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v

 This monograph presents a new detailed study of one of the pivotal problems now being 
 discussed by geologists. Siberian traps are unique in several aspects. First, this is the largest 
magmatic province in the Earth’s continental lithosphere. Second, the origin of this province 
is thought to have caused the greatest environmental catastrophe in the Earth’s history at the 
boundary between the Permian and Triassic. Finally, the province is the location of uniquely 
large Cu–Ni–Pt sulfi de deposits, whose characteristics have no analogs among deposits any-
where else worldwide. As a result, hundreds of studies have been devoted to these traps and to 
the Permian–Triassic mass extinction, and a few dozen such papers are still published annu-
ally. Increadible as it is still possible to conduct and publish an extensive amount of research 
focused on these problems based on extensive new data and presenting new ideas. The mono-
graph by N. Krivolutskaya is exactly such study. 

 This study is based on the author’s extensive fi eldwork in the Noril’sk district and presents 
extensive new data regarding rock compositions (including their trace element compositions) 
and the chemistries of their ore and silicate minerals. The analyses were conducted using state-
of- the-art analytical techniques: inductively coupled plasma mass spectrometry, laser sam-
pling, and mineral analysis using a special ultraprecise electron microprobe methodic. The 
monograph presents new data regarding the Pb, Nd, Sr, O, and S isotopic compositions of the 
rocks and minerals. 

 Based on the analytical and geological data, N. Krivolutskaya arrives at several conclusions 
that contradict traditional views regarding the genesis of both the ores and the basalts. This 
aspect of the monograph is provocative and will stimulate discussion, which is undoubtedly 
one of its merits. 

 Below, I list the major disparities. In contrast to the current widespread viewpoint, the 
author of the monograph denies direct genetic links between the lavas and ore-bearing bodies 
and argues that the intrusive bodies were produced by individual magmatic pulses. She also 
believes that the sulfur in the ore bodies was not of sedimentary origin but was rather derived 
by magmas from a lower crust or from a specifi c mantle source. The traps are thought not to 
be mantle products but rather to have been generated via the melting of the lower crust. 

 Although I do not fully share the viewpoint of the author, the fi ndings and conclusions pre-
sented in the monograph and in the latest publications coauthored by her attract serious atten-
tion to her work. For example, the new model for the interaction of a hot mantle plume enriched 
in ancient recycled oceanic crustal with continental lithosphere (Sobolev et al. 2011) allows for 
the extensive remelting of the lower continental crust and corresponding modifi cation of the 
parental mantle magmas. Sulfi de minerals in this crust are likely to melt, precipitate, and be 
accumulated in basaltic magmas. Therefore, their unusual sulfur isotopic composition could 
indeed be inherited from either the ancient recycled crust or the lower continental crust. 

 I cannot agree with the author’s argument that the stable state of the Siberian craton was 
unfavorable for the emplacement of ancient recycled crustal material during the trap magma-
tism. The point is that the recycled oceanic crust, whose traces were discerned in the mantle 
source of the Siberian traps (Sobolev et al. 2007, 2009, 2011), was likely transported upward 
by the hot mantle plume from the depth between lower mantle and upper core, where this 
material could have accumulated for a long time independent of the geodynamics of the 
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Siberian craton. This conclusion is based on the very high temperatures of the parental mag-
mas of the Siberian traps and alkaline rocks in the Maymecha-Kotuy province. Certain other 
aspects of the study also provoke doubts, but it is well known that the truth ultimately emerges 
from discussion. I therefore welcome this study and recommend it to those interested in mag-
matic ore-forming processes and the genesis of magmas and to geologists studying the Noril’sk 
district.

            Vernadsky Institute of Geochemistry         Alexander    Sobolev 
Russian Academy of Sciences 
  Moscow ,  Russia    
  Institute of Earth Sciences (ISTerre)
 J. Fourier University 
Grenoble ,  France     
 January 20, 2015 
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 This book contains my new data on the geology, geochemistry, and mineralogy of rocks and 
ores from the Noril’sk region collected during the last 20 years. Majority of the reported data 
was obtained personally by me and minority in collaboration with other researchers, i.e., A. V. 
Sobolev, V. N. Mikhailov, D. V. Kuzmin, and A. A. Ariskin, during our joint fi eldworks, sam-
ple analysis, and computer modeling. The book also contains several novel unpublished geo-
logical large-scale maps that were kindly given by NorilskGeology Ltd. 

 I tried to examine magmatic rocks of trap formation in Noril’sk area including both lavas 
and intrusions. The latter are represented by massifs of Talnakh and Noril’sk Troughs since 
they are the most mineralized in the whole area. By analyzing geological relationships between 
lavas and intrusions and their geochemistry, I came into conclusion that they should not be 
considered as members of the same magmatic system. I have demonstrated limited scale of the 
assimilation of surrounding rocks by magma inside crystallization chambers for the fi rst time. 
That’s why assimilation had no signifi cant impact on the ore formation. 

 I have not tried to compile all materials accumulated during almost a century of study of the 
Noril’sk deposits. The understanding of their origin is very ambitious and important task, and 
it is still open for geologists who specialized in various fi elds, i.e., geophysiсs, stratigraphics, 
mineralogy, etc. 

 Note that this book comprises about 70 % of the materials from my monograph titled as 
“Evolution of trap magmatism and processes producing Pt–Cu–Ni mineralization in the 
Noril’sk area” published in Russian (2014). I preferred to use the nomenclature of rocks 
 common of Noril’sk geologists instead of international one, because it is being used by both 
domestic and even some international geologists for the last 60 years. 

 I hope this book will be interesting for all researches of copper–nickel deposits across the 
globe.  

  Moscow, Russia      Nadezhda     A.     Krivolutskaya
March 20, 2015    
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      Introduction: Formulation 
of the Problem and Its Urgency       

              In previous years, the genesis of uniquely large mineral 
deposits became one of the most urgent geological problems 
because of the key role played by giant deposits: accounting 
for <5 % of the currently developed mineral deposits, these 
deposits satisfy 85 % the world’s consumption of mineral 
resources. The development of these deposits should provide 
a basis for the stable progression of our civilization 
(Rundkvist and Kravchenko   1996  ). Another important aspect 
in the analysis of super-large mineral deposits is their gene-
sis because these deposits are, in fact, giant geochemical 
anomalies in the Earth’s crust (e.g., the PGE concentrations 
in the Noril’sk ores are six to seven orders of magnitude 
higher than those in the clarkes) . 

 The problem regarding the mobilization of global concentra-
tions of ore material in the Earth’s interior and its further con-
centration in the form of super-large deposits was actively 
discussed in recent decades (Ryabchikov  1997 ; Kogarko 
 1999 ; Likhachev  2006 ) and still remains a matter of heated 
discussion. The key problem is whether giant deposits were 
formed by “normal” geological processes or, conversely, 
resulted from certain unique circumstances (Ovchinnikov 
 1988 ; Marakushev et al.  1998 ; Likhachev  2006 ). This prob-
lem was discussed at meetings of the International Association 
on the Genesis of Ore Deposits (IAGOD – 1999, 2001, 2004, 
2008), Simposium on super-large mineral deposits (Adelaida 
2010), Meetings of the International Mineralogical 
Association (IMA 2000), and other Symposia and Meetings 
of lower rank (St. Petersburg 1996; Moscow 2000). A project 
under the International Geological Correlation Program 
(IGCP 1995–1999) was also devoted to this problem. 

 In light of the possible solutions to this problem, a very 
important issue for endogenic ore deposits is the nature of 
their relationship with magmatism, which remains largely 
uncertain. It has been convincingly demonstrated that even 
certain rare-metal deposits were produced by specifi c mag-
mas, although the overall contribution of magmatism is eval-
uated at no more than 25 % of all possible geological 

controls, such as structural, lithological, etc. (Kovalenko 
et al.  1992 ,  1993 ,  2000 ). It would be logical to suggest that 
the role of magmatic processes in producing magmatic 
deposits per se, for which the ores are components of ultra-
basite–basite complexes, should be much higher, up to the 
development of natural ore-bearing magmas, for instance, 
with the occurrence of high-Fe melts at the El Laco volcano 
in Chile (Frutos and Oyarzun  1975 ) and ore-bearing melts at 
the Juan de Fuca Ridge in the East Pacifi c (Zhmodik  2002 ). 

 Large Pt–Cu–Ni deposits hosted in layered plutons or 
smaller intrusive bodies (especially in Noril’sk area) have 
been studied by many researchers (Urvantsev  1927 ,  1972 ; 
Godlevsky  1959 ; Dodin and Batiev  1971 ; Dodin  2002 ; 
Genkin et al.  1981 ; Likhachev  1982 ,  1994 ; Distler et al.  1988 ; 
Dyuzhikov et al.  1988 ; Gongalsky and Krivolutskaya  1993 ; 
Naldrett  1992 ,  2004 ,  2005 ,  2009 ; Naldrett et al.  1992 ; Barnes 
and Maier  2002 ; Barnes et al.  2006 ; Gorbunov et al.  1999 ; Li 
et al.  2009 ; Krivolutskaya  2014 ) and several others. However, 
many of these publications dealt with metallogenic models of 
various rank, from the analysis of the global distribution pat-
terns of deposits to the local geological and tectonic controls 
at certain ore fi elds (Luznicka  1983 ; Kutina  2001 ; Lu Guxian 
and Yin Jicai  1995 ), whereas the essence of the relationship 
between magmatic and ore-forming processes was analyzed 
much more rarely (Godlevsky and Likhachev  1981 ,  1997 ; 
Campbel et al.  1992 ; Distler et al.  1988 ; Naldrett  2005 ,  2009 ; 
Chai and Naldrett  1992 ; Lightfoot and Keays  1995 ; Keays 
and Lightfoot  2007 ,  2010 ; Marakushev et al.  1998 ; Likhachev 
 1965 ,  1977 , 1978 ,  1982 ,  1996a ,  b ,  2006 ; Li et al.  2009 ). 

 The magmatic deposits include two major types, which 
are usually separated from one another in nature: PGE 
deposits in large layered plutons (Bushveld, Great Dyke, 
Stillwater, and others) and Cu–Ni sulfi de deposits (Sudbury, 
Voisey’s Bay, Jinchuan, Lac des Îles, etc.). Each provides 
evidence of different relationships between magmatism and 
ore-forming processes. In only one case both types of ore 
mineralization are combined within a single intrusion: low- 
sulfi de PGE mineralization and Cu–Ni sulfi de ores, which 
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are also enriched in PGE. These intrusions are in the Noril’sk 
area in northern central Siberia. These deposits are princi-
pally different from other magmatic deposits as they are 
younger (their age is Early Triassic, in contrast to the 
Proterozoic age of most analogous deposits) and spatially 
related to relatively small intrusive bodies (in contrast to the 
usual association of this type of mineral deposits with large 
layered plutons). 

 The Noril’sk area lies in the northern part of the Siberian 
trap province, which presents a principally important prob-
lem regarding the genetic relationships between the deposits 
and volcanism. The magmatic products include numerous 
intrusions, whose ore potential broadly varies, from barren 
massifs to uniquely large reserves of ore mineralization at 
rare deposits, but the reason why certain massifs are accom-
panied by ore mineralization and most others are not is still 
uncertain despite long-term investigations designed to shed-
ding light on this issue. This geological situation makes the 
Noril’sk area uniquely favorable for elucidating several 
problems related to the genesis of the ores because this area 
allows one to compare the various structural, mineralogical, 
and geochemical features of intrusions with different ore 
potential. Thus, this area was elected as a fi rst-priority target 
for studies designed to clarify the possible relationships 
between magmatism and ore-forming processes. Analogous 
studies were also conducted at other major Cu–Ni ore prov-
inces in Russia: in northern Transbaikalia, in Karelia and the 
Kola Peninsula, and in the Eastern Sayan Range in central 
Siberia. 

 Although the Noril’sk area was explored for Cu–Ni ores 
starting in the early 1920s (Sotnikov  1919 ; Kotulsky  1946 ; 
Rogover  1959 ; Godlevsky  1959 ; Korovyakov et al.  1963 ) 
and the development of the deposits provided the country 
with strategically important metals during World War II (the 
very fi rst Ni was obtained at Noril’sk fabric in 1942), it was 
not an outstanding region until the discovery of the Talnakh 
and Oktyabr’skoe deposit, which hosted uniquely large 
reserves of sulfi de ores with high PGE grades in the early 
1960s, that the Soviet Union became one of the world’s 
leading Pt and Ni producers (Egorov and Sukhanova  1963 ; 
Vaulin and Sukhanova  1970 ; Kravtsov  2003 ). Now, the 
Noril’sk area has the world’s second largest reserves of Ni 
and PGE and is the world’s second largest producer of these 
ores, after Bushveld in South Africa and Sudbury in Canada, 
respectively (Naldrett  2004 ,  2005 ). In 2008, the Noril’sk 
deposits gave 17 % of the world’s annual Ni production (no 
other country has ever produced more than 10 % individu-
ally), and the processing of these same ores yielded 30 % of 
the world’s PGE production (Bezhanova and Kyzina  2009 ; 
Dodin et al.  2011 ). 

 The discovery of a new type of ore has not only changed 
the situation on the world market of metals but has also 
advanced the general theory of magmatic ore- forming pro-
cesses. Thus, the following important problems were 

 formulated: how these deposits are related to volcanism, and 
are they a regular result of the evolution of any magmatic 
trap system? Is it reasonable to expect that analogous depos-
its can be discovered in other trap provinces elsewhere? 

 The solution of these problems is of paramount applied 
importance because understanding the genetic links 
between the Noril’sk deposits and trap volcanism can facil-
itate the discovery of analogous deposits in other provinces. 
The great economic importance of the newly discovered 
Noril’sk deposits stimulated the interest of geologists 
worldwide in such deposits during the second half of the 
twentieth century. The evaluation of the ore potential of 
trap provinces was also performed abroad regarding data 
on the Noril’sk deposits (Keays and Lightfoot  2007 ,  2010 ; 
Ripley et al.  2010 ). 

 A great variety of models were suggested to explain the 
genesis of the Noril’sk deposits from magmatic to metaso-
matic and other processes. These hypotheses and models 
vary broadly from those arguing that the decisive role was 
played by the introduction and deposition of metals by mag-
matic melts (Godlevsky  1959 ; Korovyakov et al.  1963 ; 
Likhachev  1965 ,  1982 ,  1994 ; Dyuzhikov et al.  1988 ; Naldrett 
 1992 ; Lightfoot et al.  1993 ) to those attaching importance to 
fl uid components (Zolotukhin  1997 ; Zotov  1979 ,  1989 ). The 
concepts of the former group differ in that each investigation 
assigned principally different roles to the magmatic system, 
whose products now host the ores. Some researchers believe 
that this system played a decisive role by providing a portion 
of parental picrite melt enriched in volatile and ore compo-
nents (Godlevsky  1959 ; Zolotukhin et al.  1978 ; Likhachev 
 1978 ,  2006 ; Genkin et al.  1981 ; Dyuzhikov et al.  1988 ; 
Distler et al.  1988 ; Zotov  1989 ; Ryabov et al.  2000 ,  2014 ). 
Other geologists believe that neither the composition of the 
magma nor its fl uid contents played any appreciable role in 
the origin of the ores because the intrusions were merely one 
member of the trap system. The primary role in the genera-
tion of ore mineralization was thereby played by the duration 
the melt ascended to the surface and the interaction of this 
melt with the host rocks (Rad’ko  1991 ; Naldrett  1992 ,  2004 , 
 2009 ; Howkesworth et al.  1995 ; Arndt et al.  2003 ; Li et al. 
 2009 ). Hence, these hypotheses principally differ in that they 
suggest that the ores were produced in either a closed or open 
magmatic system. 

 The latter hypothesis is now widely accepted: this model 
for the genesis of Cu–Ni ores (with certain variations depend-
ing on the geological specifi cs of certain magmatic and ore-
bodies) was suggested to explain the origin of the world’s 
largest Cu–Ni deposits, such as Jinchuan in China, Voisey’s 
Bay in Canada, and others. However, despite the attractive-
ness of this model, which suggests a clear and realistic mech-
anism that concentrates PGE in sulfi des, the model itself has 
certain disadvantages. In this model there is the absence of 
evidence of any relationship between the intrusive and 
 volcanic products. 
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 Several aspects of the geology, petrology, and ore- forming 
processes in the Noril’sk area remain uncertain. These are 
(1) the relationship between the ore-bearing intrusions and 
lavas, (2) the composition of the melts that produced the 
mineralized intrusions, (3) the role of assimilation processes 
in the origin of the ores, and (4) the sources of the magmas 
and ore material. 

 A realistic genetic model for the deposits would be of 
paramount importance for exploration operations in the 
Noril’sk area. After the development of these deposits during 
roughly the past half century, their unique massive ore bod-
ies are now almost completely depleted, which emphasizes 
the urgently incrementing of the PGE and Ni reserves in 
Russia. The renewed exploration of high-grade ores in the 
Noril’sk area requires new methodical and scientifi c 
approaches based on modern mineralogical and geochemical 
techniques. Moreover, gaining insight into the genesis of the 
Noril’sk deposits should greatly facilitate exploration at 
other trap provinces elsewhere. 

 When studying the Noril’sk deposits, we centered on elu-
cidating the general relationships and trends in the evolution 
of trap magmatism in the area and the location of ore- forming 
processes during this evolution. Our studies were based on 
new geological and high-precision geochemical data 
obtained by using state-of-the-art analytical techniques on 
the volcanic and intrusive rocks. 

 Our efforts focused on elucidating the aforementioned 
major disputable issues related to the genesis of the deposits. 
Our approaches toward the resolution of these problems 
were as follows:

    1.    First, we tried to elucidate the relationship between the 
ore-bearing intrusions and lavas based on (a) detailed 
studies of the tuff–lava sequence and its geochemistry in 
various tectonic structures in the area to reproduce the 
spatiotemporal evolution of the volcanic processes, (b) 
distinguishing the major geochemical types of ultraba-
site–basite intrusions with different ore potential, and (c) 
a comparison of the distinctive geochemical features of 
the lavas and intrusions produced during analogous evo-
lutionary episodes within the magmatic system; we have 
also compared the geochemistry of the Noril’sk intrusions 
with that of intrusions in Karelia, the Kola Peninsula, and 
southern Siberia.   

   2.    The composition of the parental magmas of the Noril’sk 
intrusions was evaluated “directly,” i.e., by studying melt 
inclusions in olivine and pyroxene, and indirectly via 
geochemical thermometry techniques (numerical simula-
tions with the COMAGMAT program package).   

   3.    The extent of the assimilation of the host rocks by the 
basite melts in the magmatic chambers was quantifi ed 
by a thorough study of sections across contact zones 
and the petrography and geochemistry of these rocks 

(including their trace element and radioactive isotopic 
compositions).   

   4.    The effect of the melt composition on the composition of 
the ores was studied mostly at the Maslovsky deposit.     

 The newly obtained data allowed us to develop a qualita-
tive model for the genesis of the Noril’sk deposits. 

 This publication is based on the results of the author’s 
long-term (1982–2011) studies of the geology, petrography, 
geochemistry, and mineralogy of the PGE–Cu–Ni deposits 
in Russia. These studies focused mostly on the Noril’sk area, 
where the author collected rocks in the course of fi eldwork in 
1997–2014 (during this work, 13 km of vertical sections 
through the volcanic sequence and 15 km of vertical sections 
through intrusive bodies were prepared based on materials 
collected from exposures and borehole cores). Some samples 
(namely, samples from the South Kovdor area) for our com-
parative studies of the ultrabasite–basite complexes were 
provided for the author (under contractual obligations), cour-
tesy of V. P. Mamontov. 

 The laboratory analytical studies involved (Annex 1) (1) 
XRF analyses conducted by I. A. Roshchina and T. V. 
Romashova at the Vernadsky Institute of Geochemistry and 
Analytical Chemistry, Russian Academy of Sciences, 
Moscow, and 208 analyses made by N. S. Baluev at the 
Institute of Natural Resources, Chita, Russia, and (2) ICP-MS 
analyses, including (i) ICP-MS whole-rock analyses made at 
the Institute of Mineralogy, Geochemistry, and Crystal 
Chemistry of Rare Elements, Moscow (analyst D. Z. 
Zhuravlev), and at the Institute of Experimental Mineralogy, 
Russian Academy of Sciences, Chernogolovka (analyst V. K. 
Karandashev); (ii) LA-ICP-MS analyses of glasses, pyrox-
enes, and olivine grains at the Max-Planck Institute for 
Chemistry, Mainz, Germany (analysts D. V. Kuzmin, 
B. Stoll, and N. A. Krivolutskaya); (iii) electron microprobe 
analyses on Cameca SX 50 and 100 at the Vernadsky Institute 
of Geochemistry and Analytical Chemistry, Russian 
Academy of Sciences, Moscow (analyst N. N. Kononkova), 
and on JXA 8200 at the Max-Planck Institute for Chemistry 
in Mainz, Germany (analysts N. A. Krivolutskaya and D. V. 
Kuzmin); (iv) ion probe analyses on Cameca IMS-4F at the 
Institute of Microelectronics, Russian Academy of Sciences, 
Yaroslavl (analysts S. G. Simakin and E. V. Potapov); (v) 
Raman spectroscopy in Nancy, France (analyst J. Debussy), 
including analyses of fl uid inclusions; (vi) analyses of stable 
O, H, C, and S isotopes in rocks conducted by B. G. 
Pokrovsky at the Geological Institute (GIN), Russian 
Academy of Sciences, Moscow, and by S. G. Kryazhev at the 
Central Institute of Geological Exploration for Base and 
Precious Metals in Moscow; (vii) whole-rock analyses for 
radiogenic Sr, Pb, Sm–Nd, and U–Pb isotopes conducted by 
B. V. Belyatsky at the All-Russia Research Institute of 
Geology and Mineral Resources of the World Ocean 
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(VNIIOkeanologiya) in St. Petersburg, A. A. Plechova at the 
Vernadsky Institute in Moscow, and Z. Fekiasova at the Max- 
Planck Institute of Chemistry in Mainz, Germany; and (viii) 
analyses for PGE and Au conducted by A. A. Yushin at the 
Institute of Ore-Forming Processes, Mineralogy, and 
Geochemistry of the Ukrainian National Academy of 
Sciences, Kiev (fi re assay) and I. V. Kurbakova, O. A. 
Tyutyunnik, and A. D. Chkhetiya at the Vernadsky Institute. 

 Our experimental studies of the homogenization of melt 
inclusions were carried out in a muffl e chamber at the 
Institute of the Geology of Ore Deposits, Petrography, 
Mineralogy, and Geochemistry, Russian Academy of 
Sciences, Moscow (by author with assistance of A. Babansky 
and I. Solovova), and in a heating stage (designed by A. V. 
Sobolev and B. Slutsky,  1984 ) at the Vernadsky Institute and 
in a furnace with adjustable oxygen fugacity at the Vernadsky 
Institute (these experiments were conducted by A. A. 
Kargaltsev, M. Volovetsky, and N. Svirskaya). The numerical 
simulations of basaltic magma crystallization were con-
ducted with the COMAGMAT-3.5 (Ariskin and Barmina, 
 2000 ) and PETROLOG-2.0 program packages 
(Danyushevsky et al.  1999 ).    
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      Overview of the Geology of the Noril’sk 
Area and the Problems of Ore Genesis       

              The Pt–Cu–Ni Noril’sk deposits were discovered in the 
nineteenth century on the SW Siberian Platform. They are 
located in a paleorift zone and display a structure that 
differs from that of the Siberian craton basement. 
Terrigenous and carbonate rocks with anhydrite and coal 
are exposed on the surface of the Noril’sk area. They are 
overlapped by volcanic rocks of the trap formation. The 
stratigraphy of the  sediments and tuff–lava deposits is 
given. The intrusive rocks consist of 10 % plutonic rocks 
and are represented by ultrabasic to basic intrusions 
(sills, dykes) of mostly normal alkalinity and rarely of 
elevated alkalinity. There are two types of sulfi de ores: 
disseminated and massive. These are located near the 
contact of intrusion with  surrounding rocks. There are 
three main deposits in the Noril’sk area: the Talnakh, 
Oktyabr’skoe, and Noril’sk deposits. Many other intru-
sions contain mineralizations in economic quantities . 

2.1     Study History of the Noril’sk Mineral 
Deposits 

 Extensive studies of the Noril’sk area were launched regard-
ing the exploration of coal for the Northern Sea Route in 
1919–1920 and were carried out by the Siberian Geological 
Committee. 

 The territory has been known to host ores since the late 
nineteenth century (Kravtsov  2003 ), when disseminated sul-
fi de ores were found in shales in the bottom part of Mount 
Rudnaya, and this event was marked by erecting a witness 
corner in 1865, in which the characters K & S denoted the 
discoverers: the gold-mining industrialist A. Kytmanov and 
merchant K. Sotnikov. The mineral deposit was named 
Sotnikovskoe (now it corresponds to the outer-contact por-
tion of the Noril’sk 1 deposit), and 200 poods (320 kg) of 
crude copper had been produced by 1872. K. Sotnikov’s 
grandson, A. Sotnikov then a student at the Tomsk 
Technological Institute, continued the family  business of 

studying and exploring the deposit. In 1915, he conducted 
eye-work survey operations at the deposit, drilled a hole, and 
collected local ores and rocks; in  1919 , he published the 
paper “On the Development of the Noril’sk (Dudinka) Coal 
and Copper Deposits in Relation to the Development of the 
Northern Sea Route.” The petrography of the ores and rocks 
was examined by N.N. Urvantsev. N.N. Urvantsev organized 
the extensive exploration of Cu in the area of Mount Rudnaya 
in 1919–1926 (Urvantsev  1927 ). The Noril’sk deposits were 
thus discovered by the Sotnikovy, or Sotnikov family, and 
N.N. Urvantsev was the fi rst to organize the systematic 
exploration of this territory, with these operations continuing 
under the Soviet administration. In 1923, N.K. Vysotsky 
identifi ed Pt in ores from the Noril’sk 1 deposit. 

 The later exploration of the territory was conducted by 
Noril’skstroy (Chief Geologist A.E. Vorontsov) and other 
governmental companies and resulted in the discovery of 
massive ores, an increment in the resources of disseminated 
ore, and the discovery of the Noril’sk 2, Chernogorsky, and 
Bolshaya Bar’ernaya deposits. A government order to launch 
the construction of the Noril’sk Processing Complex was 
issued in 1935 year. 

 However, it was no earlier than the 1960s that Noril’sk 
was considered a unique ore district after the discovery of the 
Talnakh and Oktyabr’skoe deposits during the systematic 
exploration operations conducted by the Noril’sk Complex 
Exploration Expedition. The value of the ores due to their 
complex multicomponent characteristics and their compact-
ness was several times higher than the value of ores at any 
other deposit of this type worldwide, including Bushveld and 
Sudbury (Naldrett  2004 ,  2005 ).  

2.2     Geological Overview of the Territory 

 The Noril’sk ore district in the northern Siberian Platform 
(Fig.  2.1 ) was exhaustively studied and described in much 
detail in several publications (Godlevsky  1959 ; Genkin et al. 
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 1981 ; Dyuzhikov et al.  1988 ; Distler et al.  1988 ; Geology 
and ore…  1994 ; Sudbury-Noril’sk  1994 ; Ryabov et al.  2000 ; 
Turovtsev  2002 ; Naldrett  2004 ; Likhachev  2006 ; Sluzhenikin 
et al.  2014 ). It is bounded by the Yenisei and Yenisei–
Khatangsky Troughs to the west and north and by the 
Tunguska syneclise to the east. It is an individualized tec-
tonic continental crustal block of lower thickness, which 
consists of a crystalline basement and sedimentary–volcanic 
cover (Fig.  2.2 ). The deep structure of the territory is repro-
duced based mostly on interpretations of the GORIZONT 
(Vorkuta–Tiksi) and METEORIT (Dyupkun–Dixon) deep 
seismic traverses.

2.2.1        Deep Geological Structure 
of the Territory 

 The western portion of the platform hosts three clearly 
 pronounced major morphostructural provinces: Yenisei–
Khatanga, Putorana, and Angara–Tunguska. The structures 
of the Yenisei–Khatangsky Trough trend sublatitudinally, 
and the location’s crustal thickness varies from 36 to 39 km 
(Fig.  2.2 ). The crust at the equant Putorana structure is 45 km 
thick. The bottom of the crust beneath the Angara–Tunguska 
province occurs at depths of 39–42 km and occasionally at 
depths as great as 45 km. 

  Fig. 2.1    Location map of the Noril’sk area in the Siberian trap province. 
  1 , Noril’sk area;  2 , Putorana zone;  3 , Tunguska sineclise;  4 , Maimecha–
Kotuy province       

  Fig. 2.2    Map of the crust’s isopachs for north Siberian Platform 
 Scale – depth up to Moho in km (After Kostyuchenko  2006 )       
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  Fig. 2.3    Generalized seismic profi le throw the crust along the Dixon-Khantaiskoe Lake line (Based on unpublished data of VNIIOkeangeologiya 
and others)       

 Geophysical data indicate that the Yenisei–Khatangsky 
 morphostructural province in the northwestern part of the 
Siberian Platform (Malitch et al.  1987 ,  1988 ) is underlain by 
a fossil (buried) ancient rift system (ARS), which has a 
crustal block that is atypical of platforms, remained mobile 
throughout the whole evolutionary history, and has a deep 
structure typical of rift systems (Dolgal’  2012 ). The block is 
separated by mantle faults from the Tunguska and Taimyr 
blocks, whose structures are typical platforms. The Igarka–
Noril’sk block is a part of a large rift system, as observed in 
the Dixon–Khilok seismic–geological traverse (Fig.  2.3 ). 
The block has high-gradient troughs in its basement, which 
are fi lled with thick (up to 15 km) sedimentary–volcanic 
sequences. The structure of the block is horst–graben, with a 
signifi cant density of faults, a thicker basaltic layer, signifi -
cant volumes of mantle volcanic rocks, and a transitional 
layer between the crust and mantle (with Vp = 7.3 km/s). 
This layer occurs at a depth of 35 km beneath the Noril’sk 
district. The eastern boundary of the Igarka–Noril’sk ARS is 
the Lamsko–Letninsky Fault and its splay Keta–Irbinsky 
Fault, which separate the rift system from the Archean 
 craton. The northwestern boundary of the rift block is 
 conventionally drawn along the Yenisei Fault, which also 
defi nes the eastern fl ank of the West Siberian Basin. The ARS 

is traced along the left-hand bank of the Yenisei River and 
can, perhaps, merge with the modern rifts of the West 
Siberian Basin. The ARS is characterized by a much thicker 
cover (than nearby platform structures), with the basement 
surface occurring at a depth of 12 km. Another noteworthy 
feature of the ARS is the presence of a low-velocity layer 
beneath the Moho.

   The Igarka–Noril’sk ARS is a continental rift (corre-
sponding to the divergent phase of lithosphere evolution), 
which comprises blocks and grabens showing evidence of 
horizontal extension and lithospheric thinning and breakup. 
It is characterized by a high density of faults and a great vol-
ume of erupted mantle material: the total volume of mag-
matic masses in the Noril’sk–Kharaelakh Trough is evaluated 
at 50,000–70,000 thousand km 3  (based on its higher density 
than in other territories), which indicates that the structure is 
highly permeable (Geology and ore…  1994 ). 

 The large folded nappe structures exposed in the modern 
structure of the Igarka–Noril’sk ARS compose the Riphean 
Chernorechensky anticline, Khantaysko–Rybninsky uplift, 
Kulyumbino–Sukharikhinskaya zone of Vendian–Silurian 
structures, Noril’sk–Kharaelakh Trough, and Dudinka Late 
Permian–Early Triassic swell (Fig.  2.4 ). The amplitude of 
the Khantaysko–Rybninsky swell is 4–5 km, and the over-
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  Fig. 2.4    Geological map of the Noril’sk area Modifi ed after Geological map… 1994 
 Depressions: I—Noril’sk, II—Kharaelakhsky, III—Kumginsky; IV—Yeniseysky; Swells: V—Khantaysko-Rybninsky, VI—Dudinsky; AB—vertical 
section line; 1–2—faults: 1—Noril’sk- Kharaelakh, 2—Lamsko-Letninsky       
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printed depressions fi lled with volcanic rocks are 2–3 km deep. 
The topography of the top of the Moho is correlated with the 
types of the surface structures. For example, the crust bottom 
occurs at a depth of 35 km beneath the central part of the 
Kharaelakh depression and at a depth of 38 km beneath the 
Khantaysko–Rybninsky swell.

   In the Igarka–Noril’sk block, a very important role is 
played by deep faults, which predetermine the metallogenic 
specifi cs of this block. The Noril’sk–Kharaelakh Fault is 
one of the most important ones, because it is accompanied 
by large PGE–Ni–Cu deposits (Noril’sk, Talnakh, and 
Oktyabr’skoe). The fault trends to the north–northeast for 
more than 350 km, and the fault zone is 10–20 km wide. The 
fault is traced in the magnetic fi eld and reaches the mantle 
according to deep seismic data. The fault is splayed by 
minor northeast-trending (Mikchangdinsky, Ergalakhsky, 
and others) and northwest-trending (Talnakh graben zone) 
faults across throughout its whole length. The main suture 
of the Noril’sk–Kharaelakh Fault is a mylonite and tectonic 
breccia zone up to 100 m wide. The vertical displacement 
along the zone is 400–1,000 m, and the horizontal displace-
ment ranges from 40 to 200 m due to its downdip–strike-slip 
nature. The southern continuation of the Noril’sk–
Kharaelakh Fault is the Igarka–Sukharikhinsky Fault, which 
is a splay of the large transcontinental Yenisei Fault at the 
boundary between the Igarka–Noril’sk rift system and the 
West Siberian Basin. 

 The another major fault in this territory is the long-lived 
Lamsko–Letninsky fault. It was reactivated multiple times 
during rifting in the Riphean, Vendian, Devonian, Late 
Paleozoic, and Early Mesozoic. The fault is pronounced in 
the modern structure as a zone (10-1,020 km length) of 
 normal faults, overthrusts, fault-line folds, and grabens, 
along which changes in the facies and thicknesses of the 
Phanerozoic rocks can be seen or observed. The fault  controls 
PGE–Ni–Cu deposits (Imangda and others) and the occur-
rences of magnetite mineralization (Makus).  

2.2.2     Stratifi ed Rocks 

 The platform cover in the Noril’sk region has a two-part 
structure and is more than 12 km thick. No basement rocks 
are exposed anywhere in the Noril’sk area (Geology and 
ore…  1994 ), and the nature of these rocks can be inferred 
from fragments of muscovite leucogranites found in the Early 
Triassic pyroclastic material occurring 20 km south of 
Noril’sk, with these fragments dated at 1,700–2,200 Ma. 
Early Proterozoic (?) sedimentary–volcanic and molasse- like 
rocks from the Riphean folded structural fl oor, low- grade 
metamorphosed terrigenous-carbonate and volcanic rocks 
from the Riphean structural fl oor, and molasse-like rocks 
from the Early Vendian fl oor that were deformed into gently 
dipping folds were recovered by boreholes in some blocks. 

2.2.2.1     Riphean Rocks 
 At the base are hard, dislocated, weakly metamorphosed 
 sedimentary and volcanic rocks of the Riphean region. The 
total thickness is approximately 3,500 m (Fig.  2.5 ). This 
sequence consists of (from bottom to top) the following rock 
types: sericite–chlorite schists of the Plakhinsky Formation 
(Rph) with a thickness more than 700 m; red-colored quartz 
sandstones of the Gubinsky Formation (Rgb) with a  thickness 
of approximately 1,000 m; dolomites of the Medvezhinsky 
Formation (Rmd) with a thickness of 1,300 m; and lime-
stone, dolomite, and shale of the Chernorechensky Formation 
(Rcr, 500 m) (Dyuzhikov et al.  1988 ). Although these forma-
tions are not exposed in the Noril’sk mining district, they are 
exposed in the explosive volcano near the city of Noril’sk. 
The absolute age of these rocks is 1,300–1,700 Ma (Nd–Sm 
dating by the US Geological Survey, Geology and ore… 
 1994 ).

2.2.2.2        Vendian Through Lower Cambrian 
 The Vendian through Lower Cambrian deposits consists of 
the Rybninsky (Vrb, more than 720 m thick), Gremyakinsky 

Fig. 2.4 (continued)

2.2  Geological Overview of the Territory



12

  Fig. 2.5    Stratigraphic column for rocks of the Noril’sk area (Geological map… 1994)       

 

2 Overview of the Geology of the Noril’sk Area and the Problems of Ore Genesis



13

(Vgk, thickness of approximately 275 m), and Polbansky 
(V-Є1pl, thickness of up to 550 m) Formations. The total 
thickness of this section gradually decreases from the west to 
the northeast from 1,500 to 420–480 m.  

2.2.2.3     Cambrian System, Lower–Upper Division 
 V. Datsenko, V. Dragunov, V. Savitsky, V. Khomentovsky, 
and others studied the Cambrian section in this area in detail 
(Dyuzhikov et al.  1988 ). Cambrian deposits in the eastern 
part of this region are characterized by erosion of certain 
 portions and lesser thickness (up to 1,500 m) in comparison 
with the western part; the most complete section is exposed 
in the Igarka district. This section consists of the 
Krasnoporozhsky, Ustbrussky, and Tukolandinsky 
Formations. The Krasnoporozhsky Formation (Є1kp) 
 overlaps the underlying sediments of the Polbansky suites 
and clay–carbonate rocks in the form of a wedge of dolo-
mitic limestone containing abundant organic matter. The 
ustbrussky Formation (Є2ub) unconformably overlies lower 
the Cambrian formations. The thickness of this formation 
varies from 150 m (r. Kulyumbe) to 250 m in the southeast-
ern area. Upper Cambrian rocks are represented by two for-
mations: the Chopkinsky (Є3cp) Formation on the bottom 
and the Tukolandinsky (Є3tk) Formation on the top. Their 
thicknesses gradually decrease to the northeast from 520 to 
470 and 350 m, respectively. Both formations consist of 
sulfate- rich terrigenous-carbonate rocks.  

2.2.2.4     Lower–Middle Ordovician System 
 Ordovician sediments are present everywhere in the Noril’sk 
mining district, although they are exposed primarily along 
the periphery of the Khantaysko–Rybninsky area and the 
central part of the Dudinsky swell (Fig.  2.4 ). These deposits 
are represented by the Uighur, Iltyksky, Guragirsky, 
Angirsky, Amarakansky, and Zagorninsky Formations 
(Tesakov  2012 ). The Uighur Formation (O 1 ug) consists of 
sulfate-rich terrigenous-carbonate rocks with a total thick-
ness of approximately 350 m. The Iltyksky Formation (O 1 il), 
which includes dolomite–limestone and shale–limestone–
dolomite deposits, has a thickness of 600 to 800 m. The 
Guragirsky Formation (O 2 gr) is similar in composition to the 
previously mentioned units and contains sulfate-rich 
terrigenous- carbonate deposits with sandstones and quartz-
ites. The thickness of this formation ranges from 100 to 
180 m. The Amarkansky Formation (O 2 am) is characterized 
by a signifi cantly higher degree of terrigenous input com-
pared with the older (similar in composition) units and has a 
lesser thickness of up to 50 m. The Zagorninsky Formation 
(O 2 zg) consists of marls, mudstones, and organogenic–detri-
tal limestones. Its thickness ranges from 5 to 40 m depending 
on the extent of Silurian erosion.  

2.2.2.5    Silurian System 
 The fi rst systematic data regarding the Silurian System of the 
Noril’sk ore district were gathered by a group of authors in 
1982 under the leadership of Yu. Tesakov (Tesakov  2012 ). 
N. Baptist studied the reference sections of the district near 
the Kulyumbe River. The Silurian sediments and Ordovician 
bedrock are exposed primarily within the Khantaysko–
Rybninsky and Dudinsky swells, which bound the Noril’sk 
Trough on the east and south. Based on their lithological fea-
tures and paleontological characteristics, the Silurian sedi-
ments were subdivided into the Chambinsky, Talikitsky, 
Omnutahsky, Lower Hyuktinsky, and Upper Makussky 
Formations. The Chambinsky Formation (S 1 čm), which is of 
middle Landoverskiy age, consists of folded graptolitic mud-
stone interbedded with organic limestone concretions and 
pyrite. The thickness of this formation is 100–130 m. It over-
lies the older (Ordovician) sediments along a major uncon-
formity. The Talikitsky (S 1 tl) and Omnutakhsky (S1om) 
Formations (middle Late Llandovery time) consist of 
shale–limestone with a predominance of organic limestone. 
The thickness of the formation is 205–300 m in the Noril’sk 
area to 330 m in the Kulyumbe basin (south of the Noril’sk 
ore district). The Hyuktinsky Formation (S 1 hk) consists of 
massive coral-stromatoporoids limestones with chert nod-
ules throughout and argillaceous beds near the top of the 
unit. Its thickness ranges from 66 to 90 m near Noril’sk to 
130 m in the Kulyumbe basin. Its contacts with the overlying 
and underlying deposits are comfortable. The Makussky 
Formation (S 2 mk), which is of Ludlow time, is characterized 
by a complex of limestone with elements of the Rifoidnoy 
Formation and substantial amounts of dolomite and sulfates 
at the top of the section. The thickness of this formation is 
80–100 m. The Postnichny Formation (S2ps), of late Ludlow 
time, consists of the interlayered limestones, dolomites, 
marls, and anhydrite. In the swells (Dudinsky and 
Khantaysko–Rybninsky), the total thickness of these rocks 
does not exceed 75–80 m. The Postnichny Formation con-
formably overlies the underlying Makussky sediments.  

2.2.2.6    Devonian System 
 The Devonian sediments outcrop as narrow exposures fl ank-
ing the northern and southern parts of the Noril’sk and 
Kharaelakh Troughs, west of the Tungusskaya syneclise 
(Figs.  2.4  and  2.5 ). The Devonian rocks overlie the Silurian 
rocks and are most complete in the Lake Lama and Lake 
Pyasino areas, the Fokina basin, and east of the Imagda-
Letninsky deep fault zone (south of Lake Lama and extend-
ing to Lake Keta). Based on their lithological features and 
paleontological characteristics, the Devonian rocks were 
subdivided into the Yampaktinsky, Khrebtovsky, Zubovsky, 
Kureysky, and Razvedochninsky Formations (lower part), 
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the Manturovsky and Yuktinsky Formations (middle part), 
and the Nakohozsky, Kalargonsky and Fokinsky Formations 
(upper part). The composition of the Devonian sediments is 
of great importance in understanding the geological structure 
of the area because nearly all intrusions of the Noril’sk 
Complex are localized within them. The Yampaktinsky 
(D 1 jm) and Khrebtovsky (D 1 hr) Formations consist of simi-
lar carbonate rocks interbedded with abundant gypsum and 
anhydrite, among which are the oldest lenses of celestite in 
the area. The total thicknesses of these two units are 100 and 
80 m, respectively. The Zubovsky Formation (D 1 zb) is com-
posed of gray-colored dolomitic marls interbedded with 
argillaceous dolomites, mudstones, and anhydrite with a 
total thickness of 100–150 m. The Zubovsky Formation 
unconformably overlies the Khrebtovsky Formation in the 
Noril’sk region. The Kureysky Formation (D 1 kr) consists of 
mottled dolomite and calcareous mudstones and marls with 
rare siltstone and limestone. The thicknesses of all units in 
this section remain essentially constant and vary within 
50–60 m. The contacts with the overlying and underlying 
formations are conformable. 

 The Razvedochninsky Formation (D 1 rz) is dominated 
by siltstones, sandstones, and conglomeratic sandstones 
that comprise a transgressive microcycle. The thickness of 
these deposits does not exceed 110–150 m, reaches 150–
235 m in the troughs, and decreases sharply to the south 
until fully wedging out. The Manturovsky Formation 
(D 2 mt) overlies the eroded Razvedochninsky Formation 
and consists of a terrigenous-carbonate section with abun-
dant salt-bearing strata, most of which consist of rock 
salt. This formation’s thickness is 500 m. The Yuktinsky 
section (D 2 jk) is dominated by clastic–carbonate sedi-
ments ranging from 12 to 40 m thick; in the troughs, the 
thickness of sulfate rocks reaches 55 m. The contacts with 
the underlying and overlying Manturovsky deposits are 
comfortable. The Nakokhozsky Formation (D 3 nk) con-
sists of folded sulfate-rich variegated shale–carbonate 
rocks with a thickness of 2–60 m that increases in the 
troughs to 80–130 m. The Kalargonsky Formation (D 3 kl) 
is characterized by a gray-colored terrigenous- carbonate 
section that includes dolomites, dolomitic marl, dolo-
mite–limestone, and anhydrite dominate in the basins. 
This formation’s thickness is 170–270 m. The Kalargonsky 
Formation unconformably overlies the Nakokhozsky sedi-
ments. The Fokinsky Formation (D 3 fk) consists of evapo-
rite sulfate-rich clastic–carbonate sequences, primarily 
within the troughs, and anhydrite, dolomitic marls inter-
bedded with limestone lenses of rock salt, and clay–car-
bonate breccias. The thickness of this formation is 
220–420 m (approximately 500 m in the western part of 
the Vologochansky Trough).  

2.2.2.7    Lower Carboniferous System 
 The Lower Carboniferous deposits overlie the Late 
Devonian formations along an erosional unconformity and 
are exposed in small areas along the peripheries of the 
Noril’sk, Vologochansky and Kharaelakh Troughs. These 
deposits include the Hanelbrinsky, Serebryansky, and 
Tundrinsky Formations. The Hanelbrinsky (C 1 hn) and 
Serebryansky (C 1 sr) Formations consist of folded detrital 
organic limestone with minor lenses of chert. In the 
Noril’sk area, these rocks are preserved only in troughs, 
and their total thickness does not exceed 65–80 m. The 
Tundrinsky Formation (C 1 tn) consists of marls interbedded 
with gypsum and anhydrite; the degree of terrigenous 
input increases northward. Its maximum thickness is 
150 m west of Noril’sk and reaches 70–114 m in the 
Vologochansky Trough. It conformably overlies the 
Serebryansky Formation.  

2.2.2.8     Middle Carboniferous System Through 
Upper Permian System 

 Rocks of the Middle Carboniferous through Upper Permian 
consist of the Tunguska Group (C 2 –P 2 ), which overlies the 
Lower Carboniferous rocks along a prominent angular 
unconformity. The magnitude of erosion represented by this 
unconformity varies by 1,000 m within a distance of 
5–10 km. The Tunguska group consists of coal-bearing 
paralic and lacustrine rocks. In composition they vary in 
degree of granularity: mudstones, siltstones, coarse con-
glomeratic sandstone, rare thin layers of conglomerates with 
layers of coals to anthracite. The thickness of the Tunguska 
Group varies from 20 to 40 m and reaches 600 m in the axial 
part of the basins. These rocks form large coal basin. Coal is 
explored in Noril’sk region in Kaerkan coal section 
(Fig.  2.6a, b ). Productive coal horizons underlay basalts of 
the Ivakinsky volcanic Formation, but there is one coal layer 
located between two basalt fl ows, named “Zametnyi,” i.e., 
this is a huge (>1 km length) coal xenolite in basalt, in its 
upper part (Fig.  2.6c ). Main rock types are shown on pictures 
Fig.  2.6d-f .

   The modern stratigraphic subdivision of the Tunguska 
Group consists of seven suites: the Apsekansky (C 2 ap, 
0–25 m), Adylkansky (C 2-3 ad, 0–80 m), Rudninsky 
(C 3 –P 1 rd, 0–80 m), Daldykansky (P 1 dl, 0–60 m), 
Shmidtinsky (P 2 sm, 8–65 m), Kayerkansky (P 2 kr, 15–85 m), 
and Ambarninsky (P 2 am, 0–70 m) suites. All of these suites 
are separated in one way or another by signifi cant erosional 
unconformities. Layers of coal in economic quantities are 
present in the Daldykansky, Shmidtinsky, and Kayerkansky 
suites. At the top of the Tunguska Group, there is an admix-
ture of pyroclastic material, which is the most prominent 
feature in the Ambarninsky suite. 
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  Fig. 2.6    Photos of the Tunguska Group rocks 
 ( a ) coal open pit “KUR 2,” ( b ) main coal horizon, ( c ) coal horizon between two basalt fl ows of the Ivakinsky Formation (“Plast Zametny”), 
( d ,  e ) interlayering of conglomerates and sandstones, ( f ) fragments of coal in sandstones       
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 The  volcanic sequence  is subdivided into 11 formations 
(from bottom to top): the high-Ti (>2–3 wt % TiO2 subalkaline 
and picrite basalts) Ivakinsky, Syverminsky, and 
Gudchikhinsky Formations and low-Ti (≤1 wt % TiO2, 
 tholeiites) Khakanchansky, Tuklonsky, Nadezhdinsky, 
Morongovsky, Mokulaevsky, Kharaelakhsky, Kumginsky, and 
Samoedsky Formations (Geological map … 1994; Fig.  2.4 ).   

2.2.3     Intrusive Rocks 

 Most of the ultrabasite–basite intrusions are gently dipping 
bodies unconformably connected to the host terrigenous- 
sedimentary and volcanic rocks. It is usually fairly diffi cult 
to correlate them with the lavas because contacts between 
these rocks are rare and the intrusions mostly occur at strati-
graphically lower levels than the volcanic rocks, which is 
largely due to the lithological control of their emplacement 
(the intrusive rocks are hosted predominantly in the Devonian 
rocks). 

 All the intrusive rocks in the Noril’sk area are subdi-
vided into four main complexes. They include reliably 
identifi ed subalkaline massifs, which are ascribed to the 
Ergalakhsky Complex and can be correlated with the 
rocks from the Ivakinsky Formation. The normal alkalin-
ity ultrabasite–basite rocks include rocks from the 
Daldykansky Complex (Fig.  2.7 ) which cut the basalts of 

the upper formations and are close to them in composition 
because of elevated Ti concentrations. These rocks were 
likely the youngest in the Mokulaevsky–Samoedsky mag-
matic episode.

   It is hard to attribute all the other numerous and diverse 
basite rocks to any given complexes or types because of the 
similarities between their compositions and their uncertain 
relationships with the lavas. Each rock type was produced 
within a brief time span (<1 Ma; Kamo et al.  2003 ; Pavlov 
et al.  2007 ), which makes it diffi cult to date them by isotopic 
geochemical techniques. The numerous massifs of the 
Noril’sk area are classifi ed into complexes and subcom-
plexes (types) based on the structural–textural and chemical 
features of the rocks and their distribution in the vertical sec-
tion. The currently adopted classifi cation is underlain by the 
degree of differentiation of the intrusive bodies (Geology 
and ore…  1994 ). For example, numerous (from several doz-
ens to a few hundred) variably differentiated and mineralized 
massifs with elevated MgO concentrations (8–16 wt % MgO) 
are subdivided in compliance with this principle into the fol-
lowing types according to their inner structures (lower and 
upper units of the rocks): Noril’sk (picritic gabbro–dolerites 
– diorites), lower Talnakh (picritic gabbro–dolerites – olivine 
gabbro– dolerites), Zubovsky (troctolites – gabbro–dolerites), 
and Kruglogorsky (olivine gabbro–dolerites – leucogabbro). 
The weakly differentiated or undifferentiated intrusions are 
attributed to the Ogonersky Complex. However, this 

  Fig. 2.7    Outcrop of intrusive rocks of the Daldykansky Complex (Mount “Zub”)       
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 classifi cation of the massifs mostly refl ects the crystallization 
circumstances of their magmas rather than their origin. 

 The massifs of the Noril’sk ore-bearing complex are 
 typically differentiated (the weighted mean MgO concentra-
tion is 10–12 wt %) and variably mineralized. The three 
chonolith- shaped (up to 12 km long, 2–4 km wide, and from 
20–50 to 350 m thick) Noril’sk 1, Talnakh, and Kharaelakh 
intrusion bodies host uniquely large ore reserves. From bot-
tom to top, intrusions consist of gabbro-dolerites (contactic, 
taxitic, picritic, olivine and olivine-bearing, olivine-free, 
upper taxitic, sporadically occurring upper picritic, and 
upper contact), leucogabbro, and gabbro-diorite. Massive 
and disseminated ore mineralization is partially constrained 
to the contacts of the massifs with their host rocks (Godlevsky 
 1959 ; Likhachev  1994 ,  1996 ,  2006 ; Genkin et al.  1981 ; 
Distler et al.  1988 ; Ryabov et al.  2014 ; and others). The 
Noril’sk deposits are distinguished by the thick metamorphic 
and metasomatic aureoles around them, with the thicknesses 
of these aureoles exceeding those of the intrusions them-
selves (Turovtsev  2002 ).  

2.2.4     Ores of the Noril’sk Deposits 

 The Noril’sk deposits contain ores of two types: PGE–Cu–Ni 
sulfi de and PGE low sulfi de. The latter are hosted in the 
upper portions of the massifs, in the leucogabbro, the mag-
matic breccia, and occasionally the picritic gabbro-dolerite 
units. These ores are typical of the Noril’sk 1 deposit 
(Sluzhenikin et al.  1994 ). 

 The sulfi de ores are contained in the contact zone of the 
intrusion and the host rocks from the lower contact zone 
(Geology and ore…  1994 ; Sluzhenikin et al.  2014 ), although 
they were also found in the upper inner and outer-contact 
zones (Oktyabr’skoe deposit). The ores come in two types: 
disseminated and massive, which occur in both the intru-
sions and the host rocks. An unusual feature of the mineral 
deposits in the Noril’sk area is the inconsistency between 
the thicknesses of the intrusions and related ores: the  volume 
of the ores can consist 15 % of the intrusions’ volume; the 
thickness of massive ores can rich up to 54 m (Likhachev 
 1996 ). Given the low sulfur solubility in basaltic melts near 
the depths corresponding to those of the emplacement and 
crystallization of the intrusions in the Noril’sk Complex, it 
is hard to imagine how so much sulfur could be mobilized 
only from the parental magma that produced the intrusive 
bodies. 

 The mineralogy of the ores was documented in much detail 
by many researchers (Sukhanova  1968 ; Genkin  1968 ; Genkin 
et al.  1981 ; Distler et al.  1988 ,  1999 ; Komarova et al.  2002 ; 
Sluzhenikin et al.  2014  et ctr.). The major minerals are 
 pyrrhotite (hexagonal and monoclinic pyrrhotite and troilite), 

pentlandite, and chalcopyrite-group minerals, which often 
compose individual ore types and were discovered at the 
Talnakh deposits by A.A. Filimonova (talnakhite, putoranite, 
and Ni-bearing putoranite). The Noril’sk ores are distinguished 
for their great diversity of rare minerals, which have never 
been found at any other Cu–Ni deposits, and the huge size of 
PGM. Studies of these ores and the discovery of new minerals 
in them were contributed by A.D. Genkin (six new minerals), 
T.L. Evstigneeva (four new minerals), A.A. Filimoniva, 
V.A. Kovalenker, and other researchers (see Chap.   4    ). 

 The three largest currently developed deposits in the 
Noril’sk district are Oktyabr’skoe, Talnakh, and Noril’sk 1.      
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      Specifics of the Tuff–Lava Sequence: 
Geological and Geochemical Evidences       

              The history, subdivision, and characteristics of the volcanic 
rocks (251 Ma) of the Noril’sk region may be described 
thusly: the structures of the extrusive rocks differ from one 
tectonic element to the next (the Kharaelakh and Noril’sk 
Troughs and the Tunguska syneclise). Many of the basal 
basalts were studied, particularly with regard to their 
 concentrations of major and rare elements. The lower 
 formations (Ivakinsky, Syverminsky, Gudchikhinsky, and 
Nadezhdinsky) are located only in the paleorift zone (includ-
ing Yenisei–Khatangsky depression), whereas the upper 
 formations (Tuklonsky, Morongovsky, Mokulaevsky, 
Kharaelakhsky, Kumginsky, Samoedsky) are widespread in 
the Tunguska syneclise. Based on this distribution of volca-
nic rocks, two main stages of their formation were suggested. 
Based on their geochemical features, the widespread basalts 
were deposited in four cycles, and thus, a new schema of 
their magmatic evolution was constructed . 

 The Noril’sk ore district sits within the world’s largest Siberian 
trap province, which is one of the largest igneous provinces on 
the Earth. Large igneous provinces (LIP) are short- lived (usu-
ally for no more than a few million years), simultaneous mani-
festations of magmatic activity that are spread ov  er vast 
territories on continents or the seafl oor (Campbell and Griffi ths 
 1992 ). Typical LIPs are continental fl ood basalt (trap) prov-
inces, such as the Siberian, Parana, and Deccan provinces, and 
ocean plateaus, such as Ontong Java. 

 The origin of LIPs was explained within the scopes of 
diverse hypotheses (Sobolev et al.  2009 ), some of which can 
be mutually inconsistent. The two currently most widely 
accepted hypotheses are as follows. According to the model 
of thermal mantle plumes, LIPs are produced by plume 
heads via high decompressional melting of mantle perido-
tite caused by high potential temperatures (White and 
McKenzie  1995 ; Campbell and Griffi ths  1992 ; Dobretsov 
et al.  2008 ). The proponents of the other hypothesis, which 
claims to realistically account for the origin of continental 
LIPs, suggest the delamination and subsidence of the 

 lithosphere and the subsequent fi lling of the open space with 
hot convecting mantle material, which had also been affected 
by high decompressional melting (see, e.g., Elkins-Tanton 
 2005 ). The main disadvantage of these hypotheses is that 
they cannot provide rigorous estimates for the circum-
stances under which the parental magmas are derived and 
for the compositions of their mantle sources. 

 The Siberian trap province is distinguished from LIPs by 
its grandiose size (it is the world’s largest continental basalt 
LIP of Phanerozoic age; Masaitis  1983 ; Dobretsov  1997 ; 
Yarmolyuk et al.  2000 ; Reichow et al.  2005 ) and because its 
age coincides (within the accuracies of multiple dates) with 
one of the most signifi cant mass extinction episodes in the 
Earth’s evolutionary history at 251 Ma, i.e., at the boundary 
between the Paleozoic and Mesozoic eras. Thus, the origin 
of this province was suggested to be one of the reasons for 
this catastrophic extinction (Campbell et al.  1992 ; Kamo 
et al.  2003 ; White and Saunders  2005 ; Ivanov et al.  2013 ). 
Finally, the northwestern portion of this province hosts the 
world’s largest PGE-Cu-Ni sulfi de deposits (Dodin et al. 
 1971 ; Dyuzhikov et al.  1988 ; Geology and ore…  1994 ; 
Naldrett  2004 ). These unique features of the Siberian traps 
have yet to be explained within the scope of a single coher-
ent genetic model. The Siberian province encompasses most 
of the East Siberian Platform, part of the Taimyr Peninsula, 
and part of the West Siberian Plate (Fig.  3.1 ). Drilling 
through the last location resulted in the discovery of deep-
sitting (at a depth of 3–7 km) volcanic rocks beneath the 
sedimentary cover (Masaitis  1983 ; Al’mukhamedov et al. 
 2000 ; Medvedev  2004 ).

     The East Siberian Platform was intensely studied in the 
1960s and 1970s, when systematic 1:1,000,000, 1:200,000, 
and 1:50,000 (at selected areas) survey operations were con-
ducted. Because it is diffi cult to access the territory and 
because it was surveyed and studied by various organizations, 
which did not commonly use state-of-the-art techniques when 
analyzing rocks and minerals, the volcanic and plutonic rocks 
in various parts of the territory were subdivided differently 

 3
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  Fig. 3.1    Map of factual material: location of vertical sections in volcanic sequences shown in a schematic tectonic map of the Noril’sk area 
Modifi ed after Mikhailov (2003, unpublished) 
 (1) Volcanic rocks of the trap association; (2) Tunguska Group; (3) terrigenous-carbonate rocks; (4) faults ( 1 , Yenisei–Khatangsky;  2 , Noril’sk–
Kharaelakh;  3 , Mikchangdinsky;  4 , Imangdinsky;  5 , Lamsko–Khatangsky); (5) intrusions and their numbers (see Table 4.1); (6, 7) boreholes in 
which rocks were studied:  6 , volcanic and intrusive rocks;  7 , volcanic rocks.  Rectangles mark  areas in which volcanic rocks were studied in much 
detail. (8) Sample sites of the Gudchikhinsky picrites in which melt inclusions were studied and their numbers; (9) location of the geological 
profi le shown in Fig.  3.18 . Boreholes SG-9 and SG-32 borrowed from (Lightfoot et al.  1990 ,  1993 ,  1994 ; Fedorenko et al.  1996 )       

 

3 Specifi cs of the Tuff–Lava Sequence: Geological and Geochemical Evidences



21

and can hardly be correlated with one another. Only a few 
papers were published that attempted to synthesize and gen-
eralize these diverse materials. Such  publications include 
those by V. Zolotukhin et al. ( 1978 ), M. Sharma ( 1997 ), and 
A. Ivanov et al. ( 2013 ) and along with the published 
1:1,000,000 state map. Most materials related to the geology 
of this territory are deposited and classifi ed. 

 Recently obtained high-accuracy and high-precision data 
on the geochemistry of the rocks in the Noril’sk and 
Meimecha-Kotuy areas (Fedorenko  1981 ; Fedorenko et al. 
 1989 ,  1996 ; Lightfoot et al.  1990 ,  1993 ,  1994 ; Arndt et al. 
 1993 ,  1998 ; Fedorenko and Czamanske  1997 ) led to the 
principal revision of earlier concepts regarding the structure 
and evolutionary history of trap magmatism, but the whole 
situation is still largely obscure because the formations 
distinguished in various tectonic zones have not yet been 
correlated based on modern geochemical methods. Previous 
correlations are not always reliable enough because they 
were based on the comparison of petrochemically different 
basalts and tuffs, which were not analyzed for trace ele-
ments. Reliable correlations can be drawn for only the subal-
kaline rocks from early volcanic episodes and some of the 
tholeiitic porphyritic basalts from the main phase. These 
materials are obviously insuffi cient for reproducing the 
whole evolutionary history of the volcanic processes within 
the entire province. 

 Thus, the overall trends and evolutionary relationships of 
trap magmatism in the area can be evaluated only based on 
detailed geological and geochemical studies of the volcanic 
and intrusive rocks in various folded structures. We applied 
this exact approach to study the volcanic rocks in the Noril’sk 
area. The results of these studies are presented below. 

3.1     History and the Principal Problems 
in Studying of the Volcanic Rocks 
in the Noril’sk Area 

 The Noril’sk area is of paramount importance for under-
standing the evolutionary history of the territory because of 
its very thick volcanic rocks (3.7 km), the occurrence of sub-
alkaline and picritic rocks in the vertical section (along with 
widespread tholeiites), and the presence of unique Pt–Cu–Ni 
deposits in ultrabasite–basite complexes. These facts facili-
tate the successful resolution of problems related to the ori-
gin of the vast volumes of magmatic rocks in certain crustal 
blocks and their role in the origin of the superlarge mineral 
deposits, which have no analogues anywhere else in the 
world in terms of the reserves and grade of the sulfi de ores. 

 The Noril’sk area has been explored in more detail than 
the rest of the province because of the former’s high ore 

potential. Its systematic study and exploration were launched 
in the 1940s–1950s by Yu. A. Speit, V. S. Domogarov, P. S. 
Fomin, N. A. Timashkov, and others. Their materials later 
provided a basis for sheets R-46,47 and R-44,45 of the 
1:1,000,000 State Geological Map. The “philosophy” and 
principles for subdividing the rocks in the volcanic sequence 
were elaborated in the late 1950s and early 1960s during the 
regional geological survey and exploration. The major for-
mations were distinguished by G. D. Maslov, D. A. Dodin, 
and Ya. I. Polkin. In  1993 , the Editorial Board of Taimyr 
Geolkom approved  The Reference Legend for 1:50 000 
Geological Map, Noril’sk Series , which is now used as a ref-
erence in conducting all types of large-scale exploration 
operations in the Noril’sk area. The volcanic sequence is sub-
divided into 11 (progressing upward, Table  3.1 ) formations, 
including the high-Ti (TiO 2  > 2–3 wt %,  subalkaline and 
picritic basalts) Ivakinsky (iv), Syverminsky (sv), and 
Gudchikhinsky (gd) and low-Ti (TiO 2  ≤ 1 wt %, tholeiites) 
Khakanchansky (hk), Tuklonsky (tk), Nadezhdinsky (nd), 
Morongovsky (mr), Mokulaevsky (mk), Kharaelakhsky (hr), 
Kumginsky (km), and Samoedsky (sm) (Geological map… 
 1994 ). Their principal characteristics (petrography, petro-
chemistry, geochemistry, and mineralogical composition) 
are described in a number of publications (Dodin  1967 ; 
Dodin et al.  1971 ; Vasil’ev and Zolotukhin  1975 ; Zolotukhin 
et al.  1984 ; Ryabov et al.  2000 ,  2014 ). E. Lind and 
V. Shchekoturov ( 1991 ) determined that the rocks in the 
Ivakinsky Formation are reversely magnetized and, hence, 
were produced in the Late Permian, which was shown in 
the maps.

   The tuff–lava sequences typically consist of alternating 
basaltic fl ows and beds of pyroclastic and sedimentary–vol-
canic material. The latter often contain fossil fl ora, which 
can be utilized to date the rocks. The tuff–lava sequence is 
subdivided into two parts: the lower part, comprising the 
Ivakinsky–Nadezhdinsky Formations and noted for the con-
trasting composition of its rocks (differentiated lava series of 
alkaline ultramafi c rocks and rocks with normal alkalinity 
and elevated silicity), and the upper formation (volcanic 
rocks from the Tuklonsky to Samoedsky Formations with 
slightly varying chemical composition and corresponding 
rocks of normal alkalinity). The rocks in the lower unit, 
which are noted for their contrasting compositional varia-
tions, can be reliably subdivided into formations that can be 
easily identifi ed in the fi eld and mapped. Conversely, the 
rocks in the upper unit have closely similar petrographic, 
geochemical, textural, and structural characteristics; hence, it 
is diffi cult to further subdivide these rocks. Their subdivision 
into formations and subformations is not always supported 
by sound evidence because of the signifi cant variations in the 
structure and composition of the upper unit along its strike. 

3.1  History and the Principal Problems in Studying of the Volcanic Rocks in the Noril’sk Area
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The absence of reliable marker horizons makes virtually 
impossible to draw boundaries between individual forma-
tions. The only reliable reference key bed is a thick (20–100 
m) fl ow of glomeroporphyritic basalt (Nadayansky fl ow) in 
the bottom portion of the Mokulaevsky Formation, which 
reliably marks the boundary between the Morongovsky and 
Mokulaevsky Formations in the eastern part of the Noril’sk 
area and in the Putorana Plateau. In its absence in the west-
ern part of the area, the boundary is drawn fairly arbitrarily. 
It is most diffi cult to draw boundaries between the intermedi-
ate formations: Khakanchansky, Tuklonsky, and 
Nadezhdinsky, all of which contain abundant tholeiites that 
occur above one another in the vertical section. 

 A new phase of studies, during which more precise and 
accurate data were obtained on the composition and structure 
of the volcanic rocks in the area, began when it became 
 possible to apply modern geochemical techniques in geol-
ogy: to study the distributions of trace elements in rocks and 
to analyze their isotopic characteristics. These studies were 
fi rst undertaken by I.D. Volkov ( 1963 ), Yu.A. Balashov and 
G.S. Nesterenko ( 1966 ), G.S. Nesterenko et al. ( 1964 ,  1973 , 
 1991 ), and others. However, most modern information was 
obtained over the past two decades (Lightfoot et al.  1990 , 

 1993 ,  1994 ; Lightfoot and Keays  1995 ; Brügmann et al. 
 1993 ; Wooden et al.  1993 ; Howkesworth et al.  1995 ; 
Fedorenko et al.  1996 ; Fedorenko and Czamanske  1997 ; 
Kamo et al.  2003 ; Naldrett  2004 ; Keays and Lightfoot  2007 , 
 2010 ). These data demonstrate that the lower and upper tuff–
lava units have elevated (>2) and lower (<2) Gd/Yb ratios, 
respectively. It was established that compositionally similar 
tholeiites in the Tuklonsky and Nadezhdinsky Formations 
have principally different multielemental patterns, which 
more reliably distinguishes them. In addition, the lower por-
tion of the Nadezhdinsky Formation is depleated in base 
metals than the other formations: for example, the Cu con-
centrations are 20–30 ppm in these rocks and 80–100 ppm in 
the rocks from other formations. 

 Regretfully, these studies were conducted in only the 
vertical section of the basalts in the Kharaelakh Trough 
(Boreholes SG-9 and SG-32, sections F15, F16), which 
was appended with the vertical section at Mount Sunduk 
(section 1F). At the same time, it was demonstrated (Dodin 
 1967 ; Zolotukhin et al.  1986 ; Staroseltsev  1989 ; Ryabov 
et al.  2000 ) that various structures in the territory consist 
of different rock sequences; hence, a comprehensive por-
trait of the magmatic evolution should be based on data 

      Table 3.1    Schematic stratigraphic chart for volcanic rocks in the Noril’sk area   

 Age, symbol  Formation  Subformation  Thickness, m  Predominant rocks 

 T 1 sm  Samoedsky  T 1  sm   0–500  Aphyric, poikilophitic basalts, and tuffs 

 T 1 km  Kumginsky  T 1  km   0–200  Aphyric and porphyritic poikilophitic basalts and tuffs 

 T 1 hr  Kharaelakhsky  T 1  kr   2    2    125  Aphyric and porphyritic basalts and tuffs 

 T 1  kr   2    1    125  Aphyric basalts and tuffs 

 T 1  kr   1    2    80  Plagioglomeroporphyritic basalts 

 T 1  kr   1    1    185  Aphyric, glomeroporphyritic basalts 

 T 1 mk  Mokulaevsky  T 1  mk   2    285  Aphyric, glomeroporphyritic basalts and tuffs 

 T 1  mk   1    300 

 T 1 mr  Morongovsky  T 1  mr   2    445  Aphyric, porphyritic, glomeroporphyritic basalts and tuff breccias 

 T 1  mr   1    215 

 T 1 nd  Nadezhdinsky  T 1  nd   3    40–72  Glomeroporphyritic basalts 

 T 1  nd   2    170–250  Porphyritic basalts and tuffs 

 T 1  nd   1    160–350  Porphyritic and tholeiitic basalts and tuffs 

 T 1 tk  Tuklonsky  T 1  tk   0–250  Tholeiitic basalts 

 T 1 hk  Khakanchansky  T 1  hk   0.6–22  Tholeiitic basalts, tuffs, and tuffi tes 

 T 1 gd  Gudchikhinsky  T 1  gd   3    0–60  Glomeroporphyritic basalts 

 T 1  gd   2    0–140  Picrites, tuffs 

 T 1  gd   1    0–230  Porphyritic basalts and tuffs 

 T 1 sv  Syverminsky  T 1  sv   25–130  Tholeiitic basalts 

 P 2 iv  Ivankinsky  P 2  iv   2    72 − 100  Andesine basalts 

 P 2  iv   1    28 − 100  Labrador basalts 

  Note: Modifi ed after Geological map… ( 1994 )  
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from volcanic rocks in various tectonic structures of the 
territory. The results of such studies can lead researchers 
to principally different conclusions than those drawn from 
studies of single separated vertical sections. Examples of 
such inconsistencies were presented in our earlier publica-
tion (Krivolutskaya et al.  2009 ). 

 Multiple attempts were undertaken to date various 
rocks in the area. The very first dates were obtained by 
the  40 Ar− 39 Ar technique on plagioclase and whole-rock 
samples from the Ivakinsky, Syverminsky, Gudchikhinsky, 
and Kharaelakhsky Formations (Renne and Basu  1991 ; 
Dalrymple et al.  1995 ; Campbell et al  1991 ). All these 
dates fall within the range of 243.5–245.3 Ma. 
Surprisingly, the ore-bearing Noril’sk 1 intrusion, which 
cuts through these formations, was dated at 248.7 ± 2.4 
and 249.2 ± 2.4 Ma (Kamo et al.  2003 ). 

 The author studied volcanic rocks in the area from pri-
mary exposures (some fi eld results were obtained together 
with geologists from Norilskgeologia during 1:50,000 sur-
vey operations conducted under the supervision of V. N. 
Mikhailov) and from the core material of boreholes (Fig. 
 3.1 ). Volcanic rocks were studied mostly in the eastern part 
of the area, which previously had been only cursorily stud-
ied with the application of modern techniques. This territory 
attracts much attention because it is adjacent to the northern 
pericline closure of the Khantaysko–Rybninsky swell, 
which divides the Noril’sk area into two structurally distinct 
blocks: the Noril’sk–Kharaelakh Trough in the west and the 
western part of the Tunguska syneclise in the east (Figs.  3.4  
and  3.1 ). As will be demonstrated below, the magmatic evo-
lution was different in these territories; hence, it is particu-
larly interesting to study the structures of the volcanic 
sequence in the transitional zone from the rift structure to 
the platform because this territory yielded the most signifi -
cant data on the volcanic rocks. The major relationships 
revealed during earlier studies were also confi rmed for the 
eastern part of the Noril’sk area.

   Many sections of volcanic rocks have been studied in 
detail across the Noril’sk region. In the sections each fl ow 
and tuff horizon were sampled and analyzed by XRF and 
ICP-MS. It is not a problem to distinguish individual basaltic 
fl ow because their amygdaloidal zones were kept in good 
conditions. Figure  3.2  demonstrates the layered structure of 
volcanic pile in the Noril’sk region. We observed these con-
tacts and took samples from the central zone of fl ows. The 
examples of boundaries between different fl ows and tuffs are 
shown on picture (Fig.  3.3 ). Basalt’s proper feature is colum-
nar jointing especially typical for upper formations; rarely 
they have fan separateness (Fig.  3.4 ). Sometimes one can see 
different types of jointing in one fl ow, in the lower and the 

upper its parts (Fig.  3.4b ). On the surface of lavas, tracks of 
fl owing and gas channels exist (Fig.  3.5a-c ). The surface is 
represented by lava breccia if the fl ow was fast and lava 
crushed the hard crust on the surface (Fig.  3.5d ). Volcanoes 
of the central type are typical only for lower formation, 
Gudchikhinsky (Fig.  3.6a ), Khakanchansky (Fig.  3.6b ), and 
Syverminsky (Fig.  3.6c,d ).

    The major results can be summarized as follows: (1) the 
characteristics of the main formations were obtained based 
on the distribution of trace elements in the rocks; and (2) the 
vertical section consists of two units, refl ecting variations in 
the composition of the tuff–lava sequence, which will be dis-
cussed below.  

3.2     Data Obtained on the Volcanic Rocks 
in the Noril’sk Area 

 In describing the rocks, I present a detailed characterization 
of the vertical section, which was made together with 
A.V. Rudakova (Krivolutskaya and Rudakova  2009 , 
Rudakoba and Krivolutskaya 2009) using the cores from 
boreholes drilled in the northern part of the Noril’sk depres-
sion when the Maslovsky deposit was explored. This vertical 
section has never been utilized in the studies of any other 
geochemists. 

3.2.1     General Characterization 
of the Volcanic Rocks in the Area: 
An Example of the Noril’sk Trough 
(Lower Formations) 

 The Noril’sk Trough, whose volcanic rocks were not exten-
sively studied geochemically, is of particular interest because 
it hosts numerous intrusive bodies of the Noril’sk Complex 
with disseminated or massive ores (Noril’sk 1, Noril’sk 2, 
Bolshaya Bar’ernaya, Chernogorsky, and Maslovsky depos-
its), which are hosted in volcanic rocks located at the highest 
stratigraphic levels in the Noril’sk area, namely, in the mid-
dle portion of the tuff–lava sequence. This geological situa-
tion makes it possible to approach the problem regarding the 
possible comagmatic character of the intrusive and volcanic 
rocks based on more reliable data because the geologic 
 relationships between the gabbro-dolerites and volcanic 
rocks can be examined in a single section. In other folded 
 structures, such massifs are hosted at stratigraphically lower 
levels, such as in the Devonian sedimentary rocks under-
neath the volcanic sequence (the Kharaelakh and part of the 
Talnakh intrusions with high-grade PGE-Cu-Ni ores are 
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  Fig. 3.6    Volcanoes in the Siberian traps
Formations: ( a ) Gudchikhinsky, ( b ) Khakanchansky, ( c - d ) Syverminsky with bombs of the Ivakinsky basalts       

located in the Kharaelakh Trough, and the Vologochansky–
Pyasino intrusion with disseminated ore mineralization 
occurs in the Vologochansky Trough); hence, it is much more 
diffi cult to correlate them with the lavas. Moreover, the 
Noril’sk Trough contains rocks from all the formations that 

were used in models by various researchers describing the 
origin of the deposits (Gudchikhinsky, Tuklonsky, 
Nadezhdinsky, and Morongovsky), which allows one to ana-
lyze in detail the problem regarding their comagmatic rela-
tionships with intrusions from the Noril’sk Complex. 
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 The volcanic sequences were examined in the core mate-
rial of boreholes drilled to the north of the Noril’sk Trough 
and in exposures in the eastern part of the territory. Boreholes 
OM-6 and OM-25 were selected as references because they 
penetrated volcanic rocks 1,100 and 700 m thick in the cen-
tral and eastern parts of the trough, respectively, and were 
drilled 5 km apart from each other (Fig.  3.1 ). This allowed 
us to trace the lateral structural and compositional variations 
in the rocks in the trough. An important criterion for choos-
ing to study borehole OM-25 in detail was because the 
volcanic rocks host a thin sill from the Noril’sk Complex 
(an apophyse of the Maslovsky intrusion) with high-grade 

disseminated- stringer Cu–Ni mineralization. This offers the 
possibility of obtaining additional information on the 
genetic relationships between the intrusive and volcanic 
rocks in the area. 

 The detailed investigation of the volcanic rocks in the 
Noril’sk Trough revealed the presence of 7 of the 11 forma-
tions, representing the lower half of the complete basaltoid 
section of the Noril’sk region (Table  3.1 ). The thickest sec-
tion of trap rocks was described in borehole OM-6 in the 
central part of the structure (Fig.  3.7 ), and a reduced section 
was observed in the eastern part of the trough (Fig.  3.8 ). 
The assignment of fl ows to particular formations was based 

  Fig. 3.7    Composite vertical section of the tuff–lava sequence in the Noril’sk Trough (borehole OM-6)
After Krivolutskaya and Rudakova ( 2009 )       
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  Fig. 3.8    Comparison of tuff–lavas pile structure in different parts of 
the Noril’sk Trough (boreholes OM-6 and OM-25)
After Krivolutskaya and Rudakova ( 2009 )       

on the characteristic morphological, structural, and textural 
features of their rocks (Dodin et al.  1971 ), and the boundar-
ies were additionally constrained using geochemical data. It 
should be noted that almost all the fl ows have lower and 
upper (thicker) amygdaloidal zones, which allowed us to dis-
tinguish the fl ows in the section with certainty.

    The  Ivakinsky Formation  conformably overlies the 
 terrigenous rocks in the Tunguska Group. It is dominated by 

fi ne- grained dark gray to black rocks with a porphyritic tex-
ture. In the central part of the trough, the formation consists 
of two subformations separated by a 2-m-thick tuff layer. 
The lower subformation is made up of two sheets of porphy-
ritic (labradorite) basalts, which are 19.9 and 7.4 m thick; 
and the upper subformation includes three fl ows of more 
silicic andesine basalts that are 39.1, 18.0, and 15.5 m thick. 
The base of this unit is represented by a 2 m-thick bed of 
pelite–psammite tuffs. The total thickness of the formation is 
up to 105 m in the central part of the trough; there are no 
such data for its eastern part because borehole OM-25 did 
not penetrate the Ivakinsky Formation. 

 The basalts in the  Syverminsky Formation  overlie the por-
phyritic basalts of the Ivakinsky Formation and are separated 
from them by a meter-thick bed of pelite–psammite tuffs with 
an indistinctly laminated structure. They show a tholeiitic 
texture (Polovinkina  1966 ) and massive structure. Their dis-
tinctive feature is a greenish-gray color related to the develop-
ment of secondary minerals and thin fl ows (4–6 m on 
average); compared with the fl ows from other formations, 
they have thicker amygdaloidal zones (1–3 m). The formation 
includes 18 basaltic fl ows. Three thin tuff and tuff breccia 
interbeds (0.4, 0.3, and 1.2 m) were detected between the 
fl ows. The total thickness of the formation is 129.5 m in the 
center and approximately 100 m in the eastern part of the 
trough (incomplete thickness partly penetrated by borehole 
OM-25). 

 The rocks from the  Gudchikhinsky Formation  occur in 
the stratigraphic section above the Syverminsky basalts and 
are separated from the latter by an interbed of tuffs of silt–
psammite grain size. The thickness of the tuffs is 0.6 m in 
the central part and 0.3 m southeast of the trough. The 
rocks in the formation are more melanocratic than other 
basalt varieties from the underlying and overlying forma-
tions, which is related to the presence of strongly altered 
olivine. The formation is subdivided into two subforma-
tions, lower and upper. The lower subformation includes 
two fl ows of dark gray polyphyric basalts with a fi ne-
grained texture, which contain glomerophyric intergrowths 
of plagioclase and olivine phenocrysts that are up to 2 mm 
in size. The thicknesses of the fl ows are 34.2 and 9.9 m in 
the center and 26.2 and 11.7 m in the outer part of the 
trough. They are separated by a rather thick layer of tuff 
breccias (13.9 m in borehole OM-6 and 8.7 m in borehole 
OM-25). The upper subformation consists of medium-
grained dark gray picrites with a brown tint and a single 
thin (0.8 m) tuff interbed. The central section of the trough 
includes eight basaltic fl ows, which are 7.8–22.7 m thick. 
Their number decreases to four in the southeast, and the 
thickness also decreases substantially (to 2.3–10.0 m). The 
rocks are strongly altered throughout the section of the for-
mation. In borehole OM-6, the picrites are overlain by a 
tuff breccia layer (7.2 m). The thickness of the formation 
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ranges from 127 m in the central part to 100.9 m in the 
periphery of the Noril’sk Trough. 

 The  Khakanchansky Formation  overlies the 
Gudchikhinsky rocks and is represented by tuffogenic rocks 
and basalts with a tholeiitic texture. Its structure is more 
complex in the center of the trough, which includes three 
basaltic fl ows (34 m in total thickness) and a heterogeneous 
tuff horizon. This horizon is subdivided into three parts 
 differing in the fragment size and bedding character. The 
lower part (12 m) consists of distinctly bedded tuffs repre-
sented by alternating thin (from 1 mm to 3–4 cm) layers of 
dark gray pelitic rocks and interbeds of greenish-gray psam-
mitic tuffs (10–15 cm). The middle part (3.8 m) consists of 
greenish- gray tuffs, which also show a laminated structure 
owing to the presence of rocks of different (compared with 
the lower part) grain sizes—psephitic (0.1–5 mm) and pelitic 
(<0.1 mm). The layers of the former are signifi cantly thicker 
(from 2 m to 15–20 cm) than those of the latter (1–15 mm). 
The upper part (4 m) consists of dark gray pelitic tuffs with 
an indistinctly laminated structure. The thickness of the tuffs 
in the Khakanchansky Formation decreases considerably 
from the central (19.4 m) to the marginal part of the trough 
(0.6 m), and the thickness of the basalts decreases to 17 m. 

 The volcanics of the  Tuklonsky Formation  overlie the 
Khakanchansky rocks and are represented by light greenish- 
gray basalts with a fi ne-grained tholeiitic texture and mas-
sive structure. The thickest section of the volcanic sequence 
observed in borehole OM-6 includes fi ve fl ows of varying 
thickness (from bottom to top): 31.3, 7.2, 2.1, and 8.7 m. The 
strong chloritization of the rocks imparted a uniform green-
ish color, which distinguishes them from the underlying and 
overlying rocks. A thin (20 cm) layer of greenish claret 
psammitic tuffs with a distinctly laminated structure was 
found in the basaltic sequence. The number of fl ows 
decreases to two (16.3 and 25.6 m thick) toward the side of 
the trough. The lower fl ow is made up of dark gray sparsely 
porphyritic basalts with a fi ne-grained doleritic texture in the 
groundmass and massive structure, and the upper fl ow is 
identical to the tholeiitic basalts in the central part. The fl ows 
are separated by a thin (1 m) layer of dark gray psammitic 
tuffs with weakly manifested bedding. The thickness of the 
Tuklonsky Formation ranges from 52.3 to 42.9 m. 

 The  Nadezhdinsky Formation  lies above the Tuklonsky 
rocks. It is distinguished by the greater thickness of both 
 particular fl ows and the total section than those of the other 
seven formations described within the Noril’sk Trough. Most 
of the rocks in the Nadezhdinsky Formation are characterized 
by a dark gray to black color and an aphyric texture. Its struc-
ture in the central and southwestern parts of the trough is sig-
nifi cantly different. In the center, the formation consists of 
three subformations with thicknesses of (from bottom to top) 
171.8, 252.3, and 72.2 m separated by tuff interbeds. The 
lower subformation includes ten fl ows (10–15 m thick) of 

aphyric and sparsely porphyritic (mainly polyphyric) basalts 
with tuff breccias and tuffs (5–7 m) at the base of the unit. The 
fragments range in size from pelitic to agglomerate. At the 
southeastern side of the trough, two fl ows of tholeiitic basalts 
(13.2 and 11.4 m) overlain by six fl ows of aphyric and poly-
phyric rock varieties appear at the base of the formation. The 
total thickness of the subformation remains unchanged. The 
middle subformation begins from a thick (14.3 m) tuff layer, 
which is overlain by tuff breccias. It includes 22 basalt sheets, 
7–14 m thick, which are dominated by aphyric and poly-
phyric varieties. They are separated by tuff interbeds (1.0–
6.7 m thick). The roof of the member is marked by a thick 
(15.9 m) layer of psephitic and psammitic tuffs and two sheets 
of aphyric basalts. The structure of the member changes in the 
east, where it consists of ten sheets (from 4.4 to 35.7 m thick) 
of dominant polyphyric and glomerophyric basalts (with pla-
gioclase and pyroxene phenocrysts) and occasional basalts 
with an indistinctly crystalline texture. The upper subforma-
tion is signifi cantly different from the lower ones: it is 
 represented by only glomerophyric fi ne-grained basalts con-
taining up to 25 % intergrown tabular plagioclase grains up to 
5 mm in size. They form six fl ows ranging in thickness from 
1.4 to 22.3 m. To the southeast, the thickness of the glomero-
phyric rock varieties decreases to 40 m, and the thicknesses of 
the lower and middle subformations are 167.6 and 173.1 m, 
respectively. The maximum thickness of the Nadezhdinsky 
Formation (borehole OM-6) is almost 500 m. 

 The  Morongovsky Formation  crowns the section and 
rests on the Nadezhdinsky Formation. In addition to basalts, 
the formation contains considerable amounts of pyroclastic 
rocks, which distinguishes it from the other formations. It 
was documented in only the central part of the trough, where 
it comprises fi ve sheets of aphyric and occasionally porphy-
ritic basalts in the lower subformation and a thick tuff layer 
in the upper subformation. The dark gray basalts in the 
lower subformation show a fl uidal structure. Porphyritic 
varieties are the most common, containing minor amounts 
of plagioclase phenocrysts (up to 5 %) that often form 
glomerophyric aggregates. Most of the lava fl ows are under-
lain by pelitic–psephitic laminated tuffs (3–5 m). The thick-
ness of the lower subformation is 75 m. The upper 
subformation is composed of laminated green and brown-
ish-red tuffs of varying grain sizes, from pelitic (fragments 
no larger than 0.5 mm) to agglomerate (tens of centimeters). 
The fragments are dominated by aphyric and, occasionally, 
amygdaloidal basalts. The thickness of the subformation is 
up to 28 m. 

 A comparison of the sections in the Noril’sk Trough with 
those described in the eastern slope of the Khantaysko–
Rybninsky swell (western part of the Tunguska syneclise) 
and investigated by us in the lower reaches of the Mikchangda 
River allowed us to make the following main conclusions. 
The thicknesses of almost all the formations decrease by 
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20–25 % from the central part of the trough to its eastern 
side, toward the western part of the Khantaysko–Rybninsky 
swell. It is possible that the development of intrusive com-
plexes in different structural units was also characterized by 
specifi c features, which could affect the formation of Pt–Cu–
Ni mineralization. The analysis of this suggestion requires 
further detailed investigations focusing on a comparison 
between the geological structure and the development of the 
various tectonic units in the region.  

3.2.2     General Characterization 
of the Volcanic Rocks in the Area: 
An Example of the Mokulaevsky Creek 
(Upper Formations) 

 The upper formations were studied in the Kharaelakh Trough 
because they were eroded in the Noril’sk Trough. Partially 
these data were published (Sluzhenikin et al.  2014 ). 

 The  Morongovsky Formation  (T 1 mr). As part of the 
 formation (Fig.  3.9 ), 13 lava fl ows and 9 horizons of 
 tuffaceous rocks have been revealed. The total formation 
thickness is 300 m. It borders the Mokulaevsky Formation 
along the roof of the thickest aphyric basaltic fl ow. 
Dominating in the Morongovsky Formation are basalts with 
the aphyric structure: the lower part is dominated by thin 
(10–15 m) fl ows and the top by thicker fl ows up to 30–40 m. 
Two lava fl ows with glomeroporphyric structure containing 
large phenocrysts and plagioclase splices have been estab-
lished. The rock composition is typical for tholeiitic basalts: 
30–52 % plagioclase (An 45–60 ), 25–45 % clinopyroxene 
(Mg# = 68–80), 3–7 % olivine, 3–5 % ore minerals, and 5–22 
% glass devitrifi cation products. Tuffs contain angular and 
rounded fragments with psammitic, gravel and lapilli dimen-
sions presented by variously altered basalts, volcanic glass, 
plagioclase, pyroxene or quartz grains, etc. Recent basalt 
fragments are observed in fragmental tuffs. Xenogenic frag-
ments of sedimentary rocks underlying the tuff–lava strata 
are observed less frequently. Cement is composed of fi ne-
clastic ash material and often entirely chloritized and calci-
tated. Compared with the Nadezhdinsky Formation, the 
Morongovsky basalts differ in somewhat elevated titanium 
levels (TiO 2  > 1 wt %, typical for the Siberian Traps) and low 
potassium concentrations (0.4 wt % of K 2 O on average).

   The  Mokulaevsky Formation  (T 1 mk). There are 14 lava 
fl ows and 2 tuff horizons in the Mokulaevsky Formation. It 
is characterized by the predominance of effusive rocks 
over tuffaceous rocks. Total thickness of the Mokulaevsky 
Formation basalts is 240 m. The upper boundary is on the 
roof of tuffaceous horizon, above which oligoglomeropor-
phyritic basalts appear. The latter dominate dramatically 
in the section. Poikilophitic and aphyric basalt structural 
varieties are rarely observed. In thick fl ows the transition 

is from aphanitic structure in their marginal parts to fi ne 
and medium grain in the central part, from micro-grained 
to coarse- grained poikilophitic structure. The Mokulaevsky 
Formation basalts are characterized by insignifi cant varia-
tions of their mineral composition without a great variety 
of microstructures. Among the latter, poikilophitic and 
doleritic textures are the most abundant, whereas ophitic, 
tholeiitic, and intersertal textures are less frequent. 
Prevailing in porphyry phases are plagioclase (An 65–80 ) 
grains, which often form splices of 2–5 mm in size, with 
the maximum amount (10–15 %) in the basalts of the 
upper unit of the low-Mokulaevsky subformation. The 
bulk of the basalts consists of 35–53 % plagioclase (An 45–

60 ), 25–35 % clinopyroxene (Mg# = 64–82), 12.3 % olivine 
(Fo 44–67 ), ~ 3–7 % ore minerals, and 5–13 % devitrifi cation 
glass products. 

 By composition, the Mokulaevsky Formation rocks have 
elevated (compared to the Morongovsky basalts) titanium 
contents (above 1.2 wt %), which allows distinguishing them 
in mapping even in the absence of the Nadayansky horizon 
allocated at the base of the Mokulaevsky Formation and 
widely known within limits of the Siberian platform. 

 The  Kharaelakhsky Formation  (T 1 hr). As part of the 
Kharaelakhsky Formation (Fig.  3.9 ), 30 lava fl ows and 4 
horizons of alevrite and psammite tuffs have been allocated. 
The total thickness of the suite is 475 m. Its boundary with 
the overlying Kumginsky Formation goes along the appear-
ance of fi ne-grained aphyric basalts in the section. The 
basalts are characterized by aphyric and glomeroporphyritic 
structures (in the lower and top parts of the section, respec-
tively) and fl uidly texture (Fig.  3.10a ). Poikilophitic struc-
ture of the bulk, often coarse-grained, is typical for both of 
them. This helps diagnose formation rocks in the fi eld condi-
tions. The present horizons of tuffaceous rocks occur in the 
upper section. Phenocrysts in porphyritic basalts are pre-
sented by bytownite (An 75 , up to 3 %) sized 0.4–2 mm and 
olivine (Fa 31 , 4 %) sized 0.5–0.8 mm. The groundmass is 
composed of 50 % plagioclase (An 65–60 ), around 30 % xeno-
morphic clinopyroxene grains and 3 % olivine (Fa 44 ) grains, 
3 % lamellar splices of ilmenite and magnetite, and 6 % vol-
canic glass.

   The  Kumginsky Formation  (T 1 km). The Kumginsky 
Formation has a simple structure: it consists of 6 basalt 
sheaths/overthrusts with aphyric, porphyry, and  glomero- 
and oligoglomeroporphyritic rock structures and prevailing 
thin-fi ne-grained microdolerite and micropoikilophitic tex-
tures. A characteristic distinctive feature of the Kumginsky 
Formation glomeroporphyritic basalts is a large number 
(10–15 %) of plagioclase agglomerations of 3–5 mm in size. 
The visible thickness of the described Kumginsky Formation 
near the Mokulaevsky Creek is 40 m (its upper part is turfed). 
According to their textural and structural features, the basalts 
of the tuff–lava strata are very similar to each other. The fl ow 
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  Fig. 3.10    Basalts of the Formations 
 a— Kharaelakhsky,  b— Mokulaevsky, upper zone of fl ow       

borders can be established with enough confi dence by the 
presence of the upper amygdaloidal zone, which sometimes 
has a complex structure (Fig.  3.10b ). This can be demon-
strated by the example of one of their fl ows (observation 
point M-51). It is not always possible to identify the borders 
of the formations during geological trips. 

 Rocks of the  Samoedsky Formation  are concentrated in 
the central part of the Kharaelakh and Ikonsky Troughs, to 
north from Mokulaevsky Creek. They are represented by 
aphyric, rarely poikilophitic basalts. 

3.2.2.1     Geochemical Characteristics of the Major 
Elements in the Volcanic Rocks 

 Specifi c features of each formation are shown in a series of 
diagrams (Figs.  3.11 ,  3.12 ,  3.13 ,  3.14 ,  3.15 ).

       The analysis of the variations in the chemical composi-
tion of the volcanic sequence in the Noril’sk Trough 
reveals a wide range of rocks (Table  3.2 ), which clearly 
illustrates the difference between its uniform upper part 
and the compositionally more contrasting lower part. For 

instance, a gradual decrease in the TiO 2  content in basalts 
(Fig.  3.11 ) from the lower part of the section from the 
Ivakinsky (2.18 wt %) to Tuklonsky Formations (0.9–1.3 
wt %) is changed by the persistently low TiO 2  content 
(0.9–1.3 wt %) in the upper part. Nonetheless, minor vari-
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  Fig. 3.11    Diagram TiO 2  vs. MgO for volcanic rocks of the Noril’sk 
Trough       
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ations in TiO 2  allowed us to distinguish between the 
youngest rocks in the middle Nadezhdinsky–Morongovsky 
Formations that are enriched in this component and the 
older TiO 2 -depleted rocks from the lower part of the 
Nadezhdinsky Formation.

   With respect to the SiO 2  content, there is a continuous 
series from basalt to andesite (46–55 wt % SiO 2 ). The total 
alkalis content ranges from 0.4 to 6 wt %, and the MgO 
 content is 3–20 wt %. As observed in the (Na 2 O + K 2 O)—
SiO 2  diagram (Fig.  3.12 ), the highest alkalinity is charac-
teristic of the lower two formations, Ivakinsky and 
Syverminsky, which consist of trachybasalts and basaltic 
trachyandesites. The rocks in the former formation are 
highly potassic. The basalts in the other formations fall 
within the fi eld of subalkaline rocks. Considerable varia-
tions of the MgO contents were observed for the rocks in 
the Gudchikhinsky Formation. Signifi cant differences are 
the characteristic of the Nadezhdinsky Formation, i.e., the 
compositional points of its constituent basalts are distinct 
from those of other formations regarding SiO 2 , TiO 2 , 
Fe 2 O 3 , etc. (Fig.  3.13 ). The rocks of the lower part of 
Nadezhdinsky Formation are depleted in Cu (Table  3.3 ). 
Volcanic rocks of the Morongovsky Formation are also 
quite clearly distinguished by a number of components 
from the underlying rocks. The higher basalts of 
Mokulaevsky, Kharaelakhsky, and Kumginsky Formations 
are along the section, the more homogeneous they are. 
They are subdivided effectively only by textural and struc-
tural features.

3.2.2.2        Trace Elements 
 The analysis of primitive mantle-normalized trace element 
patterns in the volcanic rocks from the trap association of 
the Noril’sk Trough (Fig.  3.14 ) indicates, on the one hand, 

  Fig. 3.12    Diagram Na 2 O + K 2 O vs. SiO 2  for volcanic rocks of the 
Noril’sk Trough
After Krivolutskaya and Rudakova ( 2009 )       

45

48

51

54

5.5 6 6.5 7 7.5 8 8.5

SiO2 ,wt %

0.8

1.3

1.8

5.5 6 6.5 7 7.5 8 8.5

TiO2, wt %

0

0.5

1

1.5

2

5.5 6 6.5 7 7.5 8 8.5

K2O,wt %

9

12

15

5.5 6 6.5 7 7.5 8 8.5

nd
mr
mk
kh

Fe2O3,wt %

MgO, wt %
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  Fig. 3.14    Trace element patterns for volcanic rocks of the Noril’sk Trough (normalized to primitive mantle, Hofmann  1988 )
After Krivolutskaya and Rudakova ( 2009 )       

their similarity (enrichment in incompatible elements and 
the presence of varying negative anomalies of Ta–Nb, Eu, 
and Ti) and, on the other hand, the evolution of rock compo-
sition with time. The alkali-rich rocks from the lower two 
formations are generally enriched in all trace elements, 
especially large-ion lithophile (LIL) elements. The overly-
ing basalts of the Gudchikhinsky Formation do not show 
such enrichment, but they are similar to the rocks from the 
lower formations, which have high Gd/Yb ratios. All the 
overlying rock varieties show fl atter heavy REE patterns, 
which allowed us to distinguish them into a separate group 
from the complexes of the three lower formations. The dif-

ferences between the compositions of the rocks from these 
two parts of the section are illustrated by the MgO, SiO 2 , 
TiO 2 , Gd/Yb, and La/Sm variations in the volcanics from 
borehole OM-6 (Fig.  3.11 ). The differences are clearly 
observed in the La/Sm–Gd/Yb  diagram (Fig.  3.15a ), where 
the compositions of the three lower formations plot at much 
higher Gd/Yb values (>2) than the basalts from the other 
formations. A gradual increase in the magnitude of the Ta–
Nb and Ti anomalies from the early to late formations is a 
general tendency of geochemical variations (Fig.  3.15b ). In 
addition to the aforementioned common features, each for-
mation shows its own distinctive geochemical characteris-
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tics. For instance, the lower two formations show relatively 
high amounts of all trace elements, whereas the minimum 
amounts (an order of magnitude lower than in the other for-
mations) are typical of the Gudchikhinsky Formation. The 
compositions of the volcanic rocks in the Khakanchansky 
Formation are strongly different from those of the underly-
ing Gudchikhinsky rocks and overlying Tuklonsky rocks, 
but their distribution patterns are identical to those of the 
Nadezhdinsky basalts. The compositions of the rocks in the 
Khakanchansky Formation are in Table  3.2  (analyses 
18–21). It should be emphasized that the trace element 
amounts in the tuffs were determined for the fi rst time for 
the Noril’sk region. The trace element patterns of the rocks 
in the Tuklonsky Formation lie somewhat higher than those 
of the Gudchikhinsky rocks and exhibit a distinct positive Sr 
anomaly. Their REE patterns have a fl atter heavy REE 
slope. The Nadezhdinsky Formation is distinguished by sig-
nifi cant enrichment in incompatible elements (in particular, 
it shows high La/Sm ratios ranging from 4.6 to 4.9) and the 
presence of a distinct Ta-Nb anomaly (Fig.  3.16 ). The rocks 

in the Morongovsky Formation have less enriched trace ele-
ment patterns and show identical compositions in the 
Noril’sk Trough and other structures (Mokulay Greek). The 
gradient of the distribution spectrum of trace elements and 
the value of Ta–Nb anomalies are clearly observed.

3.2.3         General Characterization 
of the Volcanic Rocks 
in the Area: An Example 
of the Mikchangdinsky Area 

 Mikchangdinsky area (Fig.  3.17 ) is a very interesting terri-
tory due to its location, in northern pericline framing of the 
Khantaysko–Rybninsky swell, which divides the Noril’sk 
area into two structurally distinct blocks: the Noril’sk–
Kharaelakh Trough and the western part of the Tunguska 
syneclise. Many individual basalt sections have been studied 
(white lines in Fig.  3.17 ). Figure  3.18  demonstrates the 
example of one of them. The best example of basalt sections 
within this area is in the southern shore of Lake Glubokoe. 
The bottom portion of the section of volcanic rocks crops out 
at Mount Sunduk and is described in (Section 1F, Lightfoot 
et al.  1994 ; Fedorenko et al.  1996 ). We prepare a more 
detailed structural chart of the volcanic rocks (Fig.  3.19 ) than 
those published earlier, and we distinguish certain new pat-
terns in the inner structure of the tuff–lava pile. In particular, 
it was found that the geochemical features of the tuffs in 
Tuklonsky Formation are analogous to the Nadezhdinsky 
basalts (Table  3.3 ). Composite section of volcanic rocks for 
the eastern part of the Noril’sk area is shown in Fig.  3.20 . 
The lower formations display high Gd/Yb ratios, while for 
the upper formations, low Gd/Yb is typical.

      The analysis of the primitive mantle-normalized trace 
element patterns of volcanic rocks of the fl ood basalt asso-
ciation in the Noril’sk area shows, on the one hand, certain 
similarities between the rocks (richness in incompatible ele-
ments and variably pronounced Tb–Nb, Eu, and Ti anoma-
lies) and, on the other hand, an evolution of the composition 
of the rocks with time (Fig.  3.21а ). The rocks of the two 
lower formations have a subalkaline composition and are 
generally enriched in trace elements, fi rst of all in LILE. The 
overlying basalts of the Gudchikhinsky Formation show no 
such features but are nevertheless similar to the underlying 
rocks by having elevated Gd/Yb ratios. This is the only rock 
type in the area that exhibits evidence of derivation from a 
mantle source (absence of the aforementioned anomalies). 
All of the overlying rocks have more gently sloping HREE 
patterns, which led us to  distinguish these rocks as a sepa-
rate group that is different from rocks of the lower three 
formations. All variety of spectra can be reduced to fi ve 
types (Fig.  3.21b ).

  Fig. 3.15    Diagrams La/Sm–Gd/Yb for volcanic rocks of the Noril’sk 
Trough 
  Conventions see Fig.  3.12        
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    Table 3.2    Chemical composition of the volcanic rocks from the Noril’sk Trough (borehole OM-6)   

 No  1  2  3  4  5  6  7  8  9 

 No sample
element 

 46.1  89.9  146  189  252  269  282  285  291 

 SiO 2   48.9  49.4  50.1  47.8  52.1  49.7  52.4  50.6  52.0 

 TiO 2   1.12  1.10  1.00  1.26  1.06  1.18  1.12  1.21  1.12 

 Al 2 O 3   16.7  16.2  15.0  14.9  12.9  15.3  13.3  14.4  14.5 

 Fe 2 O 3   12.3  12.4  12.1  13.4  10.9  11.4  12.2  11.8  11.2 

 MnO  0.19  0.18  0.17  0.17  0.16  0.20  0.15  0.17  0.16 

 MgO  7.19  6.90  4.86  5.29  5.36  6.72  5.66  6.14  6.04 

 CaO  11.2  11.2  10.0  10.2  8.98  9.62  8.95  10.6  9.81 

 Na 2 O  1.93  1.95  2.69  2.34  2.94  2.74  2.87  2.18  2.05 

 K 2 O  0.33  0.38  0.63  0.43  0.99  0.56  0.91  1.18  1.22 

 P 2 O 5   0.11  0.11  0.21  0.16  0.14  0.12  0.16  0.13  0.13 

 LOW  1.45  1.87  2.85  3.18  3.60  2.11  1.48  1.22  1.45 

 Summa  101  101  99.7  99.2  99.3  99.7  99.3  99.8  99.8 

 Rb  6.00  4.00  11.00  5.68  31.9  10.2  23.3  26.2  36.3 

 Ba  304  338  311  318  404  313  328  317  339 

 Th  1.07  1.48  2.52  3.71  4.18  3.74  3.90  3.65  3.64 

 U  0.45  0.54  1.10  1.11  1.17  0.98  1.07  0.96  0.95 

 Nb  5.1  5.70  8.35  10.7  8.82  9.01  8.39  8.67  10.4 

 Ta  0.32  0.32  0.45  0.64  0.95  0.58  0.56  0.55  0.68 

 La  7.33  9.07  15.5  18.60  21.0  17.9  18.9  19.6  19.6 

 Ce  17.1  20.7  32.8  40.6  44.3  41.0  40.8  42.0  41.8 

 Pr  2.06  2.39  3.94  4.97  5.32  5.06  4.93  5.06  5.00 

 Sr  207  207  286  273  364  350  275  271  261 

 Nd  10.6  12.3  16.19  20.09  21.3  19.9  20.0  19.8  19.9 

 Sm  3.02  3.27  3.57  4.50  4.60  4.27  4.26  4.24  4.33 

 Zr  89.0  98.0  117  150.8  144  144  144  142  161 

 Hf  2.43  2.63  2.70  3.81  3.84  3.67  3.80  3.53  3.95 

 Eu  1.05  1.07  1.05  1.29  1.24  1.18  1.18  1.21  1.28 

 Ti  5,242  5,148  5,683  7,123  6,504  6,416  6,147  6,302  6,443 

 Gd  3.63  3.80  3.93  4.62  4.82  4.46  4.43  4.31  4.28 

 Tb  0.64  0.65  0.68  0.75  0.80  0.74  0.73  0.73  0.73 

 Dy  4.08  4.08  4.46  4.71  4.90  4.48  4.51  4.41  4.48 

 Y  22.3  23.1  25.2  24.2  25.6  23.4  23.1  23.4  23.3 

 Ho  0.88  0.87  0.98  0.98  1.05  0.92  0.96  0.91  0.92 

 Er  2.54  2.53  2.81  2.76  2.90  2.59  2.66  2.59  2.57 

 Tm  0.35  0.36  0.43  0.41  0.43  0.38  0.40  0.38  0.38 

 Yb  2.32  2.33  2.81  2.66  2.77  2.48  2.50  2.39  2.45 

 Lu  0.35  0.36  0.43  0.37  0.40  0.37  0.38  0.37  0.37 

 Cu  122  113  68.4  73.2  95.8  54.9  49.3  66.4  41.4 

 Ni  107  86  65.1  688  48.9  33.2  54.9  47.6  44.6 

 No  10  11  12  13  14  15  16  17  18 

 No sample
element 

 306.0  311.9  317.2  332.6  421.0  495.2  559.8  604.0  611.0 

 SiO 2   51.6  51.2  51.7  52.2  57.2  52.6  52.7  47.6  53.5 

 TiO 2   1.13  1.11  0.96  1.09  0.71  1.00  1.00  0.95  0.98 

 Al 2 O 3   14.6  14.3  12.9  14.5  13.7  15.2  14.1  15.0  13.4 

 Fe 2 O 3   11.3  10.8  9.19  11.8  7.55  10.9  11.0  10.8  10.6 

 MnO  0.15  0.18  0.20  0.15  0.11  0.13  0.14  0.17  0.14 

 MgO  5.88  5.49  4.45  5.05  2.62  4.74  4.70  7.83  6.33 

 CaO  9.89  10.9  8.21  9.62  3.37  8.86  9.25  11.9  6.40 

(continued)
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Table 3.2 (continued)

 No  10  11  12  13  14  15  16  17  18 

 No sample
element 

 306.0  311.9  317.2  332.6  421.0  495.2  559.8  604.0  611.0 

 Na 2 O  2.32  2.07  2.66  2.44  0.37  2.64  2.60  1.60  3.25 

 K 2 O  1.06  0.92  3.12  0.66  6.53  1.07  0.53  0.23  1.12 

 P 2 O 5   0.12  0.13  0.11  0.14  0.15  0.14  0.13  0.08  0.13 

 LOW  1.53  2.50  6.13  1.63  6.77  1.96  3.06  3.43  3.24 

 Summa  99.8  99.8  99.7  99.4  99.1  99.3  99.3  99.7  99.1 

 Rb  34.4  25.6  154  12.47  354  21.3  16.2  5.63  60.1 

 Ba  313  329  535  315  444  306  330  159  357 

 Th  3.61  3.78  3.21  3.82  6.65  3.77  4.12  0.67  3.54 

 U  0.94  1.09  1.31  1.00  1.65  1.11  1.04  0.19  0.81 

 Nb  8.25  8.69  7.41  8.53  12.7  8.46  9.16  3.27  8.56 

 Ta  0.53  0.56  0.50  0.85  0.91  0.59  0.66  0.18  0.56 

 La  18.5  19.9  16.6  19.2  28.0  18.0  20.1  4.28  17.8 

 Ce  39.8  41.8  34.6  41.5  58.8  38.4  42.5  9.74  39.3 

 Pr  4.82  4.92  4.24  4.99  6.75  4.64  5.10  1.37  4.82 

 Sr  281  290  251  273  71.2  272  377  230  196 

 Nd  19.1  19.5  16.8  20.0  26.5  18.9  20.2  6.34  19.6 

 Sm  4.06  4.14  3.74  4.39  5.29  4.10  4.22  1.86  4.10 

 Zr  138  145  125  143  200  129  138  55.6  137 

 Hf  3.44  3.62  3.21  3.71  5.13  3.30  3.61  1.46  3.47 

 Eu  1.18  1.18  0.91  1.23  1.27  1.13  1.21  0.83  1.13 

 Ti  5,958  6,233  5,442  6,378  6,012  5,922  5,809  5,040  5,979 

 Gd  4.13  4.27  3.89  4.41  5.13  4.13  4.23  2.28  4.12 

 Tb  0.69  0.72  0.61  0.73  0.82  0.68  0.70  0.40  0.67 

 Dy  4.17  4.37  3.86  4.57  4.98  4.21  4.34  2.60  4.22 

 Y  22.2  22.2  20.3  23.5  25.8  21.7  22.2  14.1  21.3 

 Ho  0.88  0.91  0.81  0.97  1.03  0.89  0.92  0.56  0.87 

 Er  2.40  2.48  2.25  2.67  2.89  2.49  2.55  1.53  2.43 

 Tm  0.37  0.37  0.33  0.40  0.44  0.37  0.38  0.23  0.36 

 Yb  2.26  2.35  2.06  2.54  2.68  2.25  2.39  1.42  2.27 

 Lu  0.35  0.35  0.32  0.37  0.40  0.34  0.35  0.22  0.33 

 Cu  74.8  69.1  62.0  40.3  32.3  5.06  19.3  63.4  19.2 

 Ni  <2  44.2  42.1  38.6  166  50.2  69.9  86.7  17.9 

 No  19  20  21  22  23  24  25  26  27 

 No sample
element 

 619.1  646.0  671.1  703.7  708.4  750.4  792.2  838.7  852.5 

 SiO 2   49.9  50.7  49.7  44.4  43.5  50.4  50.4  51.6  51.0 

 TiO 2   0.85  0.90  1.05  1.50  1.52  1.75  1.79  1.52  2.75 

 Al 2 O 3   14.0  14.7  13.2  9.13  8.65  15.2  15.2  13.7  12.5 

 Fe 2 O 3   11.0  10.6  9.52  14.4  15.3  11.9  11.8  10.9  10.8 

 MnO  0.15  0.14  0.13  0.12  0.15  0.15  0.14  0.21  0.13 

 MgO  6.81  5.54  6.32  13.4  13.9  4.57  4.95  8.41  2.81 

 CaO  8.01  10.3  6.17  8.00  8.11  9.36  8.99  5.41  14.5 

 Na 2 O  2.82  2.29  2.23  1.04  1.06  3.30  3.11  2.82  0.15 

 K 2 O  0.72  0.71  1.02  0.18  0.07  0.60  0.69  0.94  0.14 

 P 2 O 5   0.13  0.10  0.12  0.13  0.12  0.24  0.24  0.20  0.43 

 LOW  4.63  3.13  9.82  6.64  6.52  1.98  1.84  3.59  3.99 

 Summa  99.1  99.2  99.3  99.1  99.0  99.5  99.3  99.3  99.4 

 Rb  33.4  25.1  52.1  3.59  1.89  8.17  15.2  40.7  3.59 

 Ba  401  265  249  74.9  33.7  306  268  436  26.3 

(continued)
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 No  19  20  21  22  23  24  25  26  27 

 No sample
element 

 619.1  646.0  671.1  703.7  708.4  750.4  792.2  838.7  852.5 

 Th  3.13  2.93  4.38  1.23  1.13  1.87  1.78  3.78  7.35 

 U  0.74  0.65  1.41  0.37  0.43  0.44  0.43  0.97  1.81 

 Nb  7.68  7.44  8.06  6.24  5.85  10.3  10.0  11.0  23.6 

 Ta  0.52  0.50  0.57  0.49  0.58  0.65  0.65  0.89  1.64 

 La  18.4  16.6  19.7  7.18  6.60  18.1  16.6  22.6  41.7 

 Ce  37.7  34.9  42.1  18.9  17.0  39.3  37.2  48.7  89.5 

 Pr  4.55  4.20  5.01  2.73  2.46  5.08  4.83  5.94  10.9 

 Sr  4,614  276  163  229  231  433  419  468  98.0 

 Nd  18.1  16.7  19.8  13.0  11.8  21.9  20.4  23.9  44.9 

 Sm  3.80  3.56  4.28  3.55  3.24  5.26  4.84  5.32  9.76 

 Zr  122  116  128  96.6  87.8  1,566  158  188  341 

 Hf  3.17  2.95  3.34  2.69  2.41  3.92  3.79  4.60  8.56 

 Eu  1.09  1.07  1.16  1.17  1.17  1.81  1.63  1.63  2.61 

 Ti  5,743  5,020  5,105  8,977  8,746  10,860  10,854  8,811  14,055 

 Gd  3.78  3.57  4.22  3.89  3.63  5.34  5.05  5.26  9.52 

 Tb  0.62  0.58  0.66  0.63  0.58  0.83  0.81  0.81  1.48 

 Dy  3.85  3.64  4.04  3.65  3.36  5.00  4.81  4.89  8.77 

 Y  19.6  18.4  20.2  16.9  15.4  23.5  22.9  23.3  42.0 

 Ho  0.82  0.76  0.84  0.72  0.67  1.00  0.97  0.99  1.76 

 Er  2.24  2.09  2.29  1.87  1.70  2.65  2.49  2.59  4.66 

 Tm  0.34  0.32  0.34  0.26  0.24  0.37  0.35  0.37  0.67 

 Yb  2.08  1.97  2.17  1.52  1.38  2.28  2.14  2.32  4.02 

 Lu  0.32  0.29  0.33  0.23  0.20  0.33  0.31  0.33  0.60 

 Cu  38.1  26.2  117  77.4  81.9  53.6  40.8  22.4  92.4 

 Ni  41.0  41.7  189  487  680  56.1  40.3  83.9  108 

 No  28  29  30  31  32  33 

 No sample
element 

 874.6  890.3  914.0  940.2  992.5  1,029.5 

 SiO 2   51.7  53.3  50.3  53.4  53.4  50.8 

 TiO 2   1.70  1.51  1.62  2.10  2.18  2.15 

 Al 2 O 3   12.2  14.4  13.2  13.5  13.2  14.5 

 Fe 2 O 3   11.5  10.3  11.8  12.0  13.4  14.2 

 MnO  0.14  0.15  0.16  0.13  0.16  0.17 

 MgO  6.81  4.76  7.12  3.82  3.79  3.04 

 CaO  8.27  6.99  7.54  7.04  5.34  6.59 

 Na 2 O  2.71  2.67  2.61  2.75  2.96  3.71 

 K 2 O  0.74  1.55  0.78  1.65  1.74  1.41 

 P 2 O 5   0.25  0.19  0.27  0.35  0.80  0.95 

 LOW  2.89  3.10  3.58  2.15  2.50  1.67 

 Summa  99.1  99.1  99.0  99.0  99.6  99.3 

 Rb  10.8  47.8  19.3  39.6  52.7  46.8 

 Ba  3,649  422  323  531  764  582 

 Th  3.82  6.58  3.78  6.11  5.21  5.17 

 U  0.95  1.73  0.97  1.59  1.30  1.47 

 Nb  13.2  18.1  13.1  20.8  25.3  24.5 

 Ta  0.90  1.33  0.92  1.51  1.64  1.61 

 La  23.1  33.2  20.7  38.8  48.7  47.3 

 Ce  49.2  69.5  47.5  82.1  105  104 

 Pr  6.08  8.29  5.82  9.93  13.3  13.4 

Table 3.2 (continued)
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3.3         Principal New Data on the  Volcanic Rocks 

3.3.1     Tholeiitic Basalts of the Central Part 
of Pile 

 Rocks of the lowest formations are clearly divided into for-
mations based on their major compositions, whereas such 
division of volcanic rocks of the upper part of section is 
often diffi cult because of the similarities in the petrochemi-
cal, structural, and textural characteristics of the lavas and 
the absence of reliable reference horizons among them. 
This diffi culty is mostly associated with three “transition” 
formations, namely, the Khakanchansky, Tuklonsky, and 
Nadezhdinsky Formations (and partially with Ivakinsky), 
which are typical basalts with tholeiitic textures that are 
macroscopically indistinguishable and located one above 
the other (Fig.  3.22 ). Their recognition is possible only on 
the basis of correlation of minor element distribution spec-
tra in rocks, which vary signifi cantly from one formation to 
the next. Thus, the tholeiitic basalt of the Nadezhdinsky 
Formation is characterized by the high concentrations of 
LILEs and a (La/Sm) n  ratio greater than 3, whereas volca-
nic rocks of the Tuklonsky Formation are distinguished by 
a low (La/Sm) n  ratio (<1.5). The Khakanchansky 
Formation, which primarily consists of tuff, also contains 
rare tholeiitic basalt layers, although their geochemical 

characterization is not available. The only analysis of tuff is 
given in (Fedorenko et al.  1996 ). Due to the importance of 
these formations, we studied the structure of eight sections 
of the middle part of the tuff–lava series in various parts of 
the region: the northern periclinal framework of the 
Khantaysko–Rybninsky swell (northern side of Lama Lake, 
downstream along the Mikchangda River), the northwest-
ern part of the Kharaelakh Trough, and the western part of 
the Tunguska syneclise (Glubokoe Lake). As a result, it was 
established that tholeiite basalt layers described by previ-
ous researchers while studying the composition of the 
Khakanchansky Formation were abundant only in the cen-
tral part of the Noril’sk region and were most typical in the 
area of the Khantaysko–Rybninsky swell. Their composi-
tion was that of the tuff alternating with them in the section: 
based on the concentrations of major and, particularly, 
minor elements, the basalts are identical to the rocks of the 
Tuklonsky Formation, whereas the tuff and tuffi te are anal-
ogous to rocks of the Nadezhdinsky Formation. This fi nd-
ing is supported by fi ndings in one of the sections studied 
in detail on the north side of Lama Lake (Krivolutskaya 
 2011 ). In this case, picritic basalt of the Gudchikhinsky 
Formation characterized in (Sobolev et al.  2009 ) is overlain 
by alternating tuff, tuffi te, and tholeiitic basalt (Fig.  3.23 ), 
which in the fi eld conditions were presumably related to 
the Khakanchansky Formation.

