.
It should be noted that small amounts of CO, and H,O
in natural mantle peridotites may promote low-degree
partial melting at low temperatures and high pressures.
This process produces undersaturated alkaline melts
enriched in incompatible elements similar to meyme-
chites or alkaline and subalkaline picrites (Sobolev
et al., 1991; Ryabchikov, 2003). Therefore, it is no sur-
prise that such melts occur in the province. However,
the volume of such magmatism is significantly limited,
especially within the Noril’sk region.
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Fig. 7. Diagram of the compositions of trapped melts in oli-
vine phenocrysts from the Gudchikhinsky picrites.

All compositions were recalculated to equilibrium with the
host olivine (see text). The dotted line encloses the compo-
sitional field of glasses from mid-ocean ridge basalts
according to the PetDB database (http://www.petdb.org/
petdbWeb/index.jsp); and the dashed line encloses the field
of glass compositions from Mauna Loa Volcano, Hawaii
according to the GEOROC database (http://georoc.mpch-
mainz.gwdg.de/georoc/).

DISCUSSION
Potential Mantle Temperature

Assuming that the lithosphere of the Siberian craton
is no less than 130 km thick (Artemieva and Mooney,
2001), the minimum temperature of formation of the
Gudchikhinsky primary magmas at a pressure of 4 GPa
can be estimated as 1540°C (Fig. 12b). Taking into
account a mantle adiabatic gradient of 10°C/GPa, these
conditions correspond to the minimum potential mantle
temperature of ~1500°C (McKenzie and Bickle, 1988).
The maximum temperature is constrained by the inter-
section of the liquidus of the primary Gudchikhinsky
magmas with the pyroxenite solidus at P = 5.5 GPa and
T =1635°C (Fig. 12b). The obtained maximum poten-
tial temperature is approximately 1580°C. These
results are similar but slightly lower than the potential
temperatures of the mantle sources of the Siberian trap
province (1630-1660°C) estimated for the subalkaline
and tholeiitic magmas of the Putorana Plateau and the
alkali picrites and meymechites of the Maimecha—
Kotui province (Ryabchikov, 2003).
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Fig. 8. Indicator trace element ratios in melt inclusions in
olivine from the Gudchikhinsky picrites.

The dashed line encloses the field of basalt compositions
from ocean islands according to Hofmann (2002) and
GEOROC database (http://georoc.mpch-mainz.gwdg.de/
georoc/). The solid line encloses the compositional field of
the crystalline rocks of the continental crust (Rudnick,
2002).
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Fig. 9. Distribution patterns of incompatible lithophile elements in melt inclusions in olivine from the Gudchikhinsky picrites.

(a) Compositions of contaminated melts. (b) Compositions of weakly contaminated or uncontaminated melts. Cont. crust is the
average composition of continental crust (Rudnick, 2002). Also shown is the average composition of melt inclusions in olivine from
Mauna Loa Volcano, Hawaii (Sobolev et al., 2005 and unpublished data). All contents are normalized to the primitive mantle com-

position (Hofmann, 1988).

Was There a Mantle Plume?

Compared with the convecting upper mantle with
temperatures of up to 1350°C (White and McKenzie,
1995; Herzberg and O’Hara, 2002), the estimated mag-
mas are overheated by 150-230°C. This is direct evi-
dence for the plume-related origin of the Siberian LIP
and is consistent with the conclusions of some previous
studies (Sobolev et al., 1991; Wooden et al., 1993;
Lightfoot et al., 1993; Ryabchikov, 2003). According to
the data obtained here, the mantle plume that produced

the Siberian trap province had a potential temperature
of about 1500-1580°C, which is similar to the temper-
ature of the Hawaiian mantle plume (1500-1600°C;
Sobolev et al., 2005). The participation of a mantle
plume in the formation of the Siberian trap magmatism
is also independently supported by the composition of
uncontaminated Gudchikhinsky melts (Fig. 9b). Their
characteristics, including the '**Nd/'**Nd and 37Sr/36Sr
isotopic ratios, are similar to those of the classic Hawai-
ian mantle plume (Wooden et al., 1993).
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Fig. 10. Contents of volatile components in melts trapped in
olivine phenocrysts from the Gudchikhinsky picrites.