 No  28  29  30  31  32  33 

 No sample
element 

 874.6  890.3  914.0  940.2  992.5  1,029.5 

 Sr  400  395  495  440  365  486 

 Nd  24.7  32.1  24.1  38.6  54.8  56.1 

 Sm  5.41  6.67  5.28  8.19  11.76  11.7 

 Zr  195  2,396  192  281  359  270 

 Hf  4.67  5.95  4.54  6.94  8.99  6.60 

 Eu  1.64  1.69  1.68  2.16  3.32  3.00 

 Ti  8,550  8,224  8,743  12,057  13,313  13,561 

 Gd  5.20  6.28  5.18  7.50  11.06  10.8 

 Tb  0.83  0.96  0.83  1.18  1.65  1.61 

 Dy  4.88  5.76  4.93  7.08  9.61  9.31 

 Y  23.3  28.4  23.7  33.3  43.7  45.1 

 Ho  0.97  1.16  0.99  1.39  1.91  1.88 

 Er  2.59  3.12  2.63  3.77  5.03  4.95 

 Tm  0.37  0.46  0.38  0.55  0.71  0.68 

 Yb  2.31  2.84  2.31  3.38  4.26  4.18 

 Lu  0.32  0.41  0.34  0.48  0.62  0.59 

 Cu  20.5  22.8  52.5  27.8  29.2  19.0 

 Ni  124  89.2  56.8  14.5  23.0  65.0 

  Note: (1) No sample correlates with the depth in borehole ОМ-6, m (ОМ-6/46.1); (2) No analyses, formations: 1, 2 — T 1  mr , 3–16 (3 — T 1  nd   3  , 
4–14 — T 1  nd   2  , 15–16 — T 1  nd   1  ), 17 — T 1  tk , 18–21 — T 1  hk , 22–25 — T 1  gd  (22–23 — T 1  gd   2  , 24–25 — T 1  gd   1  ), 26–30 — T 1  sv , 31–33 — P 2  iv  (indexes are 
given in Table  3.1 ); (3) oxides are given in wt %, elements — ppm. Analyses were carried out in GEOKHI RAS (major elements by XRF, analyst 
I. Roshsina; elements by ICP-MS in IMGRE, analyst D. Zhuravlev) 
 After Krivolutskaya and Rudakova ( 2009 )  

Table 3.2 (continued)
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  Fig. 3.16    Trace element patterns for volcanic rocks of the Mokulay Creek 
After Sluzhenikin et al. ( 2014 )           
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    However, their detailed investigation demonstrated that 
the basalt and tuff had different geochemical characteristics. 
This is most clearly evident from variations in the (La/Sm) n  
ratio (Fig.  3.23 ), which signifi cantly differs between rocks of 
the Nadezhdinsky and Tuklonsky Formations: in the fi rst 
case, the ratio reaches 3.4, whereas in the second case, it does 
not exceed 1.4. The spectra strongly enriched in LILEs are 
typical of rocks of the Nadezhdinsky Formation in comparison 
with basalt of the Tuklonsky Formation, which is clearly 

evident from Fig.  3.23 . The analogous regularities were 
established downstream along the Mikchangda River (in the 
S. Iken River valley), but in this case, the tuff alternates with 
poikilophitic basalt, which were always macroscopically 
considered to be products of crystallization of magma of 
the Tuklonsky Formation. The tuff between them was 
previously correlated with the Tuklonsky Formation, 
and the establishment of their characteristics analogous to 
those of Nadezhdinsky Formation rocks was unexpected. 
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Thus, during mapping of individual areas of the Noril’sk 
region, we demonstrated that rocks of the Tuklonsky 
Formation completely disappeared in its western part, 
whereas the thickness of volcanic rocks of the Nadezhdinsky 
Formation increased toward the Yenisei–Khatangsky Trough. 
The opposite pattern is typical in the eastern part of the region, 
where the number of fl ows and the thickness of the Tuklonsky 
Formation signifi cantly increase, whereas the Nadezhdinsky 
Formation rapidly thins. It is clearly evident from the iso-
pachs (in Fig.  3.24 ) that the centers of eruptions of these for-
mations were located in different parts of the region; as this 
occurred, the area of abundance of volcanic rocks of the 
Lower Nadezhdinsky Formation slightly exceeded that of the 
Gudchikhinsky Formation, although their morphologies are 
essentially identical. This fi nding provides evidence for 
inheritance of the development of the Yenisei–Khatangsky 
rift structure in the northern Noril’sk region.

   Based on the data obtained, the history of volcanism in 
the region was as follows. The fi rst stage of magmatism was 
controlled by continental riftogenesis and was accompanied 
by eruption of deep melts (with the high Gd/Yb ratio provid-
ing evidence for the presence of garnet in the source). The 
active magmatic activity (Ivakinsky and Syverminsky 
Formations) gradually terminated and was localized in the 
areas adjacent to the Yenisei–Khatangsky Trough, which is 
most clearly represented by the Gudchikhinsky Formation. 
The stage of the formation of tuff and basalt of the 
Nadezhdinsky Formation occurred within the rift structures 
later. An analogous evolution produced the similar structures 
of the Western Siberian Platform where subalkaline rocks 
and basalts with a composition close to that of the 
Nadezhdinsky Formation were deposited (Al’mukhamedov 
et al.  1999 ; Reichow et al.  2005 ,  2009 ). The Khakanchansky 
Formation represents the lower part of the Nadezhdinsky 
Formation that formed during the explosive period. 

 Simultaneously with the beginning of the Nadezhdinsky 
stage, the new magmatic center was formed in the eastern 
part of the region with a source that differed signifi cantly 
from that developing at the same time in the west. This new 
center was characterized by intrusion of tholeiitic and poiki-
lophitic (sometimes picritic) basalt of the Tuklonsky 
Formation; based on all available parameters, its products of 
eruption are very close to the primary trappean stage of mag-
matism (Morongovsky–Samoedsky Formations). Thus, two 
eruption centers occurred in the post-Gudchikhinsky time; 
their products were simultaneously deposited in the central part 
of the region. As a result, we observe the alternating tuff and 
tuffi te of the Khakanchansky (in essence, Nadezhdinsky) 
Formation and basalt of the Tuklonsky Formation, the tongues 
of which reached the central part of the region. The early explo-
sive stage was replaced by the effusive stage, during 
which tholeiitic basalt of the Nadezhdinsky Formation was 
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  Fig. 3.18    Structure of volcanic rocks in eastern part of the Noril’sk 
area (nearby borehole MD-38)
After Krivolutskaya ( 2014 )       
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  Fig. 3.19    Structure of volcanic rocks in eastern part of the Noril’sk area (Mount Sunduk) 
 CY-51 – No sample (After Krivolutskaya  2014 )       
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    Table 3.3    Composition of the volcanic rocks from the Mokulay Greek   

 No  1  2  3  4  5  6  7  8  9 

 No sample  М-3  М-4  М-6  М-7  М-8  М-9  М-11  М-12  М-13 

 Formation  T 1 nd 2   T 1 nd 2   T 1 nd 2   T 1 nd 2   T 1 nd 2   T 1 nd 2   T 1 nd 2   T 1 nd 2   T 1 nd 2  

 SiO 2   50.6  51  50.6  51.6  51.88  52.4  50.2  51.4  52.7 

 Al 2 O 3   15.2  14.8  15.3  15.1  14.57  14.7  15.4  14.9  14.6 

 TiO 2   1.04  0.98  1.04  1.02  1.05  1.19  1.02  1.02  1.16 

 Fe 2 O 3   10.5  10.3  10.2  10.1  10.95  11.1  10.2  10.4  11 

 MnO  0.17  0.17  0.18  0.16  0.15  0.17  0.19  0.16  0.17 

 MgO  6.88  7.14  7.18  6.89  6.73  6.02  6.96  6.92  6.07 

 CaO  11.6  8  8.82  11.1  8.94  9.86  8.79  9.35  10 

 Na 2 O  2.06  3.45  3.15  2.18  2.84  2.35  3.35  2.87  2.31 

 K 2 O  0.59  1.4  1.21  0.71  1.33  1.43  1.18  1.14  1.38 

 P 2 O 5   0.11  0.09  0.11  0.11  0.15  0.13  0.11  0.11  0.12 

 LOW  1.19  2.68  2.11  1.02  2.21  0.64  2.6  1.69  0.37 

 Summa  99.94  100.01  99.9  99.99  100.82  99.99  100  99.96  99.88 

 Ba  310  490  400  250  200  310  410  360  310 

 Li  8.2  18.5  16.1  10.3  11  8.12  18  13  7.66 

 Sc  31.8  28.5  30.8  30.5  32.4  30.6  28.7  30.4  30 

 Co  44.7  43.4  46.4  43.7  45.2  44  42.9  45.9  45.7 

 Ni  48.7  47  52.2  45.3  37.4  32.1  43  47.2  35.3 

 Cu  77.4  58  77.7  65.6  51.5  34.9  73.5  73.4  86.7 

 Zn  89.4  81.4  88.8  87.7  104  95.7  82.9  81.3  91.8 

 V  214  207  215  201  231  238  204  210  224 

 Cr  111  112  116  107  42.3  33.4  105  109  39.5 

 Ga  16.5  15.5  16.8  16.2  18.1  18.3  14.8  16.7  17.7 

 Rb  15.1  40.6  31.8  8.86  26.8  37  34.5  23.7  29.5 

 Sr  284  361  322  231  279  226  381  280  248 

 Y  21.5  19.9  21  20.9  24.1  24.5  19.7  21  24.7 

 Zr  117  113  118  115  138  142  109  115  136 

 Nb  8.27  7.71  7.75  7.97  9.1  9.41  7.48  7.81  9.28 

 Sn  1.16  0.89  1.11  1.08  1.26  1.28  1.04  1.1  1.18 

 Cs  0.69  0.65  0.8  0.83  0.35  0.69  0.75  0.83  0.43 

 Ba  246  430  351  262  303  310  370  305  306 

 La  16.9  16.1  16.3  16.5  18.4  19.6  15.5  16  18.6 

 Ce  34.1  31.6  33.6  33.4  36.6  38.6  31.2  32.5  38.3 

 Pr  4.32  4.04  4.2  4.15  4.67  4.83  4.04  4.08  4.74 

 Nd  17.2  16.5  16.1  16.6  17.9  19.5  15  15.9  18.6 

 Sm  3.84  3.75  4.03  3.68  4.41  4.34  3.55  3.75  4.21 

 Eu  1.06  1.01  1.05  1.08  1.1  1.16  0.99  0.98  1.12 

 Ti  6,291  5,928  6,291  6,170  6,370  7,198  6,170  6,170  7,017 

 Gd  3.72  3.63  3.68  3.73  4.06  4.23  3.39  3.58  4.21 

 Tb  0.63  0.56  0.65  0.64  0.66  0.7  0.58  0.62  0.67 

 Dy  3.77  3.7  3.7  3.75  4.22  4.44  3.53  3.48  4.39 

 Ho  0.82  0.81  0.8  0.77  0.89  0.92  0.8  0.8  0.85 

 Er  2.42  2.04  2.15  2.17  2.53  2.48  2.03  2.21  2.48 

 Tm  0.35  0.3  0.34  0.33  0.38  0.37  0.3  0.36  0.35 

 Yb  2.03  1.99  1.89  1.99  2.32  2.41  1.98  1.79  2.11 

 Lu  0.33  0.26  0.32  0.29  0.37  0.34  0.3  0.27  0.32 

 Hf  3.12  2.96  3.03  2.74  3.45  3.68  2.77  3.01  3.47 

 Ta  0.45  0.46  0.49  0.46  0.53  0.55  0.45  0.43  0.51 

 Th  2.91  2.91  3.01  2.98  3.57  3.85  3.05  3.21  3.64 
(continued)
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Table 3.3 (continued)

 No  10  11  12  13  14  15  16  17  18 

 No sample  М-15  М-17  М-19  М-20/1  М-20/2  М-20/3  М-21  М-22  М-23 

 Formation  T 1 nd 2   T 1 nd 3   T 1 nd 3   T 1 nd 3   T 1 nd 3   T 1 nd 3   T 1 nd 3   T 1 nd 3   T 1 nd 3  

 SiO 2   52.2  49.6  49.9  45.34  46.38  47.88  48.81  49.3  49.6 

 Al 2 O 3   14.6  15.6  15.6  11.6  11.14  14.84  13.15  15.4  15.6 

 TiO 2   1.2  0.99  1.04  1.07  0.91  1.10  1.17  1.04  1.05 

 Fe 2 O 3   11.1  10.9  10.9  10.62  8.82  11.46  12.01  11.1  11.2 

 MnO  0.17  0.17  0.17  0.16  0.13  0.11  0.16  0.18  0.16 

 MgO  6.18  6.29  6.03  7.59  6.59  6.87  7.98  6.4  5.97 

 CaO  10.1  12  11.6  9.46  10.63  5.67  7.66  12.3  11.7 

 Na 2 O  2.33  2.35  2.44  3.24  2.31  3.76  2.67  2.3  2.43 

 K 2 O  1.33  0.81  1.08  2.51  2.46  1.76  1.45  0.62  1.05 

 P 2 O 5   0.13  0.18  0.17  0.12  0.14  0.12  0.10  0.18  0.18 

 LOW  0.6  0.96  1.01  9.14  11.02  6.95  5.15  1.11  1.06 

 Summa  99.94  99.85  99.94  100.86  100.55  100.53  100.33  99.93  100 

 Ba  340  280  260  207  204  270  165  300  330 

 Li  7.69  5.78  5.26  9.8  11.1  14.9  17  7.36  8.74 

 Sc  30  32.6  32  29.8  24.6  30.6  30.1  32.9  32.9 

 Co  45.1  45.2  41.8  48.3  38.2  47.3  50.3  44.7  44.8 

 Ni  35  83.3  65.1  102  85.9  108  109  102  73.6 

 Cu  74.4  102  72.3  103  85.6  132  267  128  104 

 Zn  94.7  94.2  94.6  85.8  80.4  77.1  79.5  119  96.1 

 V  229  217  209  184  164  200  212  224  219 

 Cr  36.9  135  80.1  61.8  67  77.6  86  145  85.5 

 Ga  18.4  15.6  16  13.9  12.3  11.8  15.6  16.3  16.4 

 Rb  25.4  10.8  22.1  76  92  61.2  62.4  4.67  22.7 

 Sr  233  283  273  103  87.3  128  209  298  287 

 Y  25  24.6  26  19.6  18.8  21.7  21.4  26.4  26.5 

 Zr  140  103  112  94.8  110  132  97.6  114  112 

 Nb  8.97  7  7.57  5.63  5.53  6.14  6.15  7.48  7.22 

 Sn  1.2  0.95  1.06  0.91  1.1  1.08  1.07  0.97  0.97 

 Cs  0.31  0.46  0.45  2.87  2.75  3.58  0.67  0.19  0.53 

 Ba  310  262  291  285  234  367  247  297  292 

 La  19  13.5  14.2  9.86  11.2  13.8  11  14  14.3 

 Ce  38.1  27.8  29  21.3  24.2  26.3  23.4  29.5  29.3 

 Pr  4.76  3.47  3.63  2.77  2.97  3.17  2.98  3.51  3.72 

 Nd  18.5  13.5  14  11.7  12.8  13.6  13  14.5  15.2 

 Sm  4.38  3.37  3.38  2.85  2.79  3.44  3.16  3.28  3.45 

 Eu  1.17  0.99  1.03  0.89  0.83  0.99  0.99  1.01  0.99 

 Ti  7,259  5,989  6,291  70,168  67,386  89,767  79,544  6,291  6,351 

 Gd  4.15  3.52  3.84  3.46  3.23  3.75  3.8  3.96  3.91 

 Tb  0.73  0.64  0.62  0.59  0.5  0.62  0.67  0.68  0.7 

 Dy  4.26  3.94  4.18  3.55  3.15  3.62  3.85  4.16  4.3 

 Ho  0.9  0.9  0.98  0.74  0.68  0.8  0.75  1  0.94 

 Er  2.62  2.67  2.73  2.17  2.01  2.44  2.33  2.93  2.95 

 Tm  0.38  0.4  0.43  0.32  0.27  0.35  0.35  0.42  0.45 

 Yb  2.08  2.38  2.48  1.87  1.68  1.9  2.05  2.55  2.66 

 Lu  0.35  0.41  0.44  0.29  0.29  0.32  0.32  0.44  0.44 

 Hf  3.8  2.51  2.66  2.56  2.58  3.26  2.48  2.47  2.72 

 Ta  0.51  0.37  0.37  0.31  0.33  0.36  0.36  0.38  0.43 

 Th  3.84  2.04  2.24  1.73  2.84  2.55  3.04  2.14  2.33 
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Table 3.3 (continued)

 No  19  20  21  22  23  24  25  26  27 

 No sample  М-23/1  М-25  М-26  М-27  М-28  М-29  М-29/1  М-30  М-30/1 

 Formation  T 1 nd 3   T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr 

 SiO 2   49.8  47.46  49.1  48.89  49.3  48.45  49.2  47.5  49.6 

 Al 2 O 3   15.6  14.2  15  14.36  14.8  16.4  15.1  13.4  14.3 

 TiO2  1.05  1.02  1.19  1.32  1.19  1.06  1.15  1.09  1.31 

 Fe 2 O 3   10.9  11.46  11.6  12.42  11.7  11.38  11.6  11.62  12.5 

 MnO  0.17  0.2  0.21  0.18  0.17  0.16  0.17  0.17  0.19 

 MgO  6.11  7.71  7.31  6.74  7.24  6.69  7.45  7.69  6.53 

 CaO  11.6  7.3  12.1  11.3  12.1  11.43  12  8.68  12.2 

 Na 2 O  2.42  3.77  2  2.33  2.05  2.5  1.97  4.51  2.06 

 K 2 O  1.03  1.16  0.52  0.24  0.54  0.5  0.51  0.5  0.28 

 P 2 O 5   0.18  0.10  0.12  0.15  0.12  0.15  0.11  0.15  0.14 

 LOW  1.04  5.66  0.69  2.91  0.71  2.14  0.76  5.56  0.91 

 Summa  99.9  100.05  99.84  100.85  99.92  100.87  100.02  100.87  100.02 

 Ba  290  205  180  190  150  140  120  109  100 

 Li  9.73  18.6  6.58  11.4  4.47  31.3  6.09  5.76  3.76 

 Sc  31.4  30.5  36.2  30.8  34.2  31.4  34.1  32.8  35.9 

 Co  42.6  50  53.2  47.6  50.7  44  52  50.4  47.5 

 Ni  70.8  104  98.5  101  94.7  96.1  102  99.4  67.3 

 Cu  89.1  104  113  111  120  143  126  128  133 

 Zn  92.2  80.7  93.1  71.9  87.2  82.9  87.3  87.1  91 

 V  213  227  273  240  267  248  252  222  279 

 Cr  80.3  93  122  97.7  118  111  85  92.8  142 

 Ga  16.5  13.4  17.3  13.3  16.2  13.3  15.8  14.4  16.1 

 Rb  21.7  21.9  5.31  82.8  6.24  14.2  6.01  10.2  8.51 

 Sr  279  131  194  108  196  189  182  36.5  193 

 Y  26.9  20.9  22.5  21.2  22.8  20.2  20.6  19.5  23.6 

 Zr  117  94.1  101  101  97.9  89.8  92.7  90.8  108 

 Nb  8  5.99  6.05  5.61  5.53  5.16  5.2  5.12  6.06 

 Sn  0.98  0.9  0.96  0.85  0.91  1.03  0.8  0.69  0.95 

 Cs  0.5  4.73  <0.1  5.63  <0.1  0.26  <0.1  2.35  0.34 

 Ba  301  369  168  209  162  179  140  44.6  117 

 La  14.2  10.6  10.6  10  9.86  9.2  8.98  9.14  9.9 

 Ce  30.1  22.1  23  22.1  21.3  21.2  19.4  19.2  23.1 

 Pr  3.57  2.81  2.99  2.84  2.74  2.74  2.6  2.59  2.91 

 Nd  15.6  12  13.2  12  12.4  11.2  11.4  11.3  12.1 

 Sm  3.47  3.18  3.31  3.13  3.04  2.84  2.98  2.97  3.29 

 Eu  1  0.97  1.03  1.01  1.03  1.03  1.08  0.9  1.12 

 Ti  6,351  6,170  7,198  8,021  7,198  6,412  6,956  6,593  7,924 

 Gd  3.94  3.35  3.94  3.45  3.56  3.46  3.52  3.21  3.85 

 Tb  0.7  0.56  0.64  0.61  0.62  0.63  0.61  0.55  0.67 

 Dy  4.36  3.64  3.95  3.57  3.91  3.59  3.45  3.3  4.05 

 Ho  0.95  0.75  0.84  0.7  0.85  0.7  0.76  0.69  0.88 

 Er  2.9  2.07  2.54  2.38  2.31  2.32  2.31  2.08  2.7 

 Tm  0.43  0.37  0.38  0.28  0.37  0.32  0.33  0.32  0.34 

 Yb  2.72  1.84  2.2  2.05  2.15  1.83  1.96  1.44  2.11 

 Lu  0.4  0.28  0.36  0.3  0.31  0.3  0.3  0.28  0.38 

 Hf  2.47  2.4  2.96  2.77  2.44  2.09  2.4  2.15  3.06 

 Ta  0.42  0.35  0.34  0.34  0.31  0.27  0.28  0.31  0.31 

 Th  2.42  1.95  1.9  1.84  1.72  1.64  1.6  1.64  1.65 
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Table 3.3 (continued)

 No  28  29  30  31  32  33  34  35  36 

 No sample  М-31  М-32/1  М-34  М-34/1  М-35/1  М-35/2  М-35/3  М-36  М-37/1 

 Formation  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr 

 SiO 2   48.8  48.8  47.97  48.3  36.06  38.39  41.54  48.5  47.99 

 Al 2 O 3   15.1  15.2  13.81  15.3  10.22  10.05  11.52  14.9  13.92 

 TiO2  1.2  1.26  1.16  1.21  0.74  0.88  0.87  1.27  1.12 

 Fe 2 O 3   12  12.6  11.45  12  8.02  8.41  9.48  12.8  11.48 

 MnO  0.18  0.19  0.16  0.18  0.16  0.17  0.16  0.19  0.19 

 MgO  7.57  7.4  7.97  7.5  6.6  7.09  7.72  7.69  7.49 

 CaO  11.6  11.1  4.99  11.9  19.13  17.29  12.77  11  8.59 

 Na 2 O  2.04  2.14  1.81  1.94  2.95  1.2  2.63  2.04  2.55 

 K 2 O  0.42  0.54  3.88  0.32  0.87  2  1.58  0.53  0.88 

 P 2 O 5   0.12  0.13  0.11  0.12  0.11  0.10  0.10  0.13  0.10 

 LOW  1.03  0.62  6.31  1.18  15.83  15.04  12.34  0.92  6.3 

 Summa  100.06  99.98  99.64  99.95  100.71  100.63  100.73  99.97  100.62 

 Ba  130  120  414  120  132  322  156  130  120 

 Li  5.68  8.25  17.2  5.87  9.7  24.6  12.8  10.9  13.7 

 Sc  33.6  33.5  30.8  35  20.9  21.1  27.5  33.1  33.3 

 Co  55.8  51.4  50.2  56.2  36.2  34.8  42.2  52.6  49.9 

 Ni  122  110  103  128  73.9  71  79  118  117 

 Cu  109  136  136  106  73.3  89.7  98.9  143  140 

 Zn  92.4  91.2  84.7  93.2  66.6  60.2  70.8  98  91.2 

 V  258  296  0.02  254  243  156  176  260  263 

 Cr  88.1  136  241  94  90.9  121  191  121  153 

 Ga  16.3  18.4  91.1  16.9  11.1  11.3  14.8  15.9  13.2 

 Rb  3.89  12.2  1.57  2.66  27.9  59.3  50.8  10.6  22.5 

 Sr  172  203  183  181  87.8  518  216  156  144 

 Y  21.2  24.5  331  21.7  17.5  15.8  17.6  22  22.2 

 Zr  91.1  93.7  22.5  91.5  71.7  65.2  72.4  80.4  83.1 

 Nb  4.47  5.05  91.2  4.65  4.14  3.92  4.11  4.35  4.35 

 Sn  0.86  0.78  <0.6  0.87  0.62  0.62  0.73  0.82  0.74 

 Cs  0.11  0.2  1.02  0.12  4.63  0.79  2.62  0.2  0.24 

 Ba  138  136  2.23  130  90.3  280  197  124  341 

 La  8.29  7.96  626  8.54  7.55  7.34  7.43  7.14  6.78 

 Ce  18.6  17.6  8.95  18.7  15.4  15.8  16.8  15.4  15.3 

 Pr  2.36  2.46  20.2  2.43  2.01  2.11  2.11  2.16  2.21 

 Nd  10.4  11  2.63  10.8  8.63  8.89  8.84  9.92  9.8 

 Sm  2.77  3.14  11.6  2.91  2.06  2.47  2.54  2.67  2.97 

 Eu  0.93  0.98  3.41  0.95  0.69  0.7  0.76  1.01  0.96 

 Ti  7,259  7,622  7,261  7,319  4,488  5,335  5,311  7,682  6,805 

 Gd  3.25  3.71  3.28  3.45  2.58  2.46  2.90  3.13  3.36 

 Tb  0.59  0.64  3.53  0.59  0.45  0.47  0.48  0.58  0.58 

 Dy  3.61  4.14  0.63  3.69  2.97  2.74  3.00  3.42  4.01 

 Ho  0.8  0.93  3.89  0.81  0.62  0.64  0.7  0.84  0.82 

 Er  2.33  2.44  0.88  2.29  1.88  1.64  1.84  2.36  2.31 

 Tm  0.35  0.38  2.35  0.33  0.26  0.21  0.28  0.29  0.34 

 Yb  2.04  2.25  0.34  2.01  1.6  1.43  1.74  2.27  1.94 

 Lu  0.32  0.38  2.15  0.31  0.25  0.25  0.26  0.31  0.32 

 Hf  2.17  2.48  0.33  2.29  1.97  1.87  2.11  1.99  2.34 

 Ta  0.3  0.32  2.31  0.28  0.23  0.21  0.26  0.26  0.26 

 Th  1.39  1.25  0.25  1.38  1.15  1.25  1.27  1.06  0.92 
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Table 3.3 (continued)

 No  37  38  39  40  41  42  43  44  45 

 No sample  М-37/2  М-37/4  М-38/3  M-38?  M-39  M-41  M-43  M-44  M-45/1 

 Formation  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mk  T 1 mk  T 1 mk 

 SiO 2   35.81  46.66  48.7  48.3  48.2  48.8  48.5  47.4  48.2 

 Al 2 O 3   10.08  12.34  15.1  15.4  15.2  15.1  15.1  15.2  15.1 

 TiO2  0.95  1.28  1.24  1.31  1.22  1.24  1.27  1.36  1.42 

 Fe 2 O 3   9.87  13.18  12.2  12.3  12.2  12.2  12.1  12.7  13 

 MnO  0.22  0.17  0.2  0.19  0.17  0.18  0.19  0.26  0.18 

 MgO  7.8  7.71  7.18  6.95  6.93  7.45  7.58  7.67  7.2 

 CaO  18.81  7.14  12  11.9  12.2  11.2  11.3  11.5  11.5 

 Na 2 O  1.33  2.32  2.1  2.04  1.94  2.08  2.12  2.02  2.17 

 K 2 O  1.52  1.35  0.23  0.27  0.2  0.67  0.53  0.22  0.26 

 P 2 O 5   0.16  0.10  0.13  0.14  0.13  0.13  0.14  0.12  0.13 

 LOW  14.09  6.23  0.77  1.00  1.39  0.88  1.16  1.51  0.75 

 Summa  100.64  98.48  99.85  99.8  99.78  99.93  99.99  99.96  99.91 

 Ba  114  145  130  74  100  160  130  180  160 

 Li  18.9  21.9  4.83  6.92  4.91  9.05  12.7  9.06  5.98 

 Sc  25.5  30.4  32.7  33.1  32.4  32.6  32.6  35.4  30.3 

 Co  45.7  59.1  52.9  51.5  53.1  52.8  52.9  56.6  52.9 

 Ni  104  135  120  111  123  126  122  123  120 

 Cu  120  157  130  143  133  132  148  129  129 

 Zn  72.3  96  90.3  100  97.9  101  99.9  107  102 

 V  203  246  251  262  253  264  268  265  275 

 Cr  130  152  116  105  109  124  115  141  150 

 Ga  14.3  14.7  16.4  15.9  15.8  16.4  16.5  17.6  17.4 

 Rb  72.2  52.1  6.15  8.71  5.94  13  9.48  <2  <2 

 Sr  103  110  193  187  184  188  181  187  195 

 Y  18.8  22.7  21.8  23.1  21.8  22.3  23.8  22.9  23.8 

 Zr  67.6  80.2  83.7  84.7  81.3  82.9  86.1  79.1  85.4 

 Nb  3.47  4.32  4.88  5.37  5.02  4.72  5.06  4.2  4.43 

 Sn  0.89  0.67  0.68  0.73  0.83  0.79  0.83  0.91  0.8 

 Cs  0.65  0.85  0.32  0.41  0.27  0.23  0.13  <0.1  <0.1 

 Ba  157  220  104  99.5  62.6  158  127  101  113 

 La  7.24  7.27  7.61  7.85  7.58  7.43  7.96  7.31  7.26 

 Ce  14.5  15.3  16.5  17.7  17  16.8  17.8  16.4  17.1 

 Pr  1.81  2.11  2.23  2.5  2.45  2.37  2.52  2.34  2.39 

 Nd  8.84  9.65  10.3  11.6  11.2  10.6  11.8  11.5  12.4 

 Sm  2.15  2.75  2.75  3.1  2.85  2.95  3.26  3.22  3.47 

 Eu  0.75  0.94  0.88  1.08  1.02  0.99  1.05  1.14  1.17 

 Ti  5,753  7,743  7,501  7,924  7,380  7,501  7,682  8,227  8,590 

 Gd  2.76  3.23  3.28  3.47  3.24  3.22  3.43  3.55  3.65 

 Tb  0.46  0.58  0.61  0.65  0.61  0.59  0.63  0.67  0.65 

 Dy  2.89  3.91  3.73  4.02  3.85  3.77  4.16  4.16  4.25 

 Ho  0.74  0.83  0.86  0.85  0.84  0.84  0.84  0.86  0.9 

 Er  1.8  2.3  2.43  2.49  2.36  2.36  2.52  2.41  2.67 

 Tm  0.28  0.32  0.33  0.37  0.35  0.32  0.37  0.39  0.35 

 Yb  1.78  2.35  2.27  2.34  2.19  2.34  2.35  2.35  2.41 

 Lu  0.29  0.33  0.33  0.3  0.3  0.3  0.35  0.33  0.28 

 Hf  1.84  2.15  2.16  2.6  2.18  2.01  2.48  2.35  2.47 

 Ta  0.21  0.23  0.28  0.3  0.29  0.27  0.28  0.24  0.29 

 Th  0.74  0.94  1.08  1.15  1.14  1.11  1.17  0.86  0.98 
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Table 3.3 (continued)

 No  37  38  39  40  41  42  43  44  45 

 No sample  М-37/2  М-37/4  М-38/3  M-38?  M-39  M-41  M-43  M-44  M-45/1 

 Formation  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mr  T 1 mk  T 1 mk  T 1 mk 

 SiO 2   35.81  46.66  48.7  48.3  48.2  48.8  48.5  47.4  48.2 

 Al 2 O 3   10.08  12.34  15.1  15.4  15.2  15.1  15.1  15.2  15.1 

 TiO2  0.95  1.28  1.24  1.31  1.22  1.24  1.27  1.36  1.42 

 Fe 2 O 3   9.87  13.18  12.2  12.3  12.2  12.2  12.1  12.7  13 

 MnO  0.22  0.17  0.2  0.19  0.17  0.18  0.19  0.26  0.18 

 MgO  7.8  7.71  7.18  6.95  6.93  7.45  7.58  7.67  7.2 

 CaO  18.81  7.14  12  11.9  12.2  11.2  11.3  11.5  11.5 

 Na 2 O  1.33  2.32  2.1  2.04  1.94  2.08  2.12  2.02  2.17 

 K 2 O  1.52  1.35  0.23  0.27  0.2  0.67  0.53  0.22  0.26 

 P 2 O 5   0.16  0.10  0.13  0.14  0.13  0.13  0.14  0.12  0.13 

 LOW  14.09  6.23  0.77  1.00  1.39  0.88  1.16  1.51  0.75 

 Summa  100.64  98.48  99.85  99.8  99.78  99.93  99.99  99.96  99.91 

 Ba  114  145  130  74  100  160  130  180  160 

 Li  18.9  21.9  4.83  6.92  4.91  9.05  12.7  9.06  5.98 

 Sc  25.5  30.4  32.7  33.1  32.4  32.6  32.6  35.4  30.3 

 Co  45.7  59.1  52.9  51.5  53.1  52.8  52.9  56.6  52.9 

 Ni  104  135  120  111  123  126  122  123  120 

 Cu  120  157  130  143  133  132  148  129  129 

 Zn  72.3  96  90.3  100  97.9  101  99.9  107  102 

 V  203  246  251  262  253  264  268  265  275 

 Cr  130  152  116  105  109  124  115  141  150 

 Ga  14.3  14.7  16.4  15.9  15.8  16.4  16.5  17.6  17.4 

 Rb  72.2  52.1  6.15  8.71  5.94  13  9.48  <2  <2 

 Sr  103  110  193  187  184  188  181  187  195 

 Y  18.8  22.7  21.8  23.1  21.8  22.3  23.8  22.9  23.8 

 Zr  67.6  80.2  83.7  84.7  81.3  82.9  86.1  79.1  85.4 

 Nb  3.47  4.32  4.88  5.37  5.02  4.72  5.06  4.2  4.43 

 Sn  0.89  0.67  0.68  0.73  0.83  0.79  0.83  0.91  0.8 

 Cs  0.65  0.85  0.32  0.41  0.27  0.23  0.13  <0.1  <0.1 

 Ba  157  220  104  99.5  62.6  158  127  101  113 

 La  7.24  7.27  7.61  7.85  7.58  7.43  7.96  7.31  7.26 

 Ce  14.5  15.3  16.5  17.7  17  16.8  17.8  16.4  17.1 

 Pr  1.81  2.11  2.23  2.5  2.45  2.37  2.52  2.34  2.39 

 Nd  8.84  9.65  10.3  11.6  11.2  10.6  11.8  11.5  12.4 

 Sm  2.15  2.75  2.75  3.1  2.85  2.95  3.26  3.22  3.47 

 Eu  0.75  0.94  0.88  1.08  1.02  0.99  1.05  1.14  1.17 

 Ti  5,753  7,743  7,501  7,924  7,380  7,501  7,682  8,227  8,590 

 Gd  2.76  3.23  3.28  3.47  3.24  3.22  3.43  3.55  3.65 

 Tb  0.46  0.58  0.61  0.65  0.61  0.59  0.63  0.67  0.65 

 Dy  2.89  3.91  3.73  4.02  3.85  3.77  4.16  4.16  4.25 

 Ho  0.74  0.83  0.86  0.85  0.84  0.84  0.84  0.86  0.9 

 Er  1.8  2.3  2.43  2.49  2.36  2.36  2.52  2.41  2.67 

 Tm  0.28  0.32  0.33  0.37  0.35  0.32  0.37  0.39  0.35 

 Yb  1.78  2.35  2.27  2.34  2.19  2.34  2.35  2.35  2.41 

 Lu  0.29  0.33  0.33  0.3  0.3  0.3  0.35  0.33  0.28 

 Hf  1.84  2.15  2.16  2.6  2.18  2.01  2.48  2.35  2.47 

 Ta  0.21  0.23  0.28  0.3  0.29  0.27  0.28  0.24  0.29 

 Th  0.74  0.94  1.08  1.15  1.14  1.11  1.17  0.86  0.98 

(continued)
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Table 3.3 (continued)

 No  46  47  48  49  50  51  52  53  54 

 No sample  M-45/2  M-45/3  M-47  M-48  M-49  M-50  M-52  M-53  М-54 

 Formation  T 1 mk  T1mk  T1mk  T1mk  T1mk  T1mk  T1mk  T1mk  T1mk 

 SiO 2   48.2  48  48.4  48  48.6  48.5  48.3  47.9  48.16 

 Al 2 O 3   15.1  15.7  15.2  15.2  15  15.3  14.7  14.9  12.73 

 TiO2  1.44  1.4  1.54  1.43  1.33  1.37  1.57  1.37  1.15 

 Fe 2 O 3   12.8  12.7  13.3  13.3  12.5  12.8  13.9  13.1  12.04 

 MnO  0.18  0.21  0.2  0.19  0.19  0.19  0.2  0.18  0.17 

 MgO  7.18  7.32  6.6  7.39  7.29  7.26  6.93  7.55  7.72 

 CaO  11.5  11.5  11.1  11.1  11.9  11.5  11.1  10.3  9.63 

 Na 2 O  2.14  2.17  2.29  2.18  2.08  2.13  2.15  1.92  1.35 

 K 2 O  0.26  0.3  0.28  0.31  0.22  0.35  0.24  1.04  1.97 

 P 2 O 5   0.14  0.13  0.15  0.14  0.13  0.13  0.14  0.13  0.14 

 LOW  1.01  0.58  0.75  0.62  0.84  0.56  0.86  1.67  4.66 

 Summa  99.95  100.01  99.81  99.86  100.08  100.09  100.09  100.06  99.73 

 Ba  130  55  130  130  94  130  125  160  156 

 Li  4.72  6.22  4.08  7.3  5.86  6.56  6.15  7.24  9.49 

 Sc  30  31.7  33.1  30.2  31.6  31.1  33.4  30.8  25.9 

 Co  52.5  57.2  54  54.3  54.2  52.5  57.2  54.9  41.5 

 Ni  122  138  127  125  125  108  122  121  101 

 Cu  130  185  219  168  172  196  137  155  121 

 Zn  99.9  108  110  102  100  97.5  112  101  79.6 

 V  280  263  283  255  276  273  266  249  163 

 Cr  160  137  105  109  159  132  97.1  105  147 

 Ga  18.2  17  18.7  17.9  17.2  17.8  18.4  16.1  14.8 

 Rb  2.41  3.59  2.00  2.16  7.08  3.3  7.03  18.8  8.4 

 Sr  197  191  193  175  203  199  186  207  530 

 Y  24.8  22.3  26.5  23.7  23  23.3  24.8  21.7  19.7 

 Zr  88.7  78.3  98.1  85.7  82.6  88.3  93.5  76.4  69.9 

 Nb  4.29  4.17  4.87  4.22  4.12  4.29  4.56  3.87  3.34 

 Sn  0.95  0.73  0.87  0.77  0.85  0.82  0.89  0.76  0.73 

 Cs  <0.1  0.17  <0.1  <0.1  0.45  <0.1  0.22  <0.1  1.71 

 Ba  117  108  127  120  103  124  89.6  154  291 

 La  7.28  6.42  7.67  7.03  6.77  7.05  7.83  6.25  5.79 

 Ce  16.7  15.2  17.9  16.4  15.2  15.9  17.8  14.6  13.7 

 Pr  2.43  2.22  2.53  2.26  2.21  2.27  2.47  2.06  1.89 

 Nd  11.8  11.1  13.5  10.6  11  11.9  12  9.64  8.81 

 Sm  2.95  3.07  3.19  3.02  2.95  3.12  3.23  2.9  2.49 

 Eu  1.12  1.03  1.11  0.98  1.07  1.11  1.02  1.04  0.87 

 Ti  8,711  8,469  9,315  8,650  8,045  8,287  9,497  8,287  6,962 

 Gd  3.53  3.33  3.97  3.63  3.55  3.47  3.82  3.29  3.16 

 Tb  0.67  0.6  0.68  0.66  0.62  0.64  0.72  0.57  0.54 

 Dy  4.35  3.93  4.57  4.1  3.98  4.15  4.37  3.78  3.46 

 Ho  0.91  0.82  1.01  0.89  0.9  0.9  0.92  0.83  0.77 

 Er  2.43  2.26  2.68  2.58  2.25  2.37  2.71  2.39  2.1 

 Tm  0.34  0.34  0.37  0.39  0.37  0.37  0.4  0.36  0.31 

 Yb  2.46  2.11  2.62  2.35  2.36  2.3  2.36  2.05  1.75 

 Lu  0.33  0.3  0.36  0.32  0.3  0.33  0.36  0.28  0.28 

 Hf  2.07  2.26  2.51  2.47  2.36  2.62  2.16  2.41  2.22 

 Ta  0.25  0.23  0.27  0.21  0.24  0.24  0.26  0.21  0.21 

 Th  1.06  0.89  1.17  0.96  0.98  0.98  1.15  0.86  0.78 
(continued)
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Table 3.3 (continued)

 No  55  56  57  58  60  61  62  63  64 

 No sample  M-55  M-56  M-57  М-58  M-59  М-61  M-62  M-63  М-64 

 Formation  T1mk  T1mk  T1mk  T1mk  T1mk  T1Kh  T1Kh  T1Kh  T1Kh 

 SiO 2   48.4  48.1  47.7  47.8  47  48.3  48.6  48.5  47.3 

 Al 2 O 3   15.3  15.6  15.9  15.6  15.4  15.1  15.1  15.1  14.9 

 TiO2  1.41  1.36  1.35  1.36  1.35  1.52  1.47  1.47  1.52 

 Fe 2 O 3   12.7  12.6  12.7  12.5  12.7  13.5  13.4  13.3  14 

 MnO  0.2  0.19  0.16  0.18  0.19  0.2  0.21  0.2  0.2 

 MgO  7.21  7.17  6.73  7.05  7.58  7.32  7.14  6.54  7 

 CaO  11.7  11.6  11.7  11.6  11.2  10.8  11.3  11.7  11.1 

 Na 2 O  2.16  2.13  2.1  2.07  1.93  2.25  2.27  2.19  2.11 

 K 2 O  0.23  0.22  0.21  0.21  0.15  0.46  0.31  0.21  0.29 

 P 2 O 5   0.13  0.13  0.13  0.13  0.12  0.14  0.13  0.13  0.14 

 LOW  0.7  0.82  1.32  1.47  2.04  0.5  0.11  0.8  1.28 

 Summa  100.14  99.92  100  99.97  99.66  100.09  100.04  100.14  99.84 

 Ba  77  65  72  91  89  170  110  63  130 

 Li  5.5  4.35  4.59  5.08  7.07  12.2  5.88  3.77  6.26 

 Sc  34.1  31.6  31.5  32.3  28.1  34.9  31.6  32.2  33.1 

 Co  55.5  53.7  53.3  52.7  52.9  56.6  52.8  51.5  56.4 

 Ni  124  122  124  128  124  127  115  86.2  100 

 Cu  162  158  145  145  146  189  165  185  135 

 Zn  105  97.8  98.1  94.8  90.4  112  104  106  109 

 V  252  267  259  256  246  263  277  270  268 

 Cr  134  134  134  140  123  126  137  113  86.3 

 Ga  17  17.7  16.9  17.2  16.3  17.4  17  17  18 

 Rb  2.82  <2  2.23  2.26  <2  9.84  6.08  3.43  3.27 

 Sr  179  178  176  178  169  159  170  167  154 

 Y  23.3  23.1  23.2  23.1  22.3  24.3  24.4  24.5  25 

 Zr  84.7  85.8  80.9  83.9  76.9  88.7  88.2  82.1  91.7 

 Nb  4.15  3.99  3.48  3.72  3.96  4.47  3.97  3.79  4.31 

 Sn  0.82  0.8  0.72  0.8  0.72  0.8  0.96  0.89  0.95 

 Cs  0.18  0.16  <0.1  <0.1  <0.1  0.22  0.28  0.2  <0.1 

 Ba  84.8  95.7  87.6  85.4  57.5  105  91.8  79.3  87.8 

 La  6.42  6.54  6.06  6.57  6.22  6.71  6.33  5.72  6.58 

 Ce  15.6  14.9  14.6  15.1  14.7  16  15.1  14  15.6 

 Pr  2.18  2.11  2.14  2.17  2.12  2.33  2.2  2.07  2.13 

 Nd  10.9  10.6  10.5  10.3  10.4  11  11.5  10.9  10.9 

 Sm  2.75  2.84  2.71  2.64  2.88  3.22  2.95  2.95  3.00 

 Eu  1.03  0.98  0.96  0.94  0.95  1.11  1.11  1.09  1.06 

 Ti  8,529  8,227  8,166  8,227  8,166  9,194  8,892  8,892  9,194 

 Gd  3.53  3.33  3.2  3.17  3.41  3.77  3.56  3.42  3.8 

 Tb  0.62  0.61  0.6  0.64  0.59  0.67  0.66  0.65  0.72 

 Dy  3.98  3.88  3.98  3.92  3.7  4.35  4.07  4.32  4.34 

 Ho  0.84  0.86  0.86  0.88  0.83  0.9  0.97  0.94  0.94 

 Er  2.42  2.42  2.49  2.3  2.4  2.64  2.6  2.59  2.7 

 Tm  0.37  0.37  0.35  0.34  0.33  0.39  0.4  0.34  0.36 

 Yb  2.61  2.4  2.22  2.22  2.22  2.35  2.42  2.51  2.57 

 Lu  0.31  0.34  0.31  0.35  0.29  0.34  0.35  0.32  0.38 

 Hf  2.27  2.14  2.16  2.21  2.17  2.61  2.4  2.17  2.41 

 Ta  0.22  0.23  0.23  0.23  0.26  0.28  0.27  0.24  0.24 

 Th  0.87  0.95  0.89  0.88  0.91  0.9  0.97  0.86  0.94 
(continued)
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Table 3.3 (continued)

 No  65  66  67  68  69  70  71  72  73 

 No sample  M-65  M-66  M-67  M-68  M-69  M-70  M-71  M-72  M-73 

 Formation  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh 

 SiO 2   47.9  47.4  47.8  48  46.57  47.3  47.9  47.8  48 

 Al 2 O 3   15.2  15.2  15.1  15.2  14.94  15.3  15.4  15  15.4 

 TiO2  1.41  1.38  1.41  1.42  1.31  1.42  1.4  1.38  1.43 

 Fe 2 O 3   13.1  13.1  13.3  13.2  12.52  13.2  12.9  13.2  13.1 

 MnO  0.2  0.2  0.19  0.19  0.17  0.17  0.21  0.19  0.2 

 MgO  7.41  7.69  7.34  7.6  7.53  7.3  6.95  7.69  7.5 

 CaO  11.1  10.8  11.4  11.4  11.05  11.5  11.6  11.4  11.1 

 Na 2 O  2.06  2.23  2.06  2.17  2.28  2.12  2.13  2.04  2.23 

 K 2 O  0.49  0.53  0.24  0.25  0.16  0.28  0.38  0.17  0.49 

 P 2 O 5   0.12  0.13  0.13  0.13  0.14  0.13  0.13  0.12  0.12 

 LOW  1.09  1.3  1.04  0.46  3.93  1.32  0.98  0.9  0.64 

 Summa  100.08  99.96  100.01  100.02  100.61  100.04  99.98  99.89  100.21 

 Ba  69  180  85  100  100  93  85  74  88 

 Li  4.59  7.41  3.59  5.37  3.05  3.7  3.16  4.6  7.96 

 Sc  31.3  32.6  30.9  34  33.5  33.3  30.6  31.7  33.9 

 Co  52.8  58.4  55.6  57.4  55.8  55.2  52.3  55.6  53.4 

 Ni  134  145  138  153  141  137  130  134  120 

 Cu  219  105  480  174  154  125  160  144  160 

 Zn  101  109  106  113  105  108  103  105  106 

 V  270  257  258  257  272  277  274  260  274 

 Cr  171  171  165  178  195  207  196  196  200 

 Ga  17.1  16.5  17.2  16.7  17.2  18.9  17  17.2  17.4 

 Rb  7.96  11.1  2.94  <2  2.36  3.39  6.98  2.31  7.47 

 Sr  156  162  167  163  166  161  158  166  156 

 Y  23.7  23.3  23.8  23.5  24.1  24.8  22.4  24  23.3 

 Zr  84.6  81  82.8  81.5  80  84.2  80.3  82.6  83.4 

 Nb  3.95  3.49  3.9  4.05  3.89  4.11  3.86  3.95  4.14 

 Sn  0.82  0.91  0.87  0.86  0.8  0.83  0.75  0.82  0.85 

 Cs  0.13  0.15  0.1  0.11  0.13  <0.1  0.17  0.16  0.3 

 Ba  97.3  169  75.7  89.3  59.8  80.7  77.7  70.3  94.6 

 La  5.99  5.59  5.75  6.12  5.8  6.23  5.81  6  6.03 

 Ce  13.8  13.3  14  14.3  13.9  14.6  14.1  14.2  14.9 

 Pr  2  1.89  2.03  2.1  1.96  2.06  2.11  1.98  2.19 

 Nd  9.89  9.95  9.89  10.3  9.88  10.3  9.6  9.87  10.3 

 Sm  2.6  2.78  2.8  2.81  2.86  2.86  2.7  2.59  2.99 

 Eu  1.00  0.91  1.07  1.05  0.98  1.07  1.06  1.05  1.18 

 Ti  8,529  8,348  8,529  8,590  7,960  8,590  8,469  8,348  8,650 

 Gd  3.52  3.24  3.23  3.64  3.61  3.84  3.51  3.45  3.86 

 Tb  0.63  0.62  0.61  0.61  0.67  0.68  0.61  0.66  0.7 

 Dy  3.97  3.81  4.12  4.26  4.06  3.94  3.96  4.02  4.19 

 Ho  0.95  0.87  0.87  0.92  0.92  0.96  0.88  0.86  0.85 

 Er  2.62  2.6  2.46  2.52  2.53  2.56  2.5  2.34  2.65 

 Tm  0.33  0.32  0.34  0.32  0.36  0.35  0.34  0.35  0.35 

 Yb  2.42  2.22  2.23  2.2  2.46  2.4  2.36  2.59  2.31 

 Lu  0.36  0.33  0.32  0.31  0.31  0.31  0.31  0.34  0.36 

 Hf  2.3  2.3  2.11  2.29  2.14  2.33  2.34  2.31  2.37 

 Ta  0.25  0.24  0.27  0.26  0.25  0.25  0.21  0.25  0.25 

 Th  0.97  0.88  0.81  0.91  0.84  0.9  0.82  0.95  0.89 
(continued)
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Table 3.3 (continued)

 No  74  75  76  77  78  79  80  81  82 

 No sample  M-74  M-75  M-76  M-77  M-78  M-79  M-80  M-81  M-82 

 Formation  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh 

 SiO 2   47.7  47.5  48.3  48.4  47.8  47.8  47.6  48.5  48.9 

 Al 2 O 3   15  15.6  15.1  15  15.6  15.4  15.5  14.9  14.8 

 TiO2  1.43  1.34  1.42  1.42  1.44  1.43  1.43  1.57  1.33 

 Fe 2 O 3   13.2  12.8  13.2  13  13.1  13.1  13.3  13.5  12.5 

 MnO  0.2  0.2  0.19  0.19  0.21  0.21  0.18  0.22  0.19 

 MgO  7.59  7.89  7.27  7.48  7.33  7.29  7.08  7.31  7.29 

 CaO  11  11.6  11.4  11.4  11.5  11.5  11.3  11.2  11.4 

 Na 2 O  2.07  2.15  2.16  2.15  2.1  2.05  2.04  2.26  1.96 

 K 2 O  0.5  0.17  0.26  0.19  0.22  0.22  0.24  0.41  0.17 

 P 2 O 5   0.12  0.12  0.13  0.13  0.14  0.14  0.14  0.14  0.12 

 LOW  1.27  0.55  0.72  0.78  0.56  1.04  1.14  0.1  1.34 

 Summa  100.08  99.92  100.15  100.14  100  100.18  99.95  100.11  100 

 Fe 2 O 3   5.91  5.26  5.64  5.39  5.11  6  6.45  4.41  6 

 FeO  6.53  6.79  6.79  6.85  7.18  6.4  6.2  8.16  5.88 

 Ba  56  100  86  120  54  55  61  150 

 Li  6.24  3.34  4.81  5.61  4.71  4.54  4.79  6.02  4.34 

 Sc  33.5  33.1  32.2  31  30.2  32.7  29.7  31.8  30.9 

 Co  53.8  54.1  53.5  52  52.7  53.7  53.8  55.1  52 

 Ni  120  131  117  115  115  121  121  122  121 

 Cu  154  134  194  151  143  132  123  169  147 

 Zn  105  102  106  104  104  107  106  113  100 

 V  265  271  266  265  279  291  235  253  261 

 Cr  185  183  155  150  161  163  137  135  175 

 Ga  16.6  16.5  17.3  17.6  18.1  18.8  17  17.1  17.9 

 Rb  8.16  <2  2.24  <2  4.71  2.89  <2  7.22  4 

 Sr  155  160  190  195  200  205  174  187  193 

 Y  22.2  23  22.5  23.6  23.8  24.4  21.5  24  22.6 

 Zr  81.6  80.4  87.6  87.4  89.6  92.9  80.1  89.3  84.8 

 Nb  4.2  4.08  4.74  4.36  4.98  4.97  4.2  4.86  4.14 

 Sn  0.83  0.89  0.85  0.79  0.87  0.85  0.84  0.8  0.77 

 Cs  0.19  <0.1  0.18  0.37  0.38  0.14  0.12  0.22  0.42 

 Ba  105  67.5  114  90  119  89.2  91.1  113  64.7 

 La  6.08  5.95  7.16  7.24  7.73  7.82  6.54  7.19  6.78 

 Ce  14.5  13.8  17.1  16.9  18.1  18.5  15.6  17.5  16.7 

 Pr  2.2  2.08  2.41  2.43  2.65  2.71  2.28  2.42  2.35 

 Nd  9.97  9.32  10.5  10.4  11.7  12.5  10.2  11.3  10.7 

 Sm  2.93  2.65  3.13  2.91  3.24  3.42  2.85  3.33  3.02 

 Eu  1.1  0.9  1.14  1.11  1.1  1.17  0.99  1.04  1.06 

 Ti  8,650  8,106  8,590  8,590  8,711  8,650  8,650  9,497  8,045 

 Gd  3.35  3.57  3.81  3.57  4.12  3.76  3.22  3.49  3.63 

 Tb  0.7  0.6  0.69  0.74  0.78  0.71  0.64  0.65  0.62 

 Dy  4.06  3.88  4.08  4.14  4.31  4.64  3.87  4.23  4.19 

 Ho  0.87  0.84  0.85  0.87  0.92  0.91  0.79  0.84  0.82 

 Er  2.64  2.52  2.47  2.52  2.6  2.51  2.32  2.53  2.41 

 Tm  0.36  0.32  0.37  0.37  0.38  0.4  0.32  0.37  0.37 

 Yb  2.27  2.22  2.11  2.35  2.32  2.53  2.09  2.42  2.25 

 Lu  0.3  0.33  0.32  0.33  0.36  0.38  0.33  0.34  0.39 

 Hf  2.61  2.09  2.58  2.52  2.54  2.67  2.25  2.54  2.37 

 Ta  0.24  0.21  0.23  0.25  0.29  0.29  0.22  0.26  0.27 

 Th  0.91  0.92  0.98  0.99  1.08  0.96  0.92  0.97  0.94 

(continued)
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Table 3.3 (continued)

 No  83  84  85  86  87  88  89  90  91 

 No sample  M-83  M-83/1  M-84  M-85  M-87  M-88  M-89  M-91  M-92 

 Formation  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh  T1Kh 

 SiO 2   48.9  50.4  48.4  47.9  47.7  47.3  48.2  48.5  47.8 

 Al 2 O 3   14.7  14.8  15.2  15.5  15.4  15.5  15.8  15.5  15.8 

 TiO2  1.34  1.43  1.55  1.46  1.45  1.43  1.4  1.49  1.48 

 Fe 2 O 3   12.7  12.8  13.1  13.3  13  13  12.3  13.2  13.3 

 MnO  0.19  0.19  0.2  0.19  0.18  0.19  0.18  0.2  0.21 

 MgO  7.36  6.47  6.7  6.94  7.66  7.24  6.9  7.08  7.09 

 CaO  11.3  10.6  11.1  11.2  10.8  11.3  11.6  10.9  11 

 Na 2 O  2.04  2.06  2.21  2.18  2.08  2.07  2.15  2.21  2.21 

 K 2 O  0.22  0.15  0.19  0.26  0.51  0.23  0.17  0.46  0.27 

 P 2 O 5   0.12  0.14  0.15  0.14  0.13  0.13  0.13  0.13  0.14 

 LOW  1.1  1.12  1.16  0.82  1.18  1.55  1.21  0.63  0.7 

 Summa  99.97  100.16  99.96  99.89  100.09  99.94  100.04  100.3  100 

 Ba  77  67  150  120  100  120  81  89  88 

 Li  5.13  4.00  4.4  5.71  5.11  4.98  5.23  8.75  3.75 

 Sc  32.4  30.9  32.5  32.4  32.8  33.5  36  34.2  35.4 

 Co  53.7  52.6  53  56.4  53.5  55.3  55.6  51.2  51 

 Ni  123  165  115  135  143  124  130  114  86 

 Cu  146  198  138  144  93.3  149  154  167  146 

 Zn  104  110  115  110  103  104  107  99.3  99.1 

 V  274  247  273  274  274  246  264  294  272 

 Cr  182  108  97.1  116  173  123  132  141  119 

 Ga  18  17  18.1  18.8  17.7  17.8  17.9  20  18.5 

 Rb  7.1  <2  2.28  <2  6.62  <2  <2  10.2  2.36 

 Sr  197  177  200  190  164  193  182  171  160 

 Y  23  23.6  25.1  25  24.5  23.6  23.8  26.6  25.2 

 Zr  87.4  86.9  96.7  91.7  85.7  83.4  86.7  94.1  88.6 

 Nb  4.49  4.39  4.83  4.78  4.18  4.36  4.13  4.57  4.4 

 Sn  0.93  0.83  0.94  0.84  0.91  0.7  0.82  0.95  1.1 

 Cs  0.4  0.27  0.24  0.14  <0.1  <0.1  0.22  0.26  <0.1 

 Ba  78.6  63.3  97.4  120  98.3  102  76.8  109  97.6 

 La  7.01  7.45  7.96  7.61  6.07  6.9  6.87  7.15  6.67 

 Ce  17  18.2  19.4  18.4  15  16.6  16.2  16.8  15.8 

 Pr  2.53  2.49  2.66  2.6  2.13  2.32  2.33  2.41  2.24 

 Nd  11.2  11.2  12.1  11.1  10.4  10.8  10.3  10.9  10.9 

 Sm  2.96  3.28  3.62  3.36  3.01  2.92  3.05  2.97  3.19 

 Eu  1.08  1.16  1.24  1.05  1.05  1.1  1.07  1.12  1.05 

 Ti  8,106  8,650  9,376  8,832  8,771  8,650  8,469  9,013  8,953 

 Gd  3.5  3.61  3.85  3.78  3.35  3.54  3.33  3.7  3.9 

 Tb  0.61  0.69  0.73  0.74  0.64  0.64  0.63  0.71  0.68 

 Dy  4.21  4.36  4.73  4.3  4.18  4.2  4.18  4.43  4.33 

 Ho  0.84  0.85  0.94  0.85  0.84  0.82  0.86  0.93  0.89 

 Er  2.51  2.48  2.76  2.72  2.57  2.53  2.32  2.65  2.68 

 Tm  0.35  0.34  0.42  0.41  0.35  0.38  0.39  0.42  0.42 

 Yb  2.2  2.26  2.65  2.38  2.51  2.32  2.26  2.6  2.27 

 Lu  0.35  0.41  0.37  0.4  0.36  0.36  0.38  0.43  0.37 

 Hf  2.68  2.58  2.79  2.76  2.3  2.5  2.44  2.6  2.27 

 Ta  0.27  0.24  0.3  0.24  0.24  0.22  0.21  0.25  0.24 

 Th  1.02  1.03  1.03  1.04  0.9  0.95  0.99  1.04  0.93 

(continued)
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Table 3.3 (continued)

 No  92  93  94  95  96  97  98 

 No sample  M-93  M-94  M-95  M-96  M-98  M-99  M-100 

 Formation  T1Kh  T1km  T1km  T1km  T1km  T1km  T1km 

 SiO 2   46.6  47.8  47.9  48.8  48.5  48.4  48.1 

 Al 2 O 3   16.3  15.3  15.6  15.1  15.1  15.2  15.7 

 TiO2  1.49  1.4  1.41  1.52  1.5  1.47  1.49 

 Fe 2 O 3   13.3  13.1  13  13.2  13.5  13.4  13.4 

 MnO  0.18  0.19  0.2  0.19  0.21  0.2  0.2 

 MgO  7.12  7.66  7.22  6.41  7.22  7.14  7.11 

 CaO  10.8  11  11.7  11.5  11.2  11.2  11.2 

 Na 2 O  2.18  2.1  2.09  2.19  2.26  2.25  2.25 

 K 2 O  0.18  0.43  0.17  0.22  0.35  0.3  0.3 

 P 2 O 5   0.14  0.12  0.12  0.13  0.13  0.13  0.13 

 LOW  1.71  1.11  0.79  0.81  0.16  0.39  0.34 

 Summa  100  100.21  100.2  100.07  100.13  100.08  100.22 

 Fe 2 O 3   8.03  4.82  5.38  6.34  4.4  3.71  3.83 

 Li  4.05  3.82  5.11  4.49  5.77  5.94  5.71 

 Sc  36.1  34.4  36.1  38.8  32.7  34.4  33.7 

 Co  55.1  52.3  53.2  50.3  46.5  49  48.9 

 Ni  98.1  134  138  96.4  120  128  130 

 Cu  137  135  166  186  138  145  147 

 Zn  106  90.9  91.5  99.7  101  106  108 

 V  290  278  268  291  294  282  272 

 Cr  101  177  180  121  132  133  127 

 Ga  19.6  18.7  18.2  19.7  19.2  18.5  18.7 

 Rb  <2  5.71  3.88  2.91  6  8.82  7.77 

 Sr  167  164  165  170  173  174  167 

 Y  26  24.3  23.9  25.6  26.7  25.6  25.3 

 Zr  89.6  85.1  85.9  98.6  95.3  94.5  91.5 

 Nb  4.23  4.24  3.83  4.85  4.63  4.32  4.26 

 Sn  0.92  0.93  0.92  0.93  1.01  0.74  0.88 

 Cs  <0.1  <0.1  0.2  0.16  0.23  0.29  0.33 

 Ba  76.6  103  62.6  96.9  117  129  97 

 La  6.52  6.22  6  7.27  6.79  6.67  6.66 

 Ce  15.6  15.3  14.3  17.4  16.4  16.3  16 

 Pr  2.26  2.25  2.08  2.41  2.38  2.45  2.24 

 Nd  10.2  10.3  9.62  12.2  12.4  11.9  12.3 

 Sm  3.01  2.77  2.61  3.09  3.17  3.02  2.94 

 Eu  1.04  0.98  1.03  1.2  1.09  1.17  1.13 

 Ti  9,013  8,469  8,529  9,194  9,074  8,892  9,013 

 Gd  3.79  3.79  3.81  4.26  4.07  4.05  4.11 

 Tb  0.66  0.61  0.6  0.65  0.73  0.67  0.68 

 Dy  4.66  4.66  4.29  4.79  4.67  4.62  4.27 

 Ho  0.94  0.84  0.87  0.89  0.97  0.93  0.89 

 Er  2.74  2.85  2.65  3.09  2.86  2.78  2.63 

 Tm  0.38  0.4  0.43  0.38  0.5  0.46  0.4 

 Yb  2.34  2.43  2.4  2.46  2.44  2.32  2.2 

 Lu  0.42  0.34  0.36  0.37  0.37  0.35  0.35 

 Hf  2.21  2.43  2.44  2.68  2.77  2.49  2.68 

 Ta  0.24  0.25  0.24  0.26  0.26  0.24  0.25 

 Th  0.97  0.97  0.93  1.11  1.04  1.08  1.01 
  Note: Analyses were carried out in VSEGEI by XRF and ICP-MS methods  
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deposited, whereas eruption of Tuklonsky lava practically 
terminated. In conclusion, we should mention that the 
Khakanchansky, Tuklonsky, and Nadezhdinsky Formations 
are not intermediate in time but characterize different tec-
tonic structures and are related to various types of magma-
tism: riftogenic and proper trappean platform (which 
occurred only on the Eastern Siberian Platform). Because the 
Khakanchansky Formation is identical to the Nadezhdinsky 
Formation in terms of its petrographic and geochemical 
characteristics, it would be appropriate to consider it as a 
member of the Nadezhdinsky Formation. The subsequent 
evolution of magmatism in the Noril’sk region and on the 
Siberian Platform was controlled by the evolution of mag-
matism of the Tuklonsky type.  

3.3.2     High-Mg Volcanic Rocks 

 The high-magnesian rocks of the Noril’sk district have 
attracted considerable attention. They have a primitive compo-
sition and may, on the one hand, be considered the parental 
magmas of the Siberian fl ood basalts. On the other hand, they 
host rich Pt–Cu–Ni mineralization in the differentiated ultra-
mafi c–mafi c massifs (Dyuzhikov et al.  1988 ). However, partly 
because of the paucity of data on volcanic varieties, problems 
associated with the comagmatic origin of picritic basalts and 
gabbro-dolerites and their role in ore formation currently 
remained unresolved. Among the 11 previously described for-
mations of the Noril’sk tuff–lava sequence, the picrites and 
were found only in the Gudchikhinsky and Tuklonsky 
Formations, which are attributed to the fi rst and second stages, 
respectively, of volcanic activity in this area. Detailed geo-
chemical investigations suggest an affi nity between Noril’sk 
intrusions and rocks of the second stage of fl ood volcanism. 
According to this model, the Noril’sk deposits were formed 
during the assimilation of the host sedimentary rocks by the 
ascending Tuklonsky magma (average MgO 8–9 wt %). 

 It is proposed that this assimilation was responsible for 
an increase in SiO 2  content and a corresponding decrease in 
sulfur solubility. This led to the formation of the ore-gener-
ating sulfi de melt and residual silicate melt depleted in base 
metals, particularly in Cu, Co, and Ni. This feature is also 
observed in the lower part of the Nadezhdinsky Formation 
(hereafter, lower Nadezhdinsky Formation), which is char-
acterized by amounts of these metals that are three times 
lower than those of other formations (Cu 30–40 ppm) and 
by increased SiO 2  contents (50.66–52.87 wt %). Therefore, 
the Nadezhdinsky Formation is considered to be comple-
mentary to the ores, whereas the Tuklonsky rocks are con-
sidered to be the parental magma of the Nadezhdinsky 
Formation and ores. Thus, the establishment of primitive 
magmas for the Tuklonsky and Nadezhdinsky Formations is 
of great signifi cance in terms of ore formation. It should be 
noted that the Tuklonsky Formation in the major part of the 
Noril’sk region primarily consists of tholeiitic basalts with 
subordinate olivine and picritic rocks that are restricted to 
the eastern part of the study area. The Tuklonsky section 
was examined near Lake Glubokoe on Mt. Sunduk by 
Lightfoot et al. ( 1994 ) and Wooden et al. ( 1993 ) and by us 
(this study). This section is characterized by the presence of 
a layered basaltic fl ow, which is considered to be a typo-
morphic feature of the Tuklonsky lavas. Similar rocks were 
reported near the right tributary of the Mikchangda River 
along Pyroxenite Creek, where the layered fl ow was pre-
liminarily assigned to the Tuklonsky or Gudchikhinsky 
Formation (Geological map…  1994 ; Ryabov et al.  2000 ). 
We evaluated the petrological–geochemical features of the 
layered fl ow and underlying and overlying rocks along the 
lower reaches of the Mikchangda River. 

  Fig. 3.20    Composite section of the volcanic rocks in eastern part of 
the Noril’sk area 
 After Krivolutskaya ( 2014 )       
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 Picritic basalts of the Mikchangdinsky fl ow are assigned to 
the previously unknown primitive rocks of the Nadezhdinsky 
Formation. The section along Pyroxenite Creek contains a 
thick (up to 20 m) aleurolitic to agglomerate tuff sequence at 
the base followed by two fl ows of poikilophitic basalts 
(Fig.  3.25 ). Based on geochemical data, these rocks are 
assigned to the Tuklonsky Formation. They, in turn, are over-
lain by tholeiitic basaltic fl ows, which grade into a high-mag-
nesium layered fl ow (Fig.  3.26 ). The thickness of the fl ow is 
approximately 70 m. The lower part is represented by the 

amygdaloidal zone (up to 0.5 m), whose massive basalts 
 contain numerous hollow gas channels (up to 20 vol.%). This 
observation confi rms the volcanic origin of these rocks. In 
upward succession, these rocks grade into massive olivine 
basalts (MgO 12 wt %). They contain individual beds (up to 
5 m thick) containing various amounts of spherulitic clinopy-
roxene (from single aggregates to 80–90 vol.%, size up to 3–5 
cm) or dendritic pyroxenes among plagioclase (Fig.  3.27 ), 
and thus the rocks are classifi ed as pyroxene-phyric basalts or 
mikchangdites (Ryabov et al.  2000 ). The thickest (50 cm) 

  Fig. 3.21    Trace element patterns for volcanic rocks of the Noril’sk area 
 ( a ) all formations, ( b ) main types of spectra. After Krivolutskaya ( 2014 )       
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mikchangdite bed (Fig.  3.27d ) is underlain and overlain by 
picritic basalts (0.3 and 1.5 m thick).

     The picritic basalts (sample 530/12, Table  3.4 ) are mas-
sive porphyritic rocks consisting of large (3–4 mm) olivine 
phenocrysts (up to 50 vol.%) among a fi ne-grained (0.8–1.5 
mm) groundmass (Fig.  3.28 ). The olivine contains Cr–spinel 
inclusions. Olivine is cut by fi ne fi ssures fi lled with serpentine 

and bowlingite. Approximately 20–30 vol.% of the olivine 
grains remain unaltered. The olivine varies from Fo 71.82  to 
Fo 77.9  and contains 0.09–0.14 wt % NiO and 0.16–0.29 wt % 
CaO. The groundmass (pyroxene–plagioclase aggregate with 
biotite and ilmenite) displays a microdoleritic (occasionally 
poikilophitic) texture. Sulfi de segregations are absent from 
both the olivine grains and groundmass.

  Fig. 3.22    Structure of volcanic rocks 
  ( a ) in borehole OM-6 (Noril’sk Trough), texture of tholeiitic basalts from different formations ( b ) and their REE patterns ( c ) 
After Krivolutskaya ( 2014 )       
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  Fig. 3.23    Structure of volcanic rocks (Lake Lama) and variations of their La/Sm ratio 
  After Krivolutskaya ( 2014 )       

  Fig. 3.24    Isopach maps for Nadezhdinsky ( a ) and Tuklonsky ( b ) Formations 
 After Krivolutskaya ( 2011 )       
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  Fig. 3.25    Schematic geological map and cross section of the Mikchangdinsky fl ow area 
 Author V.N. Mikhailov       
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  Fig. 3.26    Structure of the Mikchangdinsky layered fl ow (Pyroxenite Creek) 
 Section was studied with V. Mikhailov. After Krivolutskaya ( 2014 )       

   We studied the geochemical composition of rocks through-
out the section along Pyroxenite Creek, including rocks of the 
Mikchangdinsky fl ow (Krivolutskaya et al.  2005 ,  2012 ). The 
major elements in the rocks (27 samples) were analyzed using 
XRF at the Vernadsky Institute of Geochemistry and Analytical 
Chemistry (by analysts I. A. Roshchina and T. A. Romashova), 
and the trace elements were determined by ICP-MS at the 
Institute of Mineralogy, Geochemistry, and Crystal Chemistry 
of Rare Elements (by analyst D. Z. Zhuravlev). Representative 
results from the analyses of rocks of the Mikchangdinsky fl ow 
with different Mg indices and underlying and overlying lavas 
are listed in the table and shown in Fig.  3.29 . The compositions 
of rocks of the Nadezhdinsky Formation (Fedorenko et al. 
 1996 ) and of picritic basalts of the Tuklonsky Formation 

(Sample CY-33) near Lake Glubokoe are shown for compari-
son. The data obtained make it possible to determine the strati-
graphic affi liations of the Mikchangdinsky fl ow and the 
underlying and overlying basalts. The rocks correlate well with 
lavas of the lower Nadezhdinsky Formation, which  contain low 
amounts of base metals, particularly Cu. These rocks are 
strongly depleted in these elements compared to other forma-
tions of the Noril’sk tuff–lavas. The rocks of the Mikchangdinsky 
fl ow sharply differ from basalts of the Tuklonsky Formation 
and overlying Mokulaevsky and Morongovsky Formations. 
These differences are clearly seen in the La/Sm ratio (Fig. 
 3.29b ), in which rocks of the lower Nadezhdinsky Formation 
and the Mikchangdinsky fl ow cluster apart from those of other 
formations, including the Tuklonsky Formation.
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   The trace element patterns (Fig.  3.29 ) also indicate the 
similarity between the Mikchangdinsky fl ow and host rocks 
(Table  3.4 ). These rocks form parallel patterns with levels 
depending on the Mg index. All of the rocks under investiga-
tion are enriched in the most incompatible elements (steep 
negative slope on the left side of the plot). The Tuklonsky 
basalts represented by the picritic basalt near Lake Glubokoe, 
Mt. Sunduk, yield gentler slopes in the trace element plots. 
The genetic relationship between the high- and low-Mg 
rocks can be established by least-squares modeling of the 
olivine fractionation. Because the secondary alteration was 
intense, calculations were performed only for immobile ele-
ments (Nb, Ta, La, Ce, Pr, Nd, Sm, Zr, Hf, Eu, Gd, Dy, Tb, Y, 
Tm, Yb, and Lu). Primitive mantle-normalized abundances 
(Hofmann  1988 ) were used in the model calculations. The 
concentrations of major and other trace elements were also 
calculated. Picritic varieties of the Mikchangdinsky fl ow 

were obtained by the addition of 32.3 wt % olivine (Fo 75.58 , 
average of 128 analyses) to the Nadezhdinsky basalts (aver-
age composition from 11 analyses (Fedorenko et al.  1996 ). 
The composition of the model melt is presented in the 
Table  3.4  and Fig.  3.29 . The most-immobile incompatible 
elements were reproduced within a 5 % error, indicating the 
high probability of the applied model. The model was also 
consistent in terms of K and Rb, indicating their stability 
during secondary processes. By contrast, the strong differ-
ence between the calculated and observed Nb, Ba, Sr, and U 
concentrations suggests the perfectly mobile behavior of 
these elements during superimposed processes.

   Thus, the picrites of the Mikchangdinsky fl ow represent the 
fi rst discovered differentiation products of the most primitive 
melts within the Nadezhdinsky Formation. This magma was 
signifi cantly enriched in incompatible elements and was 
depleted in base metals relative to the Tuklonsky basalt and 

  Fig. 3.29    Trace element patterns normalized to primitive mantle (Hofmann  1988 ) for rocks of the Mikchangdinsky fl ow 
  ( a ) Rocks of the Mikchangdinsky fl ow ( shaded fi eld ): (sample 530/12) picritic basalt, (sample 22–3) olivine basalt, (sample 530/14) tholeiitic 
basalt; (samples 22 and 22–8) underlying and overlaying basalts, respectively; (Nd 1 ) lower Nadezhdinsky Formation (average composition based 
on 11 analyses (Fedorenko et al.  1996 ); (sample CY-33) picritic basalt from the Tuklonsky Formation. ( b )  Spidergram  showing similarity of the 
model basaltic melt (mod) and real picritic basalt from the Mikchangdinsky fl ow (sample 530/12) (After Krivolutskaya et al.  2005 )       
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     Table 3.4    Composition of rocks and model melt for Nadezhdinsky Formation   

 N п/п  1  2  3  4  5  6  7  8  9  10 

 N sample  530/12  22–3  530/14  SG-32 2212.5  nd n = 11  CY-33  22  22–8  Mod  Olivine 
 Formation  nd 1   nd 1   nd 1   nd 1   nd  tk  nd 1   nd 1   melt  Fo = 75.58 

 SiO 2   48.12  47.62  53.2  53.48  52.2  43.75  50.63  51.2  48.79  38.56 

 TiO 2   0.65  0.56  0.92  0.92  0.94  0.69  0.92  0.93  0.64  0 

 A l2 O 3   9.93  11.5  15.23  15.25  16.38  12.12  15.26  14.94  10.59  0 

 FeO  11.55  9.76  9.41  9.26  9.23  11.12  9.64  9.62  13.27  22.63 

 MnO  0.17  0.17  0.14  0.16  0.16  0.18  0.15  0.15  0.21  0.33 

 MgO  17.28  12.93  6.42  6.82  6.32  15.27  7.37  7.05  16.62  39.34 

 CaO  7.74  10.68  10.18  9.41  10.33  8.51  8.9  10.2  6.61  0.25 

 Na 2 O  0.33  1.27  1.06  2.75  2.35  0.78  2.42  2.35  1.91  0 

 K 2 O  0.65  0.53  1.03  1.82  1  0.23  1.26  0.96  1.26  0 

 P 2 O 5   0.07  0.07  0.13  0.12  0.1  0.06  0.11  0.11  0.08  0.00 

 Cr 2 O 3   0.17  0.12  0.03  0.09  0.04  0.06  0.04 

 LOW  2.98  3.96  1.56  0.59  2.76  6.37  2.83  1.7 

 Summa  99.66  99.19  99.33  102.62  101.77  99.18  99.55  99.28  101.26 

 Be  0.67  0.45  1.09  0.24  0.70  0.95 

 Sc  20.2  27.5  31.6  32.0  30.0  16.9  27.6  32.8  22.2 

 Ti  4,049  2,892  6,339  5,516  3,848  4,052  4,930  3,831 

 V  194  213  220  212  179  164  198 

 Cr  967  1,179  205  268  134  969  309  553 

 Mn  1,240  1,117  1,086  1,243  851  1,001 

 Co  87.2  56.6  39.6  41.0  79.4  33.5  39.2  28.48 

 Ni  349  102  33  76  23  429  44  40  310 

 Cu  29.4  23.9  27.1  103.0  32.0  79.4  41.0  29.2  71.5 

 Zn  81.8  51.1  75.8  84.0  84.0  73.0  54.5  63.9  58.3 

 Ga  11.5  11.2  17.0  11.7  13.9  15.9 

 Rb  23.1  16.4  34.5  62.0  29.0  4.9  36.2  33.9  43.1 

 Sr  138  156  236  335  283  139  297  230  233 

 Y  16.2  15.0  24.0  21.0  20.7  12.4  21.3  24.8  14.6 

 Zr  77.2  58.5  124.3  124.0  119.0  39.7  91.1  107.8  86.1 

 Nb  5.90  3.68  9.71  7.00  8.3  2.03  5.77  7.34  4.86 

 Cs  3.33  0.82  1.14  0.53  4.16  0.61  1.36  0.37 

 Ba  174  152  288  376  460  85  349  285  261 

 La  10.8  11.0  17.5  16.3  16.4  4.5  17.6  20.8  11.3 

 Ce  23.2  22.4  37.6  37.3  35.4  9.0  35.0  42.3  25.9 

 Pr  2.79  2.73  4.47  3.97  1.23  4.10  5.03 

 Nd  11.5  11.2  18.1  18.1  16.7  5.6  16.4  20.2  12.6 

 Sm  2.57  2.42  3.93  3.96  3.75  1.56  3.33  4.16  2.75 

 Eu  0.70  0.73  1.07  1.07  1.07  0.58  1.08  1.24  0.74 

 Gd  2.60  2.47  3.79  3.74  3.89  1.93  3.32  4.15  2.60 

 Tb  0.43  0.39  0.62  0.60  0.62  0.33  0.53  0.67  0.41 

 Dy  2.61  2.48  3.93  3.85  2.13  3.23  4.07 

 Ho  0.58  0.52  0.85  0.64  0.82  0.44  0.67  0.84  0.44 

 Er  1.52  1.41  2.27  2.26  1.23  1.84  2.35 

 Tm  0.22  0.20  0.32  0.34  0.32  0.18  0.27  0.34  0.24 

 Yb  1.43  1.29  2.08  2.12  2.1  1.16  1.69  2.21  1.47 

 Lu  0.21  0.19  0.30  0.31  0.31  0.17  0.25  0.32  0.21 

 Hf  1.93  1.61  3.11  2.97  3.22  1.20  2.33  3.07  2.06 

 Ta  0.34  0.39  0.56  0.46  0.5  0.16  0.39  0.63  0.32 

 W  0.27  0.46  0.33  0.28  0.43  0.66 

 Pb  3.41  2.93  5.39  3.83  3.27  4.28  6.83  2.66 

 Th  2.09  2.28  3.52  2.89  3.04  0.47  4.64  5.94  2.00 

 U  0.47  0.37  0.81  0.71  0.81  0.10  0.57  0.86  0.50 

  Note: Formations,  nd  Nadezhdinsky,  tk  Tuklonsky; N sample — samples from Mikchangdinsky fl ow, Nd = 11- average composition Nadezhdinsky 
formation and SG-32/2212.5 (Fedorenko et al.  1996 ).   After Krivolutskaya et al. ( 2005 )  
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had another isotope composition (Table  3.5 ). Therefore, the 
results obtained call into question the inferred derivation of the 
Nadezhdinsky magma from the Tuklonsky basalt and its rela-
tionship with the mineralization (Naldrett  1992 ; Li et al.  2009 ).

3.3.2.1       Gudchikhinsky Picrites 
 Key sections were selected in three locations (Fig.  3.1 ): the 
western part of the Kharaelakh Trough, the eastern slope of 
the Khantaysko–Rybninsky swell, and the western fl ank of 
the Tunguska syneclise. This investigation allowed us to trace 
the evolution of the structure and composition of the 
Gudchikhinsky picrites from west to east. The thickest sec-
tion of the Gudchikhinsky Formation was investigated in 
borehole KhS-51 in the western part of the Kharaelakh 
Trough (Fig.  3.30 ). The incomplete thickness of the forma-
tion (its upper part was eroded away) 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 composed of 17 fl ows of picrites containing up to 
24 wt % MgO. The fl ows 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 fl ows in the section. The rocks are exten-
sively altered, and the olivine is almost completely replaced 
by serpentine or bowlingite. Fresh samples of the picrites 
were collected from the central part of the thickest and, con-
sequently, least-altered fl ow, i.e., from 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 decreases to 
a few tens of meters on the eastern side of the trough (Fig.  3.31 ). 
The structure and composition of the rocks of the formation 
change dramatically in the eastern slope of the Khantaysko–
Rybninsky swell. Their total thickness is only 22 m, and the 
rocks of the lower part of the formation (basalt porphyries with 
normal Mg contents) are completely missing from the section. 
The formation is represented there by two picritic basaltic fl ows 
with MgO contents of 12–16 wt %. It should be noted that the 
character of magmatism changes in this region: numerous vol-
canoes of central type are present there (Fig.  3.6a ); these are a 
few tens of meters thick and composed of thin (10–15 cm) beds 
of lava and ash materials. Thus, this rigid anticline structure is 

  Fig. 3.30    Thickness variation of the Gudchikhinsky Formation 
 After Krivolutskaya ( 2014 )       
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dominated by vertical fracture channels, which promoted faster 
magma ascent to the surface compared with the adjacent trough 
(which may be responsible for the less extensive crustal con-
tamination of the melts, as in sample 4270/13; see CY-50).

   The Tuklonsky and Nadezhdinsky Formations contain 
very minor amounts of high-magnesium rocks. These rocks 
were documented only in layered fl ows (Fig.  3.27 ). Picritic 
basalts were found in the Tuklonsky Formation at Sunduk 
Mountain (southern coast of Lake Glubokoe; Lightfoot 
et al.  1993 ) and in the Nadezhdinsky Formation among the 
rocks of the Mikchangdinsky fl ow (Krivolutskaya et al. 
 2005 ) on the eastern slope of the Khantaysko–Rybninsky 
swell. These rocks are represented by samples CY-50 (Tk) 
and 530/12 (Nd 1 ).  

3.3.2.2     Petrography 
 The picritic basalts of the Gudchikhinsky Formation are mac-
roscopically distinct from other lava varieties, including the 
high-magnesium rocks of the Tuklonsky and Nadezhdinsky 
Formations. They are dark gray (sometimes with a violet 
shade) and medium- to coarse-grained massive rocks consist-
ing of olivine (15–50 vol.%), plagioclase (20–50 %), pyrox-
ene (10–30 %), chrome spinel, and secondary minerals. Their 
structural, textural, and mineral characteristics display minor 
variations. The most magnesian picrites from the western part 
of the Kharaelakh Trough (sample KhS-51/130) have a weak 
porphyritic structure and a hypidiomorphic texture. Their 
compositions are dominated by olivine (up to 50 %), whose 
large euhedral prismatic crystals (2–3 mm) appear as hexago-
nal or rectangular grains in thin sections. Small (up to 1 mm) 
oval or rounded grains of this mineral are often present in 

elongated (up to 3 mm) tabular crystals of plagioclase (25 %) 
forming a poikilitic texture. Clinopyroxene (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, titanomagnetite, and serpentine group minerals. 
Picritic basalts from the eastern slope of the Khantaysko–
Rybninsky swell (sample 4270/13) have a fi ner-grained 
hypidiomorphic texture. Olivine (approximately 20 %) is 
usually present as small euhedral grains of uniform size 
(0.5 mm on average) randomly distributed in the rock and is 
nearly unaffected by secondary alteration. Plagioclase 
(approximately 50 %) is present as large laths (5–2 mm), and 
pyroxene (approximately 30 %) forms smaller irregular 
grains. Typical picritic basalts from the western part of the 
Tunguska syneclise (sample CY-50) are very similar in min-
eral composition, texture, and structure to the rock variety 
described above, but they are better crystallized. The strongly 
altered subhedral olivine grains average 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 Nadezhdinsky 
Formations are present as 5–80-cm-thick interbeds among 
the high-magnesium tholeiitic basalts (8–9 wt % MgO) 
and are similar to each other both in composition and 
 textural features. In particular, they display a weak 
 porphyritic  structure and a doleritic texture of the ground-
mass, which contains radial aggregates of plagioclase 
and/or pyroxene. The sample of picritic basalt from the 
Tuklonsky Formation (CY- 33) contains nearly completely 
altered olivine grains (15 %), sheaf-like intergrowths of 
plagioclase crystals up to 2 mm in size (30 %), and anhe-
dral 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 uniformly 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.  

3.3.2.3     Composition of Rocks 
 The Noril’sk traps are dominated by low-magnesium (MgO < 7 
wt %) tholeiitic basalts and contain minor olivine basalts and 
picrites. Alkaline and subalkaline varieties are rare and are 
present primarily in the lower formations, i.e., the Ivakinsky 
and Syverminsky Formations. The composition of the lavas 
changes systematically from bottom to top, which is consis-
tent with the data from previous studies (Lightfoot et al.  1993 ; 
Wooden et al.  1993 ). The lower formations are signifi cantly 
depleted in heavy REEs and, correspondingly, display 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 Formation, which serves 

  Fig. 3.31    Isopach map for the volcanic rocks of the Gudchikhinsky 
Formation       
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as evidence for the retention of garnet in the source. The Nb/
La ratio is signifi cantly variable within the section. As does the 
Ta/La ratio, this ratio refl ects the degree of magma contami-
nation by continental crust (Lightfoot et al.  1993 ). A Nb/La 
ratio of less than 1 associated with an undepleted composition 
implies a negative Nb (Ta) anomaly, which is compelling 
evidence for the contribution of continental crust (Rudnick 
 2002 ). Figure  3.21  demonstrates that most of the Noril’sk trap 
rocks are contaminated by continental crust. The degree of 
contamination ranges from minimum values in the rocks of 
the Gudchikhinsky Formation to maximum values in the 
Nadezhdinsky basalts (Wooden et al.  1993 ). 

 In the Noril’sk region, magnesian rocks are known only in 
the lower formations, i.e., the Gudchikhinsky, Tuklonsky, 
and Nadezhdinsky Formations. Their compositions are 
shown in Fig.  3.32  (Table  3.6 ). Author has studied these 
rocks with A. Sobolev and D. Kuzmin (Sobolev et al.  2009 ). 
The primary difference between the Gudchikhinsky rocks 
and the overlying Tuklonsky and Nadezhdinsky basalts is 
the depletion in heavy REE and, correspondingly, high Gd/
Yb ratios. The compositions of two samples from the 

Gudchikhinsky Formation (4270/13 and CY-50) are similar 
to each other regarding most elements but are signifi cantly 
different from the third sample, KhS-51/130. The latter is 
much more strongly enriched in olivine, and its incompatible 
element patterns are therefore shifted to lower concentra-
tions. It also bears distinct signs of crustal contamination: 
enrichment in Th, U, and Pb and depletion in Nb, Ta, and Ti. 
These features are even more pronounced in the magnesian 
rocks of the Tuklonsky (sample CY-33) and especially 
Nadezhdinsky Formations (sample 530/12) (Fig.  3.32b ). The 
trace element patterns of these rocks closely resemble the 
composition of the continental crust.

    The magnesian rocks described here can be considered as 
the least differentiated primitive members of the primary geo-
chemical types of the Siberian trap basalts of the Noril’sk 
region (Table  3.6 ). The Gudchikhinsky picrites are primitive 
counterparts of the moderately titaniferous basalts, which 
accounts for ~8 % of the lavas of the section (Fedorenko et al. 
 1996 ). With respect to their combined geochemical character-
istics, the Tuklonsky picrites correspond to the primary low-
titanium type of magmatism, accounting for more than 75 
vol.% of the Noril’sk section and differ signifi cantly from 
other rocks of this suite only in their low Pb isotope ratios 
(Table  3.7 ),  206 Pb/ 204 Pb and  208 Pb/ 204 Pb (Wooden et al.  1993 ; 
Fedorenko et al.  1996 ). However because crustal contamina-
tion provided the primary contribution to the content and iso-
topic composition of Pb in the Tuklonsky picrites, this 
difference should be attributed to different compositions of the 
contaminants rather than the heterogeneity of the primary 
magmas. The magnesian rocks of the Nadezhdinsky Formation 
are crystallization products of the most contaminated 
primitive magmas that produced the rocks of this formation 
(Krivolutskaya et al.  2005 ; Reichow et al.  2005 ).

3.3.2.4        Composition of Spinel 
 The spinel inclusions in the olivine phenocrysts from the 
rocks of the Gudchikhinsky Formation (Table  3.8 ) corre-
spond to a Cr-rich variety (Cr/(Cr + Al) = 0.70 ± 0.03) with 
high amounts of TiO 2  (1.6 ± 0.4 wt %) and V 2 O 3  (0.5 ± 0.1 
wt %) and a high Fe  2+ /Fe  3+  ratio (5.0 ± 0.6). The composi-
tion of the spinel is not correlated with that of the host 
olivine, which varies within the  Fo  84 – Fo  79  range. 
Noteworthy are the high Fe 2+ /Fe 3+  ratio and signifi cant 
amounts of vanadium in the spinel, which indicates unusu-
ally low oxygen fugacity in the crystallization environ-
ment (Canil  2002 ).

3.3.2.5       Composition of Olivine 
 Three groups of olivine phenocryst compositions are clearly 
distinguished (Table  3.9 , Fig.  3.33 ). The fi rst group consist 
of high-Ni and low-Mn olivines from the rocks of the 
Gudchikhinsky Formation, which essentially have no ana-
logues among the olivines of mantle magmas. Forsterite 

  Fig. 3.32    Trace element patterns for volcanic rocks of the 
Gudchikhinsky Formation ( a ) and for Tuklonsky, Nadezhdinsky 
Formations, and continental crust ( b ) 
 Continental crust after Rudnick  2002  (After Sobolev et al.  2009 )       
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     Table 3.6    Composition of high-Mg rocks in the Noril’sk area   

 Formation  gd  gd  gd  tk  nd 

 Sample, No  4270/13  CУ-50  KhS-51/130  СУ-33  530/12 

 SiO 2   47.33  44.40  44.47  43.75  48.12 

 TiO 2   2.13  1.58  0.88  0.70  0.65 

 Al 2 O 3   10.14  8.07  6.68  12.12  9.93 

 Fe 2 O 3   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 2 O  2.40  0.78  0.62  0.78  0.33 

 K 2 O  0.26  0.10  0.07  0.23  0.65 

 P 2 O 5   0.20  0.17  0.10  0.06  0.08 

 Cr 2 O 3   0.10  0.15  0.18  0.09  0.18 

 LOW  1.44  5.35  5.40  6.37  2.98 
 Summa  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  1,057  1,532  429  349 

 Cu  66  67  50  79  20 

 Zn  98  92  82  73  82 

 Rb  5.3  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  5.9 

 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: Formations,  gd  Gudchikhinsky,  tk  Tuklonsky,  nd  Nadezhdinsky. Oxides are given in %, elements — in ppm  
 After Sobolev et al. ( 2009 )  
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comprises up to 84 % of the olivines of this group. Magnesian 
olivines from the rocks of the Nadezhdinsky Formation con-
tain less Ni and more Mn, and the lowest Ni amounts cou-
pled with the highest Mn are characteristic of olivines from 
the rocks of the Tuklonsky Formation. In the latter two 
groups, the maximum forsterite component is no higher than 
80 %. A characteristic feature of olivine from the rocks of the 
Nadezhdinsky Formation is the steep decrease in Ni content 
with decreasing MgO, which is not refl ected in the Mn/Fe 
ratio.  A.  Sobolev (Sobolev et al.  2005 ,  2007 ) demonstrated 
that a Ni excess and Mn defi cit in olivine composition com-
pared with the level of equilibrium with mantle peridotites 

are indicative of the presence of melting products from 
olivine- free pyroxenite formed by the reaction between recy-
cled crust and peridotite. The Mn/Fe and Ni/(Mg/Fe) ratios 
of olivine were measured to determine the fraction of melt 
from a pyroxenite source in the bulk composition of the 
magma (Sobolev et al.  2011 ).

    This parameter was estimated independently on the basis 
of the Mn/Fe and Ni/(Mg/Fe) ratios in the olivine pheno-
crysts from our samples (Fig.  3.33 ). The olivine phenocrysts 
from the Gudchikhinsky Formation indicate a nearly pure 
olivine-free pyroxenite source for these magmas, which was 
previously noted by Sobolev et al. ( 2007 ). The compositions 

   Table 3.7    Isotope composition of volcanic rocks in the Noril’sk region   

 No  N sample  Rock  Свита 
  87 Sr/ 86 Sr  ( 87 Sr/ 86 Sr)t   143 Nd/ 144 Nd  (εNd) t 

 Measured  Measured 

 1  492  Basalt  nd 1   0.711145  0.70989  0.51252  −0.2 

 2  530/12  Picrobasalt  nd 1   0.709939  0.70820  0.51212  −8.1 

 3  530/15  Basalt  nd 1   0.708703  0.70823  0.51212  −8.5 

 4  СY-32  Basalt  tk  0.705716  0.70558  0.51253  −1.3 

 5  CY-33  Basalt  tk  0.705925  0.70556  0.51262  0.6 

 6  CY-38  Basalt  tk  0.705846  0.70583  0.51263  0.4 

 7  CY-50  Picrite  gd 2   0.703539  0.70324  0.51292  6.6 

 8  KhS-51/131  Picrite  gd 2   0.706141  0.70584  0.51287  5.5 

 9  KhS-51/129  Picrite  gd 2   0.706361  0.70604  0.51283  4.7 

 10  KhS-51/99  Picrite  gd 2   n/d  н/о  н/о  н/о 

 11  KhS-51/108  Picrite  gd 2   0.705326  0.70485  0.51279  4.1 

 12  KhS-59/1144  Picrobasalt  gd 1   0.705808  0.70527  0.51263  1.0 

 13  4032  Basalt  mr  0.705303  0.70504  0.51276  3.3 

 14  4002/14  Basalt  mk  0.70549  0.70525  0.51268  1.8 

 15  4002/19  Basalt  khr  0.705519  0.70491  0.5128  3.7 

 No  N sample  U, ppm  Pb, ppm 

  206 Pb/ 204 Pb   207 Pb/ 204 Pb   208 Pb/ 204 Pb   206 Pb/ 204 Pb 

 ( 207 Pb/ 204 Pb)t  ( 208 Pb/ 204 Pb)t  Measured  Measured  Measured  Measured 

 1  492  1.03  6.78  18.12  15.53  38.19  17.75  15.51  37.80 

 2  530/12  0.47  3.41  18.15  15.53  38.36  17.81  15.51  37.87 

 3  530/15  0.22  1.84  17.89  15.51  38.10  17.59  15.49  37.62 

 4  СY-32  0.12  1.24  17.45  15.43  37.48  17.20  15.41  37.20 

 5  CY-33  0.10  3.27  17.43  15.42  37.40  17.35  15.42  37.28 

 6  CY-38  0.10  1.49  17.39  15.42  37.38  17.23  15.41  37.19 

 7  CY-50  0.20  1.17  18.75  15.52  38.48  18.34  15.50  37.62 

 8  KhS- 51/131  0.27  2.12  18.84  15.63  38.18  18.52  15.62  37.93 

 9  KhS- 51/129  0.24  2.37  18.79  15.63  38.19  18.54  15.62  37.98 

 10  KhS-51/99  0.29  1.94  18.35  15.55  38.28  17.97  15.53  37.79 

 11  KhS- 51/108  0.40  1.66  18.47  15.56  38.40  18.21  15.54  38.10 

 12  KhS- 59/1144  0.19  2.58  17.80  15.47  38.28  17.42  15.45  37.65 

 13  4032  0.45  1.68  18.79  15.55  38.30  18.14  15.51  37.74 

 14  4002/14  0.36  2.00  18.33  15.52  38.13  17.89  15.49  37.70 

 15  4002/19  0.33  2.07  18.37  15.52  38.15  17.98  15.50  37.77 

  Note: Analyses were done in Max-Planck Institute of Chemistry, Mainz, Germany, according method (Fekiacova et al. 2007),  analysts — Z. Fekiacova; 
error — 0,005 %; No: 2–3 — Mikchangdinsky Flow, 4–6 — Sunduksky Flow;  t —age 251 Ma. Names of Formation are in Table  3.1 
After Krivolutskaya et al. ( 2012 )  
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of magnesian olivines from the rocks of the Nadezhdinsky 
and Tuklonsky Formations indicate a signifi cantly lower 
contribution from a pyroxenite source. Sulfi de melt fraction-
ation in the magmas of the Nadezhdinsky Formation leads to 
signifi cantly underestimated contributions of the pyroxenite 
component calculated from the Ni/(Mg/Fe) ratio of olivine 
but has almost no effect on the estimates based on the Mn/Fe 
ratio (Fig.  3.33 ).  

3.3.2.6    Experimental Investigations 
 The melt inclusions were studied using a low-inertia visually 
controlled heating stage with a purifi ed He atmosphere 
(Sobolev and Slutsky  1984 ) following the method of Sobolev 
and Danyushevsky ( 1994 ). The experimental temperature 
was measured using a Pt 90 Rh 10  thermocouple and was checked 
in every experiment against the melting point of high-purity 
gold. To minimize H 2 O loss from the inclusions, the total 

   Table 3.8    Composition of spinel from Gudchikhinsky picrites, wt %   

 Component  ol5-12-18 a   ol5-12-20  ol5-12-23  ol5-13-1  ol5-13-11  ol5-13-13  ol5-13-21  ol5-15-1  ol5-15-11 

 SiO 2   0.36  0.34  0.48  0.34  0.36  0.34  0.38  0.34  0.39 

 TiO 2   1.70  1.54  1.20  1.36  1.52  1.52  0.93  1.44  2.87 

 Al 2 O 3   14.45  13.40  13.34  13.21  13.50  12.35  10.40  13.22  13.20 

 Cr 2 O 3   45.75  46.53  46.80  46.57  46.70  44.93  49.59  46.56  41.16 

 V 2 O 3   0.33  0.39  0.45  0.49  0.41  0.39  0.44  0.45  0.71 

 FeO com   27.40  28.51  27.71  29.03  27.40  32.81  28.68  29.38  31.33 

 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 

 Summa 1  99.02  98.75  97.74  98.26  98.56  98.94  97.72  98.86  97.58 

 FeO  22.67  23.76  23.78  24.64  22.75  25.90  23.64  24.55  25.11 

 Fe 2 O 3   5.26  5.28  4.36  4.88  5.16  7.68  5.60  5.36  6.91 

 Summa 2  99.53  99.27  98.11  98.74  99.05  99.70  98.27  99.38  98.13 

 Fe 2+/3+  sp  4.8  5.0  6.1  5.6  4.9  3.7  4.7  5.1  4.0 

 Fe 2+/3+  m  21.9  23.1  29.7  26.9  22.5  15.9  21.2  23.7  17.5 

  Fo   82.17  82.68  81.06  83.47  79.13  82.86  81.42  81.42  81.60 

 Component  ol5-15-18  ol5-15-19  ol5-16-7  6ol-2-4  6ol-2-6  6ol-2-7  6ol-3-2  6ol-3-7  6ol-3-10 

 SiO 2   0.42  0.34  0.36  0.37  0.36  0.34  0.34  0.33  0.36 

 TiO 2   1.51  1.33  2.80  1.56  1.84  1.52  1.59  1.44  1.34 

 Al 2 O 3   13.93  12.52  13.14  13.20  17.81  13.24  13.43  13.39  12.64 

 Cr 2 O 3   46.28  48.34  43.18  45.47  40.82  45.76  44.94  45.62  46.23 

 V 2 O 3   0.45  0.40  0.56  0.48  0.38  0.41  0.45  0.44  0.45 

 FeO com   28.53  27.94  30.26  30.56  28.90  29.63  30.65  28.92  30.55 

 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 

 Summa 1  98.90  98.64  97.53  98.53  98.97  98.34  98.49  97.79  98.63 

 FeO  24.37  23.81  25.90  25.54  23.59  24.49  25.22  23.95  25.00 

 Fe 2 O 3   4.63  4.59  4.85  5.58  5.90  5.71  6.03  5.52  6.17 

 Summa 2  99.33  99.08  97.92  99.08  99.55  98.91  99.08  98.33  99.24 

 Fe 2+/3+  sp  5.9  5.8  5.9  5.1  4.4  4.8  4.7  4.8  4.5 

 Fe 2+/3+  m  28.4  27.9  28.9  23.6  19.8  21.7  21.0  22.0  20.1 

  Fo, mol %   82.51  82.79  81.67  82.38  80.39  79.55  81.37  80.12  82.23 

  Note: Calculation FeO, Fe 2 O 3  were done according spinel stoichiometry; FeO com -Fe common;   Summa 1 и Summa 2 - summa before and after 
Fe division consequently;   Fe +2 / +3  m- ratio Fe forms in melt, calculated according model (Maurel and Maurel 1982);    Fo -  here and in Table  3.6  - Fo 
(mol %)—forsterite content in olivine  
  a Number of sample 
 After Sobolev et al. ( 2009 )  
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   Table 3.9    Composition of olivine from picritic basalts in the Nadezhdinsky and Tuklonsky Formations, wt %   

 N sample  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  NiO  CoO  Cr 2 O 3   Summa   Fo  

 530-247  39.3  0.03  19.45  0.27  42.0  0.23  0.19  0.041  0.046  101.6  79.4 

 530-187  39.0  0.01  0.02  19.5  0.27  41.7  0.25  0.15  0.027  0.031  101.1  79.1 

 530-138  38.9  0.01  0.02  19.6  0.27  41.5  0.25  0.13  0.026  0.038  100.9  79.0 

 530-53  39.0  0.01  0.03  19.7  0.27  41.6  0.25  0.16  0.026  0.042  101.1  79.0 

 530-37  39.1  0.01  0.02  19.7  0.27  41.6  0.25  0.12  0.027  0.034  101.3  78.9 

 530-62  38.9  0.01  0.02  19.8  0.28  41.4  0.25  0.13  0.028  0.046  101.0  78.8 

 530-41  39.1  0.01  0.02  19.8  0.27  41.5  0.23  0.15  0.026  0.042  101.3  78.8 

 530-8  39.0  0.01  0.03  19.8  0.27  41.4  0.24  0.16  0.025  0.037  101.1  78.8 

 530-128  38.9  0.01  0.03  19.9  0.28  41.6  0.25  0.15  0.025  0.044  101.2  78.8 

 530-30  38.8  0.02  19.7  0.27  41.2  0.23  0.16  0.042  0.041  100.7  78.8 

 530-159  39.0  0.01  0.02  19.8  0.28  41.4  0.25  0.13  0.025  0.04  101.1  78.8 

 530-196  38.9  0.01  0.03  19.9  0.27  41.4  0.24  0.14  0.025  0.044  101.1  78.7 

 530-117  39.0  0.01  0.02  19.9  0.27  41.4  0.25  0.12  0.026  0.035  101.1  78.7 

 530-85  39.0  0.01  0.03  19.9  0.28  41.5  0.26  0.13  0.026  0.049  101.3  78.7 

 530-156  38.9  0.01  0.02  20.0  0.28  41.4  0.24  0.11  0.024  0.042  101.2  78.6 

 530-99  38.9  0.01  0.02  20.0  0.28  41.4  0.25  0.13  0.026  0.034  101.1  78.6 

 530-100  38.9  0.01  0.04  20.0  0.28  41.4  0.24  0.12  0.027  0.046  101.2  78.6 

 530-142  39.0  0.01  0.03  20.1  0.27  41.2  0.24  0.13  0.026  0.045  101.0  78.5 

 530-60  38.8  0.01  0.02  20.1  0.28  41.1  0.25  0.12  0.027  0.038  100.9  78.4 

 530-126  38.8  0.01  0.15  20.1  0.28  40.8  0.39  0.12  0.026  0.056  100.8  78.3 

 530-59  38.9  0.01  0.06  20.2  0.28  40.9  0.28  0.15  0.024  0.052  101.0  78.3 

 530-181  39.0  0.01  0.02  20.3  0.28  41.2  0.25  0.12  0.027  0.036  101.3  78.3 

 530-191  38.9  0.04  0.02  20.3  0.28  41.1  0.26  0.11  0.027  0.032  101.2  78.3 

 530-52  38.9  0.01  0.03  20.3  0.28  41.1  0.25  0.12  0.028  0.041  101.1  78.3 

 530-9  38.8  0.01  0.02  20.3  0.28  41.0  0.27  0.12  0.028  0.045  101.0  78.2 

 530-146  38.9  0.01  0.02  20.4  0.28  41.1  0.27  0.12  0.027  0.034  101.2  78.1 

 530-163  39.0  0.01  0.02  20.5  0.29  41.2  0.27  0.12  0.027  0.035  101.6  78.1 

 530-39  38.8  0.01  0.03  20.6  0.28  40.7  0.25  0.13  0.027  0.041  101.0  77.8 

 530-14  38.8  0.01  0.02  20.8  0.28  40.6  0.26  0.12  0.026  0.042  101.1  77.6 

 530-341  38.9  0.01  21.6  0.30  40.1  0.26  0.08  0.045  0.021  101.5  76.7 

 530-320  38.9  0.02  22.3  0.30  39.8  0.26  0.09  0.048  0.025  101.9  76.0 

 530-296  38.5  0.01  23.1  0.31  39.2  0.26  0.08  0.047  0.015  101.6  75.1 

 530-31  38.7  0.02  23.1  0.31  38.8  0.25  0.09  0.048  0.024  101.5  74.9 

 530-317  38.5  0.02  24.4  0.32  38.1  0.24  0.09  0.048  0.016  101.9  73.5 

 530-345  38.3  0.00  24.8  0.32  37.8  0.23  0.09  0.049  0.012  101.7  73.0 

 СY36c-1-4  38.0  0.01  0.02  26.3  0.37  36.2  0.24  0.12  0.031  0.011  101.4  71.0 

 СY36c-1-2  37.5  0.03  0.01  26.8  0.37  35.5  0.20  0.11  0.032  0.000  100.8  70.2 

 СY36a-1-9  38.4  0.03  0.01  24.0  0.35  38.0  0.20  0.12  0.030  0.003  101.3  73.8 

 СY36a-1-8  38.8  0.04  0.02  24.1  0.35  38.2  0.19  0.12  0.030  0.005  101.9  73.8 

 CY36a-1-7  38.5  0.03  0.01  24.2  0.35  37.9  0.19  0.12  0.030  0.000  101.5  73.5 

 СY36a-1-5  38.2  0.03  0.01  24.1  0.35  37.5  0.20  0.11  0.029  0.003  100.6  73.4 

 СY36a-1-4  38.5  0.03  0.01  24.3  0.36  37.3  0.21  0.11  0.031  0.002  101.0  73.2 

 СY36a-1-2  38.3  0.03  0.01  23.9  0.35  37.9  0.22  0.12  0.028  0.004  101.0  73.8 

 CY36a-1- 15   38.5  0.03  0.01  24.3  0.35  38.2  0.22  0.11  0.029  0.002  101.8  73.6 

 СY36a-1- 14   38.4  0.02  0.02  24.1  0.35  38.2  0.24  0.12  0.030  0.009  101.6  73.8 

 СY36a-1- 13   38.9  0.02  0.02  21.6  0.32  39.8  0.23  0.12  0.028  0.019  101.2  76.6 

 СY36a-1- 10   38.5  0.03  0.01  24.1  0.35  37.9  0.20  0.12  0.030  0.004  101.4  73.7 

 СУ36a-1-1  38.3  0.03  0.01  24.6  0.35  37.3  0.22  0.11  0.032  0.002  101.1  73.0 

 СY36-1-7  38.1  0.01  0.01  25.9  0.37  36.5  0.25  0.11  0.031  0.002  101.3  71.5 

 CY36-1-5  38.3  0.03  0.00  26.3  0.38  36.4  0.22  0.11  0.031  0.000  101.9  71.1 

(continued)
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(continued)

Table 3.9 (continued)

 N sample  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  NiO  CoO  Cr 2 O 3   Summa   Fo  

 CY36-1- 1   38.4  0.03  0.01  26.2  0.37  36.4  0.22  0.11  0.031  0.000  101.8  71.3 

 СY33-3a-9  38.3  0.03  0.01  24.6  0.36  37.3  0.19  0.12  0.030  0.002  100.9  73.0 

 СY33-3a-8  38.5  0.03  0.00  24.5  0.36  37.2  0.19  0.11  0.029  0.005  101.0  73.1 

 СY33-3a-7  38.7  0.03  0.01  24.8  0.36  37.5  0.19  0.11  0.032  0.000  101.7  72.9 

 СY33-3a-6  38.4  0.03  0.02  25.0  0.36  37.3  0.21  0.12  0.033  0.000  101.6  72.7 

 СY33-3a-5  38.5  0.03  0.00  24.5  0.35  37.2  0.18  0.11  0.031  0.002  101.0  73.1 

 CY33-3a-4  38.3  0.03  0.01  24.8  0.36  37.3  0.18  0.11  0.031  0.001  101.2  72.8 

 CY33-3a-3  38.7  0.03  0.01  24.9  0.36  37.1  0.19  0.12  0.029  0.002  101.5  72.6 

 CY33-3a-26  38.4  0.03  0.01  25.2  0.37  36.7  0.18  0.11  0.029  0.000  101.0  72.2 

 СY33-3a-25  38.4  0.02  0.00  24.6  0.36  37.1  0.18  0.12  0.027  0.005  100.8  72.9 

 СY33-3a-23  38.4  0.03  0.01  24.3  0.36  37.3  0.19  0.11  0.032  0.006  100.8  73.2 

 СY33-3a-22  38.0  0.03  0.01  25.5  0.36  36.7  0.17  0.11  0.030  0.000  100.9  72.0 

 СY33-3a-21  38.3  0.04  0.01  25.2  0.36  37.3  0.20  0.12  0.031  0.000  101.7  72.5 

 CY33-3a-20  38.3  0.03  0.01  25.2  0.36  37.3  0.19  0.11  0.030  0.010  101.6  72.6 

 СY33-3a-19  38.5  0.03  0.00  24.4  0.35  37.2  0.20  0.11  0.029  0.005  100.8  73.1 

 СY33-3a-17  38.2  0.03  0.01  24.9  0.36  37.4  0.18  0.12  0.031  0.001  101.2  72.8 

 СY33-3a-16  38.6  0.03  0.01  24.3  0.35  38.2  0.21  0.12  0.032  0.007  101.9  73.7 

 СY33-3a-15  38.1  0.03  0.00  25.0  0.36  37.3  0.17  0.12  0.030  0.002  101.2  72.7 

 СY33-3a-14  38.2  0.03  0.00  24.6  0.36  37.1  0.18  0.11  0.029  0.001  100.7  72.9 

 СY33-3a-13  37.7  0.03  0.00  24.3  0.36  36.9  0.19  0.11  0.030  0.000  99.7  73.0 

 СY33-3a-12  38.3  0.03  0.01  25.2  0.36  37.2  0.21  0.12  0.030  0.002  101.5  72.5 

 СY33-3a-11  38.6  0.03  0.01  25.0  0.36  37.4  0.20  0.12  0.030  0.004  101.7  72.7 

 СY33-3a-10  38.7  0.03  0.01  24.7  0.36  37.5  0.19  0.12  0.030  0.004  101.7  73.0 

 СY33-3a-1  38.8  0.03  0.00  22.5  0.33  39.0  0.19  0.12  0.029  0.008  101.1  75.6 

 CY33-3- 9   38.4  0.03  0.00  24.1  0.35  37.6  0.20  0.12  0.032  0.009  100.9  73.6 

 CY33-3- 7   38.2  0.03  0.00  25.6  0.37  36.5  0.17  0.11  0.031  0.002  101.0  71.8 

 СY33-3-5  38.6  0.02  0.01  24.4  0.36  37.4  0.20  0.11  0.031  0.004  101.2  73.2 

 CY33-3- 45   38.1  0.03  0.01  23.8  0.35  37.6  0.18  0.12  0.030  0.005  100.3  73.8 

 СY33-3- 44   38.6  0.02  0.00  23.9  0.35  37.8  0.22  0.11  0.028  0.013  101.1  73.9 

 СY33-3- 43   38.4  0.01  0.02  23.2  0.34  38.3  0.25  0.12  0.030  0.013  100.7  74.7 

 СY33-3- 42   38.5  0.01  0.01  23.3  0.34  38.3  0.24  0.12  0.032  0.009  100.9  74.6 

 СY33-3- 41   38.1  0.03  0.00  25.2  0.36  37.0  0.20  0.11  0.030  0.001  101.1  72.4 

 СY33-3-4  38.8  0.04  0.02  22.3  0.33  39.0  0.19  0.12  0.028  0.012  101.0  75.7 

 СY33-3- 39   37.8  0.04  0.01  24.7  0.36  36.6  0.21  0.12  0.030  0.002  99.9  72.5 

 СY33-3- 38   38.1  0.03  0.01  24.9  0.36  36.8  0.20  0.12  0.031  0.000  100.6  72.5 

 СY33-3- 37   38.1  0.03  0.00  24.8  0.36  36.8  0.18  0.11  0.032  0.000  100.5  72.5 

 СY33-3- 35   38.2  0.03  0.01  24.5  0.36  37.4  0.21  0.12  0.029  0.002  100.9  73.1 

 СY33-3- 33   38.4  0.03  0.01  24.5  0.36  37.7  0.16  0.12  0.030  0.002  101.3  73.3 

 СY33-3- 32   38.1  0.03  0.01  24.3  0.35  37.3  0.18  0.12  0.030  0.003  100.4  73.2 

 СY33-3- 31   38.0  0.02  0.00  24.3  0.35  37.5  0.19  0.12  0.030  0.005  100.6  73.3 

 СY33-3- 30   38.4  0.02  0.01  24.5  0.35  37.6  0.24  0.11  0.029  0.008  101.2  73.2 

 СY33-3-3  38.7  0.02  0.01  23.1  0.34  38.4  0.20  0.12  0.028  0.010  100.9  74.8 

 СY33-3- 29   38.4  0.02  0.01  24.3  0.35  37.7  0.22  0.12  0.031  0.006  101.2  73.5 

 СY33-3- 28   38.3  0.03  0.02  24.7  0.35  37.3  0.19  0.12  0.030  0.000  101.0  73.0 

 СY33-3- 27   38.3  0.03  0.00  24.8  0.36  37.2  0.19  0.12  0.028  0.002  101.0  72.8 

 СY33-3- 26   38.4  0.03  0.01  24.8  0.36  37.3  0.21  0.11  0.028  0.001  101.2  72.8 

 СY33-3- 25   38.3  0.03  0.00  24.6  0.36  37.1  0.19  0.12  0.028  0.000  100.7  72.9 

 СY33-3- 24   38.7  0.03  0.01  24.0  0.35  38.1  0.19  0.12  0.031  0.001  101.5  73.9 

 СY33-3- 23   38.5  0.03  0.01  24.2  0.35  37.9  0.18  0.11  0.029  0.000  101.3  73.6 

 СY33-3- 22   38.5  0.03  0.01  24.1  0.35  37.7  0.18  0.12  0.029  0.001  101.1  73.6 
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exposure to temperatures exceeding 1,000 °C was no longer 
than 15 min. In addition to experiments under visual control, 
quench experiments were performed using a controlled-
atmosphere vertical furnace at the Petrology and Geochemistry 
Department of J.W. Goethe University of Frankfurt am 
Maine, Germany. The experiments were carried out with an 
H 2 /CO 2  gas mixture at a temperature of 1,250 °C and oxygen 
fugacity corresponding 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 plati-
num container into the cold zone. 

 Magmatic inclusions were investigated in the olivine 
from samples KhS-51/130, 4270/13, and SU-50 of the 
Gudchikhinsky Formation (Sobolev et al.  2009 ). These 
inclusions are represented by crystallized melt, spinel, low- 
density fl uid, and occasionally combinations of these phases 
in varying proportions. Most of the inclusions are not con-
fi ned to fractures but are randomly distributed within the 
phenocryst fraction. Such inclusions are interpreted as pri-
mary, i.e., trapped during phenocryst growth (Roedder 
 1984 ). Most of the melt inclusions have rounded or ellipsoi-
dal shapes. Their typical size ranges from 20 to 80 μm along 
the long axis. The inclusions are composed of clinopyrox-
ene crystals, interstitial glass, a low-density fl uid phase 

Table 3.9 (continued)

 N sample  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  NiO  CoO  Cr 2 O 3   Summa   Fo  

 CY33-3- 21   38.9  0.09  0.02  23.4  0.35  35.8  0.21  0.12  0.020  0.010  98.9  73.2 

 СY33-3-2  39.1  0.01  0.02  19.2  0.28  41.8  0.25  0.13  0.026  0.035  100.8  79.5 

 СY33-3- 19   38.9  0.03  0.00  22.2  0.33  39.2  0.19  0.12  0.029  0.011  101.0  75.9 

 СY33-3- 18   39.1  0.02  0.01  22.2  0.33  39.5  0.20  0.12  0.029  0.012  101.6  76.1 

 СY33-3- 17   38.8  0.03  0.01  22.2  0.33  38.7  0.22  0.12  0.030  0.013  100.6  75.7 

 СY33-3- 15   39.0  0.02  0.01  20.9  0.31  40.3  0.20  0.13  0.029  0.025  101.0  77.4 

 СY33-3- 14   38.5  0.03  0.00  24.1  0.35  38.0  0.19  0.12  0.030  0.008  101.4  73.8 

 СY33-3- 12   38.7  0.02  0.01  20.6  0.31  40.1  0.26  0.12  0.027  0.037  100.2  77.6 

 СY33-3- 11   38.4  0.03  0.01  24.0  0.36  37.7  0.20  0.12  0.030  0.008  100.9  73.7 

 СY33-3- 10   38.5  0.03  0.01  23.9  0.35  37.9  0.19  0.12  0.030  0.015  101.1  73.9 

 СY33-1b-8  37.8  0.03  0.00  27.9  0.37  35.5  0.19  0.12  0.033  0.001  101.8  69.4 

 СY33-1b-3-5  37.9  0.03  0.01  26.7  0.37  35.9  0.20  0.11  0.029  0.017  101.3  70.6 

 СY33-1b-3-2  38.0  0.03  0.00  27.3  0.38  35.8  0.19  0.11  0.029  0.000  101.8  70.0 

 СY33-1a-1-8  37.9  0.02  0.00  24.3  0.35  37.5  0.18  0.11  0.029  0.005  100.4  73.4 

 СY33-1a-1-16  38.0  0.03  0.01  23.7  0.33  37.6  0.16  0.11  0.029  0.020  100.0  73.9 

 СY33-1a-1-1  37.6  0.03  0.02  25.1  0.35  36.8  0.16  0.11  0.029  0.007  100.3  72.4 

 СY31-4- 1- 2   37.4  0.02  0.01  27.7  0.38  35.1  0.17  0.10  0.031  0.001  100.9  69.3 

 СY31-2a-9  38.5  0.03  0.00  25.3  0.36  37.4  0.18  0.11  0.029  0.004  101.9  72.5 

 СY31-2a-6  38.2  0.03  0.00  25.4  0.36  37.3  0.18  0.11  0.030  0.004  101.6  72.4 

 СY31-2a-5  38.4  0.03  0.01  25.4  0.36  37.5  0.17  0.11  0.030  0.001  102.0  72.5 

 СY31-2a-4  38.3  0.03  0.01  25.4  0.36  37.5  0.16  0.11  0.028  0.004  101.9  72.5 

 СY31-2a-2  38.2  0.03  0.01  25.1  0.36  37.5  0.18  0.11  0.030  0.005  101.5  72.7 

 СY1-2a-12  38.1  0.02  0.01  25.8  0.36  36.7  0.17  0.10  0.029  0.000  101.3  71.7 

 CY31-2a-10  38.3  0.03  0.01  25.2  0.36  37.4  0.17  0.11  0.029  0.001  101.7  72.6 

 СY31-2a-1  38.4  0.03  0.01  25.1  0.36  37.0  0.20  0.11  0.029  0.002  101.3  72.4 

 СY31-2-4  38.1  0.02  0.01  26.6  0.37  36.4  0.18  0.10  0.031  0.000  101.9  70.9 

 СY31-2-3  37.9  0.02  0.01  26.9  0.38  36.1  0.17  0.10  0.030  0.000  101.6  70.5 

 СY31-2- 2- 9   37.7  0.02  0.00  25.3  0.36  36.8  0.18  0.10  0.028  0.003  100.5  72.1 

 СY31-2- 2- 6   38.0  0.03  0.01  25.7  0.36  37.1  0.16  0.10  0.029  0.002  101.6  72.0 

 СY31-2- 2- 5   37.9  0.03  0.01  25.5  0.36  37.0  0.20  0.11  0.027  0.000  101.2  72.1 

 СY31-2- 2- 12   37.6  0.02  0.01  25.7  0.37  36.6  0.18  0.10  0.030  0.002  100.6  71.7 

 СY31-2- 2- 11   37.8  0.02  0.00  26.2  0.37  36.2  0.17  0.11  0.031  0.001  101.0  71.1 

 СY31-2- 2- 10   37.6  0.02  0.00  26.5  0.38  36.2  0.16  0.10  0.031  0.000  101.0  70.9 

 СY31-2- 2- 1   38.0  0.03  0.01  25.5  0.36  37.1  0.19  0.10  0.028  0.005  101.4  72.2 

  Note: Here and in Tables  3.10  and  3.11  empty cells-element was not determined, Fo – mol. % forsterite in olivine   
After Sobolev et al. ( 2009 )  
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(shrinkage voids), spinel crystals, and occasionally tiny 
droplets of sulfi de melt. During heating, the inclusions 
begin to melt at temperatures of 1,050–1,100 °C, and the 
last daughter pyroxene crystal disappears at 1,150–1,180 
°C. Homogenization (complete dissolution of the fl uid 
phase in the melt) occurs almost simultaneously in all inclu-
sions of a series. Based on the results of 15 experiments, 
the range of homogenization temperatures is 1,180–1,290 
°C. In a few of the homogenized inclusions, a well-shaped 
spinel crystal was preserved after quenching; such crystals 
were interpreted as xenocrysts trapped with the melt. To 

obtain statistically representative data regarding the compo-
sitions of the melt inclusions, 100–150 olivine grains from 
each of samples KhS-51/130, 4270/13, and CY-50 were 
annealed for 20 min at a temperature of 1,250 °C in the ver-
tical furnace at oxygen fugacity corresponding to the QFM 
buffer and were quenched. The quenched crystals were 
 sectioned, polished, and examined under a microscope. 
Homogeneous inclusions or inclusions with a fl uid vesicle 
accounting for less than 0.1 % of the inclusion volume and 
more than 40 μm in size were selected for analysis.  

3.3.2.7     Crystallization Conditions and Melt 
Composition 

 The compositions of 37 quenched melt inclusions and their 
host olivines from the samples of the Gudchikhinsky 
Formation are given in Table  3.10 . Because the quenching 
temperature (1,250 °C) of inclusions in the vertical furnace 
generally differed from the temperature of entrapment, the 
compositions of the inclusions were also recalculated to 
equilibrium with the host olivine using the model of Ford 
et al. ( 1983 ). There is a signifi cant linear correlation between 
the amounts of FeO in the inclusions and the host olivine 
(FeO melt = 0.53FeOOl – 0.9,  R  = 0.7), which indicates that 
the loss of Fe from the inclusions was due to the diffusion 
redistribution of Fe and Mg between the inclusions and host 
olivine during cooling (Sobolev and Danyushevsky  1994 ). 
This effect can be accounted for by the signifi cant correla-
tion between the amounts of FeO and SiO 2  (FeOtot = 30.84—
0.369SiO 2 ,  R  = 0.7) in the rocks of the Gudchikhinsky 
Formation containing, similar to the melts, 7–15 wt % MgO 
(GEOROC;   http://georoc.mpch-mainz.gwdg.de/georoc/    ). 
The Fe 2+ /Fe 3+  ratio in the melt was determined from the com-
position of chrome spinel and the model of spinel–melt Fe 2+ /
Fe 3+  partitioning (Maurel and Maurel  1982 ). The corrected 
values differ only slightly from the compositions of the 
quenched inclusions, primarily with respect to the Mg and 
Fe concentrations. Nonetheless, Table  3.11  presents correc-
tion coeffi cients,  K cor, for olivine- incompatible trace ele-
ment concentrations in the inclusions. The coeffi cient was 
calculated for each inclusion as a ratio of the Al 2 O 3  concen-
trations in the measured and corrected compositions. To 
obtain a corrected value for the incompatible element con-
tent in the trapped melt, values from Table  3.10  should be 
multiplied by  K cor from Table  3.11 . Hereafter, we will con-
sider only the corrected compositions. The content of Ni in 
the melt was calculated from the composition of host olivine 
and the model of olivine–melt equilibrium by Beattie ( 1993 ). 
The temperatures of equilibrium between trapped melts and 
their host olivine lie within the range of 1,170–1,250 °C, 
which is near the range of homogenization  temperatures for 
these inclusions (1,180–1,290 °C). The oxygen fugacity is 
unusually low (2.5–3.0 logarithmic units below the Ni–NiO 
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  Fig. 3.33    Compositions of olivine phenocrysts from the magnesian 
Siberian traps of the Gudchikhinsky ( Gd ), Nadezhdinsky ( Nd ), and 
Tuklonsky ( Tk )
Formations of the Noril’sk region (After Sobolev et al.  2009 ). The solid 
line encloses the compositional fi eld of olivines in equilibrium with 
peridotite material. The  dotted line  encloses the fi eld of the majority of 
olivine phenocrysts from mid-ocean ridge basalts. The  dashed line  
encloses the fi eld of olivine phenocrysts from intraplate magmas 
formed beneath the thick lithosphere (more than 70 km). The composi-
tional fi elds are after Sobolev et al. 2007       
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     Table 3.10    Composition of melt inclusions and host olivines from picrites of the Gudchikhinsky Formation   

 No  1  2  3  4  5  6  7  8  9  10 

 Component  Melt inclusions 

 SiO 2   50.76  50.92  51.05  51.06  50.25  51.24  51.26  50.52  51.16  50.45 

 TiO 2   2.29  2.56  2.22  2.24  2.63  2.26  2.28  2.30  2.38  2.35 

 Al 2 O 3   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 2 O  2.33  2.42  2.45  2.23  2.27  2.29  2.40  2.30  2.34  2.33 

 K 2 O  0.37  0.43  0.40  0.50  0.44  0.45  0.39  0.35  0.40  0.39 

 P 2 O 5   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 %  0.04  0.07  0.10  0.20  0.05  0.12  0.07  0.04  0.07  0.05 

 Summa  99.38  99.20  99.49  99.42  99.09  99.92  99.88  99.12  99.44  98.49 

 NiO  0.04  0.03  0.04  0.03  0.05  0.04  0.04  0.04  0.04  0.04 

 Cr 2 O 3   0.18  0.10  0.18  0.21  0.17  0.18  0.20  0.18  0.15  0.15 

 TiO 2,  wt %  2.27  2.30  2.05  2.14  2.24  2.23  2.26  2.36  2.21 

 H 2 O, 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  14,108  15,850  13,939  14,608  16,584  14,292  13,765  14,195  15,210  14,787 

 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 

 Ol-host 

  Fo, mol %   79.62  77.42  80.40  81.24  79.82  80.15  80.43  78.86  81.01  80.45 

 SiO 2   38.64  38.64  38.90  39.04  39.12  39.21  39.40  39.07  39.23  39.02 

 TiO 2   0.008  0.01  0.01  0.01  0.01  0.01  0.008  0.008  0.01  0.01 
(continued)

3 Specifi cs of the Tuff–Lava Sequence: Geological and Geochemical Evidence



81

Table 3.10 (continued)

 No  1  2  3  4  5  6  7  8  9  10 

 Component  Melt inclusions 

 Al 2 O 3   0.02  0.02  0.02  0.02  0.02  0.02  0.02  0.02  0.02  0.02 

 FeO  19.07  21.00  18.47  17.83  19.06  18.77  18.47  19.83  17.95  18.43 

 MnO  0.23  0.26  0.22  0.21  0.23  0.22  0.22  0.24  0.21  0.22 

 MgO  41.79  40.40  42.52  43.32  42.31  42.28  42.59  41.51  42.96  42.58 

 CaO  0.29  0.30  0.29  0.29  0.30  0.30  0.29  0.28  0.29  0.29 

 NiO  0.36  0.31  0.38  0.38  0.35  0.37  0.38  0.35  0.38  0.38 

 Cr 2 O 3   0.04  0.03  0.04  0.04  0.04  0.04  0.04  0.04  0.04  0.03 

 Summa  100.47  101.01  100.90  101.20  101.49  101.26  101.46  101.40  101.14  101.03 

 No  11  12  13  14  15  16  17  18 

 Component  Melt inclusions 

 SiO 2   50.63  50.09  50.39  50.04  50.59  50.53  50.28  50.44 

 TiO 2   2.29  2.30  2.37  2.42  2.30  2.33  2.36  2.21 

 Al 2 O 3   12.94  12.73  12.84  13.32  12.83  12.80  12.79  13.00 

 FeO  9.39  9.99  9.69  8.41  9.90  9.71  10.20  9.99 

 MnO  0.13  0.13  0.14  0.11  0.13  0.13  0.14  0.15 

 MgO  9.78  9.70  10.05  9.91  9.84  9.77  9.37  9.11 

 CaO  10.77  11.22  11.21  11.16  10.77  11.17  11.27  10.69 

 Na 2 O  2.46  2.19  2.12  2.26  2.29  2.07  2.07  2.46 

 K 2 O  0.49  0.34  0.34  0.38  0.37  0.36  0.36  0.35 

 P 2 O 5   0.21  0.19  0.22  0.23  0.22  0.20  0.23  0.19 

 S, wt %  0.05  0.04  0.05  0.06  0.05  0.03  0.06  0.04 

 Cl, wt %  0.13  0.03  0.03  0.06  0.04  0.04  0.04  0.06 

 Summa  99.27  98.97  99.48  98.37  99.34  99.14  99.19  98.69 

 NiO  0.03  0.04  0.04  0.05  0.04  0.04  0.04  0.04 

 Cr 2 O 3   0.12  0.17  0.15  0.15  0.18  0.20  0.18  0.20 

 TiO 2,, wt %  2.20 

 H 2 O, wt %  0.04 

 B  6.5 

 Li  7.4 

 Rb  11.32  7.78  7.50  8.90  7.24  8.18  7.27  8.11 

 Ba  93.7  73.6  71.9  77.0  69.6  76.6  73.6  72.4 

 Th  1.34  1.00  0.94  1.11  0.97  1.11  1.00  1.03 

 U  0.36  0.28  0.28  0.32  0.29  0.30  0.30  0.26 

 Nb  11.27  10.28  10.08  10.55  9.65  9.96  9.91  9.28 

 Ta  0.73  0.66  0.67  0.72  0.65  0.68  0.70  0.61 

 La  12.21  10.41  10.43  11.07  10.39  10.36  10.38  10.41 

 Ce  29.99  26.76  26.76  28.33  26.87  27.11  27.38  26.65 

 Pb  2.03  1.59  1.46  1.76  1.48  1.57  1.51  1.55 

 Pr  4.31  3.94  4.01  4.29  4.09  3.98  3.84  4.01 

 Nd  21.35  20.27  20.30  21.49  18.87  20.46  20.29  18.73 

 Sr  325  308  299  320  312  313  313  304 

 Sm  5.79  5.49  5.85  6.01  5.70  5.75  5.69  5.96 

 Zr  147  147  144  155  149  148  149  141 

 Hf  4.03  4.09  3.92  4.21  3.84  4.02  3.87  3.75 

 Eu  1.99  1.97  1.86  1.96  1.87  1.85  1.97  2.03 

 Ti  14,244  14,927  14,896  15,370  14,218  14,274  14,543  13,566 

 Gd  6.43  6.20  6.38  6.69  6.13  6.06  5.86  6.32 

 Tb  1.01  0.95  0.96  0.99  0.99  0.93  0.95  1.03 

(continued)
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Table 3.10 (continued)

 No  11  12  13  14  15  16  17  18 

 Component  Melt inclusions 

 Dy  6.36  5.86  5.74  5.92  5.73  5.71  5.70  5.64 

 Ho  1.17  1.03  1.04  1.09  1.01  1.06  1.08  1.01 

 Y  29.75  27.26  26.57  27.20  26.90  26.93  26.95  26.92 

 Er  3.08  2.65  2.68  2.69  2.55  2.68  2.72  2.60 

 Tm  0.39  0.33  0.33  0.34  0.33  0.34  0.31  0.34 

 Yb  2.43  2.05  2.07  2.10  2.15  2.21  2.02  1.99 

 Lu  0.31  0.28  0.27  0.29  0.27  0.30  0.28  0.30 

 Ol-host 

  Fo, mol %   78.06  77.07  77.66  81.25  79.85  78.30  79.14  79.36 

 SiO 2   38.77  38.42  38.94  39.39  39.57  39.11  39.43  38.70 

 TiO 2   0.008  0.01  0.01  0.01  0.009  0.01  0.009  0.01 

 Al 2 O 3   0.02  0.03  0.02  0.02  0.02  0.02  0.02  0.03 

 FeO  20.56  21.12  20.86  17.67  19.02  20.31  19.67  19.18 

 MnO  0.24  0.25  0.24  0.21  0.23  0.24  0.23  0.23 

 MgO  41.04  39.82  40.68  42.96  42.27  41.13  41.86  41.37 

 CaO  0.28  0.31  0.29  0.29  0.29  0.28  0.29  0.28 

 NiO  0.36  0.34  0.34  0.38  0.36  0.35  0.34  0.35 

 Cr 2 O 3   0.03  0.02  0.03  0.04  0.04  0.03  0.03  0.04 

 Summa  101.37  100.36  101.44  101.00  101.84  101.52  101.91  100.22 

 No  19  20  21  22  23  24  25  26  27  28 

 Component  Melt inclusions 

 SiO 2   50.28  50.11  50.08  48.60  49.74  50.65  49.73  52.86  52.95  52.78 

 TiO 2   2.31  2.32  2.25  2.57  2.25  2.28  2.31  1.71  1.65  1.76 

 Al 2 O 3   13.21  12.84  13.11  12.89  12.72  12.80  12.85  13.46  13.29  13.43 

 FeO  9.26  10.15  9.90  10.98  11.20  9.95  10.83  8.37  9.40  8.51 

 MnO  0.13  0.14  0.13  0.14  0.16  0.15  0.14  0.12  0.13  0.11 

 MgO  9.30  9.94  9.96  9.73  9.84  10.05  9.69  9.50  9.63  9.42 

 CaO  11.21  10.55  10.62  10.69  10.42  10.88  10.57  9.72  9.76  9.95 

 Na 2 O  2.27  2.17  2.20  2.20  2.32  2.19  2.28  2.41  2.28  2.37 

 K 2 O  0.33  0.36  0.34  0.37  0.34  0.33  0.32  0.63  0.59  0.61 

 P 2 O 5   0.22  0.24  0.20  0.23  0.18  0.21  0.22  0.16  0.15  0.18 

 S, wt %  0.02  0.04  0.04  0.04  0.05  0.04  0.03  0.03  0.04  0.04 

 Cl, wt %  0.04  0.04  0.04  0.03  0.02  0.03  0.03  0.003  0.005  0.005 

 Summa  98.58  98.91  98.87  98.47  99.25  99.57  99.01  98.98  99.86  99.17 

 NiO  0.03  0.05  0.05  0.05  0.04  0.05  0.05  0.03  0.03  0.03 

 Cr 2 O 3   0.23  0.19  0.09  0.11  0.04  0.13  0.15  0.16  0.09  0.18 

 TiO 2,  wt %  2.32  2.26  2.72  2.14  2.24  2.34  1.65  1.60  1.74 

 H 2 O, wt % мас.%  0.18  0.12  0.25  0.13  0.19  0.14  0.05  0.06  0.05 

 B  3.8  3.5  3.7  3.0  3.7  3.2  3.9  5.3  3.7 

 Li  4.5  3.6  5.3  3.2  4.8  5.0  7.0  7.7  7.3 

 Rb  7.51  7.06  6.87  8.12  6.59  6.95  6.65  20.46  19.81 

 Ba  73.7  75.7  67.8  81.0  68.7  69.1  72.6  115.4  114.5 

 Th  0.89  1.06  0.91  1.02  0.89  0.89  0.92  1.38  1.39 

 U  0.26  0.28  0.27  0.31  0.26  0.27  0.25  0.53  0.54 

 Nb  10.04  10.62  9.15  11.40  8.66  9.31  8.92  8.20  8.32 

 Ta  0.67  0.79  0.62  0.81  0.55  0.64  0.60  0.56  0.62 

 La  10.50  11.36  9.81  11.53  9.23  9.83  10.09  9.59  9.62 

(continued)
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(continued)

Table 3.10 (continued)

 No  19  20  21  22  23  24  25  26  27  28 

 Component  Melt inclusions 

 Ce  28.24  29.27  24.73  29.92  24.07  25.91  26.29  23.42  24.17 

 Pb  1.22  1.46  1.37  1.54  1.29  1.37  1.18  3.68  3.47 

 Pr  4.19  4.40  3.83  4.53  3.58  3.82  3.89  3.36  3.58 

 Nd  21.14  21.72  19.35  22.10  17.59  19.27  19.17  16.37  17.89 

 Sr  303  309  287  329  282  292  282  258  279 

 Sm  5.93  6.44  5.30  6.04  5.21  5.51  5.44  4.50  4.65 

 Zr  148  160  138  166  132  137  134  120  131 

 Hf  3.97  4.22  3.65  4.40  3.69  3.68  3.55  3.25  3.59 

 Eu  1.90  2.03  1.77  2.00  1.78  1.93  1.79  1.53  1.66 

 Ti  14,202  13,724  13,508  16,659  13,326  14,398  13,649  10,309  10,927 

 Gd  6.63  6.88  6.11  6.73  5.61  5.93  6.25  4.80  5.48 

 Tb  1.03  1.00  0.91  1.02  0.94  0.96  0.98  0.81  0.80 

 Dy  5.79  5.93  5.47  6.05  5.81  5.56  5.46  4.81  4.95 

 Ho  1.03  1.11  0.98  1.10  1.03  0.98  1.03  0.84  0.92 

 Y  26.80  26.23  25.47  27.89  26.60  25.79  25.36  22.46  23.75 

 Er  2.70  2.54  2.48  2.87  2.86  2.66  2.50  2.21  2.61 

 Tm  0.27  0.39  0.34  0.34  0.34  0.31  0.33  0.30  0.31 

 Yb  2.01  2.01  1.96  2.26  2.34  2.01  1.94  1.76  1.82 

 Lu  0.27  0.26  0.27  0.29  0.26  0.25  0.28  0.25  0.27 

 Ol-host 

  Fo, mol %   80.55  80.41  80.23  77.60  77.90  80.32  78.97  79.93  79.63  80.17 

 SiO 2   39.35  39.04  39.54  38.98  39.32  39.18  39.13  38.83  39.29  39.21 

 TiO 2   0.01  0.01  0.01  0.01  0.01  0.01  0.01  0.01  0.008  0.01 

 Al 2 O 3   0.02  0.03  0.03  0.02  0.02  0.02  0.02  0.02  0.02  0.02 

 FeO  18.38  18.40  18.66  20.89  20.72  18.52  19.77  18.89  19.18  18.73 

 MnO  0.21  0.22  0.22  0.24  0.24  0.22  0.23  0.23  0.24  0.23 

 MgO  42.70  42.37  42.50  40.60  40.98  42.41  41.66  42.20  42.14  42.24 

 CaO  0.29  0.29  0.29  0.30  0.29  0.29  0.29  0.26  0.26  0.27 

 NiO  0.37  0.37  0.38  0.33  0.36  0.36  0.35  0.34  0.34  0.34 

 Cr 2 O 3   0.03  0.03  0.04  0.03  0.03  0.04  0.04  0.04  0.03  0.03 

 Summa  101.41  100.78  101.72  101.46  102.02  101.11  101.54  100.85  101.53  101.11 

 No  29  30  31  32  33  34  35  36  37 

 Component  Melt inclusions 

 SiO 2   50.28  50.11  50.08  48.60  49.74  50.65  49.73  52.86  52.95 

 TiO 2   2.31  2.32  2.25  2.57  2.25  2.28  2.31  1.71  1.65 

 Al 2 O 3   13.21  12.84  13.11  12.89  12.72  12.80  12.85  13.46  13.29 

 FeO  9.26  10.15  9.90  10.98  11.20  9.95  10.83  8.37  9.40 

 MnO  0.13  0.14  0.13  0.14  0.16  0.15  0.14  0.12  0.13 

 MgO  9.30  9.94  9.96  9.73  9.84  10.05  9.69  9.50  9.63 

 CaO  11.21  10.55  10.62  10.69  10.42  10.88  10.57  9.72  9.76 

 Na 2 O  2.27  2.17  2.20  2.20  2.32  2.19  2.28  2.41  2.28 

 K 2 O  0.33  0.36  0.34  0.37  0.34  0.33  0.32  0.63  0.59 

 P 2 O 5   0.22  0.24  0.20  0.23  0.18  0.21  0.22  0.16  0.15 

 S, wt %  0.02  0.04  0.04  0.04  0.05  0.04  0.03  0.03  0.04 

 Cl, wt %  0.04  0.04  0.04  0.03  0.02  0.03  0.03  0.003  0.003 

 Summa  98.58  98.91  98.87  98.47  99.25  99.57  99.01  98.98  99.86 

 NiO  0.03  0.05  0.05  0.05  0.04  0.05  0.05  0.03  0.03 

 Cr 2 O 3   0.23  0.19  0.09  0.11  0.04  0.13  0.15  0.16  0.09 
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Table 3.10 (continued)

 No  29  30  31  32  33  34  35  36  37 

 Component  Melt inclusions 

 TiO 2.,  wt %  2.32  2.26  2.72  2.14  2.24  2.34  1.65  1.60 

 H 2 O, wt %  0.18  0.12  0.25  0.13  0.19  0.14  0.05  0.06 

 B  3.8  3.5  3.7  3.0  3.7  3.2  3.9  5.3 

 Li  4.5  3.6  5.3  3.2  4.8  5.0  7.0  7.7 

 Rb  7.51  7.06  6.87  8.12  6.59  6.95  6.65  20.46 

 Ba  73.7  75.7  67.8  81.0  68.7  69.1  72.6  115.4 

 Th  0.89  1.06  0.91  1.02  0.89  0.89  0.92  1.38 

 U  0.26  0.28  0.27  0.31  0.26  0.27  0.25  0.53 

 Nb  10.04  10.62  9.15  11.40  8.66  9.31  8.92  8.20 

 Ta  0.67  0.79  0.62  0.81  0.55  0.64  0.60  0.56 

 La  10.50  11.36  9.81  11.53  9.23  9.83  10.09  9.59 

 Ce  28.24  29.27  24.73  29.92  24.07  25.91  26.29  23.42 

 Pb  1.22  1.46  1.37  1.54  1.29  1.37  1.18  3.68 

 Pr  4.19  4.40  3.83  4.53  3.58  3.82  3.89  3.36 

 Nd  21.14  21.72  19.35  22.10  17.59  19.27  19.17  16.37 

 Sr  303  309  287  329  282  292  282  258 

 Sm  5.93  6.44  5.30  6.04  5.21  5.51  5.44  4.50 

 Zr  148  160  138  166  132  137  134  120 

 Hf  3.97  4.22  3.65  4.40  3.69  3.68  3.55  3.25 

 Eu  1.90  2.03  1.77  2.00  1.78  1.93  1.79  1.53 

 Ti  14,202  13,724  13,508  16,659  13,326  14,398  13,649  10,309 

 Gd  6.63  6.88  6.11  6.73  5.61  5.93  6.25  4.80 

 Tb  1.03  1.00  0.91  1.02  0.94  0.96  0.98  0.81 

 Dy  5.79  5.93  5.47  6.05  5.81  5.56  5.46  4.81 

 Ho  1.03  1.11  0.98  1.10  1.03  0.98  1.03  0.84 

 Y  26.80  26.23  25.47  27.89  26.60  25.79  25.36  22.46 

 Er  2.70  2.54  2.48  2.87  2.86  2.66  2.50  2.21 

 Tm  0.27  0.39  0.34  0.34  0.34  0.31  0.33  0.30 

 Yb  2.01  2.01  1.96  2.26  2.34  2.01  1.94  1.76 

 Lu  0.27  0.26  0.27  0.29  0.26  0.25  0.28  0.25 

 Ol-host 

  Fo, mol %   80.55  80.41  80.23  77.60  77.90  80.32  78.97  79.93  79.63 

 SiO 2   39.35  39.04  39.54  38.98  39.32  39.18  39.13  38.83  39.29 

 TiO 2   0.01  0.01  0.01  0.01  0.01  0.01  0.01  0.01  0.00 

 Al 2 O 3   0.02  0.03  0.03  0.02  0.02  0.02  0.02  0.02  0.02 

 FeO  18.38  18.40  18.66  20.89  20.72  18.52  19.77  18.89  19.18 

 MnO  0.21  0.22  0.22  0.24  0.24  0.22  0.23  0.23  0.24 

 MgO  42.70  42.37  42.50  40.60  40.98  42.41  41.66  42.20  42.14 

 CaO  0.29  0.29  0.29  0.30  0.29  0.29  0.29  0.26  0.26 

 NiO  0.37  0.37  0.38  0.33  0.36  0.36  0.35  0.34  0.34 

 Cr 2 O 3   0.03  0.03  0.04  0.03  0.03  0.04  0.04  0.04  0.03 

 Summa  101.41  100.78  101.72  101.46  102.02  101.11  101.54  100.85  101.53 

  Note: (1) No inclusion: 1–21—sample СY-50, 22–27—обр. 4270/13, 28–39—KhS-51/130; (2) line subdivide group of elements determined by 
different methods (from the top to down): standard X-ray microanalysis, high-precious X-ray microanalysis, secondary ion mass spectrometry, 
mass spectrometry couple inductive with laser ablation. Analyses were carried out in Max-Planck Institute of Chemistry, Mainz, Germany, analyst 
D. V. Kuzmin; (3) oxides are given in %, elements – in ppm.   After Sobolev et al. ( 2009 )  
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     Table 3.11    Composition of trapped melt in olivines from the picrate of the Gudchikhinsky Formation (wt %)   

 Component  СY50-3  СY50-5  СY50-6  СY50-7  СY50-8  СY50-9  СY50-10 

 SiO 2   50.33  50.10  50.02  49.72  50.19  50.14  50.43 

 TiO 2   2.27  2.12  2.12  2.58  2.18  2.18  2.33 

 Al 2 O 3   12.88  12.76  12.37  12.60  12.67  12.76  12.85 

 Fe 2 O 3   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 

 CaO  10.77  10.76  10.77  10.95  10.93  10.66  11.03 

 Na 2 O  2.31  2.34  2.11  2.22  2.21  2.30  2.33 

 K 2 O  0.37  0.38  0.47  0.43  0.43  0.37  0.35 

 P 2 O 5   0.21  0.18  0.22  0.25  0.18  0.20  0.21 

 Cr 2 O 3   0.18  0.18  0.21  0.17  0.18  0.20  0.18 

 NiO  0.02  0.03  0.03  0.02  0.03  0.03  0.02 

  T  clc .°C  1,208  1,220  1,231  1,212  1,215  1,220  1,197 

  Fo   79.62  80.4  81.24  79.82  80.15  80.43  78.86 

 NiO ol   0.36  0.38  0.38  0.35  0.37  0.38  0.35 

  K  cor   0.99  0.95  0.94  0.97  0.96  0.95  1.01 

 S cor   0.04  0.03  0.05  0.05  0.03  0.04  0.02 

 Cl cor   0.04  0.09  0.19  0.05  0.11  0.07  0.04 

 Component  СY50-11  СY50-12  СY50-13  СY50-201  СY50-202  СY50-203  СY50-204 

 SiO 2   49.92  49.80  50.52  50.36  50.26  49.46  50.32 

 TiO 2   2.23  2.25  2.32  2.38  2.42  2.31  2.29 

 Al 2 O 3   12.52  12.70  13.09  13.15  13.09  12.70  12.78 

 Fe 2 O 3   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 

 CaO  10.83  10.92  10.90  11.59  11.43  10.64  10.73 

 Na 2 O  2.20  2.23  2.49  2.26  2.16  2.15  2.28 

 K 2 O  0.38  0.37  0.50  0.35  0.35  0.36  0.37 

 P 2 O 5   0.19  0.20  0.21  0.20  0.22  0.22  0.22 

 Cr 2 O 3   0.14  0.15  0.13  0.19  0.16  0.15  0.18 

 NiO  0.03  0.03  0.02  0.02  0.02  0.03  0.02 

  T  clc .°C  1,228  1,221  1,189  1,172  1,181  1,234  1,211 

  Fo   81.01  80.45  78.06  77.07  77.66  81.25  79.85 

 NiO ol  0.38  0.38  0.36  0.34  0.34  0.38  0.36 

  K  cor   0.93  0.95  1.01  1.03  1.01  0.95  0.99 

 S cor   0.02  0.03  0.05  0.04  0.05  0.05  0.05 

 Cl cor   0.07  0.05  0.13  0.03  0.04  0.06  0.04 

 Component  СY50-205  СY50-206  СY50-207  СY50-208  4270-1  4270-2  4270-3 

 SiO 2   50.45  50.15  50.48  49.82  50.07  50.03  49.29 

 TiO 2   2.36  2.36  2.20  2.23  2.32  2.25  2.69 

 Al 2 O 3   12.95  12.77  12.96  12.73  12.82  13.08  13.48 

 Fe 2 O 3   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 2 O  2.09  2.07  2.45  2.19  2.17  2.20  2.30 

 K 2 O  0.36  0.36  0.35  0.32  0.36  0.34  0.39 

 P 2 O 5   0.20  0.23  0.19  0.21  0.24  0.20  0.24 

(continued)
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Table 3.11 (continued)

 Component  СY50-205  СY50-206  СY50-207  СY50-208  4270-1  4270-2  4270-3 

 Cr 2 O 3   0.21  0.19  0.21  0.23  0.20  0.09  0.12 

 NiO  0.02  0.02  0.02  0.03  0.03  0.03  0.02 

  T  clc .°C  1,187  1,199  1,206  1,222  1,220  1,218  1,185 

  Fo   78.3  79.14  79.36  80.55  80.41  80.23  77.6 

 NiO ol   0.35  0.34  0.35  0.37  0.37  0.38  0.33 

  K  cor   1.01  0.99  0.99  0.96  0.99  0.99  1.04 

 S cor   0.02  0.06  0.03  0.01  0.03  0.03  0.03 

 Cl cor   0.04  0.04  0.06  0.04  0.04  0.04  0.03 

 Component  4270-4  4270-5  4270-6  XC51-1  XC51-4  XC51-5  XC51-6 

 SiO 2   50.33  50.26  50.02  52.43  52.57  52.18  52.87 

 TiO 2   2.37  2.26  2.37  1.68  1.65  1.72  1.57 

 Al 2 O 3   13.37  12.70  13.16  13.25  13.30  13.11  13.13 

 Fe 2 O 3   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  7.43  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 2 O  2.44  2.17  2.34  2.37  2.28  2.31  2.24 

 K 2 O  0.36  0.33  0.33  0.62  0.59  0.60  0.57 

 P 2 O 5   0.19  0.21  0.23  0.16  0.15  0.18  0.15 

 Cr 2 O 3   0.05  0.13  0.15  0.17  0.10  0.18  0.20 

 NiO  0.02  0.03  0.02  0.02  0.02  0.02  0.02 

  T  clc .°C  1,187  1,217  1,201  1,213  1,207  1,216  1,203 

  Fo   77.9  80.32  78.97  79.93  79.63  80.17  79.5 

 NiO ol  0.36  0.36  0.35  0.34  0.34  0.34  0.34 

  K  cor   1.05  0.99  1.02  0.98  1.00  0.97  1.00 

 S cor   0.04  0.03  0.03  0.02  0.04  0.03  0.03 

 Cl cor   0.03  0.03  0.03  0.003  0.003  0.005  0.003 

 Component  XC51-9  XC51-11  XC51-12  XC51-13  XC51-14  XC51-16  XC51-17  XC51-18 

 SiO 2   52.23  52.37  52.85  51.75  52.20  53.34  53.20  51.68 

 TiO 2   1.65  1.73  1.64  1.45  1.82  1.39  1.64  1.69 

 Al 2 O 3   12.81  12.74  12.85  12.95  13.26  12.30  12.72  13.05 

 Fe 2 O 3   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 2 O  2.22  2.22  2.11  2.69  2.26  2.17  2.22  2.28 

 K 2 O  0.55  0.57  0.53  0.52  0.59  0.57  0.56  0.59 

 P 2 O 5   0.16  0.15  0.16  0.15  0.19  0.14  0.19  0.15 

 Cr 2 O 3   0.17  0.19  0.18  0.15  0.20  0.20  0.21  0.20 

 NiO  0.02  0.02  0.02  0.03  0.02  0.03  0.02  0.02 

  T  clc .°C  1,223  1,214  1,206  1,253  1,185  1,241  1,209  1,222 

  Fo   80.84  80.26  79.86  82.14  78.01  82.23  80.07  80.57 

 NiO ol   0.35  0.35  0.34  0.37  0.32  0.38  0.35  0.36 

  K  cor   0.96  0.96  1.00  0.94  1.04  0.95  1.01  0.96 

 S cor   0.03  0.03  0.04  0.03  0.03  0.03  0.05  0.02 

 Cl cor   0.002  0.003  0.004  0.002  0.008  0.004  0.003  0.003 

  Note:  T cls.  C  is the temperature of equilibrium with the host olivine.  Fo  (mol %) and NiO (wt %) are the compositional characteristics of the host 
olivine. K cor  is the correction factor for incompatible elements (see text for explanation). S cor  and Cl cor  are the corrected contents of sulfur and 
chlorine in the melt.   After Sobolev et al. ( 2009 )  
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buffer), which is related to the strongly reduced spinel com-
position. A monotonous increase in CaO and Al 2 O 3  concen-
trations with decreasing MgO (Fig.  3.34 ) suggests that the 
melt evolution was controlled by olivine crystallization with-
out coexisting plagioclase and pyroxene. This fact allowed 
us to calculate the composition of the parental melt by mod-
eling reverse olivine fractionation.

      The compositions of inclusions from samples CY-50 and 
4270/13 form a single trend with respect to all elements 
(Fig.  3.34 ) and are similar to the compositions of basaltic 
glasses from Mauna Loa, Hawaii. Inclusions from sample 
KhS- 51/130 are distinguished by high SiO 2  and K 2 O; low 
CaO, TiO 2 , and P 2 O 5 ; and elevated Rb, Ba, U, Th, La, and Pb 
concentrations (Figs.  3.34 – 3.36 ); i.e., they are enriched in 
elements typical of silicic rocks of the continental crust 
(Rudnick  2002 ). The lithophile element spider diagrams of 
these inclusions (Fig.  3.36a ) display distinct characteristic 
anomalies of the continental crust, i.e., 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 crystallized were signifi cantly contaminated by 
silicic continental materials, for example, quartz sandstones. 
Indications of contamination (elevated concentrations of K, 
Cl, and B) were also observed in some inclusions from sam-
ple CY-50 (Fig.  3.37 ). However, in that case, the contami-
nant was different, i.e., enriched in Cl and K and poor in Si 
(most likely evaporite). The compositions of the melt inclu-
sions in olivine from samples CY-50 and 4270/13 containing 
Cl < 0.045 wt % show a very narrow range of all incompati-
ble elements, i.e., identical in the two samples (Fig.  3.36b ). 
No evidence for crustal contamination was observed. The 
composition of the inclusions is very similar to the composi-
tion of melts with similar Mg concentrations from Mauna 
Loa, Hawaii.

3.3.2.8        Volatile Components in Melts 
 The melt inclusions in olivine from sample CY-50 and the 
majority of inclusions in olivine from sample KhS-51/130 
contain anomalously low H 2 O concentrations (Fig.  3.37 ), 
which is most likely related to the near-surface degassing 
of crystallizing magmas. The inclusions in olivine from 
sample 4270/13 contain slightly higher H 2 O concentrations 
(up to 0.25 wt %), which are comparable with estimates 
obtained from the concentration of an element with similar 
incompatibility, e.g., Ce (Dixon et al.  2002 ). Consequently, 
they can be considered to be the initial characteristics of 
undegassed magmas. This concentration is also similar to 
the minimum the concentrations in the glasses of Mauna 
Loa, Hawaii. The melt inclusions in olivine from sample 
KhS-51/130 have extremely low Cl concentrations, which, 
similar to H 2 O, probably result from near-surface degassing 
(Fig.  3.37 ). The compositions of inclusions in olivine from 
sample CY-50 display a steep trend of Cl accumulation 

with increasing K 2 O content. The amounts of Cl reach 
remarkably high levels. The compositions of inclusions 
from sample 4270/13 lie at the beginning of the Cl accumu-
lation trend and are comparable in this respect to the most 
Cl-rich glasses of Mauna Loa, Hawaii. A characteristic fea-
ture of all the melt inclusions is an elevated boron content, 
which reaches maximum values in the most Cl-rich inclu-
sions from sample SY-50. All of the inclusions contain low 
S concentrations, more than 2–3 times lower than the level 
of basaltic melt saturation in sulfi de liquid. Owing to early 
degassing, the S content in low-pressure melts is not repre-
sentative of parental magmas. However, the S content in an 
undegassed melt can be estimated from the amount of a 
nonvolatile element of similar incompatibility (Nb) using 
the data of Saal et al. ( 2002 ). Given a CO 2 /Nb value of 240 
reported by these authors, the initial CO 2  content can be 
estimated as ~0.25 wt %.   

3.3.3     Basalts of the Morongovsky–
Samoedsky Formations 

 When studying the geochemical features of the basalts in 
the Kharaelakh Trough, in borehole SG-32, the transitional 
rocks were established (Wooden et al.  1993 ; Fedorenko 
et al.  1996 ). They include the upper portion of the 
Nadezhdinsky Formation and the lower portion of the 
Morongovsky Formation. These units are characterized by 
geochemical parameters intermediate between typical rep-
resentatives of these formations. On a spider diagram, we 
plotted data relating to the “transition” formations (Fig.  3.38 ). 
Unfortunately, not all elements were analyzed in the sam-
ples presented in the reference section of these papers. 
However, a pattern is visible: the series of samples exhibits 
a fairly continuous series of compositions. Based on this 
fi nding, the intermediate phase of trap magmatism was 
attributed to this origin.

   As we studied several sections in the eastern part of the 
Noril’sk area, we noted a similar pattern in rare cases (e.g., 
the Noril’sk Trough, described above). However, in the east-
ern part of the region, this pattern changes signifi cantly: the 
section can be clearly divided into specifi c formations, i.e., 
the Morongovsky and Nadezhdinsky Formations, and the 
contact between them can be traced clearly. For the refer-
ence section, we chose a cut on the right side of the Iken 
River (in Fig.  3.39 ), which incises the Nadezhdinsky 
Formation (including the lower subformation of tholeiitic 
basalts, porphyritic basalts; the middle subformation and 2 
fl ow glomeroporphyric basalts traditionally assigned to the 
upper subformation of the Nadezhdinsky Formation) and 
the 200-m-thick Morongovsky Formation. The compositions 
of these rocks are shown in Table A4 in Appendix which 
clearly shows that rocks of the lower and upper portions of 
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  Fig. 3.34    Diagram of the compositions of trapped melts in olivine phenocrysts from the Gudchikhinsky picrites 
 All compositions were recalculated to equilibrium with the host olivine (see text). The  dotted line  encloses the  compositional fi eld 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 fi eld of 
glass compositions from Mauna Loa Volcano, Hawaii, according to the GEOROC database (  http://georoc.mpchmainz.gwdg.de/georoc/    )  
 After Sobolev et al. ( 2009 )       

the Nadezhdinsky Formation differ markedly in their 
concentrations of copper. The copper content in the fi rst unit 
varies from 15 to 30 ppm and that of the second unit reaches 
90 ppm, in three times higher. However, the two units are 
identical in terms of their trace element composition and are 

distinct from the bottom of the Morongovsky Formation 
(Fig.  3.39 ). The rocks of intermediate rocks are similar to 
those in Fig.  3.38 , which are missing in the eastern part of 
the region where the lava of the Morongovsky Formation 
displays its maximum lateral extent.
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   Thus, a comparison of the data obtained from these 
rocks and those of the Nadezhdinsky and Morongovsky 
Formations indicates that they are signifi cantly different 
from each other and lack any mixed traits. Our studies of a 
number of key sections of different tectonic structures 
(Vologochansky Trough, northern periclinal framework of 
Khantaysko–Rybninsky swell, the western part of the 
Tunguska syneclise) indicated that the presence of rocks of 
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  Fig. 3.35    Indicator trace element ratios in melt inclusions in olivine 
from the Gudchikhinsky picrites 
  The  dashed line  encloses the fi eld 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 fi eld of the crystalline rocks of the continental crust 
(Rudnick  2002 ) 
 After Sobolev et al. ( 2009 )       
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  Fig. 3.36    Distribution patterns of incompatible lithophile elements in 
melt inclusions in olivine from the Gudchikhinsky picrites 
 Compositions of contaminated melts. ( b ) Compositions of weakly con-
taminated or uncontaminated melts. Cont. crust is the average composi-
tion 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) 
 After Sobolev et al. ( 2009 )       
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  Fig. 3.37    Contents of volatile components in melts trapped in olivine phenocrysts from the Gudchikhinsky picrites 
 The  dashed line  encloses the fi eld of glasses from Mauna Loa Volcano, Hawaii according to the GEOROC database (  http://georoc.mpch-mainz.
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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 ) 
 After Sobolev et al. ( 2009 )       
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composition intermediate between certain rocks and the 
volcanics of the Nadezhdinsky and Morongovsky 
Formations is rare. Such rocks are more prevalent in the 
western part of the region. More often, the representative 
rocks from these suites have properties typical of these 
stratigraphic units. Additionally, these rocks sometimes 
evolve “anomalous” properties (enrichment of the spectrum) 
in the central parts of other formations (e.g., the 
Samoedsky), which cannot be attributed to a “transitional” 
stage of magmatism (between the OIB and intraplate 
basalts, Lightfoot et al.  1993 ; Wooden et al.  1993 ).   

3.4     Evolution of Tuff–Lava Sequence 

 Based on a comparison of the sections of volcanic rocks 
from the Kharaelakh, Vologochansky, and Noril’sk Troughs, 
the eastern side of the Khantaysko–Rybninsky swell (the 
western part of the Tunguska syncline), and the lower stream 
of the Mikchangda River, we have developed certain conclu-

sions. The thicknesses of almost all formations decrease by 
20–25 % from the central part of troughs to its eastern side 
toward the western part of the Khantaysko–Rybninsky swell. 
However, in the eastern part, they thicken again (slightly in 
the case of the Ivakinsky and Syverminsky Formations, i.e., 
from 110 to 140 m, and substantially in the case of the 
Khakanchansky Formation and especially the Tuklonsky 
Formation, i.e., from 50 to 120 m). A completely different 
conclusion is developed regarding the rocks of the 
Gudchikhinsky Formation, whose dimensions are very 
different from those of the other formations: its thickness 
rapidly decreases from 450 m in the western Kharaelakh 
Trough to 15 m in the Lake Glubokoe region and completely 
wedges out on the Putorana Plateau. In the northern peri-
clinal part of the Khantaysko–Rybninsky swell, the 
Gudchikhinsky Formation is represented by two fl ows of 
picrites (total thickness is less 25 m). The structure of the 
upper formations also changes; for example, in the upper 
subformation of the Morongovsky Formation, the pyroclas-
tic rocks, which are developed within the Noril’sk trough, 
are replaced lavas (in the Mikchangdinsky area). 

 Thus, the structure of the volcanic rocks within different 
tectonic elements varies considerably: the thicknesses of 
the separate formations varies in relation to that of the lavas 
and tuffs. The observed lateral variability of the volcanic 
fl ows is most typical of the Gudchikhinsky, Nadezhdinsky, 
and Tuklonsky Formations. Each plicative structure is char-
acterized by individual features of the geological structure, 
indicating a certain specifi city of its formation on the back-
ground of the general development of the magmatism. In 
light of the above, the conclusion that all plicative struc-
tures in the Noril’sk region were formed after the traps 
(Geology and ore …  1994 ) and did not play a signifi cant 
role in the formation of volcanic strata does not seem justi-
fi ed. A signifi cant difference between the structure on the 
western and eastern sides of the Khantaysko–Rybninsky 
swell indicates its existence as a long-lived structure that 
formed before the  presence of the fi rst magmatic melts on 
the surface in the area. It is likely that the volcanic and 
intrusive complexes in different structural elements also 
had their own peculiarities, which could affect the forma-
tion of Pt–Cu–Ni mineralization. Analysis of this situation 
requires further detailed studies of the comparison of the 
geological structure and development of the various tec-
tonic elements of the district. In general, the areal distribu-
tion and thicknesses of the individual formations differ 
signifi cantly in the Noril’sk area. The thicknesses of the 
Ivakinsky and Syverminsky Formations are nearly equal. 
The fi rst of these formations has a smaller lateral extent and 
is partly missing in the central part of the basin of the 
Vologochansky Trough (borehole OV-36). At this location, 
there was uplift of Paleozoic rocks during the deposition of 
the Ivakinsky Formation. 
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  Fig. 3.38    Trace element patterns for volcanic rocks of the Upper 
Nadezhdinsky and Low Morongovsky Formations in the Kharaelakh Trough 
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1

10

100

Rb Ba Th U Nb Ta La Ce Pb Pr Nd Sr Sm Zr Hf Eu Ti Gd Tb Dy Ho Y Er Tm Yb Lu

491/1
492/1
492/2
g-5
g-5_1
g-5_2
g-7
4031/3
4031/6
4032/

T1nd1+T1nd3

T1mr1

  Fig. 3.39    Trace element patterns for volcanic rocks of the Upper 
Nadezhdinsky and Low Morongovsky Formations in the eastern part of 
the Noril’sk area       

 

 

3 Specifi cs of the Tuff–Lava Sequence: Geological and Geochemical Evidence



91

 Isopach maps of the most important formations were 
developed for the Gudchikhinsky, Tuklonsky, and 
Nadezhdinsky Formations. These maps show increasing 
thicknesses in opposite directions: the Tuklonsky Formation 
thickens from west to east, and the Gudchikhinsky and the 
Nadezhdinsky Formations thicken from east to west. First 
but less extensively, the Morongovsky and Mokulaevsky 

Formations were deposited. The rocks overlying these volcanic 
rocks, unfortunately, were only developed very locally, i.e., 
within the central part of the Ikonsky Trough, and thus the 
patterns of their distribution in the Triassic are diffi cult to 
discern (Fig.  3.40 ).

   The area (Fig.  3.41 ) has been well studied using  geophysical 
methods (Dolgal’ and Chekhovich  1998 ; Dolgal’  2001 ). The 
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  Fig. 3.40    Isopach maps for different formations       
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  Fig. 3.41    Position of the studied area inside Siberian Platform (Shown in Fig.  3.42 )       

  Fig. 3.42    Noril’sk-Igarka paleorift system on the gravity geophysical 
map. Scale in conventional units 
 After A. Dolgal’ ( 2012 )       

Noril’sk–Igarka paleorift structure was suggested by N. Malich 
et al. ( 1988 ) and clearly stands out based on the gravity data 
(Fig.  3.42 ; Dolgal’  2012 ). We assessed the areal distribution of 
individual formations based on the gravity map (Fig.  3.43 ), 
which clearly shows that the lower formations (Ivakinsky, 
Syverminsky, Gudchikhinsky, and Nadezhdinsky) are distrib-
uted only within the rift structure and wedge out toward the 
Tunguska syncline—a typical platform region. In contrast, the 
upper formations primarily cover the eastern part of the region. 
It is logical to assume the existence of early formations in the 
Yenisei–Khatangsky trough, which formed at the stage of 
development of the rift (Triassic volcanics have been identi-
fi ed there based on various geophysical methods). Locating 
the upper volcanic rocks in this area is possible but not likely 
because their effusion likely occurred in the east area and did 
not reach the Yenisei–Khatangsky Trough (as shown in Fig. 
 3.43  as denoted by the question mark).

     Periodicity in the history of magmatism has been empha-
sized by all researchers working in the region. Thus, 
M.N. Godlevsky ( 1959 ) distinguished four stages during 
which only lava or intrusions formed; the Noril’sk complex 
in this model represented the second stage. P. C. Lightfoot 
et al ( 1993 ) believed that the formation of the basalts of the 
Noril’sk region occurred in two primary stages, during which 
the basalts corresponded to those of oceanic islands and then 
intraplate volcanism occurred between which volcanics of 
the intermediate stage formed. A. Al’mukhamedov et al. 
( 1999 ) identifi ed rift and platform stages on the basis of 
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  Fig. 3.43    Areas of distribution for main formations in NW part of the Siberian Platform 
 After Krivolutskaya ( 2014 )       
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  Fig. 3.44    Schemas of trap magmatism evolution in the Noril’sk region (According to different authors)       

comparison of the structure and composition of volcanic 
formations in Western and Eastern Siberia. The model pre-
sented in this book is based on the data of the last researchers; 
however, its fundamental difference lies in the fact that the 
primary stages did not clearly replace one another in time but 
coexisted during a certain period of time in neighboring 
areas. In terms of the allocation of specifi c cycles, the differ-
ences are even greater. For example, these authors combined 
in one cycle the Syverminsky and Gudchikhinsky Formations, 
which have fundamentally different structures and areal dis-
tributions, although the cycle is separated from them by the 
Ivakinsky Formation, very close to Syverminsky Formation 
in terms of geochemistry and areal extent (Fig.  3.44 ). The 
Khakanchansky, Tuklonsky, and Nadezhdinsky Formations 
represent the next cycle. We have demonstrated the proxim-
ity of the Khakanchansky and Nadezhdinsky Formations 
(causing us to conclude that the former belongs to the early 
phase of the Nadezhdinsky magmatism) and the simultane-
ous eruption of the lava of the Tuklonsky Formation and the 
Khakanchansky (Nadezhdinsky) tuffs.

   Based on the volcanism data, the history of the evolution 
of this area may be as follows. The fi rst stage of magmatism 
was associated with continental rifting, during which time 
the melts of deep origin (with a high Gd/Yb ratio, which 

indicates the presence of garnet in the source) erupted. 
The centers of magmatic activity (Ivakinsky and Syverminsky 
Formations) were located adjacent to Yenisei–Khatangsky 
defl ection areas, as is most clearly observed in the 
Gudchikhinsky Formation. Within the rifts, there later 
occurred a stage in the formation of basalts and tuffs of the 
Nadezhdinsky Formation that are signifi cantly different 
from the lower ones: these have a low Gd/Yb ratio and 
enrichment in the spectrum HLRE elements. A similar devel-
opment took place in analogous structures of the Western 
Siberian platform (Fig.  3.45 , Masaitis  1983 ; Reichow et al. 
 2005 ), which consist of subalkaline rocks and basalts that are 
similar in composition to the Nadezhdinsky Formation and 
even acidic volcanic rocks (Al’mukhamedov et al.  1999 , 
 2000 ,  2004 ).

   At the end of the western rift magmatism, a new center of 
magmatism developed, the source of which was signifi -
cantly different from that in the eastern part of the region at 
the time. This new center produced the tholeiitic and poiki-
lophitic (sometimes picritic) basalts of the Tuklonsky 
Formation, and all parameters indicate that the products 
of eruption were very close to the primary stage of trap 
magmatism (Morongovsky–Samoedsky Formations). The 
center of the eruption of the second stage was most likely 
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  Fig. 3.45    Aureoles of distribution volcanic rocks of rift ( R ) and trap ( T ) stage within the Siberian trap province 
Province boundaries are given after V. Masitis ( 1983 )       

located in the Putorana Plateau or in the central part of the 
Tunguska syneclise, judging by the increase in thickness of 
rocks in this direction. However, a great deal of the upper 
part of the effusions of this stage have been eroded away. 
Ore deposits are located inside paleorift zone as well (Dodin 
et al.  1971 ; Distler et al.  1984 ). Magmatic activity in deep 
faults continued after the primary stage, as indicated by 
alkaline rocks of Maimecha-Kotuy Province (Fedorenko 
and Czamanske  1997 ).  

3.5     Conclusions 

 Based on the distribution of volcanic rocks in different tec-
tonic structures of the area and their petrogeochemical com-
positions (major, rare, and radiogenic elements), the rocks of 
the tuff–lava sequences of the Noril’sk region were formed 
during two stages: rifting (iv–sv–gd–nd) and the actual 
trapping (tk–mr–sm), which were not only sequential but also 
simultaneous for a long period of time. The volcanic develop-
ment occurred in four cycles (iv–sv, gd, nd–tk, and mr–sm).     
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      Intrusive Rocks       

              Intrusive rocks of the Noril’sk region were subdivided into 
several complexes according to their internal structure. 
Intrusions of basic–ultrabasic composition form three types, 
taking into account the distribution of rare elements in 
rocks—Dyumtaleysky, Low Talnakh, and Noril’sk close to 
Gudchikhinsky, Nadezhdinsky, and Morongovsky lavas. Main 
ore-bearing intrusions of the Noril’sk Complex are described 
based on 1–2 sections. They are as follows: Talnakh, 
Kharaelakh, Noril’sk 1, Maslovsky, Noril’sk 2, Chernogorsky, 
Zub-Marksheydersky, Bol’shaya Bar’ernaya, and 
Mikchangdinsky. They have similar distribution of rare ele-
ments in rocks which are very close to the spectra of the crust.  

4.1      Problems in Distinguishing of 
the Intrusive Complexes 
in the Noril’sk Area and Distinctive 
Structural and Compositional 
Features of These Complexes 

 The intrusive rocks in the Noril’sk area mostly comprise gen-
tly dipping bodies (sills and chonoliths) that are subconform-
able with the host terrigenous sedimentary and volcanic rocks 
and occasionally form irregularly shaped bodies and dikes 
that cut across the horizontal host rocks of the massif. It is 
often diffi cult to correlate the intrusive rocks with the lavas 
because their contacts are rarely exposed. The intrusions are 
typically much lower stratigraphically than the tuff–lava 
sequence because of the lithologies of the rocks; the Devonian 
rocks are most favorable for hosting the intrusions. 

 The intrusive rocks in the Noril’sk area have been classi-
fi ed according to several schemes (Geology and ore deposits 
…  1994 ; Petrov et al.  2001 ; Ryabov et al.  2014 ). Surveys in 
the Noril’sk area resulted in offi cial legend to State Geological 
Map 1:200,000 scale (Petrov et al.  2001 ) and reference mate-
rials in which all of the intrusive rocks in the area are classi-
fi ed into fi ve major complexes (Table  4.1 ). We relied on this 
classifi cation in our studies. The intrusions in the area include 

reliably identifi ed alkaline massifs that are grouped into the 
Ergalakhsky and Pyasinsky Complexes, which can be corre-
lated with the rocks of the Ivakinsky Formation. The rocks of 
the Daldykansky Complex can be distinguished from the 
other normal alkalinity ultrabasite–basite rocks; they intrude 
the basalts of the upper formations, are compositionally sim-
ilar to them, and have elevated Ti concentrations. These 
rocks appear to be the youngest from the Mokulaevsky–
Samoedsky episode of magmatism.

   It is diffi cult to classify the rest of the numerous basite 
rocks into complexes or types because these rocks are fairly 
similar in composition, and their relationships with the lavas 
have not been observed and remain uncertain. The narrow 
time span of their emplacement (Kamo et al.  2003 ; Pavlov 
et al.  2007 ,  2011 ) prevents the application of isotopic geo-
chemical techniques to classify and differentiate these rocks. 
Thus, numerous massifs in the Noril’sk area have been sub-
divided into complexes and subcomplexes based on analyses 
of their structural–textural and compositional features and 
their vertical distribution. These classifi cations rely largely 
on the degree of differentiation of the intrusive bodies. For 
example, the Noril’sk Complex comprises numerous (dozens 
to a few hundred) variably differentiated and mineralized 
massifs (forming Northern Siberian nickel-bearing area –
Urvantsev 1974) with elevated MgO contents (8–16 wt %), 
which can be further subdivided into subtypes based on their 
internal structures (lower and upper varieties of the rocks), 
including the Noril’sk (picritic gabbro–dolerites–gabbro- 
diorites), Low Talnakh (picritic gabbro–dolerites–olivine 
gabbro–dolerites), Zubovsky (troctolites–gabbro–dolerites), 
and Kruglogorsky (olivine gabbro–dolerites–leucogabbro) 
subtypes. The weakly differentiated or undifferentiated 
intrusions are attributed to the Ogonersky Complex. 
However, the systematics of the massifs refl ect the crystalli-
zation conditions of their magmas rather than their origin. 

 One of the important characteristics of the intrusive rocks 
is the distribution of trace elements and primarily the rare 
earth elements (REE), which provide insight into the 
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 composition of the parental magmas and their sources. The 
wide application of modern analytical techniques has 
resulted in the accumulation of geochemical data from the 
magmatic rocks in the Noril’sk area. However, most of these 
data pertain to the volcanic rocks, whereas the chemistries of 
the intrusive complexes are less well understood, which lim-
its the ability to perform detailed comparative analyses of the 
ultrabasite–basite rocks in the Siberian Platform as a whole 
and in the Noril’sk area in particular. 

 Massifs are concentrated within several ore junctions 
(Fig.  4.1 ). We have studied numerous intrusive bodies (more 
than 30 massifs) in the Noril’sk area (Fig.  4.2 ). Here, we 
present extensive mineralogical and geochemical data for 
ore-bearing massifs mostly belonging Talnakh and Noril’sk 
ore junctions. These data allowed us to consider the system-
atics of the massifs from a new point of view to compare 

them to the volcanic rocks produced by several episodes of 
volcanism and to correlate them with the episodes of mag-
matism in the area.

    During the fi eldwork in the Noril’sk area, the author 
examined variably mineralized massifs (Fig.  4.2 ). The refer-
ence vertical section was prepared by studying borehole 
materials and natural exposures. The massifs are shown in 
the map of factual material in Fig.  4.2 , and the numeric labels 
of the massifs in the map correspond to the numbers and 
names in Table  4.1 . Some of these results were published in 
our earlier papers (Krivolutskaya et al.  2001 ,  2012 ). 

 In discussing the geochemistry of the mineralized massifs 
in the Noril’sk area, we obtained most of the characteristics 
of the mineralized ultrabasite–basite bodies from the author’s 
data from Karelia and the Kola Peninsula (nineteen intrusive 
bodies and several layered intrusions). All of the analyses 

        Table 4.1    Main intrusions of the Noril’sk area (studied by author)   

 Complex  Type  Ore potential (if any)  Intrusions 

 Daldykansky  Barren massifs  1. Daldykansky (prim. exposures) 

 2. Massif on the Valek R. (prim. exposures) 

 Morongovsky  Insignifi cantly mineralized, barren  3. Morongovsky (prim. exposures) 

 Noril’sk  Noril’sk  1. Uniquely large deposits  4. Kharaelakh (TG-21, KZ-456, KCS-56), 

 5. Talnakh (OUG-2) 

 6. Noril’sk 1 (G-22, MS-31, MN-7, MR open pit) 

 2. Medium-sized and small deposits  7. Chernogorsky (Ch-55, prim. exp.) 

 8. Northern Maslovsky (OM-4), 

 9. Southern Maslovsky (OM-24) 

 10. Noril’sk 2 (MN-18, prim. exp.) 

 3. Weakly mineralized or barren massifs  11. Mikchangdinsky (MD-48/1200), 

 12. Massif, borehole MD-57/1200 

 13. Massif, borehole MD-50/1000 

 Zubovsky  1. Large deposits  14. Southern Pyasinsky (OV-36, NV-12) 

 15. Vologochansky (OV-29) 

 2. Small deposits  16. Zub-Marksheydersky (MP-34), 

 17. Mt. Bol’shaya Bar’ernaya Massif (MP-38) 

 Low Talnakh  Occurrences of ore mineralization and 
barren massifs 

 18. Low Talnakh (TG-31, ZF-15) 

 19. Zelenogrivsky (F-233) 

 20. Massifs in the Fokinsky Prospect (F-225/1220, 
F-230/790) 

 Kruglogorsky  Weakly mineralized or barren  21. Lower sill Noril’sk 1 (MR open pit), MPB-2, massifs 
of borehole VT-2 

 Ogonersky  22. Ogonersky 

 23. Massifs of borehole OV-36/466 

 Ergalakhsky  24. VT-2 

 ?  25. Cherevkovsky (sampling site 4180) 

 26–27. Massifs in the lower reaches of the Mikchangda R. 
(sampling sites 2309, 490) 

 28. MZhK-1, 2 

 29. MD-57/300 

 30. Dikes at Lama Lake 

 Dyumtaleysky  Dyumtaleysky (S. Taimyr) 

  Note: Number of intrusive body corresponds to number in Fig.  4.1 ; ? – unknown complex; OM-4, MD-57/1200 et ctr. - drill holes and depth where 
intrusions were studied  
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were performed in the same laboratories within a short 
period of time, which indicates that the comparisons should 
be accurate.  

4.2      Geochemical Features of the Intrusive 
Rocks the Noril’sk Area 

 We studied normal alkalinity basic–ultrabasic massifs, 
including the Ogonersky, Noril’sk, Morongovsky, and 
Daldykansky Complexes. The rocks of the Daldykansky 
Complex are considered to have been produced by the most 
strongly fractionated portion of the same parental melt that 
produced other bodies (TiO 2  = 1.8–2.0 wt %). The intrusive 
rocks of the other complexes are similar. 

 The massifs are listed in Table  4.1 , as are the boreholes 
that were analyzed and the sampling sites in exposures. For 

example, the material recovered from borehole OV-36 was 
utilized to study a particular massif. If a borehole penetrated 
more than one intrusion, the depth intervals (in meters) from 
which the rocks from particular massifs were recovered are 
also specifi ed. For example, “MD-50/1000, pr. exp.” means 
that the samples were collected from borehole MD-50 from 
the depth 1000 m or the Medvezhy Creek open pit (“MC” 
indicates the mine; “IMS” indicates the space between 
Ugolny and Medvezhy Greek mines). Most of our analyses 
are presented in Appendix, and some data of the massifs are 
listed in the tables in this chapter. 

 The petrochemical parameters of the ultrabasite–basite 
rocks of all of the massifs are similar. The Harker diagrams 
show signifi cant variations in the concentrations of the major 
components, which is typical of the most strongly differenti-
ated massifs in the Noril’sk Complex, such as those classi-
fi ed as the Noril’sk type (massifs of the fi rst group, which 
host unique large ore reserves). The concentrations of the 
major components in the rocks vary as follows (wt %): SiO 2 , 
40–55 %; MgO, 3–26 %; TiO 2 , 0.2–3.9 %; FeO, 8–16 %; and 
Na 2 O, 1.0–3.8 %. The rock compositions of the intrusive 
complexes (including the Daldykansky and Ogonersky 
Complexes) defi ne a single trend in the MgO–TiO 2  and SiO 2  
diagrams (Fig.  4.3 ).

   However, the geochemistry of the massifs allows them to 
be classifi ed more reliably. The normal alkalinity ultrabasite–
basite massifs can be subdivided into three groups based on 
the concentrations and ratios of the trace elements (Fig.  4.4 ; 
Gd/Yb-La/Sm, see Fig.  4.5 ), the Dyumtaleysky, Low Talnakh, 
and Noril’sk groups, whose geochemical characteristics 
(including isotopic parameters) are analogous to those of the 
Gudchikhinsky, Nadezhdinsky, and Morongovsky forma-
tions, respectively. The fi rst group consists of two massifs: the 
Dyumtaleysky massif in southern Taimyr and the sill exposed 
in the open pit at “Medvezhy Creek” (between the “Medvezhy 
Creek” and “Ugolny Creek” pits). The second group includes 
three massifs: the Low Talnakh and Zelenogrivsky massifs 
and the massif penetrated by borehole F-225 in the Fokinsky 
area (Southern Noril’sk group of mineral deposits, i.e., 
Southern Noril’sk ore junction, Fig.  4.1 ). All of the other mas-
sifs are similar to Noril’sk-type intrusions.

    The compositional data of almost all of the massifs plot 
within the fi eld of rocks of the Noril’sk Complex regardless 
of their internal structures or their ore potential. This is 
even more clear in the primitive mantle-normalized ratios 
of elements (Hofmann  1988 ), such as (Th/Ta)n–(Nb/Ta)n 
and (U/Nb)n–(Nb/La)n. In these diagrams, only the 
Dyumtaleysky- type rocks are clearly separated, and the 
other rocks (the Noril’sk and Low Talnakh types) cannot be 
distinguished from one another (see diagram Gd/Yb-La/
Sm, Fig.  4.5b ). 

 In this study, the massifs are compared regardless of their 
concentrations of base and precious metals because the 

  Fig. 4.1    Schematic geological map of the Noril’sk area with position 
of main ore junctions (in  rectangles ). 
Intrusions described in this study, number: (1) Talnakh, (2) Kharaelakh, 
(3) Low Talnakh, (4) Noril’sk 1, (5) Noril’sk 2, (6) Chernogorsky, 
(7) Zub-Marksheydersky, (8) Bol’shaya Bar’ernaya, (9) Maslovsky, 
(10) Mikchangdinsky       
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concentrations of these metals are usually controlled by the 
occurrence of sulfi des in the rocks (with sulfi de segregations 
that are often less than a few micrometers across), which are 
diffi cult to analyze. This would require the use of specialized 
analytical techniques (to identify very low concentrations of 
PGE and Au on the order of a few ppb). This interesting ave-
nue of research requires further investigation. 

 The most important conclusion of our research is that 
the geochemistry of the rocks is not correlated with the 
presence of sulfi de mineralization, i.e., variably mineral-
ized massifs can have similar geochemical characteristics, 
and their compositional data plot within common fi elds in 
all of the geochemical diagrams (Fig.  4.5b ). We present 
data from the main ore-bearing intrusions from the Noril’sk 
area and mainly from Talnakh and Noril’sk ore junctions, 
below.  

4.3      Inner Structures of the Intrusions 
of the Noril’sk Complex 
and Petrography of the Rocks 

 The dolerite textures of the rocks (Dodin et al.  1971 ; Ryabov 
et al.  2000 ), the zoning of the minerals, the occurrence of melt 
inclusions (which are often vitreous), and the fact that the 
rocks often contain recrystallized glass indicate that all of the 
ultrabasite–basite massifs in the Noril’sk area are subvolcanic 
bodies that crystallized near the surface. These features sug-
gest that the melts cooled rapidly during the formation of the 
intrusive bodies. These rocks are compositionally diverse 
gabbro-dolerites, which are subvolcanic varieties of gabbro. 
The structural and textural features of the rocks in the Noril’sk 
area are different from those of Cu–Ni and PGE deposits 
worldwide, and thus it is not appropriate to classify them 

  Fig. 4.2    Location map of intrusions studied in the Noril’sk area  
 The numbers of the massifs correspond to those in Table  4.1  and Fig.   3.1           
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according to a single scheme (Zen’ko and Czamanske  1994 ; 
Naldrett  2009 ). Herein, we use the terminology that is tradi-
tionally applied to local rocks, including gabbro- dolerites; 
picritic gabbro-dolerites, which contain >40 vol.% olivine; 
olivine gabbro-dolerites, which contain 10–40 % olivine; 
olivine-bearing gabbro-dolerites, which contain <10 vol.% 
olivine; and olivine-free, contact, and taxitic gabbro- dolerites 
rocks with ataxitic structures and variable compositions, 
which are mostly similar to leucogabbro and often contain 
olivine (up to 10 %), which is unevenly distributed in the 
rocks. For brevity, abridged names such as  picrite  and  taxite  
are used in the vertical sections (e.g., Fig.  4.10 ). 

 All of the massifs consist of rocks that are similar in com-
position and fabric, and the proportions of the rocks vary 
vertically throughout the individual intrusions. The inner 
structures of the large massifs show lateral variability in 
which the frontal portions are enriched in leucocratic rock 
types, and the rear regions are more melanocratic because of 
the early crystallization of the melts at depth and the separa-
tion of plagioclase and olivine crystals (Likhachev  1965 , 
 1977 ,  2015 ). These processes are refl ected in the behavior of 
the major components (e.g., MgO and Al 2 O 3 ) but only 
weakly affect the distribution of trace elements. This is 
important for further analyses of the geochemistry of the 
rocks from the massifs and for comparing their characteris-
tics because the reference vertical sections are often located 
in different parts of the intrusive bodies, including the central 
and/or marginal portions from which the rock samples could 
be collected. 

 The major types of intrusive rocks in the Noril’sk area are 
described in detail elsewhere (Likhachev  1965 ; Dodin et al. 
 1971 ; Dodin and Batuev  1971 ; Naldrett  1992 ,  2004 ,  2009 ; 
Naldrett and Lightfoot  1999 ; Naldrett et al.  1992 ,  1995 , 
 1996 ; Czamanske et al.  1995 ; Zolotukhin  1997 ; Ryabov 
et al.  2000 ,  2014 ; Likhachev  1996a ,  b ; Turovtsev  2002 ; Li 
et al.  2003 ; Malitch et al.  2010 ,  2013  and others). Thus, we 
only briefl y present the characteristics of the major varieties 
of rocks and focus more on the rocks that were documented 
and studied for the fi rst time by the author in the Southern 
Maslovsky intrusion. 

 The clearly differentiated and variably mineralized rocks 
have attracted much attention. They are grouped together as 
the Noril’sk Complex and are further subdivided into types 
and subtypes (Table  4.1 ). For example, the variably mineral-
ized and differentiated chonolith-shaped intrusions that are 
up to 12 km long, up to 2–4 km wide, and from 20–50 to 
400 m thick with weighted mean Mg numbers of 10–12 % 
that host the large Noril’sk 1, Talnakh, and Kharaelakh 
deposits and other small deposits (Chernogorsky and 
Noril’sk 2; see Table  4.1 ) or are barren (massifs in the 
Fokinsky area penetrated by boreholes F-230 and F-225) 
are ascribed to the Noril’sk type. The Zubovsky type com-
prises massifs with similar weighted mean Mg numbers but 
are less clearly differentiated (Vologochansky and Southern 
Pyasinsky intrusions). The Low Talnakh type encompasses 
weakly differentiated highly magnesian (13–16 wt % MgO) 
intrusions. The Kruglogorsky type consists of massifs that 
are dominated by leucogabbro that forms individual bodies 
or parts of differentiated bodies (differentiation products of 
the parental magma). The rocks often form tongues on the 
peripheries of the Talnakh ore fi eld, and the relationships 
between these thin vein-shaped bodies and the main intru-
sion are often unclear. As illustrative examples of the inner 
structures of the  different types of massifs, several intru-
sions will be analyzed below.  

Chernogorsky
Noril’sk 2
Talnakh
Northern Maslovsky
Southern Maslovsky
Mikchangdinsky
Zub-Marksheydersky
Bol’shaya Bar’ernaya
Morongovsky
Ogonersky
Daldykansky
Kharaelakhsky

SiO2, wt %

MgO, wt %

TiO2, wt %

MgO, wt %

  Fig. 4.3    Diagrams SiO 2 –MgO and TiO 2 –MgO diagrams for intrusive 
rocks of the Noril’sk area       
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  Fig. 4.4    Rare element patterns for major geochemical types of rocks of 
normal alkalinity 
  Green line  – Dyumateysky massif,  blue line  – Low Talnakh massif,  red 
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4.4     Massifs of the Talnakh Ore Junction 

 We begin the description of the Noril’sk deposits with the 
Talnakh and Oktyabr’skoe (Fig.  4.6 ), which are related to 
Talnakh and Kharaelakh intrusions and are the most eco-
nomically important deposits despite their late discovery 
(Fig.  4.2 ). The end of production of the rich ores in the 
Noril’sk deposit in 1959 led to an intensive research 
(L. B. Bertosh, V.S. Staroseltsev, G.I. Kharchenko). Gabbro- 
dolerite outcrops were found in Western Kharaekh (Mt 
Otdel’naya) by V.F. Kravtsov, V.F. Nesterovsky and Yu. 
D. Kuznetsov in 1960, and the disseminated sulfi de ores of 
the Talnakh deposit were discovered in borehole KZ-21 one 
month later. Oktyabr’skoe deposit was found in 1965 within 
the deepest Devonian sediments (Fig.  4.7 ). Several mines 
explore these ores (Fig.  4.8 ).

4.4.1         Talnakh Massif 

 Morphologically, this intrusion is a chonolith with a fl at or, 
in places, a smooth convex roof, and a smooth concave fl oor. 
The massif can be traced for 20 km and is 0.5–2 km wide and 
up to 218 m thick (Fig.  4.9 ). The body dips 4–6° NNE, and 
its roof is in contact with the Permian Ivakinsky Formation 
in the south and the Lower Devonian Zubovsky Formation in 
the north. The geology and inner structure of the Talnakh 
intrusion were described in detail in several earlier publica-
tions (Sukhanova  1968 ; Urvantsev  1972 ; Dodin and Batuev 

 1971 ; Zolotukhin et al.  1975 ; Ryabov and Zolotukhin  1977 ; 
Distler et al.  1988 ; Dyuzhikov et al.  1988 ; Likhachev  1994 , 
 1996a ,  b ,  2006 ; Zen’ko and Czamanske  1994 ; Ryabov et al .  
 2000 ; Krivolutskaya et al.  2001 ; Krivolutskaya  2011 ; 
Sluzhenikin et al.  2014 ).

4.4.1.1       Inner Structure and Petrography 
 Similar to other Noril’sk-type massifs, the Talnakh intrusion 
is characterized by a layered inner structure with rocks that 
systematically alternate vertically. The succession of deriva-
tives is normally visualized as a layered series with the fol-
lowing three units (listed in order from bottom to top): the 
Lower Gabbro Series (contact and taxitic gabbro-dolerites), 
the Main Layered Series (picritic, olivine–biotite, olivine, 
olivine-bearing, and olivine-free gabbro-dolerites), and the 
Upper Gabbro Series (gabbro-diorites, ferrogabbro, upper 
contact gabbro-dolerites, eruption breccias, upper picritic 
gabbro-dolerites, leucogabbro, and taxitic chromite-bearing 
gabbro). All of the units are typically present in the central 
part of the intrusion (Fig.  4.9 ), and its peripheral regions are 
devoid of picritic gabbro-dolerites; consequently, the inner 
structures of these areas are more homogeneous 
(Krivolutskaya et al.  2001 ). 

 The Main Layered Series is characterized by gradual tran-
sitions between the rocks, which are mainly caused by the 
systematic upward decrease in the  Ol  concentration. The 
most typical rocks (Fig.  4.10 ) of the Upper Gabbro Series are 
gabbro-diorites, ferrogabbro, and near-contact gabbro- 
dolerites, all of which are variably altered (Dodin et al.  1971 ). 

  Fig. 4.5    (La/Sm)n–(Gd/Yb)n diagrams for intrusive rocks of ( a ) the Noril’sk area and separately of ( b ) the Noril’sk type 
   Red  and  pink  symbols correspond to mineralized massifs (hosting mineral deposits), and  green  and  blue  symbols show weakly mineralized massifs 
(After Krivolutskaya 2014)       
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  Fig. 4.6    Schematic geological map of the Talnakh ore junction 
 Simplifi ed from Sokolov et al. (unpublished)       
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The leucocratic gabbros do not form an individual layer but 
occur as lenses of different thicknesses (up to 25 m) and 
lengths (from a few meters to a few hundred meters). The  Ol -
rich rocks (picrite- and troctolite-like) are rare in the upper 
contact zone of the massif and normally form relatively thin 

(less than 0.5 m) lenses in the upper parts of the leucogabbro. 
The inner structure, mineralogy, and chemistry of the Talnakh 
intrusion are described below based on the data from refer-
ence borehole OUG- 2, which was drilled in the central part 
of the massif (Fig.  4.11 ). The penetrated intrusive rocks are 
155 m thick. From bottom to top, the magmatic succession 
consists of (A) lower near-contact and taxitic gabbro-doler-
ites, (B) picritic gabbro-dolerites, (C) olivine gabbro-doler-
ites, (D) olivine-bearing gabbro- dolerites, (E) olivine-free 
gabbro-dolerites, (F) gabbro- diorites and prismatic–granular 
gabbro-dolerites, (G) leucocratic (sometimes taxitic) gabbro, 
and (H) upper contact gabbro-dolerites, quartz diorites, and 
eruption breccias. Main texture types for the rocks of the 
Talnakh intrusion are shown in Fig.  4.10 .

    A. The near-contact gabbro-dolerites (1.5–2 m) form the 
lower and upper marginal zones. These are fi ne- and small- 
grained rocks with microdoleritic, ophitic, or poikilophitic 
textures in the groundmass, which sometimes contains 
 plagioclase ( An  70 ) phenocrysts. The average composition of 

  Fig. 4.7    Schematic cross section of the Talnakh ore junction 
 After Dyuzhikov et al. (1988)       

  Fig. 4.8    Position of studied boreholes on the plan of Talnakh ore junction       
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the rocks is as follows: 50–60 vol.%  Pl , 32–40 %  Cpx , 
5–10 %  Ol , and 5–15 % ore minerals. The subordinate min-
erals are hornblende, biotite, apatite, and sphene. Olivine 
( Fo  64 ) and ore minerals occur only in the lower-contact 
gabbro- dolerites. The  taxitic gabbro-dolerites  (13 m) are 
light gray and white coarse-grained rocks with a clearly pro-
nounced ataxitic structure that is caused by the contrasting 
grain sizes and uneven distribution of the mafi c minerals. 
The mineralogical composition of the rocks varies within 
wide limits: 35–75 %  Pl  (including two generations,  An 51–66 
and  An 76–83), 10–30 % high-Ca  Cpx  ( Fs 10–12), 5–25 %  Ol  
( Fo 62–82), and up to 5 %  Opx  ( Fs 21–25). The rocks are charac-
terized by variable structures and textures with variations 
that are often observable even within a single thin section. 
The dominant textural pattern is controlled by large (3–5 mm) 

zoned tabular plagioclase grains ( An 66–57 and  An 83–76), whose 
marginal parts are more sodic, up to  An 30, with inclusions of 
anhedral clinopyroxene grains. The clinopyroxene (up to 
5 mm) contains inclusions of small (<1 mm) tabular crystals, 
laths of plagioclase, and grains of olivine and thus causes the 
poikilophitic texture of the rock. The clinopyroxene is often 
zoned with green inner and brownish outer zones. Along 
with these coarse-grained patches, the rocks contain fi ner-
grained zones (grains <1 mm) that consist of  Pl  laths (with 
occasional  Cpx  grains in between) with a clear ophitic tex-
ture. These rocks sometimes have a gabbroic texture, which 
is caused by roughly euhedral equant  Pl  and  Cpx  grains. 
The taxites also contain relatively small (up to 1–2 cm) 
lens-shaped segregations of fi ne-grained (0.1–0.3 mm)  Ol  
and  Pl  (sometimes with an admixture of Al–Mg spinel), 
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  Fig. 4.9    Schematic map showing the setting of the Talnakh intrusion in the Noril’sk district and the morphology of the intrusion (projection onto 
a horizontal plane)  
 (1) Faults, (2) holes and their numbers, (3) gradation of the intrusion thickness, m (After Krivolutskaya et al. 2001)       
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  Fig. 4.10    Microphotos of main types of intrusive rocks (image in BSE)
Gabbro- dolerites: ( a ,  b ,  c ) are picritic, ( d – f ) are taxitic, ( g – h ) are contactic 
  Scale bar  is 1 mm.  Ol  olivine,  Px  pyroxene,  Pl  plagioclase; white grains are spinel (After Krivolutskaya 2014)       
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whose composition corresponds to troctolite. Olivine is most 
often present in these rocks as anhedral grains with inclu-
sions of tabular plagioclase crystals. Oxides account for up 
to 5 vol.% of the rocks and include titanomagnetite and 
ilmenite. The taxitic gabbro-dolerites (along with picritic 
gabbro-dolerites) form a mineralized unit with sulfi de con-
centrations of 10–15 vol.%. The ore minerals generally occur 
as large (up to 5 cm) anhedral pockets and schlieren. The 
secondary alterations of the taxites involve saussuritization 
of plagioclase, clinopyroxene replacement by hornblende, 
and biotite replacement by chlorite. The rocks usually grade 
smoothly into the overlying picrites. 

 B. The picritic gabbro-dolerites (14 m) form a unit with 
well-defi ned lower and, particularly, upper boundaries. They 
consist of dark gray fi ne- to medium-grained massive rocks in 
which  Ol  is more than 40 vol.% (sometimes up to 70 %). The 
picrites mostly have poikilophitic, poikilitic, and, in places, 
panidiomorphic–granular textures. The average mineralogi-
cal composition of the rocks is as follows: 25–30 %  Ol  ( Fo 72–

78), 30–35 %  Pl  ( An 53–66 and  An 72–84), 30–35 % augite ( Fs 10–11), 
up to 5 %  Opx  ( Fs 20–23), and 5–7 %  Bt . Apatite and spinel are 
the accessory minerals. The olivine is distributed relatively 
equally throughout the rock and occurs as euhedral grains 
0.3–1 mm in size without notable zoning. The plagioclase 
forms large (up to 1.5 mm) tabular crystals (with euhedral 

olivine crystals) and anhedral grains with pronounced zoning. 
Another generation of plagioclase, which occurs as laths in 
clinopyroxene, has clear twins. The clinopyroxene (augite) 
occurs as oikocrysts that are 1–5 mm in size with inclusions 
of  Ol  grains and  Pl  platelets. Orthopyroxene is present in 
strongly subordinate amounts as euhedral prisms or, more 
rarely, oikocrysts with  Ol  inclusions.  Opx  sometimes devel-
ops as thin rims around  Ol . Brown biotite forms lepidoblastic 
aggregates that often form near oxide and sulfi de inclusions 
and replace clinopyroxene. The latter, in turn, is also replaced 
by hornblende. The olivine is typically replaced by minerals 
of the serpentine group (with replacement grades varying 
even within a single thin section) fi rst along fractures (together 
with magnetite and pyrrhotite) and, later, in the form of aggre-
gates of lizardite platelets. The oxides (titanomagnetite, 
ilmenite, Cr–magnetite, and chromite) account for 3–5 % by 
volume, and the sulfi de contents reach 5–8 %. The latter min-
erals are present as fi ne-grained (<2 mm) interstitial crystals 
that are disseminated in the upper portion of the picrite layer 
and predominantly as ovoids up to 25 mm across in the mid-
dle and lower parts of the unit. The transition zone to the tax-
itic gabbro- dolerites contains segregations of large plagioclase 
grains, whose concentration increases downward. These seg-
regations eventually merge, and the rock acquires a typical 
taxitic fabric. 

  Fig. 4.11    Inner structure of the Talnakh intrusion, variations of amount, and composition of rock-forming minerals and metals’ distribution (bore-
hole OUG-2)  
 After Distler et al. (1999)       
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 C. The transition to the overlying  olivine gabbro-dolerites  
(20 m) is relatively sharp and occurs within a 0.1- to 
0.3-m-thick zone. The olivine gabbro-dolerites are gray, 
medium-grained, massive rocks that are characterized by 
poikilophitic and ophitic textures. Their  Ol  ( Fo 69–75) 
 concentration reaches 10–15 vol.%,  Pl  ( An 57–60 and  An 75–84) 
accounts for 40–50 vol.%, and  Cpx  ( Fs 11–13) and  Opx  ( Fs 26) 
are present in amounts of 25–30 % and up to 3 %, respec-
tively. The boundary between these rocks and the picrites is 
marked by elevated contents of biotite (up to 6–7 %) and 
sulfi des. The accessory minerals are apatite and sphene, and 
the secondary minerals are prehnite, carbonates, iddingsite, 
chlorite, and serpentine. 

 D and E. Olivine-bearing and olivine-free gabbro- 
dolerites (60 m) gradually replace the underlying unit due to 
a gradual systematic decrease in the content of  Ol  upsection 
to its complete disappearance and the replacement of the 
gabbrophitic, poikilophitic, and panidiomorphic–granular 
textures by prismatic-ophitic and prismatic–granular tex-
tures. The main rock-forming minerals are  Pl  ( An 55–57 and 
 An 64–77),  Cpx  ( Fs 10–19),  Ol  ( Fo 61–71), and  Opx . The rocks in the 
upper part of the unit sometimes contain quartz. The rocks 
also often contain oxides and disseminated sulfi des. The 
accessory and secondary minerals are the same as in the 
rocks of the underlying units. 

 F. The gabbro-diorites and prismatic–granular gabbro- 
dolerites (30 m) are medium- to coarse-grained greenish- or 
pinkish-gray rocks with prismatic–granular, ophitic textures 
that contain schlieren of pegmatoid gabbro-dolerites and thin 
layers of titanomagnetite gabbro. The rocks consist of 
50–70 vol.%  Pl  ( An 56–59) and 20–30 % augite ( Fs 17–24). The 
mesostasis contains albite, microcline, quartz, biotite, chlo-
rite, pumpellyite, orthite, apatite, zircon, and sphene. The sec-
ondary minerals are aegirine–augite, hornblende, chlorite, 
saponite, hydrotalcite, prehnite, and saussurite aggregates. 

 G. The  taxitic gabbro  (4 m) in the upper portion of the 
massif is an unequally grained leucogabbro with an ataxitic 
structure and consists of 60–70 %  Pl  ( An 60–70), 20–25 %  Cpx  
( Fs 20), hornblende, biotite, rare grains of quartz, micropeg-
matite, sphene, apatite, and carbonates. In places, the rocks 
in this unit have consistent textures and structures and form 
a common anorthite leucogabbro. The taxitic gabbro often 
hosts low-sulfi de platinum mineralization. These rocks are 
enriched in chromite and contain aggregates of H 2 O-, Cl-, 
and F-bearing minerals (Sluzhenikin et al.  1994 ). 

 H. Quartz diorites (13 m) compose the roof of the intru-
sion. These compositionally, texturally, and structurally 
variable rocks include clearly bounded shadow xenoliths of 
the host sand–siltstones of the Tunguska Group. The rocks 
consist of quartz, potassic feldspar, sodic plagioclase, 
micropegmatite, biotite, hornblende, relict clinopyroxene, 
apatite, and fragments of microquartzite, hornfelsed carbo-
naceous rocks, and graphitized coal, which form the erup-
tion breccias.  

4.4.1.2     Cryptic Layering of the Talnakh Intrusion 
 The compositional trends of the principal rock-forming min-
erals in the section of borehole OUG-2 are shown in Fig.  4.11 . 
Tables  4.2 ,  4.3 ,  4.4 , and  4.5  present representative analyses 
of the olivine, plagioclase, and clinopyroxene that were used 
to distinguish the units.

       Olivine     The compositional variations of this mineral in dis-
tinct zones of the massif are particularly signifi cant. The max-
imum forsterite concentration ( Fo 82.3) was detected in the 
upper part of the taxitic unit (Fig.  4.3 , Table  4.2 ), although the 
overlying picritic gabbro-dolerites usually have higher- 
magnesium compositions. In the olivine gabbro-dolerites,  Fo  
varies from 69 to 72 mol%, and the Mg# of  Ol  decreases to 
 Fo 61.3 with the transition to  Ol -bearing gabbro-dolerites. 
These variations are correlated with the NiO concentration of 
 Ol , which ranges from 0.20–0.25 wt % in the picrites to 0.08–
0.11 wt % in the  Ol -bearing gabbro-dolerites. The MnO and 
CaO concentrations of the olivine increase upsection.  

  Plagioclase     Two generations of this mineral can be distin-
guished: (1) large platelets of zoned plagioclase, whose 
composition varies from  An 75–84 in the olivine, picritic, and 
taxitic gabbro- dolerites and the upper anorthite leucogabbro 
to  An 56–39 in the gabbro-diorites, and (2) intercumulus pla-
gioclase with polysynthetic and simple twins and less pro-
nounced compositional variations, roughly from  An 62 to 
 An 47 (Fig.  4.3 , Table  4.3 ). Both generations exhibit a com-
mon trend: the plagioclase becomes more sodic upsection 
until it forms of albite, which is widespread in the 
gabbro-diorites.  

  Clinopyroxene     The concentration of  Cpx  systematically 
increases from the bottom to the top from 15–25 vol.% in the 
picrites to 40–45 vol.% in the rocks of the Upper Gabbro 
Series. The mineral can be subdivided into two varieties: (1) 
green and (2) brown, with the predominance of  Cpx  of the 
former type. Both varieties correspond to augite, although 
the green grains are more magnesian and chromic, and the 
brown grains are more titanic (Dobretsov et al.  1971 ; 
Zolotukhin et al.  1975 ; Czamanske et al.  1995 ). The compo-
sitions of the clinopyroxene from the rocks of the Upper 
Gabbro Series fall within the fi eld of typical augite (Hess 
et al.  1941 ), and the augite from the Main Layered and Lower 
Gabbro Series are more magnesian and close to the endiop-
side fi eld. The rims of the clinopyroxene grains are usually 
more Fe-rich than the cores. The composition of the clinopy-
roxene systematically varies over the vertical section of the 
massif. The concentration of the ferrosilite end-member 
increases upward from 10–11 mol% in the picrites and tax-
ites to 24 mol% in the gabbro-diorites and then decreases to 
13 mol% in the upper marginal gabbro-dolerites. The con-
centration of the enstatite component accordingly decreases 
upward from 53 to 35 mol%, whereas the concentration of 
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     Table 4.2    Olivine composition from the Talnakh intrusion, wt %   

 Depth, m  SiO 2   TiO 2   FeO  MnO  MgO  CaO  NiO  Total   Fo , mol % 

 1,156.0  36.75  0.03  33.24  0.63  29.55  0.38  0.08  100.79  61.3 

 1,164.5  37.03  0.02  28.60  0.61  33.39  0.29  0.05  100.07  67.5 

 1,169.2  36.23  0.02  32.14  0.65  31.29  0.34  0.08  100.80  63.0 

 1,175.0  38.16  0.03  26.00  0.54  34.80  0.30  0.11  99.99  70.0 

 1,181.6  38.09  0.02  23.94  0.47  36.90  0.38  0.13  100.00  73.6 

 1,188.3  37.28  0.02  25.48  0.46  35.15  0.30  0.08  98.90  70.9 

 1,188.3  38.35  0.02  24.75  0.44  37.11  0.34  0.13  101.32  73.0 

 1,200.0  37.67  0.03  25.13  0.45  35.75  0.36  0.13  99.65  71.6 

 1,200.0  36.44  0.10  27.53  0.43  34.64  0.26  0.09  99.58  68.9 

 1,208.0  37.20  –  23.78  0.44  37.70  0.31  0.13  99.75  74.2 

 1,209.5  38.72  –  19.28  0.31  41.60  0.29  0.13  100.44  79.7 

 1,218.0  38.37  0.03  21.83  0.36  40.12  0.10  0.25  101.76  76.7 

 1,218.0  38.31  0.03  21.13  0.37  39.49  0.13  0.18  99.70  77.1 

 1,221.2  39.31  0.05  17.00  0.31  43.27  0.15  0.22  100.39  78.5 

 1,221.2  38.63  0.05  16.78  0.30  43.64  0.14  0.20  99.76  82.3 

 1,221.8  37.82  0  21.97  0.32  39.74  0.20  0.18  100.24  76.4 

 1,222.8  35.12  0.03  25.30  0.40  34.17  0.20  0.19  97.94  70.2 

 1,225.7  37.90  0.02  24.20  0.41  38.12  0.17  0.19  101.10  74.0 

 1,225.7  38.57  0.07  21.62  0.34  40.29  0.11  0.19  101.20  77.0 

 1,227.5  38.95  0.02  24.45  0.50  36.69  0.14  0.19  101.11  72.4 

 1,227.5  38.93  0.02  24.57  0.50  35.90  0.14  0.19  100.44  71.8 

  Note: Here and in Tables  4.3 ,  4.4 , and  4.5 : Depth, m is a depth in borehole OUG-2; analyses were carried out in IGEM RAS,   analyst T. Golovanova. 
After Krivolutskaya et al. ( 2001 )   

     Table 4.3    Plagioclase composition from the Talnakh intrusion, wt %   

 Depth, m zone  SiO2  Al 2 O 3   FeO  MgO  CaO  Na2O  K2O  Total  An mol.% 

 1085 G  50.89  28.95  1.80  0.36  14.55  3.14  0.17  99.46  70.2 

 1097 G  52.56  27.13  1.21  0.32  10.98  4.39  0.24  98.03  59.3 

 1097 G  57.00  26.25  0.75  0.05  9.82  5.82  0.34  100.11  47.3 

 1104.6 F  55.29  26.59  0.76  0.10  10.70  4.37  0.29  98.15  56.5 

 1123.5 F  54.99  27.20  0.93  0.10  11.55  5.09  0.22  100.15  55.2 

 1130.3 F  53.86  27.80  1.01  0.26  12.02  4.61  0.21  100.06  58.1 

 1130.3 F  53.19  28.42  0.82  0.12  12.44  4.77  0.16  99.98  58.6 

 1139.2 E  58.95  24.17  0.99  0.13  7.81  7.02  0.57  99.76  37.0 

 1139.2 E  53.09  27.59  0.95  0.08  11.63  4.83  0.27  98.51  56.5 

 1144.4 E  53.45  28.49  0.97  0.36  13.18  4.02  0.17  101.20  63.8 

 1144.4 E  56.0.8  27.13  0.76  0.07  9.90  5.78  0.30  100.08  57.4 

 1156.2 E  50.67  31.51  0.90  0.18  15.12  3.10  0.19  101.71  72.6 

 1156.2 E  56.23  26.76  1.13  0.13  9.89  5.65  0.40  100.83  48.2 

 1164.5 D  48.85  30.86  0.73  0.13  15.09  2.51  0.13  98.34  76.4 

 1169.2 D  48.88  31.36  0.93  0.33  15.71  2.52  0.10  99.87  77.1 

 1169.2 D  54.39  28.24  0.79  0.08  10.34  4.53  0.30  98.78  54.6 

 1175.0 D  52.32  29.54  1.00  0.32  13.72  3.49  0.17  100.63  68.0 

 1181.6 D  49.54  31.71  0.75  0.22  16.12  2.83  0.11  101.58  75.3 

 1188.3 D  50.69  28.37  0.79  0.18  15.58  2.45  0.08  98.17  77.4 

 1194.4 D  50.37  29.60  0.75  0.22  16.26  3.01  0.13  100.34  74.5 

 1200.0 C  53.82  27.76  1.07  0.45  10.84  4.72  0.29  100.02  57.2 

 1200.0 C  47.94  32.16  0.74  0.12  17.18  1.78  0.06  99.98  83.9 

 1204.8 C  49.88  30.22  0.82  0.25  15.86  2.63  0.12  99.83  76.3 

 1204.8 C  48.51  31.32  0.98  0.40  16.06  2.04  0.11  99.45  81.0 

 1208.0 C  51.93  28.26  1.00  0.40  12.40  4.45  0.25  98.77  59.7 

(continued)
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 Depth, m zone  SiO2  Al 2 O 3   FeO  MgO  CaO  Na2O  K2O  Total  An mol.% 

 1208.0 C  53.41  27.54  1.48  0.40  10.67  5.03  0.18  98.80  53.2 

 1209.5 B  51.49  31.17  0.75  0.41  13.36  3.33  0.13  100.67  68.2 

 1218.0  B   50.05  30.86  0.72  0.05  14.27  3.03  0.16  99.22  71.7 

 1221.2 B  48.38  31.85  0.54  0.02  15.78  2.64  0.13  99.40  76.2 

 1221.2 A  50.87  30.13  0.53  0.00  13.56  3.60  0.27  98.99  66.3 

 1222.8 A  48.77  31.41  0.39  0.00  16.33  2.25  0.19  99.87  79.3 

 1222.8 A  48.85  31.41  0.51  0.05  16.34  2.14  0.19  99.56  79.9 

 1225.7 A  48.19  31.53  0.57  0.03  15.22  2.49  0.14  98.21  76.6 

 1227.5 A  51.30  29.98  0.52  0.12  15.66  1.73  0.17  99.99  82.7 

 1227.5 A  49.41  31.17  0.59  0.12  16.49  1.66  0.18  99.63  83.7 

 1230.0 A  54.74  30.00  0.51  0.10  13.21  2.74  0.31  101.65  71.2 

  Note: Depth, m is depth in borehole OUG-12; zone, see text. After Krivolutskaya et al. ( 2001 )  

Table 4.3 (continued)

      Table 4.4    Pyroxene composition from the Talnakh intrusion, wt %   

 Depth, 
m; zone  SiO 2   TiO 2   Al 2 O 3   Cr 2 O 3   FeO  MnO  MgO  CaO  Na2O  K2O  Total   Fs    En    Wo   Mg# 

 1085.6H  51.08  1.00  3.80  0.23  8.02  0.19  14.99  21.14  0.31  0.02  100.78  13  43  44  76.5 

 1097.9G  50.42  0.80  2.12  0.04  11.54  0.39  13.65  20.23  0.36  0.01  99.56  19  39  42  67.1 

 1104.6 F  51.70  0.65  1.68  0.01  11.63  0.36  14.82  18.59  0.24  0  99.68  19  43  38  68.8 

 1116.5 F  50.14  0.57  1.83  0.03  13.58  0.74  12.12  19.70  0.30  0  99.01  24  35  41  60.2 

 1123.5E  50.94  0.74  2.25  0.03  11.32  0.32  14.96  19.18  0.23  0.01  99.98  18.4  42.4  39.2  69.7 

 1130.3E  51.64  0.70  2.31  0.07  10.53  0.36  15.02  19.56  0.12  0.01  100.32  17.5  42.6  39.9  71.1 

 1139.2E  52.62  0.70  2.04  0.01  11.39  0.40  15.37  18.83  0.27  0.04  101.67  18.7  43.2  38.1  69.9 

 1144.4E  52.19  0.62  2.36  0.10  8.25  0.22  15.72  20.37  0.11  0.01  99.95  13.5  44.8  41.7  76.8 

 1156.2D  51.31  0.65  2.40  0.09  8.78  0.28  15.60  19.75  0.20  0.01  99.07  14.6  44.7  40.7  75.4 

 1156.2D  52.62  0.42  2.25  0.19  6.99  0.23  16.81  20.34  0.15  0.01  100.01  11.4  47.4  41.2  80.6 

 1164.5D  52.34  0.43  2.89  0.45  6.20  0.25  16.08  20.72  0.15  0.01  99.52  10.3  46.6  43.1  81.6 

 1164.5D  52.64  0.52  3.02  0.57  6.22  0.26  16.56  20.68  0.12  0.02  100.61  10.4  47.2  42.4  82.0 

 1169.2D  52.53  0.40  1.89  0.20  6.77  0.26  16.98  19.95  0.11  0.01  99.10  11.2  48.2  40.6  81.1 

 1175.0C  51.04  0.52  2.51  0.16  6.02  0.18  15.92  21.59  0.11  0.01  98.06  9.9  45.6  44.4  82.1 

 1181.6C  52.37  0.70  2.33  0.01  7.48  0.18  16.11  20.63  0.18  –  99.99  12  46  42  78.9 

 1188.3C  52.02  0.62  2.51  0.10  8.10  0.22  16.30  20.40  0.34  –  100.61  13  46  41  77.7 

 1194.4C  52.70  0.65  2.99  0.42  7.45  0.19  15.97  19.87  0.24  –  100.48  12  46  42  78.7 

 1200.0C  51.42  0.43  2.74  0.76  6.45  0.15  15.72  20.33  0.28  0.01  98.29  11  46  43  80.9 

 1204.8B  51.93  0.52  2.66  0.77  6.02  0.14  16.98  21.21  0.31  –  100.54  10  48  42  83.0 

 1204.8B  50.67  0.88  2.17  0.32  9.31  0.26  15.22  20.15  –  –  99.78  15  43  42  73.9 

 1208.0B  51.83  0.47  2.53  1.21  6.22  0.18  16.33  21.38  –  –  100.35  10  46  44  82.0 

 1209.5B  53.03  0.80  2.49  0.92  6.09  0.13  16.33  21.18  0.31  –  101.30  10  47  43  82.3 

 1209.5B  53.44  0.61  2.64  1.13  6.23  0.19  17.22  19.85  –  0.04  101.31  10  49  41  82.6 

 1218.0B  52.02  0.54  3.09  0.96  6.43  0.09  16.83  19.58  0.24  0  99.97  10.5  48.7  40.7  82.2 

 1221.2A  52.06  0.47  2.17  0.63  6.46  0.19  17.31  18.30  0.28  0.02  98.00  10.сен  50.6  38.5  82.2 

 1227.5A  52.83  0.47  1.95  0.66  5.33  0.19  18.92  18.89  0.08  0  99.45  08.8  53.1  38.1  85.9 

 1227.5A  52.88  0.63  1.70  0.28  6.34  0.18  16.66  20.20  0.03  0  98.97  10.6  47.8  41.6  81.9 

 1227.5A  54.35  0.43  1.47  0.31  6.54  0.23  17.06  19.99  0.03  0  100.45  10.8  48.4  40.8  81.8 

 1230.0C  52.78  0.73  2.02  0.19  9.75  0.34  14.89  20.04  0.20  0.01  100.03  14.8  43.3  41.9  74.4 

 1188.3C  54.72  0.63  1.55  –  16.64  0.41  25.07  2.41  0.05  0.01  101.49  26  69  5  72.4 

 1213.7B  52.34  0.65  0.96  0.47  13.33  0.43  29.03  1.96  –  –  99.17  20  76  4  79.0 

 1222.8A  53.28  0.47  1.19  0.13  13.54  0.34  27.57  2.28  0.04  0  99.08  21  74  5  78.0 

 1222.8A  53.43  0.40  0.68  0.04  14.85  0.36  27.11  1.93  0.03  0  98.91  23  73  4  76.1 

 1225.7A  53.88  0.45  0.79  0  16.77  0.41  27.06  1.58  0  0.01  101.14  25  72  3  73.7 

 1230.0A  55.91  0.47  0.83  0.13  14.21  0.50  26.01  1.97  0  0  100.12  23  73  4  75.9 
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the wollastonite end-member varies relatively little from 38 
to 44 mol%. The Cr 2 O 3  concentration of the pyroxenes 
reaches a maximum of 1.13–1.21 wt % in the uppermost 
third of the picrite unit and then decreases rapidly toward the 
taxitic gabbro-dolerites. The systematic decrease in the 
Cr 2 O 3  content of the  Cpx  is also characteristic of the transi-
tion from the picrites to olivine and olivine-bearing gabbro-
dolerites. The TiO 2  is characterized by smaller variations but 
is enriched consistently in the upper inner-contact zone 
(Table  4.4 ) and particularly in the gabbro-diorites. It is nec-
essary emphasized (Krivolutskaya et al.  2012 ) that composi-
tions of pyroxene form separate trends for each horizon 
(Fig.  4.12 ).

     Orthopyroxene     The most magnesian orthopyroxene, with 
76 mol%  En , was encountered in the picritic gabbro- 
dolerites. The Mg# of this mineral decreases up- and down-
section, and its Fe # correspondingly increases (Fig.  4.11 ). 
The orthopyroxene from the picritic gabbro-dolerites is char-
acterized by the highest concentrations of Cr 2 O 3  (0.47 wt %), 
and the other components vary as follows: Al 2 O 3  from 0.7 to 
1.15 wt %, CaO from 1.6 to 2.4 wt %, MnO from 0.35 to 
0.50 wt %, and TiO 2  from 0.4 to 0.65 wt % (Table  4.4 ).  

  Biotite     The composition of biotite varies over a broad inter-
val in the vertical section of the Talnakh Massif (Fig.  4.3 , 
Table  4.5 ). The biotite of the olivine, picritic, and taxitic 

     Table 4.5    Composition of biotite from the Talnakh intrusion, wt %   

 Depth, 
m; zone  SiO 2   TiO 2   Al 2 O 3   Cr 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  K 2 O  Total  Mg# 

 1144 E  34.82  2.57  11.96  0.23  29.58  0.31  6.86  0.49  0.08  5.60  93.50  69.5 

 1164. D  38.95  2.87  12.89  0.07  27.82  0.22  6.38  0.25  0.18  9.33  99.96  70.1 

 1194 C  40.85  2.40  11.70  –  16.71  –  14.96  0.27  0.19  9.13  96.24  41.4 

 1218.B  38.76  6.99  11.78  0.15  9.45  0.05  18.47  0  0.47  8.40  95.77  32.5 

 1225 A  38.89  5.94  12.63  0.35  9.12  0.01  18.75  0.03  0.34  8.93  95.25  30.2 

  Fig. 4.12    Variations in the Mg# of pyroxene in the vertical section of the Talnakh intrusion (left-hand diagram) and a correlation between TiO 2  
 concentration and Mg# in various units of the massif  
 Gabbro- dolerites: T, taxitic; П, picritic; Го, olivine; Гос, olivine-bearing; Г, olivine-free.  Triangles  with a  double bar  indicate gabbro-diorites, 
 hatchwork marks  massive sulfi de ores,  small triangles  with Г denote magmatic breccia (After Krivolutskaya et al. 2012)       

 

4.4  Massifs of the Talnakh Ore Junction



114

gabbro- dolerites is the highest in MgO (15–18 wt %), TiO 2  
(6–7 wt %), and alkalis (8.4–9.1 wt %) at the lowest concen-
tration of CaO. In the upper sections of the intrusion (upper 
taxites, leucogabbro, gabbro-diorites, and olivine-free and 
olivine- bearing gabbro-dolerites), this mineral has a rela-
tively low- Mg# and is low in alkalis but high in CaO (up to 
0.5 wt %) at a TiO 2  concentration of 2.4–2.6 wt %.   

4.4.1.3     Major and Trace Element Chemistry 
of the Rocks 

 The chemistry of typical rocks from the Talnakh Massif 
(samples from borehole OUG-2) is shown in Tables  4.6  
and  4.7  and the corresponding distribution of elements over 
the vertical section of the massif (Krivolutskaya et al.  2001 ). 
These data are in good correlation with data obtained by 
other researches (Arndt et al.  2003 ; Li et al.  2003 ). The anal-
ysis of these data illustrates the different styles of the major 
and ore-forming elements, which can be classifi ed into the 
following groups: (1) MgO and Cr 2 O 3 ; (2) FeO and Fe 2 O 3 ; 
(3) CaO, Al 2 O 3 , and SiO 2 ; (4) TiO 2 , Na 2 O, K2O, and P 2 O 5 ; 
and (5) Co, Ni, and Cu. (1) The variations in the MgO con-
centration over the section are mainly determined by the 
amounts of  Ol  in the rocks and by the Mg#. The overall range 
of MgO concentrations is 5.11–22.41 wt %. The highest con-
centrations are characteristic of the unit of picritic gabbro-
dolerites, whose uppermost one- third is marked by the 
maximum MgO concentration. The MgO concentration 

decreases upward and downward from this ultrabasic unit. It 
should also be noted that in some sections of the intrusion, 
 Ol -enriched rocks are located in the upper inner-contact zone 
and form a second maximum in the MgO concentration. The 
distribution curve of Cr 2 O 3  follows the variations in the MgO 
concentration. Signifi cant differences in the concentrations 
of the two components are observed only in the upper part of 
the olivine gabbro- dolerites. The relative minimum in the 
Cr 2 O 3  concentration in this layer is explained by the strong 
decrease in the Cr–magnetite content of the rock with a grad-
ual upward decrease in the olivine content. The Cr 2 O 3  con-
centration over this section of the massif ranges from the 
detection limit (<0.007 wt %) in the upper taxitic gabbro to 
0.77 wt % in the picrites and reaches its maximum in the 
upper part of the picrite unit. These units also contain the 
most chromic clinopyroxene (Fig.  4.3 ) and large amounts 
(mainly in the form of segregations) of Cr–magnetite and 
chromite. Upward and downward from the picrite unit, the 
concentrations of these oxides and Cr 2 O 3  in the clinopyrox-
ene decrease, and the rock therefore becomes progressively 
depleted in Cr 2 O 3 .

    (2) The FeO and Fe 2 O 3  are characterized by similar distri-
butions . The maximum concentrations of these oxides (7.6 
and 11. 45 wt %, respectively) were encountered in the pic-
rites; these values are explained by an increase in the propor-
tions of  Ol  and  Opx  to  Pl  and in the gabbro-diorites of the 
upper part of the section, in which they have elevated (up to 

   Table 4.6    Composition of rocks from the Talnakh intrusion, wt %   

 Component  1104.6*  1130.3  1144.4  1169.2  1181.6  1188.3  1200  1208  1213.7  1218  1222.8  1230 

 SiO 2   46.43  47.21  49.66  49.01  46.79  46.57  46.69  40.49  37.66  38.96  41.49  43.34 

 TiO 2   2.03  1.47  1.15  0.89  0.71  0.83  0.72  0.6  0.4  0.44  0.55  0.54 

 Al 2 O 3   12.38  13.45  14.51  15.99  17.32  16.78  17.32  8.02  7.09  7.75  11.22  14.01 

 Fe 2 O 3   7.11  5.15  4.02  4.26  4.29  3.68  3.88  4.81  6.59  4.06  11.45  8.76 

 FeO  9.11  9.32  7.98  5.64  .94  7.04  6.06  10.79  12.52  12.06  7.06  6.75 

 MnO  0.23  0.24  0.23  0.18  0.15  0.18  0.16  0.22  0.18  0.23  0.15  0.15 

 MgO  5.11  6.28  6.13  7.11  8.86  10.43  10.05  22.41  18.77  19.13  7.15  6.64 

 CaO  9.25  10.01  10.77  12.21  10.98  9.32  10.84  5.03  05.01  4.96  5.53  9.22 

 Na 2 O  3.58  2.32  2.05  2.18  1.98  1.92  1.81  0.87  0.88  0.62  2.22  1.94 

 K 2 O  0.99  0.83  0.67  0.69  0.49  0.57  0.46  0.25  0.32  0.41  1.09  0.79 

 Cr 2 O 3   <0.007  <0.007  <0.007  0.05  0.07  0.02  0.08  0.77  0.57  0.28  0.03  0.03 

 P 2 O 5   0.27  0.25  0.25  0.15  0.14  0.17  0.15  0.12  0.11  0.11  0.15  0.14 

 H 2 O−  0.14  0.43  0.24  0.2  0.38  0.26  0.2  0.14  0.22  0.78  0.22  0.24 

 H 2 O+  1.67  1.29  1.59  1.51  2.35  1.75  1.89  4.49  2.96  6.05  2.12  1.79 

 Ni  0.01  0.01  0.01  0.01  0.28  0.35  0.04  0.17  0.53  0.45  0.89  0.59 

 Co  0.01  0.01  0.01  0.01  0.01  0.01  0.01  0.02  0.03  0.02  0.04  0.03 

 Cu  0.01  0.02  0.02  0.01  0.01  0.01  0.01  0.13  1.58  0.30  3.00  1.79 

 S  0.33  0.2  0.25  0.09  0.07  0.13  0.05  0.45  4.23  2.33  6.24  4.85 

 F  0.11  0.08  0.08  0.06  0.06  0.06  0.05  <0.05  <0.05  0.07  0.06  0.06 

 Total  99.68  98.66  100.06  100.25  99.88  100.44  100.48  100.04  100.47  100.09  101.66  101.66 

  Note: * - N sample ( fi rst line ) is a depth (m) in borehole OUG-2. Analyses were carried out in IGEM RAS, analyst N. Malysheva. After Krivolutskaya 
et al. ( 2001 )  

4 Intrusive Rocks



115

(continued)

   Table 4.7    Concentrations of major and rare elements in the rocks from the Talnakh intrusion (OUG-2)   

 № sample  1,085  1,097  1,116  1,130  1,151  1,173  1,181  1,186  1,191  1,200.5 

 SiO 2   50.25  49.48  48.24  48.11  49.96  49.48  46.57  49.78  49.56  46.69 

 TiO 2   1.37  1.988  0.63  1.47  1.26  0.88  0.81  0.89  1.42  0.72 

 Al 2 O 3   14.66  14.13  16.28  13.45  14.16  16.71  17.32  19.42  13.35  17.32 

 FeO  11.7  14.04  9.82  13.96  12.12  9.14  9.8  8.10  12.34  9.56 

 MnO  0.24  0.264  0.18  0.24  0.21  0.19  0.15  0.17  0.39  0.16 

 MgO  6.4  5.3  11.73  6.28  7.29  7.27  8.87  6.39  6.73  10.05 

 CaO  10.82  10.03  10.97  10.1  12.19  13.20  10.98  12.42  11.62  10.84 

 Na 2 O  1.83  1.00  1.53  2.32  2.22  2.50  1.98  2.45  2.84  1.81 

 K 2 O  1.25  0.81  0.35  0.83  0.50  0.54  0.49  0.53  1.06  0.46 

 P 2 O 5   0.11  0.12  0.07  0.25  0.13  0.10  0.14  0.09  0.17  0.15 

 Cr 2 O 3   0.04  0.01  0.08  0.00  0.00  0.08  0.07  0.07  0.05  0.09 

 LOW  1.67  1.78  0.87  0.9  0.13  0.19  2.14  0.18  0.77  2.19 

 Total  100.34  98.95  100.76  97.91  100.18  100.28  99.32  100.49  100.31  100.04 

 S  0.28  0.52  0.91  0.2  0.08  0.06  0.076  0.04  0.69  0.051 

 Rb  40.8  n.a.  12.6  23.4  17.9  16.0  14.7  13.2  37.9  3.4 

 Ba  505  n.a.  181  219  147  169  154  185  217  130 

 Th  1.25  n.a.  1.03  1.36  1.58  0.40  0.82  1.11  0.82  0.69 

 U  0.56  n.a.  0.28  0.58  0.46  0.21  0.37  0.42  0.35  0.35 

 Nb  4.70  n.a.  2.38  4.94  4.22  2.36  2.78  3.74  4.90  2.85 

 Ta  0.33  n.a.  0.17  0.35  0.26  0.15  0.21  0.22  0.30  0.22 

 La  8.91  n.a.  3.8  9.87  7.5  5.4  5.41  7.1  8.1  4.87 

 Ce  20.74  n.a.  8.5  22.71  16.9  12.3  12.73  16.3  18.8  11.94 

 Pb  35.21  n.a.  35  86  80  44  80  359  2410  44 

 Pr  2.80  n.a.  1.17  3.05  2.32  1.66  1.74  2.19  2.45  1.60 

 Nd  12.7  n.a.  5.54  13.9  11.19  7.87  7.9  10.04  11.73  7.3 

 Sr  411  n.a.  233  250  242  262  268  275  288  230 

 Sm  3.48  n.a.  1.53  3.74  3.11  2.19  2.12  2.67  3.19  1.95 

 Zr  92.5  n.a.  40  99  74  67  61  59  70  59 

 Hf  2.41  n.a.  1.13  2.71  1.97  1.67  1.70  1.67  1.81  1.61 

 Eu  1.18  n.a.  0.58  1.41  1.02  0.79  0.80  0.97  1.09  0.75 

 Ti  7,850  n.a.  3,869  8,832  7,610  5,249  4,807  5,472  8,608  4,562 

 Gd  4.10  n.a.  2.04  4.48  3.77  2.68  2.53  3.14  4.00  2.29 

 Tb  0.70  n.a.  0.34  0.76  0.65  0.43  0.44  0.52  0.69  0.39 

 Dy  4.56  n.a.  2.22  5.01  4.19  2.77  2.85  3.34  4.27  2.61 

 Ho  0.98  n.a.  0.47  1.07  0.87  0.56  0.62  0.70  0.90  0.55 

 Y  28.3  n.a.  11.2  30.1  21.7  14.2  17.0  17.3  22.6  14.5 

 Er  2.76  n.a.  1.28  3.02  2.44  1.57  1.73  1.91  2.45  1.56 

 Tm  0.41  n.a.  0.19  0.46  0.33  0.22  0.26  0.27  0.35  0.24 

 Yb  2.60  n.a.  1.33  2.85  2.36  1.53  1.63  1.85  2.52  1.52 

 Lu  0.40  n.a.  0.20  0.44  0.36  0.23  0.25  0.28  0.37  0.23 

 Ni  92.9  n.a.  1,603  56  136  275  254  415  148  287 

 Cu  59.0  n.a.  3072  158  399  716  134  1,970  4,047  91 

 Zn  70.5  n.a.  151  186  168  230  61  143  559  68 

 Co  42.9  n.a.  105  49  59  83  47  61  117  52 

 V  301  n.a.  170  345  332  241  182  222  355  178 
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Table 4.7 (continued)

 № sample  1,203  1,211  1,216  1,221  1,222  1,225  1,227  1,230  1,231  1,234  1,259 

 SiO 2   48.15  40.73  36.16  32.97  48.02  38.09  44.98  47.34  18.4  22.42  56.63 

 TiO 2   0.90  0.54  0.822  0.364  2.23  0.292  0.59  0.54  0.179  0.274  0.57 

 Al 2 O 3   16.25  8.03  9.32  6.97  12.00  12.76  16.43  14.01  6.65  6.28  13.53 

 FeO  10.77  17.55  18.15  21.55  17.71  16.27  10.97  10.75  33.35  32.11  16.08 

 MnO  0.26  0.28  0.292  0.232  0.65  0.25  0.146  0.15  0.137  0.075  0.25 

 MgO  9.48  22.57  15.33  17.89  5.72  12.69  7.62  6.64  0.95  1.28  1.97 

 CaO  11.55  6.09  6.63  4.17  9.68  7.18  12.71  9.22  5.08  4.98  4.71 

 Na 2 O  1.98  0.85  0  0  2.52  0  0.16  1.94  0  0.39  4.08 

 K 2 O  0.30  0.23  0.24  0.32  0.89  0.5  0.3  0.79  0.15  0.35  1.53 

 P 2 O 5   0.09  0.07  0.10  0.04  0.21  0.02  0.02  0.14  0.00  0.04  0.04 

 Cr 2 O 3   0.09  0.92  0.81  0.09  0.07  0.14  0.08  0.03  0.10  0.07  0.00 

 LOW  0.51  4.32  4.38  6.32  1.42  3.8  2.13  2.01  9.74  7.91  2.02 

 Total  100.34  102.16  92.24  90.91  101.13  91.99  96.14  93.56  74.74  76.19  101.42 

 S  0.49  4.26  0.52  6.56  0.03  4.96  2.68  4.85  29.95  28.65  1.01 

 Rb  8.9  9.7  9.6  12.7  38.5  n.а.  n.а.  6.4  n.а.  n.а.  35.0 

 Ba  159  97  121  84  441  n.а.  n.а.  170  n.а.  n.а.  1911 

 Th  0.73  0.62  1.02  0.32  2.31  n.а.  n.а.  4.82  n.а.  n.а.  10.76 

 U  0.32  0.20  0.47  0.16  1.20  n.а.  n.а.  0.52  n.а.  n.а.  2.09 

 Nb  3.33  1.67  3.42  1.54  7.29  n.а.  n.а.  2.20  n.а.  n.а.  10.99 

 Ta  0.23  0.10  0.27  0.10  0.54  n.а.  n.а.  0.16  n.а.  n.а.  0.83 

 La  6.0  3.3  170.87  2.75  11.7  n.а.  n.а.  20.09  n.а.  n.а.  14.3 

 Ce  13.7  7.5  308.48  6.33  28.1  n.а.  n.а.  31.83  n.а.  n.а.  27.6 

 Pb  380  1,874  359  2,410  263  n.а.  n.а.  380  n.а.  n.а.  32 

 Pr  1.84  0.98  31.93  0.81  3.99  n.а.  n.а.  5.97  n.а.  n.а.  2.91 

 Nd  8.69  4.56  96.2  3.6  19.61  n.а.  n.а.  22.0  n.а.  n.а.  10.63 

 Sr  239  133  134  93  257  n.а.  n.а.  275  n.а.  n.а.  299 

 Sm  2.29  1.22  11.88  0.95  5.53  n.а.  n.а.  3.01  n.а.  n.а.  2.01 

 Zr  70  28  75  27  414  n.а.  n.а.  46  n.а.  n.а.  164 

 Hf  2.01  0.81  2.11  0.72  9.66  n.а.  n.а.  1.32  n.а.  n.а.  4.64 

 Eu  0.89  0.49  2.63  0.36  1.86  n.а.  n.а.  1.13  n.а.  n.а.  0.62 

 Ti  5,431  3,382  4,868  2,198  13,552  n.а.  n.а.  2,735  n.а.  n.а.  3,540 

 Gd  2.79  1.47  6.92  1.14  7.17  n.а.  n.а.  2.38  n.а.  n.а.  1.71 

 Tb  0.47  0.25  0.90  0.19  1.24  n.а.  n.а.  0.39  n.а.  n.а.  0.26 

 Dy  3.02  1.56  4.71  1.23  8.29  n.а.  n.а.  2.38  n.а.  n.а.  1.57 

 Ho  0.62  0.32  0.91  0.26  1.79  n.а.  n.а.  0.48  n.а.  n.а.  0.32 

 Y  15.4  8.1  30.8  7.7  43.7  n.а.  n.а.  16.1  n.а.  n.а.  8.2 

 Er  1.71  0.96  2.45  0.74  5.07  n.а.  n.а.  1.33  n.а.  n.а.  0.95 

 Tm  0.24  0.13  0.34  0.11  0.71  n.а.  n.а.  0.20  n.а.  n.а.  0.16 

 Yb  1.79  0.96  2.00  0.74  5.03  n.а.  n.а.  1.29  n.а.  n.а.  1.25 

 Lu  0.27  0.16  0.29  0.11  0.74  n.а.  n.а.  0.19  n.а.  n.а.  0.23 

 Ni  556  4,930  6,450  8,706  81  n.а.  n.а.  7097  n.а.  n.а.  2579 

 Cu  3,084  17,236  7,774  10,599  686  n.а.  n.а.  12,086  n.а.  n.а.  9,236 

 Zn  1,209  654  267  128  358  n.а.  n.а.  98  n.а.  n.а.  96 

 Co  96  250  241  303  82  n.а.  n.а.  208  n.а.  n.а.  195 

 V  220  203  201  87  610  n.а.  n.а.  196  n.а.  n.а.  118 

  Note: Oxides are given in wt %, elements in ppm. N sample is a depth (m) in borehole OUG-2. Here and in Tables  4.8 ,  4.9 ,  4.12 , and  4.15    analyses 
were carried out in GEOKHI RAS, analysts I. Rostshina, T. Romashova (XRF), and rare elements were analyzed in IMGRE, analyst D. Zhuravlev 
(ICP-MS); n.a., element was not analyzed  
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10–15 %) concentrations of titanomagnetite. The lowest 
concentrations of the iron oxides are located in the contact 
zone between the picrites and the olivine gabbro-dolerites. 