The dashed line encloses the field of glasses from Mauna
Loa Volcano, Hawaii according to the GEOROC database
(http://georoc.mpch-mainz.gwdg.de/georoc/), and the dot-
ted line encloses the field of glasses from mid-ocean ridge
basalts without evidence for seawater contamination
according to the PetDB database (http://www.petdb.
org/petdbWeb/index.jsp). The fields of glasses in the K,O—
B coordinates are shown according to the unpublished data
of A.V. Sobolev from the investigation of melt inclusions in
olivine. The double dashed line encloses the region of sulfur
saturation according to the data of Mathez (1976).

Mantle Source Composition

A striking feature of the LIP studied (Sobolev et al.,
2007) is wide variations in the contribution of reaction
pyroxenite to primary melts within particular provinces
(Fig. 13). The detailed investigation of picrites from the
Noril’sk region showed that this characteristic varied
with time in the Siberian trap province (Figs. 2, 5). The
initial stage of the development of this province (Gud-
chikhinsky Formation) involved melting of an almost
No. 3
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Fig. 11. Variations in MgO and Ni contents in the primary
magmas of the Gudchikhinsky Formation (gray circles).

The dashed lines enclose the compositional fields of melts
derived from olivine-free pyroxenites. The solid lines show
the calculated compositions of melts from pyroxenite and
peridotite sources according to the data of Sobolev et al.
(2005). Experimental data on MgO and Ni contents in melts
derived from pyroxenite (black diamonds) are shown after
Sobolev et al. (2007). Gd PM max and Gd PM min are the
calculated compositions of primary melts of the Gud-
chikhinsky Formation corresponding to the upper and lower
boundary of the compositional field of pyroxenite-derived
melts, respectively.

pure pyroxenite component. The contribution of a
pyroxenite source decreased in the melts that formed
the rocks of later formations (40 wt % for the Tuklon-
sky Formation and 60 wt % for the Nadezhdinsky For-
mation).

It should be noted that the calculated contributions
of the pyroxenite component to the melts of the Tuklon-
sky and Nadezhdinsky formations should be consid-
ered as maximum estimates because of the possible
influence of magma fractionation, which is indicated by
the iron-rich compositions of olivine from these rocks
(the most magnesian olivine is Fog). The fractionation
of clinopyroxene and olivine could result in the under-
estimation of the Mn/Fe ratio and overestimation of the
Ni/(Mg/Fe) ratio in olivine; consequently, the role of
the pyroxenite component could be overestimated
(Sobolev et al., 2007, 2008). This warning is not impor-
tant for the rocks of the Gudchikhinsky Formation,
which contain magnesian olivine and for which the
suggestion of a pure pyroxenite source seems to be
plausible.

Thus, it can be concluded that the beginning of the
formation of the Siberian LIP was directly related to the
presence of recycled crust in the mantle source. This
can be explained by the lower melting temperature of
recycled material compared with that of peridotite
(Fig. 14a). Assume that two identical Hawaiian-type
mantle plumes with identical potential temperatures of
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Table 6. Compositions of the primary melts of the Gudchikhinsky Formation