 (3) The highest concentrations of CaO and Al 2 O 3  (12.21 
and 17.32 wt %, respectively) are spatially restricted to the 
olivine and olivine-bearing gabbro-dolerites, which is 
explained by the enrichment of plagioclase in these rocks 
and the high-Ca# (up to  An 84) of this mineral. A similar char-
acteristic was observed in the plagioclase-rich rocks, includ-
ing the taxitic gabbro-dolerites and anorthite leucogabbro 
from the lower and upper units. The CaO and Al 2 O 3  concen-
trations in the upper taxites decrease slightly, which is cor-
related with an increase in the albite concentration of the 
plagioclase. The concentrations of these elements in the pic-
ritic gabbro-dolerites decrease greatly (to 4.96 and 7.75 wt %, 
respectively) due to the overall decrease in the  Pl  content at 
the constant Ca#. The behavior of SiO2 in the lower part of 
the intrusion is analogous to that of CaO and Al 2 O 3 , and, 
beginning with the olivine gabbro-dolerites, the silica con-
tent of the rocks remains nearly constant. 

 (4) Phosphorus, titanium, and alkalis are gradually 
enriched toward the roof of the intrusion, i.e., they exhibit 
trends opposite to those of CaO and Al 2 O 3 . All of the 
incompatible elements are characterized by slightly ele-
vated concentrations near the bottom of the massif, with 
each element showing small local maxima and minima in 
the section. For example, an increase in the Na concentra-
tion in the upper part of the succession is related to a 
decrease in the Ca# of  Pl  and, to a lesser degree, secondary 
alteration of the rocks. The analogous behavior with Ti is 
explained by the appearance of titanomagnetite in the upper 
part of the sequence. 

 (5) The enrichment of the ore components Ni, Co, and Cu 
was mainly related to the sulfi des, which controlled the max-
imum concentrations of these metals in the lower mineral-
ized derivatives (picritic and taxitic gabbro-dolerites). Note 
that compared to Co and Cu, the Ni concentration is charac-
terized by a smoother decrease over the section (Fig.  4.11 ), 
which may be explained by the relatively high Ni concentra-
tions in the olivine and the monotonous variations in the con-
tent of this mineral. The near-contact taxitic to picritic 
gabbro-dolerites have the highest concentrations of 
MgO. These units are characterized by signifi cant variations 
in the rock chemistry. The concentrations of the components 
vary as follows: SiO 2  varies by approximately 5 wt %, Al 2 O 3  
varies by approximately 10 wt %, MgO varies by approxi-
mately 15 wt %, and FeOtot and CaO vary by approximately 
7 wt %. These vertical variations are systematic and may 
have been caused by the redistribution of crystals (mainly 
intratelluric) during the insignifi cant fractionation of the 

parental magmatic melt (Likhachev  1965 ; Dneprovskaya 
et al.  1987 ). As was described in the previous sections of this 
chapter, this characteristic is genetically informative and 
meets the conditions discussed above for the applicability of 
geochemical thermometric techniques. 

 Considering the distribution range of rare elements normal-
ized to the primitive mantle (Hofmann  1988 ; Fig.  4.13 ), the 
topology of the spectra of the Talnakh rocks are notably close 
to the volcanic rocks of the main stage of trap magmatism. 
They are especially similar to Morongovsky and Mokulaevsky 
Formations (see Chap.   3    ). They manifest the same characteris-
tics: the presence of negative Ta–Nb and Ti and positive Pb 
and Sr anomalies, the same level of trace  element accumula-
tion, as well as the general inclination of the spectrum.

   There is a signifi cantly stronger lead anomaly in the rocks 
of the Talnakh rocks due to the presence of large amounts of 
sulfi des in them. Some differences were established only in 
the values of the anomalies of titanium and strontium, which 
may refl ect some variation in the mineral composition of 
rocks (more titanomagnetite and plagioclase in some gabbro- 
dolerite varieties). In general, the spectra are very similar to 
the spectra of the continental crust.  

4.4.1.4     Sulfi de Ores 
 Powerful massive orebodies (up to 22 m) are confi ned to the 
defl ection at the base of the Talnakh intrusion (Likhachev 
 1997 ). They have a lenticular cross-sectional shape, but in 
plan they are round or have irregular form (Fig.  4.8 ). Their 
composition varies from north to south, with chalcopyrite–
pyrrhotite species are replaced by chalcopyrite and substan-
tially chalcopyrite–pentlandite which are typical high tenor 
of platinum group metals (up to 100 ppm). In the lower part 
of intrusion, in taxitic and picritic gabbro-dolerites, dissemi-
nated ores dominate. 

  Fig. 4.13    Trace element patterns for intrusive rocks of the Talnakh 
intrusion (borehole OUG-2)       
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 Their mineral composition is similar to that of Kharaelakh 
intrusion, which will be described below. Low-sulfi de PGE 
mineralization is rare in the upper part of the intrusive body; 
it takes place occasionally in the upper taxitic horizon. The 
characteristic of this type of mineralization is done for 
Noril’sk 1 intrusion where it is widespread.   

4.4.2     Kharaelakh Massif 

 The Kharaelakh intrusion was discovered by V.A. Lul’ko 
and other geologists of the Noril’sk Exploration Expedition 
during 1:50,000-scale mapping with drilling boreholes (KZ- 
584 and T-56) in 1965. Disseminated ores were found ini-
tially, and massive ores were located later (the thickness of 
the fi rst horizon was 11 m). The orebody was determined to 
be very large (up to 54 m) in 1967 using several boreholes, 
and this deposit was named Oktyabr’skoe. Up to now, many 
geologists support that the Kharaelakh intrusive body is a 
lower branch of the Talnakh intrusion and they regarded 
them as one massif. Indeed these intrusions are very similar 
in terms of their geochemistry and mineral composition. But 
they have some differences in sulfi de tenor and type of ores. 
Thus, we describe them separately. 

 The Oktyabr’skoe deposit is located in the southwestern 
centroclinal part of the Kharaelakh Trough. The main fold 
structure is the Pyasinsky anticline. There are many intrusive 
bodies present inside this area. According to internal struc-
ture and chemical composition, the intrusions are subdivided 
into non-differentiated and differentiated intrusions (Based 
Legend for geological map…  1993 ) and are related to certain 
intrusive complexes: Ergalakhsky (τβР 2  er ), Ogonersky 
(βТ 1  og ), Daldykansky (νβT 1-2  dl ), and Noril’sk, which include 
the subcomplexes of Low Talnakh (ων-νβ)Т1 nr   nt , 
Kruglogorsky (πν−νβ)Т 1  nr   kg , and Noril’sk (ων-νδ)T 1  nr   nr  

 The intrusions differ in internal structure and the scale of 
sulfi de mineralization. 

 The Kharaelakh intrusion belongs to the Noril’sk 
Complex. It is a thin horizontal body with 7-km long and 
2-km wide. It has a low-angle inclination to the NE. The 
intrusion is located in terrigenous carbonate rocks of the 
Middle Devonian deposits and is associated with the contact 
of the Kureysky and Razvedochninsky Formations. To the 
north, it is located in the Zubovsky Formation (D 1 ). Many 
breccia rocks were found on the fl anks of the intrusive body. 
Barren rocks are present across an area of 0.8–1.0 km 2  in the 
Kharaelakh intrusive body. 

 The internal structure of the intrusion in the eastern part 
is relatively homogeneous, whereas, in the west, the intru-
sion is split into a series of small apophyses and is heteroge-
neous both in the section and in plain view. In the upper 
central part of the intrusion, exocontact copper ores form 
thick horizons. In its lower part, disseminated ores present 

mostly in taxitic gabbro-dolerite (in picritic gabbro-dolerite 
as well), and in parts of the exocontact intrusion, rich in 
massive ores with a halo of vein-disseminated copper ores 
are observed. A distinctive feature of the Kharaelakh 
intrusion is the presence of massive sulfi de ores at the top of 
the intrusive body; these ore mainly are located in the sur-
rounding rocks. 

4.4.2.1     The Structure of the Kharaelakh Massif 
 Kharaelakh intrusion is described in detail in numerous 
books and papers, such as D. Dodin and B. Batuev ( 1971 ), 
V. Zolotukhin et al. ( 1975 ), V. Ryabov ( 1992 ), V. Ryabov et 
al. ( 2000 ), A. Likhachev ( 1996a ,  b ,  2006 ), and other research-
ers. Therefore, only a brief description of the two core-based 
cross sections investigated in this study are presented in 
detail. They are located in different parts of the deposit. One, 
borehole TG-21, located in the southern part of the intrusion, 
has been a reference for many years to geologists of different 
organizations and is therefore well understood (Fig.  4.8 ). 
However, the study of olivines using modern methods was 
performed for her fi rst time. The second borehole, KZ-456, 
is much farther north. Here, different horizons of the intru-
sion are penetrated by the borehole. A third core is located in 
the western part of the fi eld and is characterized by only one 
apophysis, which is rich in sulfi de ores and is described in 
Chap.   7    . The section of borehole TG-21 is not typical of the 
intrusion (Fig.  4.14 ) because it has a different structure: the 
upper part, constituting almost half of the section (approxi-
mately 50 m) and is composed of gabbro-diorite and gabbro 
(Table  4.8 ). Its characteristic  feature is the presence of the 
distinct so-called ferrogabbro horizon, i.e., gabbros with a 
high content of coarse grains of titanomagnetite (1–1.5 cm) 
and a fi ne-grained mass. The lower part of the intrusion is 
enriched in olivine; therefore, the upper and lower parts have 
contrasting chemical compositions.

    These features are evident in a series of Harker diagrams 
built according to X-ray fl uorescence analysis. The differ-
ence between these rocks is refl ected in the almost bimodal 
distribution of magnesium; the Mg fi eld separates the 
enriched rocks that form the lower part of the array 
(featuring a MgO concentration range of 15–25 wt %) and 
the low- MgO rocks (featuring a MgO concentration range 
of 2–10 wt %). The upper part of the section is character-
ized by its specifi c features. The term on its breed is distin-
guished by higher TiO 2  contents (due to the previously 
mentioned presence of a high content of titanomagnetite). 
The corresponding points of these rocks form a separate 
fi eld oriented along the  x -axis (MgO). These patterns are 
manifested in the behavior of Na, P 2 O 5 , and, to a lesser 
extent, iron. 

 Rocks from the top endocontact are also enriched in phos-
phorus and depleted in Cr. The lower part of the section, 
composed of olivine (picritic and taxitic gabbro-dolerites) is 
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  Fig. 4.14    Inner structure of the Kharaelakh intrusion and variations in 
composition of olivine (Fo, mol.%) and pyroxene (Mg#) in its vertical 
section along borehole TG-21       

characterized by high concentrations of MgO and Cr 2 O 3  and, 
accordingly, low contents of other elements. 

 The distribution of trace elements in rocks of the 
Kharaelakh intrusions in hole TG-21 was studied via induc-
tively coupled plasma mass spectrometry (Table  4.8 ). The 
analysis results are shown in a spider diagram (Fig.  4.15 ). 
The typology of the spectra for all samples is almost identi-
cal, and they differ only in the content of the elements. The 
range of values for the content of heavy rare earths (and 
other elements) is determined by the amount of olivine in the 
rocks. The spectra corresponding to the lowest concentra-
tions of trace elements are enriched in olivine (picritic and 

olivine gabbro-dolerite) because these rocks are depleted in 
clinopyroxene and plagioclase. The characteristic features of 
these spectra are that they have quite steep slopes from left to 
right (i.e., there is a signifi cant enrichment in the light rare 
earth elements) and they have the presence of positive Th, U, 
and Pb anomalies and negative Ta and Nb anomalies. These 
characteristics demonstrate a signifi cant role of crustal mate-
rial in the initial melt.

   The structure of the rocks in hole KZ-456. This borehole 
has a classical structure (Fig.  4.16 ). From the bottom to the 
top, we found the following textures/rock types: the contact, 
taxitic, picritic gabbro-dolerites, olivine-, olivine-bearing 
gabbro- dolerites, and  olivine-free gabbro-dolerites. A distinc-
tive feature of this section is the presence of a distinctive upper 
part (approximately 50 m), which is enriched in olivine and 
includes upper taxitic and upper picritic gabbro-dolerites.

   A comparison of the studied sections shows that the 
lower, productive part of the section is thicker in hole TG-21. 
The total thickness of the taxitic and picritic gabbro-dolerites 
and partly mineralized olivine gabbro reaches almost 50 m, 
whereas it is less than 30 m in the borehole KZ-456. 
Moreover, these differences are due to differences in the 
thickness of the taxitic gabbro-dolerites (in contrast, the pic-
ritic gabbro-dolerite are approximately the same thickness, 
approximately 10 m). However, at the top of the borehole 
KZ-456, the taxitic gabbro-dolerite dominates, whereas this 
part of the section is missing in borehole TG-21. 

  Olivine.  The variations in the composition of olivine from 
the rocks of the lower part of the Kharaelakh Massif in core 
TG-21 are shown in Figs.  4.17 ,  4.18 , and  4.19  and are listed 
in Tables  4.9  and  4.10 . The magnesium component in olivine 
in this section varies very signifi cantly from 57 (in the 
olivine gabbro-dolerites) to 80 mol% Fo (in picritic 
 gabbro- dolerites), with maximum values occurring in indi-
vidual samples of the picritic gabbro-dolerites (Fo 74–80 ). In 
Fig.  4.17 , the changes in the concentration of nickel in oliv-
ine exhibit a direct correlation with the magnesium content, 
whereas titanium is inversely proportional to the forsterite 
component in olivine.

       The same trend is visible in the diagram TiO 2 –Fo 
(Fig.  4.18 ), especially for the horizon of picritic gabbro- 
dolerite. Despite the considerable spread in values (0.01–
0.04 wt %), Fe–olivine (Fo 75 ) on average has higher titanium 
content than the magnesium-rich olivine (Fo 78–80 ). The con-
centrations of nickel in olivine from olivine-bearing rocks do 
not exceed 0.1 wt % NiO, whereas the olivine from picritic 
gabbro-dolerite is enriched in NiO up to 25 wt %. In this case, 
there is a direct correlation between NiO and the iron  content, 
especially in olivine ranging from 74 to 76 mol% Fo. It is 
likely due to the presence of sulfi des in the rocks, which 
redistribute nickel and iron between the sulfi des and silicate 
melts. Other components, such as Mn and Ca, are inversely 
proportional to the concentration of magnesium-rich olivine. 
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     Table 4.8    Composition of the rocks from the Kharaelakh intrusion   

 N sample/component  1,210  1,218  1,240  1,272.8  1,287  1,311.8  1,316.4  1,333.6 

 SiO 2     52.12  54.55  52.92  47.81  51.17  45.58  51.04  39.9 

 TiO 2   1.25  1.02  1.2  0.89  1.01  0.57  0.96  0.49 

 Al 2 O 3   18.45  23  22.08  16.66  18.79  17.66  18.56  7.56 

 FeO  11.83  8.45  6.12  9.52  8.53  10.53  10.21  18.17 

 MnO  0.34  0.23  0.14  0.17  0.16  0.17  0.17  0.23 

 MgO  5.08  4.07  3.67  8.28  6.65  7.67  8.22  22.72 

 CaO  0.7  7.03  14.37  13.1  12.48  9.65  9.81  5.16 

 Na 2 O  3.04  1.26  1.62  1.76  1.12  1.32  1.54  0.34 

 K 2 O  1.27  2.54  0.33  0.37  0.29  0.56  0.46  0.15 

 P 2 O 5   0.2  0.05  0.05  0.12  0.07  0.1  0.12  0.12 

 Cr 2 O 3   0.07  0.02  0.02  0.09  0.07  0.02  0.03  0.42 

 LOW  4.60  4.22  4.56  0.56  1.04  3  1.00  3.83 

 Total  99.0  99.4  100.0  99.3  99.1  99.3  99.2  99.1 

 Ti  6,540  2,660  2,825  4,755  4,785  5,885  4,830  2,515 

 V  196  90  104  189  191  216  171  127 

 Cr  529  180  171  704  529  188  221  2,700 

 Mn  2,110  1,460  890  1,100  1,060  1,150  1,080  1,520 

 Co  41  41  27  51  45  53  55  186 

 Ni  94  539  229  254  183  261  265  4070 

 Cu  1,300  893  708  2120  334  273  363  5060 

 Zn  669  281  470  1,019  376  299  327  530 

 Ga  24.4  20.1  18.7  17.6  19.6  17.4  18.0  9.0 

 Rb  61.8  86.6  16.7  9.3  12.7  17.6  16.3  5.3 

 Sr  108  317  127  252  325  255  252  88 

 Y  30.9  13.2  12.1  19.9  19.3  20.5  20.1  13.5 

 Zr  196.1  52.4  40.6  62.6  62.0  72.0  71.5  41.5 

 Nb  14.08  3.46  2.91  4.25  4.21  4.61  4.71  2.75 

 Mo  1.38  1.42  1.14  1.24  1.62  1.95  1.26  1.79 

 Cs  1.94  0.96  0.29  0.67  0.60  0.63  0.85  0.68 

 Ba  44  456  72  89  152  142  130  48 

 La  17.0  6.1  4.6  5.4  5.8  7.0  7.8  3.6 

 Ce  32.9  13.0  10.9  12.9  13.6  16.6  18.0  8.5 

 Pr  3.90  1.57  1.43  1.72  1.79  2.15  2.28  1.12 

 Nd  15.99  6.55  6.32  8.27  8.19  9.83  9.95  5.27 

 Sm  3.59  1.50  1.52  2.27  2.23  2.56  2.48  1.42 

 Eu  1.27  0.69  0.76  0.81  0.81  0.88  0.87  0.44 

 Gd  3.86  1.65  1.64  2.61  2.55  2.98  2.74  1.70 

 Tb  0.66  0.28  0.28  0.46  0.45  0.50  0.47  0.30 

 Dy  4.54  1.83  1.86  3.09  2.99  3.43  3.04  2.01 

 Ho  1.06  0.42  0.41  0.70  0.68  0.80  0.71  0.46 

 Er  2.93  1.16  1.11  1.80  1.79  2.10  1.88  1.26 

 Tm  0.47  0.17  0.16  0.27  0.26  0.31  0.28  0.19 

 Yb  3.03  1.14  1.03  1.72  1.68  2.02  1.76  1.21 

 Lu  0.48  0.17  0.16  0.25  0.25  0.30  0.27  0.19 

 Hf  5.03  1.30  1.01  1.67  1.59  1.96  1.85  1.10 

 Ta  0.81  0.67  1.46  0.53  0.64  0.63  0.46  0.15 

 W  0.78  0.86  0.78  0.47  0.75  0.73  0.49  0.35 

 Pb  36.5  35.3  45.3  31.7  31.4  33.1  32.0  33.4 

 Bi  0.05  0.15  0.16  0.05  0.13  0.10  0.10  0.32 

 Th  7.36  1.21  0.71  0.85  1.00  1.19  1.28  0.64 

 U  2.24  0.50  0.32  0.33  0.40  0.48  0.48  0.24 
  Note: Oxides are given in %, elements in ppm. No sample is the depth in the borehole TG-21 (m)  
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 The composition of olivine was studied in more detail in 
the rocks from borehole KZ-456. Here, we have a rare 
opportunity to compare the composition of olivines from the 
upper and lower picritic and taxitic horizons (Fig.  4.17 ). 
First, the NiO contents are higher in the lower picrites 
(0.26 wt %) than in the upper ones (0.18 wt %). The NiO 
concentrations in olivine from the lower picritic gabbro-
dolerites correlate with the iron content, as was noted for 
olivines from the same rocks in borehole TG-21. In the 
upper horizon of picrites, there is no such relationship due 
to a lack of essential sulfi de minerals. However, the concen-
tration of cobalt (for the same Mg–olivine, approximately 
72 mol% Fo) is signifi cantly higher in the upper picritic 
gabbro-dolerites (0.042 wt %) than in the lower picritic gab-
bro-dolerites (0.03 wt %). Olivines from the upper and 
lower taxitic gabbro- dolerites signifi cantly differ in the con-
tent of MgO; olivine grains from the lower horizon are 
greatly enriched in Mg. 
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  Fig. 4.15    Trace element patterns for intrusive rocks of the Kharaelakh 
intrusion (borehole TG-21)       

  Fig. 4.16    Inner structure of the Kharaelakh intrusion and variations in 
composition of olivine (Fo, mol.%) and pyroxene (Mg#) in its vertical 
section along borehole KZ-456       

  Fig. 4.17    CaO, MnO, NiO— Fo  diagram for olivines from the 
Kharaelakh Massif       

 

 

 

4.4  Massifs of the Talnakh Ore Junction



122

 The study of the distribution of trace elements (Y, Yb, 
Dy, Li, Na, Ti, V, and Cr) in olivines from rocks from the 
Kharaelakh Massif (boreholes KZ-456 and TG-21) was 
performed via secondary ion mass spectrometry 
(Table  4.10 ). In Fig.  4.18a–c , the contents of Y and HREE 
are shown to be well correlated with each other and exhibit 
similar patterns in the diagram. These patterns are distinct 
from the fields of picritic, taxitic, and olivine gabbro-
dolerites. The points corresponding to olivines from picritic 
gabbro-dolerite form a trend line with a steep slope rela-
tive to the  x -axis (Fo). The olivines from the olivine gab-
bro-dolerites form a shallower trend. The points of both 
the upper and lower taxitic gabbro- dolerites form a disor-
derly arrangement. The titanium and vanadium data from 
the picritic gabbro-dolerite form the most chaotic arrange-
ment (Fig.  4.19 ). Titanium and, to a lesser extent, vana-
dium form on the diagrams two trend (not very clear 

manifestation): in high-Mg–olivine–Ti contents correlate 
with fayalite component in olivine and in low-Mg with for-
sterite. Perhaps, we see the appearance on Cr–Mt on the 
liquidus in the equilibrium with Fo 75 . The distribution of 
chromium controlled by any patterns. Olivines from all 
varieties of rocks have high Cr contents, ranging from 200 
to 1,600 ppm. 

 The sodium concentrations are not greater than 100 ppm. 
The maximum Li concentrations in olivines (1.77–
13.35 ppm) are found in the upper taxitic and picritic gabbro- 
dolerites. In olivines from the gabbro-dolerites, these values 
reach only 8–9 ppm. 

  Pyroxenes . The changes in the composition of pyroxenes 
along the studied sections of the massif (Table  4.11 ) are shown 
in Figs.  4.8  and  4.15 . The highest Mg# values (Mg# = Mg/
Mg + Fe 2+ ) are typically observed in the pyroxenes from the 
picritic gabbro-dolerite. These pyroxenes are also enriched in 
NiO. The concentrations of Ti, in contrast, have an inverse cor-
relation with the Mg#. Many elements demonstrate the dis-
tinct trends associated with the Mg# values in the picritic 
gabbro-dolerites (direct positive correlations with CaO, Cr 2 O 3 , 
and Al 2 O 3  and inverse correlations with TiO 2  and SiO 2 ). In 
other horizons, the impurity elements behave erratically.

4.4.2.2        Ores of the Oktyabr’skoe Deposit Related 
to the Kharaelakh Intrusion 

 There are three main features of the Noril’sk deposits that 
differ them from other magmatic deposits in the world: (1) 
combination of low-sulfi de PGE mineralization with Cu–Ni 
sulfi de mineralization enriched in PGE, (2) high thickness of 
massive sulfi de ores, and (3) unique mineralogical diversity 
of the ores compared to ores at other magmatic Pt and Cu–Ni 
deposits worldwide (including ore-forming minerals and 
rare minerals, especially PGM (and their huge size)). 

 The highest thickness of sulfi de bodies is typical of the 
Oktyabr’skoe deposit (up to 54 m) and Talnakh (25 m). 
During the exploration of these deposits, many mines passed 
completely within sulfi des (Fig.  4.20 ). The main body of the 
Oktyabr’skoe deposit has distinct zonation (Stekhin  1994 ; 
Torgashin  1994 ). Several orebodies consist of a new mineral, 
talnakhite, discovered here (Budko and Kulagov  1968 ) and 
other minerals of chalcopyrite group (putoronite, Ni–puto-
ronite (Filimonova et al.  1974 ;  1980 ), and moikhukite 
(Murav’eva et al.  1972 )) (Fig.  4.21 ). Thirty new minerals 
were discovered in ores (Genkin and Zvyagintsev  1962 ; 
Genkin et al.  1966 ,  1969 ;  1970 ;  1974 ;  1976 ; Evstigneeva 
et al.  1973 ,  1975 ; Filimonova et al.  1974 ,  1980 ; Kovalenker 
et al.  1974 ,  1976 ; Kulagov et al.  1969 ; Begizov et al.  1974 ), 
and 418 minerals were found in the Noril’sk deposits, with 
174 mineral spices and 91 unknown tiny phases (May, 2011, 
unpublished data of E. Sereda).

  Fig. 4.18    Y, Yb—Fo and Y–Ti diagrams for olivine from the 
Kharaelakh Massif  
 Conventions are given in Fig.  4.17        
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  Fig. 4.19    Ti, V, Cr, Na, Li— Fo  diagrams for olivine from the Kharaelakh Massif       

    The deposits of the Talnakh group have a highly diverse 
PGE mineralogical composition and host large grains and 
aggregates of PGM. The latter is particularly typical of sper-
rylite (Fig.  4.21k–n ), whose crystals may be as large as 4–5 cm 
(along the cube edge). The veined ores, fi rst of all, in their 
upper outer contact zone, often contain rims up to 4–5 mm 
thick consisting of large aggregates of Pd minerals. But mostly 
rare minerals have small size (Figs.  4.22  and  4.23 ).

    The mineralogy and geochemistry of the Talnakh and 
Oktyabr’skoe deposits was examined in much detail (Genkin 
et al.  1981 ; Distler  1994a ,  b ; Distler et al.  1988 , Stekhin 
 1994 , Naldrett et al.  1992 ,  1996 ; Sluzhenikin and Distler 
 1998 ; Likhachev  1994 ,  2006 ; Spiridonov and Gritsenko 
 2009 ; Malitch et al.  2010 ; Malich and Latypov  2011 ; 
Sluzhenikin and Mokhov  2015 ), but studies of new ore types 
of these deposits and the examination of previously poorly 
studied levels result in a continuous widening of the spec-
trum of interesting fi nds.   

4.4.3     Low Talnakh Massif 

 The Low Talnakh intrusion has the form of an irregular body 
and a very complex morphology. This intrusion lies directly 
beneath the Talnakh and Kharaelakh intrusions. Its structural 
features have been described previously (Natorkhin et al. 
 1977 ; Turovtsev  2002 ; et ctr.). Usually, this intrusion is 
referred to as a barren intrusion in the literature, although 
sulfi de-bearing rocks were encountered in a number of bore-
holes, and the content of nonferrous metals approached the 
conditional contents. The concentrations of noble metals are 
very low. Geologists of NorilskGeology, Ltd. regard the Low 
Talnakh intrusion as a specifi c subcomplex or type (Low 
Talnakh) inside the Noril’sk Complex. Nevertheless, it has 
many differences compared to the intrusions of the Noril’sk 
Complex, which will be shown later. This type of intrusion is 
characterized by higher average magnesium contents (13–
15 wt % MgO) than the typical intrusions of the Noril’sk 
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    Table 4.9    Olivine compositions from the Kharaelakh Massif, wt % (borehole TG-21)   

 №  N sample  Fo, mol.%  SiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  NiO  Total 

 1.  1,254  66.84  36.49  0.01  29.46  0.51  33.30  0.21  0.08  100.07 

 2.  1,254  67.10  36.66  0.01  29.27  0.50  33.48  0.24  0.08  100.26 

 3.  1,254  66.57  36.37  0.01  29.70  0.52  33.17  0.21  0.07  100.07 

 4.  1,258  66.07  37.17  0.00  30.19  0.52  32.98  0.19  0.08  101.15 

 5.  1,258  65.71  37.19  0.01  30.53  0.52  32.81  0.20  0.07  101.36 

 6.  1,258  64.81  36.90  0.01  31.27  0.53  32.30  0.20  0.07  101.30 

 7.  1,258  66.11  36.92  0.01  30.18  0.52  33.02  0.18  0.08  100.93 

 8.  1,262.5  64.11  37.39  0.01  31.62  0.52  31.68  0.21  0.08  101.53 

 9.  1,262.5  60.21  36.14  0.01  34.68  0.57  29.44  0.19  0.06  101.11 

 10.  1,262.5  62.01  36.48  0.01  33.33  0.55  30.52  0.20  0.07  101.18 

 11.  1,272.8  65.57  36.89  0.02  30.46  0.52  32.54  0.24  0.08  100.77 

 12.  1,274  65.28  37.42  0.02  30.91  0.53  32.59  0.20  0.07  101.75 

 13.  1,274  65.28  37.62  0.02  30.90  0.53  32.59  0.19  0.07  101.93 

 14.  1,280  66.41  37.63  0.01  29.96  0.51  33.23  0.21  0.08  101.65 

 15.  1,280  67.11  37.61  0.01  29.28  0.49  33.51  0.18  0.09  101.19 

 16.  1,280  65.62  37.59  0.02  30.56  0.52  32.71  0.18  0.07  101.67 

 17.  1,287.2  64.94  36.71  0.02  30.89  0.52  32.09  0.19  0.07  100.52 

 18.  1,287.2  65.30  37.07  0.02  30.84  0.52  32.55  0.23  0.08  101.32 

 19.  1,287.2  65.38  37.04  0.002  30.83  0.51  32.66  0.24  0.08  101.38 

 20.  1,287.2  65.14  37.04  0.01  31.04  0.52  32.53  0.24  0.08  101.48 

 21.  1,287.2  65.22  36.94  0.01  30.94  0.52  32.54  0.21  0.06  101.24 

 22.  1,316.4  75.79  38.39  0.02  22.51  0.35  39.53  0.16  0.14  101.12 

 23.  1,316.4  75.76  38.79  0.01  22.54  0.35  39.51  0.16  0.14  101.52 

 24.  1,316.4  75.80  38.82  0.01  22.48  0.35  39.50  0.16  0.14  101.48 

 25.  1,316.4  76.30  39.12  0.01  22.09  0.34  39.88  0.14  0.14  101.74 

 26.  1,316.4  76.26  38.71  0.01  22.04  0.35  39.70  0.14  0.14  101.10 

 27.  1,322.4  74.12  38.21  0.01  23.77  0.37  38.18  0.12  0.13  100.81 

 28.  1,322.4  73.80  38.12  0.01  24.04  0.37  37.99  0.13  0.13  100.80 

 29.  1,327  64.67  36.88  0.01  31.10  0.51  31.93  0.10  0.11  100.65 

 30.  1,327  66.27  37.12  0.01  30.06  0.51  33.13  0.14  0.11  101.10 

 31.  1,327  66.86  37.26  0.004  29.49  0.50  33.37  0.07  0.11  100.82 

 32.  1,327  66.37  37.08  0.008  29.98  0.51  33.18  0.13  0.10  101.00 

 33.  1,327  66.93  37.35  0.01  29.55  0.50  33.55  0.16  0.11  101.24 

 34.  1,327  66.80  37.20  0.01  29.62  0.50  33.42  0.13  0.10  101.00 

 35.  1,327  67.24  37.12  0.006  29.32  0.50  33.76  0.11  0.11  100.94 

 36.  1,327  67.75  37.51  0.005  28.96  0.49  34.13  0.10  0.11  101.32 

 37.  1,327  76.96  38.54  0.01  21.28  0.34  39.87  0.10  0.19  100.34 

 38.  1,327  66.81  37.08  0.01  29.66  0.51  33.49  0.15  0.11  101.03 

 39.  1,327  66.87  37.13  0.01  29.55  0.50  33.46  0.15  0.11  100.93 

 40.  1,327  68.66  36.79  0.00  26.77  0.42  32.89  0.09  0.10  97.08 

  Note: Here and in Tables  4.10 ,  4.11 ,  4.14 ,  4.18 ,  4.19 ,  4.27 ,  4.28 ,  4.29 ,  4.30 ,  4.31 ,  4.32 ,  4.33 , and  4.34  analyses were carried out in Max Planck 
Institute of Chemistry, Mainz, Germany,   analysts D. Kuzmin, N. Krivolutskaya;  N  sample, depth (m) in borehole TG-21  
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     Table 4.10    Olivine composition from rocks of the Kharaelakh intrusion, wt %   

 N  N sample 

 Fo  SiO 2   CaO  FeO  MgO  NiO  MnO  Total 

 mol %  wt % 

 1  TG-1254.3  65.69  36.81  0.18  30.09  32.34  0.08  0.54  100.04 

 2  TG-1258.7  64.57  36.78  0.16  30.95  31.65  0.07  0.56  100.17 

 3  TG-1262.5  64.63  36.89  0.12  30.96  31.76  0.10  0.55  100.38 

 4  TG-1272  64.65  36.76  0.16  30.81  31.62  0.08  0.56  99.99 

 5  TG-1301  64.98  36.73  0.23  30.60  31.86  0.08  0.57  100.07 

 6  TG-1301а  65.93  36.82  0.22  29.98  32.57  0.09  0.55  100.23 

 7  TG-1306  64.13  36.28  0.17  31.35  31.46  0.09  0.57  99.92 

 8  TG-1311  60.23  36.51  0.19  34.04  28.93  0.07  0.60  100.34 

 9  TG-1339  72.07  37.70  0.17  25.19  36.48  0.23  0.43  100.20 

 10  TG-1354  65.86  36.98  0.09  30.19  32.69  0.18  0.61  100.74 

 11  TG-1354  66.59  37.31  0.09  29.61  33.13  0.14  0.57  100.85 

 12  TG-1354  66.59  37.28  0.10  29.66  33.19  0.14  0.58  100.95 

 13  TG-1354  66.50  36.99  0.11  29.46  32.83  0.16  0.58  100.13 

 14  TG-1361  69.35  37.39  0.19  27.58  35.03  0.24  0.52  100.95 

 15  kz-633-1  68.66  37.97  0.15  28.20  34.66  0.19  0.48  101.65 

 16  kz-633-5  73.46  38.60  0.13  24.34  37.79  0.18  0.41  101.45 

 17  kz-633-10  74.76  38.37  0.11  23.16  38.49  0.19  0.39  100.71 

 18  kz-633-11  70.48  38.16  0.14  26.82  35.92  0.19  0.45  101.68 

 19  kz-633-14  69.35  37.67  0.13  27.51  34.90  0.19  0.47  100.87 

 20  kz-633-16  69.08  37.69  0.12  27.65  34.64  0.19  0.47  100.76 

 21  kz-633-19  72.61  38.11  0.15  24.93  37.06  0.20  0.41  100.86 

 22  kz-633-21  71.16  37.94  0.12  26.09  36.11  0.19  0.44  100.89 

 23  kz-633-24  69.46  37.66  0.15  27.37  34.92  0.19  0.47  100.76 

 24  kz-729.66  75.17  39.20  0.15  23.27  39.51  0.16  0.37  102.66 

 25  kz-729.68  74.79  39.25  0.15  23.55  39.19  0.17  0.38  102.69 

 26  kz-729  74.49  38.34  0.14  23.36  38.27  0.16  0.38  100.65 

 27  kz-729.61  73.81  38.03  0.14  23.94  37.84  0.16  0.38  100.49 

 28  kz-729.66  73.51  37.20  0.16  23.68  36.85  0.16  0.38  98.43 

 29  kz-729.67  72.99  36.52  0.15  23.95  36.30  0.16  0.38  97.46 

 30  kz-731c-6  73.52  38.43  0.18  24.07  37.49  0.21  0.40  100.78 

 31  kz-731c-7  72.86  38.51  0.18  24.75  37.26  0.25  0.42  101.37 

 32  kz-731a-4  80.41  39.44  0.21  18.41  42.38  0.19  0.29  100.92 

 33  kz-731a5  76.34  38.08  0.18  21.61  39.10  0.20  0.35  99.52 

 34  kz-731a-6  77.10  37.69  0.14  21.03  39.73  0.20  0.34  99.13 

 35  kz-731a-8  79.36  39.22  0.18  19.36  41.74  0.19  0.31  101.00 

 36  kz-731a-9  75.95  39.65  0.19  22.94  40.64  0.20  0.37  103.99 

 37  kz-738-2  70.64  38.10  0.21  26.34  35.54  0.18  0.58  100.95 

 38  kz-738-5  70.30  38.10  0.21  26.69  35.44  0.18  0.58  101.21 

 39  kz-738-6  72.23  38.19  0.19  24.31  35.47  0.18  0.50  98.84 

(continued)
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 N  N sample 

 Cr  Ti  V  Y  Yb  Dy  Na  Li 

 ppm 

 1  TG-1254.3  478  148  15  1.47  0.35  0.12  35  5.05 

 2  TG-1258.7  305  132  15  1.77  0.41  0.15  19  4.81 

 3  TG-1262.5  501  143  12  1.76  0.49  0.15  73  5.74 

 4  TG-1272  310  178  14  2.39  0.64  0.18  22  6.46 

 5  TG-1301  339  89  18  0.96  0.21  0.09  27  5.13 

 6  TG-1301а  322  95  16  1.11  0.26  0.12  23  4.62 

 7  TG-1306  289  152  16  1.72  0.36  0.19  27  4.47 

 8  TG-1311  626  228  13  1.69  0.64  0.12  24  5.45 

 9  TG-1339  579  161  26  1.86  0.42  0.16  31  4.48 

 10  TG-1354  572  239  16  1.32  0.51  0.07  23  5.66 

 11  TG-1354  718  205  19  1.03  0.40  0.06  43  5.55 

 12  TG-1354  394  233  18  0.89  0.38  0.06  38  9.85 

 13  TG-1354  344  243  17  1.18  0.37  0.09  987  5.08 

 14  TG-1361  323  170  22  3.12  0.86  0.24  19  4.79 

 15  kz-633-1  367  212  16  2.53  1.02  0.19  36  9.65 

 16  kz-633-5  449  235  22  1.27  0.42  0.09  39  7.25 

 17  kz-633-10  469  299  22  1.95  0.66  0.16  408  13.35 

 18  kz-633-11  343  305  20  2.21  0.82  0.12  124  11.65 

 19  kz-633-14  628  219  20  2.16  0.74  0.16  188  10.30 

 20  kz-633-16  371  280  19  2.08  0.80  0.15  545  9.50 

 21  kz-633-19  497  306  24  1.69  0.50  0.11  56  9.41 

 22  kz-633-21  421  202  21  1.54  0.55  0.08  230  9.72 

 23  kz-633-24  458  273  21  2.53  0.90  0.19  70  7.85 

 24  kz-729.6-6  336  229  23  2.67  0.90  0.22  35  4.00 

 25  kz-729.6-8  402  244  25  3.16  1.20  0.24  77  3.94 

 26  kz-729.6-10  355  278  24  2.46  1.02  0.17  37  6.18 

 27  kz-729.6-12  335  305  26  2.92  1.31  0.22  62  8.92 

 28  kz-729.6-16  431  268  46  3.50  1.26  0.33  68  8.47 

 29  kz-729.6-17  1078  257  23  2.62  0.98  0.25  121  4.55 

 30  kz-731c-26  373  286  23  2.86  0.95  0.21  75  4.47 

 31  kz-731c-27  350  272  19  3.18  1.21  0.23  68  5.09 

 32  kz-731a-14  451  130  19  0.28  0.11  0.02  57  4.88 

 33  kz-731a-15  453  266  26  1.14  0.31  0.08  117  6.72 

 34  kz-731a-16  453  229  24  0.76  0.31  0.07  113  6.99 

 35  kz-731a-18  488  205  21  0.69  0.24  0.08  184  7.55 

 36  kz-731a-19  380  299  26  1.98  0.72  0.18  186  8.76 

 37  kz-738-2  314  236  14  2.41  0.96  0.16  57  9.49 

 38  kz-738-5  315  214  12  2.32  0.97  0.18  61  9.89 

 39  kz-738-6  529  210  13  2.42  0.89  0.22  87  10.61 

   Note: N 1–8 Ol gabbro-dolerites, 9–15 – upper taxitic gabbro-dolerites, 16–25 – upper picrites, 26–31 – Ol gabbro-dolerites, 32–37 – low picrites, 
38–41 – low taxitic gabbro-dolerites  

Table 4.10 (continued)
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    Table 4.11    Representative analyses of clinopyroxenes from the Kharaelakh intrusion, wt % (borehole TG-21)   

 №  № sample  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Total 

 1.  1228.3  84.04  52.33  0.47  2.88  5.73  0.14  16.92  20.57  0.25  0.92  100.22 

 2.  1228.3  84.29  52.38  0.47  2.75  5.65  0.14  17.00  20.53  0.27  0.88  100.09 

 3.  1245.3  82.39  51.47  0.44  3.46  6.32  0.16  16.59  20.40  0.25  0.87  99.99 

 4.  1245.3  71.48  52.61  0.18  0.94  9.89  0.29  13.90  22.15  0.20  0.00  100.18 

 5.  1254  82.79  52.72  0.37  2.37  6.31  0.15  17.03  20.40  0.24  0.47  100.08 

 6.  1254  82.47  52.66  0.47  3.10  6.23  0.14  16.44  21.09  0.27  0.54  100.95 

 7.  1254  74.12  53.56  0.45  0.94  9.37  0.25  15.05  20.96  0.30  0.00  100.92 

 8.  1258.7  81.79  51.89  0.44  2.94  6.53  0.15  16.45  20.74  0.28  0.55  99.99 

 9.  1258.7  82.12  51.82  0.47  3.06  6.47  0.16  16.67  20.61  0.26  0.58  100.11 

 10.  1262.5  82.26  51.70  0.42  2.96  6.33  0.15  16.46  20.97  0.25  0.58  99.84 

 11.  1262.5  81.77  50.87  0.53  3.77  6.48  0.15  16.30  20.60  0.25  0.87  99.84 

 12.  1264.5  81.94  50.31  0.46  3.37  6.29  0.14  16.01  20.48  0.25  0.77  98.11 

 13.  1264.5  68.38  52.11  0.76  1.96  12.4  0.34  15.08  18.03  0.29  0.00  101.04 

 14.  1271  78.40  51.66  0.56  2.34  7.97  0.19  16.23  19.91  0.27  0.17  99.32 

 15.  1272.8  81.54  51.39  0.51  3.48  6.59  0.14  16.33  20.45  0.23  0.68  99.83 

 16.  1272.8  82.39  52.31  0.41  2.49  6.45  0.16  16.93  20.44  0.22  0.43  99.85 

 17.  1274  77.68  51.71  0.57  2.38  8.33  0.20  16.26  19.95  0.27  0.04  99.73 

 18.  1274  84.10  51.65  0.40  2.87  5.57  0.11  16.52  21.53  0.26  0.70  99.65 

 19.  1274  81.97  50.33  0.46  3.31  6.35  0.14  16.19  20.79  0.27  0.78  98.65 

 20.  1280  82.12  51.23  0.47  3.34  6.36  0.16  16.38  20.65  0.24  0.73  99.56 

 21.  1280  82.07  51.92  0.38  2.47  6.58  0.16  16.89  20.35  0.26  0.48  99.51 

 22.  1287.2  82.86  50.99  0.45  3.07  6.11  0.14  16.57  20.75  0.22  0.79  99.10 

 23.  1287.2  82.06  52.39  0.46  3.11  6.39  0.14  16.39  20.64  0.29  0.65  100.48 

 24.  1289  81.88  51.55  0.48  3.63  6.46  0.15  16.37  20.45  0.28  0.76  100.15 

 25.  1289  82.16  51.52  0.48  3.22  6.30  0.15  16.27  20.78  0.28  0.72  99.74 

 26.  1301  81.76  51.78  0.44  2.84  6.53  0.15  16.42  20.76  0.25  0.47  99.67 

 27.  1301.7  82.86  52.01  0.38  2.62  6.22  0.14  16.86  20.77  0.22  0.60  99.84 

 28.  1301.7  81.42  52.02  0.57  3.53  6.76  0.16  16.61  20.27  0.27  0.64  100.82 

 29.  1308  81.22  51.15  0.45  2.60  6.77  0.16  16.42  20.59  0.25  0.26  98.66 

 30.  1308  81.49  50.17  0.55  3.87  6.48  0.15  16.00  20.58  0.26  0.86  98.95 

 31.  1322.4  81.55  52.18  0.51  3.30  6.58  0.16  16.31  20.39  0.26  0.81  100.52 

 32.  1322.4  81.84  52.44  0.44  2.91  6.52  0.15  16.48  20.51  0.24  0.69  100.40 

 33.  1329  82.31  51.57  1.16  2.24  6.42  0.17  16.75  20.17  0.37  0.58  99.44 

 34.  1329  85.87  49.28  0.44  3.02  6.62  0.11  22.56  15.22  0.23  0.93  98.42 

 35.  1330.5  83.10  52.18  0.60  3.28  5.96  0.14  16.44  20.43  0.29  1.03  100.37 

 36.  1330.5  83.29  52.33  0.56  2.65  6.03  0.15  16.86  20.25  0.29  0.81  99.94 

 37.  1331  83.94  51.61  0.54  3.35  5.63  0.13  16.50  20.63  0.27  1.08  99.76 

 38.  1341  82.05  51.93  0.56  2.99  6.46  0.16  16.56  20.21  0.28  0.79  99.94 

 39.  1346  76.57  52.11  0.57  2.34  8.86  0.22  16.24  19.44  0.24  0.11  100.16 

  Note: N sample is the depth in borehole TG-21 (m)  
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Complex, which usually have weighted MgO contents of 
10–12 wt %. This is due to the development of thicker hori-
zons of olivine, picritic, and troctolitic rocks not only on the 
bottom of the Low Talnakh-type massifs but also in the mid-
dle and even the upper parts (Fig.  4.24 ).

4.4.3.1       Internal Structure of the Low Talnakh 
Massif 

 The study of the Low Talnakh intrusion was conducted 
mainly in borehole TG-31, from which a complete section of 
the intrusion was available. 

 Figure  4.24 , which shows a section of the Low Talnakh 
Massif through borehole TG-31, illustrates the differentiated 
structure of the intrusion. The lower part of the massif is com-
posed of more melanocratic rocks than the upper part, where 
interlayer olivine-free gabbro-dolerites are present. A small 
troctolite up to 10 m thick is located at the bottom of the intru-
sion. Fine gabbro-dolerites, in which olivine was not detected, 
were found in the contact zone. The composition of the rocks 
of the Low Talnakh intrusion in borehole TG-31 differs sig-
nifi cantly from the other massifs of the Noril’sk Complex; 
therefore, this body is a Low Talnakh-type intrusion. 

 As noted above, the main feature of the intrusion is the 
enrichment of Mg (Table  4.12 ). However, the most distinc-
tive feature is the behavior of the trace elements in the 
rocks. Their trace element spectra normalized to the primi-
tive mantle (Hofmann  1988 ) have dramatically different 
characteristics than those of other massifs of the Noril’sk 
Complex. First, they are characterized by high concentra-

tions of LIRE elements and LREE, where the left part of 
the spectrum is higher than the right. These features distin-
guish the typological spectrum of the Low Talnakh intru-
sion (blue line in Fig.  4.25 ) from the Noril’sk Complex or 
Noril’sk-type intrusions, which are shown by the 
Kharaelakh rocks (red line). The right portions of the lines 
that correspond to the Low Talnakh intrusion are signifi -
cantly lower than those of the other intrusion, i.e., the rocks 
of the Low Talnakh intrusion are depleted in heavy rare 
earth elements. The left parts of the spectra are close to 
each other. It is possible to characterize this difference 
using the La/Sm and Gd/Yb ratios.

     Olivine.  The main mineralogical feature of the rocks from 
the Low Talnakh intrusion are the changes in the olivine 
composition, which are shown in the data from borehole 
TG-31 in Fig.  4.24  and in Table  4.13 . The magnesium 
component of the olivine in this section varies from 73 (in the 
olivine gabbro-dolerites) to 84 mol% Fo (in the picritic 
gabbro- dolerites), with values of individual samples ranging 
from Fo 74  to Fo 80 . One can see the variations in the olivine 
contents in the section as well as in the nickel and manga-
nese; the latter is inversely proportional to the magnesium 
content, whereas the low concentration of nickel corresponds 
to a low magnesium content in the olivine.

   The distributions of calcium, aluminum, and chromium 
are not dependent on the Mg in the olivine; they vary signifi -
cantly for the same magnesium content. 

 The distribution of trace elements in olivines from the 
Low Talnakh intrusion in borehole TG-31 was investigated 

  Fig. 4.20    Massive ores of the Talnakh deposit 
 ( a ) mine Skalisty, photo S. Belorustseva; ( b ) mine Mayak, photo I. Fomin       
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  Fig. 4.21    Ores and minerals from Oktyabr’skoe deposit  
 Ores: ( a ,  b ) chalcopyrite–talnakhite, ( c ) pentlandite–moikhukite, ( d ) moikhukite breccia, ( e ) millerite–bornite, ( f ) chalcopyrite–pyrrhotite, ( g ) 
galenite–moikhukite, ( h ) galenite–bornite ore. Samples from collection E. Sereda (Noril’sk), photos E. Sereda. Crystals: ( i ) pyrrhotite, ( j ) calcite 
on millerite, ( k ,  l ,  m ,  n ) sperrylite, ( o ) chalcopyrite, ( p ) pyrrhotite. Sample n data is from (  http://rusmineral.ru    ), samples  i – m ,  o ,  p  are from collection 
E. Sereda. Photos  i – m ,  o  by M. Bogomolov,  p  by E. Sereda. Lower frame for photos, cm: g - 4, h - 1, i - 0.5, j - 0.3, k - 3, l - 1.5, m - 3, n - 5, o - 5        

 

http://rusmineral.ru/
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Fig. 4.21 (continued)
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by mass spectrometry with inductively coupled plasma. In 
the olivine, virtually all of the rare earth elements (e.g., Y, 
Yb, and Dy) have identical trends that are inversely propor-
tional to Fo. Most of the other elements do not exhibit regu-
lar variations, although the vanadium concentration increases 
with increasing Mg concentration. 

  Pyroxene     The variations in the pyroxene composition were 
studied along sections (Table  4.14 ) and are shown in 
Fig.  4.24 . All of the studied elements form a single trend 
line, which is the same for the pyroxenes in the main rock 
types. Manganese, titanium, and sodium are inversely 
proportional to the Mg concentration, and calcium and 
aluminum increase with increasing magnesium content. 
The maximum concentrations of chromium are characteristic 
of most varieties of magnesium pyroxenes.

    The distribution of trace elements in the pyroxenes of the 
Low Talnakh intrusion in borehole TG-31 was also investi-
gated by mass spectrometry with inductively coupled 
plasma. Of the rare earth elements, the concentrations of 
cerium and dysprosium increase with increasing Mg# of the 
nickel in the pyroxenes, while zirconium and niobium have 
inverse relationships with the magnesium content.  

4.5       Massifs of the Noril’sk Ore Junction 

 There are several intrusive bodies with economic PGE–Cu–
Ni mineralization within the Noril’sk Trough; they are 
Noril’sk 1, Noril’sk 2, Bol’shaya Bar’ernaya, Chernogorsky, 
Zub-Marksheydersky, and Maslovsky. Their position in this 
structure are shown on Fig.  4.26 . Despite their similar inter-
nal structure and geochemical features of rocks, the chemi-
cal composition of sulfi de mineralization related to the 
intrusive bodies is different. The most obvious feature of 
ores is PGE tenor in sulfi des. The highest PGE concentra-
tions are typical of the Noril’sk 1 intrusion (average 
10–12 ppm for disseminated ores, up to 2,000 ppm in 
massive ores). This intrusion contains economic low-sulfi de 
mineralization as well.

4.5.1       Noril’sk 1 Massif 

 Noril’sk 1 was the fi rst ore deposit to be discovered in the 
Noril’sk area. In 1865, K.P. Sotnikov organized the extrac-
tion of copper ores and copper smelting on the northern 
slope of the Rudnaya Mountain, which resulted in the 

  Fig. 4.22    Minerals of Au-Ag and Pd in sulfi de ores  
 After: a – Sluzheninkin and Mokhov 2015, b – Dodin et al. 2009. ( a )  1  – polyarite,  2  – zvyagintsevite,  3  – plumbopalladinite,  4  – Pt-Pd-Cu-Au, 
 5  – Au, Ag. ( b )  1  – Pd (Bi, Te, Pb),  2  – Pd 3  (Sb, As, Sn),  3  – Bi-moncheite,  4  – kustelite,  5  – chalcopyrite       
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  Fig. 4.23    Minerals of platinum group elements  
 Images in BSE fr, frudite; Kot, kotulskite; Mich, michenerite; Ins,  insizvaite; Vys, vysotskite; Coop, cooperate; Bis, bismuthine; Cp, chalcopyrite; 
Paol, paolovite; Taim, taimyrite; Mon, moncheete; Pnt, pentlandite; Ga, galena; Sob, sobolevskite (After Kozyrev  2002 )       
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 melting of 200 lb of blister copper. The ore deposit was fi rst 
described in 1866 by the academician Schmidt. 
A.A. Sotnikov collected ores and coals from the Noril’sk 
region and published an article on the prospects for the 
exploitation of ores, coals, and graphite in connection with 
the development of the Northern Sea Route (Sotnikov 
 1919 ). In 1920, a large  expedition was sent to explore this 
area under the direction of N.N. Urvantsev. Following the 
decision by the government of the USSR to construct the 
Noril’sk Mining and Metallurgical Combine (based on the 
approved reserves), Noril’sk 1 was expanded, and prospect-
ing and exploration began in 1935. Since 1951, the “Coal 
Creek” and “Medvezhy Creek” mines and the “Zapolyarny” 
and underground mine have produced Cu–Ni–Pt ores. 

 The differentiated Noril’sk 1 intrusion outcrops at the 
surface along the northern and eastern slopes of Rudnaya 
Mountain (Godlevsky  1959 ). At this location, it consists of 
two branches that are sometimes separate and sometimes 
connected (Fig.  4.27 ). Both branches form a trough-shaped 
body with steep eastern and western sides. The maximum 
thickness is located along the axis of the infl ection from gen-

tle to steep bedding. The southern half of the intrusion is a 
tube-shaped body that is fl attened in the vertical direction. 
The maximum thickness is in the central part of the intru-
sion, and the average thickness is approximately 135 m. The 
eastern and western branches of the northern half of the 
intrusion are up to 100–150 m thick, while the steep sides are 
150–200 m thick. The intrusion plunges at 5-60° to the 
southwest.

   The host rocks of the Noril’sk 1 intrusion are labradorite 
and titanium–augite basalts of Ivakinsky Formation and 
basalts, picrites of the Syverminsky and Gudchikhinsky 
Formations and sediments of the Tunguska Group. 

 The ore fi eld can be divided into north and south parts 
based on the presence of the ore-bearing deposits. The 
north part is the richest; the veins and richly disseminated 
ores are represented by a single orebody with very high ore 
metal contents. The orebody contains ores in two layers. 

 The orebody is confi ned to the bottom of the intrusion 
and is associated with picritic, taxitic, and contact 
gabbro- dolerites and underlying basalts and sandstones. 
The ore types are disseminated in gabbro-dolerites, are 

  Fig. 4.24    Inner structure of the Low Talnakh intrusion, variations of amount, and composition of rock-forming minerals and the distribution of 
elements in its vertical section (borehole TG-31)  
 After Turovtsev ( 2002 )       
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    Table 4.12    Rock composition from the Low Talnakh intrusion (borehole TG-31)    

 N sample  798  817  831  836  853  868  878.6  893 

 SiO 2   45.1  45.02  46.4  42.45  45.77  49.88  49.85  45.26 

 TiO 2   0.46  0.44  0.46  0.50  0.54  0.94  0.96  0.43 

 Al 2 O 3   10.56  10.7  11.23  7.7  9.3  15.05  14.31  9.86 

 FeO  12.82  12.2  11.53  15.57  13.7  10.62  10.8  12.66 

 MnO  0.23  0.18  0.22  0.24  0.23  0.23  0.25  0.28 

 MgO  19.77  21.42  19.32  24.13  20.8  7.74  7.58  18.05 

 CaO  7.2  6.34  8.04  5.93  7.05  10.66  10.29  7 

 Na 2 O  0  0.2  0.01  0.12  0.12  1.41  1.6  0 

 K 2 O  0.36  0.52  0.44  0.33  0.61  1.19  1.26  0.88 

 P 2 O 5   0.06  0.07  0.05  0.09  0.1  0.11  0.04 

 Cr 2 O 3   0.03  0.02  0.04  0.02  0.01  0.01  0.02 

 LOW  2.06  2.7  2.2  4.01  1.04  1.71  1.89  5.27 

 Total  98.65  99.81  99.94  100.99  99.27  99.54  98.91  99.77 

 Sc  18  18  17  16  19  18  20  31 

 Ti  2,395  2,500  2,065  2,280  2,470  2,480  2,855  5,455 

 V  108  108  96  103  114  102  126  216 

 Cr  138  129  303  127  207  226  108  86 

 Mn  1,410  1,210  1,140  1,250  1,380  1,550  1670  1,660 

 Co  105  71  89  110  88  151  105  45 

 Ni  10  316  463  746  677  1,089  594  106 

 Cu  754  206  622  663  614  1,880  503  242 

 Zn  227  324  307  160  353  1,081  306  260 

 Rb  13.2  14.2  13.1  20.3  15.1  12.5  20.7  39.1 

 Sr  172  274  191  143  208  152  145  299 

 Y  10.7  10.8  10.4  10.5  10.9  11.1  13.7  21.6 

 Zr  41.1  41.8  38.3  45.3  38.7  45.5  40.6  95.9 

 Nb  3.30  4.52  2.59  3.13  3.25  3.27  4.48  7.05 

 Mo  1.18  0.98  5.18  0.70  1.49  2.12  1.01  1.03 

 Cs  0.80  0.61  0.58  0.97  1.06  0.67  1.19  0.94 

 Ba  152  98  99  81  210  87  185  307 

 La  5.2  4.9  5.7  4.6  5.4  4.5  7.6  11.7 

 Ce  11.1  11.2  12.0  12.1  11.7  10.6  15.5  25.9 

 Pr  1.36  1.35  1.46  1.58  1.44  1.36  1.83  3.19 

 Nd  5.80  5.86  6.30  6.80  6.19  6.03  7.70  13.35 

 Sm  1.34  1.41  1.44  1.47  1.51  1.41  1.73  3.15 

 Eu  0.45  0.47  0.48  0.38  0.53  0.42  0.62  0.98 

 Gd  1.51  1.48  1.53  1.51  1.63  1.59  1.95  3.32 

 Tb  0.25  0.24  0.25  0.26  0.26  0.26  0.31  0.55 

 Dy  1.61  1.60  1.60  1.57  1.70  1.70  2.07  3.49 

 Ho  0.36  0.36  0.36  0.35  0.40  0.38  0.46  0.80 

 Er  0.97  0.97  0.96  0.92  1.03  1.04  1.21  2.12 

 Tm  0.15  0.14  0.14  0.13  0.15  0.15  0.18  0.31 

 Yb  0.93  0.88  0.89  0.87  0.98  0.95  1.13  2.01 

 Lu  0.14  0.14  0.13  0.13  0.14  0.14  0.17  0.29 

 Hf  1.04  1.01  0.93  1.07  1.06  1.18  1.10  2.47 

 Pb  30.4  34.0  10.2  17.4  42.8  87.2  49.3  21.1 

 Th  0.86  0.90  0.86  0.86  0.91  0.91  0.99  2.06 

 U  0.30  0.24  0.34  0.30  0.33  0.29  0.45  0.64 

  Note: N sample is depth in borehole TG-31, m. Oxides - in wt %, elements - in ppm  
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  Fig. 4.25    Rare elements patterns for Low Talnakh and Talnakh 
intrusive rocks 
  Blue  and  red  lines respectively       

veinlet- disseminated (cuprous) in the underlying rocks 
(basalts and rocks of the Tunguska Group), and are present 
in veins. The average grades are 0.42 % nickel, 0.63 % cop-
per, and 10 ppm PGE. 

 The ore minerals include pyrrhotite, chalcopyrite and 
pentlandite, cubanite, millerite, nickel pyrite, and other 
minerals. 

4.5.1.1     Internal Structure of the Noril’sk 1 
Intrusion 

 The massif was studied based on samples collected in the 
open-pit “Medvezhy Creek” (contact, olivine, picritic, and 
taxitic gabbro-dolerite, veins, and disseminated sulfi de ores) 
and cores from boreholes G-22, MS-31, and MN-7 (the 
“Prirezka” fi eld, Fig.  4.27 ). The fi rst borehole is unique 
because it comprises the upper taxitic and picritic gabbro- 
dolerite with elevated PGE contents, in which fresh olivine 
was detected and analyzed. The upper picrites were also 
found in the other boreholes. 

 These boreholes were located in the marginal part of the 
Noril’sk 1 intrusion and are important for this study because 
the fl anks of intrusive bodies are of special interest for 
prospecting for Cu–Ni mineralization in new intrusions. 
The results of the analyses of minerals obtained from the 
boreholes allow a comparison between the central and 
peripheral zones of the intrusion. The structures of the 
intrusion in boreholes MS-31 and G-22 are very similar 
(Figs.  4.28  and  4.29 ) because they are both located along 
the edge of the massif (Fig.  4.27 ). The intrusive body is 
58.3 m and 60.1 m thick, respectively, in the two boreholes. 
In the vertical section of the intrusion, several classical 
horizons were distinguished from the base to the top, 

including the contact (2.2 and 1.8 m thick in MS-31 and 
G-22, respectively), taxitic (10.0 and 6.2 m thick), picritic 
(5 and 8 m thick), and olivine (0 and 10 m thick) gabbro-
dolerites, olivine-bearing gabbro- dolerites (12 and 14 m 
thick), olivine-free gabbro-dolerites (3 and 6 m thick), leu-
cogabbro (only in MS-31; 18 m thick), the upper picritic 
gabbro-dolerites (only present in G-22; 8 m thick), the 
upper taxitic gabbro-dolerites (in G-22; 8 m thick), and 
eruption breccias (in MS 31; 4 m thick).

    These characteristics of the two sections show that the 
lower part of the section contains similar structures; the 
contact, taxitic, picritic, and olivine varieties have similar 
 thicknesses (Fig.  4.30 ). Signifi cant differences are found in 
the upper part of the section; a signifi cant leucogabbro zone 
(18 m thick) and eruption breccia are present in borehole 
MS-31, and borehole G-22 contains the upper picritic and 
taxitic gabbro-dolerites at the top.

   The petrochemical features of the rocks from the 
Noril’sk 1 intrusion (Table.  4.15 ) can be illustrated using 
Harker diagrams (Fig.  4.31 ). The compositions of the ana-
lyzed rocks form a continuous trend from high-Mg 
(26 wt %) to low-Mg (4 wt % MgO) differentiations. The 
most distinct trends are observed for Al 2 O 3 , CaO, SiO 2 , and 
Na 2 O. The distinct trends for the latter two elements indi-
cate the appearance of plagioclase on the liquidus. 
Accumulation alkalines occur with increasing silica con-
tent in the melt and are caused by fractional crystallization. 
It is interesting to consider the behavior of iron and tita-
nium in the rocks. The iron content decreases gradually 
from the high-Mg to low-Mg rocks. Titanium exhibits the 
opposite pattern, although its behavior is more complex. 
Two types of rocks are present: low-Ti and high-Mg rocks 
and moderately high-Ti and low-Mg rocks. The composi-
tions of the contact gabbro-dolerites can be explained by an 
increasing content of titanomagnetite. They have a separate 
trend that is not associated with the bulk rock. The observed 
data for these samples demonstrate that the growth of alka-
linity, phosphorus, and zirconium may represent the con-
tact processes of the assimilation of the rocks by magma at 
the bottom of the intrusive body.

    Several horizons in the different boreholes have similar 
compositions. Signifi cant variations of many components are 
observed in the upper picritic and olivine gabbro-dolerites in 
the upper part of the intrusion in boreholes G-22 and MC 
(“Medvezhy Creek” open pit). This indicates that the rocks 
in the upper part of the massif are more heterogeneous than 
those in the lower horizons. The chromium content is 
extremely high (up to 8 wt %) in the picritic gabbro-dolerites 
and can be explained by accumulations of chromite and 
chrommagnetite. A comparison of the “upper” and “lower” 
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    Table 4.14    Pyroxene composition from the Low Talnakh intrusion (borehole TG-31), wt %   

 №  Depth, m  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Total 

 1.  820  83.68  52.51  0.91  2.02  6.09  0.16  17.52  20.65  0.24  0.02  100.15 

 2.  820  83.75  52.78  0.70  2.00  5.96  0.11  17.23  20.74  0.24  0.09  99.86 

 3.  820  83.32  52.44  0.87  1.96  6.14  0.17  17.20  20.62  0.26  0.08  99.76 

 4.  820  86.14  53.09  0.34  2.37  5.01  0.13  17.47  21.29  0.12  0.23  100.07 

 5.  820  85.91  52.70  0.37  2.39  5.08  0.09  17.37  21.25  0.19  0.23  99.71 

 6.  820  85.52  52.81  0.42  2.29  5.23  0.11  17.32  21.38  0.20  0.19  99.96 

 7.  875  85.84  52.53  0.41  2.51  5.04  0.12  17.13  21.20  0.17  0.29  99.43 

 8.  875  85.79  52.60  0.32  2.46  5.15  0.13  17.44  21.25  0.19  0.19  99.76 

 9.  875  86.21  52.89  0.34  2.16  4.95  0.14  17.36  21.41  0.15  0.17  99.60 

 10.  875  85.69  52.75  0.36  2.38  5.19  0.13  17.43  21.15  0.18  0.23  99.84 

 11.  875  85.66  52.53  0.36  2.35  5.18  0.13  17.36  21.08  0.16  0.20  99.38 

 12.  875  85.72  52.82  0.33  2.42  5.19  0.10  17.48  21.19  0.15  0.22  99.92 

 13.  876  84.61  52.85  0.38  1.90  5.60  0.15  17.27  21.07  0.21  0.04  99.54 

 14.  876  84.64  52.54  0.43  2.32  5.55  0.12  17.15  21.24  0.18  0.07  99.65 

 15.  876  81.41  52.19  0.66  1.97  6.85  0.17  16.83  20.32  0.22  0.01  99.26 

 16.  876  83.12  52.61  0.49  1.92  6.19  0.16  17.10  20.75  0.25  0.02  99.52 

 17.  876  82.72  52.11  0.53  2.40  6.32  0.17  16.97  20.42  0.18  0.03  99.16 

 18.  876  81.99  52.21  0.58  2.03  6.62  0.18  16.90  20.34  0.24  0.01  99.14 

 19.  876  84.78  52.89  0.35  1.90  5.53  0.15  17.28  21.00  0.17  0.05  99.34 

 20.  876  78.11  51.48  1.17  2.10  8.18  0.24  16.37  19.44  0.31  0.01  99.33 

 21.  876  80.91  51.95  0.76  2.29  7.04  0.18  16.74  20.25  0.29  0.01  99.54 

 22.  876  82.52  52.23  0.54  2.33  6.52  0.17  17.26  20.18  0.24  0.03  99.53 

 23.  876  81.94  52.53  0.60  2.07  6.74  0.18  17.15  20.28  0.13  0.01  99.72 

 24.  876  85.71  52.28  0.41  2.88  5.07  0.12  17.05  21.50  0.12  0.22  99.70 

 №  Depth, m  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Сумма 

 25.  876  83.12  52.88  0.47  1.89  6.16  0.24  17.01  20.91  0.20  0.03  99.81 

 26.  876  83.54  52.64  0.48  2.14  5.99  0.16  17.05  20.91  0.23  0.05  99.67 

 27.  876  84.39  52.91  0.38  1.78  5.71  0.15  17.32  21.03  0.20  0.05  99.54 

 28.  876  84.28  52.72  0.41  2.21  5.68  0.14  17.08  21.02  0.18  0.06  99.53 

 29.  876  83.48  52.73  0.45  1.90  6.06  0.16  17.18  20.83  0.20  0.04  99.55 

 30.  876  84.66  53.06  0.36  1.77  5.60  0.13  17.33  21.06  0.21  0.05  99.57 

 31.  876  79.04  51.83  0.94  1.96  7.81  0.22  16.52  19.80  0.29  0.01  99.39 

 32.  876  80.39  52.05  0.78  2.07  7.28  0.19  16.74  20.22  0.25  0.01  99.60 

 33  876  84.49  52.95  0.38  1.83  5.66  0.14  17.30  20.98  0.18  0.06  99.50 

 34.  876  85.3  52.82  0.38  2.36  5.28  0.13  17.18  21.31  0.19  0.14  99.80 

 35.  876  83.3  52.53  0.46  2.19  6.16  0.16  17.24  20.57  0.23  0.05  99.60 

 36.  876  83.12  52.88  0.47  1.89  6.16  0.24  17.01  20.91  0.20  0.03  99.81 

 37.  876  83.54  52.64  0.48  2.14  5.99  0.16  17.05  20.91  0.23  0.05  99.67 

 38.  876  84.39  52.91  0.38  1.78  5.71  0.15  17.32  21.03  0.20  0.05  99.54 

 39.  876  84.28  52.72  0.41  2.21  5.68  0.14  17.08  21.02  0.18  0.06  99.53 

 40.  876  83.48  52.73  0.45  1.90  6.06  0.16  17.18  20.83  0.20  0.04  99.55 

 41.  876  84.66  53.06  0.36  1.77  5.60  0.13  17.33  21.06  0.21  0.05  99.57 

 42.  876  79.04  51.83  0.94  1.96  7.81  0.22  16.52  19.80  0.29  0.01  99.39 

 43.  876  80.39  52.05  0.78  2.07  7.28  0.19  16.74  20.22  0.25  0.01  99.60 

 44.  876  84.49  52.95  0.38  1.83  5.66  0.14  17.30  20.98  0.18  0.06  99.50 

 45.  876  85.3  52.82  0.38  2.36  5.28  0.13  17.18  21.31  0.19  0.14  99.80 

 46.  876  83.3  52.53  0.46  2.19  6.16  0.16  17.24  20.57  0.23  0.05  99.60 

4.5  Massifs of the Noril’sk Ore Junction



  Fig. 4.26    Geological map of the Noril’sk Trough (Inset: its location in the Noril’sk area; Geology and ore deposits 1994)  
 The map was prepared by V.A. Teteryuk based on materials of NorilskGeology, Ltd. in 2003 and modifi ed by the authors. (1–6) Basalts, forma-
tions: (1) Mokulaevsky, (2) Morongovsky, (3) Tuklonsky, (4) Gudchikhinsky, (5) Syverminsky, (6) Ivakinsky; (7) terrigenous deposits with coal 
of the Tunguska suit. (8–9) carbonate–terrigenous rocks: (8) Devonian, (9) Silurian. (10–16) gabbro-dolerites of intrusive complexes: (10) 
Daldykansky, (11) Morongovsky. (12–15) Noril’sk Complex, subcomplexes: (12) Zubovsky, (13) Lower Talnakh (14) Kruglogorsky, (15) Noril’sk; 
(16) trakhi-dolerites of Ergalakhsky Complex; (17) deep contour of the Noril’sk 1 intrusion; (18) geological boundaries, (19) faults. (20) mineral 
deposits: (1) Noril’sk 1, (2) Noril’sk 2, (3) Mount Chernaya, (4) Zub-Marksheydersky; (21) contour of the Maslovsky deposit       
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  Fig. 4.27    Geological map of the Noril’sk 1 deposit with position of studied boreholes 
 After NorilskGeology, Ltd. data, with changes by the author       

  Fig. 4.28    Inner structure of the Noril’sk 1 intrusion, variations of amount, and composition of rock-forming minerals and metals’ distribution 
(borehole G-22)  
 After Distler et al. ( 1999 )       
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picrites from the two boreholes indicates greater enrichment 
in the former rocks than in the latter. This observation cannot 
be extended to the entire massif because of the limited 
amount of material that was available for analysis. Because 

segregation of the chromite in the upper and lower parts of 
the intrusion appears irregularly, additional samples must be 
analyzed to develop conclusions about the chromium con-
tents in these horizons.  

4.5.1.2     Distribution of Trace Elements 
in the Rocks of the Noril’sk 1 Intrusion 

 The distribution spectra of trace elements (Table  4.15 ), nor-
malized to the primitive mantle Hofmann  1988 ), provide 
indications of the origin of these rocks. It should be noted 
that all of the rocks have identical morphologies and differ 
only in the concentrations of the elements. The minimum 
concentration of rare elements is present in rocks that are 
enriched in olivine, such as the “upper” and “lower” picritic 
gabbro-dolerites (see Chap.   5    ), due to the low concentrations 
of most trace elements in this mineral. The maximum con-
centrations are typical of the taxitic upper gabbro-dolerites. 
The remaining rocks (i.e., olivine and olivine-free gabbro- 
dolerites) have intermediate concentrations. 

 All of the spectra have common characteristics, includ-
ing low concentrations of trace elements, subhorizontal ori-
entations and the resulting low (La/Sm) n  and (Gd/Yb) n  ratios 
that characterize the slopes of the right and left parts of the 
spectra, and positive anomalies of Pb, Sr, and U and nega-
tive anomalies of Ta–Nb and, partially, Ti. The presence of 
lead and tantalum–niobium anomalies is usually interpreted 
as a sign of crustal contamination of the melt, and strontium 
indicates the presence of signifi cant amounts of plagioclase 
in the rocks. The Noril’sk 1 massif differs from the Low 
Talnakh type of intrusions with reduced Gd/Yb and La/Sm 
ratios.  

4.5.1.3    Composition of Rock-Forming Minerals 
 The mineral composition data from the intrusion were 
consolidated from both boreholes: data from the main 
section of MS-31 were added to the data from the upper 
rocks of borehole G-22. This was of fundamental impor-
tance for studying the olivine composition because it is 
interesting to compare minerals from the upper picritic 
and taxitic horizons with similar rocks from the lower part 
of the section. Several samples were collected from the 
120 and 135 horizons from the “Medvezhy Creek” mine, 
including picritic gabbro-dolerites and upper taxitic 
gabbro-dolerites. 

  Olivine.  The morphology of the olivine grains has been 
described in detail by several researchers; however, the 
 studies mainly examined the Talnakh intrusion. Compre-
hensive summaries of the distribution and composition of 
olivine in the igneous rocks of the region are given in several 

  Fig. 4.29    Inner structure of the Noril’sk 1 intrusion (borehole MS-31)       
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  Fig. 4.30    Microphotos of rocks from the Noril’sk 1 intrusion 
 Lower frame is 2 mm       
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PI
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publications (Ryabov and Zolotukhin  1977 ; Ryabov  1992 ; 
Zenko and Czamanske  1994 ; Czamansky et al.  1994 ; Ryabov 
et al.  2000 ; Likhachev  2015 ; Krivolutskaya et al.  2009a ;  b ). 
The most logical classifi cation of the morphological types of 
olivine was proposed by V.V. Ryabov ( 1992 ). 

 In this study of the samples from boreholes MS-31 and 
G-22, we identifi ed the following types of olivine sizes 
and morphologies (Fig.  4.30 ): (1) large (1.2–1.4 mm) and 
very large (up to 3 mm) subidiomorphic grains (in picritic 
olivine gabbro-dolerites and rarely in olivine gabbro-dol-
erites), (2) average size grains with irregular shapes (0.4–
0.6 mm; in picritic and olivine gabbro-dolerites), (3) small 
rounded grains (average 0.3 mm; located in the plagioclase 
of the picritic gabbro-dolerites), (4) medium and small 

interstitial grains in the taxitic gabbro-dolerites (0.5–
0.2 mm; in both the lower and upper horizons), and (5) 
granular olivine grains, which occur as rounded, irregular 
clusters in picritic and other gabbro-dolerites (less than 
0.2 mm, Fig.  4.30d ). 

 The olivine composition data that were obtained from 
different grains are shown in Table  4.16  and Fig.  4.31  for 
rocks from borehole MS-31. The olivine data from the 
Noril’sk 1 intrusion in boreholes MS-31 and G-22 are sum-
marized together. The composition of the olivine varies 
greatly from Fo 43  to Fo 83 . The most magnesium-rich olivine 
is concentrated in the picritic gabbro-dolerites, and the nickel 
and forsterite contents of the olivine are direct correlated. 
Variations of the nickel content were observed in the contact, 
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     Table 4.15    Representative analyses of the rocks from the Noril’sk 1 intrusion (borehole G-22)   

 N sample  G22/64.4  G22/70.5  G22/71.2  G22/78.0  G22/99.5  G22/102.7 

 Component 

 SiO 2   42.06  47.42  46.5  49.67  47.4  49.34 

 TiO 2   0.41  0.8  0.83  0.85  0.95  1.84 

 Al 2 O 3   8.7  13.27  13.74  16.34  15.28  13.58 

 FeO  14.13  11.82  11.81  9.8  10.6  13.46 

 MnO  0.2  0.2  0.2  0.19  0.16  0.17 

 MgO  22.58  15.05  13.75  8.92  7.62  4.89 

 CaO  5.33  8.62  9.23  11.22  12.52  9.76 

 Na 2 O  0.01  0.3  0.43  0.98  2.33  4.5 

 K 2 O  0.08  0.39  0.42  0.42  0.53  0.8 

 P 2 O 5   0.06  0.08  0.09  0.08  0.14  0.24 

 Cr 2 O 3   0.08  0.4  0.32  0.06  0.05  0.06 

 LOW  6.06  1.26  1.8  1.1  2.12  1.79 

 Total  99.7  99.61  99.12  99.63  99.69  100.43 

 Sc  21.7  30.1  31.5  34.4  43.1  44.3 

 Ti  3,630  4,935  4,660  4,565  4,730  5,390 

 V  189  223  215  190  187  209 

 Cr  7,190  3,220  2,320  395  780  491 

 Mn  1,250  1,500  1,340  1,180  968  1,140 

 Co  143  86  78  61  51  50 

 Ni  2,875  692  557  295  210  164 

 Cu  2,590  659  132  277  81  91 

 Zn  94  506  98  332  64  80 

 Rb  8  16  15  19  25  22 

 Sr  125  209  226  257  295  461 

 Y  17.5  20.6  20.6  20.9  19.2  25.2 

 Zr  67.4  64.2  62.5  65.8  57.5  77.6 

 Nb  4.13  4.56  3.77  4.30  3.55  4.78 

 Mo  1.06  2.65  1.66  1.88  1.42  1.31 

 Cs  0.77  1.01  0.90  1.05  0.49  0.46 

 Ba  71  122  121  105  97  115 

 La  4.74  5.07  5.25  5.74  5.00  6.82 

 Ce  11.3  12.3  12.5  13.6  12.0  16.5 

 Pr  1.46  1.63  1.67  1.74  1.64  2.20 

 Nd  6.72  7.57  7.84  8.11  7.46  10.15 

 Sm  1.83  2.08  2.16  2.30  2.14  2.86 

 Eu  0.58  0.71  0.76  0.82  0.74  0.91 

 Gd  2.20  2.46  2.58  2.66  2.51  3.30 

 Tb  0.37  0.42  0.45  0.46  0.43  0.58 

 Dy  2.54  2.80  3.02  3.15  2.91  3.83 

 Ho  0.59  0.65  0.70  0.72  0.67  0.87 

 Er  1.60  1.75  1.89  1.90  1.76  2.36 

 Tm  0.24  0.26  0.27  0.29  0.26  0.35 

 Yb  1.50  1.67  1.76  1.84  1.69  2.15 

 Lu  0.22  0.25  0.25  0.27  0.25  0.32 

 Hf  1.76  1.68  1.63  1.72  1.54  2.08 

 W  0.47  0.75  0.50  1.07  0.61  0.58 

 Pb  9.80  43.38  3.80  29.75  2.36  2.70 

 Bi  0.35  0.09  0.05  0.11  0.04  0.04 

 Th  1.05  1.02  0.95  1.08  0.95  1.24 

 U  0.44  0.39  0.36  0.41  0.35  0.45 

  Note: Analyses were carried out by XRF in GEOKHI (analyst I. Roshchina) and by ICP-MS in IMGRE (analyst D. Zhuravlev)  
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taxitic, and picritic gabbro-dolerites in the lowermost part of 
the section due to the presence of sulfi de. The clear correla-
tion of nickel in the rocks with the nickel content of the 
olivine in the picritic gabbro-dolerites is logical because 
these rocks are known to contain disseminated mineraliza-
tion. The presence of a very ferruginous olivine in the con-
tact rock varieties is also interesting, although according to 
the model structure, it should have a signifi cantly more 
magnesium- rich composition (70–72 mol% forsterite).

   It is interesting to compare the compositions of the olivine 
from different horizons of the intrusion and especially those 
from the upper and lower taxitic and picritic gabbro- dolerite 
horizons, because the mechanism for the formation of 
olivine-rich rocks near the top of the intrusion is a topic of 
discussion and has not been resolved. As is clearly shown in 
Fig.  4.31  (top right), the olivine from the lower horizons 
(picrite and taxitic gabbro-dolerites) is more magnesium- 
rich and contains high concentrations of nickel (0.2–

0.35 wt % NiO in the picritic gabbro-dolerites and 
0.16–0.32 wt % in the taxitic gabbro-dolerites) compared to 
the olivine from the upper horizons (0.16–0.22 wt % in the 
picritic gabbro-dolerites and 0.09-0.12 wt % in the taxitic 
gabbro-dolerites). The presence of high-magnesium and 
low-Ni (0.07–0.16 wt % NiO) olivine in the lower taxitic 
gabbro-dolerites is noteworthy. The  calcium contents in the 
olivine are similar; the average CaO concentrations range 
from 0.08 to 0.16 wt % for the olivine in all of the horizons, 
with the exception of the lower taxitic gabbro-dolerites, 
where the olivine content can exceed 0.3 wt %. Surprisingly, 
the CaO composition is not dependent on the concentrations 
of the main components. The low calcium concentrations of 
the olivines in many of the intrusions in the Noril’sk region 
remain poorly explained. Because the CaO content in olivine 
depends on pressure, the crystallization of intratelluric phe-
nocrysts can be explained by the deep conditions during their 
formation, especially those in the picritic gabbro-dolerite. 
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  Fig. 4.31    Harker diagrams for rocks of the Noril’sk 1 intrusion       
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However, it is strange that this also applies to other types of 
rocks. Olivines in subvolcanic formations usually have aver-
age CaO contents of 0.3 wt %, but only some grains from the 
lower taxitic gabbro-dolerite have similar calcium concen-
trations. This provides new information for interpreting their 
origin. The complexity is that the calcium content of olivine 
is not a direct function of the pressure; the process is more 
complicated because the occurrence of olivine in a mineral 

affects the melt composition from which the olivine is crys-
tallized. The Mn concentration of olivine is directly corre-
lated with the iron content. 

 Interesting data of the distribution of trace elements in 
olivines (Table  4.17 ) were obtained by ion microprobe 
(S.G. Simakin, Institute of Microelectronic Russian Academy 
of Sciences, Yaroslavl’, Russia). The heavy rare earths and 
yttrium are well correlated with the fayalite component in 

   Table 4.16    Olivine composition from rocks of the Noril’sk 1 intrusion (borehole MS-31, wt %)   

 N  Depth, m  SiO 2   MgO  CaO  Cr 2 O 3   FeO  MnO  NiO  Total  Fo, mol % 

 1.  512  38.75  42.71  0.22  0.02  18.29  0.3  0.08  100.37  80.6 

 2.  512  38.86  42.45  0.2  0.03  18.6  0.3  0.08  100.52  80.3 

 3.  512  38.71  41.83  0.22  0.05  18.97  0.29  0.07  100.14  79.7 

 4.  512  38.92  42.08  0.24  0.03  18.97  0.29  0.1  100.63  79.8 

 5.  512  38.97  42.76  0.19  0.01  18.5  0.29  0.1  100.83  80.5 

 6.  512  38.78  43.26  0.17  0  17.69  0.28  0.11  100.28  81.3 

 7.  522  38.68  43.46  0.17  0.02  17.8  0.28  0.09  100.49  81.3 

 8.  524  36.55  31.88  0.26  0.01  31.05  0.5  0.23  100.5  64.7 

 9.  525  37.04  34.46  0.26  0.02  27.88  0.44  0.24  100.34  68.8 

 10.  525  37.44  36.06  0.22  0.02  26.1  0.39  0.2  100.42  71.1 

 11.  525  37.57  37.76  0.15  0.04  24.5  0.38  0.22  100.62  73.3 

 12.  525  37.07  34.39  0.15  0.02  28.35  0.43  0.2  100.63  68.4 

 13.  525  37.23  36.17  0.19  0.06  25.85  0.42  0.24  100.16  71.4 

 14.  525  37.72  38.29  0.17  0.03  23.81  0.37  0.22  100.61  74.1 

 15.  525  37.65  37.88  0.18  0.01  23.89  0.38  0.2  100.18  73.9 

 16  525  37.23  37.25  0.17  0.29  23.54  0.39  0.19  99.05  73.8 

 17.  525  38.17  38.51  0.17  0.05  23.6  0.37  0.2  101.07  74.4 

 18.  506  36.42  33.72  0.2  0  29.06  0.46  0.25  100.11  67.4 

 19.  506  37.17  36.34  0.23  0.03  26.07  0.4  0.21  100.45  71.3 

 20.  506  36.95  36.13  0.17  0.03  26.07  0.39  0.2  99.94  71.2 

 21.  506  37.07  36.48  0.21  0.02  25.83  0.41  0.25  100.27  71.6 

 22.  522  36.87  35.13  0.21  0.03  26.95  0.4  0.24  99.83  69.9 

 23.  522  37.01  35.97  0.25  0.04  26.18  0.39  0.24  100.08  71.0 

 24.  522  36.85  33.4  0.19  0.01  29.37  0.46  0.19  100.48  67.0 

 25  522  36.82  34.49  0.18  0.03  27.85  0.43  0.24  100.04  68.8 

 26.  522  36.96  34.86  0.16  0.02  27.58  0.43  0.21  100.22  69.2 

 27.  522  37.19  35.03  0.16  0.01  27.53  0.45  0.19  100.56  69.4 

 28.  522  37.12  34.9  0.13  0.01  27.51  0.43  0.24  100.34  69.3 

 29.  515  37.23  35.26  0.15  0.01  27.21  0.43  0.22  100.51  69.8 

 30.  515  37.02  37.59  0.18  0.17  23.43  0.36  0.22  98.98  74.1 

 31.  515  37.61  38.46  0.18  0.01  23.68  0.36  0.22  100.52  74.3 

 32.  515  37.24  38.2  0.19  0.05  23.95  0.38  0.18  100.19  74.0 

 33.  515  37.56  38.62  0.18  0.03  23.16  0.36  0.19  100.1  74.8 

 34.  515  37.58  38.49  0.16  0.04  23.26  0.36  0.18  100.07  74.7 

 35.  515  37.58  38.46  0.18  0.03  23.24  0.36  0.21  100.07  74.7 

 36.  515  38.39  40.59  0.17  0.04  20.06  0.32  0.31  99.89  78.3 

 37.  515  37.9  40.28  0.18  0.04  20.69  0.35  0.24  99.68  77.6 

 38.  515  37.99  40.25  0.16  0.04  20.56  0.34  0.27  99.62  77.7 

 39.  515  38.05  40.27  0.21  0.03  20.76  0.34  0.27  99.94  77.6 

  Note: Analyses were carried out in GEOKHI RAS, analyst N. Kononkova  

4 Intrusive Rocks
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the olivine. The maximum slope of the trend line is typical of 
picritic gabbro-dolerites, and the trends of the rare earths in 
olivine are signifi cantly fl atter for the taxitic gabbro- dolerites 
and leucogabbro. The olivines from the contact gabbro- 
dolerites form a separate trend that is characterized by the 
highest concentrations of rare earth elements (Fig.  4.32 ).

    Figure  4.33  shows the distributions of Y, Yb, and Dy 
in grains of different sizes. Diagrams a–d show that the 
morphological features of the mineral do not infl uence the 
 distribution of these elements, i.e., large, medium, and small 
grains form one trend. Only points that represent granular 
high-Mg grains of olivine form an isolated compact fi eld 
with very low contents of rare earths and yttrium. The con-
centration of Cr shows some dependence on the grain size. 
The maximum element contents typically occur in medium 
and large grains, and small and granular grains generally 
have lower Cr contents. The distributions of Ti, V, and Li are 
clearly distinguished only in the contact gabbro-dolerites, 
which are characterized by a direct correlation between the 
vanadium and forsterite contents and an inverse correlation 

between titanium and lithium. Sodium does not have any 
relationship with the compositions of the main components 
in the olivine and their affi liations with the types of rocks.

   The rare earth elements measured in the olivines can be 
divided into groups according to their correlations with the 
fundamental characteristic of the olivine, its forsterite com-
ponent, as follows:

    1.    A group of rare earth elements (Y, Yb, Dy, Lu, Ho, Er, and 
Tm) and Ti are negatively correlated with Mg in olivine, 
but the elements are well correlated with each other. The 
light rare earths have very low concentrations in the oliv-
ines, so they cannot be measured using SIMS or LA; 
however, it is possible that with further development of 
the method (full involvement of the evaporated material 
in the mass spectrometer), this problem will be solved. 
Increasing the diameter of the laser to 160 μm (in the 
presence of large grains of pure olivine that are 200–
250 μm in size) might lead to the identifi cation of several 
more rare earth elements.   

   Table 4.17    Representative analyses of olivines from picritic gabbro-dolerites of the Noril’sk 1 intrusion (“Medvezhy Creek” open pit)   

 Component  1  2  3  4  5  6  7  8  9 

 SiO 2   38.93  38.96  38.62  38.86  38.78  38.89  38.74  38.88  38.52 

 FeO  18.64  19.02  19.62  18.37  18.76  19.51  19.11  19.26  20.36 

 MnO  0.29  0.30  0.30  0.29  0.30  0.30  0.30  0.30  0.31 

 MgO  42.23  41.95  41.48  42.39  42.07  41.53  41.60  41.72  40.63 

 CaO  0.11  0.12  0.12  0.11  0.12  0.12  0.12  0.12  0.24 

 NiO  0.23  0.21  0.30  0.24  0.22  0.24  0.26  0.24  0.21 

 Cr 2 O 3   0.03  0.02  0.01  0.01  0.01  0.01  0.01  0.01  0.02 

 Total  100.51  100.63  100.49  100.31  100.31  100.66  100.18  100.58  100.36 

 Fo  80.2  79.7  79.0  80.4  80.0  79.1  79.5  79.4  78.1 

 Y  1.11  1.72  1.66  1.23  1.42  1.98  1.77  1.71  0.68 

 Dy  0.13  0.16  0.15  0.12  0.13  0.16  0.16  0.19  0.07 

 Ho  0.05  0.06  0.07  0.04  0.04  0.07  0.07  0.06  0.02 

 Er  0.18  0.31  0.31  0.20  0.24  0.34  0.35  0.31  0.10 

 Tm  0.04  0.07  0.07  0.05  0.06  0.07  0.07  0.07  0.03 

 Yb  0.44  0.63  0.62  0.47  0.53  0.63  0.65  0.67  0.20 

 Lu  0.07  0.14  0.11  0.09  0.11  0.13  0.13  0.12  0.04 

 Ti  140  185  221  190  178  211  187  227  89 

 Zn  121  130  145  126  127  153  143  161  173 

 Sc  9.4  11.3  9.4  9.0  9.6  10.3  10.6  9.3  11.0 

 Al  135  123  94  107  114  120  107  108  181 

 Zr  0.26  0.32  0.35  0.27  0.25  0.30  0.27  0.27  0.08 

 Co  192  204  197  202  200  227  211  240  233 

 Ge  0.87  0.78  0.96  0.93  0.86  1.14  1.02  1.12  1.13 

 V  7.31  7.36  6.27  6.57  6.05  7.55  6.77  8.17  23.20 

 Li  6.51  5.96  5.88  6.51  5.22  6.20  4.87  6.84  10.06 

  Note: Major components (wt %) were analyzed by EPMA in GEOKHI RAS, analyst N. Kononkova; rare elements (ppm) were determined by 
SIMS in Yaroslavl’, analyst S. Simakin  
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  Fig. 4.32    Variations of MgO and NiO contents in rocks and Fo and NiO in olivine in borehole MS-31       
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   2.    A group of nonferrous metals (Cu, Ni, Zn, Co) shows a 
weak negative correlation with forsterite in the olivine. 
This is somewhat unusual for nickel from picrite horizons 
that are enriched in disseminated sulfi de and indicates 
that Ni was redistributed between the olivine and the sul-
fi de phase. The same characteristic occurred with cobalt.   

   3.    Ca and V are independent of the main components of the 
olivine.   

   4.    Sc, Ge, and Sr have large spreads and show no patterns 
with respect to the main components of the olivine. These 
patterns are probably determined by their low concentra-
tions; therefore, the results are not reliable. Li and Zr are in 
the same group, although they have higher concentrations. 
However, their distribution patterns were also detected.     

  Pyroxene.  We also studied pyroxene because of the large 
variations in the compositions of its main components as 
well as the presence of large amounts of impurities, which 
can signifi cantly change the concentration depending on the 
crystallization conditions. However, because pyroxene is a 
very late phase in the formation of the rocks of the Noril’sk 1 
massif it contains information about the processes that 
occurred only within the intrusive chamber. In this respect, 
the data are complementary to those obtained from olivine, 
which refl ect the earliest stages of the formation of the rocks. 
The pyroxene compositions help us to understand the pecu-
liarities of the complete crystallization process of the gabbro- 
dolerites. We do not know the stage that mineralization 
occurred within the massif. The composition of the melt 
does not provide information about the ore components if the 
magma only mechanically transported the mass of sulfi de 
from the source to the crystallization chamber. This is why it 
is important to examine all of the stages of massif formation 
in detail. 

 Pyroxenes from the sequence in the boreholes discussed 
above (MS-31, G-22, and MG) were studied (Table.  4.18 ). In 
all of the samples, the Mg# vary from 58–84, and the pre-
dominant pyroxenes from picritic gabbro-dolerites have 
Mg# of 80–84. Low differences in the magnesium concen-
trations were present in the pyroxenes of the lower picritic 
gabbro-dolerites (Mg# of 81–84), while the upper picritic 
gabbro-dolerites are characterized by the presence of three 
generations of pyroxene: (1) moderate magnesium minerals 
(Mg# 72–76); (2) high-Mg minerals (Mg# 80–82), which are 
found only in high-Mg rocks; and (3) low-Mg minerals (Mg# 
60–64). The upper taxitic and olivine gabbro-dolerites con-
tain pyroxenes with nearly identical compositions (Mg# of 
80–82 and 72–83, respectively), while the pyroxenes in the 
lower taxitic gabbro-dolerites had Mg# of 78–79. The con-

tact gabbro-dolerites had typical pyroxene Mg# of 63–73, 
and most had Mg# of 65–66.

   Profi les of large poikilitic pyroxene grains were studied to 
determine how their compositions vary from the center to the 
periphery. No signifi cant changes in Mg# were observed; the 
Mg# varied slightly from 78.3 at the center to 77.5 at the 
periphery. These changes in the overall variability of grains 
occur within individual horizons, not across the entire 
massif. 

 The main patterns of the impurity elements in the pyrox-
enes, including Cr, Ti, Na, and Mn, were analyzed by elec-
tron probe. The concentrations of the elements, which were 
substantially lower than those from the microprobe analysis, 
were studied by laser ablation and will be provided later. 

 The clearest dependence of the Mg–pyroxene is observed 
for chromium. Fig.  4.34a  demonstrates the hyperbolic 
dependence of Cr 2 O 3  content in pyroxenes from different 
rock types of the Noril’sk 1 intrusion. The maximum enrich-
ment in Cr is observed in pyroxenes from the lower picritic 
gabbro-dolerites. The pyroxenes from the upper picritic and 
taxitic gabbro-dolerites have large variations of the Cr 2 O 3  
contents from 0.1 to 1.2 wt %. Chromium is almost com-
pletely absent in the pyroxenes from the lower-contact 
gabbro- dolerites. The opposite characteristic is observed for 
titanium (Fig.  4.34b ). Its concentration increases with the 
iron content of the pyroxene; thus, the most depleted pyrox-
enes are in the lower and upper picritic gabbro-dolerites 
(Fig.  4.35 ). In general, the TiO 2  concentrations in the pyrox-
enes are not as high as the chromium concentrations. 
Nevertheless, it is clear that the most Ti-rich pyroxenes are in 
the contact gabbro-dolerite. The sodium and manganese 
contents in the pyroxenes are very similar.

    A comparison of the compositions of the olivines and 
pyroxenes from the same horizons in the central and mar-
ginal parts of the Noril’sk 1 massif (from the boreholes and 
the open pit mine) demonstrates their similar compositions. 

  Plagioclase.  Studying the composition of plagioclase is a 
laborious process because the size and morphology of the 
grains of the mineral vary greatly in each horizon of the massif. 
Obtaining an objective picture requires having statistics that 
refl ect the composition of the grains from each generation 
(Table  4.19 ). In addition, plagioclase generally has a zonal 
structure, so comparisons between grains are diffi cult. 
Table  4.19  presents data from the individual grains; in the 
last column, the letters “l,” “m,” and “s” denote the large 
(>0.5 mm), middle (0.5–0.2 mm), and small (<0.2 mm) 
grains, respectively. The data from the central portion of the 
grain are given in Table  4.19 . The plagioclase composition 
can vary from 82.96 to 69.50 mol% An.

4.5  Massifs of the Noril’sk Ore Junction
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   The composition of a grain does not always depend on its 
size. This is clearly observed in the picritic gabbro-dolerites 
(Table  4.19 ; “size” indicates the grain size). The composi-
tions of the plagioclases from different horizons vary from 
An 50  to An 90  and are dominated by An 80–85  (Fig.  4.36 ). 
The most basic plagioclases were found in the picritic 
gabbro- dolerites and partially in the olivine gabbro-dolerites. 
The picritic gabbro-dolerites contain a nearly continuous 
series of compositions from An 62  to An 88 , and the olivine 
gabbro- dolerites have a bimodal distribution with peaks at 
An 75–90  and An 64–66 . A wide range of plagioclase composi-
tions (An 62–88 ) is observed in the lower taxitic gabbro-doler-
ites and leucogabbro; the compositions are fairly evenly 
distributed and are not dominated by any compositions. The 

contact gabbro- dolerites contain the most acid plagioclase 
(An 54–70  with a peak at An 60–64 ).

   Table  4.19  shows the most interesting plagioclase data, 
which are from the upper picrite and taxitic horizons in 
G-22. These horizons are characterized by wider scatter 
(An 55–80  in the upper taxites and An 55–90  in the picrites) than 
the lower analogous rocks. Fe was the only trace element 
found in the plagioclase (by electron microprobe), but its 
distribution was not established. The FeO content has a 
wide variability of 0.4 to 1 wt % in nearly all of the 
horizons. 

  Chrome Spinels.     Minerals from the spinel class were only 
detected in the upper and lower picrites They are located 

    Table 4.18    Representative analyses of pyroxenes from the Noril’sk 1 intrusion (boreholes MS-31. MN-7), wt %   

 N sample  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  K 2 O  Cr 2 O 3   Total 

 1.  МN- 7/463.6  78.01  38.34  0.03  0.02  20.61  0.31  41.01  0.14  0.01  0.000  0.01  100.50 

 2.  МN- 7/463.6  86.08  53.34  0.14  0.55  4.77  0.18  16.55  22.63  0.37  0.009  0.52  99.08 

 3.  МN- 7/463.6  81.73  50.88  0.68  2.87  6.61  0.17  16.58  19.85  0.29  0.000  0.96  98.91 

 4.  МN- 7/469.7  61.72  48.64  0.31  7.02  15.16  0.29  13.71  11.78  1.28  0.07  0.004  98.28 

 5.  МN- 7/469.7  74.32  53.16  0.66  1.09  16.09  0.35  26.12  1.99  0.04  0.000  0.01  99.53 

 6.  МN- 7/469.7  74.26  53.47  0.53  0.92  16.38  0.35  26.51  1.63  0.05  0.000  0.01  99.86 

 7.  МN- 7/469.7  82.01  51.58  0.55  2.54  6.60  0.15  16.88  20.13  0.25  0.001  0.42  99.13 

 8.  МN- 7/471.6  25.17  47.52  0.03  34.28  0.53  0.00  0.10  16.04  2.26  0.07  0.000  100.86 

 9.  МN- 7/471.6  24.82  47.32  0.02  34.79  0.54  0.00  0.10  16.51  1.97  0.05  0.009  101.34 

 10.  МN- 7/471.6  67.51  37.00  0.03  0.01  29.37  0.42  34.23  0.21  0.00  0.005  0.004  101.30 

 11.  МN- 7/471.6  73.18  37.44  0.02  0.04  24.82  0.34  37.99  0.18  0.01  0.001  0.02  100.89 

 12.  МN- 7/471.6  82.70  51.90  0.41  2.31  6.18  0.15  16.57  20.65  0.24  0.000  0.67  99.09 

 13.  МН- 7/472.7  73.92  50.64  0.87  2.09  9.88  0.24  15.71  19.01  0.25  0.000  0.02  98.74 

 14.  МN- 7/472.7  72.78  51.08  0.90  1.85  10.49  0.27  15.73  18.72  0.27  0.004  0.01  99.34 

 15.  МN- 7/472.7  73.14  51.84  0.87  1.88  10.37  0.26  15.84  18.84  0.24  0.000  0.02  100.16 

 16.  МN- 7/474.7  71.06  50.94  0.77  2.54  10.68  0.25  14.71  19.38  0.25  0.000  0.08  99.62 

 17.  МN- 7/475.2  69.89  51.36  0.76  1.79  11.45  0.33  14.91  18.80  0.29  0.000  0.01  99.71 

 18.  МN- 7/475.2  66.34  51.41  0.66  1.66  12.81  0.40  14.16  18.52  0.30  0.000  0.00  99.94 

 19.  МN- 7/475.2  69.74  50.79  1.00  2.55  11.31  0.30  14.62  19.22  0.32  0.002  0.009  100.14 

 20.  МN- 7/475.2  69.10  51.07  0.90  2.19  11.51  0.31  14.44  19.42  0.30  0.004  0.01  100.18 

 21.  МN- 7/475.2  68.50  50.33  1.06  2.67  11.82  0.29  14.42  18.96  0.31  0.04  0.005  99.94 

 22.  МN- 7/475.2  68.85  51.43  0.73  1.85  11.84  0.34  14.68  18.81  0.30  0.000  0.008  100.02 

 23.  МN- 7/475.4  67.25  50.63  0.82  1.94  12.20  0.35  14.05  19.30  0.30  0.005  0.009  99.61 

 24.  МN- 7/475.4  68.91  49.83  0.86  2.19  11.46  0.30  14.25  19.40  0.29  0.000  0.005  98.60 

 25.  МN- 7/475.4  66.31  50.33  1.14  2.46  12.42  0.37  13.71  19.21  0.34  0.001  0.02  100.01 

 26.  МN- 7/475.4  66.10  51.64  0.63  1.55  12.95  0.40  14.16  18.44  0.29  0.01  0.00  100.09 

 27.  МN- 7/475.4  65.76  50.17  0.82  2.17  12.68  0.37  13.66  19.01  0.34  0.000  0.02  99.26 

 28.  МS- 31/486.4  89.91  44.54  0.00  26.49  0.01  0.00  0.05  27.04  0.00  0.004  0.01  98.16 

 29.  МS- 31/486.4  81.68  44.48  0.01  26.37  0.02  0.00  0.05  26.89  0.00  0.000  0.02  97.85 

 30.  МS- 31/486.4  66.20  46.87  0.11  16.81  4.77  0.15  5.24  23.98  0.08  0.007  0.04  98.06 

 31.  МS- 31/486.4  74.82  44.70  0.01  26.36  0.03  0.00  0.05  26.96  0.01  0.000  0.003  98.13 

 32.  МS- 31/486.4  67.06  53.60  0.14  0.76  11.76  0.27  13.43  20.90  0.12  0.002  0.17  101.17 

 33.  МS- 31/486.4  77.22  50.59  0.51  4.64  7.18  0.20  13.65  20.84  0.18  0.005  0.35  98.15 

  Note: Analyses were carried out in GEOKHI RAS, analyst N. Kononkova  
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within the main rock-forming silicates: olivine (Table  4.20 ), 
pyroxene, and plagioclase (Table  4.21 ). The smallest grains 
(5–10 microns) are found in the olivine from the lower and 
upper picritic gabbro- dolerites. Their distinguishing feature 
is their similar and elevated Cr 2 O 3  contents. Spinels from the 
olivines of the lower picritic gabbro-dolerite differ from 
those in the upper picritic gabbro-dolerite in their higher-
magnesium contents, high zinc concentrations (up to 
0.25 wt %), and reduced titanium contents (2–4 wt %). The 
spinel grains from plagioclase and pyroxene in these hori-
zons are characterized by higher- Mg contents (Fig.  4.37a–c ).

      Spinels from different massifs of the Noril’sk area were 
studied by S. Barnes and V. Kunilov ( 2000 ). They described 
unusual high-Ti spinel in high-Mg rocks and explained this 
fact by long time presence of crystals in open magmatic 
system. 

 All of the components of the spinels have similar compo-
sitions with the exception of zinc, which has signifi cantly 
lower contents in the spinel in olivine grains in the lower 
picritic gabbro- dolerite than in the upper spinel of the 
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  Fig. 4.34    Diagrams Cr, Ti–Mg# for pyroxenes from the Noril’sk 1 
intrusion (borehole MN-7)
No sample = MN-7-448 – No borehole and depth in m       

  Fig. 4.35    Pyroxene variation compositions throw vertical section of 
the Noril’sk 1 intrusion (borehole MN-7)       
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        Table 4.19    Plagioclase composition from the rocks of the Noril’sk 1 intrusion, wt %   

 № п/п  Depth, m  Rock  Na 2 O  SiO 2   CaO  FeO  Al 2 O 3   MgO  K 2 O  Total  An, mol%  Size 

 1.  G – 22  Upper  2.46  48.76  15.14  0.87  30.66  0.02  0.13  98.10  77.33  s 

 2.  108  taxitic  1.90  47.59  15.93  0.71  30.96  0.04  0.12  97.28  82.26  m 

 3.  108  gabbro-  1.72  47.58  16.24  0.66  31.23  0.00  0.09  97.62  83.95  m 

 4.  108  dolerites  2.33  49.38  14.97  0.86  30.42  0.00  0.12  98.17  78.07  s 

 5.  108  3.18  51.97  13.05  0.93  28.60  0.06  0.19  98.06  69.45  m 

 6.  108  3.47  51.77  12.72  0.92  28.28  0.08  0.23  97.56  66.98  m 

 7.  108  2.80  50.53  13.94  0.85  29.86  0.00  0.18  98.26  73.37  m 

 8.  108  2.73  49.97  14.25  0.68  29.99  0.00  0.18  97.86  74.29  m 

 9.  108  4.16  53.91  11.10  0.78  27.06  0.02  0.29  97.46  59.59  m 

 10  108  2.30  49.00  15.07  0.68  30.53  0.01  0.12  97.74  78.38  l 

 11.  108  1.98  48.12  15.83  0.72  31.30  0.00  0.10  98.06  81.57  s 

 12.  108  1.92  47.35  15.54  0.79  30.87  0.00  0.13  96.75  81.78  s 

 13.  108  1.80  47.57  16.29  0.93  31.56  0.04  0.08  98.28  83.37  s 

 14.  108  3.77  53.33  12.04  0.83  28.15  0.01  0.20  98.41  63.88  m 

 15.  108  2.13  48.26  15.94  0.93  31.32  0.01  0.10  98.76  80.55  s 

 16.  108  2.59  49.54  14.72  1.36  30.44  0.03  0.17  98.89  75.86  s 

 17.  108  3.15  51.71  12.92  1.55  28.87  0.06  0.29  98.70  69.40  s 

 18.  108  3.11  51.43  13.12  1.00  28.95  0.25  0.21  98.18  70.03  l 

 19.  108  1.96  47.68  16.13  0.80  31.49  0.05  0.07  98.23  81.99  m 

 20.  108  2.36  48.98  15.18  0.80  30.83  0.02  0.08  98.32  78.07  m 

 21.  108  2.52  49.50  14.58  0.83  30.08  0.00  0.13  97.74  76.22  m 

 22.  108  2.60  49.78  14.24  0.83  29.94  0.06  0.14  97.63  75.17  s 

 23.  108  4.21  54.10  11.08  0.71  27.20  0.04  0.29  97.71  59.29  m 

 24.  108  1.64  47.01  16.59  0.72  31.86  0.03  0.08  97.97  84.86  s 

 25.  108  3.39  51.62  13.02  0.80  28.78  0.05  0.22  97.94  68.00  m 

 26.  108  2.56  49.38  14.96  0.76  30.41  0.11  0.14  98.37  76.42  m 

 27.  108  2.77  49.58  14.39  0.68  29.82  0.05  0.13  97.53  74.20  m 

(continued)

 28.   107  Upper  2.42  49.63  14.85  0.95  30.57  0.06  0.15   98.86  77.24  l 

 29.  107  picritic  1.58  47.31  16.54  0.78  31.93  0.06  0.08  98.34  85.29  l 

 30.  107  gabbro-  3.67  52.57  12.53  0.85  28.62  0.07  0.34  98.69  65.40  m 

 31.  107  dolerites  2.05  48.37  15.86  0.68  31.55  0.08  0.16  98.79  81.03  s 

 32.  107  1.56  46.88  16.71  0.74  32.17  0.04  0.08  98.22  85.59  l 

 33.  107  2.11  48.85  15.53  0.69  31.41  0.05  0.14  98.86  80.26  m 

 34.  107  3.17  51.26  13.07  0.61  29.19  0.05  0.21  97.66  69.50  l 

 35.  107  1.83  48.03  16.11  0.77  31.47  0.07  0.11  98.43  82.96  l 

 36.  107  3.50  52.67  12.69  0.75  28.34  0.07  0.23  98.30  66.74  l 

 37.  107  2.23  48.71  15.63  0.62  31.27  0.03  0.11  98.65  79.49  l 

 38.  107  2.25  49.45  15.16  0.79  30.72  0.09  0.19  98.70  78.85  l 

 39.  107  2.10  48.41  15.41  0.67  31.30  0.05  0.11  98.14  80.27  l 

 40.  107  2.24  49.05  15.42  0.66  31.12  0.11  0.09  98.73  79.23  l 

 41.  107  2.31  48.94  15.38  0.62  31.03  0.09  0.13  98.59  78.65  s 

 42.  107  2.34  49.34  15.13  0.73  31.11  0.07  0.09  98.87  78.15  l 

 43.  107  2.41  49.39  14.91  0.68  30.83  0.08  0.11  98.53  77.39  l 

 44.  107  2.31  49.10  14.99  0.77  31.00  0.07  0.11  98.40  78.23  l 

 45.  107  3.50  52.25  12.57  0.75  28.76  0.06  0.25  98.24  66.51  m 

 46.  107  1.05  9.43  10.65  0.48  7.69  0.00  0.04  29.43  84.83  m 

 47.  107  2.24  48.71  15.64  0.81  30.94  0.05  0.12  98.55  79.43  m 

 48.  107  3.05  50.98  13.27  0.78  28.78  0.06  0.19  97.18  70.63  s 

 49.  107  2.84  50.97  13.77  0.81  29.27  0.07  0.18  98.00  72.84  s 

 50.  107  3.19  51.46  13.38  0.79  28.82  0.08  0.18  97.98  69.87  s 
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(continued)

Table 4.19 (continued)

 51.  107  2.33  48.95  15.39  0.72  31.18  0.01  0.12  98.80  78.53  s 

 52.  107  2.30  48.99  15.06  0.80  30.55  0.06  0.14  98.00  78.35  s 

 53.  107  3.28  52.30  12.53  0.83  28.58  0.06  0.26  97.90  67.88  l 

 54.  107  3.17  51.76  12.79  0.84  28.81  0.04  0.21  97.69  69.08  l 

 55.  107  Upper  1.59  10.25  10.12  0.52  7.75  0.00  0.09  30.41  77.85  s 

 56.  107  picritic  2.39  49.52  14.71  0.67  30.39  0.08  0.12  98.00  77.27  l 

 57.  107  gabbro-  2.21  49.46  15.07  0.81  30.82  0.04  0.08  98.55  79.06  l 

 58.  107  dolerites  2.07  48.91  15.25  0.72  30.84  0.05  0.13  98.06  80.32  s 

 59.  107  1.67  47.29  16.27  0.87  31.56  0.28  0.10  98.12  84.37  s 

 60.  107  3.63  52.72  11.98  0.64  28.31  0.10  0.31  97.82  64.64  m 

 61.  107  3.85  53.26  11.69  0.81  27.79  0.05  0.30  97.82  62.71  m 

 62.  107  2.22  48.69  15.18  0.69  30.97  0.05  0.11  97.99  79.12  s 

 63.  107  2.10  47.52  15.32  0.78  31.24  0.08  0.11  97.18  80.14  m 

 64.  107  2.21  47.68  15.39  0.78  31.26  0.04  0.12  97.54  79.38  m 

 65.  107  2.17  49.12  15.11  0.70  30.89  0.04  0.14  98.25  79.40  m 

 66.  107  1.75  47.47  16.49  0.77  31.90  0.05  0.10  98.62  83.94  l 

 67.  107  2.00  48.02  15.97  0.74  31.33  0.06  0.10  98.25  81.56  l 

 68.  107  1.90  48.20  15.95  0.77  31.55  0.06  0.10  98.64  82.25  l 

 69.  107  2.10  48.31  15.53  0.78  31.14  0.00  0.11  98.05  80.36  l 

 70.  107  2.45  48.97  15.29  0.70  30.73  0.08  0.08  98.34  77.55  l 

 71.  107  1.89  47.91  16.05  0.72  31.44  0.04  0.08  98.17  82.42  l 

 72.  107  2.20  48.73  15.39  0.82  30.89  0.06  0.13  98.29  79.44  l 

 73.  107  2.00  48.17  15.78  0.77  31.42  0.08  0.12  98.49  81.39  l 

 74.  107  1.78  47.68  16.01  0.73  31.31  0.05  0.11  97.69  83.30  l 

 75.  107  2.47  49.05  15.04  0.74  30.87  0.09  0.14  98.42  77.10  l 

 76.  107  2.19  49.13  15.39  0.75  30.63  0.09  0.10  98.35  79.53  l 

 77.  107  3.59  52.78  12.25  0.64  28.41  0.07  0.29  98.16  65.39  l 

 78.  107  2.61  49.58  14.62  0.90  30.18  0.06  0.18  98.15  75.60  l 

 79.  107  2.40  49.03  15.24  0.76  30.69  0.06  0.15  98.37  77.84  l 

 80.  107  1.91  47.68  16.32  0.67  31.76  0.05  0.09  98.56  82.54  l 

 81.  107  Upper  2.49  48.65  15.18  0.78  30.55  0.08  0.09  97.89  77.11  s 

 82.  107  picritic  1.62  46.75  16.44  0.76  31.23  0.04  0.06  96.99  84.91  s 

 83.  107  gabbro-  2.64  49.61  14.26  0.68  29.62  0.08  0.12  97.10  74.94  l 

 84.  107  dolerites  1.69  47.11  16.40  0.87  32.04  0.02  0.11  98.30  84.29  s 

 85.  107  2.11  48.71  15.32  0.77  30.60  0.06  0.17  97.78  80.11  s 

 86.  107  4.15  53.62  10.46  0.71  26.69  0.08  0.34  96.07  58.25  l 

 87.  107  2.16  48.04  15.08  0.58  30.52  0.04  0.11  96.66  79.44  l 

 88.  107  4.06  52.90  11.91  0.75  27.66  0.03  0.21  97.75  61.86  m 

 89.  107  2.24  48.63  15.04  0.82  30.09  0.04  0.06  97.03  78.77  m 

 90.  107  2.12  48.02  15.53  0.72  30.72  0.00  0.13  97.28  80.25  m 

 91.  107  1.85  47.20  15.89  0.66  31.27  0.06  0.11  97.12  82.65  m 

 92.  107  1.72  46.92  16.25  0.66  31.47  0.04  0.08  97.18  83.97  m 

 93.  107  1.95  47.51  15.97  0.73  31.17  0.04  0.13  97.50  81.96  s 

 94.  107  2.33  49.13  15.11  0.69  30.24  0.04  0.12  97.72  78.22  s 

 95.  107  2.32  48.36  15.24  0.78  30.65  0.06  0.13  97.69  78.41  s 

 96.  107  3.10  50.51  13.02  0.75  29.06  0.07  0.22  97.08  69.93  l 

 97.  107  4.31  54.40  10.55  0.68  26.75  0.10  0.41  97.35  57.56  l 

 98.  107  3.67  52.04  12.36  0.76  27.95  0.06  0.27  97.17  65.11  l 

№ п/п Depth, m Rock Na2O SiO2 CaO FeO Al2O3 MgO K2O Total An, mol% Size
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Table 4.19 (continued)

 99.  107  3.10  51.24  13.20  0.72  28.58  0.09  0.21  97.23  70.18  l 

 100.  107  2.22  49.22  15.02  0.70  30.33  0.09  0.11  97.76  78.92  l 

 101.  107  4.41  54.10  10.44  0.78  26.86  0.06  0.40  97.24  56.73  s 

 102.  107  4.01  53.10  11.46  0.79  27.51  0.10  0.32  97.37  61.29  m 

 103.  MS31/499  Olivine  1.75  47.43  16.00  0.68  31.35  0.12  0.07  97.49  83.48  l 

 104.  499  Gabbro-  1.49  46.87  16.94  0.53  32.20  0.10  0.03  98.20  86.25  l 

 105.  499  dolerites  3.62  52.68  11.84  0.70  27.73  0.09  0.27  97.07  64.44  s 

 106.  499  1.20  45.97  17.42  0.59  32.83  0.11  0.04  98.20  88.95  l 

 107.  499  1.66  47.24  16.60  0.63  31.86  0.07  0.05  98.18  84.72  l 

(continued)

 108.  502  Olivine  2.28  48.54  15.39  0.60  31.23  0.01  0.10  98.23  78.87  s 

 109.  502  gabbro-  3.13  51.49  13.05  0.98  28.67  0.21  0.21  97.81  69.73  l 

 110.  502  dolerites  2.03  48.09  15.51  0.81  30.61  0.04  0.11  97.24  80.90  m 

 111.  502  4.31  54.33  10.88  0.52  27.12  0.05  0.28  97.61  58.27  m 

 112.  506,1  1.66  47.44  16.20  0.81  31.69  0.02  0.07  97.96  84.37  m 

 113.  506,1  3.45  51.77  12.47  1.02  27.93  0.49  0.25  97.49  66.65  m 

 114.  506,1  4.15  54.07  10.73  0.68  27.00  0.05  0.39  97.17  58.85  m 

 115.  506,1  1.88  47.64  16.33  0.64  31.75  0.05  0.06  98.41  82.74  m 

 116.  506,1  3.42  52.12  12.55  0.70  28.64  0.09  0.17  97.72  67.01  m 

 117.  506,1  3.35  52.03  12.79  0.72  28.62  0.06  0.21  97.90  67.86  m 

 118.  506,1  1.52  46.95  16.66  0.75  32.19  0.01  0.10  98.20  85.84  m 

 119.  506,1  1.56  46.71  16.92  0.74  32.22  0.01  0.10  98.30  85.71  m 

 120.  507,5  1.26  46.21  17.18  0.63  32.60  0.02  0.06  97.99  88.26  m 

 121.  507,5  1.73  47.56  16.39  0.95  31.35  0.06  0.09  98.16  83.97  s 

 122.  G22-64  Picritic  1.98  48.14  15.72  0.57  31.47  0.02  0.06  98.02  81.48  l 

 123.  64  gabbro-  1.70  47.31  16.39  0.91  32.22  0.01  0.07  98.68  84.25  l 

 124.  64  dolerites  2.16  48.27  15.12  1.24  30.58  0.08  0.12  97.65  79.48  l 

 125.  64  1.58  47.02  16.91  0.73  32.00  0.06  0.07  98.44  85.52 

 126.  64  1.61  47.10  16.44  0.77  31.67  0.03  0.06  97.74  84.98  l 

 127.  64  1.37  45.10  15.04  4.32  30.52  0.64  0.03  97.40  85.87  l 

 128.  64  1.76  47.14  16.45  0.74  31.64  0.03  0.07  97.87  83.80  l 

 129.  64  1.50  46.05  16.14  2.25  31.30  0.07  0.04  97.49  85.63  l 

 130.  64  1.89  47.38  16.24  0.85  31.83  0.02  0.08  98.31  82.64  l 

 131.  64  2.29  49.00  15.03  0.79  30.69  0.05  0.10  97.97  78.39  s 

 132.  64  1.83  47.34  16.19  0.86  31.61  0.00  0.06  97.94  83.02  s 

 133.  64  1.57  47.43  16.64  0.73  31.91  0.04  0.06  98.40  85.44  m 

№ п/п Depth, m Rock Na2O SiO2 CaO FeO Al2O3 MgO K2O Total An, mol% Size
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(continued)

Table 4.19 (continued)

 №  Depth, m  Rock  Na 2 O  SiO 2   CaO  FeO  Al 2 O 3   MgO  K 2 O  Total  An  Зерно 
 134.  MS31/

512.2 
 Picritic
gabbro- 

 2.22  48.01  15.08  0.99  30.19  0.10  0.12  96.72  79.01  m 

 135.  512.2  dolerites  2.15  47.94  15.39  0.75  30.90  0.06  0.09  97.36  79.86  m 

 136.  512.2  2.26  48.80  15.13  0.68  30.60  0.05  0.11  97.64  78.72  m 

 137.  512.2  3.10  49.86  12.58  2.08  28.96  0.26  0.22  97.41  69.21  s 

 138.  513.2  2.51  49.25  14.86  0.69  30.68  0.13  0.12  98.33  76.62  l 

 139.  513.2  1.65  46.98  16.66  0.49  32.21  0.07  0.04  98.11  84.81  m 

 140.  514  1.68  47.67  16.24  0.62  31.71  0.00  0.06  98.07  84.24  m 

 141.  514  1.43  45.97  16.96  0.47  32.38  0.00  0.07  97.32  86.80  l 

 142.  514  1.43  46.64  16.94  0.52  32.47  0.00  0.08  98.13  86.74  m 

 143.  514  1.36  46.26  17.36  0.42  32.85  0.02  0.07  98.39  87.59  m 

 144.  514  1.63  47.05  16.70  0.47  32.11  0.03  0.09  98.12  85.04  s 

 145.  514  1.49  46.12  17.01  0.53  32.71  0.00  0.08  97.99  86.30  m 

 146.  514  1.66  46.89  16.52  0.73  31.87  0.02  0.08  97.80  84.67  m 

 147.  514  1.79  46.74  15.78  1.61  31.09  0.11  0.08  97.25  82.99  m 

 148.  514  3.80  52.76  12.06  0.69  28.04  0.08  0.23  97.70  63.72  l 

 149.  515  1.90  47.74  16.14  0.59  31.67  0.07  0.06  98.21  82.43  l 

 150.  515  2.04  48.67  15.36  0.74  30.69  0.05  0.10  97.72  80.63  l 

 151.  515  1.60  46.96  16.64  0.71  32.01  0.05  0.08  98.09  85.16  l 

 152.  515  1.96  48.02  15.88  0.62  31.41  0.03  0.09  98.07  81.79  k 

 153.  515  1.58  47.40  16.53  0.56  31.50  0.03  0.08  97.71  85.30  m 

 154.  516  2.98  50.80  13.51  0.83  29.56  0.09  0.18  98.07  71.47  m 

 155.  516  3.48  52.13  12.34  0.71  28.20  0.12  0.24  97.30  66.26  m 

 156.  516  2.73  50.11  14.34  0.71  29.79  0.10  0.14  97.95  74.39  l 

 157.  517.8  Taxitic  1.65  47.31  16.48  0.67  31.94  0.08  0.08  98.29  84.68  m 

 158.  517.4  gabbro-dol.  1.89  47.51  16.17  0.66  31.30  0.04  0.10  97.73  82.54  l 
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 №  Depth, m  Rock  Na 2 O  SiO 2   CaO  FeO  Al 2 O 3   MgO  K 2 O  Total  An, mol%  Size 

 159.  MS31/517.4  Taxitic  1.81  47.50  16.14  0.61  31.43  0.05  0.06  97.63  83.18  l 

 160.  517.4  gabbro-  1.73  47.36  16.59  0.58  31.78  0.07  0.04  98.24  84.14  l 

 161.  517.4  dolerites  3.09  51.18  13.41  0.62  28.85  0.06  0.23  97.53  70.62  m 

 162.  517.4  2.04  48.21  15.60  0.64  31.00  0.09  0.10  97.74  80.85  s 

 163.  517.4  1.64  47.43  16.78  0.75  32.21  0.08  0.05  98.99  85.01  m 

 164.  517.8  2.11  47.98  15.81  0.65  31.23  0.11  0.08  98.02  80.60  l 

 165.  517.8  1.67  46.57  16.61  0.65  31.68  0.06  0.08  97.33  84.64  l 

 166.  517.8  2.12  47.65  16.04  0.51  31.48  0.01  0.12  97.98  80.71  m 

 167.  517.8  1.66  46.66  16.69  0.54  32.08  0.02  0.08  97.83  84.76  l 

 168.  517.8  1.37  46.29  16.86  0.62  31.94  0.02  0.08  97.23  87.23  l 

 169.  517.8  1.84  47.58  16.18  0.66  32.09  0.10  0.11  98.60  82.94  m 

 170.  517.8  1.72  47.19  16.72  0.62  32.16  0.03  0.09  98.57  84.36  s 

 171.  518.8  1.73  47.13  16.39  0.58  31.61  0.03  0.08  97.60  83.96  l 

 172.  518.8  2.26  48.92  15.23  0.60  30.96  0.09  0.06  98.17  78.88  s 

 173.  518.8  2.03  47.82  16.00  0.58  31.30  0.08  0.06  97.89  81.38  s 

 174.  518.8  2.13  48.43  14.68  0.68  31.15  0.16  0.52  97.81  79.21  s 

 175.  518.8  2.78  50.37  14.24  0.70  29.99  0.07  0.12  98.29  73.94  l 

 176.  518.8  2.55  49.09  14.91  0.73  30.46  0.11  0.10  97.99  76.38  l 

 177.  519.9  2.06  47.96  15.51  0.68  30.90  0.09  0.06  97.30  80.61  l 

 178.  519.9  2.50  49.06  15.12  0.66  30.71  0.05  0.11  98.25  77.02  m 

 179.  519.9  2.43  49.40  14.84  0.72  30.58  0.01  0.10  98.13  77.13  s 

 180.  519.9  2.30  49.03  14.94  0.71  30.86  0.07  0.08  98.07  78.26  m 

 181.  519.9  2.40  48.65  15.32  0.65  30.86  0.11  0.07  98.10  77.97  l. 

 182.  519.9  2.21  48.84  15.35  0.66  30.88  0.08  0.07  98.12  79.38  l 

 183.  519.9  2.27  49.10  14.87  0.74  30.54  0.09  0.10  97.82  78.41  s 

 184.  MS31/
520.8 

 Leuco-
gabbro 

 2.66  49.27  14.63  0.71  30.27  0.06  0.11  97.78  75.26  l 

 185.  520.8  2.04  48.03  15.43  0.64  31.43  0.05  0.07  97.76  80.71  l 

 186  526  3.00  51.10  13.33  0.70  28.69  0.08  0.16  97.18  71.08  s 

 187.  526  3.19  52.02  12.79  0.79  28.38  0.08  0.20  97.59  68.91  m 

 188.  526  3.16  51.91  12.92  0.64  28.90  0.09  0.23  97.91  69.38  m 

 189.  526  3.95  52.97  11.90  0.65  27.52  0.03  0.29  97.42  62.51  l 

 190.  526  3.70  53.26  12.04  0.87  28.15  0.09  0.31  98.49  64.29  m 

 191.  526  2.72  50.49  14.26  0.72  29.83  0.08  0.21  98.42  74.34  m 

 192.  526  2.97  51.50  13.29  0.72  29.00  0.15  0.20  97.97  71.21  m 

 193.  527.7  Contactic  4.17  53.42  11.31  0.69  27.91  0.01  0.35  98.02  60.00  m 

 194.  527.7  gabbro-  4.16  53.57  11.20  0.53  27.45  0.00  0.35  97.38  59.81  m 

 195.  527.7  dolerites  4.29  54.22  10.75  0.62  27.12  0.08  0.41  97.58  58.10  s 

 196.  527.7  4.58  54.58  10.26  0.89  26.69  0.02  0.38  97.59  55.35  s 

 197.  527.7  4.64  55.10  10.04  0.62  26.48  0.03  0.48  97.50  54.49  m 

 198.  527.3  3.59  51.79  12.19  0.73  28.14  0.00  0.31  96.82  65.26  s 

 199.  527.7  4.27  53.57  10.82  0.68  27.04  0.06  0.43  96.94  58.36  l 

 200.  527.7  4.20  53.33  11.65  0.60  28.11  0.00  0.35  98.33  60.57  l 

 201.  527.7  3.26  50.95  13.12  0.65  29.07  0.01  0.28  97.41  69.01  l 

Table 4.19 (continued)

(continued)
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 plagioclase and pyroxene from the same horizons. The high 
zinc contents suggest signifi cant crystallization of this min-
eral; the highest concentrations in the olivine inclusions in 
the picrites from the lower horizons are additional evidence 
of the intratelluric nature of most of the olivine grains (as we 
have shown with other methods; Krivolutskaya and Sobolev 
 2001 ; Krivolutskaya et al.  2001 ).  

4.5.1.4    Ores of the Noril’sk 1 Deposit 
 The Noril’sk sulfi de copper–nickel deposits with well-known 
individual features of the distribution of platinum metals and 
ore types (Godlevsky and Shumskaya  1960 ; Genkin  1968 ; 

Genkin et al.  1981 ; Distler  1994a ,  b ; Distler et al.  1996 , 
 1999 ; Sluzhenikin and Mokhov  2015 ) are good examples. In 
these deposits, in addition to the presence of a large volume 
of massive magmatic sulfi des, low-sulfi de but PGE-rich ores 
were established. These ores, referred to as ores of the low-
sulfi de horizon, occur in the upper endocontact zone of the 
layered intrusions (Sluzhenikin et al.  1994 ). The contrast dis-
tribution of the PGE is typical of two main ore types of the 
Noril’sk deposits: the disseminated ores in the layered intru-
sions and massive sulfi de ores associated with the same intru-
sions. As in the above examples, the massive ores of the 
Noril’sk deposits are relatively rich in the PGE content 
compared to the disseminated ores of the layered intrusions, 
where, taking into account only total sulfi de volume, the con-
centration of the PGE is 5–10 times higher (Distler  1994a ). 

 The mineralogy of these ores is still studied much less 
thoroughly than that of ores at the Talnakh deposits. 
The main reasons for this were that the discovery of the 
latter deposits coincided with the progressively broader 
application of analytical techniques of high spatial resolu-
tion (electron microscopy and X-ray microprobe analysis), 
which were utilized to examine the unique ores of the 
Talnakh and Oktyabr’skoe deposits (discovered in the 
early 1960s). 

 During the long period of the study of platinum mineraliza-
tion of the Noril’sk l deposit, much data have been accumu-
lated on mineralogy of platinum minerals, occurring mainly in 
veins of the massive sulfi de ores (Genkin  1968 ; Genkin et al. 
 1981 ). There is considerably less data on the disseminated 
platinum mineralization (Genkin  1968 ; Razin and 
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  Fig. 4.36    Histogram for plagioclase from the rocks of the Noril’sk 1 
intrusion       

Table 4.19 (continued)

 202.  528.1  3.88  52.88  11.71  0.65  28.00  0.06  0.36  97.64  62.57  l 

 203.  528.1  3.85  53.07  11.49  0.64  27.90  0.02  0.29  97.30  62.30  m 

 204.  528.1  3.97  53.06  11.07  0.53  27.45  0.01  0.29  96.47  60.71  s 

 205.  528.1  3.96  52.83  11.68  0.66  28.01  0.00  0.38  97.65  61.99  l 

 206.  528.1  3.85  52.66  11.70  0.58  27.66  0.00  0.35  96.88  62.74  s 

 207.  528.1  3.91  53.29  11.68  0.49  27.98  0.01  0.31  97.81  62.29  l 

 208.  528.1  4.15  53.40  11.54  0.61  27.99  0.00  0.26  98.08  60.59  s 

 209.  528.1  3.49  52.18  12.26  0.70  28.55  0.07  0.32  97.70  66.04  l 

  Note: Size of Pl grain 
 l, large (>0.5 mm); m, middle (0.2–0.5 mm); S, small (<0.2 mm). Analyses were carried out in GEOKHI RAS, analyst N. Kononkova  

№ Depth, m Rock Na2O SiO2 CaO FeO Al2O3 MgO K2O Total An, mol% Size
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   Table 4.20    Spinel composition from olivines of the picritic gabbro-dolerites of the Noril’sk 1intrusion, wt %   

 Component  1  2  3  4  5  6  7  8  9 

 SiO 2   0.39  0.29  0.32  0.38  0.42  0.35  0.47  0.64  0.36 

 TiO 2   3.34  3.95  3.92  3.96  3.66  2.43  2.56  4.24  4.19 

 Al 2 O 3   9.51  9.33  8.91  8.87  6.70  10.75  10.59  6.68  9.22 

 Cr 2 O 3   35.67  34.13  32.45  32.38  29.37  39.34  33.54  25.88  32.18 

 V 2 O 3   0.27  0.18  0.22  0.22  0.37  0.25  0.25  0.38  0.18 

 FeOtot  43.16  44.19  45.82  45.98  50.53  39.33  42.92  52.58  45.45 

 MnO  0.42  0.37  0.38  0.40  0.41  0.39  0.38  0.43  0.43 

 MgO  4.57  4.64  4.44  4.36  3.55  4.99  4.68  3.58  4.20 

 NiO  0.20  0.18  0.23  0.22  0.21  0.15  0.19  0.26  0.18 

 ZnO  0.19  0.17  0.20  0.21  0.22  0.24  0.19  0.22  0.23 

 Total  97.74  97.43  96.90  96.98  95.41  98.24  95.78  94.90  96.63 

 FeO  28.86  29.14  29.16  29.41  29.66  27.68  27.72  30.22  29.75 

 Fe 2 O 3   15.89  16.72  18.51  18.42  23.19  12.94  16.90  24.85  17.44 

 New total  99.33  99.11  98.74  98.82  97.74  99.52  97.47  97.39  98.36 

 Fo  80.23  80.00  79.61  79.61  79.46  80.39  79.76  79.23  79.70 

 SiO 2   39.22  39.28  39.25  39.25  39.16  39.33  39.14  39.06  39.21 

 FeO  18.74  18.86  19.23  19.23  19.32  18.54  18.99  19.47  19.16 

 MnO  0.32  0.28  0.32  0.32  0.34  0.27  0.34  0.31  0.30 

 MgO  42.68  42.35  42.15  42.15  41.95  42.68  42.00  41.69  42.21 

 CaO  0.10  0.08  0.08  0.08  0.08  0.08  0.08  0.09  0.10 

 NiO  0.24  0.20  0.27  0.27  0.23  0.21  0.26  0.25  0.23 

 Cr 2 O 3   0.01  0.01  0.00  0.00  0.01  0.02  0.01  0.01  0.01 

 Total  101.36  101.09  101.31  101.31  101.11  101.16  100.81  100.88  101.21 

 +QFM clc  2.15  2.24  2.40  2.40  2.84  1.73  2.21  3.00  2.35 

 Fe 2+ /Fe 3+   2.09  2.01  1.81  1.84  1.47  2.47  1.89  1.40  1.96 

 Fe 2+ /Fe 3+  m  7.05  6.68  5.85  5.96  4.45  8.74  6.17  4.17  6.49 

  Note: Fe 2+ /Fe 3+  ratio were calculated based on spinel stoichiometry; fO 2  and Fe 2+ /Fe 3+  ratio in melt (Fe 2+ /Fe 3+  m) were calculated from Ballhause 
et al. (1990).   Analyses were carried out in GEOKHI RAS, analyst N. Kononkova  

Borishanskaya  1970 ). Special work was carried out for dis-
seminated ores of the Noril’sk 1 intrusion with participation of 
the author (Distler et al.  1999 ). These results are given below. 

 We studied a continuous cross section in the Medvezhy 
Creek open pit. The cross section represents the full thick-
ness of the horizon containing disseminated ore mineraliza-
tion. Over the entire section, we mapped the zoning of the 
disseminated mineralization and took ore hand samples. 
From zones with varying mineral composition, we took large 
volume samples up to 100 kg in weight. In addition to 
the standard procedure of studying mineral composition, we 
made quantitative gravity separation of the PGM using the 
“ppm-mineralogy” procedure (Knauf  1996 ) with the subse-
quent determination of the chemical composition of phases 
with an electron microprobe. The scanning electron micro-
scope ISM-5300 with an energy dispersing spectrometer 
Link ISIS was used for the direct determination of chemical 
composition of phases and relative proportions of PGM 
found in gravity concentrates. Data on distribution of the 
PGM in the sieve size fractions −250 + 125, −125 + 50 and 
less than 50 pm turned out to be very informative. 

 The solid solution PGE content in the ore-forming sul-
fi des was determined using the proton microanalyzer (e.g., 
Cabri et al.  1985 ; Cabri  1988 ) at the Guelph Scanning Proton 
Microscope Laboratory, Guelph, Canada. Contents of the 
PGE and some other elements in pyrrhotite, pentlandite, 
chalcopyrite, talnakhite, and millerite were determined from 
hand samples, as well as from a fraction of the bulk samples, 
which were mounted in araldite and then polished. The 
 sensitivity limits for various minerals out of the main sulfi des 
studied were as follows (ppm): Pt, 24–37; Pd, 2–3.8; Rh, 
2.6–5.3; Ru, 2.8–3.4; Cu, 25–38; Zn,5–160; Mo, 2.3–3; Cd, 
5; As, 3–9; Se, 2.4; Te,7–11; and Ag, 3.9–5.3. 

 The mineral zoning of the disseminated sulfi de mineral-
ization in these intrusions was described for the fi rst time in 
the publication (Distler et al.  1979 ). The zoning and cryptic 
layering of ore mineralization were shown to be fundamental 
characteristics of ore-bearing massifs by Distler et al. ( 1979 ). 

 It was shown that the zoning and cryptic layering of the 
disseminated ore mineralization are related to a regular dis-
tribution of three types of parageneses of the main ore- 
forming sulfi des in the orebody section: (l) low-sulfur 
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   Table 4.21    Spinel composition from olivine, plagioclase, and pyroxene of rocks from the Noril’sk 1 intrusion, wt %   

 №  Sample  SiO 2   TiO 2   Al 2 O 3   Cr 2 O 3   V 2 O 3   FeOtot  MnO  MgO  NiO  ZnO  Total 

 1.  64  0.35  2.43  7.84  39.34  0.25  39.33  0.39  4.99  0.15  0.24  98.24 

 2.  64  0.47  2.56  7.84  33.54  0.25  42.92  0.38  4.68  0.19  0.19  95.78 

 3.  64  0.64  4.24  7.84  25.88  0.38  52.58  0.43  3.58  0.26  0.22  94.90 

 4.  64  0.36  4.19  7.84  32.18  0.18  45.45  0.43  4.20  0.18  0.23  96.63 

 5.  64  38.99  0.04  7.84  0.01  0.01  19.20  0.31  42.27  0.26  0.01  101.24 

 6.  64  0.47  1.28  7.84  31.52  0.64  51.62  0.45  3.03  0.20  0.25  94.83 

 7.  64  1.18  1.42  7.84  31.30  0.71  50.81  0.42  3.97  0.19  0.25  95.86 

 8.  107-sp1  0.00  3.99  7.84  32.75  0.27  44.70  0.38  5.78  0.15  0.11  99.50 

 9.  107-sp2  0.02  4.51  7.84  31.46  0.26  46.41  0.40  5.43  0.16  0.12  99.29 

 10.  107-sp3  0.03  3.48  7.84  33.26  0.30  42.08  0.36  6.99  0.15  0.11  99.72 

 11.  107-sp4  0.02  3.41  7.84  33.38  0.32  41.62  0.37  7.04  0.12  0.14  99.50 

 12.  107-sp5  0.03  3.54  7.84  32.96  0.30  42.51  0.36  6.98  0.13  0.10  99.66 

 13.  107-sp6  0.01  4.10  7.84  31.82  0.32  44.73  0.38  5.78  0.16  0.12  98.59 

 14.  107-sp7  0.02  3.07  7.84  33.99  0.32  39.91  0.36  7.14  0.15  0.07  98.60 

 15.  107-sp8  0.05  3.16  7.84  34.46  0.33  40.02  0.36  7.34  0.14  0.09  99.54 

 16.  107-9sp  0.00  4.74  7.84  28.31  0.27  53.39  0.43  3.45  0.18  0.16  97.96 

 17.  107-14  0.03  11.23  7.84  14.71  0.00  64.00  0.43  3.29  0.23  0.08  98.80 

 18.  107-15  0.01  11.44  7.84  14.52  0.00  63.44  0.44  3.47  0.23  0.09  98.40 

 19.  107-1  0.03  10.18  7.84  16.43  0.00  63.36  0.42  2.82  0.22  0.13  97.99 

 20.  107-Sp1  0.10  2.92  7.84  28.51  0.46  52.32  0.46  2.98  0.17  0.16  96.45 

 21.  107-Sp30  0.04  1.01  7.84  32.18  0.18  35.18  0.32  8.33  0.09  0.15  99.14 

 22.  107-Sp32  0.03  1.63  7.84  32.13  0.18  38.36  0.35  7.13  0.10  0.18  99.48 

 23.  107-Sp34  0.01  6.89  7.84  23.89  0.02  55.59  0.44  3.28  0.15  0.11  97.83 

 24.  107-Sp38  0.00  9.34  7.84  15.78  0.06  63.37  0.44  2.88  0.17  0.09  97.98 

 25.  107-Sp40  0.00  13.23  7.84  10.76  0.00  66.51  2.19  0.99  0.18  0.13  97.97 

 26.  107-10sp  0.04  10.43  7.84  18.74  0.03  60.32  0.43  3.29  0.21  0.11  98.65 

 27.  107-Sp18  0.04  8.82  7.84  14.90  0.23  65.19  0.38  2.94  0.26  0.09  98.23 

 28.  107-Sp20  0.02  11.89  7.84  15.02  0.00  62.32  0.41  4.18  0.26  0.08  98.93 

 29.  107-Sp21  0.00  12.34  7.84  15.11  0.00  61.38  0.42  4.39  0.25  0.08  98.53 

 30.  107- inPx-2  0.03  1.82  7.84  36.03  0.28  34.76  0.32  8.53  0.13  0.11  99.53 

 31.  107- inPx-3  0.06  1.78  7.84  36.02  0.27  34.50  0.33  8.45  0.14  0.12  99.11 

 32.  107- inPx-4  0.02  1.83  7.84  35.59  0.26  35.61  0.33  7.86  0.12  0.14  98.78 

 33.  107- inPx-5  0.64  1.84  7.84  34.37  0.27  35.76  0.31  9.46  0.13  0.07  98.90 

 34.  107- inPx-6  0.03  1.95  7.84  36.43  0.28  32.87  0.28  9.72  0.13  0.07  99.04 

  Note: N sample = borehole G-22/depth, m; NN (1–7) spinel in Ol (Fo 79 ), (8–26) spinel in Pl, (27–34) spinel in Px. Analyses were carried out in 
GEOKHI RAS, analyst N. Kononkova  

paragenesis, (2) intermediate paragenesis, and (3) high- 
sulfur paragenesis. Each of these parageneses is considered 
to be a product of changes in sulfur activity in sulfi de magmatic 
liquids coexisting with silicate melts of various compositions. 
These regularities correspond to the zoning and cryptic lay-
ering of the ore mineralization established in this section of 
the Noril’sk 1 intrusion. 

 Zone 1 is confi ned to the upper part of the orebody, which 
coincides with the uppermost part of the picrites next to the 
olivine gabbro-dolerites. This zone contains the least sulfi des 
(no more than 3 vol.%). Sulfi des form only small (no more 
than 2 mm) interstitial aggregates. Sulfi des are represented 
by a low-sulfur assemblage: troilite + ferrigenous pentland-
ite + talnakhite + chalcopyrite + cubanite. Cubanite forms 

only platelike aggregates. Pentlandite of this assemblage has 
the highest ferrigenous (35.67 wt %). 

 Zone 2 includes the middle part of the picrite horizon. 
Here, sulfi des make up to 5 vol.%. They occur as small inter-
stitial ovoids and larger (to 2 cm) ovoids. Sulfi des are repre-
sented by the assemblage of an intermediate sulfur content: 
hexagonal pyrrhotite + moderately ferruginous pentland-
ite + chalcopyrite. Pyrrhotite contains the least nickel. 
Pentlandite occurs in two varieties: (1) as rims around pyrrho-
tite and (2) as fl ame-like aggregates in pyrrhotite. A bulk sam-
ple H-l was taken from the zones 1 and 2 (Distler et al.  1999 ). 

 Zone 3 corresponds to the lowest part of the picritic 
gabbro- dolerite horizon and has maximum sulfi de contents 
(to 8 vol.%) of the high-sulfur paragenesis. Pyrrhotite is 

4.5  Massifs of the Noril’sk Ore Junction



158

0

0.6

1.2

0.4 0.5 0.6 0.7 0.8 0.9

V
2O

3,
 w

t %

Cr#

c

0

7

14

0.4 0.5 0.6 0.7 0.8 0.9

T
iO

2,
 w

t %

Cr#

b

in OI, upper taxitic

in PI, upper picritic

in OI, upper picritic

in OI. Lower picritic

in Px, upper picritic

a
Z

nO
, w

t %
0,3

0,2

0,1

0
0,4 0,5 0,6 0,7

Cr#
0,8 0,9

  Fig. 4.37    Zn, Ti, V–Cr # diagrams for spinels from the Noril’sk 1 intrusion       

 represented by a monoclinic modifi cation with nickel con-
centration reaching 2.5 wt %. As compared to pentlandite of 
the previous zone, the nickel content is considerably higher 
(to 40 wt %). At the base of the picritic horizon, pyrrhotite is 
extensively replaced by nickel-containing pyrite and pent-
landite is replaced by millerite. The sample H-2 was taken 
from this part of the section. 

 Zone 4 includes the horizon of taxitic gabbro-dolerites 
containing large xenomorphic aggregates of sulfi des of the 
low-sulfur assemblage. Here, monoclinic pyrrhotite and 
pentlandite with very high nickel contents are the major min-
erals. Extensive autometamorphism of primary ores is typi-
cal of this section of the disseminated ores and the taxitic 
horizon. Nickel-containing pyrite and violarite are abundant. 
Pyrite replaces pyrrhotite and millerite, and violarite com-
pletely replaces pentlandite. The H-3 sample represents the 
entire section of the disseminated ores in the taxitic 
gabbro-dolerites. 

 The unique mineralogy of the PGE in the Noril’sk deposits 
comprises about 60 species and varieties of PGM, the majority 

of which are characterized by and recognized to be established 
species. However, some of these minerals were studied mainly 
by determination of their chemical compositions (Table  4.22 ). 
Hence, these minerals should be subjected to exact determina-
tion of their structural parameters. All the PGM belong to the 
following main types of chemical compounds:

    – Natural alloys and ordered and non-ordered metallic solid 
solutions  

  – Intermetallic compounds of variable composition with a 
wide range of isomorphic replacements of the ligands  

  – Chalcogenide compounds including arsenides, antimo-
nides, selenides, and simple and complex sulfosalts    

 Palladium forms the largest quantity of mineral species 
comprising all the above classes, whereas platinum only com-
prises 11 mineral species, though trace concentrations of plati-
num from a few units to tens percent are present in some 
palladium minerals. In addition, continuous series of solid 
solutions occur between palladium and platinum end- members 
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for some mineral species. Discrete mineral phases of rhodium, 
iridium, ruthenium, and osmium are essentially absent. 

 The PGM distribution in copper–nickel ore types is quite 
uneven. In massive ores, there is a differentiation in compo-
sition of PMG and in their abundance between the pyrrhotite 
ores and ores enriched in copper (cubanite, talnakhite, and 
chalcopyrite). As compared to other types and varieties, pyr-
rhotite massive ores have the simplest PGM composition and 
are characterized by some rare phases. Sperrylite is the major 
mineral of the pyrrhotite ores, and a large number of PGM 
were found in varieties of the pyrrhotite ores enriched in cop-
per. It should be noted that in spite of a high-sulfur activity 
responsible for the formation of high-sulfur parageneses of 
the main ore-forming sulfi des, the pyrrhotite ores do not con-
tain sulfi des of platinum metals; here, intermetallides and 
alloys are mainly present. 

 In the Noril’sk deposits, an increase in the concentrations 
of PGE in ores rich in copper (cubanite, talnakhite, chalco-
pyrite) results in an increase of the number of types of pal-
ladium minerals, whereas variability of platinum species 
changes insignifi cantly. The mineralogy of PGE of the 

stringer-disseminated ores differs from that of the massive 
ores. In the former, most of minerals of the intermatallic 
compound class, so typical of the massive ores, are essentially 
absent. The major PGM of this ore type is represented by 
platinum sulfi des, which coexist with metallic solid solutions 
of the Pt–Fe system. Tellurides, tellurobismuthides, and bis-
muthides as well as the group of selenium-bearing phases are 
also present. 

 The disseminated ores are characterized by a consider-
able variability of PGM. These ores contain more than 20 
PGM, only second in number of species to the massive ores, 
which are very rich in copper. Most of the PGM, known in 
other ore types, were found in the disseminated ores. This is 
the main peculiarity of the mineralogy of the PGM in the 
disseminated ores. Thus, compared to the rich ores, the dis-
seminated ores contain all the PGM encountered in the pyr-
rhotite ores as well as the majority of the PGM associated 
with the talnakhite and cubanite ores, which do not occur in 
the pyrrhotite ores. The disseminated ores also contain most 
of the PGM found in the stringer-disseminated ores except 
for some very rare minerals of this group such as sulfosele-

   Table 4.22    Minerals of platinum group from the ores of the Noril’sk 1 deposit   

 Mineral  Formula  Mineral  Formula 

 Isoferroplatinum  Pt 3 Fe  (Au,Pd)Cu 

 Tetraferroplatinum  PtFe  Froodite  PdBi 2  

 Tulameenite  Pt 3 CuFe  Maslovite  PtTeBi 

 Pt 2 Fe  Michenerite  PdTeBi 

 Atokite  Pd 3 Sn  Urvantsevite  Pd(BiPb) 2  

 Rustenbergite  Pt 3 Sn  Geversite  PtSb 2  

 Zvyagintsevite  Pd 3 Pb    Pd 5 As 2  

 Taimyrite  (Pd,Cu, Pt) 3 Sn    (Pd, Ni) 5 As 2  

 Paolovite  Pd 2 Sn  Palladoarsenide  Pd 2 As 

   Pd 2 (Sn, Sb)  Mayakite  PdNiAs 

 Pd 2 (Sn, As)    Ni 6 Pd 2 As 

 Pd 2 (As, Sb)  Stibiopalladinite  Pd 5 Sb 2  

 (Pd, Ni) 2 As  Isomertieite  Pd 11 (AsSb) 5  

 (Pd, Ni) 2 (Sn, As)  Mertieite  (Pd, Pt) 8 (As, Sb) 3  

 (Pd, Ni) 2 ((AS,Sb)     

 Stannopalladinite  Pd 5 Sn2Cu  Guanqlinite  Pd 3 As 

 Cabriite  Pd 2 SnCu    Pd 3 (As,Te) 

 Niggliite  PtSn  Palarstanide  Pd 5 AsSn 

 Plumbopalladinite  Pd 3 Pb 2   Telergpalite  (Pd,Ag) 4 Te 

 Sobolevskite  PdBi  Sopcheite  Ag 4 Pd 3 Te 

 Kotulskite  PdTe    Ag 2 PdS 

 Sudburite  PdSb  Kharaelakhite  (Pt,Cu,Pb,Fe,Ni) 9 S 8  

 Polarite  Pd (Pb, Bi)  Cooperite  PtS 

 Pd(Bi, Te, Pb)  Braggite  (Pt,Pd,Ni)S 

 Moncheite  PtTe 2   Vysotskite  (Pd,Ni)S 

 Merenskyite  PdTe 2   Sperrylite  PtAs 2  

 Insizwaite  PtBi 2   Hollingworthite  (Rh,Pt,Ir)AsS 

  Note: Table after Distler et al. ( 1999 )  
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nides and telluroselenides. However, the abundance of min-
erals of each of the PGE is quite different. 

 In the disseminated ores of the Noril’sk l deposit, the 
main PGM are alloys of platinum and iron, palladium rusten-
bergite, platinian atokite, and numerous phases of the gen-
eral composition: (Pd, Pt) 5 (Sb,Sn,As,Pb) 2  and (Pt 
Pd) 3 (Sb,Sn,As,Pb) with a wide degree of isomorphism of 
platinum and palladium as well as ligands. 

 Alloys of platinum and iron can constitute up to half of the 
PGM grains in ores of the lower part of the picrite horizon. 
The quantity of these alloys abruptly decreases in the upper 
part of this horizon and in the taxitic gabbro-dolerites. These 
alloys correspond to three compositions: isofenoplatinum 
Pt 3 Fe, tetraferroplatinum PtFe, and a mineral with a composi-
tion close to Pt 2 Fe. According to some researchers, the latter 
phase is a solid solution of the two fi rst compositions. It 
should be noted, that in the picrites, the iron–platinum alloys 
are represented exclusively by isoferroplatinum and that the 
Pt 2 Fe phase appears in the fi ne fraction in the lower part of the 
picrites. In the taxitic gabbro-dolerites, alloys of platinum and 
iron are represented by all three compositions with a rela-
tively more signifi cant role of phases with higher iron con-
tent. In addition to platinum and iron, copper and nickel are 
constant components of the iron–platinum alloys. 

 The content of copper and nickel regularly increases 
from isoferroplatinum to tetraferroplatinum. The copper 
and nickel concentrations are as follows: in isoferroplati-
num, Cu 0.13–O.l7 wt % and Ni 0.174.81 wt %; in Pt 2 Fe, 
Cu 0.57–l.58 wt % and Ni 0.51–.97 wt %; and in tetrafer-
roplatinum, Cu 2.40–3.07 wt % and Ni 2.26–3.88 wt %. 
Aggregates of iron–platinum alloys often form crystallo-
graphic facets and cubic crystals. Palladium rustenbergite 
and platinum atokite form well-shaped crystals with growth 
facets. In coarse sample sizes, these minerals are practically 
devoid of other components except tin. Together with iron–
platinum alloys, they are the principal minerals of the dis-
seminated ores, and in the taxitic gabbro-dolerites, they 
even prevail over iron–platinum alloys. It should be noted 
that in the 125–250 pm size fraction, this mineral group is 
represented by platinum members of the isomorphic series 
Pt 3 Sn-Pd 3 Sn. 

 In large crystals (50–125 μm class), the isomorphism of 
Pt and Pd in these minerals is more widely pronounced, 
whereas among small grains (size fraction less than 50 pm), 
platinian atokite is a major mineral. Admixture of gold reach-
ing 6 wt % is constantly present in rustenbergite and espe-
cially in atokite. 

 Minerals of the composition A 3 B and A 5 B 2 , where A = Pd 
and Pt, B = Sb, Sn, As, and Pb, form predominantly aggre-
gates of less than 50 µm but usually of 3–20 µm in size. In 
this size fraction, palladium minerals are the major 

PGM. Isomorphism of platinum and palladium is limited. 
As a rule, platinum content does not exceed 15 wt %. Sb, 
Sn, As, and Pb show a widely pronounced isomorphism. 
Tellurium and bismuth are often present in these minerals. 
Among phases of this composition are the following PGM: 
stibiopalladinite Pd 5 Sb 2 , zvyagintsevite Pd 3 Pb, Pd 3 As, and 
Pd 3 (As,Te). 

 Unlike the disseminated ores of the Talnakh ore fi eld, 
sperrylite, less than 0.1 mm in size, is abundant, but is not a 
major mineral in the disseminated ores of the Noril’sk l 
deposit. Cooperite is the other platinum mineral, subordinate 
to iron–platinum alloys. Cooperite is present mainly in the 
picrites. It forms grains of 50–125 μm in size. Of palladium 
minerals in fi nest size fraction, minerals of the system Pd–
Bi–Te with a large degree of isomorphism of bismuth and 
tellurium are constantly noted. A tellurian kotulskite is typi-
cal of the picrites, whereas sobolevskite, bismuth-bearing 
variety, occurs in taxitic gabbro-dolerites. Admixtures of Pt, 
As, Pb, and Sb are constantly present in small amounts. 
Kotulskite and sobolevskite occur not only as irregular grains 
but also as well-shaped euhedral crystals. 

 The PGM in the disseminated ores form irregular 
monomineral aggregates and rarely form intergrows. 
Rustenbergite–atokite and iron–platinum alloys are common 
minerals of these intergrowths. The latter forms rims around 
platinum and palladium stannides. The central parts of stan-
nide aggregates are higher in platinum than their peripheries. 
The other component of these intergrowths is stannopalladi-
nite, which forms rims around rustenbergite and atokite. 
Often sperrylite, kotulskite, and sobolevskite form inter-
growths with other PGM; this value is 10–15 %. Similar esti-
mates were obtained for the PGE of ore mineralization in 
the Talnakh intrusion (Sluzhenikin and Distler l998). 
Distribution of PGE in ore-forming minerals from dissemi-
nated ores of the Noril’sk 1 deposit (“Medvezhy Creek” 
open pit) was studied by S.-J. Barnes and coauthors ( 2006 ).  

4.5.1.5    Low-Sulfi de Mineralization 
 A new type of platinum mineralization for Noril’sk deposits—
low sulfi de—opened in the early 1980s (Ryabov et al.  1982 ; 
Ryabov  1984 ) although the fi rst elevated contents of platinum 
group metals were established in the 1960s (Ginzburg and 
Rogover  1960 ; Smirnov  1966 ). Its commercial value was 
shown by V.V. Distler and Dyuzhikov ( 1988 ). S. Sluzhenikin 
and coauthors studied ( 1994 ) the mineral composition of plati-
num group elements from low-sulfi de mineralization. 

 In terms of intrusions of platinum horizons are located 
inside the upper exocontact and confi ned to taxitic gabbro- 
dolerites with higher contents of chromite. They are sepa-
rated from the main ore horizons (sulfi de ores) by barren 
rocks of 100 m thickness. The most rich and mellow along 
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strike is low-sulfi de platinum horizon in the Noril’sk 1 intru-
sion. Petrographically it is heterogeneous. Rocks, enriched 
in PGE, are eruptive breccia, taxitic leucogabbro, and picritic 
gabbro-dolerites. Sulfi des consist not more than 3 % of the 
volume of rocks. The ratio Ni:Cu = 1:1, metal contents are 
less 0.3–0.5 %. Monoclinic pyrrhotite dominate among sul-
fi des, and chalcopyrite and pentlandite are of secondary 
importance. Ordinary PGE contents comprise 3–20 ppm, 
sometimes reaching 70–80 ppm. Ratio Pt–Pd = 0.3–0.4. 
Platinum group elements form solid solutions in the ore- 
forming sulfi des, arsenides, and independent mineral species 
(their composition is shown in Table  4.23  after S. Sluzhenikin 
et al.  1994 ).

4.5.2         Noril’sk 2 Massif 

 The Noril’sk 2 intrusion was discovered in the summer of 
1926. It is located on the northeastern slope of the plateau 
Noril’sk, 7 km from the city of Noril’sk, on the right side 
of the Noril’sk-Kharaelakh fault (Fig.  4.26 ). The deposit is 
associated with the similarly named differentiated intru-
sions, which abruptly cut Devonian sediments, the Tunguska 
Group, and a tuff–lava sequence. The intrusion is a lenticu-
lar body approximately 1 km wide and 7 km long. The 
intrusion is a complex body with a steep inclination (10–
65°) and a generally northeast strike (400). The thickness 
of intrusive body is 100–370 m (Fig.  4.38 ). Sulfi de miner-
alization is concentrated mainly in the picritic and taxitic 
gabbro-dolerites at the base of the intrusion. The dissemi-
nated mineralization is very uneven, and the thickness of 
the orebodies does not exceed 20 m. Sulfi des in the form of 
lenses and irregularly shaped bodies exist at the bottom 
and in the middle part of the intrusion. The sulfi de content 
reaches 4–6 %.

   This massif forms the Noril’sk Complex, a Noril’sk-
type intrusion, similar to the Talnakh and Kharaelakh 
intrusions. However, the massif lacks a large amount of 
sulfides. This difference is why it is especially interesting 
to compare the geochemical and mineralogical features 
of these intrusions. A cross section of the intrusion was 
studied using the core from borehole MN-18 (Fig.  4.39 ). 
The intrusion is not contrastingly differentiated. Its main 
volume (120 m) is composed of olivine gabbro-dolerites 
with olivine and taxitic gabbro-dolerites at the bottom 
(27 and 22 m, respectively). The upper and lower zones, 
approximately 20 m, represent the contact, taxitic gab-
bro-dolerites, and gabbro-diorites.

    Olivines  in the section of the massif were thoroughly 
studied. They have high FeO content and contain 
55–75 mol% forsterite component (Table  4.24 ). The oliv-

ines also contain high concentrations of calcium. The range 
of variation in CaO content is large and reaches signifi cant 
values, ranging from 0.15 to 0.30 wt % . Therefore, olivines 
from the Noril’sk 2 intrusion are signifi cantly different 
from the olivines of other Noril’sk Complex massifs. The 
olivine data plotted on an Fo–CaO diagram form a continu-
ous fi eld of compositions, devoid of any rules or divisions. 
Aluminum also behaves erratically in the mineral, even 
though its content is very small (0–0.03 wt %). A similar 
pattern is observed for titanium—no regularities in the 
behavior of this element were detected. The behavior of Cr 
in olivine from Noril’sk 2 rocks differs from that in the 
Talnakh intrusion. Although Cr concentration in magne-
sium-rich olivines increases with increasing proportions of 
Fo, this is not the usual observed hyperbolic curve for this 
intrusion. Generally, the chromium concentrations in the 
Noril’sk 2 olivines are also lower than in the other massifs. 
CaO exhibits a conventional directly proportional relation-
ship to the iron content of the olivine. This is even more 
obvious for Mn, which forms a distinct increasing trend 
with the increasing fayalite component in the olivine. The 
behavior of nickel in the olivine is especially noteworthy. 
Nickel varies commonly in the upper part of the section, 
forming a series of subparallel trends (for selected models) 
that refl ect the growth of NiO with the increasing forsterite 
component in the olivine.

   Although the NiO content in magnesium-rich olivines 
is typically higher (up to 0.2 wt %), the concentrations of 
nickel in olivine are stable and subparallel to the  x -axis 
line. This indicates that the olivine was in equilibrium 
with a small amount of sulfi de. Larger quantities of the 
sulfi de phase in the volume of rock would force the line to 
tilt about a horizontal axis by increasing the nickel con-
tent in association with the increasing iron content of the 
mineral. 

 Rare elements were investigated using ion microprobe in 
3 samples from borehole MP-18 taken from different parts 
of the intrusion. Each sample features its own characteristic 
distribution of rare earth elements and yttrium in olivine. 
The most magnesium-rich olivines (Fo = 66–74) were 
observed in sample 291, 6 m. Although these are much more 
iron-rich olivines than are usually observed in the picritic 
 gabbro- dolerites of the different massifs, the yttrium trend is 
very similar to those of the ore-bearing massifs. The yttrium 
concentration is also high, reaching 2.5 ppm for samples 
taken from the section above (MN-279 and MN-264), which 
produces subparallel trends. These samples differ in the dis-
tribution of nickel: The fi rst sample (291, 6 m) has an average 
concentration of 0.15 wt %. Typical trends are also observed 
for the other two samples, depending on the MgO in olivine. 
Titanium concentrations in the studied grains are distributed 
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  Fig. 4.38    Geological map and cross section of the Noril’sk 2 intrusion 
 After NorilskGeology, Ltd. data., changed by the author       

randomly, although the concentrations are substantially 
higher in the enriched olivines from sample 291.6 m. The 
concentrations of Zn and Mn are typical of the normal 
 distribution patterns. The behavior of vanadium in the sam-
ples from the upper horizons of the two samples depends on 
magnesium; however, at the bottom of the sample (291 m), 
there is a random distribution of V in the mineral, and the 
highest concentration is observed (up to 29 ppm). The alu-

minum content, in contrast, is lowest at the bottom of the 
sample. 

  Pyroxene . The variations in the composition of pyrox-
enes in the each sample are very similar, and their magne-
sium content varies from 60 to 85 (Fig.  4.39 ). However, the 
behaviors of the trace elements in pyroxenes indicate the 
presence of certain behavioral regularities compared to 
olivine (Table  4.25 ). The differences are primarily related 
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  Fig. 4.39    Inner structure of the Noril’sk 2 intrusion and pyroxene compositions variations throw borehole MN-18       
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to the Ti and Ca compositional fi elds; these elements are 
very similar to those described for the pyroxenes from 
rocks penetrated by the hole KZ-456 (Talnakh intrusion). 
They also form “ascending and descending” trends, respec-
tively, in the most magnesium pyroxenes. More diffuse pat-
terns are observed for sodium. Al does not show a clear 
dependence on the Mg# in pyroxene; however, for more 
magnesium-rich members of the series, the range of Al 
concentrations increases sharply compared with the whole 
rock composition. Therefore, for pyroxenes with Mg# 
80–82, the aluminum content varies from 2 to 4 wt %, and 
for iron pyroxene (Mg# = 60–70), the Al concentration var-
ies from 1.5 to 3 wt %. Clear trend lines exist for Mn (ris. 
3.2.9) (the Mg# is negatively correlated with Mn in the 
olivine) and chromium in pyroxene (Fig.  4.40 ).

4.5.3         Chernogorsky Massif 

 The geological study of the Chernogorsky intrusion began 
(Fig.  4.26 ) in 1940, when geologists V. Domarev and 
A. Koreshkov created a 1:50,000-scale geological map of 
the area to the east of the Noril’sk 1 intrusion and to the 
south of the Noril’sk 2 intrusion. On Mount Chernaya, a 
differentiated intrusion was found. The intrusion’s mor-
phology was then determined (Yakovleva  1947 ). In the 
marginal zones, small sulfi de grains were found. In the 

years 1955–1956, a geological survey was conducted at a 
scale of 1:10,000. The resulting map provided detailed sub-
divisions (on the formation level) of effusive rocks and 
refi ned the stratigraphic position of the rocks of the 
Tunguska Group and their relationship with Devonian 
deposits (Fig.  4.41 ).

   The Chernogorsky intrusion is located on the eastern side 
of the Noril’sk Trough and crops out at the surface in the 
middle of the mountain, on the northern and northeastern 
slopes, and on the summit. The intrusion is discordantly 
overlain and plunges to the west, but due to the diffi cult hyp-
sometry, its bottom is unknown. The intrusion is located at 
the interformational contact between Lower Devonian sedi-
ments and the Tunguska Group. In general, the intrusion 
gradually sinks to the northwest. The angle of dip varies 
from 4–6 to 8–10 degrees. The hypsometry suggests that 
the base of the intrusion is at an elevation of 265 m in the 
east, −220 m in the west, and in between these values in the 
north (−200 to 240 m). 

 The intrusion is shaped like a language, and the long 
axis is oriented east–west. The intrusion is 4,250 m long 
and, at its center, 600–800 m wide. The deposit is divided 
into eastern and western parts. The eastern sector of the 
ore-bearing intrusion crops out at the surface, unlike the 
western sector, which is covered by deposits of the 
Tunguska Group and tuff–lavas. The boundary between 
the sectors is marked by the Zvonky stream. The eastern 

   Table 4.24    Representative analyses of olivines from the Noril’sk 2 intrusion   

 N 
 Fo, 

mol %  SiO 2   CaO  FeO  MgO  Cr 2 O 3   NiO  MnO  Al 2 O 3   Total  Ti  V  Y  Yb  Dy 

 1.  73.18  38.12  0.18  24.58  37.63  0.01  0.20  0.38  0.02  101.15  126.90  24.77  1.43  0.46  0.15 

 2.  75.46  38.47  0.24  22.62  39.04  0.02  0.22  0.36  0.03  101.01  71.60  25.11  0.74  0.23  0.08 

 3.  73.45  38.38  0.23  24.21  37.57  0.00  0.26  0.37  0.03  101.07  113.27  29.45  1.32  0.45  0.16 

 4.  76.46  38.84  0.24  21.81  39.74  0.01  0.20  0.34  0.02  101.22  118.72  12.63  0.72  0.26  0.09 

 5.  77.31  39.10  0.23  21.08  40.30  0.01  0.20  0.34  0.02  101.32  104.41  22.18  0.65  0.22  0.09 

 6.  78.34  39.00  0.29  20.26  41.12  0.03  0.20  0.31  0.03  101.26  61.26  16.56  0.24  0.08  0.03 

 7.  77.81  38.95  0.26  20.60  40.52  0.02  0.20  0.32  0.03  100.92  82.43  21.55  0.60  0.20  0.09 

 8.  76.09  38.68  0.24  22.05  39.35  0.02  0.21  0.34  0.02  100.95  83.34  23.06  0.63  0.23  0.08 

 9.  75.63  38.39  0.22  22.55  39.25  0.01  0.20  0.35  0.02  101.03  79.92  25.25  0.90  0.28  0.11 

 10.  78.10  38.91  0.28  20.33  40.68  0.03  0.21  0.31  0.03  100.81  73.84  22.87  0.31  0.10  0.04 

 11.  77.66  38.59  0.18  20.84  40.65  0.03  0.19  0.33  0.02  100.84  127.59  23.47  1.00  0.26  0.11 

 12.  78.62  38.20  0.30  19.93  41.12  0.03  0.20  0.30  0.03  100.13  59.98  15.69  0.18  0.07  0.01 

 13.  76.10  38.14  0.16  22.10  39.48  0.00  0.24  0.34  0.01  100.49  149.52  23.75  1.24  0.49  0.13 

 14.  76.07  38.37  0.25  22.17  39.56  0.01  0.21  0.35  0.02  100.97  89.87  31.78  1.00  0.31  0.11 

 15.  77.78  38.53  0.25  20.70  40.64  0.02  0.18  0.32  0.02  100.69  100.12  23.02  0.68  0.21  0.08 

 16.  77.20  38.30  0.26  21.19  40.25  0.02  0.19  0.33  0.03  100.60  71.84  27.23  0.65  0.23  0.06 

 17.  74.97  38.15  0.16  23.12  38.85  0.02  0.20  0.36  0.01  100.89  151.45  18.35  1.11  0.38  0.14 

  Note: Major components (wt %) were determined by EPMA in GEOKHI RAS (analyst N. Kononkova), rare elements (ppm) were analyzed by 
SIMS in Institute of Microelectronic, Yaroslavl (analyst S. Simakin)  
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   Table 4.25    Representative analyses of pyroxenes from the rocks of the Noril’sk 2 intrusion, wt %   

 №  Depth, m  MgO#  SiO2  TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  K 2 O  Cr 2 O 3   Total 

 1.  139.2  76.04  51.68  0.58  2.54  8.97  0.21  15.97  19.48  0.27  0.00  0.07  99.77 

 2.  142  65.30  50.24  0.78  2.04  13.33  0.31  14.07  17.98  0.28  0.001  0.01  99.07 

 3.  143.3  73.10  51.19  0.60  2.18  10.01  0.23  15.26  19.39  0.25  0.00  0.04  99.18 

 4.  149  75.53  52.41  0.45  1.99  9.91  0.25  17.16  17.61  0.21  0.00  0.08  100.09 

 5.  149  72.93  50.85  0.62  2.23  10.20  0.25  15.41  19.28  0.24  0.00  0.04  99.14 

 6.  154  77.12  51.21  0.53  2.23  8.58  0.20  16.22  19.83  0.22  0.00  0.06  99.08 

 7.  154  74.17  51.39  0.58  2.14  9.75  0.23  15.70  19.33  0.24  0.00  0.03  99.39 

 8.  160  76.24  52.76  0.53  2.12  8.91  0.21  16.04  19.98  0.24  0.00  0.02  100.84 

 9.  162  70.82  51.71  0.65  2.17  11.02  0.26  15.00  18.84  0.26  0.00  0.00  99.91 

 10.  162  77.24  51.61  0.52  2.11  8.40  0.20  15.99  19.98  0.22  0.001  0.05  99.10 

 11.  164  78.57  51.78  0.53  2.23  7.94  0.20  16.33  20.27  0.23  0.002  0.08  99.60 

 12.  164  79.88  52.24  0.47  2.26  7.38  0.18  16.43  20.33  0.21  0.00  0.16  99.68 

 13.  165  80.09  52.08  0.47  2.25  7.31  0.17  16.49  20.36  0.24  0.007  0.16  99.56 

 14.  182  67.24  50.16  0.78  2.06  12.69  0.31  14.61  18.02  0.33  0.003  0.00  98.98 

 15.  182.9  78.76  51.89  0.49  2.28  7.84  0.18  16.31  20.18  0.22  0.004  0.10  99.51 

 16.  182.9  75.84  51.91  0.56  2.23  9.04  0.22  15.92  19.46  0.24  0.00  0.02  99.62 

 17.  186  79.88  51.89  0.49  2.62  7.31  0.17  16.28  20.33  0.23  0.00  0.26  99.59 

 18.  187.7  80.68  52.45  0.44  2.33  7.07  0.16  16.56  20.34  0.23  0.003  0.23  99.83 

 19.  191.8  80.93  51.72  0.46  2.43  6.99  0.16  16.64  20.45  0.23  0.00  0.35  99.43 

 20.  191.8  62.21  50.46  0.72  1.62  13.96  0.42  12.89  19.05  0.25  0.00  0.03  99.42 

 21.  194.7  81.16  52.00  0.47  2.78  6.79  0.16  16.41  20.37  0.22  0.00  0.49  99.73 

 22.  194.7  81.59  51.72  0.47  3.17  6.46  0.15  16.06  20.39  0.25  0.00  0.88  99.57 

 23.  208.8  81.45  51.51  0.42  2.53  6.69  0.17  16.48  20.51  0.23  0.001  0.53  99.09 

 24.  208.8  80.27  52.09  0.46  2.39  7.17  0.16  16.36  20.43  0.24  0.006  0.24  99.56 

 25.  211.3  68.29  50.44  0.88  1.81  12.27  0.32  14.82  18.15  0.26  0.003  0.00  98.97 

 26.  211.4  81.16  51.46  0.41  2.10  6.94  0.17  16.77  20.18  0.22  0.00  0.28  98.54 

 27.  230.1  81.43  52.72  0.44  2.33  6.85  0.17  16.85  20.22  0.24  0.00  0.37  100.20 

 28.  230.1  79.17  51.43  0.65  3.48  7.61  0.17  16.22  19.71  0.23  0.001  0.36  99.87 

 29.  234.8  81.36  51.84  0.47  2.76  6.72  0.16  16.45  20.39  0.23  0.00  0.65  99.68 

 30.  242.2  79.72  53.32  0.48  2.25  7.55  0.18  16.65  20.30  0.22  0.00  0.11  101.08 

 31.  242.2  82.88  53.18  0.38  2.23  6.33  0.16  17.19  20.55  0.23  0.003  0.56  100.83 

 32.  242.2  81.86  51.89  0.43  2.71  6.53  0.15  16.53  20.73  0.24  0.00  0.61  99.85 

 33.  242.2  81.86  52.91  0.42  2.40  6.65  0.16  16.83  20.43  0.23  0.00  0.60  100.65 

  Note: N sample is the depth (m) in borehole MN-18, Analyses were carried out in MPI, analysts D. Kuzmin and N. Krivolutskaya  

section has experienced the most prospecting for economic 
mineralization, whereas the western section is less 
explored. 

 In cross section, the intrusive body has the form of asym-
metrical fl attened cylinder with steep discordant northern 
and southern sides with slopes that are subconcordant. The 
intrusion farther north is split into a number of apophyses, 
and the underlying rocks are Lower Devonian sediments. 
There are three types of ore: disseminated, vein, and oxi-
dized ores. All three ore types are found in the lower hori-
zons of the differentiated intrusion of gabbro-dolerites and in 
the exocontact zone, occupying a very defi nite place in the 
vertical section of the deposit. 

 Disseminated ores, constituting the bulk of the ores, are 
confi ned to the lower differentiates of the intrusion. The 
impregnation sulfi des usually appear only in the picritic 
gabbro- dolerites. Disseminated ores in this intrusion are 
represented by small drop-shaped sulfi des 1–1.5 cm in 
diameter. In the taxitic gabbro-dolerites, large xenomorphic 
sulfi de aggregates appear. This type of ore (in the taxitic 
gabbro- dolerites) represents most of the mass of dissemi-
nated ores. 

 Ore veins are present in the eastern, northern, and north-
western parts of the eastern section of the massif, as well as 
in the underlying rocks. In the intrusion, they are usually 
separate thin veinlets 3–4 cm wide and rarely up to 20–25 cm. 
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The distinctive feature of the chemical composition of the 
ore deposits are elevated levels of (often a few tens of ppm) 
PGE. Rich cuprous ore exists in the bedrock. The metal con-
tent in the western part of the deposit is slightly higher than 
the eastern part. 

 Oxidized ore mostly developed in the eastern part of the 
eroded area, where the disseminated ores are located beneath 
Quaternary sediments. The western border of oxidized ores 
has not been reliably established. They are linked via a sec-
ondary enrichment zone, in which the nickel content is lower 
but the contents of copper and platinum group metals are 
higher. Thus, where the content of nickel is 0.03 %, the cop-
per and platinum metals contents reach 0.86 % and 
14.65 ppm, respectively. 

 In 2000, the Chernogorsky massif was included in a 
number of promising objects for the detection of low-sul-
fi de platinum horizons in the Upper Gabbro Series. 
Therefore, the distribution of low-sulfi de mineralization in 
the Upper Gabbro Series was studied in the southwestern 
part of the eastern section and in Tunguska Group on the 
left bank of the Zvonky stream. The mineralization’s thick-

ness ranges from 8.0 to 29.6 m, which is approximately 
10 % of the thickness of the intrusion. The sulfi de concen-
tration, represented by chalcopyrite, pyrite, and pyrrhotite, 
is 1 %. The contents of base metals are low, and the 
 concentration of PGE reaches 2 ppm. The remaining sec-
tions of the massif’s Upper Gabbro Series are completely 
eroded. 

4.5.3.1     Internal Structure of the Chernogorsky 
Intrusion 

 The internal structure of the Chernogorsky intrusion was 
studied in borehole Ch-55 and MP-2 bis, where the intru-
sion is the thickest (120 m). In this section, the following 
horizons (from bottom to top) were distinguished: taxitic, 
picritic gabbro-dolerite, olivine gabbro-dolerites, and con-
tact gabbro-dolerites. In this core, Kruglogorsky-type 
rocks (Noril’sk Complex) are present in the interval 
180–230 m. 

 The compositions of the rock-forming minerals were 
studied only in the lower part of the massif, i.e., in the pic-
ritic and partly taxitic gabbro-dolerites from the borehole 
and from the surface outcrops. 

 The composition of the picritic gabbro-dolerite was stud-
ied in detail, and the content of the main components was 
defi ned by microprobe analysis obtained by sintering powder 
samples of rocks at a temperature of 1,500 °C (33 samples). 
The concentration of trace elements was determined by 
inductively coupled plasma mass spectrometry (laser- 
sampling type). The content of the main elements varied in 
the following ranges (wt %): SiO 2 , 44–47; TiO 2 , 0.5–0.6; 
Al 2 O 3 , 8.6–11.6; MgO, 17.6–23.2; CaO, 6.4–9.3; Na 2 O, 0.4–
0.9; KO 2 , 0.4–0.7; and Cr 2 O 3 , 0.06–0.08. Representative 
analyses are given in Table  4.26 .

   The spectra of the distribution of trace elements are very 
typical of the Noril’sk-type intrusions. They are character-
ized by enrichment in light incompatible elements and by the 
presence of distinct negative Ta, Nb, and Ti anomalies and 
positive U, Pb, and Sr anomalies. Additionally, the curve fea-
tures a steeper slope on the right side of the spectrum 
(Fig.  4.42 ).

    Olivine . Variations in the olivine compositions of the 
picritic gabbro-dolerites rocks are shown in Fig.  4.43  and 
listed in Tables  4.27  and  4.28 . All rocks of the lower part 
of the Chernogorsky intrusion are designated “picritic 
 gabbro- dolerite,” and the rocks of the Kruglogorsky-type 
massif are designated “taxitic gabbro-dolerite.” The studied 
olivines from the rocks of the Chernogorsky intrusion 
differ signifi cantly and feature a large range of MgO 
concentrations relative to the olivines from the underlying 
massif. The forsterite component has a range of 59–82 mol% 
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  Fig. 4.40    Cr 2 O 3 –Mg# diagram for pyroxenes from the Noril’sk 2 
intrusion       
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  Fig. 4.41    Geological map and cross section of the Chernogorsky intrusion 
 After NorilskGeology, Ltd. data, with changes by the author       

Fo, whereas olivines from the Kruglogorsky massif have a 
narrower range of 54–70 mol% Fo. In general, all the studied 
olivines show a distinct correlation between the major com-
ponents: higher SiO 2  content correlates with higher concen-
trations of MgO, and Mn, Ti, Co, and Fe are also directly 
correlated. However, the behaviors of other trace elements in 

olivines from these intrusions differ. The olivines from the 
Chernogorsky intrusion are characterized by correlations 
between the contents of TiO 2  with increasing FeO and Al 2 O 3  
with increasing MgO, whereas no such obvious variations 
are observed in the Kruglogorsky olivines. There are weak 
correlations between the elements within the selected hori-
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   Table 4.26    Representative analyses of rocks from the Chernogorsky intrusion (borehole Ch-55)   

 Depth, m  202.4  207.6  215.8  219.3  246.1  255.5  258.4  268.2  269.5 

 Component  1  2  3  4  5  6  7  8  9 

 SiO 2   48.00  47.80  47.88  46.60  42.83  42.73  41.92  45.88  46.82 

 TiO 2   0.69  0.68  0.70  0.61  0.57  0.72  0.60  0.86  0.85 

 Al 2 O 3   20.82  20.33  19.96  17.56  8.68  9.43  10.69  15.18  12.16 

 FeO  8.19  8.53  8.82  10.32  15.70  15.64  17.58  14.05  9.45 

 MnO  0.16  0.13  0.17  0.09  0.24  0.26  0.20  0.23  0.34 

 MgO  7.79  8.20  8.45  11.16  24.93  21.75  19.33  11.91  13.10 

 CaO  12.34  12.02  11.12  11.00  5.99  6.32  7.10  9.44  15.94 

 Na 2 O  1.78  1.78  2.03  1.57  0.75  1.04  0.88  1.47  0.40 

 K 2 O  0.54  0.49  0.70  0.52  0.25  0.35  0.30  0.47  0.61 

 P 2 O 5   0.09  0.09  0.08  0.09  0.06  0.09  0.06  0.10  0.13 

 Total  100.3  100.05  99.91  99.53  100.00  98.33  98.67  99.59  99.80 

 Rb  10.7  11.4  16.7  13.9  5.7  7.9  7.8  9.6  13.8 

 Ba  163  104  177  93  103  115  129  191  162 

 Th  0.78  0.59  0.69  0.39  0.61  0.61  0.43  0.59  0.74 

 U  0.31  0.25  0.38  0.15  0.31  0.24  0.20  0.25  0.32 

 Nb  3.01  2.14  3.30  1.94  1.79  2.04  1.63  2.72  2.30 

 Ta  0.18  0.13  0.19  0.12  0.10  0.13  0.10  0.16  0.17 

 La  6.90  4.13  5.87  3.35  3.94  3.95  3.17  4.08  7.36 

 Ce  14.36  9.61  13.80  7.93  9.06  8.70  6.98  9.31  19.28 

 Pb  2.51  1.63  5.34  3.72  0.41  10.66  7.06  4.12  62.71 

 Pr  1.79  1.32  1.81  1.11  1.21  1.18  0.99  1.30  2.77 

 Nd  8.00  6.16  8.20  5.30  5.41  5.58  4.59  6.35  13.60 

 Sr  405  356  351  332  182  138  138  387  267 

 Sm  2.07  1.68  2.24  1.41  1.44  1.51  1.32  1.77  3.67 

 Zr  58.0  42.2  80.8  33.6  44.9  44.6  27.9  57.3  86.8 

 Hf  1.55  1.10  2.23  0.87  1.08  1.26  0.77  1.36  2.91 

 Eu  0.74  0.66  0.75  0.57  0.54  0.56  0.54  0.74  1.18 

 Ti  4117  3999  4336  3688  3634  4282  3603  5035  5127 

 Gd  2.44  2.01  2.63  1.69  1.73  1.84  1.59  2.28  4.16 

 Tb  0.41  0.34  0.43  0.29  0.29  0.32  0.27  0.36  0.67 

 Dy  2.66  2.28  2.91  1.91  2.00  2.15  1.83  2.48  4.35 

 Ho  0.54  0.47  0.62  0.40  0.41  0.45  0.38  0.52  0.87 

 Y  14.7  12.5  16.1  10.8  11.3  12.1  10.0  14.5  24.2 

 Er  1.57  1.33  1.77  1.18  1.21  1.29  1.11  1.54  2.52 

 Tm  0.22  0.20  0.24  0.17  0.17  0.19  0.15  0.23  0.34 

 Yb  1.51  1.34  1.76  1.14  1.22  1.30  1.15  1.56  2.33 

 Lu  0.22  0.20  0.25  0.18  0.18  0.20  0.17  0.24  0.35 

 Ni  191  216  199  309  1545  2956  3573  1551  227 

 Cu  172  102  134  182  511  4112  4837  1539  728 

 Zn  94  79  120  84  28  1179  591  206  853 

 Mn  1150  1132  1279  1206  1820  1674  1641  1634  2502 

 Sc  22  23  22  25  23  25  22  26  30 

 Co  58  42  81  34  45  45  28  57  87 

  Note: Analyses were carried out in Max Planck Institute of Chemistry, Mainz, Germany. Analysts B. Stoll, D. Kuzmin, N. Krivolutskaya  
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zons of rocks, i.e., the olivine and olivine gabbro-dolerite (in 
the lower fraction of ferruginous olivine—Fo 54–60 —relative 
to the higher fraction, Fo 60–70 ). In the olivine of the 
Chernogorsky intrusion, the NiO and CaO concentrations 
are slightly higher than those in the olivines of the 
Kruglogorsky intrusion with the same MgO, although they 
form common trend lines (Fig.  4.43 ).
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  Fig. 4.42    Trace element patterns for intrusive rocks of the Chernogorsky 
intrusion       
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  Fig. 4.43    NiO, CaO–Fo diagrams for olivines of the Chernogorsky 
( black circles ) and Kruglogorsky ( blue circles ) intrusions       

    Table 4.27    Representative analyses of olivines from the picritic gabbro-dolerites of the Chernogorsky intrusion, wt %   

 N Fo  SiO 2   CaO  FeO  MgO  Cr 2 O 3   NiO  MnO  Total 

 1.  78.27  38.16  0.09  20.12  40.67  0.01  0.20  0.32  99.66 

 2.  78.20  38.60  0.11  20.24  40.72  0.01  0.22  0.32  100.31 

 3.  79.98  38.85  0.10  18.59  41.68  0.01  0.21  0.29  99.85 

 4.  78.35  38.49  0.07  20.07  40.75  0.00  0.23  0.31  100.03 

 5.  80.31  38.85  0.09  18.38  42.07  0.01  0.12  0.29  99.93 

 6.  78.78  38.53  0.08  19.71  41.05  0.01  0.21  0.31  99.99 

 7.  78.54  38.55  0.10  19.88  40.83  0.01  0.21  0.32  99.99 

 8.  78.50  38.40  0.10  19.92  40.82  0.01  0.22  0.32  99.89 

 9.  78.21  38.14  0.09  20.15  40.57  0.01  0.18  0.32  99.57 

 10.  78.33  38.69  0.12  20.14  40.84  0.01  0.11  0.32  100.32 

 11.  77.98  38.48  0.09  20.45  40.63  0.00  0.22  0.32  100.29 

 12.  78.69  38.74  0.09  19.83  41.08  0.01  0.20  0.32  100.36 

 13.  78.18  38.39  0.13  20.19  40.58  0.01  0.19  0.32  99.91 

 14.  78.86  38.18  0.10  19.63  41.08  0.01  0.22  0.32  99.64 

 15.  78.60  38.47  0.11  19.91  41.05  0.01  0.22  0.32  100.20 

 16.  78.40  38.12  0.09  20.03  40.81  0.01  0.23  0.32  99.70 

 17.  78.57  38.53  0.12  19.96  41.06  0.01  0.21  0.32  100.31 

 18.  78.43  38.36  0.07  19.97  40.74  0.00  0.21  0.32  99.77 

 19.  78.30  38.78  0.08  20.14  40.76  0.01  0.24  0.32  100.43 

 20.  78.06  38.84  0.1  20.35  40.63  0.00  0.19  0.32  100.52 

 21.  78.81  38.55  0.08  19.71  41.13  0.01  0.16  0.32  100.05 

 22.  79.07  38.78  0.09  19.49  41.31  0.01  0.21  0.32  100.31 

 23.  78.57  38.83  0.08  19.89  40.94  0.01  0.19  0.32  100.37 

 24.  78.80  38.73  0.07  19.76  41.23  0.01  0.20  0.32  100.41 

(continued)
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 N Fo  SiO 2   CaO  FeO  MgO  Cr 2 O 3   NiO  MnO  Total 

 25.  78.59  38.73  0.08  19.91  41.01  0.006  0.22  0.32  100.38 

 26.  78.67  38.84  0.08  19.84  41.04  0.007  0.23  0.32  100.45 

 27.  78.88  38.72  0.07  19.70  41.30  0.007  0.21  0.32  100.42 

 28.  78.42  38.61  0.10  20.01  40.81  0.01  0.23  0.32  100.19 

 29.  78.50  38.62  0.11  19.96  40.89  0.008  0.23  0.32  100.23 

 30.  78.24  38.43  0.09  20.24  40.84  0.005  0.19  0.33  100.20 

 31.  78.78  38.94  0.07  19.78  41.20  0.009  0.22  0.32  100.62 

 32.  78.54  38.85  0.08  19.98  41.03  0.01  0.22  0.32  100.58 

 33.  78.48  38.72  0.10  20.07  41.06  0.01  0.18  0.33  100.55 

 34.  78.14  38.33  0.09  20.37  40.85  0.01  0.17  0.32  100.24 

 35.  78.50  38.85  0.11  20.06  41.10  0.01  0.24  0.32  100.78 

 36.  78.50  38.83  0.09  20.09  41.17  0.01  0.21  0.32  100.81 

 37.  78.46  38.46  0.07  20.06  40.99  0.01  0.24  0.32  100.24 

 38.  78.70  38.72  0.10  19.82  41.09  0.01  0.22  0.32  100.37 

 39.  78.50  38.66  0.09  19.98  40.92  0.01  0.23  0.32  100.31 

 40.  78.44  38.70  0.09  20.06  40.95  0.009  0.22  0.32  100.44 

 41.  78.54  39.05  0.11  20.02  41.11  0.01  0.16  0.33  100.87 

 42.  78.67  38.80  0.10  19.91  41.20  0.01  0.21  0.32  100.64 

 43.  78.88  39.10  0.08  19.71  41.31  0.01  0.20  0.31  100.81 

 44.  79.68  39.12  0.09  19.01  41.84  0.01  0.20  0.31  100.67 

 45.  78.31  38.88  0.09  20.20  40.92  0.009  0.19  0.32  100.71 

 46.  80.38  39.22  0.11  18.39  42.26  0.01  0.21  0.29  100.59 

 47.  78.39  38.92  0.09  20.11  40.92  0.007  0.22  0.32  100.67 

 48.  78.84  38.95  0.07  19.77  41.33  0.01  0.20  0.32  100.74 

 49.  78.56  39.00  0.07  20.00  41.12  0.006  0.24  0.32  100.85 

 50.  78.70  38.85  0.08  19.85  41.15  0.01  0.23  0.32  100.57 

 51.  78.39  38.44  0.09  20.11  40.94  0.008  0.21  0.32  100.22 

 52.  81.33  39.09  0.09  17.58  42.97  0.01  0.21  0.28  100.32 

  Note: Here and in Tables 4.28, 4.29 analyses were carried out in MPI, analysts D. Kuzmin and N. Krivolutskaya  

Table 4.27 (continued)

      Pyroxenes . Due to unfortunate technical reasons, the 
pyroxene compositions have not been studied uniformly 
throughout the section. However, the analysis was performed 
for the main types of rocks of both intrusions. For the 
Chernogorsky intrusion, clinopyroxenes from the taxitic and 
taxitic-like gabbro-dolerites from upper zone and picritic 
gabbro-dolerites from the bottom were investigated 
(Table  4.29 ).

   For the Kruglogorsky massif, pyroxenes from olivine gab-
bro-dolerite were studied (Table  4.29 ). In the fi rst of these 

samples, there is a very wide range in magnesium  content 
(Mg#: 66–82), and the samples are similar in  composition to 
the Kruglogorsky massif, which is characterized by similar 
variations in the composition of clinopyroxene but with a 
lower maximum magnesium content (Mg# of 77, not 82). In 
contrast, the values of the clinopyroxene from the picritic gab-
bro-dolerite of the Chernogorsky intrusion are 77–84. The 
clinopyroxenes are also characterized by low- titanium values 
(0.4–0.6 wt %), whereas the higher  contents of Ti in the 
Kruglogorsky intrusion have values of 0.6–1.0 wt %.   
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     Table 4.29    Representative analyses of pyroxenes from the Kruglogorsky intrusions (borehole MP-2b), wt %   

 №  Depth, m  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Total 

 1.  198  71.82  51.31  0.78  2.43  10.60  0.25  15.15  18.89  0.29  0.03  99.76 

 2.  198  65.74  51.12  0.90  1.67  13.89  0.33  14.95  17.07  0.26  0.00  100.23 

 3.  198  76.26  51.29  0.64  2.87  8.74  0.21  15.75  19.53  0.31  0.23  99.62 

 4.  198  66.10  51.47  0.84  1.79  13.42  0.31  14.68  17.63  0.30  0.01  100.49 

 5.  198  67.29  51.23  0.85  1.95  12.75  0.29  14.71  18.19  0.27  0.03  100.31 

 6.  200  68.28  51.09  0.82  2.26  11.92  0.28  14.39  18.87  0.32  0.02  99.99 

 7.  200  64.07  50.77  0.95  2.28  13.82  0.33  13.82  18.08  0.29  0.01  100.39 

 8.  201  67.35  51.10  0.87  2.23  12.55  0.29  14.52  18.24  0.23  0.01  100.09 

 9.  201  70.16  51.13  0.84  2.36  11.32  0.27  14.93  18.68  0.21  0.03  99.81 

 10.  206  66.92  51.07  0.88  2.38  13.21  0.33  14.99  17.06  0.17  0.01  100.13 

 11.  207  62.83  50.67  0.95  1.97  14.27  0.34  13.53  17.86  0.16  0.01  99.78 

 12.  211  77.77  51.22  0.60  2.90  8.11  0.18  15.91  19.70  0.36  0.31  99.33 

 13.  211  77.29  51.55  0.59  2.59  8.44  0.19  16.11  19.44  0.19  0.24  99.39 

 14.  215  77.38  51.84  0.58  2.39  8.39  0.20  16.10  19.71  0.34  0.15  99.75 

 15.  215  65.88  51.61  0.80  1.36  14.33  0.37  15.52  15.87  0.21  0.00  100.07 

    Table 4.28    Representative analyses of olivine from Chernogorsky (borehole MP-2b), wt %   

 N  Depth, m  Fo  SiO 2   CaO  FeO  MgO  NiO  MnO  Total 

 1.  133  71.32  37.84  0.11  25.98  36.21  0.17  0.39  100.71 

 2.  133  70.5  37.62  0.10  26.67  35.71  0.17  0.39  100.68 

 3.  133  70.2  37.69  0.12  27.05  35.82  0.18  0.39  101.26 

 4.  133  71.9  37.43  0.12  25.36  36.35  0.17  0.38   99.81 

 5.  133  72.6  37.86  0.14  25.00  37.20  0.17  0.38  100.76 

 6.  133  72.6  37.82  0.13  24.99  37.20  0.17  0.38  100.71 

 7.  133  72.5  37.87  0.13  25.05  37.12  0.17  0.38  100.74 

 8.  133  72.3  37.74  0.10  25.21  36.91  0.16  0.38  100.53 

 9.  133  72.3  37.62  0.11  25.04  36.75  0.16  0.38  100.08 

 10.  133  70.5  37.82  0.21  26.80  35.89  0.13  0.40  101.29 

 11.  133  69.9  37.80  0.22  27.26  35.61  0.13  0.41  101.46 

 12.  134  78.1  38.74  0.14  20.52  40.98  0.23  0.32  100.96 

 13.  134  78.1  38.78  0.13  20.42  40.84  0.23  0.32  100.75 

 14.  134  78.5  38.73  0.13  20.04  41.07  0.22  0.31  100.53 

 15.  134  77.4  38.66  0.12  21.01  40.31  0.23  0.33  100.69 

 16.  134  78.1  38.59  0.12  20.36  40.73  0.23  0.31  100.38 

 17.  135  73.2  37.86  0.14  24.52  37.64  0.22  0.37  100.77 

 18.  137  74.3  38.53  0.13  23.83  38.67  0.17  0.36  101.72 

 19.  137  73.7  38.23  0.13  24.15  37.96  0.15  0.38  101.01 

 20.  137  73.6  38.35  0.13  24.21  37.92  0.14  0.37  101.15 

 21.  137  73.8  38.40  0.13  24.13  38.22  0.14  0.37  101.42 

 22.  137  74.9  38.35  0.13  23.11  38.76  0.15  0.36  100.88 

 23.  137  74.1  38.37  0.12  23.89  38.37  0.14  0.37  101.29 

 24.  137  75.1  38.47  0.14  23.01  38.86  0.19  0.35  101.05 

 25.  137  73.2  38.23  0.13  24.69  37.84  0.15  0.38  101.44 

 26.  137  73.0  38.18  0.15  24.86  37.71  0.15  0.38  101.45 

 27.  137  74.6  38.51  0.11  23.48  38.72  0.14  0.36  101.35 

 28.  139  65.7  37.26  0.19  30.68  32.95  0.11  0.47  101.68 

 29.  139  64.4  36.99  0.22  31.62  32.05  0.10  0.48  101.49 

 30.  140  74.0  38.14  0.12  23.85  38.19  0.19  0.37  100.86 

 31.  140  73.4  38.40  0.14  24.54  38.05  0.19  0.37  101.71 

 32.  140  73.7  38.35  0.13  24.17  37.95  0.19  0.37  101.18 

 33.  140  73.1  38.26  0.15  24.72  37.79  0.19  0.37  101.51 
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4.5.4     Zub-Marksheydersky Massif 

 The fi rst information on the differentiated intrusions of Zub- 
Marksheydersky (Fig.  4.26 ) was obtained by Yu. Sherman 
in 1940 during 1:50,000-scale mapping for the Geological 
Survey between 1940 and 1943. In this intrusion 8 bore-
holes were drilled (along the strike of the intrusive body) 
and disseminated ores were found. The host rocks of this 
massif in the western part of the fi eld are marls and mud-
stones, and the center is composed of Middle Devonian 
mudstones and Lower Devonian gypsum-bearing rocks. 
These formations all have a common gentle dip to the south-
west (Chernova  1961 ). The intrusion has the shape of a 
chonolith and is entirely surrounded by Devonian rocks 
(Fig.  4.44 ). Despite the irregular shape of the intrusion and 
its high degree of bottom roughness, the intrusion is gener-
ally inclined toward the southwest. The intrusion extends 
toward the west–northwest and has a length of approxi-
mately 5 km; its width ranges from 100 to 2,000 m. The 
average thickness of the intrusion is 100 m.

4.5.4.1       The Internal Structure of the Zub- 
Marksheydersky Intrusion 

 The internal structure of the intrusion features peculiar, 
widespread hybridization of surrounding rocks, including 
Lower and Middle Devonian recycled carbonates, terrige-
nous carbonate rocks, marl rocks, and gypsum–anhydrite 
rocks. This assimilation process is most developed in the 
upper part of the intrusion, but the hybrid rocks and xeno-
liths of the host rocks are found not only in areas of the 
upper and lower exocontact but also in the center body of 
the intrusion. Two main types of ores were found: (1) dis-
seminated ore, which is confi ned to the lower differentiated 
intrusions, and (2) veins, which are localized in the form of 
small veins and lenses in the underlying rocks. The orebody 
is in the lower portion of the intrusion and generally has the 
form of layer; in places, the orebody features somewhat 
complicated pinches and bulges. The distribution of the 
mineralization in the deposit area is vertically irregular. The 
thickness of the sulfi de dissemination zone throughout the 
fi eld ranges from 10 to 20 m. The main ore minerals are pyr-
rhotite, chalcopyrite, pentlandite, cubanite, pyrite, and 
sphalerite, as well as less commonly millerite and nickel 
pyrite. The structure and composition of the intrusive rocks 
were studied in borehole MP-34 (Fig.  4.45 ). In the upper 
part of the section, gabbro- diorite and olivine-free gabbro 
dominate. These rocks have experienced heavy secondary 
alteration, including feldspathization, silicifi cation, and so 
on. The rest of the intrusion has a classical structure (gab-

bro-dolerites): olivine- bearing, olivine gabbro-dolerites, 
picritic, taxitic, and contactic.

    Olivine     The composition of olivine has been studied mainly 
in the lower part of the Zub-Marksheydersky massif because 
the upper part of the massif is too altered (Table  4.30 ). 
Variations in the olivine composition in this section are 
shown in Fig.  4.45 . It should be noted that the MgO concen-
tration in the minerals varies widely. For example, the Fo 
proportion in olivine varies from 58.6 to 78.59 mol%, and 
most of the compositions fall within the range of 
70–75 mol%. According to the content of the impurity ele-
ments, in particular titanium, there does not appear to be any 
difference between the olivines from picritic, taxitic, oliv-
ine, and olivine- bearing gabbro-dolerites. The CaO contents 
of the aforementioned olivine horizons are also similar and 
vary greatly from 0.1 to 0.3 wt %. Most of the studied grains 
contain 0.15 to 0.20 wt % CaO which is, in general, higher 
than in the olivines from intrusions with large deposits. The 
MnO content in olivine exhibits the usual dependence on 
the iron content (Table  4.30 ). The lowest NiO concentra-
tions in olivine were found in the upper part of the section 
(Fig.  4.46 ). This observation highlights the inverse relation-
ship between nickel and forsterite in picritic gabbro-doler-
ites due to the presence of sulfi des in the rocks.

      Pyroxene     The composition of pyroxenes has also been stud-
ied, mainly in the lower section of the intrusive body 
(Table  4.31 ). However, this pattern is not due to its absence in 
the rocks (as with olivine) but is rather due to the high degree 
of alteration resulting from hydrothermal processes, especially 
at the top of the section. The most magnesium- rich clinopy-
roxenes are at the top of the picrite horizon (Mg# = 82.4). 
Variations in the composition of pyroxenes are found in all 
horizons, but they are especially characteristic for the upper 
part of the horizon of picritic and olivine gabbro- dolerites. In 
both cases, the difference is Mg# 25. The most distinct changes 
in the content of the impurity elements depend on the compo-
sition of the minerals’ titanium and manganese characteristics 
(Fig.  4.47 ). These elements correlate directly with the iron, 
whereas the chromium concentration increases with increas-
ing Mg#. The distribution of aluminum, calcium, and sodium 
in the pyroxenes is not related to the major elements.

     The compositions of orthopyroxene were studied less 
thoroughly due to its limited availability in the rocks. The ana-
lytical data are likely insuffi cient for a clear picture of the 
behavior of trace elements in the orthopyroxene of the Zub- 
Marksheydersky intrusion. Except for the manganese and 
chromium, no elements exhibit patterns in their distributions.   
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  Fig. 4.44    Geological map and cross section of the Zub-Marksheydersky intrusion 
 After NorilskGeology, Ltd. data, changed by the author       

4.5.5     Bol’shaya Bar’ernaya Massif 

 The intrusion in the mountain Bol’shaya Bar’ernaya is 
located subparallel to and approximately 300–600 m to 
northwest of the Noril’sk 2 massif (Fig.  4.26 ). This intrusion 
is thin (maximum thickness 100 m) and has very steep 
inclination to the NW. Its shape resembles a dyke and is 

approximately 3 km long. Geologists of NorilskGeology, 
Ltd. company regard it as a Noril’sk-type intrusion of the 
Noril’sk Complex (Fig.  4.48 ).

   Samples from the Bol’shaya Bar’ernaya massif were col-
lected from the core of borehole MP-38, in which the intrusive 
rocks form a section 55 m thick. This section consists mostly 
of olivine and olivine-bearing gabbro-dolerites (Fig.  4.49 ).
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    Olivine     The composition of the olivine from the studied 
rocks varies quite signifi cantly, and the forsterite component 
ranges from 73 to 79 mol% (Table  4.32 ). Calcium has weak 
tendency to increase in more magnesium-rich olivine, 
although its concentrations in general are suffi ciently con-
stant, ranging from 0.11 to 0.22 wt % CaO. For Fo 79 , the CaO 
concentration is 0.25 wt %. The concentrations of nickel are 
characterized by surprising constancy (0.25 wt %) and are 

independent of the major elements, which is apparently 
caused by the admixture of sulfi des. Manganese uniformly 
increases with fayalite from 0.3 to 0.38 wt %. The Fe/Mn 
ratio varies irregularly from 64 to 66. Ti and Al form suffi -
ciently clear multidirectional trends; the former is correlated 
with Fe, and the latter is correlated with Mg.

     Pyroxene     The variations in the composition of pyroxenes 
in the intrusion of the Bol’shaya Bar’ernaya are signifi cant, 
reaching 20 with respect to magnesium content, especially 
in the lowermost part of the section (Table  4.33 ). The 
pyroxenes are characterized by very monotonous behavior 
of rare elements, which are almost independent of the com-
position of the rocks. However, in the distribution of tita-
nium in pyroxene, one can see two trends—one in picritic 
gabbro-dolerites and the other in all other rock types. 
However, this division is not very clear, especially in the 
area of magnesium-rich pyroxenes (Mg# greater than 78). 
The slopes of the trend are also very similar in Fe–pyrox-
enes. Based on sodium, which typically mirrors the behav-
ior of titanium, the compositions of the pyroxenes can 
generally be separated into different types, in which sodium 
content increases with increasing iron content in pyroxene. 
The behavior of manganese closely resembles that of 
sodium in pyroxene. The distribution of the aluminum in 
the pyroxenes does not depend on the content of the major 
components, i.e., iron and magnesium. A larger range of Al 
concentrations were found in pyroxenes (1.8–4.0 wt %), 
whereas the pyroxenes from picritic and picritic-like gab-
bro-dolerites feature range from 2.0 to 3.5 wt %. The distri-
bution of chromium in pyroxenes from Bol’shaya 
Bar’ernaya resembles the distribution in pyroxenes from 
the Zub-Marksheydersky intrusion.

4.5.6         Maslovsky Massifs 

 Massive and disseminated PGE–Cu–Ni sulfi de mineraliza-
tion is related to the Maslovsky intrusion that is thought to be 
a southwestern branch of the Noril’sk 1 intrusion based on 
data from boreholes drilled to the south of this massif. The 
deposit was found in the 1960s by G.D. Maslov, who previ-
ously has discovered the Talnakh deposit (unpublished data). 
Geologists from the NorilskGeology, Ltd., the Exploration 
Division of Noril’sk Nickel, have recently carried out explo-
ration and acquired new data that not only shed light on the 
inner structure of this deposit but also provide a set of key 
features that help to understand better the genesis of the 
Noril’sk deposits. 

  Fig. 4.45    Inner structure of the Zub-Marksheydersky intrusion and 
olivine compositions variations throw borehole MP-34       
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 The Southern Maslovsky intrusion differs from the 
other ore-bearing intrusions of the Noril’sk region in cut-
ting at a high level into the stratigraphic section of the 
flood basalts. The intrusions of the Noril’sk Complex 
carrying the  economic ore mineralization are commonly 
hosted in Devonian–Permian terrigenous rocks that 
can be seen at the Zapolyarny, Mayak, Komsomolsky, 

Oktyabr’skoe, and Taymyrsky Mines. More rarely, they are 
located in the lower volcanic formations; this is seen in the 
Medvezhy Creek Mine as example. The Southern Maslovsky 
intrusion cuts across the rocks of the lower part of the 
Nadezhdinsky Formation (Krivolutskaya and Rudakova 
 2009 ), which belongs to the intermediate tuff–lava unit of 
the trap sequence (Geology and ore deposits  1994 ). 

     Table 4.30    Representative analyses of olivine from the Zub-Marksheydersky intrusion (borehole MP-34), wt %   

 N  Depth, m  Fo, mol %  SiO 2   FeO  MnO  MgO  CaO  NiO  Total 

 1.  70  72.56  38.63  25.31  0.40  37.54  0.09  0.19  102.18 

 2.  70  71.95  38.80  25.77  0.41  37.07  0.11  0.19  102.45 

 3.  144  67.97  37.95  29.08  0.45  34.62  0.16  0.11  102.45 

 4.  144  69.29  38.20  28.01  0.43  35.44  0.15  0.12  102.43 

 5.  146  70.25  38.26  26.99  0.42  35.75  0.15  0.11  101.75 

 6.  149  71.24  37.74  26.01  0.40  36.13  0.17  0.12  100.63 

 7.  149  71.37  38.02  25.96  0.40  36.30  0.17  0.12  101.06 

 8.  155  62.66  36.97  32.96  0.55  31.02  0.25  0.08  101.90 

 9.  155  65.56  37.42  30.71  0.47  32.79  0.28  0.09  101.83 

 10.  159  72.19  38.07  25.40  0.40  36.98  0.15  0.19  101.25 

 11.  159  69.98  37.85  27.22  0.42  35.59  0.22  0.17  101.54 

 12.  159  73.28  38.13  24.55  0.39  37.76  0.12  0.20  101.23 

 13.  160  72.10  38.32  25.46  0.40  36.90  0.22  0.22  101.59 

 14.  160  70.49  37.89  26.83  0.42  35.95  0.18  0.25  101.60 

 15.  161  75.34  38.58  22.73  0.35  38.95  0.17  0.18  101.05 

 16.  161  75.60  38.70  22.27  0.36  38.70  0.27  0.23  100.60 

 17.  162  74.64  38.57  23.07  0.38  38.09  0.23  0.25  100.66 

 18.  162  73.61  38.14  23.89  0.39  37.37  0.20  0.24  100.33 

 19.  163  70.35  37.94  26.67  0.43  35.50  0.18  0.20  101.00 

 20.  163  71.41  38.10  25.75  0.42  36.07  0.16  0.20  100.77 

 21.  165  69.51  36.56  26.72  0.42  34.17  0.17  0.18  98.30 

 22.  165  68.71  36.48  27.43  0.43  33.79  0.21  0.18  98.60 

 23.  166  75.78  38.77  22.44  0.34  39.37  0.22  0.25  101.46 

 24.  166  74.44  38.68  23.58  0.36  38.51  0.16  0.25  101.62 

 25.  166  75.00  38.75  23.09  0.36  38.85  0.18  0.25  101.56 

 26.  166  75.56  38.70  22.65  0.35  39.28  0.19  0.24  101.48 

 27.  168  68.95  37.74  28.06  0.46  34.95  0.16  0.17  101.62 

 28.  168  67.37  37.27  29.13  0.48  33.73  0.17  0.20  101.05 

 29.  168  66.67  37.32  29.89  0.49  33.53  0.13  0.20  101.63 

 30.  169  72.32  37.99  25.37  0.38  37.18  0.13  0.26  101.39 

 31.  169  70.12  37.65  27.13  0.42  35.71  0.14  0.25  101.38 

 32.  169  71.97  37.91  25.53  0.39  36.77  0.18  0.26  101.10 

 33.  169  72.97  38.11  24.83  0.38  37.58  0.15  0.25  101.36 

 34.  169  69.21  37.62  27.89  0.46  35.17  0.15  0.29  101.64 

 35.  169  72.43  38.03  25.30  0.39  37.29  0.17  0.25  101.52 

 36.  169  70.60  37.71  26.73  0.43  36.01  0.17  0.25  101.36 

 37.  170  70.36  38.15  26.98  0.46  35.92  0.15  0.18  101.91 

 38.  170  68.92  37.92  28.09  0.47  34.93  0.13  0.19  101.80 

   Note: Here and in Table 4.31 analyses were carried out in GEOKHI RAS, analyst N. Kononkova  
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  Fig. 4.46    NiO, MnO–Fo diagrams for olivines of the Zub-Marksheydersky intrusion       

    Table 4.31    Representative analyses of pyroxenes from the Zub-Marksheydersky intrusion (borehole MP-34), wt %   

 N  Depth, m  Mg#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na2O  Cr 2 O 3   Total 

 1.  70  78.44  52.26  0.51  2.81  8.19  0.20  16.71  19.57  0.26  0.18  100.75 

 2.  70  78.98  51.43  0.62  3.98  7.66  0.19  16.14  19.93  0.28  0.45  100.72 

 3.  146  74.28  52.35  0.12  0.78  9.05  0.33  14.66  22.25  0.10  0.00  99.63 

 4.  146  65.71  51.28  0.25  1.69  11.85  0.40  12.74  21.31  0.42  0.00  99.95 

 5.  150  75.36  51.05  0.66  3.42  9.16  0.23  15.72  19.36  0.28  0.35  100.27 

 6.  150  75.30  51.65  0.65  3.23  9.38  0.25  16.04  19.04  0.29  0.33  100.89 

 7.  155  75.85  51.09  0.65  3.73  8.93  0.22  15.74  19.24  0.25  0.38  100.26 

 8.  155  74.76  51.38  0.64  3.36  9.62  0.25  15.98  18.73  0.25  0.22  100.46 

 9.  159  80.05  52.63  0.50  2.85  7.49  0.19  16.86  19.87  0.20  0.32  100.95 

 10.  159  80.95  52.80  0.43  2.72  7.19  0.18  17.14  19.76  0.21  0.43  100.89 

 11.  160  81.07  52.05  0.60  2.60  7.11  0.17  17.08  19.74  0.28  0.31  99.94 

 12.  160  80.56  51.49  0.67  2.66  7.40  0.19  17.20  19.43  0.26  0.29  99.59 

 13.  160  79.96  51.70  0.72  2.54  7.78  0.20  17.41  19.06  0.26  0.23  99.89 

 14.  161  79.55  52.01  0.74  2.99  7.62  0.20  16.62  19.58  0.25  0.30  100.34 

 15.  161  76.30  50.81  1.52  3.33  8.89  0.22  16.06  18.95  0.31  0.11  100.24 

 16.  162  79.88  51.19  0.58  3.58  7.25  0.18  16.15  19.95  0.24  0.67  99.84 

 17.  162  78.99  50.71  0.66  3.32  7.73  0.19  16.30  19.53  0.24  0.43  99.14 

 18.  162  80.21  50.81  0.56  3.38  7.18  0.18  16.32  19.92  0.22  0.58  99.19 

 19.  163  77.24  51.75  0.76  2.41  8.50  0.21  16.18  19.66  0.29  0.30  100.07 

 20.  163  79.38  51.71  0.66  2.37  7.69  0.19  16.61  19.96  0.26  0.27  99.70 

 21.  163  78.43  50.53  0.67  3.26  7.97  0.20  16.27  19.52  0.22  0.31  98.99 

 22.  165  75.16  50.47  1.04  2.98  9.31  0.25  15.80  18.79  0.32  0.24  99.23 

 23.  165  74.73  50.51  1.04  3.04  9.65  0.26  16.01  18.29  0.34  0.25  99.43 

 24.  166  81.46  51.91  0.65  3.20  6.70  0.16  16.52  20.52  0.24  0.47  100.37 

 25.  166  81.17  51.54  0.69  3.09  6.81  0.16  16.46  20.40  0.26  0.41  99.80 

 26.  168  79.88  52.02  0.53  2.66  7.35  0.18  16.36  20.33  0.26  0.32  100.02 

 27.  168  76.06  52.72  0.65  2.15  9.08  0.23  16.18  19.51  0.30  0.03  100.84 

 28.  168  73.34  50.76  1.21  2.37  10.21  0.27  15.76  18.77  0.32  0.02  99.68 

 29.  170  69.84  54.35  0.27  1.79  12.64  0.27  16.42  11.82  0.37  0.01  98.08 

 30.  170  75.72  51.08  0.63  3.34  8.75  0.31  15.30  19.94  0.31  0.25  99.92 

 31.  171  75.16  54.11  0.43  1.93  10.62  0.50  18.02  11.15  0.61  0.00  97.50 

 32.  171  78.85  50.49  0.69  3.90  7.50  0.18  15.68  20.47  0.27  0.16  99.35 

 33.  171  80.73  51.93  0.49  2.62  6.99  0.18  16.43  20.79  0.28  0.13  99.84 

 34.  171  79.74  51.19  0.60  3.34  7.20  0.16  15.89  20.87  0.28  0.12  99.65 
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 These geological positions of the Southern Maslovsky 
intrusion help to resolve some of the poorly understood 
aspects of genesis of the Noril’sk deposits, viz., (1) to estab-
lish the temporal relationships between the ore-bearing 
intrusions and lavas and (2) to estimate the role of surround-
ing rocks’ contamination by magma in the formation of sul-
fi de mineralization. 

 The Maslovsky deposit has been explored with numerous 
boreholes, two of which (OM-4 and OM-24) were drilled 
through the thickest part of the intrusions (270 m in the north 
and 420 in the south) and, thus, they were selected for a more 
detailed examination for this study. Samples from boreholes 
OM-6 and OM-25 were also included in our research, and 
their data have been published in Krivolutskaya et al.  2012 ; 
Krivolutskaya and Rudakova ( 2009 ), Rudakova and 
Krivolutskaya ( 2009 ). 

  Methods.  Two hundred gram samples of the rock were 
powdered, and 40 g were baked to glass using an Ir heater 
(Stoll et al.  2008 ). Major and trace elements were determined 
by EPMA on a  Jeol JXA 8200 SuperProbe  electron probe at 
the Max Planck Institute for Chemistry in Mainz, Germany. 
The major element compositions of the glasses were  analyzed 

at an accelerating voltage of 15 kV and a beam current of 
12 nA, with the reference sample being natural basaltic glass 
USNM111240/52 (VG2) (Jarosevich et al.  1980 ). A relative 
standard deviation (RSD) of 1–2 % was achieved during the 
analysis. 

 The composition of olivine was determined at an acceler-
ating voltage of 20 kV and a beam current of 300 nA, follow-
ing a special procedure which allows 20–30 ppm (two-sigma 
error) precision and an accuracy for Ni, Ca, Mn, Al, Ti, Cr, 
and Co at 0.02 mol% for the forsterite component in olivine 
(Sobolev et al.  2007 ). The composition of pyroxenes was 
analyzed at an accelerating voltage of 20 kV and a beam cur-
rent of 80 nA. Sulfi de compositions were determined on  SX 
100 Cameca  at the Vernadsky Institute of Geochemistry 
RAS (Moscow, Russia) at an accelerating voltage of 15 kV 
and a beam current of 40 nA. 

 LA-ICP-MS was applied to determine trace elements in 
glasses and minerals on  ELEMENT-2  ( Thermo Scientifi c,  
GB )  mass spectrometer with an  UP-213 New Wave Research  
solid-phase laser (GB) at the Max Planck Institute for 
Chemistry, with reference to the KL-2G and NIST 612 
standard samples of basaltic glass (Jochum et al.  2000 ) and 
the GeoReM database (  http://georem.mpch-mainz.gwdg.
de    ), and Ca as the reference element for glasses and Si for 
minerals. The typical laser beam diameter was 160 μm for 
glasses and 60–80 μm for minerals, and the ablation time 
was 160 and 60–80 s, respectively. Element abundances 
were determined with two-sigma errors of no higher than 5 
and 10 % for concentrations >1 ppm and <0.1 ppm, 
respectively. 

  Precious metals  (Au and PGE) were determined at the 
Laboratory of the Geochemistry of PGE of the Semenenko 
Institute of Geochemistry, Mineralogy and Ore Formation 
of the National Academy of Sciences of Ukraine, by assay-
ing with the use of atomic emission in 35-g samples (Kursky 
et al.  1992 ). Check analyses were made with 80–100 g of 
material. Simultaneously reference samples were prepared 
(RSP-1 and a set of original synthetic samples) whose pre-
cious metal concentrations were in the range of 0.003–
20.0 ppm. The preparation of the samples involved their 
saturation with lead acetate solution with the addition of 
10 mg Ag in the form of silver nitrate solution. The dried 
samples were mixed following conventional techniques, 
with a slight excess of the reducer. The reducing melting 
was carried out in chamotte refractory crucibles at a tem-
perature of 1150 О C. The lead bullions thus obtained were 
purifi ed to get rid of minor interfering admixtures (fi rst of 
all, Ni, Cu, Se, and Te) by means of scorifying dish melting. 
The purifi ed lead bullions were cupellated at magnesite 
drips at a  temperature of 1,050 °С until a silver–lead bead 
50–100 mg in mass was obtained. The crushed material of 
the beads was analyzed in an electrode crater by arc burning, 
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  Fig. 4.47    TiO 2 , Cr 2 O 3 –Mg# diagrams for pyroxenes from the Zub-
Marksheydersky intrusion       
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  Fig. 4.48    Geological map and cross section of the Bol’shaya Bar’ernaya intrusion 
 After NorilskGeology, Ltd. data, changed by the author       

using a STE-1 spectrograph; the intensity of spectral lines 
was evaluated on MD-100. The detection limits were for Pt, 
0.003; Pd, 0.001; Rh, 0.005–0.01; Ir, 0.03; Os, 0.1;Ru, 
0.1 ppm, standard deviation for Pt, Pd, and Rh ≤15 %, for 
Ir, Ru, and Os = 30–35 %. 

 The chemical composition of sulfi de and PGE minerals 
was analyzed on a Cameca SX 100 X-ray microprobe at the 
Vernadsky Institute (analyst N. Kononkova). The standards 
were minerals and synthetic oxides whose characteristics 
were close to those of the samples to be analyzed. The 
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 detection limit of usual analyses (which were conducted at an 
accelerating voltage of 15 kV and a beam current of 40 nA) 
was 0.02 wt % for elements from Mg to Zn and 0.06 wt % for 
elements from F to Na. The spatial resolution of the technique 
was 2 μm. In order to more accurately analyze sulfi des for As 
and Se, the counting time was increased to 200 s, the analyses 
were made at an accelerating voltage of 20 kV and a beam 
current of 200 nA, and the detection limit was 50 ppm. The 
standard for the calibration of the intensities and coordinates 
of the peaks and for determining background PGE concentra-
tions were Astimex-certifi ed standard samples of pure metals 
(Os, Ir, Rh, Pd, and Pt). Sulfur was calibrated against a stan-
dard of an Astimex natural pentlandite crystal (Ni, Fe) 9 S 8 . 
The standard for other elements were natural minerals and 
synthetic standard provided by Cameca. In calibrating peaks 
against standard, the following parameters were used: the 
accelerating voltage was 20 kV, the beam current was 20 nA, 
the counting time was 15 s, the background counting time 
was 5 s, and the beam was 1 μm in diameter. 

 The analyses for S isotopic composition were con-
ducted at the Department for Isotopic Geochemistry of 
the Central Institute of Geological Exploration for Base 
and Precious Metals (TsNIGRI), following conventional 
methods (Ustinov and Grinenko  1965 ). Sulfur from sul-
fi des was converted to SO 2  by its reaction with CuO at 
760 °С in vacuum and the subsequent purifi cation of the 
gas and analysis of the S isotopic composition on a 
MI-1201 mass spectrometer. The results were recalcu-
lated using the isotopic ratio of the CDT meteoritic stan-
dard. The laboratory reference standard samples were 
MSA-Pyrite (from TsNIGRI) with δ 34 S = + 0.7‰ and 
Marine Sulfate (from GEOKHI) with δ 34 S = + 20.1 ‰. 
Analyses of these standards at the beginning and immedi-
ately before the termination of analysis of our group of 
samples of the pyrrhotite–chalcopyrite ores corresponded 
to the certifi ed tabulated value within 0.1 ‰ (δ 34 S + 0.7 
and +20.1 ‰ respectively), which testifi ed to the absence 
of  systematic analytical errors  during the analysis of the 
isotopic ratio.  Random analytical errors  (which involve 
the errors during sample preparation and measurement 
errors) were evaluated by multiple replicate analyses of 
certifi ed standard samples as ±0.2 %. Hence, any differ-
ences >0.5‰ between the analyses of the two samples 
should be considered signifi cant. 

 Sr–Nd–Pb isotope analyses were carried out on 100-mg 
rock powders that were dissolved in 5:1 mixture of concen-
trated HF and HNO 3 . The element chromatography followed 
the methods outlined in Hoernle and Tilton ( 1991 ). Sr–Nd iso-
topic ratios were determined on a TRITON thermal ionization 
mass spectrometer (TIMS) and Pb isotope ratios on a MAT 2 
thermal ionization mass spectrometer at IFM- GEOMAR. Both 
instruments operate in static multi- collection mode. Sr and Nd 
isotopic ratios are normalized within run to  86 Sr/ 88 Sr = 0.1194 

  Fig. 4.49    Inner structure of the Bol’shaya Bar’ernaya intrusion, borehole 
MP-38 
 After NorilskGeology, Ltd. data, with changes by the author       

 

4 Intrusive Rocks



181

    Table 4.32    Representative analyses of olivines from the Bol’shaya Bar’ernaya intrusion (borehole MP-38), wt %   

 N  Depth, m  Fo, mol %  SiO 2   FeO  MnO  MgO  CaO  NiO  Total 

 1.  121.7  74.70  38.22  23.21  0.35  38.44  0.11  0.22  100.66 

 2.  121.7  74.83  38.41  23.21  0.36  38.71  0.12  0.22  101.13 

 3.  121.7  75.79  38.59  22.36  0.34  39.26  0.14  0.22  101.02 

 4.  121.7  73.98  38.00  23.86  0.36  38.05  0.16  0.22  100.75 

 5.  121.7  76.04  38.35  22.15  0.34  39.43  0.17  0.23  100.76 

 6.  121.7  75.83  38.58  22.51  0.34  39.61  0.20  0.23  101.57 

 7.  121.7  75.08  38.36  23.02  0.35  38.90  0.20  0.23  101.16 

 8.  121.7  77.91  38.93  20.65  0.31  40.85  0.18  0.24  101.28 

 9.  121.7  76.50  38.71  21.90  0.33  39.98  0.19  0.24  101.46 

 10.  121.7  75.52  38.72  22.84  0.35  39.52  0.22  0.25  101.99 

 11.  121.7  75.12  38.64  23.10  0.35  39.11  0.20  0.24  101.73 

 12.  121.7  77.22  38.48  21.11  0.32  40.14  0.20  0.24  100.58 

 13.  121.7  76.83  38.17  21.40  0.33  39.81  0.18  0.24  100.23 

 14.  121.7  78.77  38.73  19.74  0.30  41.08  0.25  0.24  100.46 

 15.  121.7  77.79  38.66  20.62  0.31  40.51  0.24  0.24  100.71 

 16.  121.7  76.88  38.47  21.37  0.33  39.86  0.15  0.24  100.52 

 17.  121.7  76.35  38.33  21.83  0.33  39.52  0.15  0.24  100.51 

 18.  121.7  75.88  38.25  22.34  0.34  39.41  0.16  0.23  100.84 

 19.  121.7  75.11  38.15  22.84  0.35  38.66  0.13  0.24  100.45 

 20.  121.7  74.79  37.89  23.14  0.36  38.51  0.21  0.23  100.41 

 21.  121.7  74.01  38.13  23.85  0.36  38.10  0.16  0.22  100.92 

 22.  121.7  75.13  38.22  22.91  0.35  38.81  0.15  0.24  100.77 

 23.  121.7  75.19  38.15  22.82  0.35  38.79  0.16  0.24  100.58 

 24.  121.7  75.04  37.91  22.95  0.35  38.70  0.15  0.24  100.40 

 25.  121.7  74.91  37.91  23.01  0.35  38.54  0.17  0.25  100.32 

 26.  121.7  74.53  38.23  23.43  0.36  38.45  0.16  0.28  101.01 

 27.  121.7  75.20  38.35  22.84  0.35  38.84  0.16  0.26  100.89 

 28.  121.7  75.06  38.44  23.00  0.35  38.82  0.16  0.25  101.11 

   Note: Here and in Table 4.33 analyses were carried out in MPI, analysts D. Kuzmin and N. Krivolutskaya  

     Table 4.33    Representative analyses of pyroxenes from the Bol’shaya Bar’ernaya intrusion (borehole MP-38), wt %   

 №  Depth, m  Mg#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  K 2 O  Cr 2 O 3   Total 

 1.  82  78.76  50.41  0.50  2.59  7.99  0.21  16.62  19.52  0.23  0.00  0.21  98.29 

 2.  82  78.90  51.46  0.52  2.71  7.85  0.21  16.47  19.72  0.22  0.00  0.27  99.43 

 3.  82.8  74.27  49.77  0.79  3.84  9.15  0.21  14.81  20.10  0.32  0.00  0.29  99.28 

 4.  82.8  71.83  49.65  0.90  3.64  10.05  0.23  14.38  19.91  0.31  0.00  0.12  99.20 

 5.  82.8  74.41  49.83  0.90  4.07  9.30  0.21  15.16  19.58  0.28  0.00  0.33  99.66 

 6.  85.8  78.04  52.59  0.53  1.79  8.28  0.21  16.50  19.72  0.24  0.00  0.21  100.08 

 7.  87.5  74.48  51.86  0.73  2.30  9.66  0.24  15.81  19.27  0.27  0.00  0.18  100.32 

 8.  88.4  72.78  51.55  0.83  2.80  10.22  0.24  15.33  19.00  0.25  0.00  0.12  100.37 

 9.  88.4  74.01  51.92  0.78  2.34  9.86  0.24  15.75  19.08  0.25  0.004  0.14  100.40 

 10.  88.4  74.44  51.57  0.63  2.54  9.38  0.25  15.32  19.71  0.33  0.001  0.32  100.07 

 11.  96.3  76.55  51.96  0.67  2.53  8.78  0.21  16.08  19.54  0.25  0.004  0.13  100.16 

 12.  96.3  76.21  52.14  0.68  2.46  8.96  0.21  16.10  19.44  0.27  0.005  0.10  100.40 

 13.  99  79.75  52.26  0.48  2.25  7.44  0.18  16.43  19.99  0.24  0.000  0.44  99.71 

 14.  99  79.96  51.16  0.57  3.06  7.24  0.18  16.20  20.08  0.26  0.000  0.67  99.44 

 15.  100  80.25  52.44  0.58  3.33  7.27  0.18  16.57  19.73  0.25  0.002  0.73  101.10 

 16.  100  74.72  52.35  0.65  2.75  9.83  0.26  16.30  18.35  0.24  0.002  0.09  100.85 

 17.  100  81.01  53.24  0.55  3.02  6.86  0.16  16.41  20.61  0.27  0.004  0.75  101.91 

 18.  100  78.85  52.50  0.61  2.65  7.81  0.18  16.33  20.07  0.26  0.002  0.35  100.79 

(continued)
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 №  Depth, m  Mg#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  K 2 O  Cr 2 O 3   Total 

 19.  100.2  77.66  52.57  0.58  2.10  8.39  0.20  16.36  19.85  0.24  0.002  0.07  100.37 

 20.  89.2  78.75  52.52  0.65  2.41  8.00  0.19  16.63  19.58  0.21  0.006  0.22  100.44 

 21.  100.2  81.17  52.41  0.44  2.18  6.96  0.16  16.83  20.31  0.25  0.005  0.43  100.00 

 22.  100.2  80.14  52.77  0.48  2.06  7.42  0.18  16.79  20.22  0.25  0.000  0.21  100.39 

 23.  100.2  78.20  51.87  0.62  2.58  8.12  0.19  16.34  19.91  0.24  0.000  0.13  100.02 

 24.  100.2  75.09  51.90  0.75  2.42  9.43  0.23  15.94  19.28  0.29  0.000  0.04  100.28 

 25.  100.2  81.81  52.03  0.42  2.14  6.73  0.18  16.98  20.11  0.23  0.000  0.54  99.38 

 26.  100.2  80.52  50.83  0.53  3.09  7.08  0.18  16.41  20.13  0.26  0.001  0.74  99.26 

 27.  100.2  76.85  51.85  0.62  2.17  8.69  0.22  16.18  19.86  0.25  0.002  0.04  99.89 

 28.  104.4  78.97  52.09  0.52  2.03  7.93  0.19  16.70  19.97  0.26  0.004  0.12  99.84 

 29.  104.4  78.19  52.72  0.56  2.01  8.23  0.21  16.55  19.93  0.27  0.001  0.09  100.58 

 30.  107.3  75.11  52.14  0.76  2.54  9.31  0.23  15.76  19.47  0.30  0.000  0.06  100.60 

 31.  107.3  78.47  52.56  0.55  2.02  8.05  0.20  16.46  19.97  0.26  0.001  0.10  100.18 

 32.  107.3  80.09  52.15  0.48  2.20  7.35  0.18  16.58  20.19  0.25  0.000  0.31  99.70 

 33.  111.2  81.60  50.75  0.57  3.15  6.56  0.15  16.32  20.55  0.27  0.003  0.88  99.22 

 34.  111.2  78.13  52.02  0.72  2.53  8.12  0.19  16.27  20.01  0.27  0.000  0.29  100.44 

 35.  121.7  80.01  51.89  0.70  1.86  7.65  0.19  17.17  19.54  0.24  0.000  0.09  99.35 

 36.  121.7  78.75  52.13  1.20  2.11  7.83  0.20  16.28  20.17  0.36  0.000  0.01  100.31 

 37.  121.7  79.41  51.93  0.85  2.56  7.70  0.19  16.66  19.71  0.23  0.000  0.09  99.95 

 38.  121.7  80.72  51.57  0.67  2.69  7.03  0.17  16.51  20.24  0.23  0.003  0.25  99.38 

 39.  121.7  81.75  52.50  0.54  2.08  6.76  0.17  16.99  20.34  0.22  0.004  0.22  99.85 

 40.  121.7  81.31  52.78  0.54  1.95  6.99  0.18  17.06  20.20  0.24  0.000  0.16  100.12 

 41.  121.7  80.90  52.50  0.55  1.90  7.18  0.18  17.06  20.06  0.25  0.005  0.12  99.83 

 42.  126  81.89  51.72  0.58  3.20  6.38  0.15  16.18  20.65  0.24  0.001  0.83  99.95 

 43.  126  82.23  52.39  0.59  3.28  6.34  0.20  16.45  20.55  0.26  0.001  0.83  100.90 

 44.  128.4  77.84  49.81  1.48  3.32  8.16  0.22  16.08  19.39  0.31  0.00  0.07  98.84 

 45.  131.8  69.88  52.07  0.26  1.51  10.91  0.33  14.19  20.38  0.22  0.01  0.04  99.91 

 46.  135  73.33  51.29  0.64  2.79  10.00  0.25  15.43  19.40  0.26  0.00  0.04  100.09 

 47.  135  82.30  51.05  0.43  3.31  6.30  0.16  16.43  20.78  0.23  0.00  0.57  99.27 

 48.  135.3  69.47  50.51  0.53  2.50  11.89  0.34  15.17  18.15  0.34  0.00  0.01  99.43 

 49.  135.3  75.42  52.08  0.56  2.47  9.62  0.25  16.55  18.76  0.22  0.00  0.08  100.59 

 50.  135.5  81.47  51.17  0.51  3.13  6.66  0.17  16.43  20.36  0.22  0.00  0.52  99.18 

 51.  135.5  82.59  51.42  0.42  2.81  6.20  0.15  16.49  20.69  0.24  0.00  0.68  99.10 

Table 4.33 (continued)

and  146 Nd/ 144 Nd = 0.7219, respectively, and all errors are 
reported as 2σ. Over the course of the study normalized NBS-
987 gave  87 Sr/ 86 Sr = 0.710250 ± 0.000008 (N = 18) and  143 Nd/ 144 
Nd = 0.511847 ± 0.00006 (N = 9) was obtained for La Jolla and 
 143 Nd/ 144 Nd = 0.511712 ± 0.00006 (N = 8) for our in-house mon-
itor Spex. The long-term average values for NSB-981 (N = 47) 
are  206 Pb/ 204 Pb = 16.900 ± 0.007,  207 Pb/ 204 Pb = 15.437 ± 0.009, 
and  208 Pb/ 204 Pb = 36.528 ± 0.027 and correlated to the NSB 981 
values given in Todt et al. ( 1996 ). Total chemistry blanks were 
<100 pg for Sr, Nd, and Pb and thus considered negligible. 

4.5.6.1    Geological Background 
 Numerous intrusions of ultrabasic–basic composition 
are widespread in the Noril’sk region (Fig.  4.2 ), while 
 differentiated massifs stand apart from non-differentiated and 

were united into the Noril’sk Intrusive Complex. The most 
 signifi cant of the currently producing mineral deposits with 
massive ores (Talnakh and Oktyabr’skoe) are located inside 
Kharaelakh Trough in Devonian sediments; so genetic mod-
els for all Noril’sk deposits have been developed based on the 
location of these deposits under basalts in Devonian sedi-
ments (Likhachev  1965 ; Dyuzhikov et al.  1988 ; Rad’ko  1991 ; 
Naldrett  1992 ; Li et al.  2009 ). At the same time, the Noril’sk 
Trough hosts numerous smaller sulfi de deposits (Noril’sk 1, 
Mountain Chernaya, Noril’sk 2, and Zub- Marksheydersky; 
after Korovyakov et al.  1963 ) (Fig.  4.26 ) which all are situ-
ated at the higher level of the stratigraphic sequence: they 
penetrate Tunguska sandstones and coals and, partially, 
Ivakinsky, Syverminsky, and Gudchikhinsky lavas. These 
intrusions contain disseminated sulfi de mineralization, as 
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well as numerous veins of massive sulfi des a few meters thick 
in the lower parts of the intrusions. The veins have sharp 
boundaries with the host rocks, and they consist of chalcopy-
rite, pyrrhotite, and pentlandite in general, but there are many 
pure chalcopyrite veins. Their thickness changes from 0.1 up 
to 2–3 m, and the length is a few dozen meters. 

 The Maslovsky deposit is located to the south of the 
Noril’sk 1 deposit (Fig.  4.26 ). The morphology of the intru-
sion has been developed from an assessment of geophysical 
and drilling data. The intrusive rocks extend for a distance 
of 6 km and have a width from 1 to 3.5 km and an average 
thickness of 150 m. The isopach map in Fig.  4.50  shows 
that this body has two differently oriented funnel-shaped 
branches in which the thickness of the intrusive rocks 
reaches 270 and 400 m. This provides evidence to suggest 
that one large intrusion representing Maslovsky deposit 
comprises two massifs which are products of two different 
intrusive events. In order to test this hypothesis, detailed 
mineralogical and geochemical studies were conducted on 
materials recovered by boreholes OM-4 and OM-24, and 
the results are compared with data acquired from other 
boreholes.

4.5.6.2        Geology, Stratigraphy, and Geochemistry 
of the Maslovsky Deposit 

 The intrusive bodies in the northern and southern parts of the 
deposit have different stratigraphic positions in the host 
rocks which are dominated by volcanics of the trap associa-
tion (Fig.  4.51 ). We have subdivided the tuff–lava sequence 
in this portion of the Noril’sk Trough based on materials 
recovered by the borehole OM-6, namely, in terms of the 
distinctive fabric and compositional features of the rocks 
(Krivolutskaya and Rudakova  2009 ). These rocks belong to 
the Ivakinsky, Syverminsky, Gudchikhinsky, Khakanchansky, 
Tuklonsky, Nadezhdinsky, and Morongovsky Formations. It 
was determined that the Northern Maslovsky intrusion is 
hosted in terrigenous–carbonaceous rocks of the Tunguska 
Group (C 2 –P 1 ) and in the trachybasalts of the Ivakinsky 
Formation and tholeiitic basalts of the Syverminsky 
Formation, at a depth of 832–1,100 m. Likewise, it was dem-
onstrated that the Southern Maslovsky intrusion cuts across 
the basalts of the Syverminsky–Nadezhdinsky Formations 
(borehole OM-24). The position of peripheral sill of the 
Southern Maslovsky intrusion inside the Low Nadezhdinsky 
basalts is shown in Fig.  4.52  (after Krivolutskaya and 
Rudakova  2009 ). It has been shown that the volcanic rocks 
of the Nadezhdinsky Formation have a very high La/Sm ratio 
and are depleted in Cu (e.g., Lightfoot et al. 1990, 1993, 
1994; Naldrett  1992 ). This feature is also evident in the vol-
canic rocks from this study. Elevated La/Sm ratios were also 
found in the upper contact gabbro-dolerites of the Southern 
Maslovsky intrusion which refl ects the contamination of 

Low Nadezhdinsky basalts by Maslovsky magma just in thin 
marginal zone.