Component SU-50-3 SU50-10 SU50-201 SU50-202 SU50-204 SU50-205 SU50-206
PM min
Sio, 48.93 49.02 48.93 48.92 48.96 49.07 48.69
TiO, 1.99 2.04 2.09 2.14 2.02 2.08 2.05
AlLO, 11.30 11.30 11.56 11.59 11.26 11.43 11.11
Fe,0; 0.54 0.54 0.55 0.55 0.54 0.54 0.55
FeO 12.20 12.24 12.36 12.37 12.18 12.26 12.31
MnO 0.11 0.11 0.12 0.12 0.11 0.11 0.12
MgO 12.48 12.05 11.29 11.34 12.48 11.70 12.61
CaO 9.45 9.70 10.18 10.12 9.45 9.98 9.79
Na,O 2.02 2.04 1.99 1.91 2.01 1.85 1.80
K,O 0.32 0.31 0.31 0.31 0.33 0.32 0.31
P,05 0.18 0.19 0.17 0.20 0.19 0.18 0.20
Cr,0;4 0.16 0.16 0.16 0.14 0.16 0.18 0.16
H,0 0.21 0.21 0.20 0.20 0.21 0.21 0.21
S, ppm 372 222 349 467 454 256 535
Cl, ppm 356 409 315 355 410 387 374
Ni, ppm 717 709 694 655 708 682 742
T.°C 1270 1261 1242 1242 1269 1249 1269
logfo, 94 -9.5 -9.7 -9.7 -9.4 -9.6 94
dNNO -2.5 2.6 2.6 2.6 -2.5 2.6 -2.5
Fo, mol % 85.5 85 84 84 85.5 84.5 85.5
NiO,, 0.75 0.78 0.81 0.76 0.74 0.77 0.77
OL% 12.0 11.9 11.9 11.2 11.7 11.5 12.8
PM max
SiO, 48.65 48.76 48.69 48.68 48.68 48.82 48.42
TiO, 1.93 1.99 2.03 2.08 1.96 2.02 1.99
AL O, 10.96 10.97 11.25 11.28 10.91 11.12 10.77
Fe,0, 0.54 0.55 0.55 0.55 0.54 0.55 0.55
FeO 12.22 12.27 12.40 12.42 12.20 12.29 12.33
MnO 0.10 0.11 0.11 0.11 0.11 0.11 0.11
MgO 13.51 13.02 12.17 12.22 13.50 12.62 13.63
CaO 9.16 9.42 9.92 9.85 9.16 9.70 9.49
Na,O 1.96 1.99 1.94 1.86 1.95 1.80 1.74
K,0 0.31 0.30 0.30 0.30 0.32 0.31 0.30
P,0; 0.18 0.18 0.17 0.19 0.19 0.17 0.19
Cr,0, 0.16 0.16 0.16 0.14 0.16 0.18 0.16
H,0 0.21 0.20 0.20 0.20 0.21 0.21 0.20
S, ppm 361 216 340 455 440 249 518
Cl, ppm 345 397 306 346 397 376 362
Ni, ppm 887 877 853 806 875 840 917
T.°C 1292 1282 1262 1262 1291 1270 1291
log fo, 9.1 92 -9.5 9.4 -9.1 9.4 -9.1
dNNO 25 2.6 2.6 2.6 -25 25 25
Fo, mol % 86.5 86 85 85 86.5 85.5 86.5
NiO, 0.85 0.87 0.92 0.86 0.83 0.87 0.86
0L,% 14.7 14.4 14.2 13.6 14.4 13.9 15.5
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Table 6. (Contd.)

Component | SU50-208 | 4270-1 | 42702 | 4270-3 | 4270-4 | 4270-5 | 4270-6 | Average gtar.‘d‘i‘rd
eviation
PM min
Sio, 4851 | 4869 | 4876 | 4804 | 49.03 | 4886 | 48.68 | 48.79 0.26
TiO, 1.95 2.03 1.99 2.38 2.10 1.98 2.08 2.07 0.10
ALO; 118 | 11.23 1159 | 1192 | 1189 | 1L11 1158 | 1143 0.25
Fe,0, 0.55 0.54 0.54 0.56 0.55 0.54 0.55 0.55 0.01
FeO 12.31 12.23 1226 | 1267 | 1231 1219 | 1236 | 12.30 0.12
MnO 0.11 0.11 0.12 0.12 0.14 0.12 0.13 0.12 0.01
MgO 13.05 13.04 | 12.55 11.43 1124 | 1300 | 1214 | 1217 0.63
Ca0 9.48 9.22 9.39 9.88 9.74 9.4 9.53 9.67 0.28
Na,0 1.92 1.90 1.94 2.03 2.17 1.90 2.06 1.97 0.09
K,0 0.28 0.32 0.30 0.34 0.32 0.29 0.29 0.31 0.02
P05 0.19 0.21 0.18 0.21 0.17 0.18 0.20 0.19 0.01
Cr,04 0.20 0.17 0.08 0.11 0.04 0.11 0.14 0.14 0.04
H,0 0.18 0.21 0.20 0.23 0.21 0.19 0.19 0.20 0.01
S, ppm 157 337 339 329 437 319 286 347 95
Cl, ppm 372 358 376 296 268 339 318 352 38
Ni, ppm 728 742 716 651 665 739 695 703 29
T.°C 1282 1280 1271 1245 1244 1280 1263 1262 4
log fo, 92 9.2 93 9.6 97 92 9.4 9.4 0.2
dNNO 25 25 25 26 26 25 25 25 0
Fo, mol % 86 86 85.5 84 84 86 85 85.0 0.8
NiOy, 0.72 0.74 0.75 0.75 0.79 0.74 0.75 0.76 0.02
0L,% 12,0 12.2 11.2 11.4 10.9 12.3 11.8 11.8 0.5
PM max

Sio, 4823 | 4841 | 4850 | 47.82 | 4879 | 4857 | 4843 | 4853 0.25
TiO, 1.89 1.96 1.93 231 2.05 1.91 2.02 2.01 0.10
ALO, 10.81 1086 | 11.23 1160 | 11.58 1074 | 1125 | 1110 0.27
Fe,0, 0.55 0.54 0.55 0.56 0.55 0.54 0.55 0.55 0.01
FeO 12.31 12.23 1227 | 1270 | 1236 | 1220 | 1238 | 1233 0.13
MnO 0.10 0.11 0.11 0.12 0.14 0.12 0.12 0.11 0.01
MgO 1414 | 1413 1358 | 1231 12.11 14.08 1311 | 1315 0.71
Ca0 9.17 8.92 9.10 9.62 9.49 9.13 9.25 9.39 0.29
Na,0 1.86 1.83 1.88 1.98 2.11 1.84 2.00 1.91 0.09
K,0 0.27 0.30 0.29 0.33 0.31 0.28 0.28 0.30 0.02
P,O; 0.18 0.20 0.17 0.21 0.16 0.18 0.19 0.18 0.01
Cr,04 0.19 0.17 0.08 0.10 0.04 0.11 0.13 0.14 0.04
H,0 0.18 0.20 0.19 0.22 0.20 0.18 0.19 0.20 0.01
S, ppm 152 326 329 321 425 308 277 337 93
Cl, ppm 360 347 364 288 261 327 309 342 37
Ni, ppm 900 918 886 799 819 915 857 868 38
7.°C 1305 1303 1203 1265 1264 1303 1285 1283 15
log fo, 9.0 9.0 9.1 9.4 94 9.0 92 92 0.2
dNNO 25 25 25 25 25 25 25 25 0
Fo, mol % 87 87 86.5 85 85 87 86 86.0 0.8
NiOy, 0.81 0.82 0.84 0.85 0.89 0.83 0.84 0.85 0.03
0L.% 14.9 15.1 13.9 13.7 13.2 15.2 14.4 14.4 0.6

Note: 7, °C and log f| o, are the equilibrium temperature and oxygen fugacity, respectively; ANNO is the deviation of the logarithm of oxygen

fugacity from the Ni-NiO buffer; Fo and NiO,), (wt %) are the compositional characteristics of equilibrium olivine; O, % is the amount of
added olivine, wt %; and values in bold show the arithmetic mean composition of primary melts and the standard deviation of the mean.
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Fig. 12. Estimation of the P-T conditions of formation of the primary magmas of the Gudchikhinsky Formation.

(a) Difference of the calculated and experimental temperatures of melt—high-calcium pyroxene equilibrium for experiments on
pyroxenite melting (Kogiso et al., 2003; Tuff et al., 2005; Yaxley and Sobolev, 2007; Sobolev et al., 2007). Also shown is the equa-
tion of linear regression with the coefficient of linear correlation R.

(b) Results of estimation of the liquidus temperature of the primary melt of the Gudchikhinsky Formation.

The solid lines indicate the liquidus and solidus of primitive peridotite after McKenzie and Bickle (1988), the short-dashed line is
the solidus of primitive peridotite after Hirschmann (2000), and the dotted line is the solidus of pyroxenite extrapolated on the basis
of the data of Sobolev et al. (2007). Gd PM max and Gd PM min are the calculated liquidus of the primary melts of the Gudchikhin-
sky Formation corresponding to the upper and lower boundaries of the compositional field of melts derived from pyroxenite
(Fig. 11), respectively. The temperatures were calculated using the model of Danyushevsky et al. (1996) taking into account the
correction based on the equation presented in Fig. 12a. The Average Gd PM is the liquidus of the arithmetic mean composition of

all calculated primary melts of the Gudchikhinsky Formation.