    A section through the Northern intrusive body is shown in 
Fig.  4.53 . This body comprises from base to top different 
varieties of gabbro-dolerites: olivine, picritic-like, picritic, 
olivine-bearing, olivine-free, and other rocks, as troctolites 
and gabbro-diorites. This section is characterized by the 
thick picritic horizon and the absence of taxitic gabbro- 
dolerites. As a result, high-Mg rocks dominate in this part of 
the intrusion and account for two-thirds of the vertical sec-
tion (180 m), whereas olivine-free rocks have a smaller 
thickness (55 m).

   The Southern Maslovsky intrusion has a different inner 
structure (Fig.  4.54 ). The upper part of the massif consists of 
a thick gabbro-diorites and ferrogabbro horizons (gabbro 
with a titanomagnetite concentration of >5 wt %), which 
accounts for one-third of the vertical section. The thickness 
of the high-Mg rocks (picritic gabbro-dolerites) is much less 
(15 m), but this vertical section contains 34 m of taxitic 
gabbro- dolerites. The internal structure of the Southern 
Maslovsky intrusion is very similar to the one of the Talnakh 
intrusion in borehole OUG-2 (Fig.  4.11 ).

   The heterogeneity in the internal structure of the Southern 
Maslovsky intrusion is accompanied by a wide variation in 
the geochemical characteristics of the rocks in the vertical 
section (Appendix Table   A1    ; Krivolutskaya et al.  2012 , 
Online Resource 1 footnote that this is available online). The 
Northern intrusion is characterized by a gradual upward 
increase in the Mg# of the rocks, whereas an increase in the 
Southern intrusion is stepwise. Most of the rocks have low Ti 
(TiO 2  <1 wt %), except for the ferrogabbro in the upper zone 
of the Southern intrusion which contains up to 2,79 wt % 
TiO 2 . All these rocks plot on a normal Fe differentiation 
trend of gabbroic rocks (reaching up to 20 wt % FeO) with 
no more than 4 wt % alkalis and with Na dominated over 
K. The magnitude of the variation in the abundances of the 
major oxides is the same in rocks of the Southern and 
Northern intrusions, although the weighted mean composi-
tions of the bodies calculated for the examined vertical sec-
tions signifi cantly differ. 

 The REE patterns of rocks from both intrusions of the 
deposit are similar (Fig.  4.55 ) and correspond to those of 
other massifs of the Noril’sk Complex, including the 
Noril’sk 1 intrusion, as it has been previously demonstrated 
(Krivolutskaya and Rudakova  2009 ). They typically exhibit 
negative Ta–Nb and positive Th–U and Pb anomalies 
(2 RSD −2–3 % for these elements—it is enough to resolve 
these differences), and their patterns are only slightly tilted 
toward HREE, testifying to the fact that the magma source 
contained no garnet. Compositionally similar rocks (picritic 
gabbro-dolerites and troctolites) have the comparable 
ranges in the trace element concentrations. The presence of 
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  Fig. 4.50    Isopach map of the Maslovsky intrusion 
 Here and in Fig.  4.51 —after materials NorilskGeology, Ltd. modifi ed by the authors       

gabbro- diorites in the cross section of the Northern 
Maslovsky intrusion is refl ected in patterns with elevated 
trace element concentrations. A closer examination of the 
data reveals that there are differences in ratios of elements 
between intrusions. For example, the Ta–Nb ratio (Fig.  4.56 ) 
of silicate rocks from the intrusions that host the Maslovsky 
deposit plot in different fi elds, with the Southern intrusion 
having the higher values of Ta–Nb. The entire rock composi-

tion of both the Maslovsky intrusions is identical and is simi-
lar to those of the Talnakh Massif (Fig.  4.56 ).

4.5.6.3         Mineral Chemistry at the Maslovsky 
Deposit 

  Pyroxene  is present in most samples from the profi les 
along with plagioclase, but it provides more valuable 
information due to its range in elemental composition. 
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Pyroxene is usually one of the latest minerals in the rocks 
of Noril’sk Intrusive Complex, with rocks in the central 
portions of these massifs having a poikilitic texture formed 
by plagioclase laths in large round pyroxene grains. In 
olivine-bearing varieties, particularly in picritic gabbro-
dolerites, it is intercumulus subhedral olivine grains and 
plagioclase laths. A very important characteristic of pyrox-
ene is its Mg number (Mg# = Mg/Mg + Fe in atom), which 
varies depending on the Mg# of its host rocks (Table  4.33 ; 
Appendix Table   A3     and in Krivolutskaya et al.  2012 , 
Online Resource 2). The higher values of Mg# in pyroxene 
were detected in the picritic gabbro- dolerites (up to 85), 
and the lower ones (to 62) were found in gabbro-diorites in 
the upper parts of the intrusions. The most indicative minor 
elements in pyroxene are Ti, Cr, Na, and Al (Krivolutskaya 
et al.  2012 , Online Resource 3). The TiO 2  concentrations 

have strong negative correlation with the Mg# in pyrox-
ene). In the TiO 2 –Mg# diagram (Figs.  4.53  and  4.54 ), the 
compositions of pyroxene defi ne separate trends for com-
positionally distinct horizons of the intrusions (picritic, 
taxitic, olivine-bearing, and others gabbro- dolerites). The 
steepest trends, i.e., those characterized by the strong Ti 
enrichment in the clinopyroxene during crystallization of 
the melt, are typical of the high-Mg rocks: picritic and tax-
itic gabbro-dolerites. Other rock types yield more gently 
sloping trends relative to the Mg# axis that correspond to a 
weak increase in the concentration of this element with a 
decreasing Mg# of the host mineral. The relationship for 
Al is reversed: the Al concentrations directly correlate 
with the Mg# of pyroxene. The mineralization related to 
the intrusion is likely linked to the differentiation of minor 
elements. It is indicated, for example, by Ti in pyroxene 

  Fig. 4.51    Geological profi les through the northern (line II-II) and southern (line IX-IX) parts of the Maslovsky deposit  
 See Fig.  4.26  for symbol explanations.  Dashed lines  show faults. Legend see Fig.  4.26        
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which shows the more obvious trends and the more signifi -
cant enrichment within the richer mineralized zone. The 
similar dependence was found for the Talnakh intrusion 
(Krivolutskaya  2014 ). 

  Olivine  is one of the predominant rock-forming minerals 
of the Maslovsky intrusions, and its role is particularly 
important in mineralized horizons, which contain up to 
60–70 vol.% of this mineral. The morphology of olivine 
grains varies in the vertical section through the intrusion. 
The picritic gabbro-dolerites and troctolites are dominated 
by subhedral crystals up to 5–7 mm across and also contain 
medium-sized and small (0.5 and 0.2 mm, respectively) 
olivine crystals included in plagioclase and pyroxene, 
whereas the olivine-bearing varieties are dominated by 
anhedral olivine grains up to 1 mm in grain size. The com-
position of the mineral systematically varies from high-Mg 
(Fo 82 ) at the bottom of the vertical section to Fo 52  in its upper 
parts (Table  4.34 , Appendix Table   A2    ; Krivolutskaya et al. 

 2012 , Online Resource 4). The most indicative minor ele-
ment in olivine is Ni, which concentration is higher in the 
units containing disseminated sulfi des. The behavior of Ni 
in olivine is different for picritic gabbro-dolerite in the 
Northern and Southern intrusions. An unusual inverse cor-
relation between Ni and Fo similar to that of the Noril’sk 1 
deposit was found in olivine from the Northern intrusion 
(Fig.  4.57 ), whereas Ni increases with increasing Fo in oliv-
ine from the Southern intrusion. The correlation between Ni 
and Fo  indicates olivine fractionation with interaction of the 
magma, whereas the inverse correlation of Ni and Fo in 
olivine may argue for an exchange equilibrium with a sul-
fi de melt. Chemistry of olivine from the Northern and 
Southern Maslovsky intrusions is also different in terms of 
content of other minor elements, including Cr and Ca, and 
particularly in terms of abundances of heavy REE and Y, as 
it is shown in Fig.  4.57  for high-Mg olivine from picritic 
gabbro-dolerites.

  Fig. 4.52    Setting of the eastern peripheral sill of the Southern Maslovsky intrusion among basalts of the lower subformation of the Nadezhdinsky 
Formation (borehole OM-25)  
 After Krivolutskaya and Rudakova ( 2009 )       
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    Very high concentrations of Y, Yb, and Dy were found in 
olivines. There is a strong negative correlation between Fo and 
HREE contents in olivines. It assumes that the HREE enter 
olivine as a structural isomorphic admixture that was also veri-
fi ed by a high-resolution TEM study which confi rms an absence 
of individual mineral phases of REE in olivine. Each magmatic 
body (the Southern and Northern Maslovsky intrusions and 
Noril’sk 1 intrusion) has its own trend line on a diagram Fo–Y 
(Fig.  4.57 ). Two last of the abovementioned intrusions are char-
acterized by very steep slope on the diagram that is typical of 
olivine from picritic gabbro-dolerites with high-tenor mineral-

ization, whereas the fi rst one shows shallower slope that seems 
to be a characteristic of olivine from the Southern Maslovsky 
intrusion with poor mineralization. 

 Our data on the geochemistry of the rocks and the compo-
sition of their rock-forming minerals indicate that the 
Northern and Southern intrusions were formed by different 
magmas, whose parental melts crystallized differently that is 
confi rmed by the different olivine compositions from the two 
bodies. The Northern intrusive body is a continuation of the 
Noril’sk 1 Massif, whereas the Southern body is likely a 
separate one.  

  Fig. 4.53    ( a ) Vertical section of the Northern Maslovsky intrusion (based on borehole OM-4); ( b ) variations in the pyroxene composition in this 
vertical section and ( c ) variations in the TiO 2  concentration in clinopyroxene from various units 
 After Krivolutskaya et al. ( 2012 )       
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4.5.6.4    Mineralization at the Maslovsky Deposit 
 In the disseminated ores of the Maslovsky deposit, sulfi de 
minerals occur as thin veinlets, pockets, “droplets,” and fi ne 
interstitial dissemination between rock-forming minerals. The 
former two morphological types of aggregates of ore minerals 
are more typical of the northern part of the Maslovsky deposit. 
The content of ore mineral usually does not exceed 12–15 % 
of the rock volume. Sulfi des are distributed unevenly through 
the orebody, whose boundaries are drawn according to sam-
pling and assaying results, although these boundaries gener-
ally coincide with the units of picritic and taxitic 
gabbro-dolerites. The morphology of aggregate of ore miner-
als is correlated with the petrography of the rocks 
(Krivolutskaya et al.  2011 ): the taxitic gabbro- dolerites con-
tain pockets and irregularly shaped grains of sulfi des, with the 

largest of them spatially related to pegmatoid domains 
(Fig.  4.58a, c ). The upper part of the “droplets” often contains 
recrystallized glass or crystals of biotite, amphibole, and other 
minerals with volatile components (Fig.  4.58b ), while the pic-
rites are dominated by small droplet- shaped (Fig.  4.58d, g, h ) 
and interstitial ore material (Fig.  4.58i ), which is evenly dis-
tributed over the rock volume. Pyrrhotite veinlets (Fig.  4.58f ) 
are very often in the northern part of the deposit.

   The massive vein ores are dominated by chalcopyrite and 
contain minor amounts of pyrrhotite and pentlandite. 
These ores typically have reticulate (Fig.  4.59a ), rimmed 
(Fig.  4.59b ), porphyritic (Fig.  4.59e ), and other textures. The 
former are caused by the occurrence of chalcopyrite rims 
around pyrrhotite crystals and the latter are large pentlandite 
grains in chalcopyrite groundmass.

  Fig. 4.54    ( a ) Vertical section of the Southern Maslovsky intrusion (based on borehole OM-24); ( b ) variations in the pyroxene composition in this 
vertical section and ( c ) variations in the TiO 2  concentration in clinopyroxene from various units 
 After Krivolutskaya et al. ( 2012 )       
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   The mineral potential of different parts of the deposit var-
ies, with the richest ores restricted to the Northern Maslovsky 
intrusion. Compared to the Southern Maslovsky intrusion, 
the picritic gabbro-dolerites contain more abundant sulfi de 
veins commonly 1–3 cm thick and about 1–3 m long. The 
rocks are also distinguished by the presence of large drops of 
magmatic sulfi des in the picritic gabbro-dolerites (up to 
3–4 cm in size). At the contacts of the intrusions with the 
rocks of the Tunguska Group, many boreholes penetrated 
massive sulfi de ores up to a few m thick. We report  analytical 
data on disseminated sulfi des from the Northern Maslovsky 
intrusion in Table  4.35 .

   These ores comprise of chalcopyrite, pyrrhotite, and pent-
landite and contain subordinate and minor amounts of 
cubanite, bornite, and millerite and a diverse assemblage of 
rare precious metal minerals. The mineral composition of 
ores in the northern part of the Maslovsky deposit differs 
from that in the southern part: in the former instance, the ores 
contain cubanite, while ores in the southern part more com-
monly bear bornite and millerite. Another distinctive feature 
of the northern part is the occurrence of large (up to 3–5 mm) 
accumulations of Pt and Pd minerals, in which numerous 
mineral species were identifi ed, whereas the ores in the 
southern part of the deposit contain predominantly Au–Ag 
alloys, with grains and aggregates of precious metals only 
rarely being larger than 20 μm (because of their very small 
size, many phases were not identifi ed). 

 Among the sulfi des examined in the course of our study, 
the most interesting mineral is  pentlandite , because its com-
position notably varies not only within discrete orebodies but 
also between various ore types of the deposit. A noteworthy 
compositional feature of this mineral is that its isomorphic 
series includes two end-members: Ni-poor pentlandite with 
elevated Fe and low-Ni concentrations (41 wt % FeO and 
26 wt % NiO) and Ni-rich pentlandite with Ni strongly domi-
nated over Fe (24 wt % FeO and 42 wt % NiO). Another 
interesting aspect of pentlandite composition is the variations 
in its Co concentration. The samples of disseminated ores 
from the Maslovsky deposit contain pentlandite with low Co 
contents, usually less than 1 wt % (we managed to fi nd only 
one grain with 1.84 wt % Co: see Table  4.35  analysis 5). Our 
data show that the composition of pentlandite in disseminated 
ores from the Maslovsky deposit is similar to the composition 
of Noril’sk 1pentlandite with Co  concentrations of 0.6–
1.4 wt % (Genkin et al.  1981 ). It is also worth mentioning that 
the Ni-rich pentlandite persistently contains Cu, in which 
concentrations are occasionally higher than 3 wt %. 

 The  pyrrhotite  varies little in its composition, with Fe 
concentrations of 60–62 wt % and S concentrations of 
37–38 wt %. The most typical minor element in the pyr-
rhotite is Ni, which was pervasively found in the examined 
grains of this mineral from disseminated ores of the 

  Fig. 4.55    Primitive mantle-normalized (Hofmann  1988 ) trace element 
patterns of intrusive rocks from the Northern ( a ) and Southern ( b ) parts 
of the Maslovsky deposit 
 After Krivolutskaya et al. ( 2012 )       
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  Fig. 4.56    Diagram Ta–Nb–La/Sm for the rocks of the Northern (OM-
4, 3) and Southern (OM-24, 2) Maslovsky intrusions and Noril’sk 1 (1)  
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  Fig. 4.57     11   Fo —NiO, Y, TiO 2 , Ti, Al, Zr, Mn, and Cu diagrams for olivine from picritic gabbro-dolerites in the Northern and Southern Maslovsky 
and Noril’sk 1 intrusions 
 After Krivolutskaya et al. ( 2012 )         

Maslovsky deposit. The highest concentrations of Ni were 
detected in troilite (up to 2.65 wt %, Table  4.35 ). Fe and Ni 
in the pyrrhotite negatively correlate. The pyrrhotite is 
poor in Co and contains no more than 0.14 wt % of this 
element. Cu is an atypical minor element in pyrrhotite as a 
whole and was found in this mineral only near a contact 

with chalcopyrite (see, e.g., analyses 4 and 13 in 
Table  4.35 ). 

 The chalcopyrite has a narrow compositional range with 
practically constant proportions of the major elements: S, 
Cu, and Fe. The mineral is completely “pure” compared to 
other ore minerals and contains no concentrations of minor 
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Fig. 4.57 (continued)

elements in higher than 0.07 wt %. However, this mineral 
ubiquitously contains Sb and As (a few hundred ppm) and 
traces of Ni and Co in concentrations close to the detection 
limits. Elevated concentrations of minor elements were 
found in the margins of chalcopyrite grains, at their contacts 
with pentlandite and other Co- and Ni-bearing minerals. 

  Millerite  usually replaces chalcopyrite in disseminated 
ores (Fig.  4.59g ) hosted in the taxite unit. The composition 

of the mineral was analyzed in three grains (Table  4.2 ) and 
changes very insignifi cantly. In addition to major compo-
nents (Ni and S), it contains minor concentrations of Co (a 
little bit more than 1 wt %), Cu and Fe (up to 0.5 and 
0.7 wt %, respectively), As, and Se. 

  Bornite  is a fairly ubiquitous mineral of the disseminated 
ores of the Noril’sk deposits and is usually hosted in taxitic 
gabbro-dolerites and was found in picritic gabbro-dolerites 

4 Intrusive Rocks
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  Fig. 4.58    Structures of ores at the Maslovsky deposit  
 ( а ) chalcopyrite–pyrrhotite aggregates in a pegmatoid segregation in taxitic gabbro- dolerite (sample OM-24/843.4), ( b ) droplet-shaped chalcopy-
rite segregation with a biotite rim in taxitic gabbro-dolerite (sample OM-24/838.7), ( c ) large pyrrhotite grains in taxitic gabbro-dolerite (sample 
OM-24/852.7), ( d ) chalcopyrite–pyrrhotite pocket in olivine gabbro-dolerite (sample OM-24/853.9), ( е ) pyrrhotite veinlet in olivine gabbro-dol-
erite (sample OM-24/843.6), ( f ) disseminated pyrrhotite in picrite gabbro-dolerites (sample OM-4/1006.6), ( g ) zvyagintsevite veinlet in chalcopy-
rite (sample OM-4/1052), ( h ) sideronitic texture of olivine gabbro-dolerite (sample OM-24/800,1 refl ected light).  a – h : polished samples, natural 
size (After Krivolutskaya et al.  2012 )       
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  Fig. 4.59    Ore textures at the Maslovsky deposit (refl ected light)  
 ( a ) reticulate, ( b ) rimmed, ( c ) exsolution textures of pentlandite solid solution in pyrrhotite, ( d ) porphyric, ( е ) porphyritic, ( f ) replacement, ( g ) 
myrmekite-like, ( h ) disseminated (After Krivolutskaya et al.  2012 )       

 

4 Intrusive Rocks



195

in the southern part of the Maslovsky deposit, in which this 
mineral usually occurs in association with chalcopyrite and 
galena (Figs.  4.59h  and  4.60 ). The mineral contains elevated 
As concentrations (up to 0.21 wt %).

    Precious Metals     The disseminated ores from the northern 
and southern parts of the deposit differ in concentrations of 
valuable components and mineralogy. The distribution of Ni, 
Cu, and precious metals (Pt, Pd, Rh, and Au) in rocks and 
disseminated ores from the Maslovsky deposit was exam-
ined in detail in its southern part, in the vertical section of 
Hole OM-24 (Table  4.36 , Fig.  4.61 ).

     Practically all samples, especially those from the upper 
portion of the intrusion, contain more Cu than Ni. In the 
uppermost part of the intrusion (to a depth of 600 m), the Cu 
and Ni concentrations are of the order of a few dozen ppm, 
and the Cu concentrations increase in the central part to a 
few hundred ppm (and reach a maximum of 606 ppm), 
whereas the Ni contents remain practically unchanging. 
Starting at a depth of 733 m, i.e., at the transition from the 
olivine-bearing to olivine gabbro-dolerites, the Ni to Cu ratio 
increases and becomes greater than 1. 

 The Pt and Au concentrations in the upper part of the ver-
tical section (in the barren units of the massif, which consist 

of olivine-bearing and olivine gabbro-dolerites) are similar 
and vary from 10 to 30 ppb on average, whereas the Pd con-
centrations are much higher and reach a few hundred ppb in 
some samples. Because of this, the Pt–Pd ratio of the rocks 
broadly varies from 1.06 to 29.0, averaging at 3–5. An 
increase in the Pd concentration (as well as, to a certain 
extent, in the concentrations of Au and Pt) was detected in 
the uppermost near-roof part of the intrusion (at depths of 
512–518 m, Hole OM-24). It is interesting that the Pt–Pd 
ratio remarkably varies within the mineralized interval (812–
861 m): it becomes smaller than 1 in the disseminated ores, 
particularly those related to picrite gabbro-dolerites, i.e., the 
concentrations of Pt become greater than Pd, and this ratio is 
in some instances (fi rst of all, in the taxitic gabbro-dolerites) 
slightly greater than 1. The increase in the Pt concentration 
in the rocks is associated with an increase in the Rh concen-
tration, which reaches a maximum in the lower part of the 
orebody. Conversely, the highest Au concentrations are 
 typical of the upper zones of the disseminated ores, which 
are hosted in picrites. 

 The distribution of base and precious metals in the 
northern part of the Maslovsky deposit was examined solely 
in the lower part of the intrusion (in Hole OM-4, Table  4.36 ), 
in the picritic and olivine gabbro-dolerites, which account 

      Table 4.35    Composition of main ore-forming minerals from the Northern Maslovsky intrusion, wt %   

 N  № sample  Mineral  S  Fe  Cu  Co  As  Sb  Ni  Pd  Total 

 1.  ОМ-1/990,8  Cubanite  35.06  42.48  22.96  0.01  0.05  0.01  0.05  0.00  100.62 

 2.  ОМ-1/990,8  Chalcopyrite  35.03  31.66  34.07  0.04  0.04  0.02  0.05  0.00  100.91 

 3.  ОМ-1/1034,2  Pyrrhotite  37.92  62.5  0.01  0.03  0.04  0.01  0.47  0.04  101.02 

 4.  ОМ-1/1034,2  Pyrrhotite  37.25  62.41  0.21  0.01  0.04  0.01  0.46  0.00  100.39 

 5.  ОМ-1/1034,2  Pentlandite  31.83  31.62  0.01  1.84  0.03  0.01  34.81  0.00  100.15 

 6.  ОМ-5/1111,1  Pyrrhotite  38.74  60.36  0.02  0.12  0.02  0.03  1.58  0.00  100.87 

 7.  ОМ-5/1111,1  Pyrrhotite  38.06  60.27  0.03  0.08  0.05  0.03  1.61  0.03  100.16 

 8.  ОМ-12/1121,9  Bornite  24.59  8.98  68.03  0.04  0.02  0.02  0.01  0.06  101.75 

 9.  ОМ-5/1042,9  Chalcopyrite  34.08  31.44  34.34  0.02  0.06  0.02  0.04  0.00  100.00 

 10.  ОМ-5/1042,9  Pentlandite  31.80  24.61  0.36  0.88  0.03  0.01  42.47  0.00  100.16 

 11.  ОМ-12/1132,9  Cubanite  33.75  42.3  20.85  0.12  0.04  0.02  4.31  0.02  101.41 

 12.  ОМ-5/1093,0  Chalcopyrite  32.67  31.51  34.94  0.06  0.06  0.03  0.04  0.00  99.31 

 13.  ОМ-5/1093,0  Troilite  36.21  60.81  0.28  0.14  0.03  0.03  2.65  0.07  100.22 

 14.  ОМ-5/1093,0  Pyrrhotite  36.55  62.31  0.06  0.09  0.09  0.04  0.81  0.00  99.95 

 15.  ОМ-5/1093,0  Pentlandite  32.76  34.31  0.01  0.72  0.01  0.04  33.01  0.01  100.87 

 16.  ОМ-5/1093,0  Pentlandite  32.31  34.49  0.04  0.7  0.03  0.02  33.01  0.06  100.66 

 17.  ОМ-5/1111,1  Pyrite  48.61  46.56  0.07  0.46  0.05  0.06  2.39  0.00  98.20 

 18.  ОМ-12/1121,9  Bornite  24.67  9.4  68.05  0.03  0.02  0.03  0.01  0.00  102.21 

 19.  ОМ-9/1116,7  Pentlandite  30.99  34.35  0.03  0.81  0.06  0.03  33.24  0.00  99.51 

 20.  ОМ-12/1132,9  Cubanite  33.83  42.25  24.5  0.02  0.02  0.01  0.06  0.00  100.69 

 21.  ОМ-9/1116,7  Pyrrhotite  37.18  62.61  0.02  0.07  0.08  0.00  0.1  0.00  100.06 

 22.  ОМ-9/1116,7  Cubanite  34.45  41.74  22.12  0.07  0.01  0.04  0.28  0.00  98.71 

 23.  ОМ-9/1123,7  Chalcopyrite  33.1  32.48  34.28  0.02  0.03  0.02  0.03  0.00  99.96 

 24.  ОМ-9/1108,4  Pyrrhotite  36.14  62.79  0.06  0.03  0.04  0.03  0.27  0.04  99.40 

  Note: Analyses were carried out in GEOKHI RAS, N. Kononova (After Krivolutskaya et al.  2012 )  
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  Fig. 4.60    BSE images (Cameca SX 100) of ore minerals at the Maslovsky deposit  
 ( a ) myrmekite-like aggregates of sulfi des with Fe oxides, ( b ) aggregate of monoclinic and hexagonal pyrrhotite, ( c ) aggregate of tetragonal 
 chalcopyrite and Ni–putoranite, ( d ) bornite grain in chalcopyrite, ( e ) PGM in bornite, ( f ) atokite crystal in chalcopyrite, ( g ) native Ag grain in a 
chalcopyrite–pyrrhotite aggregate, ( h ) zvyagintsevite veinlets in chalcopyrite Cp (After Krivolutskaya et al.  2011 )        
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     Table 4.36    PGE, Cu, and Ni concentrations (ppm) in the rocks and ores of the Maslovsky deposit   

 №  № sample  Au  Pt  Pd  Rh  Pt + Pd + Rh  Pt–Pd  Ni  Cu 

 1.  ОМ-4/1007.5  1.15  0.09  0.37  0.46  4.30  1,636  203 

 2.  ОМ-4/1008.2  0.28  0.16  1.20  0.03  1.39  7.50  2,242  975 

 3.  ОМ-4/1009.8  0.32  0.20  0.18  0.38  0.90  1,808  328 

 4.  ОМ-4/1011.7  0.81  0.05  0.48  0.53  10.67  1,441  90 

 5.  ОМ-4/1013.2  0.13  0.24  0.18  0.42  0.75  3,367  1,932 

 6.  ОМ-4/1014.0  0.13  0.36  0.62  0.03  1.01  1.72  3,175  1,819 

 7.  ОМ-4/1016.0  0.07  0.12  0.65  0.77  5.65  3,180  2,142 

 8.  ОМ-4/1017.0  0.05  0.10  0.68  0.78  7.16  2,315  1,158 

 9.  ОМ-4/1022.0  0.10  0.18  0.85  1.03  4.72  3,169  4,755 

 10.  ОМ-4/1028.5.  0.07  0.20  0.57  0.77  2.85  2,558  3,320 

 11.  ОМ-4/1029.3  0.52  5.50  22.00  1.9  29.40  4.00  44,587  235,987 

 12.  ОМ-4/1031.4  0.11  0.09  0.75  0.84  8.82  1,517  481 

 13.  ОМ-4/1032.3  0.14  0.11  0.48  0.59  4.36  1,577  301 

 14.  ОМ-4/1032.7  0.02  0.25  0.33  0.02  0.60  1.32  2,251  1,107 

 15.  ОМ-4/1037.0  0.94  0.09  0.54  0.02  0.65  6.00  2,859  981 

 16.  ОМ-4/1037.4  0.13  0.38  0.57  0.95  1.50  1,768  178 

 17.  ОМ-4/1042.4  0.16  0.43  0.56  0.99  1.30  3,019  1,740 

 18.  ОМ-4/1045.0  0.19  0.62  0.36  0.98  0.58  1,950  848 

 19.  ОМ-4/1047.5  0.06  0.44  0.83  1.27  1.89  1,790  835 

 20.  ОМ-4/ 1049.0  0.04  0.22  0.46  0.24  0.92  2.09  3,259  1,536 

 21.  ОМ-4/1053.1  0.06  0.07  0.65  0.72  9.03  1,676  726 

 22.  ОМ-4/ 1060.0  0.05  0.43  0.64  1.07  1.49  159  1,021 

 23.  ОМ-4/1068.0  0.08  0.66  0.88  1.54  1.33  1,003  956 

 24.  ОМ-4/1073.0  0.03  0.07  0.42  0.49  2,256  3,548 

 25.  ОМ-4/1082.0  2.03  5.06  15.24  20.30  3.01  4,675  9,704 

 26.  ОМ-4/1086.0  0.05  0.14  0.76  0.90  5.63  190  2,297 

 27.  ОМ-4/1096.0  0.01  0.06  0.38  0.44  6.91  190  2,603 

 28.  ОМ-24/512.0  0.84  0.12  0.84  0.96  7.00  13  18 

 29.  ОМ-24/513.2  0.13  0.06  0.63  0.69  10.50  10  17 

 30.  ОМ-24/518.1  0.03  0.06  0.64  0.70  11.64  21  22 

 31.  ОМ-24/529.5  0.01  0.01  0.06  0.07  12.40  33  79 

 32.  ОМ-24/544.8  0.04  0.09  0.13  0.22  1.44  9  19 

 33.  ОМ-24/554.6  0.02  0.11  0.16  0.27  1.45  10  21 

 34.  ОМ-24/575.9  0.01  0.01  0.12  0.13  24.00  52  46 

 35.  ОМ-24/584.5  0.02  0.08  0.09  0.17  1.06  26  19 

 36.  ОМ-24/597.4  0.01  0.06  0.10  0.16  1.58  15  91 

 37.  ОМ-24/608.0  0.03  0.02  0.10  0.12  5.00  45  170 

 38.  ОМ-24/616.5  0.02  0.03  0.09  0.12  3.00  55  308 

 39.  ОМ-24/624.0  0.01  0.01  0.15  0.15  29.00  126  606 

 40.  ОМ-24/637.8  0.13  0.03  0.44  0.47  17.60  135  400 

 41.  ОМ-24/647.2  0.01  0.03  0.15  0.18  5.07  67  133 

 42.  ОМ-24/650.8  0.02  0.01  0.09  0.10  9.00  75  238 

 43.  ОМ-24/655.8  0.02  0.04  0.12  0.16  3.00  100  222 

 44.  ОМ-24/666.6  0.02  0.09  0.45  0.54  5.00  135  157 

 45.  ОМ-24/676.7  0.06  0.10  0.32  0.42  3.20  91  111 

 46.  ОМ-24/688.2  0.02  0.03  0.10  0.13  3.33  78  191 

 47.  ОМ-24/696.7  0.05  0.05  0.07  0.12  1.30  87  186 

 48.  ОМ-24/705.4  0.00  0.02  0.04  0.06  2.24  98  169 

 49.  ОМ-24/717.9  0.03  0.03  0.13  0.16  5.20  112  174 

 50.  ОМ-24/733.0  0.03  0.02  0.09  0.11  6.27  103  100 

(continued)

4.5  Massifs of the Noril’sk Ore Junction



198

Table 4.36 (continued)

 №  № sample  Au  Pt  Pd  Rh  Pt + Pd + Rh  Pt–Pd  Ni  Cu 

 51.  ОМ-24/745.1  0.02  0.03  0.05  0.08  2.08  109  87 

 52.  ОМ-24/758.6  0.01  0.03  0.05  0.08  1.60  117  85 

 53.  ОМ-24/769.8  0.01  0.02  0.04  0.06  2.50  187  103 

 54.  ОМ-24/789.9  0.01  0.02  0.07  0.09  3.40  n/a  n/a 

 55.  ОМ-24/803.3  0.02  0.02  0.05  0.07  3.60  n/a  n/a 

 56.  ОМ-24/813.0  0.36  2.10  1.85  0.05  4.00  0.88  n/a  n/a 

 57.  ОМ-24/832.0  0.19  1.10  0.68  0.08  1.86  0.62  n/a  n/a 

 58.  ОМ-24/837.0  0.18  1.15  0.76  0.84  2.75  0.66  n/a  n/a 

 59.  ОМ-24/842.0  0.11  0.87  0.81  0.02  1.70  0.93  n/a  n/a 

 60.  ОМ-24/849.0  0.11  0.50  0.72  0.65  1.87  1.44  n/a  n/a 

 61.  ОМ-24/851.0  0.10  0.78  0.87  0.6  2.25  1.12  n/a  n/a 

 62.  ОМ-24/858.0  0.08  0.55  0.50  0.03  1.08  0.91  n/a  n/a 

 63.  ОМ-24/860.0  0.21  2.00  2.72  0.94  5.66  1.36  n/a  n/a 

 64.  ОМ-24/ 861.0  0.08  0.52  0.84  0.15  1.51  1.62  n/a  n/a 

 66.  ОМ-24/869.0  0.04  0.09  0.64  0.73  7.11  n/a  n/a 

  Note: (1) Empty cell—element concentration is under detection limited,   (2) here and Tables 2–5— N  sample =  N  borehole/depth (m),   (3) Samples 
OM-4 northern and OM-24 southern parts of the Maslovsky deposit,   (4) n/a, element was not analyzed,   Analyses were carried out in the Semenenko 
Institute of Geochemistry, Mineralogy and Ore Formation, National Academy of Sciences of Ukraine, analyst A. Yushin (After Krivolutskaya et al. 
 2011 )   

for one- third of the vertical section of the massif. The con-
tents of Cu and, particularly, Ni are there remarkably higher 
than in the southern part of the deposit (Fig.  4.62 ) for the 
following two reasons: the occurrence of a thick unit of pic-
ritic gabbro- dolerites containing up to 60 vol.% olivine with 
an average Ni concentration of 0.2 wt % and the occurrence 
of fi ne sulfi de dissemination in the upper part of this unit. 
The lower part of the picrites unit contains large crystals and 
veinlets of sulfi de minerals, and hence, the concentrations of 
base metals notably increase. Their maximum values were 
detected in sample OM-4/1029, which consists of massive 
sulfi des. In the lowermost part of the vertical section, in 
which picrite gabbro-dolerites are underlain by olivine gab-
bro-dolerites, Cu dominates over Ni.

   The contents of precious metals in this portion of the 
vertical section are much higher than in the barren rocks, 
whose analyses are reported here for samples from Hole 
OM-24. For example, the concentrations Pd > Pt > Au and 
the Pt–Pd ratios are everywhere greater than 1 (except only 
for two analyses, in which this ratio is 0.9 and 0.75). The 
ores were determined to be rich in precious metals, whose 
total concentrations (Au + Pt + Pd + Rh) reach 30.0 and 
22.3 ppm (in samples OM-4/1029.3 and OM-4/1082, 
respectively). 

 Minerals containing  precious metals  were found mostly 
in the Northern intrusion. These minerals are usually 
restricted to the selvages of thin sulfi de veinlets in picritic 
gabbro-dolerites. More rarely single PGM grains occur 

inside sulfi de drops or rock-forming minerals. The identifi ed 
phases are native metals (Au, Ag, and Рd), intermetallic Sn–
Pd–Pt–Bi–Pb compounds, and Pt–Fe alloys. 

 The largest aggregates of precious metal minerals reach 
3–4 mm in size and are situated at the contacts between sul-
fi des and silicates. Some of the phases are highly heteroge-
neous and some are zoned. The aggregate includes Pt and 
Pd compounds (Fig.  4.63 ): tetraferroplatinum, Pt with a Pd 
admixture, and Pt and Pd compounds with Sn and Te 
(including maslovite). Sperrylite may contain an inclusion 
of native gold (Fig.  4.64f ). Another sperrylite grain is anhe-
dral and is located at a sulfi de–silicate contact. More rarely 
sperrylite occurs in association with other precious metal 
minerals. It coexists with Pt compound and Fe–Ni alloy 
with up to 11 wt % Cu. In all associations sperrylite contains 
relatively high concentrations of Fe (particularly in the 
intergrowth with Fe–Ni alloy up to 3.2 wt %), Pd (up to 
6 wt %), Ni (up to 0.25 wt %), Cu (up to 6 %), and S (up to 
0.96 %) and a very low concentration of Te (no more than 
0.17 wt %). Native Ag is rather common in bornite 
(Fig.  4.65 ). Sperrylite, in contrast to Sn, Te, and Sb inter-
metallides, commonly occurs as a single crystals. One such 
crystal inside chalcopyrite grains in association with pyrite 
is shown in Fig.  4.66a .

       The Sb–Sn–Bi system  (Fig.  4.66b–f ) was determined to 
contain exsolution products of a solid solution: the matrix of 
the grain is dominated by Sn, Sb, and Pd, whereas the lamel-
lae contain Bi at a much lower concentrations (which 

4 Intrusive Rocks



199

  Fig. 4.61    Inner structure of intrusive bodies at the Maslovsky and Noril’sk 1 deposits and the distribution of PGE (Data on reference boreholes) 
 After Krivolutskaya et al. ( 2011 )       
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decreases from 12.23 to 4.9 wt %) and Pd (decreases from 
68.63 to 58.66 wt %). The system typically contains practi-
cally no Pt, whose very low concentration (0.18 wt %) was 
identifi ed only in the lamellae. 

 An interesting fi nd was that of Pd (98 and 93 wt % Pd) 
containing practically no Pt (0.21 wt %) (Fig.  4.66g, h ), 
although Pd should contain 18 % Pt and have the formula 
(Pd,Pt) according to the classifi cation of native metals 
(Table  4.37 , Fig.  4.67e–h ). A composition close to that was 
determined in one Pd grain (which contained up to 25 wt % 
Pt; no. 3 in Table  4.37 ). Pt-free Pd contains a minor Cu 
admixture (5 wt %) and contains Co and Fe (0.17 and 
1.25 wt %, respectively). An elongated grain of irregular 
morphology of this mineral occurs at a contact between sul-
fi de minerals and silicates (Fig.  4.66h ), as also do most pre-
cious metal minerals.

    Zvyagintsevite is one of the most widely spread minerals 
in the PGM ores of the Maslovsky deposit. It is most com-
monly contained in disseminated and massive ores in the 
northern part of the deposit and is more rare in its southern 
part. At the same time, this is the predominant PGM mineral 
in ores at the Noril’sk 1 deposit (Vein 1, Table  4.38 ). Its mor-
phology varies insignifi cantly in different ore types. While 

the disseminated ores contain its thin veinlets among sulfi des 
(Fig.  4.63g, h ), rims around sulfi des (Figs.  4.60h  and  4.63f, 
g, h ), as well as this mineral in the selvages of thin sulfi de 
veinlets in rocks, the massive ores contain platelets of this 
mineral and its veinlets.

    Minerals of the Pt–Fe and Pt–Pd Systems     In addition to the 
aforementioned crystals of tetraferroplatinum, ores of the 
Maslovsky deposit contain numerous Pt alloys with Fe, with 
variable proportions of these metals: native Pt with a Fe 
admixture (Pt, Fe), compounds of the Pt 2 Fe type, which 
occur in intimate aggregates with other PGM (Table  4.37 ).  

 It is known that the complete solid solution series (Pt,Fe)ss 
exist above  T  > 835 °С, and three-ordered compounds, Pt 3 Fe, 
PtFe, and PtFe 3 , are formed in the subsolidus fi eld in the sys-
tem Pt–Fe. But some compositions of Pt–Fe minerals corre-
spond to Pt 2 Fe. Some explanations of this fact should be 
discussed (Evstigneeva  2010 ): (1) Pt 2 Fe is another ordered 
phase in the system Pt–Fe; (2) the composition “Pt 2 Fe” corre-
sponds not to a homogeneous compound but to the fi ne 
“Pt 3 Fe + PtFe” intergrowth; and (3) Pt 2 Fe is the ferroan plati-
num stable under particular conditions T.L. Evstigneeva 
believes that the composition “Pt 2 Fe” corresponds not to a 
homogeneous compound but to the fi ne “Pt 3 Fe + PtFe” inter-
growth. But we did not see such intergrowths in our samples, 
and we suppose the existing of the origin phase in Pt–Fe 
system. 

 Compounds of Pt and Pd also form a number of phases 
with variable proportions of these metals, ranging from 
native Pd with a Pt admixture (0.21, 25.6 wt %, 55.8 wt %, 
and 68.3 wt %). Practically all phases of this system contain 
admixtures of Fe (up to 1.25 wt %), Ni (0.3–0.6 wt %), and 
Cu (up to 5 wt %). 

 Intermetallic PGE  compounds with Te and Bi  are also 
widespread in the disseminated ores of the Maslovsky 
deposit (Table  4.38 ) and the Noril’sk 1 deposits (Distler et al. 
 1999 ), in which these compounds occur in the form of such 
minerals as michenerite, merenskyite, maslovite, and kotulskite. 
In the northern part of the Maslovsky deposit, minerals were 
found that contain the aforementioned elements together 
with Sn and Sb: (Pd,Pt) 3 SnTe, (Pt,Pd) SnTe, and Pd 2  Bi 
(Sn,Sb). 

 Minerals in the  system Pt–Pd–Sn . This system most often 
occurs in the form of euhedral crystals of minerals of the 
atokite–rustenburgite series (Table  4.38 ), which are often 
zonal. A new phase found in the northern part of the deposit 
has the formula Pd 2 (Sn,Sb). Another mineral identifi ed there 
is palarstanide, which is a compound of Pd with Sn and As, 
Pd 8 (Sn,As) 3 . 

 Minerals in the  system Au–Ag  are predominant precious 
metal minerals in ores at the Maslovsky deposit. Numerous 
compounds of these elements compose a wealth of phases 

  Fig. 4.62    Pt–Pd  versus  Cu (ppm) diagram for disseminated ores of the 
Maslovsky deposit  
 NM – Northern Maslovsky intrusion, SM – Southern Maslovsky 
 intrusion. After Krivolutskaya et al. ( 2011 )       
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(Table  4.39 ): native Au and Ag, kustelite, electrum, and a 
number of phases containing Pd. They most commonly occur 
as small single grains in chalcopyrite or, more rarely, in pyr-
rhotite and pentlandite, or among Pt and Pd minerals (e.g., in 
sperrylite; Krivolutskaya et al.  2012 ). The minerals are often 
zonal, with the cores richer in Cu (Fig.  4.67a–d ). Minerals of 
this system were found in aggregates that compose veinlet-
shaped accumulations in chalcopyrite, with the selvages 
enriched in Au and Ag and the cores enriched in Pd.

   Elements of platinum group were established in the main 
ore-forming minerals as impurities as well. Figure  4.68  dem-
onstrates their distribution in chalcopyrite, pyrrhotite, and 
pentlandite. These maps were carried out in Sudbury (analyst 
J. Petrus).

   In recent years, laser ablation inductively coupled plasma 
mass spectroscopy (LA-ICP-MS) has been successfully used 
to map the distribution of elements in a variety of geological 
samples (e.g., Large et al.  2009 ; Ulrich et al.  2009 ; Woodhead 
et al.  2007 ; Woodhead et al .   2008 ). In this study, sample 
material was ablated by a Resonetics RESOlution M-50 laser 
ablation system and transported to a Thermo X Series II 
quadrupole ICP-MS where the masses of interest were ana-
lyzed. The RESOlution M-50 employs a 193-nm ArF 
excimer laser and a proprietary two-volume laser ablation 
cell (Müller et al.  2008 ). After the sample was loaded, air in 
the cell was evacuated and replaced with He. During the 
mapping sequence, the laser was operated with a repetition 
rate of 5 Hz, spot size of 10 μm, scan speed of 5 μm/s, and 
fl uence of 10 J/cm 2 . The vaporized material was entrained by 
700 mL/min of He, combined with 2 mL/min of N 2 , and 
810 mL/min of Ar and delivered to the ICP-MS via approxi-
mately 2 m of nylon tubing. Under these conditions, a ThO + /
Th +  ratio on NIST 612 (a synthetic glass trace element stan-
dard) of 0.5 % was typical. The map reported here consists of 
106 rows of 1.250 mm in length, for a total area of 1.250  m
m × 1.060 mm = 1.325 mm 2 . The NIST 610 and Po725-T2 

(a sulfi de standard that is doped with approximately 40 ppm 
of PGEs and Au, Sylvester et al.  2005 ) standards were 
ablated before and after the map for calibration and quantifi -
cation purposes. NIST 610 was used for S, Fe, Co, Ni, Cu, 
As, Se, Ag, Sb, and Re, while Po725-T2 was used for Ru, 
Rh, Pd, Os, Ir, Pt, and Au. 

 Data reduction and map construction were carried out 
using Iolite, a freely available add-on for Igor Pro ©  that was 
developed at the University of Melbourne (Hellstrom et al .  
 2008 ). The data was processed using the semiquantitative 
standardization method of Iolite’s built in trace element data 
reduction scheme. In doing so, the concentrations of the 
 analytes are computed assuming that the target minerals 
exhibit similar ablation characteristics to those of the stan-
dards used. The lack of an internal standard element present 
in all phases mapped is not ideal; however, owing to the 
193 nm laser, ablation behavior between minerals does not 
generally deviate by more than 20 %. 

 The results of this study show that Ir, Ru, Os, and partially 
Rh are concentrated in pyrrhotite, while Pd and Ag (partially 
Pt and Rh) are present in pentlandite. 

 The Maslovsky deposit, whose northern part is a continu-
ation of the Noril’sk 1 intrusion, is an important source of 
base and precious metals in Russia. It is thus important to 
study this deposit in both the applied and the academic 
aspect: understanding the distribution of precious metals in 
the ores provides a clue to the major relations and trends in 
the accumulation of Cu, Ni, and PGE in ultrabasite–basite 
melts. The pioneering results obtained on the geochemistry 
and mineralogy of ores from this deposit reveal important 
features of this deposits that make it different from other 
mineral deposits in the Noril’sk area. 

 First of all, this pertains to the distribution of valuable 
components in the ores. It was determined that practically all 
samples (of both ores and barren rocks) contain more Cu 
than Ni and more Pd than Pt. The latter is also typical of 

  Fig. 4.65    Native Ag in bornite from disseminated ores of the Northern Maslovsky intrusion  
 Images: ( a ) BSM, ( b ) Ag L α        
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other ore-bearing intrusions in the Noril’sk district, but their 
predominant ores have Pd/Pt = 3, whereas ores at the 
Maslovsky deposit have this ratio as high as 5–6. 

 The fi rst remarkable feature of the Maslovsky deposit is 
the occurrence of large PGE accumulations (mostly Pd inter-
metallics) in disseminated ores in the northern part of the 
deposit; these accumulations are often discernible in hand 
specimens with the unaided eye. As can be often seen in pol-
ished sections of the ores, precious metal minerals and their 
accumulation are sometimes as large as a few millimeters 
across, which makes these ores notably different from those 
at the Noril’sk 1 deposit, in which PGM are rarely larger than 
50 μm and are usually <20 μm (they can be examined only 
under an electron micro scope in concentrated separates from 
corresponding size fractions). 

 Another distinctive feature of the northern part of the 
Maslovsky deposit (compared to Noril’sk 1) is a greater 
number of PGM species in the disseminated ores, many of 
which remained unexamined so far. The comparison of the 
mineralogical features of these two deposits (Table  4.40 ) 
reveals their difference. While minerals of the atokite–
rustenburgite group and Pt and Fe alloys predominate at 
Noril’sk 1, the ores of the Maslovsky deposit are dominated 
by zvyagintsevite. Moreover, the latter mineral is one of the 

most widely spread minerals in the vein ores of the former 
deposit. We determined this when studying the mineralogy 
of Vein 1 in picrite gabbro-dolerites at Noril’sk 1, which is 
exposed in the Medvezhy Creek open pit mine.

   Ores at the Maslovsky deposit contain a variety of identi-
fi ed Pt–Fe compounds that has not been found in the ores of 
Noril’sk 1 as of yet. The identifi ed native Pd and a number of 
Pt and Pd phases are the fi rst fi nds at the Noril’sk group of 
deposits. 

 The disseminated ores of the southern part of the Maslovsky 
deposit differ from ores in the northern part of this deposit and 
Noril’sk 1. The sizes of PGM and the frequencies of their 
occurrence at the Southern Maslovsky deposit are much lower 
than at the other two deposits. PGM in the southern part of the 
deposit are dominated (90 %) by Au and Ag minerals and their 
compounds with Cu, Pd, Os, and other PGE. 

 Our data on the composition of the disseminated ores 
confi rm our earlier conclusion (Krivolutskaya et al.  2012 ) 
that the Maslovsky deposit was formed under the effect of 
two discrete intrusive pulses, that gave two intrusive bod-
ies differed not only in their geochemistry and the compo-
sition of their rock-forming minerals but also in the 
mineralogical composition of the ore mineralization. 
The northern part of the deposit is related to a separate 

     Table 4.37    Minerals composition in the systems Pt–Fe and Pt–Pd, wt %   

 №  № sample  Mineral  Pt  Pd  Rh  Os  Fe  Ni  Cu  Total 

 1.  OM-4/1010  Native Pd  0.06  99.8  0  0.03  0.04  0. 2  0.51  100.48 

 2.  ОМ-12 1121  Cu–Pd alloy  0.21  93.6  n/a  n/a  1.25  0.5  5.02  100.62 

 3.  ОМ-9/1123  Pt–Pd alloy  25.63  73.5  n/a  n/a  0.19  0.26  0.76  100.35 

 4.  ОМ-9/ 1123  Pt–Pd alloy  55.82  41.6  n/a  n/a  0.79  0.31  0.92  99.45 

 5.  ОМ-9/1123  Pt–Pd alloy  68.30  28.3  n/a  n/a  1.22  0.62  1.66  100.05 

 6.  ОМ-9/1123  Pt–Fe alloy  68.29  0.49  0.22  n/a  27.5  1.45  1.70  99.64 

 7.  ОМ-9/ 1123  Pt–Fe alloy  63.8  1.51  0.27  n/a  30.2  2.31  1.82  99.94 

 8.  ОМ-9/ 1123  Pt–Fe alloy  68.74  0.18  0.19  n/a  27.7  1.35  1.15  99.32 

 9.  OM-4/1010,7  Pt 2 Fe  84.77  1.16  0.3  0.5  10.2  0.64  1.02  98.63 

 10.  OM-4/1010,7  Pt 2 Fe  84.95  1.52  0.22  0.62  10.3  0.55  0.91  99.09 

 11.  OM-4/1010,7  Pt 2 Fe  83.51  1.50  0.44  0.59  11  0.8  0.89  98.74 

 12.  OM-4/1010,7  Pt 2 Fe  85.5  0.95  0.36  0.24  11.1  0.88  1.00  100.02 

 13.  OM-4/1010,7  Pt 2 Fe  85.55  0.24  0.39  0.49  10.5  0.52  0.65  98.36 

 14.  ОМ-24/868,6  (Pt, Fe)  88.82  0.38  0.43  0.52  9.61  0.04  0.42  100.22 

 15.  ОМ-16/928.8  (Pt, Fe)  86.66  0.61  0.46  0.61  10.6  0.31  1.03  100.23 

 16.  ОМ-24/837,1  (Pt, Fe)  86.88  0.32  0.28  0.25  11.4  0.21  0.73  100.11 

 17.  ОМ-16/928.8  (Pt, Fe)  86.66  0.61  0.46  0.61  10.6  0.01  0.31  99.21 

 18.  ОМ-9/1123  PtFe*  75.81  0.31  n/a  n/a  15.9  3.86  3.86  99.76 

 19.  ОМ-9/1123  PtFe*  76.03  0.32  n/a  n/a  14.2  4.6  4.53  99.69 

  Notes: (1) OM-9 and OM-16, northern part of the Maslovsky deposit 
 (2) n/a, element was not analyzed; (3) * tetraferroplatinum 
 (9) (Pt 1,98 Pd 0,05 Rh 0,01 Os 0,01 ) 2,05  (Fe 0,83 Ni 0,05 Cu 0,07 ) 0,95  
 (10) (Pt 1,98 Pd 0,06 Rh 0,01 Os 0,01 ) 2,06  (Fe 0,83 Ni 0,04 Cu 0,07 ) 0,94  

 (11) (Pt 1,91 Pd 0,06 Rh 0,02 Os 0,01 ) 2,00  (Fe 0,88 Ni 0,06 Cu 0,06 ) 1,00  
 (12) (Pt 1,91 Pd 0,04 Rh 0,02 Os 0,01 ) 1,98  (Fe 0,88 Ni 0,07 Cu 0,17 ) 1,02  
 (13) (Pt 2,01 Pd 0,01 Rh 0,02 Os 0,01 ) 2,05  (Fe 0,86 Ni 0,04 Cu 0,05 ) 0,95  
 After Krivolutskaya et al. ( 2011 )  
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     Table 4.38    Mineral compositions in Pt–Pd–Sn, Pd–Te–Bi, and Pd–Pb systems, wt %   

 №  № sample  Mineral  Pt  Pd  As  Sn  Sb  Pb  Fe  Ni  Cu  Te  Bi  Total 

 1.  ОМ- 9/1123  Bi–moncheite  39.48  0.30  38.59  22.05  100.42 

 2.  ОМ- 9/1123  Bi–kotulskite  16.23  27.13  0.00  24.40  33.37  101.13 

 3.  ОМ- 9/1123  Pt–atokite  30.99  45.88  22.78  0.59  0.16  0.02  0.48  100.90 

 4.  OM- 9/1132  Bi–kotulskite  38.86  23.94  36.66  99.46 

 5.  OM- 9/1132  Paolovite  0.3  63.56  29.11  6.38  99.35 

 6.  ОМ- 9/1123  Pt–atokite  20.56  54.56  0.03  24.42  0.22  –  0.07  0.13  0.03  0.04  100.06 

 7.  ОМ- 5/1093  Pt–atokite  29.72  45.96  0.04  22.88  0.60  –  0.69  0.14  0.02  0.00  100.05 

 8.  OM- 4/1010  Pt–atokite  29.41  46.24  22.81  0.47  0.18  99.11 

 9.  ОМ- 1/1034  Pd 5 (Sn,Te As) 2   0.01  68.63  0.75  18.47  12.23  0.12  0.05  0.01  0.05  100.32 

 10.  OM- 4/1010  Pd–rustenburgite  52.31  27.57  18.89  1.15  0.32  0.24  0.21  100.69 

 11.  ОМ- 24/941  Pd–rustenburgite  54.77  24.40  19.57  0.00  0.38  0.20  0.02  99.34 

 12.  OM- 4/1023  Sperrylite  54.48  0.67  43.63  0.49  0.03  0.34  0.05  0.02  99.71 

 13.  OM- 4/1025  Sperrylite  54.21  0.06  42.39  1.61  0.05  0.57  0.13  0.11  99.13 

 14.  OM- 4/1025  Sperrylite  55.31  43.29  0.33  0.13  1.32  0.08  0.14  100.60 

 15.  ОМ- 9/1123  Pt–atokite  31.00  45.96  22.88  0.00  0.36  0.02  0.18  100.40 

 16.  OM- 4/1010  Pt–atokite  29.38  46.74  22.61  0.57  0.18  99.48 

 17.  ОМ- 5/1093  Pt–atokite  27.72  47.98  0.04  22.43  0.60  0.69  0.14  0.92  100.52 

 19.  OM- 24/855  Pd 5 (As,Sn) 2   0.02  74.81  13.05  12.73  0.14  0.12  0.04  0.06  100.97 

 20.  OM- 24/855  Pd 5 (As,Sn) 2   0.24  74.72  16.98  7.41  99.35 

 21.  OM- 24/833  Pd 5 (As,Sn) 2   0.71  74.51  14.38  11.18  0.20  100.98 

 22.  OM- 24/833  Zvyagintsevite  2.05  58.56  0.02  0.01  0.61  38.07  99.32 

 23.  Vein 1  Zvyagintsevite  0.05  60.25  0.01  0.01  0.76  38.10  0.43  0.13  0.14  99.88 

 24.  Vein 1  Zvyagintsevite  0.02  60.44  0.10  0.02  0.66  38.26  0.02  0.12  0.20  99.84 

 25.  Vein 1  Zvyagintsevite  0.01  60.89  0.04  0.09  39.25  100.28 

 26.  Vein 1  Zvyagintsevite  0.03  62.11  37.31  1.07  100.52 

 27.  Vein 1  Zvyagintsevite  0.00  61.27  36.71  0.27  0.86  99.11 

  1. Pt 1,00 (Te 1,48 Bi 0,52 ) 2,00  
 2. (Pd 0,74 Pt 0,24 ) 0,98 (Te 0,56 Bi 0,46 ) 1,02  
 3. (Pd 2,20 Pt 0,79Cu0,01 ) 3,00( Sn 0,99 Sb 0,01 ) 1,00  
 4. Pd 1,00  (Te 0,51 Bi 0,49)  
 5. Pd 2,00 (Sn 0,82 Sb 0,18 ) 1,00  
 6. (Pd 2,50 Pt 0,49 ) 2,99  Sn 1,01  
 7. (Pd 2,20 Pt 0,80 Fe 0,01 ) 3,01 (Sn 0,98 Sb 0,01 ) 0,99  
 8. (Pd 2,20 Pt 0,81 ) 3,01 (Sn 0,98 ) 0,99  
 9. Pd 4,98 (Sn 1,20 Te 0,74  As 0,08 ) 2,02  
 10. (Pt 1,52 Pd 1,47 ) 2,99 (Sn 0,94 Sb 0,06 Pb 0,01 ) 1,01  
 11. (Pt 1,54 Pd 1,45 ) 2,99 (Sn 0,94 Sb 0,06 Pb 0,01 ) 1,01  
 12. (Pt 0,99 Pd 0,01 ) 1,00  As 2,00  
 13. (Pt 0,99  Fe 0,01 ) 1,00  As 2,00  
 14. (Pt 0,99 Fe0,01 ) 1,00  As 2,00  

 15. (Pd 2,20 Pt 0,81 ) 3,01 Sn 0,99  
 16. (Pd 2,23 Pt 0,77 ) 3,00  (Sn0 ,98 Sb 0,02 ) 1,00  
 17. (Pd 2,22 Pt 0,77 Fe 0,01 ) 3,00  (Sn0 ,98 Sb 0,02)1,00  
 18. (Pd 2,39 Pt 0,54 Cu 0,07 ) 3,00 Sn 1,00  
 19. Pd 4,99  (As 1,24 Sn 0,76 Sb 0,01 ) 2,01  
 20. (Pd 4,99 Pt 0,01 ) 5,00  (As 1,56 Sn 0,44 ) 2,00  
 21. (Pd 4,95 Pt 0,03 ) 4,98  (As 1,35 Sn 0,6 Sb 0,01 ) 2,02  
 22. (Pd 2,94 Pt 0,06 ) 3,00  (Pb0 ,98 Sb 0,02 ) 1,00  
 23. Pd 3,00  (Pb 0,97 Sb 0,03 ) 1,00  
 24. Pd 3,00  (Pb 0,97 Sb 0,03 ) 1,00  
 25. Pd 3,00  Pb 1,00  
 26. Pd 3,00  Pb 1,00  
 27. (Pd 2,99  Cu 0,01 ) 3,00  Pb 1,00  
 After Krivolutskaya et al. ( 2011 )  
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   Table 4.39    Minerals composition in the system Au–Ag, wt %   

 №  № sample  Mineral  Ag  Au  Pd  Cu  Total 

 1.  OM-4/1003,5  (Au, Ag, Pd)  32.01  66.56  1.66  0.02  100.25 

 2.  OM-4/1005,2  Electrum  54.3  45.71  0.22  0.00  100.23 

 3.  OM-4/1005,2  (Au, Pd) Cu  1.04  66.68  7.58  25.21  100.51 

 4.  ОМ-24 868,5  Native Ag  98.15  1.12  0.00  0.01  99.28 

 5.  ОМ-24 941,4  Native Au  19.32  81.42  0.53  0.00  101.27 

 6.  ОМ-24 941,4  Native Au  18.7  80.79  0.6  0.00  100.09 

 7.  ОМ-24 /941,4  Native Au  19.32  81.42  0.53  0.00  101.27 

 8.  ОМ-24 941,4  Kustelite  34.01  65.56  0.23  0.02  99.82 

 9.  MS-31/527  Kustelite  70.96  25.14  2.86  0.00  101.02 

 10.  Vein 1  Kustelite  70.96  25.14  2.86  0.11  99.07 

 11.  Vein 1  (Au, Ag, Pd)  3.75  75.79  5.84  0.50  101.02 

  After Krivolutskaya et al. ( 2011 )  

  Fig. 4.68    Trace element distribution maps for the main sulfi des found in the northern part of the Maslovsky deposit 
  Scale bar  is 300 mm       
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intrusive body, whereas the northern part is likely a con-
tinuation of the Noril’sk 1 intrusion. The mineralogical 
compositions of the disseminated ores of Noril’sk 1 and 
the Northern Maslovsky deposit are generally similar, 
although the latter shows a number of unique features.  

4.5.6.5     Sulfur Isotope Composition 
at the Maslovsky Deposit 

 We have analyzed sulfi des (Table  4.41 ) from the lower part 
of the Southern Maslovsky intrusion (from the picritic and 
picritic-like gabbro-dolerites). This intrusion was selected 

for isotope study considering that its country rocks are 
basalts of the six lowermost formations of tuff–lava sequence 
in contrast to other massifs including Talnakh and Kharaelakh 
which are hosted in terrigenous–carbonate rocks. Thus by 
measuring sulfur isotope composition in this intrusion, one 
can test an infl uence of in situ sulfur contamination that has 
been supposed to be one of the main factors to achieve sulfur 
saturation and sulfi de miscibility. The results of our studies 
are summarized in Table  4.41 . The analyzed samples yielded 
an isotopically heavy sulfur composition with δ 34 S >5 ‰ and 
10.8 ‰ in two of the samples. These two samples represent 
picritic-like rocks with patches of plagioclase crystals and 
aggregates transitional downward to taxitic gabbro-dolerite 
within the vertical section of the body. The composition of 
the sulfi de mineralization notably varies toward the lower 
contact of the intrusion and changes from pyrrhotite- 
dominated to chalcopyrite–pyrrhotite one. The change in 
sulfi de species is likely related to the shift in sulfur isotope 
ratio toward heavier compositions.

4.5.6.6        Comparison of the Noril’sk 1 
and Maslovsky Intrusions 

 The Ni:Cu ratio is generally regarded as evidence of the 
parental magma composition: Ni-enriched ores are related 
with high-Mg rocks, whereas essentially Cu mineralization 
is located in basic intrusions. Basic–ultrabasic massifs of 
northern Transbaikalia demonstrate this tendency (Gongalsky 
and Krivolutskaya  1993 ). On the basis of rock geochemistry 
and composition of rock-forming minerals, we have suggested 
that the Maslovsky deposit consists of two intrusive bodies. 
The northern part of the deposit is a continuation of the 
Noril’sk 1 intrusion, and the southern part is a separate body. 
The weighted mean compositions (calculated on the basis of 
cross sections, cores OM–4, OM–24, and MS–31) of these 
massifs are very different (Table  4.42 , Krivolutskaya et al. 
 2011 ), and it is interesting to compare the chemical and min-
eralogical composition of their mineralization.

   The rocks of the Noril’sk 1 and the northern part of the 
Maslovsky intrusion have very similar compositions in terms 
of the SiO 2 , TiO 2 , FeO, and Na 2 O contents (3.42). They 
essentially differ from the southern Maslovsky intrusion in 

    Table 4.41    Isotope composition of sulfi des from the Southern 
Maslovsky intrusion   

 №  N sample  δ 34 S, ‰ 

 1.  ОM-24/814  +5.1 

 2.  ОM-24/814.5  +6.7 

 3.  ОM-24/815  +5.2 

 4.  ОM-24/816  +10.8 

 5.  ОM-24/824  +5.0 

 6.  ОM-24/830  +10.8 

 7.  ОM-24-832.2  +5.0 

 8.  ОM-24-843.6  +4.9 

 9.  ОM-24-847  +6.2 

 10.  ОM-24-848  +5.5 

 11.  ОM-24-853.9  +6.0 

 12.  ОM-24-859.3  +4.8 

  Note: Table after Krivolutskaya et al. ( 2012 )  

     Table 4.42    Average mean composition of the intrusion of the Noril’sk Complex   

 Intrusion  Core no.  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O 

 Northern Maslovsky  OM-4  46.71  0.70  11.82  12.66  0.24  16.68  8.91  1.75 

 Southern Maslovsky  OM-24  50.42  1.42  14.09  13.17  0.22  7.65  9.78  2.44 

 Noril’sk 1  MC-31  46.99  0.91  16.25  11.67  0.15  11.90  9.46  1.94 

 Core no.  K 2 O  P 2 O 5   Ni  Cu  Co  Zn  V  Cr  Ni:Cu 

 OM-4  0.42  0.09  1,173  1,135  107  153  248  n.a.  1.03 

 OM-24  0.64  0.17  185  184  53  70  216  n.a.  1.01 

 MC-31  0.52  0.15  311  410  59  75  181  3217  0.76 
  Note: Table after Krivolutskaya et al. ( 2011 )  

    Table 4.40    Main minerals of platinum group elements in ores of the 
Noril’sk ore junction   

 Northern Maslovsky 
 Southern 
Maslovsky  Noril’sk 1 

 Zvyagintsevit  Au–Ag allows  Pt–Fe allows 

 Pt–Fe allows  Pt–Fe allows 
Sperrylite 

 Atokite–Rustenburgite 

 Atokite–Rustenburgite 
Kotulskite 

 (Pd, Pt) 5  (Sb, Sn, As, 
Pb) 2  

 Moncheite  Kotulskite 
Sobolevskite, Sperrylite 

  Note: Table after Krivolutskaya et al. ( 2011 )  
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these oxides. But the MgO concentration varies in these 
three massifs from 16.68 in the northern Maslovsky and 
11.90 in the Noril’sk 1 to 7.65 in the southern Maslovsky. 
The nickel content correlates with MgO contents in the 
rocks. Its behavior depends on the distribution between sul-
fi de and silicate phases: the best correlation is typical of the 
southern Maslovsky intrusion ( R  2  = 0.71), which contains the 
lowest contents of sulfi des and Ni concentrates in olivine. 
The worst correlation ( R  2  = 0.38) characterizes the Noril’sk 1 
intrusion, where Ni accumulates in sulfi des, in general. The 
behavior of Co is the same as Ni. It concentrates mostly in 
the olivine (174–206 ppm: Krivolutskaya et al.  2012 ) in 
these massifs, thus its contents correlate with MgO ( R  2  in the 
range 0.61–0.79). In contrast, Cu accumulates in a sulfi de 
melt and shows an independent behavior in the rocks. One 
can see on the Ni:Cu diagram that in the different intrusions, 
this ratio does not correlate with MgO in rocks and their 
weighted mean compositions (Table  4.42 ). Of course, this is 
a preliminary conclusion because it is based only on isolated 
drill holes. 

 Usually, the proportion of Ni exceeds that of Cu in the 
massive and disseminated ores of the Noril’sk region, as was 
shown for the Talnakh group deposits (Likhachev  1994 ). The 
same statement applies to the Noril’sk 1 and the northern 
Maslovsky deposits (Tables  4.42 ), where the Ni:Cu ratio 
reaches a value of 16.02. Disseminated ores of the southern 
Maslovsky deposit is characterized by lower values of this 
ratio, which varies from 0.78 up to 2.30. Thus, Cu dominates 
in most samples. This is the fi rst unusual feature of the south-
ern intrusion. 

 The second important peculiarity of the southern Maslovsky 
deposit is very low Pd/Pt ratio. The Noril’sk ores predomi-
nantly have Pd/Pt = 3 in general, and ores at the northern 
Maslovsky deposit have this ratio as high as 5–6, whereas 
most samples of the southern Maslovsky deposit are charac-
terized by 0.62–1.62 (only one value is as high as 7, Table  4.36 ). 
This chemical composition of the ore is refl ected in their min-
eralogical features. A comparison of the mineralogical pecu-
liarities of these two parts of the deposit reveals the salient 
differences. The northern Maslovsky intrusion mostly con-
tains Pd phases, whereas at the southern deposit, Au–Ag dom-
inates (Table  4.40 ). Another distinctive feature of the northern 
part of the Maslovsky deposit is a greater number of PGM 
species in the disseminated ores, many of which remained 
unexamined so far (e.g., native Pd), and their large size. 

 Because the Ni:Cu and Pd/Pt ratios in ores at the northern 
Maslovsky and Noril’sk 1 deposits are similar, their ore min-
eralogy is comparable. But some differences exist. Whereas 
minerals of the atokite–rustenburgite group and alloys of Pt 
and Fe predominate at Noril’sk 1, the ores of the Maslovsky 
deposit are dominated by zvyagintsevite. Moreover, the 
 latter mineral is one of the most widespread minerals in the 

vein ores of the Noril’sk deposit. This was determined when 
studying the mineralogy of Vein 1 in picritic gabbro- dolerites 
at Noril’sk 1, which is exposed in the Medvezhy Creek open-
pit mine.  

4.5.6.7    Conclusions 

     1.    The Maslovsky deposit consists of two discrete intrusive 
bodies (Northern and Southern), which slightly differ in 
bulk rock geochemistry (Ta–Nb ratio) and are notably 
distinct in their trace element composition of their 
olivines.   

   2.    The Northern Maslovsky intrusion closely resembles the 
Noril’sk 1 intrusion in terms of bulk rock geochemistry 
and mineral composition, while the Southern intrusion is 
a separate intrusive body.   

   3.    The Southern Maslovsky intrusion was formed after 
early Nadezhdinsky time, and its geochemical features 
are very similar to those of the Talnakh and Kharaelakh 
Massifs. We thus suggest post-Nadezhdinsky origin for 
all intrusions of the Noril’sk Complex as a result of a 
separate magmatic pulse after the eruption of the Low 
Nadezhdinsky lavas.   

   4.    The picrite units are determined to display principally dif-
ferent enrichment rates of trace elements in their rock- 
forming minerals, which are correlated with the ore 
potentials of these units. The best and most illustrative 
examples are HREE and Y in olivine from the picritic 
and, to a lesser degree, from the taxitic gabbro-dolerites, 
in which the Y concentrations may be as high as 3 ppm.   

   5.    The assimilation of the host rocks took place only within 
thin marginal zones and cannot provide a suffi cient 
amount of isotopically heavy sulfur to an amount suffi -
cient to produce the sulfi de ores.   

   6.    The sulfi de mineralization examined in the Northern 
Maslovsky intrusion is similar to the analogous mineraliza-
tion at Noril’sk 1 in terms of the composition of rock- forming 
minerals and associations of sulfi des and precious minerals.        

4.6     Massif of the Mikchangdinsky 
Ore Junction 

 Geologists from NorilskGeology, Ltd. studied in detail new 
area to east from the city of Noril’sk. Several boreholes pen-
etrated many basic–ultrabasic intrusion with sulfi de mineral-
ization. They located in Devonian sediments, in 
1,000–1,200 m below the surface. It is suggested that this 
area represents a new ore junction. Here, we give new miner-
alogical and geochemical data from one massif named 
Mikchangdinsky. 
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  Fig. 4.69    Geological map of Mikchangda river basin 
 Mikhailov (2003, unpublished)       

4.6.1     Mikchangdinsky Massif 

 Discovered as a result of the geological prospecting works 
of NorilskGeology, Ltd., the Mikchangdinsky ultramafi c–
mafi c intrusion (Figs.  4.2  and  4.69 ) is of interest because it 
may be a metalliferous massif. Therefore, understanding its 
internal structure, petrography, geochemistry, mineralogy 
and the conditions of its formation in relation to the Noril’sk 
Complex has practical importance. However, the most 
unusual properties of this massif are its rock-forming miner-
als, especially olivine, which differs from the olivines of 
many ultramafi c–mafi c massifs of this area. It is well known 
that the intrusions of the Noril’sk Complex that are related 
to the Early Triassic trap formation were formed in near-
surface conditions. This history is evidenced by the struc-
tural and textural features of the rocks, the presence of glass 
in the endocontact zones, and the presence of glassy inclu-
sions in the early liquidus minerals, olivine, and pyroxene. 
In rocks of the Mikchangdinsky massif, unique zoned oliv-
ines were found (Krivolutskaya et al.  2009a ). For intrusive 
rocks, this phenomenon is quite rare globally because diffu-
sion processes at subsolidus temperatures eliminate inho-

mogeneities in the minerals. Olivine with contrasting 
straight and reverse zoning is particularly typical of Martian 
meteorites (Connolly et al.  2006 ; Sarbadhikari et al.  2009 ). 
Terrestrial rocks have usually been noted to contain grain 
olivines with zone distribution of the main components (Fe 
and Mg) with an Fe gradient of 8–10 mol% (Kamenetsky 
et al.  2008 ). Therefore, discovering zoned olivine in igneous 
rocks of the Noril’sk area that exhibit a difference between 
the grain center and periphery greater than 20 mol% Fe is 
not only a unique phenomenon for the region but also for 
other ultramafi c–mafi c complexes around the world.

   The Mikchangdinsky massif is located in the eastern part 
of the Noril’sk area (Fig.  4.2 ) in the Iken river valley 
(Mikchangda basin), in the northern periclinal zone of the 
Khantaysko–Rybninsky swell. This area is characterized by 
a dramatic reduction of the thickness of the volcanic rocks 
relative to the adjacent territories, particularly of the lower 
three formations. Nine tuff–lava pile formations have been 
identifi ed in the studied area, i.e., the Ivakinsky, Syverminsky, 
Gudchikhinsky, Khakanchansky, Tuklonsky, Nadezhdinsky, 
Morongovsky, Mokulaevsky, and Kharayelakhsky forma-
tions. The Mikchangdinsky massif is located in Devonian 
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sediments in the Zubovsky Formation, represented by dolo-
mite, marl, and siltstone interbedded with salt and anhydrite, 
as well as gabbro-dolerite breaks of the Ogonersky Complex. 

4.6.1.1     Internal Structure of the Mikchangdinsky 
Intrusion 

 The internal structure of the Mikchangdinsky intrusion was 
penetrated by the MD-48 borehole at a depth of 1,157–
1,257 m (Fig.  4.70 ). In its structure, the following gabbro- 
dolerites were recognized: lower contact, picritic, olivine, 
olivine bearing, olivine, olivine free, upper picritic, olivine, 
and upper contact (Krivolutskaya et al.  2009b ). The taxitic 
textures are typical of the rocks in the contact zones (upper 
1,155–1,160 m and bottom 1,247–1,257 m).

   Thus, the structure of the Mikchangdinsky intrusion is 
fundamentally the same as that of the other ore-bearing clas-
sic intrusions of the Noril’sk area. In almost all the rocks 
(olivine-free, olivine, and olivine-bearing gabbro-dolerites), 
poikilophytic texture predominates (“goroshchataya,” Dodin 
et al.  1971 ) due to the presence of oikocrysts (rounded 
grains) of augite, containing numerous variously oriented 
laths of plagioclase (Fig.  4.70 , photographic thin sections). 
Elongated laths of plagioclase (0.8–1 mm) are located either 
randomly as crystals inside augite or in parallel grain bound-
aries of clinopyroxene in the intergranular space. Crystals, 
usually located on the periphery of the oikocrysts of augite, 
vary from 0 to 20 vol.%. In picritic varieties, olivine is 
isometric or idiomorphic, 1.0–1.5 mm in size. It constitutes 
60 % of the rock volume. Leists of plagioclase decrease up to 
short-prismatic crystals. There are small grains of orthopy-
roxene, magnetite, ilmenite, and apatite. In the interval from 
1,204.7 to 1,217 m, there is more fi ne-grained structure than 
in the over- or underlying gabbro-dolerites. Lower taxitic 
gabbro-dolerites in the endocontact (1,247–1,257 m) are 
characterized by intense olivine and pyroxene replacement 
of secondary minerals (e.g., serpentine and amphibole) and 
by the presence of veinlets and disseminated sulfi de minerals 
(up to 5 % of the rock volume). 

 The chemical composition of rocks from the 
Mikchangdinsky massif has been defi ned for the main types 
of rocks selected along the borehole. The results of these 
analyses are shown in Table  4.43 . The distribution of the 
major rock-forming oxides corroborates the petrographic fea-
tures of the rocks. There are two magnesium content maxima 
in this section: one at a depth of 1,169–1,170 m and another 
at 1,232–1,246 m, which correspond to the upper and lower 
picritic horizons (Fig.  4.70 ). The central part of the intrusion 
is characterized by an average MgO concentration of 7 wt % 
. The rocks generally have low-Ti (the concentration of TiO 2  
does not exceed 1 wt %) and low potassium contents 
(K 2 O = 0.4 wt %). The concentration of Na 2 O is signifi cantly 
higher than that of potassium, reaching 2.33 wt %. It should 
also be noted that there is relatively high iron content in the 
rocks, varying from 12 to 15.5 wt % Fe 2 O 3 .

   These petrochemical features of the massif are compara-
ble to the composition of the upper Formations of the 
Siberian traps (Morongovsky–Mokulaevsky) (Lightfoot 
et al. 1993)). Nickel is the most important trace element, and 
its concentrations are highest in high-Mg rocks. Here, the 
upper picritic gabbro-dolerites contain a quarter of the nickel 
in the lower picrites (1,161.1–1,161.9 and 1,232–1,246 m). 
This difference is primarily due to the sulfi de mineralization 
in the lower horizon and, secondarily, as will be shown 
below, to the lower concentrations of nickel in olivine. A 
similar distribution is observed for copper, while cobalt 
 contents do not change similarly. Copper has a low-sulfi de 
content, as well as highly insignifi cant concentrations of 
olivine, which has almost no infl uence on the Co content of 
the rocks. The behavior of trace elements will be discussed 
in the fi nal section. 

  Olivine  is found in almost all the horizons of the intrusion 
(except for a thin horizon of olivine-free gabbro-dolerites; 
Fig.  4.70 ). Morphology and grain size vary depending on the 
type of rock: in high-Mg varieties (picritic gabbro-dolerites), 
there are large subidiomorphic (1–2 mm on average 0.5 mm) 
or rounded grains (0.4–0.1 mm). In low-Mg rocks, olivine 
forms interstitial grains between plagioclase crystals (0.2–
0.5 mm). In the intrusions of the Noril’sk region, olivines 
with a distinct zonal structure are very unusual, as revealed in 
the optical microscopy studies and confi rmed by microprobe 
analyses (Fig.  4.71 ). Analyses of olivine were performed by 
N. Kononkova at the Vernadsky Institute of Geochemistry 
and Analytical Chemistry RAS (Cameca SX 100), and elec-
tron microprobe studies were performed by N. Krivolutskaya 
(JEOL JXA-8200 Superprobe) at the Max Planck Institute of 
Chemistry (Mainz, Germany) according to a specially devel-
oped technique (Sobolev et al.  2007 ) The determination 
accuracy of Fe mol % in olivine is 0.2 %.

   The results of the measurements of the olivines from 
various horizons with the most contrasting composition 
are given in Table.  4.44 . The most contrast in composition 
grains was detected in the olivine-bearing massive gabbro-
dolerites with dolerite and poikilophytic structure (at depth 
1,170–1,230 m, average content MgO = 7.5 wt % 
(Fig.  4.69 ). The Fo in the olivines from different olivine 
grains of one sample varies from 12 to 20 mol% Fo. The 
degree of contrast between the central and peripherals 
zones of the grains can vary within a single sample. The 
maximum difference between the core and the rim estab-
lished for one of the olivines is 20.1 mol% Fo. In picritic 
gabbro-dolerites (19–22 wt % MgO in rocks) from the 
upper and lower zones, the olivines are nearly uniform. 
The results of a detailed study of large olivine grains from 
one end to the other through the center (step is 100 mk) are 
shown in Fig.  4.71 . The concentration of NiO directly 
 correlates with the forsterite component content in the 
mineral ( R  2  = 0.96), and MnO correlates with Fa 
( R  2  = 0.98). The behavior of calcium does not depend on 
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  Fig. 4.70    Structure of the Mikchangdinsky massif (borehole MD-48) and microphotos of thin sections (the fi rst column) and internal structure of 
olivine grains in back-scattered electrons (the second column) 
 ( 1 – 7 ) gabbro-dolerites: contactic ( 1 ), taxitic ( 2 ), olivine-free ( 3 ),  olivine-bearing ( 4 ), olivine ( 5 ), picritic ( 6 ), sedimentary rocks ( 7 ). Lower bound-
ary of thin sections is 4 mm, nicols crossing. Scale is given in microns (After Krivolutskaya et al.  2009b )       
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   Table 4.43    Representative analyses of the rocks from the Mikchangdinsky intrusion (borehole MD-48)   

 №  1  2  3  4  5  6  7  8  9  10 

 Depth, m  1,257  1,161.1  1,161.9  1,171.4  1,179.5  1,208.5  1,212.5  1,217.2  1,232.8  1,246.8 

 SiO 2   47.68  42.29  44.45  48.66  48.83  47.79  47.38  46.45  40.14  40.24 

 TiO 2   1.03  0.54  0.84  1.16  1.16  1.03  0.94  0.95  0.47  0.37 

 Al 2 O 3   15.95  10.90  12.39  15.02  14.66  15.85  15.56  13.43  7.65  7.44 

 Fe 2 O 3   12.64  12.44  12.31  12.28  12.08  12.65  12.40  13.69  15.51  15.38 

 MnO  0.16  0.20  0.23  0.18  0.18  0.16  0.16  0.18  0.17  0.16 

 MgO  7.37  19.29  15.22  7.91  7.75  7.27  8.53  11.64  22.52  22.22 

 CaO  10.72  7.98  8.51  10.97  11.48  10.82  10.37  9.66  5.23  5.05 

 Na 2 O  2.02  0.98  1.41  2.33  2.27  2.22  2.02  1.82  0.83  0.72 

 K 2 O  0.37  0.31  0.47  0.45  0.40  0.38  0.35  0.35  0.19  0.20 

 P 2 O 5   0.11  0.07  0.11  0.10  0.12  0.11  0.11  0.10  0.06  0.05 

 LOW  1.64  4.32  3.56  0.69  0.57  1.44  1.75  1.14  6.21  7.81 

 Total  99.69  99.31  99.49  99.75  99.50  99.72  99.57  99.41  98.97  99.63 

 Rb  6.83  9.33  10.11  8.54  8.89  8.94  8.87  4.72 

 Ba  128  230  125  106  110  102  105  43 

 Th  0.58  0.78  1.02  0.93  0.88  0.78  0.83  0.44 

 U  0.22  0.30  0.37  0.36  0.33  0.31  0.30  0.16 

 Nb  2.06  3.24  3.64  3.77  3.76  3.35  3.25  1.77 

 Ta  0.13  0.20  0.23  0.26  0.23  0.20  0.20  0.11 

 La  3.98  6.48  7.57  7.52  6.49  5.74  6.33  2.95 

 Ce  8.73  14.15  16.66  16.85  14.49  12.80  14.24  6.54 

 Pb  6.27  0.99  1.72  1.72  1.98  2.80  1.06  1.02 

 Pr  1.18  1.90  2.28  2.31  2.00  1.73  1.96  0.91 

 Nd  5.63  8.88  10.97  10.99  9.57  8.54  9.20  4.35 

 Sr  217  208  208  214  251  232  210  123 

 Sm  1.50  2.40  3.03  3.06  2.72  2.41  2.52  1.26 

 Zr  50.4  58.9  73.9  80.6  73.9  69.9  66.2  36.1 

 Hf  1.23  1.58  1.95  2.16  1.92  1.81  1.79  0.97 

 Eu  0.54  0.81  1.02  1.01  0.93  0.80  0.90  0.42 

 Ti  3,318  4,963  6,211  6,541  6,250  5,517  5,319  3,038 

 Gd  1.97  2.96  3.88  3.77  3.42  2.84  3.23  1.60 

 Tb  0.32  0.49  0.64  0.63  0.57  0.49  0.53  0.26 

 Dy  2.13  3.24  4.28  4.34  3.81  3.33  3.66  1.80 

 Ho  0.45  0.68  0.91  0.91  0.79  0.67  0.78  0.37 

 Y  11.9  18.5  24.3  24.0  21.8  18.8  20.2  10.3 

 Er  1.27  1.97  2.59  2.65  2.28  2.03  2.19  1.07 

 Tm  0.18  0.29  0.37  0.37  0.33  0.29  0.31  0.15 

 Yb  1.25  1.88  2.50  2.55  2.30  2.06  2.16  1.09 

  Lu   0.19  0.27  0.37  0.37  0.34  0.30  0.32  0.16 

 Ni  971  660  140  127  822  856  1,633  2,439 

 Cu  570  579  111  127  1,508  1,274  2,480  2,919 

 Zn  72  95  90  93  72  76  55  81 

 Mn  1,636  1,806  1,434  1,374  1,286  1,211  1,380  1,387 

 Sc  20.6  27.0  41.8  44.4  38.3  34.6  34.2  21.5 

 Zr  50.4  58.9  73.9  80.6  73.9  69.9  66.2  36.1 

 Co  108.6  84.8  50.8  47.5  83.6  84.9  94.5  163.3 

   Note: Empty cell – element was not analyzed. Here and in Tables  4.44 ,  4.45 ,  4.46   
 After Krivolutskaya et al. ( 2009b )  

4 Intrusive Rocks



215

the concentration of the main elements and is character-
ized by low  R  2  = 0.01. However, the olivine grains may 
have not only a symmetrical zoning, as shown in Figs.  4.71  
and  4.72  but also a more complicated shape, as in the inter-
growths of olivine and plagioclase (Fig.  4.73 ).

     The composition of olivine changes regularly in the intru-
sion and agrees well with the composition of the rocks 

(Fig.  4.74 ). Most magnesium grains are embedded in the 
lower and upper picritic gabbro-dolerites, where the forster-
ite component reaches 82.8 mol%. Most of the ferruginous 
material is found at the top of olivine-bearing gabbro- 
dolerites (51.0 mol% Fo).

   The NiO content in the olivine from barren rocks varies 
from 0.05 wt % to 0.18 wt % with the increasing magne-
sium content of the mineral. The highest NiO content is 
observed in the rocks near the bottom of the massif, where 
there is sulfi de dissemination. An opposite pattern can be 
observed in the correlation between NiO and Fe–Ni con-
centrations increase with increasing iron content in olivine 
(Fig.  4.75 ). As a result, on the chart of NiO–Fo, two 
 opposing trends can be observed. Enrichment in nickel 
olivine from the lower horizons is likely the result of a 
long equilibrium with the sulfi de melt, which proceeds by 
the redistribution of nickel between sulfi de melt and 
 mineral. A similar trend is observed for other mineralized 
intrusions of the Noril’sk region. It should be emphasized 
that in the upper horizon of picritic gabbro-dolerites, the 
reverse trend line is not observed. Despite the high-Mg 
content, they contain little NiO compared with similar 
olivines from olivine gabbro-dolerite. Calcium concentra-
tions are highly variable in the studied olivines (from 0.08 
to 0.42 wt %), and there is no correlation with the main 
elements. It is possible that this result is due to the redis-
tribution of this element into the surrounding clinopyrox-
ene. The manganese content in the olivine shows a direct 
correlation with the iron content

    Plagioclase  in the predominant mineral type is the earli-
est liquidus phase (alone or in its cotectic crystallization with 
olivine). According to its internal structure, similarity with 
olivine is observed: in picritic gabbro-dolerites, this similar-
ity is represented by large table homogeneous crystals and 
varieties in composition, forming zonal lath-shaped crystals. 
Its composition also changes with the composition of oliv-
ine: in picritic gabbro-dolerites, the anorthite content is equal 
to 78–80 mol% An, while in olivine-bearing rocks of differ-
ent varieties, the difference between the center and periphery 
of the grain is 22–24 and even 30 mol% An (e.g., Table.  4.45 ; 
№ 28–29, 40–41, 36–37, in bold font in the table).

    Pyroxene  in rocks forms two species —monoclinic and 
orthorhombic. The fi rst signifi cantly dominates in the rocks 
and forms poikilitic grains, which often include crystals of 
plagioclase and/or olivine. Its composition changes regularly 
along the cross section of the intrusion (Fig.  4.74 ), with the 
most magnesium grains in picritic gabbro-dolerites, with 
their Mg# = 80. However, the Mg# pyroxene content in the 
rocks of the massif (in olivine and olivine-bearing gabbro- 
dolerites) is generally higher than the Fo content in olivine. 
For pyroxenes, as for olivines, there is typical contrasting 
zonation in which the rim of the grains differs from the  center 

  Fig. 4.71    Distribution major and rare elements in a zoned grain of 
olivine (sample MD-48/1193) in the Mikhangdinsky massif  
 After Krivolutskaya et al. ( 2009b )       
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    Table 4.44    Representative analyses of olivines from the Mikchangdinsky intrusion (borehole MD-48), wt %   

 №  Depth, m  Fo, mol%  SiO 2   TiO 2   FeO  MnO  MgO  CaO  NiO  Cr 2 O 3   Total 

 1.  1161.1  80.34  39.00  0.01  18.56  0.29  42.53  0.12  0.16  0.004  100.74 

 2.  1161.1  80.68  38.88  0.01  18.21  0.29  42.64  0.18  0.16  0.01  100.46 

 3.  1161.9  78.86  38.92  0.008  19.89  0.31  41.60  0.10  0.15  0.02  101.08 

 4.  1161.9  79.71  39.18  0.01  19.23  0.30  42.36  0.15  0.15  0.02  101.48 

 5.  1161.9  78.78  39.04  0.01  20.01  0.31  41.68  0.22  0.13  0.02  101.51 

 6.  1171.4  61.57  36.94  0.01  33.72  0.50  30.31  0.26  0.08  0.01  101.90 

 7.  1171.4  58.25  36.68  0.03  36.27  0.53  28.39  0.20  0.07  0.003  102.18 

 8.  1171.4  60.60  37.05  0.01  34.62  0.50  29.87  0.26  0.08  0.004  102.41 

 9.  1171.4  59.21  36.59  0.02  35.19  0.51  28.65  0.17  0.09  0.006  101.24 

 10.  1171.4  72.40  38.31  0.02  25.31  0.37  37.23  0.20  0.13  0.02  101.61 

 11.  1171.7  75.52  38.00  0.02  22.59  0.32  39.08  0.14  0.14  0.01  100.38 

 12.  1171.7  66.96  36.47  0.01  29.33  0.41  33.33  0.25  0.11  0.02  99.99 

 13.  1177  73.59  37.85  0.01  24.16  0.34  37.75  0.39  0.12  0.07  100.81 

 14.  1177  63.55  36.56  0.03  32.28  0.48  31.56  0.20  0.08  0.004  101.24 

 15.  1177  73.98  37.92  0.02  23.97  0.36  38.23  0.16  0.11  0.01  100.85 

 16.  1177  67.27  37.18  0.02  29.33  0.42  33.82  0.15  0.10  0.01  101.12 

 17.  1177  68.75  37.18  0.02  28.22  0.39  34.82  0.12  0.11  0.01  100.96 

 18.  1177  62.50  36.64  0.02  33.08  0.46  30.93  0.24  0.09  0.007  101.53 

 19.  1177  51.64  35.28  0.03  40.88  0.53  24.48  0.14  0.08  0.00  101.48 

 20.  1177  59.94  36.32  0.03  35.05  0.50  29.41  0.15  0.10  0.008  101.64 

 21.  1178.3  56.82  36.64  0.03  37.79  0.54  27.89  0.18  0.08  0.008  103.22 

 22.  1178.3  68.39  37.90  0.01  28.84  0.40  35.00  0.16  0.12  0.01  102.51 

 23.  1179.5  65.49  37.06  0.02  30.70  0.45  32.68  0.21  0.10  0.004  101.27 

 24.  1179.5  72.19  37.47  0.01  25.26  0.37  36.78  0.09  0.11  0.01  100.18 

 25.  1182.6  63.84  36.27  0.01  31.75  0.46  31.44  0.26  0.09  0.01  100.35 

 26.  1182.6  60.84  35.82  0.02  33.98  0.49  29.62  0.26  0.08  0.003  100.34 

 27.  1182.6  55.32  35.59  0.02  38.12  0.57  26.47  0.22  0.06  0.004  101.13 

 28.  1182.6  69.25  37.34  0.01  27.60  0.38  34.87  0.56  0.12  0.08  101.06 

 29.  1205.6  63.45  36.51  0.01  32.14  0.46  31.30  0.21  0.15  0.01  100.86 

 30.  1205.6  61.33  35.91  0.01  33.47  0.45  29.77  0.10  0.15  0.008  99.95 

 31.  1205.6  57.56  35.74  0.01  36.38  0.49  27.67  0.20  0.13  0.01  100.71 

 32.  1205.6  60.58  36.26  0.01  34.17  0.47  29.46  0.23  0.14  0.01  100.81 

 33.  1205.6  62.73  36.37  0.01  32.49  0.46  30.67  0.36  0.15  0.02  100.63 

 34.  1205.6  63.90  36.66  0.01  31.71  0.45  31.47  0.23  0.13  0.004  100.73 

 35.  1207.1  76.09  37.82  0.01  21.85  0.32  39.02  0.15  0.16  0.01  99.43 

 36.  1207.1  72.74  37.79  0.01  24.80  0.36  37.10  0.16  0.16  0.02  100.48 

 37.  1207.1  71.48  37.59  0.01  25.81  0.37  36.29  0.12  0.15  0.01  100.43 

 38.  1207.1  70.09  37.49  0.01  26.48  0.35  34.80  1.14  0.14  0.15  100.91 

 39.  1207.1  62.54  36.46  0.03  32.67  0.48  30.59  0.21  0.10  0.004  100.61 

 40.  1208.5  57.34  35.72  0.01  36.70  0.51  27.66  0.26  0.10  0.02  101.06 

 41.  1208.5  68.58  37.43  0.02  28.22  0.42  34.54  0.23  0.11  0.007  101.05 

 42.  1210.3  61.51  36.54  0.03  33.72  0.46  30.23  0.19  0.13  0.003  101.37 

 43.  1212.5  75.73  38.14  0.01  22.18  0.30  38.81  1.13  0.20  0.23  101.12 

 44.  1212.5  73.31  37.88  0.01  24.35  0.36  37.52  0.26  0.16  0.02  100.64 

 45.  1213.7  71.93  37.67  0.03  25.49  0.37  36.63  0.19  0.18  0.02  100.65 

 46.  1215  80.77  38.69  0.01  18.00  0.26  42.40  0.19  0.23  0.03  99.88 

 47.  1215  77.49  38.22  0.00  20.80  0.30  40.15  0.24  0.19  0.03  100.03 

 48.  1215  70.99  37.21  0.01  26.10  0.38  35.83  0.26  0.16  0.03  100.07 

(continued)
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Table 4.44 (continued)

in 16 Mg# (Table  4.46 , № 28–29, exemplary compositions 
of some grains singled bold). The main impurities in clino-
pyroxenes are titanium and chromium. The TiO 2  content 
reaches 1.68 wt % and that of Cr 2 O 3 —0.63 wt %. 
Orthopyroxene commonly occurs as rims around olivine, 
and its Mg# is often lower than the Mg# in clinopyroxene 
(Tab.  4.46 , № 66–69). The maximum value is 62.72 Mg# 
from olivine gabbro-dolerites and in picritic rocks, 
Mg# = 76–77. Among the rare minerals, especially in those 
samples with the highest magnesium contents, chrommagne-
tite and ilmenite are present.

   The crystallization conditions of the Mikchangdinsky 
intrusion were reproduced using COMAGMAT-3.65 (  http://
geo.web.ru/~ariskin/soft.html-id=comagmat.htm    ), based on 
the zoned olivine formed in the process of equilibrium crys-
tallization . Calculations were performed for a series of sam-
ples taken along the section. The following results are those 
obtained for MD-48/1208. This rock consists of olivine (up 
to 10 wt %), plagioclase (35–40 wt %), clinopyroxene (25–
30 wt %), a small amount of orthopyroxene (2–3 %), and 
titanomagnetite. 

 Considering the crystallization conditions of the initial 
melt, we calculated a pressure of 1 kbar (as the formation 
depth of the rocks did not exceed 1,200 m). The water con-
tent was increased by compatible elements; the concentra-
tion of K 2 O in the rock was considered to be equal to 
0.4 wt %. The oxygen fugacity was close to the buffer NNO-

0.5 and was monitored by comparing the calculated data 
with the actual order of the crystallization minerals in the 
rock, particularly by the appearance of ilmenite and magne-
tite. According to the simulation results, the beginning of 
crystallization was associated with the appearance of liqui-
dus plagioclase at 80.4 at  T  = 1,197 °C to which olivine 
almost immediately joined Fo 80.2  ( T  = 1,184 °C). After the 
temperature decreased to 1,135 °C, augite began to crystal-
lize (En 43.4  Fs 14.6  Wo 41.0 ), followed by magnetite ( T  = 1,083 °C) 
and orthopyroxene ( T  = 1,066 °C). The measured data in this 
sample show mostly magnesium olivine (from 12 grains)—
Fo 78.2  (lower than calculated), but there is a potential proba-
bility for the detection of minerals with higher contents of 
the forsterite component in this rock under detailed study. 
In addition, there is the possibility of partial reequilibration 
with the melt of this olivine when the temperature decreases. 
The observed zoned olivine from this sample (Fig.  4.70 ) 
occurs when the temperature gradient is 64 °C (1,152–
1,088 °C, Fo 75.4–63.2 ). The composition of plagioclase sur-
rounding the olivine grains is (An 70–72 ) very close to the 
calculated value (An 70.5 ) at the temperature of formation of 
the central olivine grain (1,152 °C). 

 In addition to the internal structure, the geochemistry 
and mineralogy of the Mikchangdinsky massif are com-
pared with these parameters of the unique Talnakh and 
Noril’sk 1 ore-bearing intrusions. The studied section of 
the Mikchangdinsky massif has the greatest similarity with 

 №  Depth, m  Fo, mol%  SiO 2   TiO 2   FeO  MnO  MgO  CaO  NiO  Cr 2 O 3   Total 

 49.  1217  67.01  37.29  0.03  29.38  0.42  33.48  0.15  0.19  0.004  100.96 

 50.  1217  68.01  37.48  0.01  28.55  0.41  34.05  0.25  0.20  0.01  100.97 

 51.  1217  71.76  37.85  0.01  25.61  0.37  36.51  0.23  0.21  0.01  100.81 

 131.  1217  67.52  37.48  0.01  29.15  0.42  33.99  0.19  0.20  0.009  101.47 

 132.  1217  65.89  37.31  0.02  30.28  0.43  32.81  0.23  0.21  0.007  101.31 

 133.  1232  74.18  37.63  0.01  23.45  0.33  37.78  0.66  0.15  0.01  100.13 

 134.  1232  76.14  38.11  0.02  22.03  0.32  39.42  0.21  0.16  0.007  100.33 

 135.  1232  74.43  37.72  0.03  23.42  0.35  38.24  0.15  0.15  0.00  100.15 

 136.  1232  72.91  37.67  0.03  24.71  0.36  37.31  0.17  0.16  0.001  100.48 

 137.  1232  72.58  37.52  0.03  24.95  0.37  37.04  0.18  0.16  0.00  100.34 

 152.  1232.8  78.12  38.15  0.01  20.17  0.29  40.38  0.31  0.22  0.03  99.64 

 153.  1232.8  76.63  37.80  0.01  21.14  0.28  38.89  1.21  0.21  0.11  99.78 

 161.  1233.1  77.84  38.87  0.01  20.55  0.30  40.49  0.25  0.19  0.02  100.71 

 163.  1236  76.86  38.75  0.01  21.34  0.31  39.76  0.30  0.22  0.01  100.72 

 164.  1236  77.27  38.68  0.01  20.98  0.30  40.01  0.23  0.22  0.01  100.47 

 165.  1236  77.04  39.00  0.02  21.30  0.31  40.10  0.20  0.20  0.005  101.14 

 166.  1236  75.31  38.33  0.03  22.63  0.33  38.71  0.16  0.24  0.003  100.44 

 167.  1236  75.47  38.66  0.02  22.57  0.33  38.95  0.15  0.25  0.001  100.94 

 168.  1236  77.83  38.77  0.03  20.56  0.30  40.49  0.12  0.20  0.01  100.50 

  Note: Analyses were carried out in GEOKHI RAS, analyst N. Kononkova  
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  Fig. 4.72    Maps of MgO, FeO, NiO, MnO distributions in olivine grain 1 (sample MD-48/1193)  
 Olivine composition in the center of grain is Fo 83.2 , rim is Fo 64.1,    Scale is 100 microns. Here and on Fig.  4.73  analyst N. Kononkova, GEOKHI RAS       

the section of the intrusion Noril’sk 1 in borehole G-22 
(Fig.  4.28 ) discussed in the literature (Distler et al.  1999 ; 
Krivolutskaya and Rudakova  2009 ; Turovtsev  2002 ). In 
both intrusive  bodies, there are high-Mg rocks in the upper 
and lower zones, represented by picritic gabbro- dolerites, 
while the central parts of these massifs consist of olivine-
bearing and olivine gabbro-dolerites. The  thicknesses of 
different horizons are similar in both sections. The compo-
sition of the rocks is also very similar in principal compo-
nents and characterized by the features mentioned above 
(high iron content, reduced titanium and potassium). With 
respect to the Talnakh intrusion, the upper picritic gabbro-
dolerites are a rare phenomenon; it is more typical to fi nd 
rocks with elevated silica content in the upper parts of 
olivine-free massif gabbro- dolerites and gabbro-diorites 
(Krivolutskaya et al.  2001 ). However, the average mean 
weighted compositions of these intrusions are similar 
(Table  4.47 ). The author’s calculation of the average 
weighted composition of the Mikchangdinsky massif 

based on borehole MD-48 shows that it is  characterized by 
a higher content of magnesium than Talnakh, due mainly 
to the upper picrites. However, picritic gabbro- dolerite is 
present in its upper part, as in the Noril’sk 1. Naturally, 
calculations based on only one section cannot be represen-
tative because they refl ect the differentiation of the ratio in 
only a specifi c section, while their thickness can vary sig-
nifi cantly along the strike. Therefore, the most valuable 
compositions are obtained using data from multiple 
sections.

   Such work was performed by M.B. Dneprovskaya for 29 
boreholes for Talnakh (Dneprovskaya et al.  1987 ). 
Nevertheless, the approximate estimation obtained for the 
new individual massif (with limited factual material) helps to 
suggest preliminary conclusions about its mineralization. 
Considering the distribution range of rare elements 
 normalized to the primitive mantle (Hofmann  1988 ; 
Fig.  4.76a ), the topology of the spectra of the Mikchangdinsky 
rocks are notably close to Noril’sk 1 (Fig.  4.76b ). Data 
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  Fig. 4.73    Maps of SiO 2 , MgO, FeO, and MnO distributions in olivine, grain 2 (sample МD-48O/1193)       

regarding the contents of trace elements for the latter are 
taken from (Krivolutskaya and Rudakova  2009 ). They mani-
fest the same characteristics: the presence of negative Ta–
Nb, Ti and Pb, and Sr-positive anomalies and the same level 
of trace element accumulation, as well as the general inclina-
tion of the spectrum.

   There was a signifi cantly stronger lead anomaly in the 
rocks of Noril’sk 1 due to the presence of large amounts of 
sulfi des in the rocks. Some differences were established only 
in the values of the anomalies of titanium and strontium, 
which may refl ect some variation in the mineral composition 
of rocks (more titanomagnetite and plagioclase in some 
gabbro- dolerite varieties). In general, the spectra are very 
similar to the spectra of the continental crust. 

 The compositions of rock-forming minerals from the 
Mikchangdinsky massif are very close to the published 
ones from Talnakh and Noril’sk 1 (Krivolutskaya et al. 
 2001 ; Turovtsev  2002 ). The estimated crystallization tem-
peratures for rock-forming minerals and the order of their 
appearances on the liquidus for Mikchangdinsky intrusion 
are comparable to those established for the crystallization 
of magma in the Talnakh intrusion (Krivolutskaya et al. 
 2001 ). However, the observed contrast zonation in olivine, 
pyroxene, and plagioclase in the Mikchangdinsky rocks 
indicates that the speed of cooling for rocks greatly exceeds 
the speed of cooling for other intrusions of this complex. 

We can assume that this was due to several factors. First, 
rapid cooling may have been a result of the structural posi-
tion of the studied gabbro- dolerites of the Mikchangdinsky 
massif, specifi cally their location in the northern periclinal 
frame of the Khantaysko–Rybninsky swell. Here, magma 
rapidly intruded along a system of vertical fractures to the 
surface and cooled. We lack precise information on the 
depth of crystallization of the massif, but it could not 
exceed 1000 m. Second, an additional factor in the rapid 
cooling of the gabbros was the intrusion of melt in the 
unheated wall rocks because this block was not saturated 
with numerous intrusive bodies as was the case of the 
Kharaelakh or Noril’sk Trough, where many intrusions had 
been located previously. Third, the formation of the intru-
sion occurs within a large paleo-anticline structure, the 
Khantaysko–Rybninsky swell, where rock tuff–lava 
sequences are generally thin or absent. 

 Thus, the studied intrusion exposed by borehole MD-48 
occurred close to the paleo-denudation surface, while the 
formation of massifs within the Noril’sk Trough had already 
occurred during (or immediately after) the formation of 
basalts. The above combination of geological factors led to 
fast cooling and the formation of unique olivine zoning in 
the ultramafi c–mafi c intrusion. The unzoned and very 
weakly zoned crystals of olivine in picritic gabbro-dolerites 
are explained by the presence of some intratelluric phases 
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(olivine and possibly plagioclase) in the melt during its 
 movement and the subsequent crystallization in the  chamber. 
This enduring presence of the crystals in the magma led to 
reequilibration with melt and the formation of homoge-
neous grains. 

 Thus,

    1.    Mikchangdinsky massif in the eastern part of the Noril’sk 
ore district, according to the internal structure and petro-
geochemical features of the rocks close to the ore-bearing 
intrusions, contains massive ores—Talnakh and Noril’sk 1.   

   2.    The massif was formed from the parental magma, and it 
is almost identical in composition to the magma formed 
in the Talnakh intrusion. It crystallized at temperatures of 
1,200–1,150 °C.   

  Fig. 4.74    Distribution of MgO in rocks and variations of olivine and pyroxene in section of the Mikchangdinsky massif (borehole MD-48) 
 Legend: 1–6 see abbreviation, 7 – dolomites (After Krivolutskaya et al.  2009b )       
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  Fig. 4.75    NiO–Fo diagram for olivines from the Mikchangdinsky massif 
 After Krivolutskaya et al. ( 2009b )       
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     Table 4.45    Plagioclase composition from rocks of the Mikchangdinsky intrusion (borehole MD-48), wt %   

 №  № sample  An. mol %  SiO 2   Na 2 O  CaO  K 2 O  FeO  Al 2 O 3   Total 

 1.  1161_1a-1c-Pl-1  58.58  52.46  4.81  12.28  0.18  0.73  30.07  100.53 

 2.  1161_1a-1c-Pl-2   74.98   48.74  2.86  15.48  0.10  0.83  32.53  100.53 

 3.  1161_1a-1c-Pl-3   76.45   48.04  2.66  15.62  0.22  0.89  32.66  100.08 

 4.  1161_1a-1c-Pl-4   79.32   47.16  2.35  16.31  0.07  0.93  33.49  100.32 

 5.  1161_9-2k-Pl-1   82.53   34.12  1.53  13.04  0.11  1.02  23.19  73.00 

 6.  1161_9-2k-Pl-2   78.53   47.47  2.42  16.01  0.11  1.06  33.50  100.56 

 7.  1161_9-2k-Px-4   76.63   47.81  2.67  15.82  0.09  0.77  33.17  100.32 

 8.  1171_4b-2c-Pl-1  69.96  49.39  3.44  14.47  0.12  1.02  32.37  100.79 

 9.  1171_4b-2c-Pl-2  69.61  49.67  3.49  14.43  0.12  0.82  31.91  100.43 

 1.0  1171_4b-2-Pl-3  55.38  52.87  5.19  11.64  0.23  0.92  29.57  100.42 

 11.  1179_5a-2k-Pl-1  67.91  50.51  3.67  14.03  0.14  0.85  31.17  100.36 

 12.  1179_5a-3k-Pl-3  68.01  50.26  3.68  14.14  0.14  1.00  31.51  100.72 

 13.  1179_5a-3k-Pl-3  52.71  53.90  5.55  11.17  0.15  1.26  29.22  101.25 

 14.  1179-5a-3k-Pl-4  71.39  49.36  3.28  14.77  0.12  0.84  32.01  100.37 

 15.  11179-5a-5-Pl-4  47.04  55.35  6.34  10.18  0.23  1.10  28.06  101.26 

 16.  1206-pl-3k  54.10  53.95  5.32  11.32  0.26  0.97  28.85  100.67 

 17.  1208_4k-Pl-4a  70.64  49.71  3.35  14.54  0.12  0.91  32.03  100.66 

 18.  1208_4k-Pl-5k  33.64  59.41  7.66  7.01  0.59  0.58  26.00  101.25 

 19.  1208_4k-Pl-3  72.27  49.64  3.15  14.84  0.10  0.58  32.12  100.43 

 20.  1208_4k-Pl-2  62.53  52.02  4.29  12.93  0.18  0.75  30.33  100.49 

 21.  1208_5a-4k-Pl-1  71.23  49.68  3.30  14.77  0.12  0.65  32.07  100.58 

 22.  1208_4k-Pl-5a  68.08  50.22  3.64  14.03  0.16  0.84  31.33  100.22 

 23.  1208_4k-Pl-6  36.03  58.62  7.35  7.47  0.56  0.50  26.17  100.67 

 24.  1208-Pl-6a  71.90  49.67  3.21  14.84  0.12  0.56  31.95  100.34 

 25.  1208_7-Pl-4-1c  14.19  64.42  10.01  2.99  0.78  0.53  22.99  101.73 

 26.  1208_7-4-2  32.35  59.13  7.82  6.76  0.36  0.76  26.03  100.86 

 27.  1208-7-Pl-4-3k  62.43  50.84  4.27  12.82  0.18  1.02  30.85  99.99 

 28.  1208_7-Pl-5   72.52   48.79  3.14  14.99  0.10  0.77  32.57  100.36 

 29.  1208_7-Pl-5 k   50.57   53.87  5.83  10.77  0.26  0.95  28.72  100.40 

 30.  1208_7-Pl-6  56.10  52.51  5.18  11.97  0.21  0.99  30.06  100.92 

 31.  1208_7-Pl-6k  31.04  58.99  8.22  6.69  0.58  0.68  26.03  101.18 

 32.  1208_7-Pl-7c   71.83   49.21  3.20  14.76  0.11  0.77  32.31  100.35 

 33.  1208_7-Pl-7k   72.62   49.15  3.11  14.88  0.12  0.76  32.32  100.33 

 34.  1208_7-Pl-8c  35.85  57.95  7.55  7.63  0.47  0.76  26.60  100.94 

 35.  1208_7-Pl-8k  46.35  58.59  4.96  7.74  0.42  0.78  26.69  99.18 

 36.  1208_5-9m-Pl-1   70.86   49.69  3.34  14.68  0.14  0.87  31.94  100.65 

 37.  1208_5b-9m-Pl-   40.92   57.20  6.89  8.62  0.41  0.82  27.24  101.19 

 38.  1208_5a-9m-Pl-2  67.96  50.49  3.68  14.09  0.16  0.99  31.40  100.81 

 39.  1208_5a-9m-Pl-4  49.44  55.15  5.74  10.15  0.28  1.11  28.31  100.74 

 40.  1208_5a-9m-Pl-3   70.72   49.74  3.35  14.59  0.13  0.81  31.66  100.29 

 41.  1208_5a-9m-Pl-k   54.63   53.61  5.34  11.61  0.23  0.97  29.23  100.99 

 42.  1208_5a-5-Pl-1  71.00  49.80  3.33  14.75  0.12  0.83  32.01  100.84 

 43.  1208-5a-5-Pl-2  72.52  49.32  3.14  14.98  0.10  0.72  32.19  100.45 

 44.  1208-5a-5-Pl-3c  73.98  48.99  2.93  15.03  0.11  0.83  32.27  100.14 

 45.  48-1208-5a-Pl-4  72.81  49.15  3.11  15.02  0.09  0.91  32.22  100.50 

 46.  48-1210_7b_Pl-1  71.52  49.45  3.26  14.80  0.13  0.68  32.42  100.74 

 47.  48-1210_7b_Pl-2  72.01  49.28  3.20  14.85  0.12  0.82  32.55  100.82 

 48.  48-1210_7b_Pl-3  65.09  50.86  4.00  13.47  0.15  0.65  31.00  100.14 

 49.  48-1210_7b_Pl-4  49.13  55.19  5.82  10.15  0.32  0.78  28.49  100.75 

 50.  48-1210_7b_Pl-5  65.19  50.72  4.01  13.58  0.14  0.58  31.15  100.19 

(continued)
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   3.    A distinctive feature of Mikchangdinsky massif is the 
contrasting zonation of rock-forming minerals. The oliv-
ine composition is most unusual, with a difference 
between the rim and center of 20 mol% Fo. Zoned olivine 
grains were found in all horizons, except for picritic 
gabbro- dolerites, where the difference between the core 
and rim was 1 mol% Fe on average.   

   4.    The unusual mineral composition refl ects the rapid cool-
ing of rocks of the Mikchangdinsky massif, which 
resulted from its special geological and tectonic position. 
It is located within the Khantaysko–Rybninsky swell, 

close to paleosurface, and it lacked many comagmatic 
intrusive bodies at the time of the intrusion of the 
Mikchangdinsky magma.      

4.6.1.2    Conclusions 
 The normal alkalinity ultrabasite–basite massifs can be sub-
divided into three groups based on the concentrations and 
ratios of the trace elements. The massifs with different min-
eralization (massive ores, rich disseminated ores, and poor 
disseminated ores) have similar distribution of rare elements. 