1550°C arrive below lithospheric block of different age
and different thickness: an ancient and thick continental
lithosphere (130 km) similar to that of the Siberian cra-
ton (Fig. 14b) and a younger and thinner oceanic litho-
sphere (90-100 km) exemplified by the Hawaiian
Islands (Fig. 14c). The ascending flow of mantle mate-
rial is blocked by the lithosphere, and, consequently,
the minimum pressure of decompression mantle melt-
ing is constrained by the lithosphere thickness. Let us
assume that the two mantle plumes contain identical

amounts of recycled material represented by eclogite.
Such an assumption is reasonable, because the buoy-
ancy of mantle material with heavy eclogite is directly
dependent on its temperature, i.e., the potential temper-
ature of the mantle plume (Pertermann and Hir-
schmann, 2003). Modeling showed that recycled
crustal material (eclogite) will melt at depths of 170-
150 km producing an andesitic melt, which will react
with peridotite to form reaction pyroxenite (Sobolev
et al., 2005). The melting of eclogite must produce a
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Fig. 13. Fractions of melts derived from the pyroxenite component (

olivine phenocrysts (Sobolev et al., 2007).

X)) in the magmas of LIP calculated from the composition of

Xpx Mn and X, ; are the linear functions of the Mn/Fe and NiO/(MgO/FeO) ratios in olivine (Sobolev et al., 2008). The fields cor-
respond to the compositions of olivine equilibrated at low pressures with the products of melting of perldotltes (dotted line) and
pyroxenite (dashed line) after Sobolev et al. (2007). N.Atl.Prov. is the North Atlantic Province and Sib.Trap.Prov is the Siberian trap

province.

refractory residue enriched in magnesian garnet, which
does not participate in further melting processes. At
depths of 150-120 km, the reaction pyroxenite will
melt, and peridotite will be involved in the melting
reaction starting from depths of 100 km and less. It is
evident that, in the case of a thick continental lithos-
phere, mantle plume magmatism will be almost exclu-
sively controlled by the melting of reaction pyroxenite,
a derivative of recycled crustal material (Fig. 14b). In
the case of a thinner lithosphere, both pyroxenite and
peridotite materials will be affected by melting
(Fig. 14c). The contribution of peridotite will increase
with a decrease in the lithosphere thickness, other con-
ditions being equal.

This simple model adequately explains the differ-
ence between the magmatic products of the Hawaiian
mantle plume and the initial stage of the development
of the Siberian trap province. The idea of this model
was first advanced by Sobolev et al. (2005), and a sim-
ilar hypothesis of ferropicrite formation in continental
LIP was published by Tuff et al. (2005) already one
month later.

No. 3

PETROLOGY  Vol. 17 2009

The further evolution of Siberian trap magmatism
included the involvement of considerable amounts of
melts derived from mantle peridotite at pressures of less
than 3 GPa (Figs. 2, 14d). This process had to occur
very rapidly, probably catastrophically, because a
change in mantle source material is recorded in the
products of crystallization of various magmas occur-
ring above one another within a 150-m interval of the
stratigraphic sequence of lavas, which is less than 5%
of the thickness of the whole tuff-lava section in the
Noril’sk region (Fig. 2). Such a catastrophe could be
caused by the delamination and collapse of part of the
continental lithosphere (Elkins-Tainton, 2005). This
process could be triggered by the emplacement of the
Gudchikhinsky magmas, which produced eclogitic
intrusions in the continental lithosphere at depths of
more than 60 km. Owing to the emplacement of such
bodies, the lithosphere became hotter and heavier, and
its gravitational destabilization and collapse could
occur within a short time interval (Elkins-Tainton and
Hager, 2000). This implies that the parental melt of the
province could be much more voluminous than the
observed amount of lavas in the Gudchikhinsky Forma-
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Fig. 14. Schematic model of magma formation in a mantle plume beneath the lithosphere of different thickness.

The liquidus and solidus of peridotite and the solidus of pyroxenite are given after Fig. 12b. Fields: (1) melting range of pyroxenite
(according to Fig. 12b), (2) melting of peridotite, and (3) lithosphere of varying thickness.

tion (almost 15000 km?; Fedorenko et al., 1996) at the
expense of the products of their deep crystallization.

The total contribution of pyroxenite-derived melts
into the magmatism of the Siberian trap province can be
estimated as 40-50 wt % from the presented data and
assuming that the parental melts of the Tuklonsky
picrites studied by us belonged to the main low-Ti type
of Siberian trap magmas.

The mechanism of the initiation of the delamination
and collapse of the continental lithosphere proposed
previously by Elkin-Tanton and Hager (2000) could not
adequately explain the formation of huge magma vol-
umes beneath the thick continental lithosphere. Pro-
ceeding from the compositions of olivine and parental
melt of the Gudchikhinsky picrites, we propose in this
paper such an explanation based on the preferential

melting of low-melting point mantle heterogeneities
(pyroxenites).

Pyroxenite Source and the Ore Potential
of the Siberian Traps

We showed above how the investigation of melt
inclusions in olivine from the least contaminated rocks
allowed us to determine the composition of primary
magmas for the early stage of the development of the
Siberian traps. These melts corresponded to tholeiitic
picrites, were strongly S-undersaturated (Fig. 10), and
showed high Ni and Cu contents (Fig. 15). These fea-
tures were related to the peculiar composition of the
source of these magmas, an olivine-free pyroxenite pro-
duced by the reaction between the recycled oceanic
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crust and mantle peridotite. Since such a pyroxenite is
inherently depleted in sulfur and can easily reach high
degrees of melting (Sobolev et al., 2007), leaving a res-
idue free of sulfide melt, olivine, and spinel, the result-
ing melt must be enriched in chalcophile and sidero-
phile elements and depleted in sulfur (Sobolev et al.,
2008). Hence, the presence of pyroxenite in the source
region of Siberian traps could play a key role in the gen-
eration of high contents of Ni, Cu, and Pt-group ele-
ments and low sulfur content in the parental magmas.
Furthermore, the strong undersaturation of the trap
magmas with respect to sulfur prevented the early dis-
persion of these elements through the fractionation of
sulfide melt. In particular, it can be clearly seen in
Fig. 15 that Cu shows incompatible behavior in the
Gudchikhinsky melts and is accumulated with decreas-
ing Mg content, in contrast to mid-ocean ridge basalts,
in which Cu is buffered by sulfide melt. The behavior of
platinum-group elements must be identical to that of
copper because of their pronounced chalcophile char-
acter. The source of sulfur in the sulfide ores was evi-
dently the continental crust and the sulfur of the mag-
mas accumulated during their extensive fractionation
(Naldrett et al., 1992). Thus, the pyroxenite source of
the Siberian trap magmas was probably an essential
prerequisite for the formation of unique commercial
nickel sulfide deposits of the Noril’sk region.

On the Role of Siberian Traps in the Mass Extinction
at the Paleozoic—Mesozoic Boundary

Within the accuracy of numerous age determina-
tions, the formation of the province coincided with the
largest mass extinction at 251 Ma at the Paleozoic—
Mesozoic boundary and is therefore considered as a
possible main reason for this catastrophe (Campbell
etal., 1992; Kamo et al., 2003; White and Saunders,
2005). The emission of greenhouse gases (CO,, H,S,
SO,, and Cl compounds) into the atmosphere is
believed to be the main mechanism. Our results provide
the first estimates of the contents of volatile compo-
nents in the primary magmas from a pyroxenite source,
which probably produced approximately half of the
magma volume of the province (see the Composition of
Mantle Source section).

Compared with other melts of similar Mg content,
the reconstructed magmas show rather low H,O, CO,,
and S contents and, by themselves, could hardly release
considerable amounts of these gases, except, probably,
for CO, (Ryabchikov et al., 2004). However, the initial
trap magmas are significantly enriched in Cl compared
with typical mantle melts (Fig. 10). Moreover, the Cl
content increases considerably during magma evolu-
tion, owing probably to interaction with evaporites.
Beerling et al. (2007) modeled the effect of the Siberian
trap magmatism on the environment and showed that
the combined influence of HCIl degassing from the
magmas and gas release due to heating of sedimentary
coals could results in a 75-80% destruction of the
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Fig. 15. Contents of ore elements in melts trapped in olivine
phenocrysts from the Gudchikhinsky picrites.