Table 4.45 (continued)

 №  № sample  An. mol %  SiO 2   Na 2 O  CaO  K 2 O  FeO  Al 2 O 3   Total 

 51.  48-1210_3_Px-3  71.59  49.57  3.26  14.86  0.13  0.76  32.17  100.74 

 52.  48-1210_3_Pl-1  70.91  49.47  3.33  14.67  0.11  0.91  31.85  100.35 

 53.  48-1210_3_Pl-2  69.94  49.57  3.43  14.41  0.15  1.02  31.96  100.53 

 54.  48-1210_3_Pl-3  72.70  48.87  3.08  14.81  0.12  0.73  32.09  99.71 

 55.  48-1210_3_Pl-4  72.71  49.06  3.11  14.97  0.13  0.80  32.16  100.24 

 56.  1212_5b-7c-c-Pl  72.11  49.09  3.19  14.89  0.10  0.73  32.38  100.38 

 57.  1212_5b-7-Pl-1k   35.54   58.36  7.58  7.55  0.53  0.83  26.30  101.14 

 58.  48-1212_5b-7-  47.75  54.85  6.15  10.15  0.33  0.94  28.40  100.80 

 59.  Pl-3  42.17  56.19  6.77  8.92  0.41  0.88  27.58  100.73 

 60.  1215_b_pl-1  71.96  48.98  3.18  14.73  0.13  0.71  32.45  100.17 

 61.  1215_b_pl-2  71.51  48.51  3.25  14.75  0.10  0.61  32.59  99.81 

 62.  1215_b_pl-3  72.84  48.29  3.08  14.92  0.12  0.79  32.54  99.74 

 63.  1215_b_pl-4  62.43  50.86  4.31  12.95  0.19  0.72  30.93  99.96 

 64.  1215_a_pl-1  71.97  49.30  3.19  14.78  0.11  0.87  31.97  100.21 

 65.  1215_a_pl-2c   83.50   46.64  1.84  16.86  0.07  0.40  33.95  99.76 

 66.  1215_a_pl-2k   59.75   52.43  4.65  12.48  0.20  0.71  29.80  100.28 

 67.  1215_a_pl-3k  72.06  48.49  3.18  14.83  0.10  0.60  31.74  98.95 

 68.  1215_a_pl-3kk  56.05  53.48  4.83  11.13  0.23  0.72  28.58  98.98 

 69.  1217_a_pl-1  67.21  50.65  3.75  13.87  0.13  0.66  31.25  100.31 

 70.  1217_a_pl-2  69.80  49.53  3.36  14.04  0.10  1.06  31.41  99.50 

 71.  1217_a_pl-3  68.31  50.43  3.62  14.09  0.14  0.72  31.29  100.28 

 72.  1217_a_px-5  97.96  51.89  0.21  18.33  0.02  9.05  3.38  82.88 

 73.  1217_a_pl-4  62.47  51.96  4.29  12.89  0.19  0.76  30.21  100.29 

 74.  1232_b_pl-1  73.70  48.81  3.00  15.16  0.13  0.67  32.60  100.36 

 75.  1232_b_pl-2  59.65  52.33  4.61  12.32  0.21  0.64  30.11  100.21 

 76.  1232_b_pl-3  61.39  51.54  4.48  12.88  0.20  0.72  30.40  100.22 

 77.  1232_b_pl-4  72.98  48.57  3.08  15.05  0.11  0.77  32.61  100.20 

 78.  1232_8g-5k-Pl-k  61.53  51.78  4.42  12.77  0.20  0.87  30.39  100.43 

 79.  1232_8g-5k-Pl-2  63.01  51.31  4.22  12.99  0.19  0.83  30.62  100.16 

 80.  1232_8g-5k-Pl-3  73.56  48.62  3.00  15.09  0.13  0.94  32.57  100.34 

 81.  1232_8g-5k-Pl-4  61.60  51.54  4.44  12.86  0.24  0.90  30.60  100.58 

 82.  1246_4-3k-Pl-1  76.14  47.87  2.71  15.64  0.08  1.04  33.27  100.62 

 83.  1246_4-3k-Pl-1c  63.00  50.96  4.21  12.96  0.14  0.92  30.84  100.03 

 84.  1246_4-3k-Pl-1k  67.75  49.78  3.69  14.00  0.11  0.79  31.77  100.13 

 85.  1246_4-3k-Pl-2   74.16   48.30  2.95  15.29  0.07  0.89  32.86  100.35 

 86.  1246_4-3k-Pl-2k   79.91   46.94  2.26  16.25  0.06  0.95  33.61  100.08 

 87.  1246_4-3k-Pl-3  61.16  51.97  4.48  12.76  0.14  0.96  30.51  100.82 

   Note: Here and in Table  4.45  analyses were carried out in MPI, analysts D. Kuzmin and N. Krivolutskaya. Bold numerals – data for one grain, 
center and rim  
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     Table 4.46    Pyroxene compositions from the rocks of the Mikchangdinsky intrusion (borehole MD-48), wt %   

 №  № sample (depth, m)  Mg#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   NiO  Total 
 1.  1161_1a-1c-Px-1  80.98  51.26  1.67  3.27  6.85  0.19  16.36  20.32  0.38  0.11  0.03  100.43 

 2.  1161_9-2k-Px1  80.26  51.98  0.65  3.25  7.79  0.22  17.77  17.77  0.30  0.63  0.02  100.40 

 3.  48-1161_9-2k- Px2   78.62  51.57  0.80  3.10  8.54  0.24  17.62  17.68  0.24  0.37  0.01  100.18 

 4.  1161_9-2k-Px3  80.34  51.71  0.62  3.39  7.46  0.21  17.10  19.31  0.22  0.26  0.02  100.33 

 5.  1167_b_px-1  78.57  51.22  0.72  3.53  8.00  0.23  16.46  19.86  0.19  0.31  0.03  100.57 

 6.  1167_b_px-1k  70.37  51.02  0.95  2.83  12.05  0.33  16.05  17.49  0.20  0.01  0.05  100.99 

 7.  1167_b_px-2  78.72  51.77  0.63  3.07  7.96  0.22  16.51  19.89  0.19  0.27  0.04  100.56 

 8.  1167_b_px-2k  73.77  51.75  0.72  2.68  10.23  0.29  16.14  18.64  0.20  0.02  0.05  100.73 

 9.  1171-Px-2  60.14  50.66  0.86  2.25  17.35  0.47  14.68  14.04  0.16  0.01  0.001  100.49 

 10.  1179_5a-3-Px- 2izm   62.88  50.24  1.20  2.67  14.28  0.37  13.57  17.93  0.20  0.00  0.01  100.48 

 11.  1179_5b-2k-Px  73.88  51.26  0.70  3.29  10.61  0.29  16.83  17.55  0.2  0.16  0.01  100.89 

 12.  1179_5b-Px-2  74.60  51.27  0.67  3.28  10.28  0.29  16.93  17.40  0.2  0.21  0.01  100.56 

 13.  48-1179_5b-Px-3  66.27  50.17  0.91  3.03  13.69  0.34  15.08  16.92  0.23  0.01  0.00  100.38 

 14.  1179_5a-3k-Px-6  67.04  50.05  1.06  3.37  12.84  0.32  14.65  18.07  0.27  0.03  0.01  100.69 

 15.  1179_5a-3k-Px-7  74.74  51.20  0.71  3.31  9.56  0.25  15.88  19.32  0.20  0.22  0.02  100.68 

 16.  1208-5a-4k-Px-1  76.46  52.04  0.65  3.21  9.48  0.30  17.27  17.79  0.18  0.19  0.01  101.14 

 17.  1208-5a-4k-Px-1 k  67.96  51.72  0.83  2.24  13.26  0.37  15.77  16.88  0.21  0.001  0.01  101.30 

 18.  1208_5a-4k-Px-2  78.61  51.31  0.75  3.75  8.02  0.21  16.54  19.59  0.16  0.36  0.03  100.73 

 19.  1208_5a-Px-3  79.12  50.88  0.79  4.24  7.56  0.20  16.06  19.93  0.19  0.55  0.01  100.43 

 20.  1208_4k-Px-4c  78.05  52.98  0.47  2.20  8.80  0.26  17.55  18.65  0.14  0.12  0.03  101.21 

 21.  1208_5a-4k-Px-4 k1  68.90  51.20  0.94  2.82  12.57  0.35  15.62  17.42  0.24  0.01  0.02  101.20 

 22.  1208_5v-7-Px-1 k  66.37  49.82  1.46  3.22  12.97  0.35  14.35  17.56  0.32  0.007  0.03  100.09 

 23.  1208_5b-7-Px-2 k  66.22  50.94  0.92  2.39  13.12  0.36  14.43  17.74  0.29  0.01  0.01  100.23 

 24.  1208_5a-9m-Px-1  71.31  51.42  0.87  3.02  11.32  0.29  15.78  18.08  0.21  0.04  0.03  101.07 

 25.  1208_5a-5m-Px-1  79.30  52.91  0.50  2.24  8.14  0.21  17.48  19.00  0.17  0.09  0.03  100.78 

 26.  1208-5a-5-Px2  77.47  53.01  0.44  2.06  9.17  0.27  17.70  17.81  0.15  0.16  0.02  100.79 

 27.  1210_7b_Px-1  77.07  51.57  0.69  3.31  8.76  0.24  16.52  19.15  0.19  0.13  0.008  100.58 

 28.  1210_7b_Px-2   76.57   51.88  0.65  2.95  9.03  0.25  16.56  19.20  0.19  0.14  0.02  100.88 

 29.  1210_7b_Px-2k   60.31   52.99  0.40  1.63  15.35  0.46  13.08  17.92  0.32  0.16  0.02  102.35 

 30.  1210_7b_Px-3  76.89  52.31  0.48  2.57  9.31  0.28  17.37  17.89  0.15  0.19  0.03  100.60 

 31.  1210_7b_Px-3k  70.08  50.95  1.02  2.64  11.98  0.31  15.73  17.80  0.24  0.001  0.02  100.70 

 32.  1210_3_Px-4   79.43   51.32  0.71  3.54  7.68  0.20  16.62  19.80  0.19  0.33  0.03  100.43 

(continued)

 №  № sample (depth, m)  Mg#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   NiO  Total 
 33.  1210_3_Px-4k   67.74   52.69  0.17  0.96  11.45  0.29  13.49  21.14  0.2  0.008  0.02  100.42 

 34.  1215_b_px-1  76.94  51.19  0.60  3.06  9.11  0.26  17.05  17.99  0.17  0.28  0.02  99.74 

 35  1215_b_px-1k  67.00  51.22  0.51  1.91  18.22  0.51  20.74  5.83  0.03  0.19  0.03  99.19 

 36.  1215_b_px-2  77.25  51.93  0.48  2.22  9.02  0.29  17.17  18.65  0.18  0.16  0.03  100.13 

 37.  1215_b_px-2k  64.91  51.92  0.22  0.97  12.71  0.35  13.19  20.47  0.23  0.10  0.01  100.18 

 39.  1215_a_px-1  74.06  50.10  0.71  3.70  10.47  0.27  16.77  17.18  0.19  0.23  0.02  99.66 

 40.  1215_a_px-2  71.61  51.11  0.86  2.91  11.82  0.33  16.72  16.51  0.19  0.08  0.01  100.55 

 41.  1225_b_ol-1  68.01  50.64  1.11  2.97  13.30  0.36  15.86  16.44  0.28  0.01  0.04  101.01 

4.6  Massif of the Mikchangdinsky Ore Junction
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   Table 4.47    Average mean composition of the Noril’sk Complex intrusions   

 Massif  Mikchangdinsky  Noril’sk 1  Talnakh 

 Borehole  МD-48  G-22  КZ-1799  OUG-2  Σ29 

 Component  1  2  3  4  5 

 SiO 2   47.71  47.16  47.47  48.76  48.3 

 TiO 2   0.91  0.79  1.11  0.88  0.85 

 Al 2 O 3   13.30  15.36  14.11  14.9  15.33 

 FeO  12.66  12.17  12.33  11.08  12.34 

 MnO  0.18  0.20  0.22  0.2  0.19 

 MgO  13.42  12.04  11.54  10.52  10 

 CaO  9.47  10.60  10.22  10.04  10.45 

 Na 2 O  1.79  0.97  1.91  2.05  1.86 

 K 2 O  0.45  0.39  0.56  0.65  0.58 

 P 2 O 5   0.10  0.09  0.12  0.18  0.2 

 Cr 2 O 3   –  0.23  0.13  0.14  0.1 

  Note: Data from: (1) Krivolutskaya et al.  2009a ,  b , (2) Krivolutskaya and Rudakova  2009 , (3) Czamanske et al.  1994 , (4) Krivolutskaya et al.  2001 , 
(5) Dneprovskaya et al.  1987   

Table 4.46 (continued)

 42.  1217_a_px-1  75.41  52.30  0.70  2.63  10.36  0.31  17.82  16.84  0.18  0.07  0.02  101.23 

 43.  1217_a_px-2  81.04  51.81  0.61  3.44  7.08  0.18  16.97  19.99  0.12  0.39  0.05  100.64 

 44.  1217_a_px-3  81.61  51.59  0.60  3.74  6.68  0.18  16.63  20.42  0.12  0.68  0.04  100.68 

 45.  1217_a_px-3  81.64  51.69  0.62  3.77  6.79  0.18  16.94  20.15  0.18  0.67  0.04  101.04 

 46.  1217_a_px-4  79.14  52.67  0.60  3.10  8.52  0.25  18.13  18.06  0.15  0.32  0.05  101.86 

 47.  1217_a_px-5  76.96  52.04  0.71  3.01  9.18  0.26  17.20  18.53  0.18  0.13  0.03  101.27 

 48.  21232_b_px-1  80.89  51.42  0.71  2.96  7.20  0.20  17.10  19.59  0.21  0.20  0.03  99.64 

 49.  1232_b_px-2  82.08  52.09  0.57  3.33  6.91  0.19  17.75  19.22  0.14  0.53  0.03  100.77 

 50.  1232_b_px-3  76.86  53.61  0.87  1.68  14.68  0.35  27.36  2.39  0.00  0.20  0.04  101.20 

 51.  1232_b_px-4  77.41  53.73  0.82  1.68  14.44  0.35  27.76  2.23  0.04  0.30  0.05  101.41 

 52.  1232_b_px-5  77.11  53.74  0.79  1.76  14.59  0.33  27.56  2.32  0.02  0.18  0.05  101.35 

 53.  1232_8g-5k-Px-1  82.48  52.88  0.60  2.26  6.70  0.18  17.70  19.61  0.18  0.21  0.03  100.35 

 54.  1232_8g-5k-Px-2  80.25  52.60  1.14  2.26  7.84  0.21  17.87  18.54  0.21  0.08  0.03  100.79 

 55.  1232_8g-5k-Px-3  83.14  52.94  0.48  2.21  6.44  0.18  17.80  19.67  0.17  0.27  0.05  100.20 

 56.  1232_8g-5k-Px-4  80.69  52.43  1.23  2.11  7.58  0.21  17.76  19.08  0.27  0.03  0.05  100.75 

 57.  1232_8g-5k-Px-5  81.12  51.80  0.69  2.91  7.32  0.20  17.63  18.34  0.21  0.32  0.03  99.47 

 59.  1246_4-3k-Px-2  79.08  49.34  1.49  5.05  6.98  0.14  14.79  21.51  0.44  0.27  0.008  100.03 

 60.  1246_4-3k-Px-3   81.68   51.69  0.98  3.01  6.34  0.14  15.84  21.60  0.36  0.04  0.01  100.02 

 61.  1246_4-3k- Px-3 k   70.68   48.88  1.80  4.31  10.45  0.26  14.13  19.36  0.45  0.50  0.02  100.16 

 62.  1246_4-3k-Px-4  82.17  51.64  0.87  3.03  6.19  0.15  16.00  21.59  0.32  0.12  0.02  99.95 

 63.  1246_4-3k- Px-4 k  70.49  49.01  1.68  4.40  10.58  0.24  14.18  19.46  0.52  0.40  0.03  100.51 

 64.  1246_4-3k-Px-5   79.14   49.19  1.59  5.02  6.88  0.14  14.65  21.63  0.42  0.12  0.01  99.66 

 65.  1246_4-3k- Px-5 k   68.93   48.04  1.61  4.90  10.98  0.28  13.66  19.14  0.45  0.20  0.03  99.29 

 66.  1171_4b-2-Px-1  56.16  50.58  0.68  1.74  22.37  0.58  16.08  7.96  0.06  0.00  0.009  100.05 

 67.  1179-5a-Px-2 k   53.30   51.43  0.27  1.16  26.70  0.69  17.09  3.71  0.00  0.01  0.01  101.09 

 68.  1179_5a-3k-Px-2   59.13   51.52  0.81  1.91  23.31  0.60  18.91  4.33  0.24  0.02  0.008  101.64 

 69.  1208-5a-3k-Px-1  62.72  51.39  0.34  1.27  21.35  0.56  20.15  4.61  0.01  0.00  0.01  99.70 

№ № sample (depth, m) Mg# SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Cr2O3 NiO Total
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The ore composition (Cu–Ni, PGE tenor) does not correlate 
with geochemistry or rocks. Massifs of the Noril’sk Complex 
are similar in terms of their internal structure.       
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      Composition of the Parental Melts 
for the Intrusions       

              The compositions of the initial melts of the ore-bearing intru-
sions were studied based on the inclusions in the olivines and 
pyroxenes (major, rare and volatile components). These have 
compositions approximating those of the rocks. The magmas 
contained 0.5–0.7 % H2O, up to 0.2 % Cl, and 300 ppm F. The 
magma composition of the Talnakh intrusion was estimated 
with the aid of KOMAGMAT software. It was demonstrated 
that the magma contained 10 % olivine and 7 % plagioclase 
crystals and that MgO content in melt was 8 wt %.  

 It has long been believed that the ores hosted in ultrabasite–
basite intrusive bodies could have been produced by unusual 
picritic ore-bearing magmas, and this was refl ected in the 
early models for the genesis of the Noril’sk deposits 
(Godlevsky  1959 ; Pertology and Ore  1978 ; Dyuzhikov et al. 
 1988 ). Indeed, such magmas are known to occur in nature 
and include the Fe-rich melts of the volcano El Laco in Chile 
(Frutos and Oyarzun  1975 ), magnetite lavas in Siberia 
(Ryabov and Pavlov 1991), ore-bearing melts in the Eastern 
Pacifi c in the area of the Juan de Fuca Ridge (Zhmodik 
 2002 ), etc. However, according to a hypothesis that became 
widely accepted over the past two decades, Cu–Ni deposits 
can be produced by melts of tholeiitic composition in an 
open system (Rad’ko  1991 ; Naldrett  1992 ,  2009 ; Naldrett 
et al.  1992 ,  1996 ; Li et al.  2009 ; Ariskin et al.  2009 ;  2013 ). 

 Differences in the estimated role of magmatism in the 
ore-forming processes largely stem from differences in the 
methodical approaches applied in evaluating the composi-
tions of the parental melts of both the intrusions and the 
lavas. In the Noril’sk district, these have always been calcu-
lated as the weighted mean compositions of individual intru-
sive bodies (Dneprovskaya et al.  1987 ; Dneprovskaya and 
Dneprovsky  1988 ) or were thought to be represented by cer-
tain crystallization products of magmas, such as (1) picrite 
basalts and picrite–gabbro-dolerites (Dyuzhikov et al.  1988 ; 
Ryabov et al.  2000 ) or (2) gabbro-dolerites that form sills 
branching from ore-bearing massifs (Zolotukhin et al.  1986 ; 
Naldrett  1992 ). However, the former are cumulate rocks, and 

relationships between the latter and the intrusions were far 
from always reliably documented. 

 In light of this, we have recently attempted to utilize other 
techniques to obtain information on the parental melts of cer-
tain massifs in the Noril’sk ore district. These techniques 
involved (1) the direct evaluation of their composition by 
studying of the melts (naturally or experimentally quenched 
into glass) in olivines from picrites and picritic gabbro- 
dolerites in certain intrusions and (2) geochemical thermom-
etry with the COMAGMAT-3.5 program package. 

5.1     Melt Compositions Evaluated 
from Data on Melt Inclusions 

 Over the past two decades, the recovery of direct information on 
melt chemistries became possible through the study of melt 
inclusions in minerals due to advancements in modern high-
resolution analytical techniques (Sobolev  1996 ,  1997 ; Inclusions 
in minerals….  2005 ; Bodner and Student  2006 ; Ryabchikov 
et al.  2009  et ctr.). However, studies of PGE and Cu–Ni deposits 
worldwide still involve very few models that account for the 
genesis of these deposits on the basis of melt inclusion data 
(Bulgakova  1971 ; Vortsepnev  1978 ; Krivolutskaya and Sobolev 
 2001 ; Krivolutskaya et al.  2001b ; Konnikov et al.  2005 ). Most 
of these studies were performed with data on crystalline and 
fl uid inclusions (Ballhaus and Stumpfl   1986 ; Boudreau et al. 
 1986 ; Boudreau  1988 ). Publications devoted to the genesis of 
Siberian fl ood basalts with regard to melt inclusion data have 
dealt mostly with alkaline and subalkaline rocks in the province 
(Sobolev and Slutsky  1984 ; Ryabchikov et al.  2001 ,  2009 ; 
Sobolev et al.  2009a ,  b ; Black et al.  2014 ). 

5.1.1     Inclusions in Olivine 

 New data on the composition of magmatic inclusions in 
olivines from rocks related to the main stage of fl ood basalt 
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 eruption are presented in this chapter. The composition of 
magmatic inclusions was studied based on olivines from 
the ore-bearing Talnakh, Kharaelakh, Northern Maslovsky, 
and Noril’sk 1 intrusions, as well as the barren Low Talnakh 
and Zelenogrivsky intrusions (Krivolutskaya and Sobolev 
 2001 ) and picrites of the Gudchikhinsky Formation 
(Sobolev et al.  2009a ). 

 The following types of magmatic inclusions were detected 
in olivines (Krivolutskaya  2011 ; Fig.  5.1 ): (1) melt inclusions – 
glassy, partially crystallized (glass + gas + solid phase, including 
orthopyroxene, amphibole, ilmenite, and apatite) and com-
pletely crystallized (gas + solid phases) melt inclusions; (2) crys-
talline inclusions consisting of plagioclase, albite, pyroxene, 
Cr–spinel, and apatite; (3) fl uid inclusions; and (4) composite 
inclusions (solid phase + melt or fl uid). The crystallized melt 
inclusions were used to determine the initial melts; the glassy 
and fl uid inclusions were used to determine the volatile compo-
nents; and crystalline inclusions were used to estimate the tem-
perature during magma crystallization. Despite general 
similarities, differences exist in the proportions of the aforemen-
tioned types of inclusions between particular intrusions. In the 
Talnakh, Kharaelakh, Low Talnakh, and Noril’sk 1 intrusions, 
the predominant role of melt in comparison with the other types 
of inclusions.

    Melt inclusions  are the most abundant (80 % of all inclu-
sions). They differ in size and structure. Small inclusions 
(10–12 μm) are commonly glassy, whereas large inclusions 
(40–125 μm) are crystallized and are oval or close to negative 
crystals in shape. Orthopyroxene, ilmenite, pyrrhotite, 
chalcopyrite, amphibole, and phlogopite occur as daughter 
minerals. The crystallized inclusions are coarse or fi ne 
grained, often with a very fi ne-grained rim (5 μm) around a 
coarsely crystalline core (40–50 μm). To determine the com-
positions of the melt in the inclusions, they were heated to 
the melting temperature of the last daughter mineral (1,200–
1,250 °C). The samples were held at  T  > 1,200 °C for no lon-
ger than 5 min. In most runs, partial homogenization 
(melt + fl uid) was achieved. Subsequently, the samples were 
quenched and polished. The concentrations of major ele-
ments in the melts and host olivines were determined by a 
microprobe. The homogeneity of the melts obtained in 
experiments was verifi ed through the comparison of mea-
surements at different points. The measured compositions of 
homogenized inclusions were recalculated to equilibrium 
with the host mineral using the PETROLOG-2 program 
(Danyushevsky et al.  1999 ). According to the calculations, 
the oxygen fugacity (= −7.4 to −7.5) was close to the NNO 
buffer (±0.5) at  T hom = 1,200–1,250 °C. The data obtained 
(Table   3.10    ) show that the inclusions in the olivines from 
picrites of the Gudchikhinsky and Tuklonsky formations are 
characterized by a narrow range of MgO contents (8–10 
wt %). The inclusions from intrusive rocks reveal a wider 
range (3–11 wt % MgO), indicating melt fractionation 
(Table  5.1 ): the Al 2 O 3  and SiO 2  contents are correlated 

(Fig.  5.2a ). In addition, the melt inclusions are enriched in 
titanium (Fig.  5.2b ) and alkali metals. Thus, intratelluric 
olivine crystallized from an evolved melt. The Cl contents in 
the inclusions are low and are correlated with the K contents. 
Such a correlation is most typical of the Noril’sk 1 intrusion 
(Fig.  5.3 ). The Cl concentrations in the ore-bearing and bar-
ren intrusions are similar. As was shown by Krivolutskaya 
and Sobolev ( 2001 ), the distribution patterns of trace ele-
ments normalized to the composition of the primitive mantle 
are divided into two types: (1) close to that of the host rocks 
but differing due to a slight Eu minimum (Zelenogrivsky and 
Low Talnakh intrusions and the picrites of the Gudchikhinsky 
Formation) and (2) obviously distinct from the host rocks 
due to higher concentrations of all trace elements (Talnakh, 
Kharaelakh, and Noril’sk 1 intrusions). This situation is 
illustrated by Fig.  5.4 , which shows the results of a picritic 
gabbro-dolerite from the Noril’sk 1 intrusion (a sample 
taken from Borehole G-22 at a depth of 64 m) as an example. 
The trace element contents of the rock are much lower than 
the inclusions hosted in the olivine (average of 21 inclusions, 
unpublished data of the author). Thus, the high concentra-
tions of trace elements are characteristic of the melts forming 
ore-bearing intrusions. The degree of enrichment in trace 
elements depends on the Mg# of the host mineral, which 
refl ects the progress of the fractionation of the initial magma.

       Crystalline inclusions  are typical of olivine. Small grains 
(1–3 to 10–12 μm) are distinguished by fused faces, whereas 
larger inclusions (>15 μm) are euhedral. Cr–spinel (largely, 
Cr-magnetite) inclusions in olivine make it possible to 
determine the oxygen fugacity of the melt (Table  5.2 ). The 
Cr–spinels from the intrusions and picrobasalts are mark-
edly different in composition. The Cr–spinel inclusions in 
the olivine from picritic gabbro-dolerite of the Low Talnakh 
intrusion are enriched in V 2 O 3 . The corresponding data 
points occupy a special fi eld in the V 2 O 3  – Fe 2+ /Fe 3+ /diagram 
(Fig.  5.5 ). The ferrous/ferric ion ratio is calculated from the 
stoichiometry of the spinel. The compositional fi elds of the 
Cr–spinels incorporated into the olivine of picrites of the 
Gudchikhinsky and Tuklonsky formations overlap and are 
separated from the Cr–spinel fi elds of the intrusive rocks. 
The variation in composition of minerals from the Tuklonsky 
Formation is much wider. The Cr–spinels from picritic 
gabbro- dolerite of the Talnakh, Imangdinsky, and Noril’sk 1 
intrusions are enriched in chromium, Cr# = Cr/
(Al + Cr) = 0.77–0.81, whereas the Cr# of the spinels from 
the Lower Talnakh intrusion is 0.46–0.57. Picrites of the 
Tuklonsky and Gudchikhinsky formations are characterized 
by transitional Cr# of spinels (0.65, on average). The spinels 
from the Talnakh intrusion are distinguished by extremely 
high Ti contents (6.77 wt %, on average) and are classifi ed 
as Ti–chromite. Plagioclase is the most abundant mineral 
occurring as inclusions in the olivine. The fused grains 
of this mineral are up to 40 μm in size and are especially 
frequent in the olivine from intrusions of the Talnakh ore 
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  Fig. 5.1    Photomicrographs of magmatic inclusions in olivines 
 (1–4) general view of olivine grains with inclusions. (5–14) Melt inclusions: (5–8) glassy, (9–11) partly crystallized, (12–14) completely crystal-
lized. (15, 16) Composite inclusions: (15) Cr–spinel + fl uid, (16) Cr–spinel + glass. (17–20) Fluid inclusions. (21–24) Crystalline inclusions: (21) 
plagioclase, (22) Cr–spinel, (23) plagioclase, (24) apatite.  Opx  orthopyroxene,  Pl  plagioclase,  Ap  apatite,  Cr-Mt  chrome magnetite,  Ilm  ilmenite. 
After Krivolutskaya ( 2011 )             
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Fig. 5.1 (continued)
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Fig. 5.1 (continued)

5.1  Melt Compositions Evaluated from Data on Melt Inclusions



234

   Ta
b

le
 5

.1
  

  C
om

po
si

tio
n 

of
 h

ea
te

d 
m

el
t i

nc
lu

si
on

s 
fr

om
 o

liv
in

e,
 w

t %
   

 N
o 

 N
o 

sa
m

pl
e 

 Si
O

 2  
 T

iO
 2  

 A
l 2

 O
 3  

 Fe
O

 
 M

nO
 

 M
gO

 

 1.
 

 4,
05

1/
18

 
 51

.8
6 

 1.
36

 
 13

.0
4 

 11
.0

4 
 0.

33
 

 5.
12

 

 2.
 

 3,
01

8/
19

.8
 

 52
.3

8 
 2.

54
 

 12
.0

1 
 10

.4
3 

 0.
19

 
 6.

50
 

 3.
 

 22
8–

15
a 

 54
.8

6 
 0.

96
 

 13
.4

0 
 8.

30
 

 0.
15

 
 5.

34
 

 4.
 

 22
8–

18
 

 54
.6

8 
 2.

12
 

 13
.3

4 
 11

.1
9 

 0.
17

 
 5.

59
 

 5.
 

 O
M

–5
/1

,2
20

 
 50

.9
3 

 1.
90

 
 10

.3
9 

 14
.3

7 
 0.

28
 

 5.
77

 

 6.
 

 T
G

31
/8

20
 

 53
.0

7 
 1.

14
 

 13
.2

8 
 11

.3
5 

 0.
14

 
 4.

52
 

 7.
 

 T
G

31
/8

20
 

 53
.4

8 
 0.

82
 

 13
.3

0 
 11

.9
3 

 0.
21

 
 7.

56
 

 8.
 

 F-
23

3/
34

3 
 49

.8
3 

 0.
56

 
 17

.7
4 

 10
.8

0 
 0.

24
 

 7.
06

 

 9.
 

 F-
23

3/
34

3 
 58

.7
3 

 0.
18

 
 14

.5
9 

 8.
24

 
 0.

27
 

 5.
91

 

 10
. 

 F-
23

3/
34

3 
 50

.8
3 

 1.
07

 
 12

.9
4 

 12
.1

6 
 0.

24
 

 8.
37

 

 11
. 

 F-
23

3/
34

3 
 50

.0
7 

 1.
04

 
 12

.5
7 

 12
.4

0 
 0.

18
 

 8.
39

 

 12
. 

 F-
23

3/
34

3 
 51

.4
4 

 1.
01

 
 13

.4
9 

 10
.7

0 
 0.

28
 

 7.
46

 

 13
. 

 F-
23

3/
34

3 
 53

.9
5 

 1.
27

 
 15

.0
9 

 8.
88

 
 0.

21
 

 5.
90

 

 14
. 

 F-
23

3/
34

3 
 51

.9
8 

 1.
24

 
 16

.9
3 

 8.
83

 
 0.

28
 

 6.
00

 

 15
. 

 F-
23

3/
35

0 
 49

.4
1 

 0.
82

 
 13

.9
8 

 14
.6

8 
 0.

32
 

 8.
02

 

 16
. 

 F-
23

3/
35

0 
 49

.6
6 

 0.
92

 
 14

.6
1 

 14
.1

9 
 0.

30
 

 7.
06

 

 17
. 

 F-
23

3/
35

0 
 50

.3
9 

 0.
92

 
 15

.1
5 

 14
.0

8 
 0.

28
 

 5.
85

 

 18
. 

 СY
-3

15
-5

 
 49

.0
2 

 0.
25

 
 18

.1
5 

 13
.5

3 
 0.

17
 

 7.
70

 

 19
. 

 СY
-3

15
-4

 
 48

.9
1 

 0.
02

 
 18

.5
3 

 12
.9

3 
 0.

16
 

 7.
41

 

 20
. 

 K
hS

-5
1/

13
0 

 54
.0

6 
 1.

31
 

 12
.8

9 
 10

.6
1 

 0.
17

 
 8.

77
 

 21
. 

 K
hS

-5
1/

13
0 

 54
.7

9 
 1.

43
 

 12
.9

2 
 11

.3
4 

 0.
22

 
 7.

84
 

 22
. 

 K
hS

-5
1/

13
0 

 53
.7

9 
 1.

40
 

 10
.1

5 
 9.

64
 

 0.
16

 
 9.

80
 

 23
. 

 K
hS

-5
1/

13
0 

 54
.2

3 
 1.

29
 

 12
.3

9 
 10

.4
4 

 0.
14

 
 9.

07
 

 24
. 

 K
hS

-5
1/

13
0 

 52
.3

6 
 1.

54
 

 13
.1

8 
 10

.2
8 

 0.
13

 
 9.

00
 

 25
. 

 K
hS

-5
1/

13
0 

 53
.0

7 
 1.

75
 

 13
.2

6 
 7.

68
 

 0.
12

 
 9.

50
 

 26
. 

 K
hS

-5
1/

13
0 

 51
.2

1 
 1.

65
 

 13
.4

5 
 11

.9
7 

 0.
17

 
 8.

79
 

 27
. 

 K
hS

-5
1/

13
0 

 52
.6

5 
 1.

55
 

 13
.1

3 
 9.

91
 

 0.
14

 
 8.

98
 

 C
aO

 
 N

a 2
 O

 
 K

 2 O
 

 C
l 

 S 
 P 2

 O
 5  

 Су
мм

а 
 Fo

, m
ol

 %
 

 1.
 

 10
.0

9 
 4.

75
 

 0.
93

 
 0.

01
 

 0.
08

 
 0.

47
 

 99
.0

7 
 73

.2
4 

 2.
 

 10
.4

5 
 3.

06
 

 1.
17

 
 0.

02
 

 0.
04

 
 0.

29
 

 99
.0

8 
 78

.6
5 

 3.
 

 11
.1

8 
 2.

67
 

 1.
22

 
 0.

09
 

 0.
03

 
 0.

54
 

 98
.7

 
 80

.0
6 

 4.
 

 7.
24

 
 2.

94
 

 1.
24

 
 0.

1 
 0.

08
 

 0.
41

 
 99

.1
 

 79
 

 5.
 

 9.
37

 
 3.

12
 

 0.
33

 
 0.

61
 

 0.
06

 
 1.

66
 

 98
.8

1 
 80

.0
8 

 6.
 

 9.
23

 
 3.

25
 

 1.
33

 
 0.

02
 

 0.
12

 
 0.

19
 

 97
.6

 
 78

.7
7 

 7.
 

 7.
98

 
 2.

85
 

 1.
4 

 0.
22

 
 0.

11
 

 0.
02

 
 99

.8
8 

 78
.4

1 

 8.
 

 9.
49

 
 1.

64
 

 1.
51

 
 0.

02
 

 0.
01

 
 0.

08
 

 98
.9

7 
 78

.1
3 

 9.
 

 8.
09

 
 2.

1 
 0.

77
 

 0.
25

 
 0.

11
 

 0.
32

 
 99

.5
6 

 78
.3

5 

5 Composition of the Parental Melts for the Intrusions



235

Ta
b

le
 5

.1
 

(c
on

tin
ue

d)

 C
aO

 
 N

a 2
 O

 
 K

 2 O
 

 C
l 

 S 
 P 2

 O
 5  

 Су
мм

а 
 Fo

, m
ol

 %
 

 10
. 

 9.
71

 
 2.

51
 

 0.
9 

 0.
01

 
 0.

03
 

 0.
11

 
 98

.8
8 

 79
.5

8 

 11
. 

 10
.9

8 
 2.

32
 

 0.
75

 
 0.

08
 

 0.
01

 
 0.

12
 

 98
.9

1 
 79

.4
9 

 12
. 

 11
.2

2 
 2.

5 
 0.

74
 

 0.
02

 
 0.

04
 

 0.
14

 
 99

.0
3 

 79
.8

4 

 13
. 

 9.
27

 
 3.

34
 

 1.
09

 
 0.

01
 

 0.
03

 
 0.

15
 

 99
.2

 
 79

.3
 

 14
. 

 11
.0

7 
 1.

79
 

 0.
68

 
 0.

02
 

 0.
01

 
 0.

33
 

 99
.1

6 
 78

.4
2 

 15
. 

 8.
86

 
 1.

63
 

 0.
66

 
 0.

01
 

 0.
11

 
 0.

13
 

 98
.6

9 
 72

.3
5 

 16
. 

 9.
01

 
 1.

69
 

 0.
67

 
 0.

01
 

 0.
03

 
 0.

16
 

 98
.4

5 
 71

, 8
9 

 17
. 

 9.
52

 
 1.

73
 

 0.
69

 
 0.

02
 

 0.
01

 
 0.

12
 

 98
.7

5 
 68

.9
8 

 18
. 

 8.
44

 
 0.

91
 

 0.
2 

 0.
03

 
 0.

01
 

 0.
03

 
 98

.4
4 

 75
.7

7 

 19
. 

 10
.9

 
 1.

35
 

 0.
07

 
 0.

07
 

 0.
03

 
 0.

06
 

 10
0.

6 
 76

.7
6 

 20
. 

 8.
83

 
 2.

24
 

 0.
54

 
 0.

01
 

 0.
05

 
 0.

15
 

 99
.6

2 
 81

.9
6 

 21
. 

 6.
7 

 3.
46

 
 1.

09
 

 0.
02

 
 0.

14
 

 0.
22

 
 10

0.
2 

 80
.0

5 

 22
. 

 11
.3

8 
 2.

41
 

 0.
64

 
 0.

02
 

 0.
06

 
 0.

17
 

 99
.5

9 
 82

.6
1 

 23
. 

 9.
18

 
 2.

33
 

 0.
54

 
 0.

1 
 0.

06
 

 0.
18

 
 99

.8
7 

 81
.6

9 

 24
. 

 9.
63

 
 2.

5 
 0.

55
 

 0.
12

 
 0.

04
 

 0.
15

 
 99

.3
8 

 81
.7

7 

 25
. 

 10
.1

9 
 2.

45
 

 0.
61

 
 0.

11
 

 0.
03

 
 0.

16
 

 98
.8

1 
 82

.4
2 

 26
. 

 9.
95

 
 2.

21
 

 0.
58

 
 0.

1 
 0.

05
 

 0.
15

 
 10

0.
2 

 80
.3

7 

 27
. 

 9.
36

 
 2.

46
 

 0.
59

 
 0.

15
 

 0.
05

 
 0.

16
 

 98
.9

9 
 82

.0
9 

  N
ot

e:
 №

 s
am

pl
e 

is
 b

or
eh

ol
e 

nu
m

be
r/

de
pt

h,
 m

 (
F-

23
3/

35
0)

 a
nd

 fi
 e

ld
 n

um
be

r 
(С

Y
-3

15
, 2

28
–1

8)
; 

in
cl

us
io

ns
 f

ro
m

 o
liv

in
es

 o
f 

th
e 

in
tr

us
io

ns
: 

1–
2 

Ta
ln

ak
h,

 3
–4

 N
or

il’
sk

 1
, 5

 M
as

lo
vs

ky
, 6

,7
 L

ow
 

Ta
ln

ak
h,

 8
–1

7 
Z

el
en

og
ri

vs
ky

, 1
8–

19
 T

uk
lo

ns
ky

 F
or

m
at

io
n,

 2
0–

27
 G

ud
ch

ik
hi

ns
ky

 F
or

m
at

io
n.

 H
er

e 
an

d 
in

 T
ab

le
s 

 5.
2  

an
d 

 5.
3 ,

 a
na

ly
se

s 
w

er
e 

ca
rr

ie
d 

in
 G

E
O

K
H

I R
A

S,
 a

na
ly

st
 N

. K
on

on
ko

va
; A

ft
er

 
K

ri
vo

lu
ts

ka
ya

 (
 20

11
 )  

 

5.1  Melt Compositions Evaluated from Data on Melt Inclusions



236

cluster and much less frequent in the Zelenogrivsky intrusion. 
The plagioclase compositions of the inclusions are given in 
Table  5.3 .

5.1.2          Inclusions in Pyroxene 

 Pyroxenes from various units of the gabbro-dolerites often 
contain melt inclusions up to 30–40 μm across. However, 
these inclusions are usually spatially constrained to cleavage 
planes; thus, it is hard to obtain their homogenized glasses. 

 We were lucky to fi nd unique glassy inclusions in pyrox-
ene from the upper part of the Southern Maslovsky intrusion. 
In this intrusion, pyroxene is an early liquidus phase; hence, 
data on these inclusions are of particular interest. The inclu-
sions are occasionally as large as 70 μm in diameter, but 
most range from 30 to 40 μm (Fig.  5.6 ). Along with glass and 
a bubble, the inclusions often contain titanomagnetite as a 
daughter phase or as captured crystals and grains. The inclu-
sions completely homogenize at temperatures of 1,170–
1,190  ° C, depending on the Mg# of their host pyroxene. The 
inclusions were determined to contain volatile components, 
including 0.5–0.9 wt % H 2 O and up to 0.2 wt % Cl. They 
contain (as melt inclusion in olivine) high rare earth element 
concentrations (Fig.  5.7 ).

5.2          Fluids in Magmas 

 One of the necessary prerequisites for the accumulation of 
uniquely high concentrations of metals in products of hyper-
basite–basite magmas is often thought to be an unusual fl uid 
regime. Thus, fl uids with extremely different compositions 
were suggested. Some researchers believe that the parental 

  Fig. 5.2    Compositions of melt inclusions in olivines 
 ( a ) AlO 2 O 3 –MgO, ( b ) TiO 2 –MgO       
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3

2

Imangdinsky

Noril’sk 1

Low Talnakh

Gudchikhinsky

Tuklonsky

1

0
0 2 4 6 Fe2+/Fe3+

V
2O

3,
 W

t %
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melts were enriched in water and chlorine (Distler et al. 
 1999 ), whereas others argued that the melts should have been 
rich in methane, hydrogen sulfi de, etc. (Aplonov  1995 ). The 

hypothesis that the melts were enriched in water is underlain 
by data from the contact aureoles of the ore-bearing intru-
sions (Turovtsev  2002 ), which are believed to be formed 
under the effects of fl uids that segregated from the crystallizing 
melts and Cl by virtue of the fact that the ores contain Pt–Pd 
compounds with As, Sb, Te, and Se, which can be transported 
in the form of chloride complexes even at relatively low tem-

100

10

1
Rb Ba Th U k Nb La Ce Pb Sr Nd Sm Zr Hf Eu Ti Gd Dy Y Er Yb

OM24N23A
OM24N56A
OM24N4A OM24N6A

OM24N59A
OM24N26A OM24N32A OM24N33A

OM24N61A
OM24N13A OM24N16A

OM24N1A
OM24N34A OM24N55A

OM24N2A
rock

OM24N6OA
OM24N12A

  Fig. 5.7    Rare element patterns for inclusions in pyroxene and host-rock  
 Sample OM-24/666, the Southern Maslovsky intrusion       

  Fig. 5.6    Melt inclusion ( black ) in pyroxene from gabbro-dolerites of 
Southern Maslovsky intrusion ( white  crystals – magnetite)  
 Sample OM-24/666       

    Table 5.3    Composition of plagioclase from olivine in picritic gabbro-dolerites, wt %   

 No  No sample  SiO 2   Al 2 O 3   FeO  CaO  Na 2 O  K 2 O  Сумма  An, mol %  Fo, mol % 

 1.  4,051/18-1  48.28  32.40  1.63  16.17  2.03  0.10  100.61  81.51  73.69 

 2.  4,051/18-2  47.29  28.76  5.01  13.32  2.26  0.17  96.81  76.53  74.52 

 3.  4,051/18-3  49.39  32.08  1.43  15.82  2.37  0.11  101.20  78.69  74.61 

 4.  4,051/18-4  50.17  31.34  1.32  14.74  3.73  0.27  101.57  68.62  71.99 

 5.  4,051/18-5  47.74  32.46  1.70  15.39  2.34  0.19  99.82  78.45  69.13 

 6.  4,051/18-6  47.88  33.13  1.97  15.24  2.27  0.20  100.69  78.82  69.13 

 7.  4,051/18-7  47.37  33.11  1.71  15.70  2.20  0.14  100.21  79.81  68.92 

 8.  4,051/18-8  47.60  32.62  1.86  14.93  2.55  0.20  99.76  76.44  69.49 

 9.  4,051/18-9  48.13  32.13  1.25  15.49  2.43  0.15  99.58  77.88  74.07 

 10.  4,051/18-0  48.70  31.09  1.24  15.90  2.36  0.25  99.54  78.85  74.68 

 11.  3,018  48.43  31.72  1.30  16.59  2.01  0.06  100.10  82.04  74.64 

 12.  TG-31/820  48.1  34.08  1.55  17.11  1.91  0.12  102.87  83.21  78.35 

 13.  TG-31/820а  49.74  32.11  1.44  14.81  2.97  0.37  101.44  73.40  78.36 

 14.  TG-31/820б  47.67  34.45  1.23  17.31  1.83  0.1  102.59  83.96  78.91 

 15.  TG-31/829  46.29  32.64  2.3  16.75  1.68  0.1  99.76  84.65  78.60 

 16.  TG-31/839  48.51  32.56  1.5  15.76  2.44  0.05  100.82  78.14  78.23 

 17.  TG-31/839a  47.4  32.42  0.57  15.81  2.19  0.03  98.42  79.98  78.23 

 18.  TG-31/827в  47.59  33.46  1.6  16.62  1.69  0.03  100.99  84.48  78.05 

 19.  TG-31/827а  47.22  33.39  1.73  15.84  2.29  0.16  100.63  79.28  77.91 

 20.  TG-31/827c  47.19  32.93  1.72  15.89  2.15  0.18  100.06  80.32  77.91 

 21.  TG-31/829с  47.54  32.64  1.1  17.18  1.64  0.08  100.18  85.29  77.70 

 22.  F-233/343  48.46  32.37  1.52  16.04  2.24  0.11  100.74  79.82  79.17 

 23.  F-233/343a  48.65  32.40  1.34  16.05  2.28  0.11  100.82  79.58  79.05 

 24.  F-233/343c  47.46  31.62  1.54  15.96  2.08  0.10  98.76  80.97  78.68 

  Note:  An, mol %  anorthite in plagioclase, mol %;  Fo -forsterite (mol %) in host olivine, intrusions: 1–11 Talnakh, 12–21 Low Talnakh, 22–24 
Zelenogrivsky  
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peratures (Boudreau et al.  1986 ; Boudreau  1988 ). Another 
perspective is based on chromatographic data obtained from 
whole-rock samples. According to this hypothesis, the ore-
forming processes involved mostly reduced gases: H 2 , CH 4 , 
CO, N 2 , etc. (Neruchev and Prasolov 1995). Data from fl uid 
inclusions in minerals from trap rocks (Bulgakova  1971 ; 
Ryabchikov et al.  2001 ,  2009 ; Sobolev et al.  2009a ) indicate 
that the fl uids were dominated by H 2 O and CO 2 . 

 Some researchers believe that the contact aureoles of the 
intrusions are composed only of metamorphic rocks. If so, 
these rocks could have formed under the infl uence of a con-
tinuously active heat source, which could be visualized only 
as a long-lived magmatic system. Such a system could be 
generated by either melt fl owing in only one direction through 
a channel (Rad’ko  1991 ; Naldrett  1992 ) or oscillating melt 
fl ow (Likhachev  1996 ). In this instance, the melts should not 
contain anomalously high concentrations of fl uids. 

 Our data provide support for the latter hypothesis 
(Krivolutskaya et al.  2001b ,  2004 ). The fl uid inclusions in 
olivine from the picrite–gabbro-dolerites compose approxi-
mately 1–3 % of the total volume of all of the aforemen-
tioned inclusions and are usually no larger than a few 
microns in diameter, only occasionally reaching 40 μm 
(Fig.  5.1 ). Morphologically, the small and large inclusions 
are similar: they are shaped either as negative crystals or are 
spherical. 

 First, the inclusions were cooled to −165 to −190 °C in 
a cooling and heating stage at the Institute of Geology of 
Ore Deposits, Petrography, Mineralogy, and Geochemistry, 
Russian Academy of Sciences (analyst T.L. Krylova). No 
visible change occurred due to the extremely low density of 
the fl uid. The direct determination of the gas composition 
in fl uid inclusions with Raman spectroscopy (analyst: 
J. Debussie, Nancy, France) detected only low Н 2 О and 
CO 2  concentrations and confi rmed the absence of other 
gases (hydrogen, nitrogen, and methane). Crystalline 
phases—magnesite and organic carbon—were identifi ed 
on the inner surfaces of large inclusions at high magnifi ca-
tion (Krivolutskaya et al.  2001b ). 

 For the precise determination of the H 2 O content in the 
melts, glassy inclusions in olivine were used to avoid loss of 
water by heating of crystallized inclusions. As is shown by 
Raman spectroscopy, the round or oval glassy inclusions are 
fi lled with up to 80–85 vol. % glass and contain an empty 
bubble (10–15 vol. %). Close to the intrusive contact, in the 
lower part of the taxitic unit, the number and size of glassy 
inclusions reaching 35–40 μm in diameter increase. The H 2 O 
content in glass reaches 1.2 wt % (ion microprobe; analyst: 
S.G. Simakin, Institute of Microelectronics and Information 
Science, RAS) and exhibits a weak correlation with potas-
sium. The concentration levels of volatile components (H 2 O, 
F, and Cl) in the ore-bearing and barren intrusions are equal 
(Krivolutskaya and Sobolev  2001 ). The extremely low H 2 O 
contents (0.03–0.25 wt %) were observed in picrites of the 

Gudchikhinsky Formation (Sobolev et al.  2009a ). Thus, the 
crystallizing melt was not enriched in water, chlorine, and 
reduced gases. 

 To specify additional evidence for the enrichment of the 
initial melt in fl uids—wide contact aureoles around intru-
sions—the composition of the water participating in their 
formation was estimated. The stable O, H, and C isotopes in 
gabbro-dolerite intrusions and country rocks were studied 
for this purpose (Pokrovsky et al.  2005 ). The central parts of 
intrusive bodies are characterized by the oxygen isotopic 
composition typical of magmatic water (δ 18 О = 5.5‰), 
whereas in the contact zone, the δ 18 О values increase to 
18‰. These data obtained for the Noril’sk 1, Talnakh, 
Zelenogrivsky, and Lower Talnakh intrusions do not con-
fi rm hydrothermal reworking of country rocks under the 
effect of magmatic fl uids released from crystallizing magma. 
The enrichment of the contact zone in the heavy oxygen iso-
tope indicates that these zones have been reworked by mete-
oric rather than magmatic water. The involvement of 
meteoric water in postmagmatic alteration is quite natural 
because the emplacement of enormous magmatic masses, 
such as at the Siberian Platform, must initiate fl uid fl ow in 
the country rocks.  

5.3     Composition and Temperature 
of Melts Estimated 
with the KOMAGMAT-3.5 Program 

 The phase composition of the initial melt and its temperature 
were estimated for the Talnakh intrusion using the 
KOMAGMAT-3.5 program (Ariskin and Barmina  2000 ) on 
the assumption that a melt with suspended crystals was 
emplaced into a magma chamber. The formation of the 
 internal structure of this intrusion as a result of magma frac-
tionation was shown in terms of this model; these data were 
obtained with A. Ariskin (Krivolutskaya et al.  2001a ). 
Previously, a discrepancy in the composition of the chilled 
margin and the weighted average composition of the intru-
sion (7–8 and 10–12 wt % MgO, respectively) was adduced 
as the main argument against this model. For the calcula-
tions, data for the Talnakh intrusion (structure, geochemistry 
of rocks and minerals) were taken from Chap.   4    . 

 The fact that the weighted mean composition of the 
Noril’sk-type intrusions is notably more magnesian than that 
of the typical “common fl ood basalt” (Table  5.4 ) led to the 
conclusion that a picritic basalt parental magma existed and 
was derived from a deep-seated source (Godlevsky  1959 ). 
These concepts were further developed by researchers who 
assumed that the fl ood basalt parental magma has a composi-
tion intermediate between typical picrite and fl ood basalt 
(Magnesium basic …  1984 ). It was also assumed that this 
magma was primary, i.e., it was derived by the melting of a 
mantle source at relatively high pressures and temperatures. 
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The analysis of the fractionation schemes of such melts dem-
onstrates that the likely origin of known “intrusive fl ood 
basalt types” features a single source that contained 10–12 
wt % MgO and had a composition close to the weighted mean 
composition of the Noril’sk I intrusion (Zolotukhin and 
Laguta  1985 ; Zolotukhin and Vasil’ev  1986 ). This fi nding 
implies an important role of the processes of pre-chamber dif-
ferentiation, which may have occurred in magmatic columns 
or intermediate chambers (Likhachev  1965 ,  1978 ; Oleinikov 
 1979 ), mainly via the gravitational separation of crystals and 
melt. The modern interpretation of these processes is based 
on fi ner isotopic and geochemical differences (such as Mg#, 
TiO 2 , REE patterns, Th/Ta ratios, etc.) between fl ood basalt 
magmas, which can be interpreted as indications of the com-
position of the mantle source, the depth (pressure) and grade 
of its partial melting, and the extent of the crustal contamina-
tion of the magma (Naldrett et al.  1992 ; Arndt et al.  1993 ; 
Lightfoot et al.  1993 ; Hawkesworth et al.  1995 ). However, 
regardless of the picritic or picrite-like composition of the 
parental magmas, the concept of the deep-seated evolution of 
magnesian melts implies that these processes are responsible 
for the main differences between fl ood basalt magmas, and 
the rocks crystallizing from them (including those of differ-
entiated intrusions) inherit petrochemical and geochemical 
indications of this diversity. At the same time, it is sometimes 
thought that the average compositions of solid fl ood basalts 
correspond to the partial melts of basaltic composition, whose 
source may have been mantle pyroxenites (Kutolin  1972 ). 
Within the guidelines of this hypothesis, insignifi cant or non-
existent fractionation of the parental fl ood basalt magma in 
deep- seated chambers is postulated, and the diversity of intru-
sive rocks is considered to be the result of contamination and 
 in- chamber differentiation (Feoktistov  1978 ). Hence, the 
problems of the Mg# of the parental magmas and the role of 

the magmas’ differentiation at depth lie at the heart of discus-
sions about the genesis and ore potential of ultramafi c–mafi c 
intrusions in the Siberian Platform.

   We believe that these problems can be resolved by deter-
mining the thermodynamic and dynamic parameters of 
magma intrusions for each individual intrusive body. The 
list of parameters should include the temperature and com-
position of the parental melt, its crystallization degree dur-
ing intrusion, and the proportion and composition of 
mineral phases suspended in the melt. The amassment of 
such data would enable one to more reliably trace the pos-
sible genetic relationships between the magmas of discrete 
fl ood basalt intrusions and to gain better insight into the 
spatial distribution of the initial temperature, composition, 
and phase parameters. These problems were fi rst attacked 
by a computer simulation of the inner structures of fl ood 
basalt intrusions in the Siberian Platform on the basis of the 
convection–accumulation mechanism of in-chamber differ-
entiation (Frenkel’ et al.  1985 ,  1988 ). The examples of the 
Kuz’movka (on the Podkamennaya Tunguska River), 
V-304, and Vavukan (in the upper reaches of the Vilyui 
River) sills were utilized to demonstrate that the parental 
magma contained no more than 8 vol. % intratelluric crys-
tals during its intrusion, with the solid phase consisting of 
excess  Ol  or the  Ol  +  Pl  assemblage. The application of 
these approaches to the Talnakh intrusion made it possible 
to explain the principal features of its inner structure as the 
result of chamber replenishment by a magma batch with 
higher proportion of crystals: 15–20 % intratelluric phases 
with olivine and plagioclase simultaneously present at the 
liquidus (Dneprovskaya et al.  1987 ). Further developing 
this approach, we present the fi rst estimates of the intrusion 
parameters of the Talnakh magma, which were obtained by 
the solution of the inverse geochemical problem by the 
computer simulation of melt–crystal equilibria in basaltic 
systems (Ariskin and Barmina  2000 ). 

 Based on a review of the literature, the only method previ-
ously utilized to evaluate the composition of parental fl ood 
basalt magmas was the calculation of the weighted mean 
compositions of the respective intrusions. Data of these types 
are fairly extensive and were used to distinguish associated 
types of intrusions and to develop schemes for their petro-
chemical classifi cation (Vilensky and Oleinikov  1970 ). 
However, this approach fails to resolve several problems; in 
particular, why the composition of the chill zones does not 
correspond to the average composition of the respective 
intrusions. This situation is clearly illustrated by the exam-
ples of the Noril’sk I and Talnakh intrusions: the average 
compositions of both massifs are signifi cantly more magne-
sian than the compositions of the inner-contact gabbro- 
dolerites (Krivolutskaya et al.  2001a ,  b ). The main cause of 
these inconsistencies is the fact that the weighted mean com-
position of an intrusion can be accurately calculated only if 

         Table 5.4    Average mean composition of the Talnakh intrusion (wt %) 
according to different estimations   

 Component  1  2  3 

 SiO 2   47.47  48.30  48.76 

 TiO 2   1.11  0.85  0.88 

 Al 2 O 3   14.11  15.33  14.90 

 FeO  12.33  12.34  11.08 

 MnO  0.22  0.19  0.20 

 MgO  11.54  10.00  10.52 

 CaO  10.22  10.45  10.04 

 Na 2 O  1.91  1.86  2.05 

 K 2 O  0.56  0.58  0.65 

 P 2 O 5   0.12  0.20  0.18 

 Cr 2 O 3   0.13  0.10  0.14 

  Note: 1—based on data from KZ-1799 and KZ-1713 (Czamanske et al. 
 1994 ). 2—based on 29 boreholes (Dneprovskaya et al.  1987 );  3  bore-
hole OUG-2; Fe recalculated as FeO. Tables  5.4 ,  5.5  and  5.6  – After 
Krivolutskaya et al. ( 2001a )  
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full information of the volumetric percentages of all rock 
varieties is available. No correct assessment can be obtained 
on the basis of average chemical compositions or data from 
a few vertical sections (even if they are thoroughly studied) 
because this technique yields compatible estimates only for 
nearly ideal sheet-shaped bodies. Additionally, using inner- 
contact rocks to model the parental melt is also problematic 
because of possible changes during the interaction with the 
wall rocks. Furthermore, one of the most important identifi -
cation criteria of inner-contact rocks, i.e., their fi ne-grained 
or subaphyric texture, is also questionable (see, e.g., Hoover 
 1989 ). This criterion implies that the magma was homoge-
neous overheated melt. Several lines of evidence obtained 
over recent years indicate that melts injected into magma 
chambers contain variable amounts of crystalline phases 
(Frenkel’ et al.  1988 ; Marsh  1989 ; Chalokwu et al.  1993 ). 
This information provides the basis for another approach to 
the problem of intrusive magma and allows for different 
reconstructions of the parental melt compositions and the 
mechanisms of their in-chamber differentiation (Ariskin 
 1999 ). The technique of geochemical thermometry was 
developed in the 1980s as a means to assess the initial param-
eters of state based on information “recorded” in the whole- 
rock compositions of volcanic and intrusive mafi c rocks 
(Frenkel’ et al.  1987 ). This approach provides full phase and 
chemical interpretations of igneous rocks, including esti-
mates of the original temperatures and composition of 
entrapped (intercumulus) melts (Barmina et al.  1988 ). In cer-
tain cases, geochemical geothermometry also makes it pos-
sible to assay the phase composition of the intruded magma 
and the original composition of the intratelluric crystalline 
phases (Barmina et al.  1989 ; Chalokwu et al.  1993 ). 

 We applied these approaches to the taxitic and picritic 
gabbro-dolerites of the Talnakh intrusion, whose inner struc-
ture is relatively simple and which shows typical features of 
differentiated ultramafi c–mafi c massifs of the Noril’sk type. 
As noted by earlier researchers, the taxitic and picritic units 
should have played a determining role in the genesis of the 
sulfi de mineralization (Petrology and Ore Potential …  1978 ). 
We will now consider certain fundamental terms and physi-
cochemical principles important for the analysis of geo-
chemical thermometric data (Frenkel’ et al.  1987 ; Ariskin 
and Barmina  2000 ). 

5.3.1     Specifi cation of the Petrological 
Terminology 

 To unambiguously interpret the results presented below, we 
will fi rst specify the terms of magma and magmatic melt. 
One can fi nd a broad diversity of defi nitions of these terms, 
with emphasis on the aggregate state and rock-forming role 
of magmas in geological processes. For example, Kuznetsov 

( 1990 ) stressed that magmas are physically homogeneous 
(silicate melt + dissolved volatile components) or, more 
often, heterogeneous (melt + crystals) systems, “whose dis-
tinctive feature is fl uidity, a property manifesting itself at 
>25 % liquid in the mixture.” Current discussions of the 
aggregate state of magmas are focused on the permitted pro-
portions of crystals and melt that characterize the unequal 
distribution of crystalline material from the full solidifi ca-
tion boundary (the walls of the magma conduit or chamber) 
toward the interior of the reservoir. The analysis of this situ-
ation leads to the recognition of two principal areas (Sinton 
et al .  1992 ; Jaupart and Tait  1995 ). The zone developing near 
the solidus surface has a low concentration of melt, which 
fi lls in the space between crystals. Touching by their edges 
and faces, the crystals compose a rigid continuous frame-
work, the so-called rigidus. In accordance with some of its 
rheological properties, this mixture behaves similarly to a 
solid but does not lose its plasticity. With a decrease in the 
percentage of crystalline material, the rigidus zone grades 
into crystalline mush and, furthermore, to a magmatic sus-
pension with <25 % solid phases (Marsh  1989 ). The rheo-
logical boundary between the rigidus and mush is thought to 
correspond to a sharp (by a few dozen orders of magnitude) 
change in the dynamic viscosity at a concentration of crys-
talline material of approximately 50–60 vol. % (Bergantz 
 1990 ; Sharapov et al.  1997 ). This value is referred to as 
critical crystallinity. The amounts of the complementary 
residual liquid defi ne the critical melt fraction (see, e.g., 
Renner et al.  2000 ). 

 Hence, we will use the term  magma  to mean heteroge-
neous silicate systems with a concentration of individual 
crystals and/or their aggregates below the critical crystallin-
ity. The liquid constituent of magma is magmatic melt. 
When overheated (i.e., contains no suspended solid phases), 
magma consists only of silicate liquid. In compliance with 
these defi nitions, the bulk chemical composition of any 
magma can be expressed through the compositions and pro-
portions of suspended solid phases (1 ≤  j  ≤  M ) and melt ( l ). 
The bulk composition (melt + gas + solid phase) of the 
magma that formed intrusions was more magnesian than the 
initial magma of the volcanic rocks. Both magma as a whole 
and magmatic melts, the principal constituents of magma, 
can be regarded as rock-forming systems, even if magmas 
are highly crystalline. We would like to stress this point 
because of the recent tendency to apply the term  magmatic 
melt  to compositions derived from the study of microscopic 
fragments of vitreous mesostasis or melt inclusions in min-
erals. In the latter instance, it seems to be reasonable to use, 
following A.V. Sobolev’s proposal of the term  differential 
melts , which is intended to highlight the bulk-composition 
heterogeneity of the fi nal melt (a feature detectable when 
magmatic inclusions are examined in individual crystals 
(Sobolev  1997 )). Natural melts (which serve as a transport 
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medium, deliver crystalline fractionation products to the 
surface, and crystallize to form magmatic rocks) were sug-
gested to be termed  integral melts.  They are thought to be 
produced by the mixing of differential liquids during the 
pre-chamber stage. Within the framework of this terminol-
ogy, we will focus on integral magmatic melts.  

5.3.2     Justifi cation of Geochemical 
Thermometry 

 One of the basic assumptions is as follows: During the initial 
moment of the origin of rocks of a massif, the compositions 
of the minerals and melt are related by the equations of ther-
modynamic equilibrium, which involve, as one of their 
parameters, the temperature of the rock’s origin. This tem-
perature corresponds to the initial conditions of the existence 
of the melt–crystal assemblage and affects, as an equilibrium 
factor, the distributions of major and trace elements between 
the phases. Another fundamental assumption is that the whole 
diversity of rocks in an examined massif can provide samples 
whose chemical variations were caused only by changes in 
the initial phase proportions. These samples represent rock 
groups that were produced by melt at the same temperature 
and minerals of the same composition. An important feature 
of these rocks is that their equilibrium melting may yield 
series of melts that are characterized by distinct evolutionary 
trajectories in temperature–composition plots, but their melt-
ing curves inevitably have points that correspond to a tem-
perature at which the compositions of all liquids are identical, 
i.e., these lines should intersect either at a point or within a 
compact area. It is easy to realize that this composition should 
correspond to the composition of the entrapped liquid (the 
same for all rocks), and the deduced temperature is the forma-
tion temperature of these rocks. This statement can be proved 
by contradiction: if no such intersection occurs, this would 
mean that no mass balance condition holds for the chosen 
rock compositions, or the initial compositions of the minerals 
and melt are not related by thermodynamic equilibrium laws. 
Thus, to determine the initial formation parameters of a given 
intrusive rock, one should (1) select a few additional samples 
whose entrapped melt composition is supposedly similar, (2) 
conduct a physical experiment on or numerical simulation of 
the equilibrium melting of this group of rocks, (3) determine 
or compute the compositions of the resultant melts, and (4) 
construct the evolutionary trends for the model liquids in a 
temperature–composition plot and determine the point (or 
area) of their intersection. 

5.3.2.1     Application of the Method 
 In the application of this method to intrusive mafi c rocks, the 
constancy of the entrapped or residual magmatic liquid 
allows for two variants of their genetic and geological inter-

pretation. First, this may have resulted from the local (on a 
scale of a few centimeters to a few meters or, at most, dozens 
of meters for large layered complexes) heterogeneity of the 
rocks and, as the limiting case, microscopic-scale cyclic lay-
ering. Second, this could have been caused by the weak frac-
tionation of the magma, which implies the existence of 
similar formation conditions for rocks throughout a given 
geologic body. Ideally, it is most desirable to have a few 
groups of genetically interrelated rocks distributed over the 
vertical section of the intrusion or throughout its volume. 
This would make it possible to refi ne the character of melt 
evolution during the in-chamber differentiation and the pos-
sible compositional heterogeneity of the magmatic liquid in 
different parts of the intrusion. From the perspective of esti-
mating the composition of the original (during its intrusion) 
magmatic melt, the most informative data can be provided 
by inner-contact and near-contact rocks, for which it is quite 
realistic to suggest the compositional homogeneity of the 
entrapped liquid. The geochemical thermometry results for 
the near-contact  Ol–Pl  cumulates of the Skaergaard intru-
sion, which were sampled within 10 m of the contact and are 
referred to as the Side Marginal Group (Ariskin  1999 ), are an 
illustrative example of the effi ciency of this approach. It is 
diffi cult to determine whether an analogous research can be 
conducted on the rocks of the Talnakh intrusion because this 
approach requires systematic information on the chemistry 
of the inner-contact gabbro-dolerites with compositions that 
vary as much as possible. However, numerous analyses of 
the taxitic and picritic gabbro-dolerites from the lower parts 
of the massif are available from the literature. Provided the 
Talnakh magma was not overheated and entrained a certain 
amounts of intratelluric olivine (in addition to, possibly, pla-
gioclase) into the chamber, the compositional variations of 
rocks from the lower part of the massif can be regarded as 
resulting from the redistribution and sorting of crystals with-
out signifi cant fractionation of silicates in the main volume 
of the magmatic melt (Dneprovskaya et al.  1987 ). When 
used in this case, the geochemical thermometry method 
allows one to constrain the formation parameters of the tax-
itic and picritic gabbro-dolerites, whose temperature, min-
eral chemistry, and melt composition should be similar to 
those of the parental intrusive magma. The correctness of 
this assumption and the estimates obtained may be tested by 
the consistency of the calculated and observed compositions 
of the rock-forming minerals. 

 The approach proposed above can be realized with the 
COMAGMAT-3.5 computer program (Ariskin  1999 ; Ariskin 
and Barmina  1999 ). The program was developed to simulate 
the crystallization of basalts of low and moderate alkalinity 
within predetermined ranges of pressure and oxygen fugacity. 
Its application to geochemical thermometry is justifi ed by the 
fact that equilibrium crystallization and melting processes are 
reversible, and the calculation of a melting trajectory can be 
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replaced by the calculation of the equilibrium crystallization 
of the respective melt. When relatively few compositions are 
involved, the intersection points of the calculated evolution-
ary paths can be found by the visual analysis of a series of 
 T–X  diagrams. However, the analytical errors and uncertain-
ties involved in the phase equilibrium model cause certain 
errors in the determined intersection of the calculated crystal-
lization trajectories and, hence, this intersection occurs in a 
 T–X  plot as an area with closely spaced evolutionary lines 
(see below). When using the COMAGMAT program in asso-
ciation with tholeiite-like systems, the errors of the tempera-
ture estimates are on the order of the employed thermometers, 
i.e., 10–15 °C, with the major component concentration accu-
racy of 0.5–1 wt % (Ariskin and Barmina  2000 ).   

5.3.3     Simulation of Phase Equilibria 

 To perform thermometric calculations, we used the chemi-
cal compositions of rocks recovered from Hole OUG-2 
(Table  5.4 ) and Holes KZ-1713 and KZ-1799 farther north 
(Czamanske et al.  1995 ). The use of additional data was 
due to the need to enhance the representativeness of the 
petrological material and the intention to rely on data from 
relatively closely spaced sections. Their spatial proximity 
let us suggest that there were only insignifi cant differences 
between the compositions of the melts entrapped by the 
rocks of the lower units, in which no signifi cant lateral geo-
chemical heterogeneity was detected (Dneprovskaya and 
Dneprovsky  1988 ). Thus, we used only the compositions of 
picritic ( n  = 13) and taxitic ( n  = 6) gabbro-dolerites for the 
calculations: 11 samples from Hole KZ-1799, seven from 
Hole KZ-1713, and fi ve from Hole OUG-2. 

5.3.3.1     Selection of Starting Compositions 
 Recent versions of the COMAGMAT program enable one 
to simulate melt–crystal equilibria that involve fi ve silicates 
( Ol ,  Pl ,  Aug ,  Pig , and  Opx ) and two oxides (Ti– Mt  and  Ilm ) 
but no crystallizing sulfi des. An attempt to use this model 
to calculate phase equilibria in rocks with signifi cant 
amounts of sulfi des may result in changes in the confi gura-
tions of the fi elds of certain minerals and shifts in the model 
lines for the melt evolution. Therefore, the original chemi-
cal compositions should be recalculated to determine the 
amounts of FeO in the silicate matrix based on the overall 
sulfur and base-metal concentrations in each individual 
sample. The recalculation technique implies that Cu and Ni 
are contained only in chalcopyrite and pentlandite, respec-
tively, and it is assumed that the proportion of Ni accom-
modated in olivine is insignifi cant and does not principally 
affect the Fe balance between the sulfi de and silicate con-
stituents of the rock. The calculation succession involves 
(1) the determination of the bulk amounts (in wt %) of chal-
copyrite and pentlandite in the rocks based on data on their 

actual compositions and the concentrations of Cu and Ni in 
the rock, (2) the calculation of the amounts of S contained 
in these minerals, (3) the calculation of the excess S (based 
on the data of a chemical analysis) that should be assigned 
to pyrrhotite, (4) the calculation of the FeO concentration 
in the silicate matrix as a difference between the whole-
rock and “sulfi de” FeOtot concentrations, and (5) the nor-
malization of the composition calculated to 100 anhydrous 
residue. The amount of iron in the sulfi des was calculated 
using the following mineral compositions: chalcopyrite 
was calculated as stoichiometric CuFeS 2  (i.e., Cu = 34.64, 
Fe = 30.42, and S = 34.94 wt %), and the averaged micro-
probe analyses of other minerals (obtained from dissemi-
nated ores from Hole OUG-2) were used. In accordance 
with these data, we assumed the following average compo-
sitions (wt %) of pentlandite: Ni = 32, Fe = 34, and S = 34 
for the picritic gabbro-dolerites and Ni = 35, Fe = 31, and 
S = 34 for taxitic gabbro-dolerites. The average pyrrhotite 
compositions (wt %) are Fe = 61 and S = 39 for picrites and 
Fe = 60 and S = 40 for taxites. All sampled compositional 
data on the silicate constituents of the rocks used in the 
calculations of the phase equilibria are available from the 
authors (Krivolutskaya et al.  2001a ). 

 Additionally, we conducted a series of calculations for 
three compositions that represented the weighted mean 
assays for rocks of the Talnakh intrusion (Table  5.4 ). They 
were based on the data of M.B. Dneprovskaya from 29 holes 
(Dneprovskaya et al.  1987 ), the data of T.E. Zen’ko and 
V.A. Fedorenko et al. on Holes KZ-1799 and KZ-1713 
(Czamanske et al .  1995 ), and our results on rocks from Hole 
OUG-2. All of the cited compositions characterize weighted 
mean estimates for the silicate constituents of the Talnakh 
rocks, which were calculated by the same techniques as 
those used for individual samples. These initial compositions 
are interesting because they potentially contain analogous 
information on the intrusion temperature and on the compo-
sition of the intratelluric phases and magmatic melt, which is 
“recorded” in the bulk compositions of rocks from lower 
units. When an ideal sheet-shaped body is considered, these 
compositions should not be principally different and should, 
in fact, represent the composition of the parental magma. In 
reality, it is impossible to correctly evaluate the weight pro-
portions of all rock varieties that compose both continuous 
units and small bodies, lenses, etc. Therefore, we consider 
these weighted mean compositions to be model systems, 
which, perhaps, do not always correspond to the parental 
magma but are nevertheless useful in checking the correct-
ness of the geochemical thermometric results obtained for 
the actual igneous rocks.  

5.3.3.2     Calculation Conditions 
 An important aspect of geochemical thermometry is specify-
ing the pressure and redox conditions of the parental magma 
intrusion. While studying the outer contact zones of the 
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Noril’sk-I intrusion, we determined that the host limestone 
contains monticellite rocks, and this allowed us to determine 
that the complex had been intruded under conditions of the 
gehlenite–monticellite depth facies (Godlevsky  1959 ). This 
estimate is consistent with data on the lithostatic load created 
by rocks overlying intrusions of the Noril’sk type (500–1,000 
bar; Magnesium basic …  1984 ). In compliance with this 
information, we calculated the crystallization equilibria 
using a pressure of 0.5 kbar. The estimates for the oxygen 
fugacity are less defi nite. These values are usually based on 
the whole-rock Fe 2 O 3 /FeO proportion, which should depend, 
similar to melts, on the temperature and composition. The 
calculations that were conducted for the rocks of magnesian 
intrusions in the northwestern Siberian Platform make use of 
the simplest relations of Fudali ( 1965 ): 1,200 °C yielded log 
values from −7.2 to −8.2 (Magnesium basic …  1984 ). This 
interval overlaps with the range of buffer equilibria from 
approximately NNO + 0.5 to QFM. In modeling the crystal-
lization trajectories, we assumed that the conditions were 
more reduced, QFM – 0.5, because it is known that the 
Fe 2 O 3 /FeO ratios of rocks are usually disturbed by surface 
oxidation and the respective Fe 2 O 3 /FeO values become over-
estimated compared with the actual values of the magmatic 
melts (Carmichael and Ghiorso  1990 ). 

 In the geochemical thermometry calculations, it is neces-
sary to specify the water concentration of the parental melts, 
which are the full-melting products of certain rocks, in our 
case, taxitic and picritic gabbro-dolerites. No such melts exist 
in nature, but their compositions should be used as the start-
ing point in the calculations of the equilibrium crystallization 
trajectories (see the section devoted to the fundamentals of 
geochemical thermometry techniques). Hence, the initial 
water concentration of the melts of the taxitic and picritic 
gabbro-dolerites was taken to be equal to 0.1 wt %, a value 
that ensured melt undersaturation with respect to water at the 
assumed pressure and 0–70 % crystallinity (Al’meev and 
Ariskin  1996 ). This condition implies that the Talnakh rocks 
contain no primary magmatic amphibole and is consistent 
with the insignifi cant concentrations of water-bearing phases, 
e.g., biotite (Ryabov and Zolotukhin  1977 ). Phase equilibria 
were calculated for each sample successively, as the crystal-
linity of the melt progressively increased, with a step of 1 
mol % crystallinity. The  maximum crystallinity of the model 
systems did not exceed 80 % (20 % captured liquid).   

5.3.4     Results of Geochemical Thermometry 

5.3.4.1     Crystallization Order 
 For 19 of the 23 calculated trajectories, the crystallization of 
excess  Ol  was determined for the temperature interval of 
1,250–1,540 °C. The second crystallizing phase was  Pl  (its 
minimum melting temperature is 1255°C), and the third was 
clinopyroxene ( Aug ). In four cases, cotectic  Ol + Pl  crystal-

lization was identifi ed at temperatures of ~1,200–1,235 °C, 
and the next mineral to crystallize was augite. 

 The initial crystallization temperature of augite never 
exceeded 1,189 °C. The character of the textural relation-
ships of  Cpx  with  Ol  and  Pl  observed in the taxitic and pic-
ritic gabbro-dolerites suggests the absence of  Cpx  from the 
primary liquidus mineral assemblage (see above), and, 
hence, the calculated value of ~1,190 °C can be regarded as 
the lower limit for the probable temperature of the parental 
magma during emplacement. The anomalously high liquidus 
temperatures of high-Mg picritic gabbro-dolerites 
( T  > 1,450 °C) testify to the cumulative nature of these rocks, 
which were produced by the accumulation of olivine crys-
tals. This follows from the calculated composition of the 
high- temperature olivine (91–92 %  Fo ), which is much more 
magnesian than the most primitive  Ol  ( Fo  82 ) encountered in 
the rocks of the lower units. It is interesting to analyze the 
distribution structure of the liquidus temperatures of oliv-
ine). Note that the absence of calculated temperatures in the 
range of ~1,300–1,450 °C causes the apparently bimodal 
character of the histogram. We believe that this is a direct 
implication of the contrasting character of MgO distribution 
(and also the distribution of  Ol ) over the section of taxitic 
and picritic gabbro-dolerite units. This fact suggests that the 
parental magma parameters are constrained to temperatures 
below ~1,300 °C. In this connection, it is expedient to return 
to the initial crystallization of plagioclase. The highest calcu-
lated melting temperatures of this mineral are approximately 
1,250 °C, but these evaluations pertain to the rocks with 
small amounts of excess  Ol  and, perhaps,  Pl . Apparently, the 
actual crystallization temperatures of plagioclase could not 
exceed the liquidus values for the subcotectic rocks, when  Ol  
and  Pl  started to crystallize concurrently. According to our 
calculations, these temperatures were 1,200–1,235 °C. Hence, 
provided the parental magmatic melt was saturated with 
respect to both  Ol  and  Pl  but undersaturated with respect to 
 Aug , the probable temperature range of the parental magmas 
should be constrained to 1,190–1,235 °C. The considerations 
and evaluations presented above were based on the crystal-
lization succession of the melts of the taxitic and picritic 
gabbro-dolerites and a textural interpretation of these rocks, 
which implies that clinopyroxene was absent from and pla-
gioclase was present in the primary liquidus assemblage. 
Genetic models of this type inevitably involve uncertainties. 
The correctness of the assays could be justifi ed by an inter-
section of (or closer spacing between) the calculated evolu-
tionary lines for the melt near 1,200 °C.  

5.3.4.2     Estimated Composition 
of the Parental Melt 

 Figure  5.8  shows the compositional trends of melts, calcu-
lated for the samples as functions of temperature over the 
interval of 1,120–1,350 °C for Al 2 O 3  and FeO. The 17 lines 
in the plot represent, with a high degree of confi dence, a 
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single set of cotectics, in spite of the signifi cant differences 
between the initial compositions. The other six trajectories 
demonstrate a wider scatter in the FeO and SiO 2  concentra-
tions of the melts (the causes of this phenomenon remain 
unclear); thus, they were excluded from further consider-
ation. The plot also shows the evolution trajectory of the melt 
during the equilibrium crystallization of the weighted mean 
composition of the Talnakh intrusion (based on our data 
from Hole OUG-2; Table  5.4 ). These data demonstrate that 
the convergence and intersections of the model lines can be 
reliably identifi ed based on the concentrations of Al 2 O 3  and 
FeO, Fig.  5.8  (and, to a lesser degree, SiO 2  and TiO 2 ) and are 
restricted to the temperature interval of  1,180–1,220 °C. 
These temperature and compositional intervals also include 
the trajectory for the weighted mean composition. Based on 
the results of the geochemical thermometry, we estimate the 
temperature of the parental Talnakh magma was 1,200 ± 20 °C 
(with an error slightly smaller than those of the geothermom-
eters used in the COMAGMAT program). We  estimated an 
average composition for this magmatic melt, which was cal-
culated with the use of the 17 compositions, each of which is 
represented by an individual model line at 1,200 
°C. Apparently, this composition can be grouped with typical 
tholeiitic ferrobasalt that is somewhat enriched in K. It con-
tains approximately 8 wt % MgO and, thus, is notably more 
magnesian than the average composition of the “normal” 
fl ood basalt on the Siberian Platform but still does not attain 
the values of 10–12 wt % MgO that should determine, 
according to Zolotukhin et al., the picrite-basaltic character 
of the parental melt of the Siberian fl ood basalts (Magnesium 
basic …  1984 ). Indeed the concentration 12 wt % MgO is a 
characteristic of a primary magma (with crystals), not a melt.

5.3.4.3        Chemistry of Minerals in the Original 
Assemblage 

 In the section devoted to the method of geochemical ther-
mometry, we noted that the method is based on the assump-
tion of the equilibrium of component distribution between 
minerals and melt in the original assemblage of each rock. 
Consequently, small differences between the estimated com-
positions of the intercumulus melts should produce similar 
calculated estimates for the original compositions of the 
minerals at the determined formation temperature of the 
rock. Because all of the 17 trajectories at 1,200 °C portrayed 
in Fig.  5.8  suggest an  Ol + Pl  assemblage, one can determine 
the compositions of these liquidus phases and assume that 
they represent the original characteristics of the Talnakh 
magma. The composition of olivine and plagioclase in each 
of the samples evaluate and the uncertainty intervals for the 
simulation result at 1,200 °C. The calculations for the aver-
age values at this temperature yield 81.3 ± 1.1 mol %  Fo  in  Ol  
and 80.5 ± 2.4 mol %  An  in  Pl . These values are in good 
agreement with microprobe analyses of the minerals, which 
demonstrate that the maximum Mg# of  Ol  in the taxitic 
gabbro- dolerites corresponds to  Fo  82–83 , and the highest tem-
perature plagioclase contains no more than 83 %  An .  

5.3.4.4     Phase Composition of the Parental 
Magma for the Rocks of Lower Units 

 A noteworthy feature of geochemical thermometry is its 
ability to assay the phase proportion of the parental magma 
and the proportions of cumulus grains and melt in the origi-
nal cumulates, from which the rock eventually crystallized. 
These proportions can be found by tackling the problem of 
thermodynamic equilibrium for each sample at the deter-
mined temperature of rock formation. The phase parameters 
of the parental magma can be estimated in an analogous 
manner, i.e., from the constructed trajectories of equilibrium 
crystallization for weighted mean compositions. Table  5.5  
presents the full phase and chemical characteristics of the 
melt–crystal associations, which represent, at 1,200 °C, the 
aforementioned models for the composition of the Talnakh 
intrusion (Table  5.4 ). As is seen from these data, the  Ol + Pl  
(with the predominance of  Ol ) cotectic assemblage is identi-
fi ed in all instances, with the overall percentage of intratel-
luric phenocrysts in the magma during its intrusion 
amounting to 10.8–14.0 wt %. The composition of the liquid 
constituent of the parental magma is also consistent with the 
estimate obtained from the contact gabbro-dolerites (Table  5.6 ). 
Figure  5.9  presents the model distribution of cumulative 
 Ol + Pl  over the generalized section for the lower part of 
Holes KZ-1799 and OUG-2. The thicknesses of the picritic 
and taxitic gabbro-dolerite units in this section are given as 
percentages of the overall thickness of the intrusive rocks 
penetrated by each of the holes. The upper pair of plots illus-
trates the relationships between the calculated amounts of 

  Fig. 5.8    Result of modeling crystallization Talnakh rocks on diagram 
T–Al 2 O 3 , FeO  
 After Krivolutskaya et al. ( 2001a )       
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original  Ol  crystals and the actual MgO and Ni concentra-
tions of the rocks. Apparently, our geochemical thermomet-
ric data point to a gradual increase in the amounts of cumulus 
crystals from a few percent near the lower contact of the 
taxitic gabbro-dolerites to 50–60 % in the upper part of the 
picrite unit. Unfortunately, the strong correlation between 
the chemical and modal parameters cannot be regarded as a 
direct validation of the cumulus hypothesis because the  Ol  
contents were calculated from the chemical compositions by 
the solution of the inverse problem. An independent proof 
could be provided by data on Ni, but the presence of sulfi des 

obscures a correlation between this element and the mod-
elled amounts of olivine. Analogous distributions are shown 
for the modelled plagioclase and alumina (Fig.  5.9 ). The 
results indicate that the amounts of  Pl  crystals (which are 
 supposedly intratelluric) entrapped in the lower front vary 
from 10 to 30 % in the taxites and are much lower, 2–5 %, in 
the picrites. These values correlate not only with Al 2 O 3  but 
also with the distribution of Sr, the concentrations of which 
were not taken into account in the geochemical thermometric 
simulations. This correspondence can be treated as an inde-
pendent criterion pointing to the presence of early plagioclase 
crystals in the parental Talnakh magma. It is also interesting to 
compare the evolution of the amounts of complementary 
 magmatic melts, which were calculated for each rock based 
on thermometric data and the distribution of incompatible ele-
ments. These relationships for P, Y, Sm, La, and Th are dem-
onstrated in the lower plots of Fig.  5.9 . For both holes, there 
appears to be a concurrent decrease in the amounts of melt 
from 70 to 85 % in the upper portion of the taxites to 45–50 % 
in the picrites. This decrease is strongly correlated with the 
distribution of P 2 O 5 , Y, Sm, La, and Th concentrations, which 
also decrease by factors of 2–2.5 toward the upper part of the 
picrate unit. Data on incompatible elements are independent 
in our approach, and this also testifi es to an important role of 
the proportions of the parental melt and crystals in the forma-
tion of the chemical composition of the lower contact units.

     The model simulations presented above pertain to the 
most complicated (in the structural sense) zone of the Talnakh 
intrusion, i.e., the lower units of the near-contact, taxitic, and 
picritic gabbro-dolerites. The genesis of these gabbro-doler-
ites has been discussed for years, and they have always 
attracted much attention because of their ore- generating role. 
This discussion results from several petrological and geologi-
cal observations that are usually put forth as arguments 

      Table 5.6    Composition of parental melt, contact gabbro-dolerites of the Talnakh intrusion, and typical volcanic rocks of the Siberian platform   

 Talnakh intrusion  Average composition of trap rocks 

 Model melt  T  =1,200 ° С 
( n  = 17) 

 Contactic gabbro-dolerites  Mokulaevsky Formation  Flood basalts, 
Putorana ( n  = 300)  Component, wt %  Average ( n  = 2)  КЗ-1,799/1,341.9  mk 1   mk 2  

 1  2  3  4  5  6 

 SiO 2   49.44 (0.71)  45.30  48.57  49.70  49.10  49.85 

 TiO 2   1.20 (0.22)  1.60  1.21  1.00  1.14  1.30 

 Al 2 O 3   15.44 (0.46)  14.32  15.35  15.80  16.30  15.53 

 FeO  11.43 (0.66)  13.16  12.63  11.26  11.26  12.04 

 MnO  0.22 (0.02)  0.20  0.22  0.17  0.19  0.19 

 MgO  8.06 (0.19)  7.99  7.24  7.31  7.22  7.30 

 CaO  11.53 (0.71)  11.04  10.40  11.20  11.20  11.43 

 Na 2 O  1.82 (0.26)  2.02  1.93  1.80  2.05  1.93 

 K 2 O  0.69 (0.22)  0.86  0.90  0.33  0.28  0.29 

 P 2 O 5   0.19 (0.04)  0.12  0.15  0.09  0.11  0.12 

  Note: 1—standard deviation (1σ), 2—(Dodin and Batuev,  1971 ). 3–5—data from (Geology and ore deposits of the Noril’sk region  1994 ):  mk   1   
glomeroporphyritic basalts of the low Mokulaevsky Formation;  mk   2   aphiric basalts of the upper Mokulaevsky; 6—data from Nesterenko et al. 
( 1991 ). Fe was calculated in FeO; all compositions were normalized to 100 wt %  

     Table 5.5    Chemical and phase characteristics of parental magma for 
Talnakh intrusion based on modeling KOMAGMAT package   

 Component  1  2  3 

 Composition of primary melt, wt % ( T  = 1,200 ° С) 

 SiO 2   48.75  48.98  50.08 

 TiO 2   1.30  0.95  1.00 

 Al 2 O 3   15.42  15.74  15.88 

 FeO  12.00  12.35  10.94 

 MnO  0.22  0.19  0.20 

 MgO  7.94  7.91  7.81 

 CaO  11.43  11.01  10.90 

 Na 2 O  2.16  1.99  2.25 

 K 2 O  0.65  0.64  0.74 

 P 2 O 5   0.14  0.22  0.21 

 Phase composition of parental magma, wt % 

 Melt  86.0  89.2  88.5 

 Ol  11.3 (Fo 80.3 )  7.0 (Fo 79.8 )  8.6 (Fo 81.8 ) 

 Pl  2.7 (An 78.1 )  3.8 (An 80.1 )  2.9 (An 78.5 ) 

 Ol + Pl  14.0  10.8  11.5 

  Note: 1 – 3 different average mean compositions (Table  5.4 );  Ol + Pl  
common part of intratelluric crystals at the moment of intrusion ( Ol  
olivine,  Pl  plagioclase). After Krivolutskaya et al. ( 2001a )   
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  Fig. 5.9    Model distribution of the amounts of cumulus phases and melt compared with the concentrations of some major and trace elements  
 Concentrations of elements are given in accordance with chemical  analyses of the picritic and taxitic gabbro-dolerites from Holes OUG-2 (Tables   4.6     
and   4.7    ) and KZ-1799 (Czamanske et al.  1995 ). Open  symbols represent data on Hole KZ-1799; solid symbols are data on Hole OUG-2. After 
Krivolutskaya et al.  2001a        
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against hypotheses of the origin of layered intrusions by 
means of crystallization differentiation. These petrological 
and geological features are as follows: (1) inconsistencies 
between the compositions of contact gabbro- dolerites and the 
weighted mean composition of the intrusion; (2) the “sus-
pended” position of picritic gabbro-dolerites in the magmatic 
succession; (3) traces of “magma fl ow” in the picritic units; 
(4) sharp boundaries between the picritic gabbro-dolerites 
and overlying olivine gabbro-dolerites; (5) tapering of the 
picritic units toward the peripheral parts and weak correla-
tions between their thicknesses and that of the intrusion as a 
whole; (6) the restriction of taxitic gabbro- dolerites to the 
bottom of the intrusion; and (7) the presence of “wandering” 
leucogabbro bodies in the magmatic sequence and the non-
systematic increase in the thicknesses of taxitic gabbroids 
toward the peripheral parts of the intrusive body. To interpret 
these and several other facts, a great variety of hypotheses 
have been proposed, which include (1) fl uid–magmatic liquid 
immiscibility associated with the origin of picritic units from 
an individual picritic magma, which was segregated from the 
bulk of the parental magmatic melt (Ryabov et al .  2000 ); 
(2) the relatively early development of the taxitic gabbro- 
dolerites and leucogabbro due to the still earlier intrusion of 
 Pl -enriched magmatic mush into the chamber (Likhachev 
 1965 ,  1978 ); (3) the later origin of the taxitic units due to 
magmatic and postmagmatic leucocratization and sulfuriza-
tion of the rocks of the Main Layered Series (Zolotukhin 
 1997 ); (4) the origin of the taxitic gabbro- dolerites due to the 
infl uence of transmagmatic fl uids on the gabbro-diorites 
(Zotov  1979 ,  1989 ); among others. 

 Our reconstructions of the formation conditions of the tax-
itic and picritic gabbro-dolerites and the chemical and phase 
characteristics of the Talnakh magma provide a consistent 
solution of most of the problems discussed above based on 
the concept of a heterogeneous parental magmatic system 
with allowance for the sorting and accumulation of intratel-
luric material. The main results of the conducted analysis 
include the good agreement (within the accuracy of the 
method) between the composition of the contact gabbro- 
dolerites and the calculated composition of the parental melt 
(Tables  5.6 ). This situation testifi es to the realistic character 
of our models because the origin of the composition of the 
contact zones has not yet been adequately interpreted. 
Conceivably, insignifi cant amounts of intratelluric pheno-
crysts contained in the rocks can be accounted for by the 
known effect of pressing of crystals away from contact zones 
as the magma fl ows and fi lls intrusive chambers (Naslund and 
McBirney  1996 ; Sharapov et al .  1997 ). From the perspective 
of regional magmatism, the parental magmatic melt has a 
typical tholeiitic composition, which corresponds to ferro-
basalt that is slightly enriched in K 2 O. The comparison 
between the major-component composition of the parental 
melts and that of the volcanic fl ood basalts of the Noril’sk 

district reveals the closeness of the former to the late-stage 
volcanics of the Siberian Platform, particularly to the aphyric 
and glomerophyric basalts of the Mokulaevsky Formation 
(mk 1  and mk 2 , respectively; and Morongovsky Formation as 
well; Geology and Ore…  1994 ). Because we compare only 
the composition of the melt (but not the magma as a whole), 
it seems to be more appropriate to compare it with aphyric 
varieties, although they are less magnesian than the glomero-
phyric basalts. It is also interesting to note that the composi-
tion of the parental melt is close to the average compositions 
of basalts on the Putorana Plateau, which account for more 
than 90 vol. % of the plateau basalts of the Siberian Platform 
(Nesterenko et al.  1991 ; Table  5.6 ). Another important result 
concerns the original  Ol + Pl  cotectic nature of the Talnakh 
magma. This idea is not new: the occurrence of early  Pl  and 
 Ol  in the Talnakh magma was suggested by Korovyakov et al. 
( 1963 ), Oleinikov ( 1979 ), Zolotukhin et al .  ( 1975 , 1997), 
Godlevsky and Likhachev ( 1984 ), and other researchers. This 
problem was considered in much detail by Likhachev ( 1965 , 
 1977 ,  1982 ,  1997 ), who has also arrived at the conclusion that 
the intruded magma was saturated with respect to  Ol  and  Pl . 
The gravitationally induced segregation of minerals occurred 
when the magma ascended to the surface, resulting in a cham-
ber that was initially fi lled with plagioclase-rich mush. This 
mush was then pushed away and forced to the peripheral por-
tions of the massif by the main volume of melt, which was 
enriched in olivine. Within the realm of this hypothesis, the 
taxitic gabbro-dolerites and leucogabbro were produced by 
early batches of the magma; this hypothesis explains the posi-
tion of these rocks near the bottom and their occurrence as 
“wandering” bodies among other gabbro-dolerites. 

 Our geochemical thermometric results do not contradict 
this cotectic interpretation but demonstrate that the average 
Talnakh magma contained approximately 3 % intratelluric  Pl  
(Table  5.5 ). This estimate should somehow agree with the 
amount of leucogabbroids, which are unevenly distributed 
throughout the volume of the Talnakh intrusion. However, 
the method used in our research cannot explain the genesis of 
the early phases of olivine and, particularly, plagioclase, for 
which the compositions  An  90  and more calcic were reported. 
It is quite probable that this scatter of values is explained by 
the fact that some crystals are intratelluric phenocrysts and, 
thus, xenogenic with respect to the melt that entrained them, 
as was suggested by Likhachev ( 1997 ). The results of our 
computer simulation of phase equilibria suggest that the pic-
ritic and taxitic gabbro-dolerites could be produced by the 
same melt. This phenomenon explains several geologic 
observations. First, these gabbro-dolerites are traces of melt 
fl ow in the picrite unit and the gradual tapering toward the 
peripheral parts of the intrusion and the chamber’s narrower 
places, which can be explained as resulting from the accu-
mulation of denser intratelluric  Ol  phenocrysts in deeper 
zones of the intrusion. The uneven distribution of these crys-

5.3  Composition and Temperature of Melts Estimated with the KOMAGMAT-3.5 Program



250

tals caused the internal heterogeneity of the picritic unit, and 
the unit’s sharp boundary with the overlying olivine gabbro- 
dolerites can be naturally interpreted as a consequence of the 
practically full settling of the intratelluric phase. In this con-
nection, it is pertinent to recall that the sharp character of the 
upper boundary of the picritic gabbro-dolerite unit was fi rst 
obtained by the direct modeling of in-chamber differentia-
tion of the Talnakh magma in compliance with the convec-
tion–accumulation mechanism (Dneprovskaya et al .  1987 ). 
Finally, one of the most disputable problems is the spatial 
distribution of taxitic and picritic gabbro-dolerites. 

 The fact that the  Ol -enriched and denser picritic rocks rest 
on less dense taxites caused the researchers of the latter to 
refer to it as “suspended” in the sense of the hydrodynamic 
instability of the system (Zolotukhin  1997 ). It should be 
mentioned that the occurrence of a zone of MgO enrichment 
upward from the lower contact (the so-called S-shaped pro-
fi le) resulted from an increase in the accumulation grade of 
settling olivine crystals associated with the concurrent dis-
placement of the crystallization front in the opposite direc-
tion (Marsh  1989 ; Jaupart and Tait  1995 ). A similar situation 
can be observed in several differentiated mafi c massifs. Data 
on the modeling of the dynamics of this process indicate that 
upward-directed olivine accumulation results from a decrease 
in the displacement velocity of this front with increasing dis-
tance from the contact (due to a decrease in the heat fl ow 
from the intrusive chamber; Frenkel’ et al .  1988 ). This con-
clusion is fully compatible with our geochemical thermo-
metric data, which indicate an increase in the percentage of 
cumulative  Ol  and  Pl  upward from the lower contact (Fig. 
 5.9 ). Simultaneously, a quantitative interpretation was pro-
vided for the well-known distribution profi le of incompatible 
components (P, Ti, K, Na, Y, La, Sm, and Th) in the cross 
section of the Talnakh intrusion with a small minimum in the 
upper part of the taxitic gabbro-dolerite unit. According to 
our calculation results, this minimum corresponds to the 
smallest fraction of the parental magmatic liquid. 
Relationships of this type seem to be apparent, but they have 
never been considered in other genetic models.    

5.4     Conclusions 

     1.    Composition of melt for ore-bearing intrusion was close 
to tholeiitic basalt with elevated MgO content (8 wt %), 
H 2 O = 0.5–0.7 %, and Cl up to 0.2 %. There is no differ-
ence in melt composition between ore-bearing and barren 
(Low Talnakh-type) intrusions.   

   2.    We used a geochemical thermometry technique and the 
COMAGMAT computer model to estimate the phase and 
chemical parameters of the parental magma of the Talnakh 
intrusion and the melt–crystal mixtures that gave rise to 

the taxitic and picritic gabbro-dolerites in the lower zone 
of the massif. These results demonstrate the cotectic 
( Ol + Pl ) nature of the Talnakh magma, which was intruded 
at a temperature of approximately 1,200 °C and contained 
10–15 % intratelluric phenocrysts, predominantly  Ol  
(7–11 %). The composition of the parental magmatic melt 
(the liquid constituent of the magma) corresponded to tho-
leiitic ferrobasalt with somewhat elevated concentrations 
of MgO (~8 wt %) and K 2 O (~0.7 wt %) relative to the 
“normal” fl ood basalts of the Siberian Platform. The com-
position of the parental melt was most similar to that of 
rocks produced during the late volcanic stage.   

   3.    The composition of the parental magmatic melt was 
determined to correspond to the composition of the liquid 
that gave rise to the intercumulus materials in the rocks of 
the taxite and picrite units. The compositional variations 
of the rocks from the lower part of the Talnakh intrusion 
can be explained as the result of variations in the propor-
tions of  Ol  and  Pl  intratelluric crystals and the intercumu-
lus liquid. In light of these data, quantitative interpretations 
can be made for the known profi le of the distribution of 
incompatible elements.         

   References 

    Al’meev RR, Ariskin AA (1996) Computer simulation of melt–mineral 
equilibria in a water-bearing basaltic system. Geochem Int 
7:624–636  

   Aplonov VS (1995) Fluid regime and platimun potencial problems 
of basic differentiated intrusions. Platimun of Russia. M. 
Geoinformmark, pp 102–106 (in Russian)  

      Ariskin AA (1999) Phase equilibria modeling in igneous petrology: use 
of COMAGMAT model for simulating fractionation of ferro- 
basaltic magmas and the genesis of high-alumina basalt. J Volcanol 
Geotherm Res 90:115–162  

    Ariskin AA, Barmina GS (1999) An empirical model for the calculation 
of spinel–melt equilibrium in Mafi c igneous systems at atmospheric 
pressure: II. Fe–Ti oxides. Contrib Mineral Petrol 134:251–263  

       Ariskin AA, Barmina GS (2000) Simulation of phase equilibria at 
basalt magma crystallization. Nauka, Moscow (in Russian)  

    Ariskin AA, Konnikov EG, Danyushevskii LV et al (2009) The Dovyren 
intrusive complex: problems of petrology and Ni sulfi de mineraliza-
tion. Geochem Int 47(5):425–453  

    Ariskin AA, Danyushevsky LV, Bychkov KA et al (2013) Modeling 
solubility of Fe-Ni sulfi des in basaltic magmas: the effect of nickel. 
Econ Geol 11:1983–2003  

    Arndt NT, Czamanske GK, Wooden JL, Fedorenko VA (1993) Mantle 
and crustal contributions to continental fl ood volcanism. 
Tectonophysics 223:39–52  

    Ballhaus CG, Stumpfl  EF (1986) Sulfi de and platinum mineralization in 
the Merensky reef: evidence from hydrous silicates and fl uid inclu-
sions. Contrib Mineral Petrol 94:193–204  

    Barmina GS, Ariskin AA, Koptev-Dvornikov EV, Frenkel’ MY (1988) 
Estimation of the compositions of primary cumulative minerals in 
differentiated traps. Geokhimiya 8:1108–1119  

    Barmina GS, Ariskin AA, Frenkel’ MY (1989) Petrochemical types and 
crystallization conditions of Plagiodolerites in the Kronotsky 
Peninsula, Eastern Kamchatka. Geokhimiya 2:192–206  

5 Composition of the Parental Melts for the Intrusions



251

    Bergantz GW (1990) Melt fraction diagrams: the link between chemi-
cal and transport models. Rev Mineral 24:239–257  

    Black BA, Hauri EH, Elkins-Tanton LT, Brown SM (2014) Sulfur iso-
topic evidence for sources in Siberian traps. Earth Planet Sci Lett 
394:58–69  

    Bodner RJ, Student JJ (2006) Melt inclusions in plutonic rocks: petrog-
raphy and microthermometry. In: Melt inclusions in plutonic rocks. 
Mineralogical Association of Canada, Ottawa, pp 1–26  

     Boudreau AE (1988) Investigations of the stillwater complex 4: the role 
of volatiles in the petrogenesis of the J.M. Reef, Minneapolis Adit 
section. Can Mineral 26:193–208  

     Boudreau AE, Mathez EA, McCallum IS (1986) Halogen geochemistry 
of the stillwater and bushweld complex: evidence for transport of 
the platinum-group elements by Cl-rich fl uids. J Petrol 27:967–986  

    Bulgakova EN (1971) Physicochemical conditions of formation of the 
Noril’sk differentiated trap intrusions. In: Traps of the Siberian plat-
form and their metallogeny, Irkutsk, pp 36–37 (in Russian)  

   Carmichael ISE, Ghiorso MS (1990) The effect of oxygen fugacity on 
the Redox state of natural liquids and their crystallizing phases. In: 
Nicholls J, Russell JK (eds) Modern methods of igneous petrology: 
understanding magmatic processes. Rev Miner 24:191–212  

    Chalokwu CI, Grant NK, Ariskin AA, Barmina GS (1993) Simulation of 
primary phase relations and mineral compositions in the Partridge 
River intrusion, Duluth Complex. Implications for the Parent Magma 
Composition, Minnesota. Contrib Mineral Petrol 114:539–549  

   Czamanske GK, Wooden JL, Zientek ML, Fedorenko VA, Zen’ko TE, 
Kent J, King BS, Knight RJ, Siems DF (1994) Geochemical and 
isotopic constraints on the petrogenesis of the Noril’sk-Talnakh ore-
forming system. In: Lighfoot PC, Naldrett AJ (eds) Proceedings of 
the Sudbury-Noril’sk symposium, special publication 5, Geological 
Survey, Ontario, pp 313–342  

      Czamanske GK, Zen’ko TE, Fedorenko VA et al (1995) Petrographic 
and geochemical characterization of ore-bearing intrusions of the 
Noril’sk type, Siberia; with discussion of their origin. Res Geol 
Spec Iss 18:1–45  

    Danyushevsky LV, Della-Pasqua FN, Sokolov S (1999) Re-equilibration 
of melt inclusions trapped by magnesian olivine phenocrysts from 
subduction-related magmas: petrological implications. Contrib 
Mineral Petrol 138(1):68–83  

    Distler VV, Sluzhenikin SF, Cabri LJ, Krivolutskaya NA, Turovtsev 
DM, Golovanova TA, Mokhov AV, Knauf VV, OleshkeYich OI 
(1999) Platinum ores of the Noril’sk Layered intrusions: magmatic 
and fl uid concentration of noble metals. Geol Ore Deposits 
41(3):214–237  

     Dneprovskaya MB, Dneprovsky NV (1988) Quantitative description of 
geochemical regularities in the structures of geological objects 
using random functions, with the Talnakh intrusion as an example. 
Geokhimiya 1:128–137  

         Dneprovskaya MB, Frenkel’ MY, Yaroshevsky AA (1987) A quantita-
tive model for layering in the Talnakh intrusion, Noril’sk region. In: 
Simulating systems of ore mineralization. Nauka, Novosibirsk, 
pp 96–106 (in Russian)  

   Dodin DA, Batuev BN (1971) Geology and petrology of the Talnakh 
differentiated intrusions and their metamorphic aureole. In: 
Petrology and ore resource potential of the Talnakh and 
Noril’sk differentiated intrusions. Nedra, Leningrad, pp 31–100 
(in Russian)  

   Dodin DA, Batuev BN, Mitenkov GA, Izoitko VM (1971) Atlas of 
rocks and ores of the Noril’sk copper–nickel deposits. Nedra, 
Leningrad (in Russian)  

     Dyuzhikov OA, Distler VV, Strunin BM et al (1988) Geology and ore 
potential of the Noril’sk region. Nedra, Moscow  

    Feoktistov GD (1978) Petrology and formation conditions of trap sills. 
Nauka, Novosibirsk (in Russian)  

   Frenkel’ MYa, Yaroshevskii AA, Koptev-Dvornikov EV et al (1985) 
Crystallization mechanism of layering in layered intrusions. Zap 
Vses Mineral O–va Part CXIV, (3):257–274 (in Russian)  

     Frenkel’ MY, Ariskin AA, Barmina GS et al (1987) Geochemical ther-
mometry of igneous rocks: principles and examples of application. 
Geokhimiya 11:1546–1562  

      Frenkel’ MY, Yaroshevsky AA et al (1988) Dynamics of the chamber 
differentiation of basic magmas. Nauka, Moscow (in Russian)  

    Frutos J, Oyarzun JM (1975) Tectonic and geochemical evidence con-
cerning the genesis of El Laco magnetite lava fl ow deposit. Econ 
Geol 70(5):988–990  

    Fudali RF (1965) Oxygen fugacities of basaltic and andesitic magmas. 
Geochim Cosmochim Acta 29:1063–1075  

    Geology and Ore Deposits of the Noril’sk Region (1994) Proceedings 
of the VII international platinum symposium, with a special session 
of IGCP project Moscow – Noril’sk  

      Godlevsky MN (1959) Traps and ore-bearing intrusions of the Noril’sk 
region. Gosgeoltekhizdat, Moscow, 61 p. (in Russian)  

    Godlevsky MN, Likhachev AP (1984) Types and distinctive features of 
ore-bearing formations of copper-nickel deposits. In: Geology and 
metallogeny of copper deposits. Springer, New York, pp 124–134 
(in Russian)  

    Hawkesworth CJ, Lightfoot PC, Fedorenko VA et al (1995) Magma dif-
ferentiation and mineralization in the Siberian continental fl ood 
basalts. Lithos 34:61–81  

    Hoover JD (1989) The chilled marginal Gabbro and other contact rocks 
of the Skaergaard intrusion. J Petrol 30:441–476  

   Inclusions in minerals and processes in the Earth’s mantle (2005). Max-
Plank-Institute, Mainz, 103 р  

     Jaupart C, Tait S (1995) Dynamics of differentiation in magma reser-
voirs. J Geophys Res 100:17615–17636  

  Jaupart C, Tait S (2005) Dynamics of differentiation in magma reser-
voirs. J Geophys Res 100:17615–17636  

    Konnikov EG, Kovyazin SV, Nekrasov AN, Simakin SG (2005) 
Interaction of magmatic fl uids and mantle magmas with lower 
crustal rocks: evidence from inclusions in the minerals of intrusions. 
Geochem Int 43(10):939–958  

   Korovyakov IA, Nelyubin AE, Raikova ZA, Khortova LK (1963) The 
origin of Noril’sk trap intrusions containing copper–nickel ores. 
Gosgeotekhizdat, Moscow. Tr. Vses. Nauch.–Issled. Inst. Miner. 
Syr’ya, Novaya ser., 1963, issue 9 (in Russian)  

       Krivolutskaya NA (2011) Formation of PGM–Cu–Ni deposits in the 
process of evolution of fl ood-basalt Magmatism in the Noril’sk 
region. Geol Ore Depos 53(4):309–332  

       Krivolutskaya NA, Sobolev AV (2001) Magmatic inclusions in olivines 
from intrusions of the Noril’sk region, Northwestern Siberian plat-
form: evidence for primary melts. Dokl Earth Sci 381(3):1047–1052  

          Krivolutskaya NA, Ariskin AA, Sluzhenikin SF, Turovtsev DM (2001a) 
Geochemical thermometry of rocks of the Talnakh intrusion: assess-
ment of the melt composition and the crystallinity of the parental 
magma. Petrology 9(5):389–414  

       Krivolutskaya NA, Sobolev AV, Sluzhenikin SF et al (2001b) Melt 
inclusions in olivines of the Talnakh type intrusions. In: Proceedings 
of the X international conference on thermobarogeochemistry. 
VNIISIMS, Aleksandrov, pp 141–157 (in Russian)  

   Krivolutskaya NA, Sobolev AV, Sluzhenikin SF, Pokrovsky BG (2004) 
Olivine-hosted magmatic inclusions from the Noril’sk intrusions: 
application to origine of Pt-Cu-Ni deposits (Russia). metallogeny of 
the Pacifi c northwest: tectonics, magmatism and metallogeny of 
active continental margins. In: Khanchuk AI, Gonevchuk GA, 
Mitrokhin AN , Simanenko LF, Cook NJ, Seltmann R (ed) Dalnauka, 
Vladivostok, pp 296–299  

    Kutolin VA (1972) Problems of the petrochemistry and petrology of 
basalts. Nauka, Moscow (in Russian)  

    Kuznetsov YA (1990) Problems of origin and analysis of associations of 
magmatic bodies, in selected works, vol III. Nauka, Novosibirsk (in 
Russian)  

    Li CS, Ripley EM, Naldrett AJ (2009) A new genetic model for the 
giant Ni–Cu-PGE sulfi de deposits associated with the Siberian fl ood 
basalts. Econ Geol 104:291–301  

References



252

    Lightfoot PC, Hawkesworth CJ, Hergt J et al (1993) Remobilisation of 
the continental lithosphere by a mantle plume: major- and trace- 
element, Sr-, Nd- and Pb-isotope evidence from Picritic and 
Tholeiitic lavas of the Noril’sk District, Siberian Trap, Russia. 
Contrib Mineral Petrol 114:171–188  

      Likhachev AP (1965) The role of Leucocratic Gabbro in the origin of 
Noril’sk differentiated intrusions. Izv Akad Nauk SSSR Ser Geol 
12:50–66 (in Russian)  

    Likhachev AP (1977) On the crystallization conditions of trap magmas 
in the Northwestern part of the Siberian platform. Zap Vses Mineral 
O–va 5:594–606 (in Russian)  

     Likhachev AP (1978) On the formation conditions of ore-bearing and 
non-bearing Mafi c–Ultramafi c magmas. Dokl Akad Nauk SSSR 
238(2):447–450 (in Russian)  

    Likhachev AP (1982) Formation conditions of copper–nickel deposits. 
Sov Geol 6:31–46 (in Russian)  

    Likhachev AP (1996) Emplacement dynamics of the Talnakh ore- 
bearing intrusions and related PGM–Cu–Ni ores. Otech Geol 8:20–
26 (in Russian)  

     Likhachev AP (1997) Trap magmatism and platinum–copper–nickel 
ore mineralization in the Noril’sk District. Otech Geol 10:8–19 (in 
Russian)  

      Magnesian Basic Rocks from the Western Siberian Platform and the 
Problem of Nickel-Bearing Potential (1984) Sobolev VS (ed). 
Nauka, Novosibirsk (in Russian)  

      Marsh BD (1989) Magma chambers. Annu Rev Earth Planet Sci 
17:439–474  

  Maurel C, Maurel P (1982) Etude experimentale de l’equilibre Fe2+−−
Fe3+ dans les spinelles chromiferes et les liquides silicates basiques 
coexistants a 1 atm. C R Acad Sci Paris. 285:209–215  

      Naldrett AJ (1992) A model for the Ni–Cu–PGE ores of the Noril’sk 
region and its application to other areas of fl ood basalt. Econ Geol 
87:1945–1962  

    Naldrett AJ (2009) Ore deposits related to fl ood basalts, Siberia, in new 
developments in magmatic Cu–Ni and PGE deposits. Geological 
Publishing House, Beijing, pp 141–179  

     Naldrett AJ, Lightfoot PC, Fedorenko VA et al (1992) Geology and geo-
chemistry of intrusions and fl ood basalts of the Noril’sk region, 
USSR, with applications for the origin of the Ni–Cu ores. Econ 
Geol 87:975–1004  

    Naldrett AJ, Fedorenko VA, Asif M et al (1996) Controls on the compo-
sition of Ni–Cu sulfi de deposits as illustrated by Those at Noril’sk, 
Siberia. Econ Geol 91:751–773  

   Naslund HR, McBirney AR (1996) Mechanisms of formation of igne-
ous layering. In: Cawthorn RG (ed) Layered intrusions. Elsevier, 
Amsterdam, pp 1–43  

  Neruchev SS, Prasolov EM (1995) Fluid-geochemical model for plati-
num deposits related to fl ood basalt magmatism. Platimun of Russia. 
M. Geoinformmark, pp 94–101 (in Russian)  

     Nesterenko GV, Tikhonenkov PI, Romashova TV (1991) Basalts of the 
Putorana plateau. Geokhimiya 10:1419–1425  

     Oleinikov BV (1979) Geochemistry and ore genesis in platform basic 
rocks. Nauka, Novosibirsk (in Russian)  

    Petrology and Ore Potential of the Traps of the Northern Siberian 
Platform (1978) Zolotukhin VV, Vilensky AM (eds). Nauka, 
Novosibirsk (in Russian)  

    Pokrovsky BG, Sluzhenikin SF, Krivolutskaya NA (2005) Interaction 
conditions of Noril’sk trap intrusions with their host rocks: isotopic 
(O, H, and C) evidence. Petrology 13(1):49–72  

     Rad’ko VA (1991) Model of dynamic differentiation of intrusive traps 
at the Northwestern Siberian trap. Geol Geofi z 32(11):19–27 (in 
Russian)  

    Renner J, Evans B, Hirth G (2000) On the rheologically critical melt 
fraction. Earth Planet Sci Lett 181:585–594  

   Ryabov VV, Pavlov AL (1991) Magnetite lava in traps of the Siberian 
platform. Dokl Earth Sci 319:1193–1197  

     Ryabchikov ID, Solovova IP, Ntafl os T et al (2001) Subalkaline picro-
basalts and plateau basalts from the Putorana plateau (Siberian 
Continental Flood Basalt Province): II. Melt inclusion chemistry, 
composition of “Primary” magmas and  P–T  regime at the base of 
the Superplume. Geochem Int 39(5):432–446  

      Ryabchikov ID, Kogarko LN, Solovova IP et al (2009) Physicochemical con-
ditions of magma formation at the base of the Siberian Plume: insight 
from the investigation of melt inclusions in the Meymechites and Alkali 
Picrites of the Maimecha–Kotui Province. Petrology 17(3):287–299  

    Ryabov VV, Zolotukhin VV (1977) Minerals of differentiated traps. 
Nauka, Novosibirsk (in Russian)  

     Ryabov VV, Shevko AY, Gora MP (2000) Igneous rocks of the Noril’sk 
region, vol 1, 2. Nonparel, Novosibirsk (in Russian)  

     Sharapov VN, Cherepanov AN, Popov VN, Lobov AG (1997) Dynamics 
of cooling of Mafi c melt fi lling a funnel-shaped intrusive reservoir. 
Petrology 5(1):10–22  

    Sinton J, Langmuir C, Bender J, Detric R (1992) What is a magma 
chamber? Ridge Events 3(1):46–48  

    Sobolev AV (1996) Melt inclusions in minerals as a source of principle 
petrological information. Petrology 4(3):209–220  

    Sobolev AV (1997) The problems of origin and evolution of mantle mag-
mas. Doctoral (Geol.–Min.) dissertation, Vernadsky Inst. Geokhim. 
Analit. Khim., Akad. Nauk SSSR, Moscow, 225 p (in Russian)  

    Sobolev AV, Slutsky AB (1984) Composition and crystallization condi-
tions of the initial melt of Siberian Meimechites in connection to the 
general problem of Ultramafi c magmas. Geol Geophys 25(12):97–
110 (in Russian)  

       Sobolev AV, Krivolutskaya NA, Kuz’min DV (2009a) Petrology of the 
parental melts and mantle sources of Siberian trap magmatism. 
Petrology 17(3):253–286  

    Sobolev AV, Sobolev SV, Kuz’min DV et al (2009b) Siberian 
Meimechites: origin and relationship between traps and kimberlites. 
Geol Geophys 50:999–1033  

    Turovtsev DM (2002) Contact metamorphism of the Noril’sk intru-
sions. Nauchny Mir, Moscow, 293 p (in Russian)  

    Vilensky AM, Oleinikov BV (1970) The principal factors of diversity 
and classifi cation problems of traps of the Siberian platform. In: 
Geology and petrology of intrusive traps of the Siberian platform. 
Nauka, Moscow, pp 5–25 (in Russian)  

   Vortsepnev VV (1978) Temperature, pressure, and geochemical conditions 
of formation of the Talnakh copper–nickel deposit. Cand. Sc. (Geol.–
Min.) dissertation. Moscow State University, Moscow (in Russian)  

   Zhmodik AS (2002) Composition and thermodynamic conditions of 
development of magmatic ore mineralization in basalts of the cleft 
segment of the Juan de Fuca Ridge Cand. Sci (Geol–Mineral) 
Novosibirsk: Inst Geol Geophys, 25 p (in Russian)  

    Zolotukhin VV (1997) Mafi c pegmatoids of the Noril’sk ore-bearing 
intrusions and the problem of ore mineralization of Noril’sk type, Tr 
Ob”edin Inst Geol Geofi z Mineral. Sib, Novosibirsk. Otd. Ross. 
Akad. Nauk, issue 834 (in Russian)  

    Zolotukhin VV, Laguta ON (1985) On the fractionation of Magnesian 
Mafi c melts and trap diversity of Siberian platform. Dokl Akad 
Nauk SSSR 280(4):967–972 (in Russian)  

    Zolotukhin VV, Vasil’ev Y (1986) In: Vasilenko BV (ed) Problems of 
platform magmatism: examples from the Siberian platform. Nauka, 
Novosibirsk, (in Russia  

    Zolotukhin VV, Ryabov VV, Vasil’ev YR, Shatkov VA (1975) Petrology 
of the Talnakh ore-bearing differentiated trap intrusion). Nauka, 
Novosibirsk (in Russian)  

    Zolotukhin VV, Vilensky AM, Dyuzhikov OA (1986) Basalts of the 
Siberian platform. Nauka, Novosibirsk (in Russian)  

    Zotov IA (1979) The genesis of trap intrusions and metamorphic rocks 
of Talnakh. Nauka, Moscow (in Russian)  

    Zotov IA (1989) Transmagmatic fl uids in magmatism and ore mineral-
ization. Nauka, Moscow (in Russian)    

5 Composition of the Parental Melts for the Intrusions



253© Springer International Publishing Switzerland 2016
N.A. Krivolutskaya, Siberian Traps and Pt-Cu-Ni Deposits in the Noril’sk Area, 
DOI 10.1007/978-3-319-17205-7_6

      Relationship Between the Lavas 
and the Ore- Bearing Massifs       

              The geologic relationships between the basalts and ore- 
bearing intrusions are described based on the example of the 
Southern Maslovsky massif, which intruded basalts of the 
Nadezhdinsky Formation. Therefore, these rocks were formed 
in post-Nadezhdinsky time. The ore-bearing intrusions are 
similar to the volcanic rocks of the Morongovsky Formation in 
terms of their rare elements and isotopic compositions (Sr, Ɛ   Nd   ), 
but they contain higher MgO concentrations (10–12 wt % on 
average) and a heavier S isotope composition (up to 18‰ 
compared with 6–7‰ in the basalts).  

 The possibility of comagmatic relationships between intru-
sive and volcanic rocks has long been a matter of discussion 
and is not yet settled. Some researchers continue to distin-
guish volcano-plutonic associations (Rad’ko  1991 ; 
Dyuzhikov et al.  1992 ; Naldrett  2009 ; Li et al.  2009 ; Lightfoot 
and Zotov  2014 ), whereas others believe that massifs in the 
Noril’sk Complex were produced from derivatives of other 
magmas (Likhachev  1994 ,  2006 ; Latypov  2002 ,  2007 ; 
Malitch et al.  2010 ,  2014 ; Krivolutskaya et al.  2012a ). 

 The principal candidates for comagmatic rocks of the ore- 
bearing intrusions were fi rst thought to be the picrites of the 
Gudchikhinsky Formation because all of the rocks are highly 
magnesian. However, later data on the distribution of trace 
elements in the rocks demonstrated the differences between 
the Gudchikhinsky picrites and rocks of the Nori’lsk 
Complex. Gudchikhinsky rocks are the most primitive melts 
in the Noril’sk area. They show almost no evidence of their 
crustal contamination (Sobolev et al.  2009 ), which was sug-
gested for other volcanites. These rocks have no negative 
Ta–Nb anomalies, which are typical of all of the trap rocks, 
and exhibit negative, but not positive, Pb anomalies. 
Therefore, the Gudchikhinsky melts are principally different 
from the melts that gave rise to the ore-bearing massifs: their 
trace element patterns are not as enriched, including that 
these rocks are depleted in HREE and show no negative Ta–
Nb anomalies. Volcanic rocks of the Gudchikhinsky 
Formation and ore-bearing picritic gabbro-dolerites strongly 

differ in isotope composition, especially Ɛ Nd  and  87 Sr/ 86 Sr 
(+5.5; 0,703 and +1; 0,706 consequently). Another remark-
able  feature is the extremely high Ni concentration in the 
olivine, which is almost twice as high in olivine as the ore-
bearing units and has elevated Ca concentrations (0.40 and 
0.22 wt % NiO; 0.30 and 0.12 wt % CaO for Fo 82 , respec-
tively). This result indicates that the picrite basalts and pic-
rite gabbro-dolerites in intrusions of the Noril’sk Complex 
could not be derivatives of a single parental melt, as was pre-
viously hypothesized. 

 In their models of the ore-forming processes, A. Naldrett 
and P. Lightfoot (Naldrett and Lightfoot  1994 ; Naldrett et al. 
 1992 ; Lightfoot et al.  1994 ; Keays and Lightfoot  2007 ) 
attached much importance to the rocks in the Tuklonsky 
Formation as possible crystallization products of the parental 
magma of the ore-bearing intrusions. This conclusion is 
based on the elevated Mg# of the Tuklonsky rocks and their 
geochemical similarities with the gabbro-dolerites of the 
intrusions of the Noril’sk Complex. However, the vertical 
section of the Tuklonsky Formation was so far examined 
only in the eastern portion of the area, within the Sunduk 
paleovolcanic structure (in the vicinity of Lake Glubokoe, 
Fig.  6.1 —section 1 F (Lightfoot et al.  1994 )). The rocks were 
added as an important constituent to the vertical section con-
structed based on data from the Kharaelakh depression 
(Boreholes SG-9 and SG-32) (Lightfoot et al.  1990 ,  1993 ; 
Brügman et al.  1993 ) and assumed to be the reference for the 
area. This combination resulted in the “occurrence” of a 
thick (240 m) unit of magnesian rocks. However, the 
Tuklonsky high-Mg lavas (from 8–9 to 16 wt % MgO) were 
found only within a small (10 by 3 km) paleovolcanic struc-
ture at Mount Sunduk (Lightfoot et al.  1994 ). The possible 
analogues of these rocks were thought (Fedorenko et al. 
 1996 ) to be picrite basalts exposed in the Mikchangdinsky 
fl ow. However, we proved (Krivolutskaya et al.  2012b ) that 
these rocks are cumulates of the Nadezhdinsky Formation.

   Therefore, the vertical sections of the Tuklonsky rocks in 
the Noril’sk Trough and elsewhere in the area are dominated 
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by tholeiitic basalts (containing close to 7 wt % MgO), and 
locally occurring, thin bodies of picritic varieties are rare. 
The weighted mean composition of the rocks of the forma-
tion exposed over a length of >100 km is generally similar 
to the composition of the overlying tholeiite basalts. 
Comparing the geochemistry of the Tuklonsky rocks and 
gabbro- dolerites of the Noril’sk Complex, it is apparent 
that, because they have similar distributions of trace ele-
ments, the former rocks are depleted in U and enriched in 
Eu. Therefore, they have different isotopic compositions: 
for example, Tuklonsky basalts and picrobasalts have low 
Ɛ Nd  = −4, −5, while in the intrusions, it varies approximately 
0. Moreover, the olivine compositions in the hypothetical 
intrusive and volcanic varieties are notably different; the 
NiO concentrations are 0.11 and 0.21 wt % in the picrite 
basalts and picritic gabbro- dolerites, respectively, and the 
CaO concentrations are 0.21 and 0.12 wt % for Fo 78  in these 

rocks. It follows that there is no justifi cation to suggest that 
the Tuklonsky magma could be parental for the ore-bearing 
intrusions, as was hypothesized earlier based only on the 
elevated Mg# of the rocks. 

 In the models of A. Naldrett and his followers (Lightfoot 
et al.  1993 ; Brügman et al.  1993 ), the rocks composing the 
lower portion of the Nadezhdinsky Formation should be 
genetically related to the Tuklonsky basalts, and their deple-
tion in base metals was predetermined by the crystallization 
of sulfi des from the parental Tuklonsky melt contaminated 
with the host rocks. If the suggested mechanism had oper-
ated, the fi elds of ore-bearing intrusions should not have 
included any rocks of the Tuklonsky Formation because 
massifs of the Noril’sk Complex and the basalts of the 
Nadezhdinsky Formation are the interaction products of the 
Tuklonsky magma and terrigenous-carbonate sediments. 
Consequently, the picritic gabbro-dolerites of the ore- bearing 

  Fig. 6.1    Position of the Maslovsky sill inside tuff-lavas sequence 
 After Krivolutskaya and Rudakova ( 2009 )       

 

6 Relationship Between the Lavas and the Ore- Bearing Massifs



255

massifs should have been identical to picritic basalts of the 
Nadezhdinsky Formation. However, their mineralogy and 
geochemistry are remarkably in contrast to the hypothetical 
intrusive comagmatic rocks, which were not saturated with 
sulfur (Likhachev  2006 ); the examined vertical section also 
includes (along with intrusions of the Noril’sk Complex) 
rocks from all of the aforementioned formations, which casts 
doubt onto the plausibility of the mechanism suggested for 
the origin of the ores. 