All compositions were recalculated to equilibrium with the
host olivine (see text for explanation). The dotted contour
shows the compositional field of glasses from mid-ocean
ridge basalts according to the PetDB database (http://www.
petdb.org/petdbWeb/index.jsp).

stratospheric ozone layer and lethal mutations of vege-
tation promoted by ultraviolet radiation. These calcula-
tions used an estimate of 2.2 x 10° Tg for the bulk HCI
degassing of Siberian traps, which is based on the vol-
ume of the trap magmas (4 X 10° km?) and CI contents
in the basalts of the Columbia River province in the
United States. For the same magma volume, the mini-
mum estimate of 2.3 X 10° Tg can be obtained for the
HCI emission on the basis of Cl contents in the primary
Gudchikhinsky magmas (310 ppm, Table 6) and in
peridotite-derived magmas (100 ppm, Saal et al., 2002).
Taking into account the accumulation of Cl in melt dur-
ing phenocryst crystallization, the real magnitude of
emission will be significantly higher, 3.8 x 10° Tg,
assuming that the average Siberian trap basalt under-
went 40% crystallization. For the contaminated melts
of sample SU-50 (Fig. 10, Table 4), this estimate is sev-
eral times higher. Consequently, the results of our study
indicate that the real HCl emission from the Siberian
traps could be significantly higher than that used in the
model of Beerling et al. (2007), and the environmental
impact of this process was, correspondingly, more dra-
matic than was previously thought.

Thus, the high initial Cl contents in the magmas and
their interaction with the continental crust and, espe-
cially, with its sedimentary part with abundant evapor-
ite deposits could lead to considerable HCI emission
and a catastrophic impact on the environment.
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CONCLUSIONS

(1) Based on the investigation of olivine phenocrysts
and melt and spinel inclusions in them from the picrites
of the Gudchikhinsky Formation and olivine phenoc-
rysts and whole-rock geochemistry from the Tuklonsky
and Nadezhdinsky formations of the Noril’sk region,
we determined the composition and conditions of for-
mation and evolution of the parental melts and mantle
sources of Siberian trap magmatism.

(2) In all of the samples, olivine phenocrysts show
Ni excess and Mn deficit compared with the olivine
equilibrated with melts produced by peridotite partial
melting, which indicates a significant role of a nonperi-
dotitic material (olivine-free pyroxenite) in their mantle
source. Based on the composition of olivine, it was
shown that the beginning of the magmatism of the prov-
ince (Gudchikhinsky Formation) was related to the
melting of only a pyroxenite source (100 wt %) pro-
duced by the interaction of the ancient recycled oceanic
crust with mantle peridotite. During the further evolu-
tion of the magmatic system (Tuklonsky and Nadezh-
dinsky formations), the contribution of the pyroxenite
component in the source decreased rapidly (to 40 and
60 wt %, respectively) owing to the involvement of
peridotite material in melting. The formation of mag-
mas was accompanied by their considerable crustal
contamination. The total contribution of pyroxenite
melting products to the magmatism of the Siberian trap
province can be estimated as 40-50 wt %.

(3) The investigation of melt and spinel inclusions in
olivine demonstrated that the primitive magmas of the
Gudchikhinsky Formation crystallized under near-sur-
face conditions at temperatures of 1270-1170°C and
oxygen fugacity 2.5-3.0 orders of magnitude below the
Ni—NiO buffer. Their crystallization was accompanied
by magma contamination with silicic continental rocks
and evaporites.

(4) The least contaminated parental melts of the
Gudchikhinsky rocks corresponded to tholeiitic picrites
with 11-14 wt % /MgO, were strongly undersaturated
with respect to sulfur, showed low (<0.25 wt %) con-
tents of water and carbon dioxide and high CI contents
(>300 ppm), and were similar in composition to the
Hawaiian tholeiites. They were produced by melting of
a pyroxenite source at depths of 130—180 km in a man-
tle plume with a potential temperature of 1500—
1580°C.

(5) Owing to its low melting temperature, the pres-
ence of the pyroxenite component in the magma source
of the Siberian traps resulted in the formation of large
melt volumes beneath the thick continental lithosphere,
which could trigger its catastrophic collapse. The same
component, whose residue was devoid of sulfides and
olivine, played a key role in the generation of high con-
tents of Ni, Cu, and platinum-group elements and low
contents of sulfur in parental trap magmas and pre-
vented the early dispersion of these elements by sulfide
melt fractionation.

SOBOLEYV et al.

(6) The high initial contents of Cl in the magmas and
melt contamination by evaporites could be responsible
for the considerable emission of HCI to the atmosphere
resulting in mass extinction at the Paleozoic—Mesozoic
boundary.
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