 Later this model was transformed into a two-stage model 
(Li et al.  2009 ). It was suggested that “early sulfi de segrega-
tion took place in a deep staging chamber due to contamina-
tion with granitic crustal materials in the lower parts of the 
upper crust”, as suggested previously by other researchers 
(Naldrett et al.  1992 ; Naldrett and Lightfoot  1994 ; Arndt 
et al.  2003 ). The magma then rose to form the weakly miner-
alized intrusions and erupted to the surface to form the Nd 1–2  
lavas, leaving a sulfi de liquid with relatively low tenors of 
Ni, Cu, and PGE in the staging chamber. The PGE-poor sul-
fi de liquid in the chamber was then upgraded in chalcophile 
elements (PGE, Ni, and Cu) by the Morongovsky magma 
forming a PGE-rich sulfi de liquid. The PGE-rich sulfi de liq-
uid remained in the staging chamber while the Morongovsky 
magma erupted to form the Morongovsky lavas. New, 
S-unsaturated magma from the mantle continued to enter the 
chamber and progressively dissolved the PGE- rich sulfi de 
liquid in the chamber to form a PGE-enriched magma. The 
PGE-enriched magma then rose to the upper parts of the 
upper crust where it reacted with anhydrite- bearing evaporite 
country rocks and became sulfi de saturated, thereby produc-
ing immiscible sulfi de liquid with high PGE concentrations 
as well as high δ 34 S values. The sulfi de liquid became lodged 
in the hydraulic traps of the plumbing system at Kharaelakh. 

 This hypothesis explains the differences between the sulfur 
isotopes, PGE, Cu, and Ni tenors in weakly mineralized and 
ore-bearing intrusions, i.e., Low Talnakh and Kharaelakh. 
However, it does not account for the large difference between 
the Re-Os compositions of the sulfi des from these intrusions. 

6.1     Geologic Relationships Between 
the Lavas and the Intrusions 
of the Noril’sk Complex 

 The possible comagmatic relationships between the ore- 
bearing intrusions and lavas were examined within the 
Noril’sk Trough, where intrusive rocks with disseminated or 

massive ores (at the Noril’sk 1, Maslovsky, Chernogorsky, 
and Noril’sk 2 deposits) are hosted in the uppermost units of 
the volcanic rocks, i.e., in the middle portion of the tuff–lava 
unit. In other regional folded structures, these massifs are 
hosted mostly in the Devonian sedimentary rocks underlying 
the volcanics (the Kharaelakh and Talnakh intrusions in the 
Kharaelakh Trough and the Vologochansky intrusion in the 
Vologochansky Trough), and hence, it is more diffi cult to 
correlate them. An important fact is that the Noril’sk Trough 
hosts rocks of all formations used in the models of various 
researchers (Gudchikhinsky, Tuklonsky, Nadezhdinsky, and 
Morongovsky); thus, it is possible to obtain insight into their 
role in the genesis of the ores. 

 We selected the geologic sections penetrated by bore-
holes OM-6 and OM-25 as references. The latter borehole 
penetrated a sill of the Noril’sk Complex, which is hosted 
in volcanic rock, is a tongue of the Maslovsky intrusion, 
and contains high-grade stringer-disseminated Cu–Ni ore 
mineralization. Despite its relatively insignifi cant thick-
ness (12 m), this sill is clearly differentiated from the oliv-
ine gabbro- dolerite to leucogabbro. It was attributed to the 
Noril’sk Complex based on detailed data about the compo-
sition of its rocks, which were proven to be identical to 
rocks in the Noril’sk 1 Massif (Krivolutskaya and 
Rudakova  2009 ). 

 The volcanics hosting the sill were subdivided into eight 
suites, and the tongue appeared to cut through the rocks of 
the lower portion of the Nadezhdinsky Formation; these 
rocks were distinguished by the high La/Sm ratios and low 
Cu and Ni concentrations (Lightfoot et al.  1990 ; Fig.  6.1 ). To 
determine whether the sill is affi liated with the Noril’sk 
Complex, we compared its geochemistry with that of the 
Noril’sk 1 Massif (Tables  6.1  and  6.2 ). It follows that the 
Maslovsky intrusion and, hence, other comparable ore- 
bearing intrusions were emplaced after the eruption of the 
early fl ows of the Nadezhdinsky Formation, i.e., the ore- 
bearing intrusions cut across volcanic rocks that are thought 
to be comagmatic with the picrites of the Gudchikhinsky 
Formation and the basalts of the Tuklonsky and Nadezhdinsky 
formations.

    This result suggests the hypothesis that the rocks can be 
comagmatic with rocks of the Morongovsky Formation (Li 
et al.  2009 ), whose geochemistry is the closest to that of the 
rocks of the Noril’sk Intrusive Complex. 

 However, we have found a barren dyke in Cape Kamenny 
in Lake Lama whose geochemistry (MgO concentration of 
8.92 wt %, TiO 2  concentration of 0.81 wt %, and trace 
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   Table 6.1    Concentrations of rare elements in intrusive rocks of the Noril’sk Trough (Noril’sk 1 intrusion), ppm   

 No  1  2  3  4  5  6  7  8  9 

 Element 

 Sample No 

 59  65.2  67.9  71.8  78  90  96.8  103.8  425 

 Rb  12.6  10.4  8.43  15.1  18.7  24.8  22.4  11.6  23.3 

 Ba  103  68.6  71.0  120  104  97.1  114  99.3  309 

 Th  0.44  0.60  1.05  0.95  1.08  0.95  1.24  0.57  4.16 

 U  0.17  0.23  0.44  0.36  0.41  0.35  0.45  0.21  1.03 

 Nb  1.79  2.56  4.13  3.77  4.30  3.55  4.78  2.37  10.5 

 Ta  0.13  0.25  0.25  0.22  0.95  0.21  0.27  0.14  0.68 

 La  2.89  2.94  4.74  5.25  5.74  5.00  6.82  3.46  20.9 

 Ce  6.86  7.06  11.3  12.4  13.5  11.9  16.5  8.11  43.5 

 Pr  0.93  0.94  1.46  1.67  1.74  1.64  2.20  1.08  5.19 

 Sr  213  128  124  226  257  295  460  150  301 

 Nd  4.44  4.40  6.72  7.84  8.11  7.46  10.15  4.96  20.7 

 Sm  1.28  1.27  1.83  2.16  2.30  2.14  2.86  1.31  4.35 

 Zr  33.5  39.0  67.4  62.5  65.8  57.5  77.6  38.3  150 

 Hf  0.92  1.02  1.76  1.63  1.72  1.54  2.08  1.01  3.54 

 Eu  0.59  0.42  0.58  0.76  0.82  0.74  0.91  0.49  1.16 

 Ti  2,930  2,555  3,630  4,660  4,565  4,730  5,390  2,830  6,035 

 Gd  1.53  1.49  2.20  2.58  2.66  2.51  3.30  1.51  4.30 

 Tb  0.26  0.25  0.37  0.45  0.46  0.43  0.58  0.26  0.69 

 Dy  1.87  1.74  2.54  3.02  3.15  2.91  3.83  1.79  4.37 

 Y  11.9  12.4  17.5  20.6  20.8  19.1  25.1  12.0  23.9 

 Ho  0.43  0.41  0.59  0.70  0.72  0.67  0.87  0.40  0.92 

 Er  1.13  1.12  1.60  1.89  1.90  1.76  2.36  1.09  2.56 

 Tm  0.17  0.17  0.24  0.27  0.29  0.26  0.35  0.16  0.37 

 Yb  1.11  1.05  1.50  1.76  1.84  1.69  2.15  1.06  2.31 

 Lu  0.16  0.16  0.22  0.25  0.27  0.25  0.32  0.16  0.35 

 Cu  7,940  2,180  2,590  132  277  81  91.4  643  43.7 

 Ni  7,487  2,743  2,875  556  295  210  164  1,239  14.1 

 Co  176  143  143  77.6  60.9  51.1  50.3  36.2  37.7 

 No  10  11  12  13  14  15  16  17  18 

 Element 

 Sample No 

 427.3  428  428.6  429.5  430.9  432.6  433.4  434.1  437.5 

 Rb  48.5  37.1  4.30  27.3  3.51  6.81  3.85  2.57  63.5 

 Ba  459  355  91.1  196  74.7  163  100  117  495 

 Th  3.29  2.23  0.94  0.91  0.82  1.07  1.02  1.00  3.70 

 U  0.88  0.71  0.36  0.36  0.31  0.41  0.39  0.39  0.91 

 Nb  8.52  6.37  3.80  4.95  5.39  4.18  4.15  5.33  9.17 

 Ta  0.53  0.41  0.23  2.72  0.36  0.28  0.26  0.37  0.57 

 La  16.4  12.0  6.30  5.77  5.62  6.66  6.57  6.44  17.5 

 Ce  34.1  25.1  14.4  13.1  12.9  15.3  15.2  14.9  36.7 

 Pr  4.10  3.10  1.97  1.79  1.76  2.12  2.11  2.07  4.42 

 Sr  405  397  308  310  271  242  258  265  257 

 Nd  16.08  12.4  9.12  8.44  8.08  9.88  9.69  9.69  17.5 

 Sm  3.41  2.82  2.49  2.34  2.30  2.77  2.79  2.69  3.81 

 Zr  117  95.6  80.1  74.2  72.0  87.6  86.1  85.3  133 

 Hf  2.84  2.21  1.95  1.87  1.71  2.20  2.09  2.08  3.19 

 Eu  1.00  0.94  1.05  0.78  0.88  1.00  1.13  0.95  0.95 

 Ti  4,908  4,460  5,766  5,588  5,448  6,328  5,989  6,607  5,297 

 Gd  3.37  2.92  2.96  2.84  2.69  3.30  3.30  3.28  3.97 

 Tb  0.55  0.48  0.50  0.48  0.47  0.56  0.57  0.56  0.63 

(continued)
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 element patterns) is closely similar to that of the rocks in the 
Noril’sk Complex and cuts across the basalts of the 
Morongovsky Formation (Fig.  6.2 ); several similar dykes at 
the contact of the Nadezhdinsky Formation are mapped 
below (Fig.  6.3 ).

    It is thus highly probable that intrusions of the Noril’sk 
Complex were emplaced in post-Morongovsky time, but the 
absence of disseminated sulfi des provides no conclusive 
arguments in support of this hypothesis.  

   Table 6.2    Average mean composition of the Noril’sk Complex intrusions and supposed comagmatic formations, wt %   

 Intrusion, 
formation  N  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  K 2 O  P 2 O 5   Cr 2 O 3  

 Noril’sk 1 
borehole MS-31 

 25  47.75  0.89  15.93  11.46  0.14  11.67  9.28  1.91  0.5  0.15  0.32 

 Noril’sk 
1 borehole G-22 

 14  47.16  0.79  15.36  12.17  0.2  12.04  10.6  0.97  0.39  0.09  0.23 

 Maslovsky 
borehole ОМ-4 

 21  47.36  0.89  15.27  11.98  0.26  12.25  10.28  1.17  0.43  0.1  0.02 

 mk  9  50.3  1.3  15.99  11.81  0.2  6.93  12.08  1.08  0.16  0.12  0.02 

 mr  12  49.72  1.19  15.9  11.98  0.21  7.29  11.93  1.26  0.37  0.14  0.02 

 nd  10  51.86  1.11  15.75  10.94  0.18  6.89  11.38  1.03  0.72  0.13  0.02 

 tk  4  50.75  1  15.78  9.34  0.21  6.74  14.61  1.04  0.38  0.1  0.04 

 gd 2 *  5  46.76  1.06  7.72  14.13  0.19  22.41  6.24  0.74  0.48  0.1  0.17 

 mk*  8  49.34  1.22  16.65  11.68  0.19  6.92  11.57  2.03  0.3  0.1  – 

 mr*  6  50.01  1.11  16.49  11.31  0.18  6.99  11.43  1.97  0.38  0.11  – 

 nd*  2  50.97  1.02  16.69  10.43  0.18  6.64  11.11  1.95  0.85  0.15  – 

 tk*  9  50.18  0.89  15.88  10  0.17  9.09  11.24  2.12  0.34  0.08  – 

 gd 2 *  5  48.64  1.63  10  13.59  0.2  16.69  7.61  0.98  0.53  0.12  – 

  Note: 1 — element was not determined; 2 — all compositions were recalculated in 100 %; 3 — formations ( mk  Mokulaevsky,  mr  Morongovsky,  nd  
Nadezhdinsky,  tk  Tuklonsky (author’s data)); 4 —  gd * Gudchikhinsky (after) (Lightfoot et al.  1993 ); 5 — Noril’sk 1, hole G-22 (average mean com-
position of rocks based on borehole G-22). N – analyses number. After Krivolutskaya et al. (2012a)  

Table 6.1 (continued)

 No  10  11  12  13  14  15  16  17  18 

 Element 

 Sample No 

 427.3  428  428.6  429.5  430.9  432.6  433.4  434.1  437.5 

 Dy  3.50  3.08  3.29  3.16  3.06  3.76  3.70  3.62  4.01 

 Y  18.7  17.1  18.7  17.4  17.4  21.3  20.9  21.1  21.6 

 Ho  0.74  0.65  0.72  0.69  0.64  0.81  0.82  0.78  0.81 

 Er  2.00  1.79  2.00  1.88  1.80  2.26  2.25  2.19  2.31 

 Tm  0.29  0.27  0.31  0.29  0.27  0.34  0.34  0.33  0.35 

 Yb  1.87  1.67  1.96  1.78  1.75  2.19  2.13  2.08  2.18 

 Lu  0.28  0.26  0.29  0.27  0.26  0.33  0.32  0.32  0.34 

 Cu  41.7  53.0  90.4  83.1  82.1  273  123  299  29.1 

 Ni  72.4  139  63.7  26.1  88.4  173  112  215  43.5 

 Co  42.0  39.8  41.7  29.6  35.3  56.8  51.2  60.2  37.2 

  Note: Sample No is the depth in borehole G-22. After Krivolutskaya and Rudakova ( 2009 )  
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6.2     Comparison of the Geochemistry 
of the Lavas and Intrusive Rocks 
of the Noril’sk Complex 

 The aforementioned data on the inner structure and composi-
tion of tuff–lava and intrusive rocks recovered from bore-
holes in the northern and eastern portions of the Noril’sk 
depression were demonstrated (see above) to show that the 
ore-bearing massifs and rocks of the Gudchikhinsky, 
Tuklonsky, and Nadezhdinsky formations are not comag-
matic. This unambiguously follows from the fact that the sill 
of the Maslovsky intrusion cuts the volcanic rocks of these 
formations and from the differences between the trace ele-
ment and mineralogical compositions of the rocks. 

 Another possible candidate for a volcanic analogue of the 
Noril’sk intrusions is the Morongovsky Formation (Rad’ko 
 1991 ; Arndt et al.  2003 ). The ore-bearing massifs are local-
ized below their basalts and are similar to them in several 
geochemical parameters, such as the concentrations of trace 
elements and their distribution (Lightfoot et al.  1993 ; 

Brügman et al.  1993 ). At the same time, the concentrations 
of the major oxides, primarily MgO, in these rocks are 
principally different from those in rocks of the Noril’sk 
Complex (Fig.  6.4 ). Throughout its entire fi eld, the 
Morongovsky Formation comprises exclusively tholeiitic 
basalts (6–7 wt % MgO), and no rocks with elevated Mg# 
have been found either in this formation or in the overlying 
formations. Conversely, practically all rocks of the ore-bear-
ing massifs contain olivine. It is hard to visualize the com-
plete settling and removal of olivine and sulfi des from a melt 
volume of 50,000 km 3  in intrusive chambers that make up 
less than 10 % by volume. Indeed, in addition to bent magma 
feeders where these phases could accumulate, there could be 
numerous magmatic conduits of other geometries that did 
not facilitate this process. These could be vertical channels 
and fi ssures, whose presence at that time follows from the 
occurrence of Morongovsky-age central-type volcanoes that 
were mapped in the valley of the Mikchangda River (geo-
logical survey conducted by Noril’skgeologia and the author) 
and documented by several researchers (Petrology and Ore 
Potential  1978 ). Volcanic edifi ces in the fi elds of the 
Morongovsky Formation should then have contained magne-
sian rocks with elevated contents of sulfi des. Neither these 
rocks nor sulfi des have been found anywhere in the rocks of 
the formation, which are exposed over hundreds of kilome-
ters along their strikes.

   Finally, the geochemical parameters of the Morongovsky 
and all overlying formations such as ε Nd  (Fedorenko et al. 
 1996 ; Lightfoot et al.  1993 ; Wooden et al.  1993 ) and, par-
ticularly, S isotopic composition (Grinenko  1985 ; Ripley 
et al.  2003 ,  2010 : δ 34 S = 1–5‰ in the basalts and 18‰ in the 
intrusive rocks) are remarkably different from those in the 
ore-bearing intrusions. The ore-bearing intrusions could 
have conceivably been emplaced even after all of the tuff–
lava rocks were formed because some zircons from the 
Kharaelakh Massif were dated at 220 Ma (Malitch et al.  
 2010 ), which is generally consistent with the geological 
data.  

6.3     Conclusions 

 The data presented above show that the ore-bearing intru-
sions are not directly genetically related to the lavas but were 
produced during a separate pulse of magmatic activity in 
post-Nadezhdinsky time. It is important to emphasize that if 
there was an open system (with a long fl owing melt along the 
chamber), we could not observe such quenched rocks in 
endocontacts intrusions that have been found in the 
Maslovsky and Mikchangdinsky intrusions – with the pres-
ence of glass and the contrast-zoned rock-forming minerals.     

  Fig. 6.2    Dyke of the Noril’sk Complex in basalts of the Morongovsky 
formation       
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  Fig. 6.3    Structure of volcanic rocks of the Morongovsky formation with dykes of the Noril’sk Complex 
 (Section was studied with A. Rudakova) L118v – sample number and its location       
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      Basic–Ultrabasic Intrusions 
in the Kola-Karelia Area       

              Geochemical features of basic–ultrabasic intrusions, includ-
ing massifs with Pt–Cu–Ni mineralization, have been studied 
in the Kola–Karelia area. Major and rare elements were 
determined in several samples from famous Ni deposits as 
Monchepluton, Fedorova–Pansky Tundras, and Burakovsky 
as compared to intrusions of the South Kovdor area, per-
spective on founding sulfi de mineralization. All intrusions of 
the Kovdor area were related to drusite (corona) complex. 
Their geochemical study demonstrated their difference in 
distribution of rare elements. According to these data, they 
were  subdivided into three groups. The fi rst one is close to 
Monchepluton rocks with rich Ni mineralization. The geo-
chemical features of these massifs are very similar to the fea-
tures of the Noril’sk Intrusive Complex. The patterns of these 
massifs are close to the crust; they have negative Ta–Nb and 
positive Pb anomalies. Their age is 2,410 ± 10 Ma showing 
their later formation as compared with layered intrusions.  

 The Kola Peninsula is the oldest region in Russia where Ni 
deposits were explored. It contains large deposits 
(Monchepluton) of Ni and so as weekly mineralized intru-
sions including massifs of South Kovdor area. Their geo-
chemical features were studied and compared with the 
features of massifs of the Noril’sk Intrusive Complex. 

 Deciphering the history of the formation and evolution of 
the continental crust within the Baltic Shield requires detailed 
petrogeochemical studies of the ultrabasic–basic massifs, 
which are indicators of diastrophic epochs (Polkanov  1939 ; 
Sudovikov  1937 ). In this context, the intrusions that are 
widely developed within the Belomorian Mobile Belt (BMB) 
and united into the so-called drusite complex are of special 
interest (Early Precambrian…  2005 ). The characteristic fea-
tures of their rocks, fi rst described by E. Fedorov, are the 
coronal rims of orthopyroxene, clinopyroxene, amphibole, 
and garnet surrounding olivine, which were termed coronal 
or drusite textures (Fedorov  1886 ). It was suggested that they 
were formed by slow equilibrium magma crystallization at 
extreme depth owing to the interactions between crystalliz-

ing minerals and magmatic melt. The decisive role of meta-
morphism in the formation of drusite textures was fi rst noted 
by Machkovtsev ( 1927 ). 

 Later, the drusite textures were subdivided by A. A. Strona 
( 1929 ) into reaction magmatic (orthopyroxene) and cely-
phytic (garnet and amphibole), which were formed under 
metamorphic conditions. During the subsequent high- grade 
metamorphism, the rocks often lost these distinctive features 
and were transformed into metagabbro, garnet gabbro, and 
garnet–biotite-bearing plagioamphibolites. Initially, the 
drusite complex combined peridotite with gabbro rocks 
(Fedorov  1886 ), which were interpreted as being differentia-
tion products of single primary magma (Mashkovtsev  1927 ). 
Later, the drusites were subdivided into two series the peri-
dotite–gabbro and gabbro–anorthosite bodies, which are 
produced by the injection of magma into a mobile frame-
work during the formation of small rootless bodies (Igneous 
Rocks  1988 ). A more detailed classifi cation of the magmatic 
bodies was developed by Shurkin et al. ( 1962 ), who distin-
guished between pre-orogenic, early orogenic, and late oro-
genic groups of ultrabasic–basic rocks. 

 Interest in this complex was not only provoked by the spe-
cifi c textural–structural features of its rocks but also by their 
ore potential. Most researchers (Amelin and Semenov  1990 ; 
Stepanov  1981 ; Malov and Sharkov  1978 ; Sharkov et al. 
 1997 ; Sharkov and Smolkin  1997 ) compare the rocks with 
the  layered intrusions that widely developed within the Kola–
Lapland–Karelian province. Initially, this analogy was based 
on the similarity between the rock types and the evolution of 
their chemical and mineral composition as well as the discov-
ery of copper–nickel mineralization in some drusite massifs 
(Yudom–Navolok, Kovdozero, and others) (Stepanov  1981 ). 
This viewpoint was later supported by Sm–Nd and U–Pb 
 isotope data, which showed that the drusite complex and the 
layered intrusions were formed at the same Sumian stage, 
which began during the Paleoproterozoic era within the Baltic 
Shield (Balashov et al. 1993; Bogdanova and Bibikova  1993 ; 
Amelin et al.  1995 ; Amelin and Semenov  1996 ). 

 7



264

 The drusite massifs were assumed to mark the onset of the 
extension of the Belomorian allochthon and its early rifting 
stage (Stepanov  1981 ; Precambrian Magmatic…  1985 ; 
Smolkin  1992 ) and are syngenetic with layered plutons con-
solidated under stable and rigid cratons. The differences in 
their morphology were explained by the differences in the 
tectonic conditions during the emplacement of these intru-
sions in various blocks. There is an opinion that the drusite 
massifs were derived from the same magma generation areas 
as the layered intrusions, but unlike the “localized” magma-
tism of the latter, the former represent an example of dis-
persed mafi c–ultramafi c magmatism (Sharkov et al.  1994 ). 
In both cases, magmas produced a relatively siliceous and 
high-magnesian (boninite-like) series of the rocks. 

 However, the problems of the origin of the drusite complex 
and its metallogenic association remain unresolved. Its hetero-
geneity was characterized by A. Stepanov ( 1981 ), who distin-
guished different age complexes of gabbro–anorthosites 
(which partly correspond to the early orogenic drusites of 
A. Shurkin), lherzolite–gabbronorites (early orogenic–late 
orogenic drusites), and coronite gabbro (partly late orogenic 
drusites) based on their geologic relationships. The develop-
ment and improvements in isotope measurement technique 
have revealed that the former two complexes are close in abso-
lute age (2,440 ± 10 Ma (Efi mov and Kaulina  1997 ; Slabunov 
et al. 2001), whereas the third complex is signifi cantly younger 
(2,115 ± 25; Stepanova et al.  2003 ). It has also been deter-
mined that the layered plutons of the Karelia–Kola region are 
not simultaneous complexes but are comprised of older 
(2,507–2,470 Ma for the Monchepluton and Fedorova–Pana 
Tundras intrusion) and younger massifs (2,441–2,437 Ma for 
the Umbarechka–Imandra Complex and the intrusions of east-
ern and northern Karelia (Smolkin et al.  2005 ). 

 The diffi culties in the interpretation of the origin and 
role of the drusite massifs in the geological evolution of the 
region are related to insuffi cient geochemical knowledge of 
the numerous ultrabasic–basic bodies that are united in this 
complex. Detailed geological and geochemical studies, 
including the isotopic characteristics of the rocks, have 
only spanned an insignifi cant part of a giant family of this 
type of intrusions, which number several thousand mag-
matic bodies. Among them are the well-exposed massifs of 
the western Belomorian region: Vorony I., Yudom–Navolok, 
and Pezhostrov as well as the Tolstik, Romanovskaya, 
Kovda, and Zhemchuzhnyi Peninsulas and other reference 
objects. The contents of major, trace, rare earth, and ore 
elements in the rocks as well as the Sm–Nd isotope data 
were used to interpret the origin and evolution of the paren-
tal magmas of these massifs (Sharkov et al.  1994 ; Lobach-
Zhuchenko et al.  1998 ). However, this information is 
insuffi cient to characterize the entire complex of ultraba-
sic–basic rocks, which reaches from the western Belomorian 
region to the boundary of Finland. This explains the contra-
dictory views of the nature and ore prospects of these 

objects, and these circumstances have provoked compre-
hensive petrogeochemical (including isotope) research of 
the practically unstudied massifs in the central part of the 
Belomorian Belt (South Kovdor region) that is ascribed to 
the drusite complex. The major rock types of several lay-
ered plutons of the Kola Peninsula and Karelia have also 
been studied for comparison, and the results have served as 
a basis for the separation of the intrusive bodies into several 
groups. 

7.1     Brief Geology 

 The Belomorian Mobile Belt is bounded by the deep-seated 
Lapland fault in the north and by a fault system extending 
from the Pliajarvi Lake to the Vetreny Belt Range in the 
southwest (Fig.  7.1 ). It is predominantly made up of tonalite 
gneisses, amphibolites, and aluminous gneisses, which are 
intersected by charnockites and basic–ultrabasic massifs of 
different composition and age.

   For a long time, the belt was considered to be part of 
the Saamian Mobile Belt (Kratts et al.  1980 ), but at pres-
ent, the BMB is considered to be an independent meta-
morphic belt that evolved through several Archean 
basement stages under granulite (early stage) and amphib-
olite facies (Early Precambrian…  2005 ). It is comprised 
of Archean and Paleoproterozoic rock complexes, includ-
ing greenstone belts. 

 According to modern concepts of its geological structure, 
the Belomorian Belt shows lateral zoning (Bibikova et al. 
1993; Slabunov and Bibikova  2001 ; Miller et al.  2002 ) 
caused by the presence of several tectonic nappes. Two of 
them, the Kovdozero and Orijarvi nappes, as well as a frag-
ment of the Eisk greenstone belt, are located in part of the 
study area characterized by a block mosaic pattern. Most of 
the study area is occupied by Archean rocks (AR 2  basement 
complex) that are characterized by biotite plagiogneisses and 
migmatized tonalite–trondhjemite–granodiorites. They are 
overlain by the Belomorian metamorphic complex (AR 2 bl), 
which is characterized by garnet–biotite, kyanite–garnet–
biotite, and amphibole–biotite gneisses intercalated with 
amphibolites that contain lenses and thin stratal bodies of 
ultrabasic rocks. 

  Objects and methods . The geochemical study was based 
on 66 samples collected from 19 drusite massifs of the South 
Kovdor area (Fig.  7.2 ). The frequency of sampling varied 
depending on the degree of exposure of the intrusive bodies; 
the 403.0-m massifs, Sorkajoki and Poioiva (Tables  7.1  and 
 7.2 ), were studied in the most detail. To compare their geo-
chemical properties, we took samples from the following 
ore-bearing layered intrusions of the Kola region: 
Monchepluton (Mt. Travyanaya, Mt. Nittis, and Mt. Sopcha), 
the Fedorova and Pansky Tundras, and Umbarechensky as 
well as gabbro–anorthosites of the Monchetundra Massif 
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  Fig. 7.1    Schematic map of the Karelia–Kola region 
 After Sharkov et al. ( 1997 )       

(Main Ridge). In addition, we also used representative sam-
ples from different zones of such large Karelian plutons as 
Burakovsky and Kivakka that were kindly provided by G. S. 
Nikolaev and Ya. V. Bychkova (Vernadsky Institute of 
Geochemistry and Analytical Chemistry, Russian Academy 
of Sciences).

       The following analyses were performed. (1) The major 
oxide contents in all samples were determined by X-ray 
fl uorescence analysis (XRF performed with an AXIOS 
Advanced PANalytical spectrometer at the Vernadsky 
Institute of Geochemistry and Analytical Chemistry, 
Russian Academy of Sciences, Central Laboratory of 
Matter Analysis by I. A. Roshchina and T. V. Romashova). 
(2) Trace element  abundance was determined following 
the standard regime using inductively coupled plasma 

mass spectrometry (ICPMS with an ELAN 6100 DRC and 
ELAN 6100 DRC Software Kit, May 2000, PerkinElmer 
SCIEX Instruments, at the Institute of Mineralogy, 
Geochemistry, and Crystal Chemistry of Rare Elements 
by D. Z. Zhuravlev). The detection limits (DL) of the ele-
ments varied from 1–5 ppb for heavy- and medium-weight 
elements (uranium, thorium, rare earth elements, and oth-
ers) to 20–50 ppb for light elements (beryllium and oth-
ers). The measurement accuracy accounted for 3–10 rel. 
% of the element contents of more than 20–50 DL. (3) 
The composition of the rock-forming minerals in the 
drusite complex was studied using an X-ray microprobe 
(EPMA performed with a SX100 Cameca at the Vernadsky 
Institute of Geochemistry and Analytical Chemistry, 
Russian Academy of Sciences by N. N. Kononkova). 
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Minerals and oxides physicochemically similar to the 
analyzed material were used as standards for the micro-
probe analysis. The lower limit of the analyzed concentra-
tions is 0.02 wt % for elements from Mg to Zn and 
0.06 wt % for F and Na. The beam size was 2 μm, and the 
operating conditions were an accelerating voltage of 
15 kV and a beam current of 40 nA.  

7.2     Petrography of the Drusite Complex 
Massifs 

 Several hundred drusite complex massifs are distributed 
over the entire study area, and their sizes typically range 
from 0.2 to 0.5 km, occasionally 1.5–3 km, across with 
lengths of 5–7 km. They are usually clustered as chains con-

  Fig. 7.2    Schematic geological map of the southern Kovdor area 
 ( 1 ,  2 ) Basement complex (Middle Archean): ( 1 ) biotite plagiogneisses and ( 2 ) amphibolites, ( 3 ) ultrabasite–basite massifs (Early Proterozoic–
Sumian), ( 4 ) plagioclase–microcline and microcline granites (Early Proterozoic–Karelian), ( 5 ) faults, and ( 6 ) sampling sites and sample numbers. 
(After Krivolutskaya et al. 2010a)       
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    Table 7.4    Rare elements’ concentrations in rocks of the layered plutons, ppm   

 N  1  2  3  4  5  6  7  8  №п/п  9  10  11  12  13  14 
 N sample  1007/98  11  11  1882/164.8  16  20/736.8  36281  10  10  11/224.5  02002/8.3  45  BGF/52.7  BGF/260.7 

 Rb  3  3  1  3  1  12  2  1  Rb  1  4  17  20  3  1 

 Ba  50  39  51  56  5  43  11  100  Ba  5  79  170  198  55  49 

 Th  0.24  0.20  0.13  0.32  0.03  0.21  0.10  0.11  Th  0.05  0.16  1.63  1.86  0.09  0.10 

 U  0.06  0.05  0.04  0.08  0.04  0.09  0.04  0.04  U  0.02  0.06  0.42  0.48  0.03  0.03 

 Nb  0.8  0.6  0.5  0.6  0.2  1.2  0.4  0.5  Nb  0.5  0.6  2.2  2.3  0.4  0.5 

 Ta  0.06  0.07  0.04  0.04  0.03  0.06  0.03  0.12  Ta  0.11  0.04  0.35  0.18  0.06  0.06 

 La  2.1  1.8  1.0  2.3  0.2  1.2  0.6  1.0  La  0.4  1.9  7.0  8.0  1.2  1.3 

 Ce  5  4  2  5  0  3  1  2  Ce  1  4  15  17  2  3 

 Pr  0.59  0.50  0.27  0.60  0.06  0.42  0.15  0.27  Pr  0.11  0.61  1.80  2.04  0.30  0.39 

 Nd  2.5  2.2  1.1  2.4  0.2  1.9  0.7  1.2  Nd  0.4  2.8  7.1  8.0  1.2  1.7 

 Sr  102  64  49  288  9  29  14  59  Sr  9  296  123  129  280  190 

 Sm  0.62  0.52  0.26  0.51  0.05  0.42  0.16  0.44  Sm  0.09  0.80  1.39  1.62  0.30  0.46 

 Zr  16  14  10  14  2  11  6  9  Zr  3  14  43  48  6  10 

 Hf  0.43  0.38  0.24  0.37  0.05  0.32  0.16  0.25  Hf  0.07  0.40  1.20  1.34  0.16  0.29 

 Eu  0.23  0.18  0.11  0.24  0.02  0.09  0.06  0.11  Eu  0.03  0.49  0.34  0.36  0.26  0.26 

 Ti  1290  889  478  821  136  802  671  803  Ti  305  1712  2068  2301  735  887 

 Gd  0.71  0.53  0.27  0.51  0.05  0.42  0.20  0.29  Gd  0.08  1.04  1.31  1.52  0.33  0.52 

 Tb  0.11  0.09  0.04  0.09  0.01  0.07  0.03  0.05  Tb  0.02  0.18  0.20  0.24  0.06  0.09 

 Dy  0.75  0.56  0.25  0.55  0.06  0.42  0.24  0.37  Dy  0.10  1.21  1.25  1.40  0.36  0.56 

 Ho  0.16  0.12  0.06  0.12  0.01  0.09  0.06  0.08  Ho  0.02  0.27  0.27  0.30  0.08  0.13 

 Y  4.9  3.7  1.8  3.8  0.5  3.0  1.7  2.3  Y  0.8  8.1  7.8  8.9  2.4  3.8 

 Er  0.52  0.38  0.16  0.36  0.04  0.27  0.18  0.25  Er  0.08  0.80  0.78  0.85  0.26  0.39 

 Tm  0.08  0.05  0.03  0.05  0.01  0.05  0.03  0.05  Tm  0.01  0.12  0.12  0.13  0.04  0.06 

 Yb  0.52  0.38  0.21  0.35  0.05  0.32  0.21  0.35  Yb  0.10  0.79  0.78  0.84  0.29  0.38 

 Lu  0.08  0.06  0.03  0.06  0.01  0.05  0.04  0.04  Lu  0.02  0.12  0.12  0.13  0.04  0.06 

 Be  0.32  0.45  0.39  0.50  0.37  0.50  0.28  0.40  Be  0.36  0.52  0.62  0.64  0.41  0.47 

 V  121  70  51  73  30  87  82  102  V  62  158  154  128  66  85 

 Cr  3712  1769  3457  806  15216  4816  4734  3681  Cr  6137  15  2047  1714  114  152 

 Mn  1403  1253  1236  726  822  1465  1456  1314  Mn  1308  1212  1623  1303  812  1004 

 Co  123  145  153  42  137  92  99  84  Co  155  50  78  62  47  73 

 Ni  1728  2189  1869  87  3174  613  505  290  Ni  2392  38  89  80  149  275 

 Cu  449  273  12  10  4  70  20  34  Cu  300  102  41  24  201  64 

 Zn  70  62  72  43  47  79  56  58  Zn  71  61  98  65  39  50 

 Ga  7.5  4.4  2.6  12.9  1.7  4.1  3.0  3.9  Ga  2.1  17.3  7.7  8.1  14.4  11.2 

 Mo  1.04  0.82  1.68  0.78  0.81  0.86  0.87  2.10  Mo  1.38  1.08  1.28  0.85  1.04  0.70 

 Cs  0.07  0.07  0.07  0.11  0.04  0.59  0.10  0.06  Cs  0.05  0.16  0.49  0.54  0.21  0.08 

 Hf  0.43  0.38  0.24  0.37  0.05  0.32  0.16  0.25  Hf  0.07  0.40  1.20  1.34  0.16  0.29 

 Ta  0.06  0.07  0.04  0.04  0.03  0.06  0.03  0.12  Ta  0.11  0.04  0.35  0.18  0.06  0.06 

    Note : 1–7 = Monchepluton: 1-Travyanaya, 2-9-Mt. Moncha, 10–11 = Mt. Sopcha, 12 =Main Ridge; 13–14 = Umbarechensky, 15–18 = Pansky Tundra,   
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 15  16  17  №  18  19  20  21  22  23  24  25  26  27 
 BGF/211  BGF/154  FG243.65  N sample  FG211.8  KV-409  KV-422  KV-441  KV-475  KV-970  20–959.8  200–396  200–108  45–89.2 

 4  5  21  Rb  4  1  3  9  5  1  20  2  4  6 

 64  29  182  Ba  57  40  42  77  112  24  6  11  82  163 

 0.06  0.19  0.06  Th  0.06  0.08  0.19  0.28  0.38  0.12  0.11  0.20  0.48  0.65 

 0.03  0.05  0.06  U  0.06  0.03  0.05  0.07  0.09  0.04  0.04  0.05  0.10  0.18 

 1.0  0.5  0.7  Nb  0.6  0.4  0.6  1.1  0.9  0.6  0.3  0.4  0.8  1.1 

 0.12  0.06  0.07  Ta  0.02  0.03  0.06  0.07  0.06  0.03  0.09  0.04  0.11  0.07 

 1.4  1.5  2.9  La  1.1  0.8  2.0  2.7  3.6  1.0  0.3  1.3  2.6  3.3 

 3  3  4  Ce  2  2  4  6  8  2  0  4  5  7 

 0.40  0.43  0.36  Pr  0.31  0.23  0.49  0.72  1.05  0.27  0.06  0.58  0.67  0.85 

 1.9  1.8  1.2  Nd  1.4  1.0  2.0  3.0  4.5  1.1  0.2  3.0  2.8  3.6 

 273  26  830  Sr  267  50  66  275  338  42  8  37  370  435 

 0.48  0.41  0.36  Sm  0.38  0.31  0.44  0.66  1.06  0.23  0.05  0.90  0.66  0.87 

 9  15  11  Zr  6  6  14  17  26  8  7  10  15  22 

 0.27  0.43  0.27  Hf  0.19  0.17  0.38  0.48  0.69  0.20  0.17  0.32  0.44  0.65 

 0.25  0.14  0.85  Eu  0.22  0.09  0.16  0.31  0.44  0.07  0.01  0.27  0.40  0.47 

 742  1265  369  Ti  618  431  1096  1190  1662  492  112  1234  1279  7071 

 0.54  0.53  0.53  Gd  0.44  0.24  0.49  0.67  1.20  0.26  0.05  1.17  0.78  0.98 

 0.09  0.09  0.04  Tb  0.08  0.04  0.08  0.11  0.19  0.04  0.01  0.18  0.12  0.16 

 0.57  0.65  0.54  Dy  0.48  0.29  0.54  0.70  1.24  0.27  0.05  1.08  0.80  0.99 

 0.12  0.16  0.23  Ho  0.10  0.06  0.13  0.15  0.26  0.06  0.01  0.22  0.16  0.21 

 3.6  4.8  0.8  Y  2.9  1.8  3.9  4.6  7.9  1.9  0.5  6.3  4.6  5.9 

 0.36  0.54  0.17  Er  0.30  0.19  0.39  0.45  0.76  0.20  0.04  0.58  0.45  0.55 

 0.05  0.10  0.01  Tm  0.04  0.03  0.06  0.07  0.12  0.03  0.01  0.08  0.06  0.08 

 0.34  0.70  0.07  Yb  0.28  0.23  0.44  0.47  0.74  0.21  0.06  0.49  0.40  0.50 

 0.05  0.12  0.01  Lu  0.04  0.03  0.07  0.08  0.11  0.03  0.01  0.07  0.06  0.07 

 0.40  0.39  0.51  Be  0.37  0.32  0.35  0.46  0.48  0.28  0.51  0.43  0.44  0.54 

 92  95  26  V  77  40  117  82  136  39  11  142  114  1173 

 75  2713  81  Cr  113  726  3382  1097  21  597  998  1389  227  43 

 753  1508  467  Mn  811  1317  1504  858  1054  1421  1044  1521  941  1093 

 37  98  32  Co  33  134  80  39  43  147  161  91  51  79 

 92  1542  97  Ni  74  1750  255  93  38  1939  3481  579  92  22 

 19  228  577  Cu  10  30  25  26  93  16  7  330  19  266 

 35  100  52  Zn  35  72  69  46  50  68  59  49  42  88 

 13.0  5.3  25.8  Ga  10.8  3.1  5.9  12.7  15.2  2.7  1.0  3.1  14.7  23.5 

 1.56  0.90  12.40  Mo  1.68  0.89  0.67  0.75  0.65  1.49  1.04  0.67  1.01  0.81 

 0.25  0.35  1.63  Cs  0.26  0.09  0.13  0.22  0.21  0.07  0.37  0.08  0.09  0.15 

 0.27  0.43  0.27  Hf  0.19  0.17  0.38  0.48  0.69  0.20  0.17  0.32  0.44  0.65 

 0.12  0.06  0.07  Ta  0.02  0.03  0.06  0.07  0.06  0.03  0.09  0.04  0.11  0.07 

19–20 = Fedorova Tubdra, 20–23 = Kivakka, 24–27 = Burakovsky  
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    Table 7.5    Olivine composition from drusite massifs, wt %   

 No.  Sample No  Massif  Fo  SiO2  MgO  CaO  MnO  FeO  NiO  Total  MgOr 

 1.  20,671  Kamenka  79.71  38.96  42.35  0.11  0.3  19.21  0.28  101.2  25.88 

 2.  20,671  79.54  38.11  42.24  0.02  0.25  19.37  0.31  100.3  25.88 

 3.  20,671  78.94  38.22  41.92  0.01  0.3  19.94  0.28  100.7  25.88 

 4.  20,671  79.59  38.7  42.22  0.01  0.28  19.3  0.24  100.7  25.88 

 5.  20,671  80.12  41.58  40.64  0.04  0.22  17.97  0.24  100.7  25.88 

 6.  20,671  79.03  38.37  41.88  0.01  0.24  19.81  0.27  100.6  25.88 

 7.  20,671  78.70  38.42  41.72  0.01  0.3  20.13  0.23  100.8  25.88 

 8.  20,671  78.79  38.63  41.63  0.02  0.26  19.98  0.27  100.8  25.88 

 9.  20,671  79.01  38.44  42.23  0.03  0.26  20  0.25  101.2  25.88 

 10.  17,761  Massif at 463.9 m  77.52  38.76  40.85  0.04  0.25  21.11  0.29  101.3  24.33 

 11.  17,761  77.93  38.35  40.76  0.02  0.22  20.57  0.32  100.3  24.33 

 12.  17,761  78.45  38.8  41.44  0.03  0.32  20.29  0.26  101.2  24.33 

 13.  17,761  78.39  38.69  41.1  0.02  0.26  20.2  0.33  100.6  24.33 

 14.  16,091  Mt. Perchatka  72.58  37.7  37.28  0.02  0.28  25.11  0.4  100.8  19.46 

 15.  16,091  73.03  37.56  37.53  0.04  0.32  24.7  0.44  100.6  19.46 

 16.  16,091  73.08  37.67  37.84  0.02  0.13  24.85  0.37  100.9  19.46 

 17.  16,091  72.95  37.89  37.85  0.02  0.29  25.01  0.44  101.5  19.46 

 18.  16,091  73.24  38.04  37.83  0.03  0.33  24.64  0.4  101.3  19.46 

 19.  16,091  74.18  37.63  37.77  0.03  0.27  23.43  0.39  99.53  19.46 

 20.  16,091  74.17  37.28  37.52  0.04  0.29  23.29  0.38  98.81  19.46 

 21.  13,971  Sorkajoki  81.43  38.85  43.27  0  0.32  17.59  0.3  100.3  29.86 

 22.  13,971  81.25  38.72  42.65  0.02  0.31  17.54  0.3  99.54  29.86 

 23.  13,971  81.84  38.41  43.64  0.02  0.23  17.26  0.27  99.83  29.86 

 24.  13,971  81.85  38.62  43.5  0.03  0.29  17.19  0.3  99.93  29.86 

 25.  13,971  81.81  38.46  43.48  0.03  0.25  17.23  0.3  99.76  29.86 

 26.  13,971  81.96  38.85  43.63  0.01  0.23  17.12  0.28  100.1  29.86 

 27.  13,971  82.07  38.98  43.84  0  0.33  17.07  0.31  100.5  29.86 

 28.  13,971  82.15  38.76  43.64  0.02  0.27  16.9  0.29  99.88  29.86 

 29.  13,971  81.66  38.61  43.54  0.02  0.22  17.43  0.33  100.1  29.86 

 30.  13,971  81.86  38.94  43.57  0  0.19  17.21  0.32  100.2  29.86 

 31.  17,641  84.00  38.45  45.28  0.01  0.25  15.37  0.29  99.65  33.87 

 32.  17,641  83.67  38.27  44.81  0  0.24  15.59  0.32  99.23  33.87 

 33.  17,641  83.91  37.94  45.27  0.02  0.14  15.47  0.32  99.17  33.87 

 34.  17,641  83.73  39.2  44.64  0.02  0.26  15.46  0.36  99.96  33.87 

 35.  17,641  83.66  39.07  44.8  0.01  0.26  15.6  0.33  100.1  33.87 

 36.  17,641  84.14  39  45.32  0.11  0.32  15.23  0.33  100.3  33.87 

 37.  17,641  84.11  39.1  45.19  0.08  0.29  15.22  0.37  100.3  33.87 

 38.  17,641  84.36  38.75  45.62  0.06  0.2  15.07  0.3  100  33.87 

 39.  17,641  84.17  38.86  45.35  0.03  0.26  15.2  0.31  100  33.87 

 40.  17,641  83.66  39.32  45.1  0.02  0.27  15.7  0.29  100.7  33.87 

 41.  17,641  83.57  39.22  44.58  0.11  0.26  15.62  0.31  100.1  33.87 

 42.  17,641  83.65  39.03  44.77  0.05  0.29  15.6  0.33  100.1  33.87 

 43.  17,641  83.46  39.2  44.44  0.02  0.25  15.7  0.3  99.91  33.87 

 44.  17,641  83.32  39.17  43.98  0.04  0.24  15.69  0.31  99.44  33.87 

 45.  17,641  83.80  39.15  44.76  0.14  0.23  15.42  0.31  100  33.87 

 46.  17,641  83.47  38.49  44.76  0.18  0.16  15.8  0.31  99.71  33.87 

 47.  20,141  Sorkajoki  81.04  37.86  42.7  0.02  0.28  17.81  0.31  98.97  31.73 

 48.  20,141  81.23  38.12  42.74  0.02  0.24  17.6  0.29  99.02  31.73 

 49.  20,141  81.19  38.12  43.02  0  0.29  17.76  0.26  99.45  31.73 

 50.  20,141  81.15  38.49  42.74  0.01  0.31  17.7  0.25  99.49  31.73 

 51.  20,141  81.28  38.53  42.64  0.01  0.31  17.51  0.3  99.31  31.73 

 52.  20,911  77.85  37.3  40.18  0  0.27  20.38  0.27  98.4  26.43 

(continued)
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Table 7.5 (continued)

 No.  Sample No  Massif  Fo  SiO2  MgO  CaO  MnO  FeO  NiO  Total  MgOr 

 53.  20,911  77.60  37.43  39.73  0.01  0.27  20.44  0.28  98.16  26.43 

 54.  20,911  77.42  37.84  39.7  0.02  0.26  20.64  0.29  98.76  26.43 

 55.  22,521  Mt. Rumumistro  77.29  38.1  40.35  0.03  0.23  21.13  0.32  100.2  25.92 

 56.  22,521  77.38  38.8  40.47  0.02  0.28  21.09  0.34  101  25.92 

 57.  22,521  77.24  37.92  40.1  0.03  0.23  21.06  0.28  99.61  25.92 

 58.  22,521  77.23  37.84  39.94  0.06  0.27  20.99  0.28  99.37  25.92 

 59.  18,661  Poioiva  69.84  37.46  35.07  0.04  0.39  26.99  0.34  100.3  15.97 

 60.  18,661  69.62  37.38  34.9  0  0.32  27.15  0.31  100.1  15.97 

 61.  ОП-18  Anisimov  73.81  37.63  38.41  –  0.17  24.29  0.43  100.9 

 62.  Л-704  Pezhostrov  75.43  37.9  38.83  –  0.34  22.55  0.28  101.5 

 63.  ОГН-705  73.56  37.51  37.5  –  0.21  24.03  0.58  99.83 

 64.  L-В1  Voroniy  80.09  36.67  42.3  –  0.23  18.74  0.65  98.59 

 65.  L-В7  72.24  37.07  36.93  –  0.21  25.29  0.59  100.1  20.99 

 66.  L-П-16  Shang  79.73  37.87  44.68  –  0.38  20.25  0.38  100.1 

 67.  ОН-П30  Yudom  77.95  38.08  41.06  –  0.25  20.7  0.5  100.6 

 68.  L-П37  Navolok  76.21  37.61  39.45  –  0.28  21.95  0.57  99.86 

  Note: No 1–60, After Krivolutskaya et al. (2010a); No 61–68, after Sharkov et al. ( 2004 ); MgOr–MgO content in rocks; ‘‘–’’ is under D.L.  

     Table 7.6    Composition of chrome–spinels and ilmenite from drusite massifs, wt %   

 No.  Sample No  MgO  Al 2 O 3   TiO 2   V 2 O 3   Cr 2 O 3   FeO  MnO  ZnO  Summa  Massif  Cr# 

 1.  20,671  5.23  22.99  0.63  0.91  38.36  32.2  0.43  0.19  100.93  Kamenka  0.63 

 8.  20,671  5.12  24.93  1.02  0.58  35.23  32.52  0.38  0.44  100.22  Kamenka  0.59 

 2.  17,161  3.07  16.23  1.64  0.44  36.64  40.92  0.4  0.02  99.35  Massif at 463.1 m  0.69 

 3  17,761  6.1  25.96  0.28  0.4  37.64  29.87  0.42  0.09  100.77  Massif at 463.1 m  0.59 

 4.  17,761  6.96  30.16  0.17  0.31  33.56  29.15  0.39  0.2  100.9  Massif at 463.1 m  0.53 

 5.  12,461  1.27  0.03  52.3  0  0.04  45.51  1.16  0.12  100.43  Mt. Kontiovara 

 6.  12,461  1.16  0.01  52.58  0.29  0.04  45.4  1.16  0.04  100.68  Mt. Kontiovara 

 7.  12,461  1.3  0.02  52.28  0.17  0.04  45.63  1.15  0.04  100.58  Mt. Kontiovara 

 11.  13,971  3.5  12.17  1.05  0.43  37.77  41.59  0.46  0.42  97.38  Sorkajoki  0.76 

 12.  13,971  7.09  13.71  0.63  0.3  46.8  29.62  0.43  0.01  98.59  Sorkajoki  0.77 

 13.  17,641  3.88  10.23  7.23  0.72  35.21  37.71  0.5  0.04  95.52  Sorkajoki  0.77 

 14.  17,641  4.34  10.8  11.27  0.41  33.72  36.85  0.57  0.03  97.99  Sorkajoki  0.76 

 15.  16,091  3.22  25.56  1.54  0.66  33.52  33.72  0.31  0.99  99.53  Perchatka  0.57 

  Note: Сr# = Cr 2 O 3 /(Cr 2 O 3  + Al 2 O 3 )  

    Table 7.7    Garnet compositions from drusite massifs, wt %   

 No.  Sample No  MgO  Al 2 O 3   CaO  FeO  MnO  SiO 2   Total  Massif 

 1.  22,711  8.72  21.6  5.42  22.8  1.33  38.67  98.54  Poioiva 

 2.  15,211  7.48  21.9  8.01  24.62  0.3  39.3  101.6  Grob Tundra 

 3.  15,211  6.75  21.43  7.87  25.5  0.32  38.99  100.86  Grob Tundra 

 4.  15,211  6.96  21.68  8.7  24.01  0.39  39.27  101.01  Grob Tundra 

 5.  10,061  2.01  20.82  10.53  28.38  1.44  38.05  101.23  Massif at 403 m 

 6.  10,061  1.76  20.96  10.54  28.28  1.47  38.06  101.07  Massif at 403 m 

 7.  22,232  1.84  21.25  10.38  29.46  1.3  37.93  102.16  Massif at 403 m 

 8.  22,232  1.91  21.23  10.88  28.62  0.86  38.23  101.73  Massif at 403 m 

 9.  20,771  1.67  21.03  9.92  29.34  1.92  37.71  101.59  Mt. Krutaya 

 10.  20,771  1.75  21.3  10.03  29.23  1.94  38.4  102.65  Mt. Krutaya 

 11.  20,773  1.88  21.3  9.42  28.75  1.99  38.17  101.51  Mt. Krutaya 

 12.  20,773  1.74  21.34  9.78  28.35  2.54  37.98  101.73  Mt. Krutaya 

 13.  20,773  2.17  21.38  9.79  28.55  1.16  37.42  100.47  Mt. Krutaya 
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sisting of several bodies whose position is controlled by the 
general fold structure of the area; they are restricted to the 
bedding planes of the host gneiss members. Larger intru-
sions  typically occur as individual bodies. Morphologically, 
small massifs usually form rootless bodies of lenticular and 
phacolithic shape, while large massifs form subvertical 
stratal intrusions. Together with the host rocks, they were 
metamorphosed under the amphibolite facies, which caused 
changes in their morphology and mineral composition. 
Most of the intense alterations occurred where the massifs 
made contact with the host rocks, which is where ultrabasic 
rocks were often transformed into amphibolites and crystal-
line schists. 

 In terms of the structural–textural features of the rocks 
and the degree of their metamorphic transformations, the 
studied massifs of the drusite complex of the South Kovdor 
area can be subdivided into the following types: (1) Large 
(a few kilometers long), very weakly altered, basic–ultraba-
sic intrusions (Sorkajoki, Poioiva, Mt. Perchatka, Mt. 
Rumimuristo, and the Kamenka River) having an extended 
platelike or isometric shape. (2) Medium and, more rarely, 
larger intrusions (a few hundred meters to kilometers) mainly 
composed of gabbroids with subordinate amounts of ultraba-
sic rocks, which are variably altered with the preserved rel-
icts of primary magmatic textures (the massifs at 403 m in 
elevation, 463.9 m, Mt. Grob Tundra, 391 m, Mt. Krutaya 
Vostochnaya, the upper reaches of the Nora River and 
Mt. Kontiovara). (3) Small and medium (a few hundred 
meters) composed of strongly metamorphosed ultrabasic–
basic bodies transformed into garnet amphibolites and 
plagioamphibolites (the massifs of Mt. Lais-Tundra, Mt. 
Ristivara, Mt. Nora, Mt. Ragutchane, Mt. Krutaya, 408 m in 
elevation, the middle reaches of the Nora River, the Mt. 
Levoiva, and the western fl ank of the Poioiva Massif). 

 Drusite textures were identifi ed in all three types of 
massifs. 

 The typomorphic massif of the  fi rst type  is the large (up to 
7 km long and 1.5 km thick) sheeted, steeply dipping 
 Sorkajoki Massif  that extends in the NW direction and cuts 
across the fold structures of the Archean gneisses. The mas-
sif is mainly composed of fresh fi ne- to medium-grained 
ultrabasic rocks with subordinate basic rocks with massive 
structures. The predominant rocks are lherzolites and the less 
common plagioclase websterites, troctolites, olivine gab-
bronorites, and harzburgites. Olivine (15–75 %) occurs as 
large, euhedral crystals up to 1.5 mm in size and small, 
rounded poikilitic inclusions (0.2–0.5 mm) in pyroxene. 
More rarely, it occurs in plagioclase. The composition of the 
olivine (Table  7.5 ) varies within Fo 81.1–84.3 , and the clinopy-
roxene content in the rocks ( En  49   Fs  5   Wo  46 ) varies widely, 
reaching up to 75 vol.%. Orthopyroxene ( En  81–85   Fs  13–17   Wo  2–5 ) 
is observed as colorless, elongated crystals up to 1 mm in 
size (5–55 %). The rocks of this massif contain the most 
Cr–spinel (Cr# = 0.77; Table  7.6 ).

    Polysynthetically twinned grains of plagioclase ( An  57–59 ) 
fi ll the interstices between mafi c minerals as well as form 
poikilitic inclusions in the pyroxenes. Its highest content in 
the rocks was no more than 20 %. In some samples, grains of 
olivines and, partly, orthopyroxenes, which occur at the con-
tact zone with the plagioclase, are often fringed by one- or 
two-layer (<0.02 mm) amphibole–pyroxene rims, which 
form coronal or drusite textures. The rims can occupy up to 
55 vol.% of the rock. All samples contain evenly  disseminated 
chromite (1–3 %) with a Cr 2 O 3  content of up to 46.8 wt %. 

 In terms of the composition of the derivatives, the close 
analogue of the Sorkajoki Massif is the  Poioiva Massif , which 
is dominated by olivine gabbronorites and gabbronorites. The 
rocks consist of rounded grains of olivine  Fo  77–78  and its relicts 
(5–10 %), large xenomorphic grains of clinopyroxene ( En  53–60  
 Fs 9  Wo  31–38 ), and smaller orthopyroxene crystals. Plagioclase 
is observed as large laths ( An  56–55 ) with ingrowths of pyrox-
enes and olivines, or it forms irregularly shaped grains that fi ll 
the interstices between grains of mafi c minerals. Its content in 
the rocks varies from 20 to 40 %. At the contact point with 
plagioclase olivine, it is fringed by the rims described above. 
The secondary minerals are chlorite, biotite, and pelite materi-
als. The rocks have gabbro, gabbroophitic, hypidiomorphic, 
poikilitic (in places), and coronal textures. The  Mt. 
Rumimuristo Massif , which is characterized by a higher meta-
morphic grade, is also ascribed to this type. The weakly altered 
rocks of this massif contain olivine, whose composition is 
very close to the composition of the olivine from the Poioiva 
Massif ( Fo  77–78 ). However, practically, the entire plagioclase is 
newly formed, which follows from its fairly acid composition 
 An  34–39 . The intense metamorphic overprint is confi rmed by 
the discovery of high-Mg amphibole (Mg# = 81–82). The  Mt. 
Perchatka  Massif is primarily made up of gabbronorites with 
subordinate lherzolites. Among the intrusions of this type, this 
massif contains the olivine with the most Fo and narrow varia-
tions of the forsterite component ( Fо  72.5–74 ). This is also typical 
of clinopyroxene, which contains the least amount of 
 magnesium (Mg# = 78.4–79.6) among the clinopyroxenes 
compared to other massifs. Its composition varies within the 
following limits:  En  62–59   Fs  10–06   Wo  31–28 . The magnesian num-
ber of orthopyroxene is lower than that of clinopyroxene and 
varies from 76.4 to 78.9 ( En  76–78   Fs  18–24   Wo  2 ). 

 The  second type  of massifs includes the medium-sized 
(hundreds of meters to a few kilometers), strongly altered 
bodies with relicts of primary rocks and variable proportions 
of magmatic and metamorphosed rocks. The most character-
istic massif of this type is the  Massif at 403.0 - m  elevation, 
which is mainly composed of metagabbroids and plagioam-
phibolites. The metagabbroids differ from the plagioamphib-
olites by the presence of relicts with clinopyroxene inclusions 
in amphibole (up to 20–30 %) with relatively high Fe (Mg# 
70), relicts of gabbro, ophitic textures, and a spotted struc-
ture. The amphibolites were presumably formed after the 
gabbroids during regional metamorphism. Also among the 
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intrusive bodies of this type is the  Massif of 463.9 m . The 
unaltered rocks of this massif (lherzolite, olivine gabbro) 
contain olivine  Fo  78.5–77  as well as orthopyroxenes ( En  80–82  
 Fs  22–16   Wo  2 ) and clinopyroxenes ( En  55–60   Fs  10   Wo  37–33 ). Olivine 
associates with Cr–spinellids containing 33.6–37 wt % Cr 2 O 3  
and elevated Zn contents (up to 0.2 wt %). The rocks have a 
nematoblastic fi ne- to medium-grained texture and a lenticu-
lar–gneissose foliated structure. In some samples, rocks are 
transformed into amphibolites. Amphibole (Mg# 81.5) 
accounts for up to 90 vol.%, and additionally, there is chlo-
rite, carbonate, and rutile. Olivine gabbro and metagabbro in 
the 391.2-m-high massif are also ascribed to this type. 

 Plagioamphibolites consist mainly of amphibole, which is 
represented by green hornblende, more rarely the almost col-
orless, greenish mineral of the actinolite–tremolite series (35–
75 %, Mg# = 30–40–57) and sericitized, pelitic plagioclase 
(25–50 %) with occasional polysynthetic twins. These rocks 
typically contain up to 15 % Fe–garnet (almandine), which 
often forms pseudomorphs and contains inclusions of other 
minerals, such as quartz (1–5 %). Accessory minerals are rep-
resented by titanite, apatite, zircon, and oxide minerals (Cr–
spinellids with Cr 2 О 3  contents of 33.6–37.6 wt %; Table  7.6 ). 
Amphibole is replaced by red–brown biotite, epidote, and 
chlorite. The rocks have a nematogranoblastic, sometimes 
cataclastic, and poikiloblastic texture and a banded–spotted, 
lenticular–banded to vaguely banded structure. 

 One more massif in this group is the  Mt. Grob Tundra 
Massif  represented by fi ne-grained gabbroids that are often 
transformed into amphibole metagabbro and amphibolites 
that are often with garnet. The gabbros and metagabbros 
consist of large euhedral plagioclase (25–50 %) with poly-
synthetic twins and poikilitic inclusions of pyroxene (up to 
55 %) that are almost completely replaced by fi ne-grained 
actinolite–tremolite aggregate (Mg# = 55.5–82). Amphibole 
is replaced by biotite (2–3 %), epidote (5–7 %), and chlorite 
(10–15 %). The rock has a fi ne-, medium-, to coarse-grained, 
poikilitic, and gabbro texture. 

 Plagioamphibolites differ from amphibolites due to the 
presence of large (up to 10 mm) grains and porphyroblasts of 
garnet (FeO up to 21.7 wt %; Table  7.7 ), blue–green horn-
blende, and a variable amount of plagioclase (5–50 %). Their 
peculiar feature is a nematogranoblastic, porphyroblastic, 
and poikiloporphyroblastic texture and a massive, sometimes 
gneissose, structure.

    The third type  is represented by numerous small intrusive 
bodies mainly consisting of metamorphic rocks, amphibo-
lites, and plagioamphibolites, often with garnet and quartz 
and relicts of primary gabbroids. The intrusions of this type 
are similar in mineral composition and structural–textural 
features. The characteristic  Mt. Lais - Tundra Massif  is repre-
sented by plagioamphibolites and garnet amphibolites with a 
gneissose, thin-banded texture. The rocks consist of 45–50 % 
amphibole (Mg# 40.5–45), which is partly actinolitized or 
chloritized and replaced by epidote–chlorite aggregate, and 

45–50 % of a very acidic ( An  15–13 ), strongly sericitized pla-
gioclase and quartz. Plagioclase often forms diablastic inter-
growths with quartz, which shows simultaneous extinction. 
The accessory minerals are apatite and rutile.  The Massif of 
the middle reaches of the Nora River  has a very permanent 
rock composition. It is made up of inequigranular medium- 
to fi ne-grained plagioamphibolites with gneissose structure. 
Amphibole occupies up to 60–70 vol.% and has a more mag-
nesian composition compared to that from the Lais-Tundra 
Massif (Mg# 48.5–54.0). Strongly sericitized plagioclase 
accounts for 35 vol.%, and quartz accounts for up to 3 %.  

7.3     Brief Geology of the Layered Plutons 

 The drusite massifs were compared to several well-studied 
layered plutons, which are considered to be reference objects 
of the peridotite–pyroxenite–gabbronorite formation 
(Fig.  7.1 ). The list of the rock samples from the layered 
intrusions is given in Table  7.2 . Brief information on the 
structure and composition of these intrusions from the litera-
ture is reported below with indications of the sampling local-
ities (Figs.  7.3a–d  and  7.6e ).

    Monchepluton  represents a typical layered ultrabasic–
basic intrusion that is approximately 1,000 m thick and con-
tains deposits and occurrences of Cu–Ni, sulfi de, chromite, 
and PGE ores of magmatic genesis. The massif has an arch 
shape and consists of two chambers (Fig.  7.3a ). One, which 
is 7 km long, is oriented in the NE direction and expressed 
topographically by the Nittis, Kumuzh’ya, and Travyanaya 
mountains. From the bottom upward, it is made up of a thick 
basal zone of quartz-bearing norites and gabbronorites from 
10 to 100 m, harzburgites (100–200 m), a zone of alternating 
harzburgites and orthopyroxenites (250–400 m), and 
orthopyroxenites (300–700 m) with lenses of nodular chro-
mites (Mt. Kumuzh’ya). The structure of the northeastern 
chamber is complicated by the presence of the Dunitovyi 
block, which contains the Sopcha Lake chromite deposit. 
The total thickness of the rock section increases from the 
south northward from 200–300 m to 800–1,000 m. The sec-
ond chamber is 9 km long and extends in the eastern direc-
tion via the summits of the Sopchuaivench and Poazuaivench 
mountains (Smolkin et al.  2004 ). It is composed (from the 
bottom upward) of quartz-bearing gabbronorites and norites, 
melanocratic norites with lenses, and intercalations of harz-
burgites and norites, meso- and leucocratic norites, and gab-
bronorites with beds of sulfi de-bearing dunite–harzburgites 
that are 1–5 m thick in the upper section (Mt. Sopcha, ore 
layer 330). The total thickness of the rock section of the 
eastern chamber varies from 300–400 to 600–800 m thick. 
Samples were taken from the section of both chambers: Mt. 
Nittis, Mt. Travyanaya, Mt. Nyud, and Mt. Sopcha (Fig.  7.3a ). 

  The Monchetundra Massif  is part of one of the largest gab-
bro–anorthosite plutons in the Baltic Shield, the Main Range 
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  Fig. 7.3    Schematic geological maps of the layered intrusions of the Karelia–Kola region.
( a ) Scheme of the geological structure of Monchepluton. ( 1 ) Gabbronorites and anorthosites of the Monchetundra Massif, ( 2 ) metavolcanics; 
( 3 ) gabbronorites, gabbros, and anorthosites of the foothills of Vurechuaivench; ( 4 ) melanorites; ( 5 ) norites; (After Smolkin et al.  2004 )
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Massif (440 km 2  in area). The submeredional fault splits the 
pluton into two tectonic blocks, Chuna–Volch’I Tundras and 
Moncha Tundra. A 5-km vertical section of the Main Range 
pluton is subdivided into three zones (Sharkov  2006 ): the low-
ermost, 500–600-m-thick gabbronorite zone (sampled for 
comparison); the up to 2-km-thick middle gabbronorite–
anorthosite zone, and the no less than 2.5-km- thick upper-
most zone, which consists of coarse-grained massive and 
taxitic gabbro–anorthosites. The pluton differs in its presence 
of coronal textures at the contact between the olivine and pla-
gioclase and its relatively weakly expressed hidden layering. 

  The Umbarechensky Massif  is part of the Umbarechensky–
Imandra Complex (Smolkin et al.  2004 ). It has a sheet- like 
shape with variable thickness from 0.5 to 1.5 km thick, and 
its outcrops extend for approximately 70 km (Fig.  7.3b ). The 
main part of the massif is located in the southern limb of the 
synclinal structure between the felsic volcanics of the 
Seidorechka Formation and the Archean Basement, while its 
western part is completely localized among the rocks of the 
Archean complex. The pluton is subdivided into six zones 
consisting of diverse gabbroids that are dominated by meso-
cratic gabbronorites containing micropegmatite intergrowths 
of quartz with acid plagioclase. The lowermost part of the 
massif contains chromite interlayers (samples were taken 
from the gabbronorites and olivine-bearing varieties), while 
the upper part is represented by mineralized gabbro with 
abundantly disseminated Ti–magnetite. 

  The Fedorova – Pana pluton  (80 km 2  in area) extends in the 
northwestern direction for a distance of more than 25 km and 
dips to the southwest at 30–35° (Latypov and Chistyakova 
 2000 ). The thickness of the section is approximately 4 km. 
At the present-day erosion level, this pluton is faulted into 
several blocks (Fig.  7.3c ), the largest of which (from west to 
east) are the Fedorova, Western Pana, and Eastern Pana tun-
dras. The pluton predominantly consists of gabbronorites, 

leucogabbro, and anorthosites as well as pyroxenites and 
harzburgites. Several horizons of low-sulfi de PGE mineral-
ization were identifi ed in the upper part of the section. We 
sampled the section of the Western Pana Tundra that is sub-
divided into the following zones (from the bottom upward): 
(1) marginal zone (50–60 m, taxitic gabbronorites), (2) norite 
(40–50 m), and (3) gabbronorite (approximately 4000 m). 

  The Kivakka intrusion  is ascribed to the Olanga group of 
the layered peridotite–gabbronorite intrusions of North 
Karelia. The host rocks are represented by upper Archean 
migmatized biotite and amphibole and granite gneisses. 
The intrusion has an inverted cone morphology whose axis 
dips at 40° to the northwest. The exposed part of the massif 
is represented by the uppermost part of the cone, which 
consists of layered series from the marginal chill zone to 
the roof. The massif is subdivided into the lower gab-
bronorite contact zone (approximately 100 m), the layered 
series (1,700 m), and the uppermost-contact zone (up to 
50 m) (Bychkova et al.  2007 ). In terms of cumulus assem-
blage, the layered series consists of the following zones 
that were sampled for study: olivinites (dunites), norites, 
gabbronorites, and gabbronorites with pigeonite (Fig.  7.3d ). 

  The Burakovsky pluton  is situated in East Karelia. The host 
rocks are the Baltic Shield’s oldest rocks, which are repre-
sented by tonalite granite gneisses with small fragments of 
metakomatiites. The pluton has an irregular oval shape that is 
curved in map view. Its length is 50 km with a width of 
13–17 km, and it consists of two large blocks, Aganozero and 
Shalozero–Burakovsky, which touch at their upper sections 
(Chistyakov et al.  2000 ,  2002 ; Nikolaev and Ariskin  2005 ). 
They are separated by a fault and have autonomous internal 
structures. The funnel shape of the Aganozero block is 
extended in the submeridional direction. It is made up of 
ultrabasic rocks that are replaced from the bottom upward by 
basic rocks that form a small, synclinal structure in its center. 

Fig. 7.3 (continued) ( 6 )  orthopyroxenites; ( 7 ) intercalation of  harzburgites, olivine pyroxenites, and orthopyroxenites; ( 8 ) harzburgites and rocks 
of the near-bottom series of the Nittis–Kumuzh’ya–Travyanaya (NKT) mounts; ( 9 ) plagiodunites and chromitites of the Dunitovyi block; ( 10 ) 
sulfi de rocks of the NKT and Mt. Sopcha ore fi elds; ( 11 ) felsic volcanics of Mt. Aivarench; and ( 12 ) faults. ( b ) Geological scheme of the 
Umbarechka–Imandra intrusive complex (After Smolkin et al.  2004 ). Supracrustal rocks: ( 1 – 5 ) Lower Proterozoic, ( 1 ) volcanoterrigenous rocks 
of the Selenoozerskaya Formation and (2) tholeiitic basalts of the Mitrijarvi Formation, ( 3 ) terrigenous-carbonate rocks of the Umba Formation, 
( 4 ) high-Mg basalts of the Polisarka Formation, ( 5 ) felsic rocks, ( 6 ) Archean gneisses. Intrusive rocks: ( 7 ) nepheline syenites of the Khibiny tun-
dras; ( 8 ) syenites of the Soustov Massif; ( 9 ) ultrabasic intrusions; ( 10 – 13 ) rocks of the Imandra lopolith: ( 10 ) melanorites of the lower layer, ( 11 ) 
gabbronorites of the Main and ( 12 ) ferrogabbro- diorites of the Roof zone, ( 13 ) marker gabbro–anorthosite horizons and overlaying ore gabbro; 
( 14 ) Bol’shaya Varaka chromite deposit; ( 15 ) Archean granites; ( 16 ) faults; ( 17 ) bedding of layering.  U  designates the Umbarechka Massif of the 
Imandra lopolith. ( c ) Geological scheme of the Paleoproterozoic Western Pana Tundra intrusion (After Latypov and Chistyakova  2000 ). ( 1 – 3 ) 
Lower Proterozoic volcanogenic–sedimentary rocks of the Strel’na Group of the Imandra–Varzuga zone: ( 1 ) metaandesites of the Seidorechka 
Formation, ( 2 ) quartzites of the Seidorechka Formation, ( 3 ) metabasalts of the Kuksha Formation, ( 4 ) alkaline granites of the Belye Tundras, ( 5 ) 
dikes of gabbro-dolerites and quartz dolerites, ( 6 – 10 ) intrusive rocks of the Western Pana Tundra, ( 6 ) magnetite gabbros with inverted pigeonite, 
( 7 ) layered horizons, ( 8  and  9 ) trachytoid and massive rocks, ( 10 ) rocks of the norite and marginal zones, ( 11 ) Archean gneisses and granitoids of 
the Keivy geoblock, and ( 12 ) faults. ( d ) Geological scheme of the Kivakka Massif (After Bychkova et al. 2007). Lower- and upper-contact zones; 
( 2 ) olivinite zone; ( 3 – 4 ) norite zone, ( 3 ) subzone of bronzite–norite intercalations, ( 4 ) norite subzones; ( 5 ) gabbronorite zone; ( 6 ) pigeonite gab-
bronorite zone; ( 7 ) geological boundaries; and ( 8 ) faults. ( e ) Geological scheme of the Burakovsky intrusion (After Chistyakov et al.  2000 ). ( 1 ) 
Marginal series; ( 2 – 7 ) layered series, ( 2 ) dunite, ( 3 ) reridotite, ( 4 ) pyroxenite, ( 5 ) gabbronorite, ( 6 ) pigeonite gabbronorite, ( 7 ) magnetite gabbro-
diorite; and ( 8 ) faults. Sampling localities are shown by  boxes        
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The Shalozero–Burakovsky block extends in the northeastern 
direction and has a lopolith-like shape; it mainly consists of 
basic rocks, while ultrabasic rocks occur at the deeper levels. 
The layered series of both blocks have similar structures. 
From the bottom upward, they are subdivided into fi ve zones: 
ultrabasic, pyroxenite, gabbronorite, pigeonite gabbronorite, 
and magnetite gabbronorite–diorite. The latter zone only 
developed in the Shalozero–Burakovsky block. Samples were 
collected from boreholes 20, 200 (Aganozero block) and 45 
(Shalozero–Burakovsky block), which are shown in Fig.  7.3e .  

7.4     Petro- and Geochemical Features 
of the Rocks of the Drusite Massifs 
and the Reference Samples 
of the Layered Plutons 

7.4.1     Major Elements 

 The rocks from all of the studied massifs show continuous and 
wide variations in composition. Most of the rocks have normal 
alkalinity, except for a few subalkaline varieties (Tables  7.1  and 
 7.2 ). In the Harker binary diagrams (Fig.  7.4 ), the contents of 
the major rock-forming oxides show very signifi cant variations 
(wt %): MgO, 1.55–47.52; SiO2, 35.56–58.46; TiO2, 0.02–3.94; 
FeO, 3.32–18.43; K2O, 0.01–1.12; Na2O, 0.01–5.82; 
Al2O3, 0.52–21.72, and P2O5, 0.01–0.32. The maximum com-
positional variability was found in strongly differentiated, lay-
ered intrusions consisting of ultrabasic and basic rocks.

   The widest variations in Mg were identifi ed in the rocks 
of the Burakovsky Massif (47.5–4.91 wt % MgO). In the 
Monchepluton, the rocks with the highest Mg were sam-
pled from the Dunitovyi block (MgO up to 39.48 wt %), 
while the gabbroids of Mt. Nyud contain only 8.32 wt %. 
Signifi cant variations in MgO are also noted in the 
Fedorova Tundra Massifs, where concentrations of this 
element decrease from 26.38 to 9.59 wt % from the ultra-
basic rocks to the gabbroids, and in the Pana Tundra Massif 
(MgO = 26.38–3.32 wt %). The MgO content in the 
Kivakka Massif varies within the same range (37.05–
8.91 wt %), and the rocks of the Umbarechka Massif have 
high contents of SiO 2  and MgO (55–56 and 18–20 wt %, 
respectively). The norites of the Main Range Massif were 
only analyzed for trace elements. 

 In terms of the major element composition, the rocks of 
the drusite complex show strong variations, but their data 
points delineate individual fi elds. The end members of this 
set are two massifs, Sorkajoki (high Mg) and 403.0 m in 
height (low Mg), but they are represented by few samples. 
The compositions of the other massifs are similar to the com-
positions of the former or latter intrusions. 

 The Sorkajoki Massif is made up of Cr-rich rocks with the 
highest Mg concentrations (MgO = 23.02–37.08 wt %), which 
form distinct trends in almost all of the diagrams, including 

SiO 2 –MgO (R 2  = 0.6, Fig.  7.4a ). The rocks of the 403.0-m-high 
massif are sharply different with their low MgO contents 
(1.55–6.88 wt %) and elevated FeO (up to 18.1 wt %) (Fig.  7.4 ). 
The contrast in the composition of these two massifs is empha-
sized by a sharp difference in TiO 2 , P 2 O 5 , and total alkalis 
(K 2 О + Na 2 O); the elevated contents of which are typical of the 
Massif as high as 403.0 m. The comparison of the drusite mas-
sifs with the reference layered intrusions testifi es that, in terms 
of the differentiation index and major oxide composition, the 
Monchegorsk pluton is similar to the massifs of the Sorkajoki 
River, Poioiva, Mt. Perchatka, Mt. Lais-Tundra, the middle 
reaches of the Nora River, and Mt. Rumimuristo. They are not 
only characterized by elevated MgO contents but also by low 
contents of TiO 2  (<0.5 wt %) (Fig.  7.4b ) as well as by similar 
phosphorus behavior in the studied samples. 

 The second group represented by high-Fe and high-Ti 
rocks comprises the Massifs of 403 m in height, Mt. 
Kontiovara, Kamenka R., Mt. Ragutchane, some of the rocks 
of Mt. Levoiva, and the dikes of Mt. Grob Tundra. They are 
characterized by low Mg and elevated P contents. Thus, the 
massifs are clustered into two groups: high-Mg massifs with 
elevated Cr content (Sorkajoki group) and relatively low-Mg 
massifs enriched with Fe, Ti, and P (403 m in height massif 
type, Fig.  7.6b ). The 391.2-m and 463.9-m massifs and those 
of the upper and middle reaches of the Nora River, Mt. 
Krutaya (Fig.  7.7 ), and the western fl ank of the Poioiva River 
occupy an intermediate position.  

7.4.2     Behavior of the Trace Elements 
in the Rocks 

 The trace element distribution patterns in the rocks of the 
layered plutons and drusite massifs were compared using 
primitive, mantle-normalized spidergrams (normalized by 
Hofmann  1988 ) and can be subdivided into three groups 
(Figs.  7.5 ,  7.6 , and  7.7 ; Tables  7.3  and  7.4 ). The fi rst group 
includes all of the rocks of the layered plutons and is distin-
guished by two main characteristics: a negative Ta–Nb 
anomaly and sharp enrichment by light elements. This group 
also displays positive Sr and a weakly expressed negative Ti 
anomaly. The HREE distribution is fl at with a slight upward 
concavity at the end of the pattern, which is regarded as the 
signature of initial boninitic magmas. Such patterns are typi-
cal of the Umbarechensky and Kivakka massifs (Fig.  7.5a ), 
especially of the Monchepluton and Monchetundra massifs 
(Fig.  7.5b ), as well as the Burakovsky and Fedorova–Pana 
plutons (Fig.  7.5c ). The abundances of the trace elements in 
the rocks of the latter massif vary within an order of magni-
tude with their lowest values being found in the dunites and 
olivine norites.

     The same types of spidergrams are typical of most of the 
rocks of the drusite complex: peridotites of the Sorkajoki 
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  Fig. 7.4    Harker diagrams for the rocks of the drusite complex and layered plutons       
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  Fig. 7.6    Rare element patterns for massifs Sorkajoki, 403 m high       

  Fig. 7.5    Rare element patterns for massifs Poioiva, Kamenka River, 
Mt. Perchatka, 463.9-m high, Nora River, Lais-Tundra, Mt. Ristivara       

Massif (Fig.  7.6a ). The second group of patterns was only 
identifi ed in several drusite massifs (403.0 m in height and 
others, Fig.  7.6b ). They are characterized by an insignifi cant 
slope on the left-hand side, which indicates weak enrichment 
by incompatible elements, and the spectra sometimes exhibit 
negative Sr and Nb anomalies. Such spidergrams are typical 
of the metagabbros and gabbronorites of the 403.0-m-high 
massif. The gabbronorites of the Poioiva intrusion, Mt. 
Perchatka, and the Kamenka River, 463.9 m in height; the 

upper reaches of the Nora River (Fig.  7.7 ); and the amphibo-
lites of Mt. Lais-Tundra and Mt. Ristivara. The spidergrams 
of the third group are similar to the patterns described above but 
show no enrichment, being sometimes depleted of the light 
trace elements. These are mainly metagabbros and amphibo-
lites of Mt. Levoiva, the middle reaches of the Nora River, 
Mt. Nora, Mt. Ragutchange, Mt. Grob Tundra, and the rocks 
of Mt. Kontiovara (Fig.  7.8 ). Rock groups distinguished on 
the basis of geochemistry differ from those characterized by 
petrographic features, which mainly refl ect the degree of 
alteration of the primary rocks. This leads us to conclude that 
differences in trace element patterns could not be caused by 
metamorphic processes but refl ect the primary characteris-
tics of the parental magmas of these massifs (see later).

   However, they somewhat differ from the reference layered 
plutons in their more fractionated patterns, which is deter-
mined by two ratios (Fig.  7.9 ), (La/Sm) n  (2.5 on average, 
Fig.  7.9 ) and (Gd/Lu) n . The latter ratio varies from 1.1 to 1.9, 
indicating the absence of an upward trend from Tm to Lu (as 
in the Monchepluton). In turn, the Th/Nb ratio, the measure of 
a negative Ta–Nb anomaly, is variably expressed in these 
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massifs. The deepest anomaly is observed in the patterns of 
most of the rocks of the Sorkajoki Massif, the upper reaches 
of the Nora River, the Kamenka River, 469.8 m in height, Mt. 
Perchatka, and the Poioiva Massif, where (Th/Nb) varies 
within 3–4 (Fig.  7.9a ). The maximum value of this ratio was 
found in the Mt. Ristivara Massif, which exceeds the highest 
values of the layered plutons and those of the Umbarechensky 
Massif in particular; (Th/Nb) n  = 5.7–6.4. The presence of this 
anomaly and its depth, together with the light element enrich-
ment, indicates a signifi cant role of crustal contamination of 
the parental magmas that gave birth to these massifs.

7.4.3        Behavior of the Rare Earth Elements 

 For a more detailed comparison of the studied rocks, the 
REE distribution patterns were considered separately 

(Fig.  7.10 ). In terms of the REE distribution patterns, the 
rocks of the drusite complex are subdivided into two 
groups. The fi rst, fairly uniform group is comprised of the 
rocks of the massifs of Sorkajoki, Poioiva, Mt. Perchatka, 
the Kamenka River, 463.9 m in height, the upper reaches 
of the Nora River, Mt. Lais-Tundra, and Mt. Ristivara 
(Fig.  7.10a ). Their patterns are almost parallel with each 
other and show signifi cant LREE enrichment; the 
 normalized La contents vary from 4.02 to 15.67. The 
 right-hand sides of the patterns are subparallel to the 
 horizontal axis, and this group includes gabbronorites, 
olivine gabbronorites, and amphibolites. The rocks of this 
group show no Eu anomaly.

   The second group of REE patterns is less homogeneous 
(Fig.  7.10b ). They have similar or parallel HREE patterns 
[the normalized Lu contents vary from 4.63 (Mt. Ragutchange 
Massif, olivine metagabbro) to 9.24 (Mt. Krutaya, metagab-
bro)] but show wide variations in LREE contents. Some 
rocks are rich in these elements relative to the primitive man-
tle (leucogabbro from the 403-m-high massif, plagioamphib-
olite from Mt. Levoiva, metagabbro of Mt. Krutaya), whereas 

  Fig. 7.7    Rare element patterns for massifs Poioiva, Kamenka River, 
Mt. Perchatka, 463.9-m high, Nora River, Lais-Tundra, Mt. Ristivara       

  Fig. 7.8    Rare element patterns for massifs Mt. Krutaya, Mt. Kontiovara, 
408.8-m Mt. Ragutchane, Mt. Grob Tundra, Mt. Levoiva, Nora River       
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the other rocks are not. Among the latter are the metagabbro 
and garnet amphibolites of the massifs of Mt. Grob Tundra 
and at 403 m in height. The rocks of the Mt. Ragutchane 
Massif (olivine metagabbro and garnet amphibolites) have 
somewhat depleted LREE patterns. Two patterns fall beyond 
the typical range of this group. The fi rst is that of the amphib-
olite from Mt. Kontiovara, which has an REE pattern similar 
to the others, but the REE contents are an order of magnitude 
lower (approximately 1 compared to 10 for the normalized 
contents of the other rock varieties). 

 Their analysis revealed the strong difference between the 
reference rocks of the layered plutons. It should fi rst be noted 
that the rocks of the Monchepluton have lower REE contents 
compared to the rocks of the other intrusions (Fig.  7.11a ). 
Their lowest contents [depleted relative to the primitive man-
tle (Crock/CPM < 1)] are typical of the ultrabasic rocks and 
dunites of the Dunitovyi block and the peridotites of Mt. 
Sopcha. The normalized patterns of these rocks show a con-
cave upward trend as a consequence of strong MREE deple-
tion. The LREE content is somewhat higher than HREE, and 
it should be noted that this feature, to a varying extent, is 
typical of other rocks: the orthopyroxenites of Mt. Nittis and, 
partly, the gabbronorites of Mt. Travyanaya. At the same 
time, some peridotites and dunites show patterns of REE 
enrichment with PM-normalized contents close to or even 
higher than one. A negative Eu anomaly was only found in 
one sample. A small positive Eu anomaly, at the expense of a 

signifi cant amount of plagioclase, is present in the gabbroid 
patterns (norites and leucogabbro).

   Only the dunites of the Burakovsky pluton (Fig.  7.11b ), 
whose REE contents are even lower than in similar rocks 
from the Dunitovyi block, are similar to the Monchepluton. 
The study sample is also depleted of MREE (below 0.01 PM). 
The ultrabasic rocks of the Kivakka Massif have higher REE 
contents compared to similar rocks of the Monchepluton 
which have lower contents relative to the remaining rock vari-
eties from the other massifs. The PM-normalized REE pat-
terns in the rocks of the Kivakka, Burakovsky, and 
Fedorova–Pana Tundra plutons are mostly above that of the 
primitive mantle and show signifi cant LREE/HREE enrich-
ment. Their prominent feature is the presence of a well- 
expressed, positive Eu anomaly. This group mainly 
incorporates gabbroids (norites and gabbronorites) as well as 
pyroxenites. The Umbarechensky pluton differs slightly from 
the aforementioned massifs. In general, its trace element pat-
terns are similar in shape, but its rocks (gabbronorites and 
amphibolized norites) are signifi cantly enriched by LREE 
(La > 10) and have a negative Eu anomaly. 

 Taking into account the multiple occurrences of ultraba-
sic–basic magmatic bodies in the Karelia–Kola–Lapland 
region as well as the absence of stratifi ed deposits, it was 
necessary to determine the place of the drusite complex and 
its role in the general evolution of the Earth’s crust in the 
region. Since drusites are mainly distributed within the 

  Fig. 7.9    Diagrams (a) (Th/Nb) n –(La/Yb) n  and (b) (La/Sm)n–Gd/Lu)n for rocks from the drusite complex       
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Belomorian Mobile Belt, we compared them with composi-
tionally similar massifs from adjacent territories (the 
Karelian and Kola Peninsula). 

 The discovery of basic and ultrabasic rocks with coro-
nal textures (Fedorov  1886 ) and their subsequent integra-
tion into the drusite complex were of extreme signifi cance 
to the understanding of the geological evolution of the 
region. 

 In the early stages of the study of these magmatic com-
plexes (1904–1960s), attention was primarily focused on 
the geological methods, which allowed for the establish-
ment of the spatiotemporal relationships between the rocks. 
Since the works of A. Shurkin et al. ( 1962 ), the problem of 
the integration of gabbro–anorthosites and lherzolite mas-
sifs into a single complex was a matter of hot debate. It was 
believed that gabbro–anorthosite drusites were Archean in 
age while peridotites were Proterozoic, but both of these 
types share a common origin. In spite of intense isotope 
studies, the problem of their genesis, in particular the com-
position of parental melts, remains controversial. It was sug-

gested that they were derived either from boninite-like 
(Bogdanova and Bibikova  1993 ) or picrite melts (Lobach-
Zhuchenko et al.  1998 ; Kratts et al.  1980 ) or formed via the 
subsequent intrusion of magmas of different compositions 
(Early Precambrian…  2005 ). These contradictions are 
mainly related to uncertainty in the genetic models of the 
coronal textures, on the basis of which they were ascribed to 
a single complex. The mechanisms of the formation of 
drusite textures at different stages of rock evolution (early 
and late magmatic and metamorphic stages) have been dis-
cussed in the literature for a long time. 

 One geologist believed that they represented the reaction 
rims between the mafi c minerals and melt while others 
regarded them as products of retrograde metamorphism. A 
considerable contribution to this problem was the determina-
tion of the physicochemical parameters of the formation of 
drusite structures. In particular, L. V. Larikova ( 2000 ,  2002 ) 
showed that they are formed at certain temperatures (660–
690 °C) and pressures (6–8 kbar). Corona growth is con-
trolled by the mechanism of prograde metamorphism, which 
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  Fig. 7.10    REE patterns for massifs of the drusite complex       
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  Fig. 7.11    REE patterns for layered intrusions of the Kola–Karelia area       

was experimentally confi rmed (Larikova and Zaraisky  2002 ). 
This mechanism results in the formation of different types of 
drusite structures in both olivine-bearing and olivine-free 
rocks. With increasing water pressure and subsequent retro-
grade metamorphism, the structures are decomposed, and 
the rocks are transformed into garnet amphibolites. The for-
mation of coronal textures at the contact between the olivine 
and plagioclase was considered by A. Tomilenko and 
S. Kovyazin (Tomilenko and Kovyazin  2008 ) to be the 
example of the Korosten anorthosite pluton. The authors dis-
tinguished several generations of rock-forming minerals that 
compose the rocks: olivine, orthopyroxene I, clinopyroxene 
I, and plagioclase I. The structure of the coronas around the 
olivine in these rocks differs from those in the ultrabasic–
basic rocks of the Belomorian complexes. The inner zone is 
typically composed of orthopyroxene II, while the outer 
zone consists of symplectite intergrowths of plagioclase II, 
orthopyroxene III, clinopyroxene II, and orthoclase. 

However, the study of fl uid–crystalline inclusions in olivine 
fi ssures led the authors to conclude that the drusite textures 
were formed via the reaction between olivine and orthopy-
roxene with the participation of CO 2 -rich postmagmatic 
 fl uids under subsolidus conditions at  T  = 980–860 °C and 
 P  > 5 kbar. 

 Petrographic studies have shown that coronal textures are 
not only observable in the small rootless bodies but also in 
the large intrusions from the central part of the Belomorian 
block. Moreover, drusite textures were also found in the gab-
bro–anorthosites of the Main Range (Slabunov et al. 2001). 
Nonetheless, in spite of the similar structural–textural fea-
tures of the rocks in the central part of the Belomorian block, 
our study showed that the massifs integrated in the drusite 
complex differ in their geochemical composition. In this 
respect, they are subdivided into three groups, which differ 
from the types distinguished on the basis of petrography: (1) 
high-Mg group (MgO > 20 wt %) with elevated Cr contents, 
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light trace element-enriched patterns, and a distinctly 
expressed negative Ta–Nb anomaly (reference: Sorkajoki 
Massif). The massifs of this group are petrogeochemically 
similar to the layered plutons; (2) low-Mg (MgO < 10 wt %) 
or high-Fe group with elevated contents of Ti and P, subhori-
zontal trace element patterns, slight LREE enrichment, and 
an extremely weak Ta–Nb anomaly (403.0 m high massif); 
(3) moderate-MgO group (10–20 wt %) with fl at trace ele-
ment distribution patterns, occasionally depleted of light 
trace elements, and having no Ta–Nb anomaly (Mt. Grob 
Tundra dikes). The observed geochemical differences do not 
depend on the degree of metamorphic transformation. This is 
confi rmed by the fact that different rocks, such as the gab-
broids and plagioamphibolites of the 403-m-high massif, 
have similar trace element distribution patterns (Fig.  7.9 ). At 
the same time, the massifs united in a single type on the basis 
of structural and textural features have different petrogeo-
chemical characteristics and are ascribed to different petro-
geochemical groups. 

 The massifs of the fi rst group are mainly represented by 
large peridotite bodies and strongly approximated layered 
plutons that were emplaced under a thick lithosphere. Their 
trace element patterns are very close to the average composi-
tion of the mature continental crust. The massifs were formed 
from tholeiitic (highly magnesian?) magmas under syntec-
tonic conditions at the peak of the evolution of the paleorifto-
genic structure, which is confi rmed by their dike-like 
morphology. This group presumably also includes the small 
rootless bodies of the drusite complex, which are close to the 
layered plutons in terms of age and composition and are 
located among strongly deformed Archean folded rocks. 

 The second group of intrusions is independently signifi -
cant and differs sharply from the fi rst group in terms of its 
petrogeochemical features: high iron contents, alkalis, and 
phosphorus. Their analogues occur in the northern part of 
the Belomorian Belt and within the Kolvitsa granulite belt 
in the form of massifs of the clinopyroxenite–wehrlite for-
mation. In the area of the Main Range, they cut across the 
gabbro–anorthosites, i.e., they are younger with respect to 
the gabbro–anorthosites and layered plutons. The third 
group of massifs is mainly represented by gabbros, metagab-
bros, and plagioamphibolites with gabbroid relics as well as 
by garnet amphibolites. Geochemically, they differ sharply 
from the two other groups in their trace element patterns, 
being comparable to the volcanics of the Purnach and 
Kuksha formations. These rocks are situated at the base of 
the rift zone, and some of the plagioamphibolites might not 
represent the transformation products of the ultrabasic–
basic massifs. Instead, they could be metamorphosed volca-

nics of the tholeiitic series, which are widely developed in 
the Paleoproterozoic paleorift structures, such as the Pana–
Varzuga and Vetreny belts. 

 Thus, the established differences between the massifs 
suggest different phase and chemical compositions of the 
corresponding parental magmas as well as different condi-
tions during their crystallization. Owing to regional meta-
morphism within the Belomorian block, the geochemically 
and genetically different rocks acquired a specifi c structural 
appearance. 

  The massifs of the fi rst group  were emplaced into rela-
tively mobile zones of the Belomorian Belt. The composi-
tions of their parental magmas were signifi cantly modifi ed 
by crustal contamination, which is refl ected by the presence 
of a negative Ta–Nb anomaly and LREE enrichment.  The 
massifs of the second group  were formed from magmas that 
were signifi cantly less contaminated by crustal material. In 
terms of composition, they are close to the rocks that occa-
sionally occur in other regions of the Belomorian block. 
Judging from the elevated Ti, P, and alkalis contents, their 
parental melts were of subalkaline affi nity, which can be 
related to increased magma generation depth and metaso-
matic protolith reworking. 

  The massifs of the third group  are made up of gabbroids 
and strongly metamorphosed rocks of different geneses. In 
addition to the intrusive rocks, there are bodies that strongly 
approximate Sumian tholeiitic basalts at the base of the 
Imandra–Varzuga section (the Purnach and Kuksha forma-
tions). These volcanics occupy large volumes starting in the 
Early Paleoproterozoic volcanism at the Kola Peninsula and 
lesser volumes in the Karelian craton. These results cast 
some doubts on the affi liation of the magmatic rocks with a 
single drusite complex only on the basis of their structural 
features and require correlation with and allowance for geo-
chemical data.   

7.5     Isotope Characteristics of the Drusite 
Massifs 

 The drusite massifs of the fi rst group have been suggested 
to have been produced by dispersed mafi c–ultramafi c mag-
matism in extension zones, as opposed to “focused” mag-
matism in rigid blocks, which gave rise to the formation of 
layered plutons in similar magma generation areas (Sharkov 
et al.  2004 ). To understand the specifi cation of the different 
drusite massifs, we have studied their isotope composition 
(Krivolutskaya et al.  2010b ). 
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 The Sm–Nd and U–Pb data generally support the hypoth-
esis that drusite massifs in western Belomorie were formed 
between 2,460 and 2,434 Ma (Shurkin et al.  1962 ; Efi mov 
and Kaulina  1997 ; Alexejev et al.  2000 ) and can be classifi ed 
with a single Early Proterozoic complex. However, despite 
extensive petrological–geochemical (and isotopic) data on 
the basite–ultrabasite massifs in the Kola Peninsula and 
Karelia, many aspects of their genesis remain uncertain 
because of the limited number of examined intrusive bodies. 
For example, our data on ultrabasite–basite massifs with 
drusite textures (Krivolutskaya et al.  2010a ) in the central 
Belomorian Belt show that the composition of these massifs 
is extremely heterogeneous, so combining them into a single 
complex only based on the similarities in the fabrics of their 
rocks can hardly be warranted. 

 It was important to trace the possible genetic links 
between the intrusions in the southern Kovdor area with 
known drusite intrusions and layered plutons to gain 
insight into the geological evolutionary history of the area 
and the genesis of its mineral deposits. Our publication is 
centered on these problems. Because the most interesting 
massifs in the area that were examined by the authors 
belong to the fi rst group (lherzolite–gabbronorite intru-
sions according to A. Stepanov ( 1981 ) and their geochem-
istry is closest to that of layered plutons accompanied by 
Cu–Ni and PGE ore mineralization, our isotopic studies 
were focused on rocks composing the largest of these mas-
sifs: Sorkajoki, Poioiva, Mount Krutaya, and Massif of 
height 403 m (Fig.  7.2 ).  

7.6     Materials and Methods 

 The problems formulated above were approached simultane-
ously using the Sm–Nd and U–Pb isotopic systems of rock- 
forming minerals and zircons from the rocks, which enabled 
us to date the crystallization of the massifs most accurately 
and reliably. 

 The Sm–Nd studies were conducted on fi ve representa-
tive samples of the least altered rocks from the ultrabasite–
basite massifs in the Kovdor area: Sorkajoki (samples 6,115, 
13,981, and 6,151—plagioclase lherzolites), Poioiva (sam-
ple 17,781, olivine gabbronorite), and elevation at 403 m 
(sample 11,531, amphibolized gabbronorite). The geochem-
istry of these rocks has been described in detail earlier. Our 
samples had a mass of 1–2 kg, and the rock-forming miner-
als (olivine, clinopyroxene, orthopyroxene, and plagioclase) 
were separated for further isotope analysis through conven-
tional techniques (bromoform application and electromag-

netic separation) and hand selection of monomineralic 
separates under a binocular magnifi er, which yielded approx-
imately 95 % pure fi nal mineral separates. 

 The Nd isotopic composition and the Sm and Nd concen-
trations in the mineral and whole-rock samples were deter-
mined by isotopic dilution at the Center for Isotopic Studies 
of the Karpinskii All-Russia Research Institute of Geology 
(CIS VSEGEI) in St. Petersburg. The analyses were carried 
out with 50–300-mg samples of monomineralic fractions 
(analyst B. V. Belyatsky), which were preliminarily washed 
in nitric acid to remove surface contamination before being 
pulverized in an agate mortar to approximately 200-mesh 
size. The sample was then spiked with a  150 Nd– 149 Sm mixed 
isotopic tracer and dissolved in an HF + HNO 3  + HClO 4  mix-
ture at 120 °C for 5 days in an autoclave. The further separa-
tion of elements for mass spectrometric analysis was 
conducted by ion exchange and chromatographic techniques 
as described in (Richard et al.  1976 ) with minor modifi ca-
tions (Amelin and Semenov  1996 ). 

 The laboratory blanks were 0.005 ng for Sm and 0.01 ng 
for Nd and did not require any additional isotopic ratio cor-
rections in the calculations of the initial isotopic composition 
of the sample. The concentrations and isotopic composition 
of Sm and Nd were measured on a Triton Ti (ThermoElectron) 
solid-state multicollector mass spectrometer. In preparation 
for the analysis of each set of samples (18–20 samples), the 
100-ng JNdi-1 internationally certifi ed standard was ana-
lyzed. The average error of the analyses (2σ) was 0.005 % for 
the  143 Nd/ 144 Nd ratio and 0.03 % for the  149 Sm/ 147 Sm ratio. The 
analytical errors in the concentrations of the elements were 
evaluated at 0.5–1 %. The relative errors at low concentra-
tions (a few hundred ppm) were higher and were evaluated 
separately based on the current precision capability of repli-
cate analyses; these errors never exceeded 10 %. The analyti-
cal errors in the isotopic composition of Nd were no higher 
than 0.005 % based on the multiple replicate analyses of the 
BCR-2 standard sample (outer reproducibility). The error in 
the Nd isotopic composition of the individual samples did not 
exceed the values specifi ed for each of the samples in the 
table (internal reproducibility). The  143 Nd/ 144 Nd ratio during 
our experiments was 0.512106 ± 5 (2σ, six analyses) for the 
JNdi-1 standard and 0.512648 ± 4 for the BCR-2 standard. 

 In order to date the rocks by the U–Pb zircon method, we 
selected 10-kg hand specimens of the rocks from the Mt. 
Krutaya (sample KV-1) and Poioiva (sample P-1) massifs. 
Zircons were separated from the rocks using bromoform and 
magnetic separation; the zircon yield was 5–10 mg. The 
local isotopic analysis was carried out on 50 grains larger 
than 100 μm. 
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 Suitable areas for the analysis were selected under an 
optical and CamScan MX2500S electron scanning micro-
scope equipped with a CLI/QUA2 (Benthan, United 
Kingdom) cathodoluminescence setup. The U/Pb isotopic 
ratios were measured on a SHRIMP-II (ASIPty, Australia) at 
the Center for Isotopic Studies of the Karpinskii All-Russia 
Research Institute of Geology (CIS VSEGEI) in St. 
Petersburg by the method described in (Williams  1998 ). The 
intensity of the current of the beam of negatively charged 
oxygen ions was 4 nA, and the craters burned off at the ana-
lytical spots were 15–18 μm in diameter. The primary pro-
cessing of the raw data was conducted with the SQUID 2.0 
software (Ludwig  2006 ). The U/Pb ratios were normalized 
to 0.0668 of the TEMORA zircon standard value (dated at 
416.75 Ma (Black and Kamo  2003 ). 

 The precision of the analytical procedure was evaluated 
based on the replicate analyses of the 91500 zircon standard. 
The proportion of the number of analyses conducted on the 
standards and our zircons in each analytical session was 1:2. 
The errors of the individual analyses (isotopic ratios and ages) 
are reported in the table at the 1σ level, and the errors of the 
calculated concordant ages and concordia intercepts are reported 
at the 2σ level. The concordia plots were constructed with the 
ISOPLOT/EX 3.11 computer program (Ludwig  2005 ). 

 REE and trace elements in zircons were analyzed on a 
Cameca IMS-4 F ion microprobe at the Institute of 
Microelectronics and Informatics, Russian Academy of 
Sciences, in Yaroslavl (analyst S. G. Simakin). The local anal-
yses were carried out on the same samples that were dated by 
U–Pb methods (SHRIMP-II) with the ion beam focused in 
the vicinity of the earlier analytical spots of the U–Pb analy-
ses or immediately within the craters. The measurement tech-
nique corresponded to that described in (Smirnov et al  1995 ; 
Nosova et al.  2002 ). When reaching the surface of the sample, 
the primary beam of oxygen ions had an energy of 14.5 kV 
and was focused at a 20-μm diameter spot. 

 The analytical cycle was comprised of fi ve repeated mea-
surements, and the counting time depended on the intensity 
of the signal and was determined automatically by control-
ling the counting statistics but did not exceed 30 s. The abso-
lute concentrations of each element were calculated from the 
measured intensities of positive single-atom secondary ions 
of elements normalized to the intensities of secondary sili-
con 30Si + ions using relative sensitivity coeffi cients, 
 C i =  I i/ ×  K i ×. The calibration curves were constructed based 
on known certifi ed standard samples. The SiO 2  concentra-
tions at each spot were independently determined by an elec-
tron microprobe. The concentrations of  153 Eu+,  174 Yb+, 158 Gd+, 
 167 Er+,  138 Ba+,  139 La+,  140 Ce+,  141 Pr+, and  149 Sm + were calcu-

lated following the methods described in (Bottazzi et al. 
 1994 ; Belousova et al.  2002 ). 

7.6.1     Sm/Nd Isotopic Ratios of Whole-Rock 
Samples 

 The results obtained on the Sm–Nd isotopic system and the 
isochron ages of the basic–ultrabasic rocks from the Poioiva 
and Sorkajoki massifs and the massif in 403-m elevation are 
summarized in Table  7.8  and graphically represented in 
Fig.  7.12 . As seen in Table  7.8 , the ranges in the concentra-
tions of Nd (2.75–3.01 ppm) and Sm (0.622–0.666 ppm) in 
the plagioclase lherzolites of the Sorkajoki Massif are very 
insignifi cant and can be accounted for by fl uctuations in min-
eralogical composition. However, these variations signifi -
cantly differ in the Poioiva Massif (11.7 and 8.7 ppm for Nd 
and 2.39 and 2.54 ppm for Sm).

    The differences in the concentrations of these elements in 
the major minerals are much lower; the Nd and Sm concen-
trations in the olivine are 0.405–0.854 and 0.127–0.200 ppm 
for  I si and 30  C SiO 2 , respectively, and the analogous values 
are 0.335–0.649 and 0.122–0.235 ppm for orthopyroxene, 
3.47–6.31 and 1.08–2.14 ppm for clinopyroxene, and 5.07–
8.71 and 0.74–1.4 ppm for the plagioclase. These differences 
turned out to be high enough to bring about a signifi cant 
spread in both the Sm/Nd ratio and the Nd isotopic composi-
tion of the minerals. 

 Based on these data, we calculated regression lines and 
constructed Sm–Nd isochron diagrams. The ages evaluated 
for the Poioiva Massif and the massif at 403-m elevation 
coincide with the following errors:  T  = 2507 ± 91 Ma, MSWD 
= 2.9 (sample 17,781), and T = 2,518 ± 66 Ma, MSWD = 0.28 
(sample 11,531). For the Nd isotopic composition of the 
rocks,  ε  Nd ( T ) = +1.05 ± 0.70 and +0.70 ± 0.37. 

 We calculated the isochrons for each of our three samples of 
plagioclase lherzolites from the Sorkajoki Massif and plotted 
them with specifi ed values for age and Nd initial isotopic 
composition:  T  = 2,494 ± 37 Ma and  ε  Nd  ( T ) = +1.01 ± 0.25 
(sample 6,115); 2,493 ± 130 Ma and  ε  Nd  ( T ) = +0.37 ± 1.03 
(sample 6,151); and 2,472 ± 37 Ma and  ε  Nd  ( T ) = +1.25 ± 0.29 
(sample 13,981). The consistency of these values within the 
errors enabled us to calculate a common isochron for the 
three samples based on 15 points. Thus, the calculated age is 
2,485 ± 51 Ma,  ε  Nd  ( T ) = +0.88 ± 0.39, and MSWD = 5. 

 Our data on the Sm–Nd isotopic systematics of rock- 
forming minerals and whole-rock samples of lherzolites from 
the three massifs provide grounds to suggest that the massifs 
were roughly simultaneously emplaced and the rocks were 
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     Table 7.8    Sm–Nd isotope composition of rocks and minerals from massifs in the South Kovdor area   

 Sample No  [Sm]  [Nd]   147 Sm/ 144 Nd   143 Nd/ 144 Nd  ±2σ   ε Nd (Т)   ε Nd(2.41) 

 Sorkajoki Massif 

 6,115  wr  0.66  2.74  0.14  0.51  0.000008  1.06  0.57 

 6,115  cpx  1.65  5.14  0.19  0.51  0.000004  0.72  0.69 

 6,115  opx  0.12  0.33  0.22  0.51  0.000009  1.19  1.42 

 6,115  pl  0.84  5.35  0.09  0.51  0.000006  0.89  −0.11 

 6,115  ol  0.14  0.43  0.20  0.51  0.000007  1.07  1.17 

 6,151  wr  0.63  3.00  0.12  0.51  0.000005  −0.28  −0.96 

 6,151  cpx  1.62  5.35  0.18  0.51  0.000003  0.39  0.26 

 6,151  opx  0.22  0.57  0.23  0.51  0.000007  0.77  1.12 

 6,151  pl  0.79  5.25  0.09  0.51  0.000008  0.88  −0.15 

 6,151  ol  0.14  0.53  0.16  0.51  0.000005  −0.06  −0.36 

 13,981  wr  0.62  2.83  0.13  0.51  0.000004  1.45  0.82 

 13,981  cpx  1.22  3.94  0.18  0.51  0.000008  1.03  0.95 

 13,981  opx  0.23  0.64  0.21  0.51  0.000011  1.16  1.38 

 13,981  pl  0.74  5.07  0.08  0.51  0.000006  1.13  0.07 

 13,981  ol  0.20  0.85  0.14  0.51  0.000005  1.85  1.31 

 Poioiva Massif 

 11,531  wr  2.54  8.70  0.17  0.51  0.000004  0.58  0.31 

 11,531  cpx  2.14  6.30  0.20  0.51  0.000002  0.79  0.90 

 11,531  pl  1.07  5.16  0.12  0.51  0.000002  0.66  −0.25 

 17,781  wr  2.39  11.6  0.12  0.51  0.000004  1.54  0.60 

 17,781  cpx  1.07  3.47  0.18  0.51  0.000004  1.30  1.19 

 17,781  opx  0.16  0.40  0.24  0.51  0.000010  0.82  1.39 

 17,781  pl  1.40  8.70  0.09  0.51  0.000007  0.61  −0.67 

 17,781  ol  0.12  0.40  0.19  0.51  0.000004  1.02  0.94 

  Note: Concentrations of elements are given in ppm, error of Nd isotope composition ( 143 Nd/ 144 Nd) is done at 95 % level of signifi cance (2δ).  wr  
rocks,  pl  plagioclase,  cpx  clinopyroxene,  ol  olivine,  opx  orthopyroxene. Samples 6115, 6151 и 13981 are plagioclase lertholites from Sorkajoki 
Massif; samples 11531 (metagabbro) and 17781 (Ol gabbronorite) were taken from Poioiva Massif. Primary Nd isotope composition ( ε  Nd ) were 
calculated based on (1) isochron age of sample (T) and 2.41 Ga (Data from U–Pb in zircons) ( ε  Nd  = +2.41 Ga). Analyst B. V. Belyatsky (VNII Ocean 
geology, St. Petersburg, Russia). Tables  7.8 ,  7.9 ,  7.10 , and  7.11  – After Krivolutskaya et al. ( 2010b )  

  Fig. 7.12    Sm–Nd isochron diagrams for drusite massifs       
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derivatives of a common enriched mantle source. The rela-
tively large errors in the Sm–Nd age values of the massifs 
called for more accurate dating of their crystallization age by 
the U–Pb zircon method. For this purpose, we have collected 
additional rock samples from the Poioiva and Mount Krutaya 
massifs but failed to fi nd a suffi cient amount of rock material 
at the Sorkajoki and 403-m elevation massifs.  

7.6.2     U/Pb Isotopic Ratios of Zircons 

  Morphology of zircons from rocks of the Poioiva and Mount 
Krutaya massifs . The morphologies of the zircon grains in 
our samples suggest that each fraction contains various 
genetic types of the mineral (Fig.  7.13 ). The most typical 
grains are long, prismatic, euhedral crystals with shiny, well- 
pronounced faces with the minimum number of crystallo-
graphic forms: one prism [100] and dipyramids [101], [202], 
or [211]. These zircons were interpreted as magmatic 
(Figs.  7.13a, c ), and crystals of this type are either pinkish 
(sometimes with crimson shades) or colorless. Additionally, 
the rocks contain turbid zircons with rounded edges, which 
were thought to be xenogenic (Fig.  7.13b ) and differ signifi -
cantly in morphology from the magmatic zircons depending 
on the source. Some of these grains may contain ancient 
cores, but the intensity of their color and fracturing did not 
allow us to unambiguously identify these cores. The magmatic 
zircons can either be similar to the intrusive zircons or be 
signifi cantly different from them (Fig.  7.13d ). Even if the 
captured xenogenic zircons were magmatic, their morphology 
and crystallographic forms show certain distinctive features, 
such as the character of their surface, caused by their interac-
tion with the high-temperature melt (partial dissolution in it) 
and the “smoothing” of crystal elements and the preservation 
of major crystal features (in contrast to sedimentary zircons, 
which are usually strongly abraded).

   The most obvious differences between these zircon popu-
lations are in their inner structures as seen in cathodolumi-
nescence (Fig.  7.14 ). Our zircon grains exhibit pronounced 
concentric growth zoning (Fig.  7.14a, c, d ) and, in certain 
instances, cores in older zircons (growth seeds or captured, 
more ancient zircons, Fig.  7.14a, d ). In contrast, the young 
zircons are homogeneous, display no pronounced growth 
zoning, and show dark cathodoluminescence (Fig.  7.14b, e, f ). 
Only occasional cross sections perpendicular to the elongation 
of some grains exhibit growth zoning (Fig.  7.14d ) with all of 
the other sections either yielding peculiar cathodoluminescent 
images (e.g., Fig.  7.14f ) or showing sectorial zoning, which 
is quite typical.

   The morphological varieties of the zircons that were dis-
tinguished were studied by SIMS to elucidate their composi-
tional characteristics (Table  7.9 ). The C1 chondrite-normalized 
trace element patterns of the zircons (Fig.  7.15 ) from rocks 
from the massifs in the southern Kovdor area are generally 
analogous to the patterns of zircons from layered intrusions; 
they are enriched in HREE, have higher U concentrations 
than those of Th, and show positive Yb–Nb, Ce, and Hf 
anomalies and negative P–Ti–Sr and Ba–La anomalies. In 
spite of the topological similarities between these patterns, 
the patterns of the young and old zircons display signifi cant 
differences, and these differences are practically the same for 
both of our samples from the Poioiva Massif and the massif 
of Mount Krutaya. These differences are most conspicuously 
pronounced in the LREE region at, fi rst of all, La, Pr, and Nd, 
whose concentrations are much higher (by one order of mag-
nitude) in the young magmatic zircons than in the old ones. 
Young zircons from the latter massif contain lower concen-
trations of HREE. Another noteworthy feature is the rela-
tively low Y/Nb ratios and more clearly pronounced Ce 
anomalies in zircons from the Poioiva Massif. It is also worth 
noting that two grains of the zircon had practically equal 
normalized U and Th concentrations. The old and young 
zircons also have different U/Th ratios as was determined in 
the course of our isotopic studies and will be demonstrated 
below.

    As revealed by comparing the trace element patterns of 
the zircons, the aforementioned geochemical features of zir-
cons from ultrabasic–basic massifs in the southern Kovdor 
area are given in a series of diagrams (Krivolutskaya et al. 
 2010b ). The variations in the LREE and MREE composi-
tions of the zircons as their LREE/MREE [(La/Gd)n and (Pr/
Gd)n] ratios correlate with their MREE/HREE [(Gd/Yb)n] 
ratios. This diagram clearly demonstrates the differences 
between the young and old zircons, which are pronounced 
by the steeper patterns in the latter due to their higher (La/
Gd) n  and (Pr/Gd)n ratios. To characterize the general situa-
tion regarding the compositional variations of zircons in 
ultrabasite–basite rocks from various geodynamic environ-
ments, the diagrams also display the composition of zircons 
from ophiolites,  oceanic crustal rocks, Early Archean 
gneisses, and  continental gabbroids (Belousova et al.  2002 ; 
Hoskin and Ireland  2000 ; Grimes et al.  2007 ; Whitehouse 
and Kamber  2003 ). As expected, the composition points of 
our zircons fall within the gabbroid fi eld. In the diagrams 
showing the correlations between the Eu and Ce anomalies 
(Eu/Eu*–Ce/Ce*) and variations in the Hf concentration 
(in ppm) of the zircons in correlation with their Th/U ratios 
the situation is more ambiguous. The scatter of the data 
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points of the zircons from the southern Kovdor area is much 
greater, and all of those points lie far above (in terms of 
Eu/Eu*) the fi eld of the continental gabbroids. 

 The samples from the Poioiva and Mount Krutaya 
massifs contain two varieties of zircons of different mor-
phology, inner structure, and composition. These zircons 
are deemed to have different ages. To test this hypothesis 
and date these zircon populations, we determined their U/
Pb ratios. 

  U – Pb isotopic analysis of zircons . Tables  7.10  and  7.11  
show the SIMS SHRIMP-II analyses of the zircons, and their 
U–Pb concordia plots are shown in Fig.  7.16 . As was antici-
pated, zircons in each of the samples fall into at least two age 
populations (Fig.  7.16a ). This is pronounced in the diagrams 
by the occurrence of two or more groups of data points that 
roughly correspond to 2,400 and 2,700 Ma. These two zircon 

age populations have distinct geochemical characteristics. 
One of the distinctive features of magmatic zircons from basic 
rocks is their elevated Th concentrations (their Th/U ratios are 
much greater than one; from 1.3 to 2.6 for zircons from sample 
KV-1 and from 1.2 to 4.0 for sample P-1), hence the absence 
of cathodoluminescence (dark grains in cathodoluminescence 
images) and the absence of growth zoning or poorly pro-
nounced growth zoning (Fig.  7.14b, e ). The well- pronounced 
zoning of the old zircons is due to alternating pale and dark 
cathodoluminescence stripes from systematic variations in the 
concentrations of trace elements (U and REE fi rst of all) 
(Fig.  7.14a and d  and occasional grains in Fig.  7.14a and f ). 
For example, the Th/U ratios of the old zircons vary from 0.2 
to 0.6 for sample KV-1 and from 0.4 to 1.8 for sample P-1.

     For the Mount Krutaya Massif (sample KV-1), three data 
points of the two analyzed old zircon grains are approxi-

  Fig. 7.13    Transmitted light micrographs of examined zircon grains 
 ( a ,  b ) The massifs of Mount Krutaya Vostochnaya (sample KV-1): inherited magmatic zircons are fractured grains with an intense color, pronounced 
growth zoning, and partly preserved crystal faces (Fig.  7.14a , marked with an  arrow ); typical magmatic zircons are colorless prismatic crystals with 
pronounced crystal faces and transparent fragments of these grains (Fig.  7.14b , marked with  arrows ). ( c ,  d ) Poioiva Massif (sample P-1): newly 
formed magmatic zircons are indicated by  arrows  (Fig.  7.14c ); inherited magmatic and metamorphic zircons are extensively fractured grains with 
rounded faces, more intensely colored (Fig.  7.14d )       
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  Fig. 7.14    Cathodoluminescence images of zircon grains with analytical spots and their numbers. The numbers correspond to those in Table  7.2 , 
 206 Pb/ 238 U age values, and Th/U ratios 
 ( a – c ) Zircons from rocks of the massif of Mount Krutaya Vostochnaya (sample KV-1); ( d – f ) zircons from rocks of the Poioiva Massif (sample P-1). 
 Arrows point  to differences in the structure of young (homogeneous) and old zircons       
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  Fig. 7.15    C1 chondrite-normalized trace element patterns of zircons 
from ( a ) the massif of Mount Krutaya Vostochnaya (sample KV-1) 
 ( 1 ) Inherited zircon dated at 2,733 Ma, ( 2 ) magmatic zircons dated at 
2,408 Ma (Table  7.9 ), and ( 3 ) composition of zircons from basic–ultra-
basic layered massifs. (Belousova et al.  2002 )       

mated by a linear trend that intercepts the concordia at points 
corresponding to 2,733 ± 9.0 and −384 ± 420 Ma (Fig.  7.16b ). 
If the U–Pb system of grain 2.1 was disturbed and the grain 
partly lost its Pb near the surface during “modern” times, 
then the  recalculated trend with a lower intercept at the zero 
point (“modern” time) would yield a well-defi ned upper 
intercept with the concordia corresponding to 
2,737.3 ± 7.5 Ma at MSWD = 2.5. Two concordant points 
from the fi rst grain date the process of crystallization at 
2,731 ± 11 Ma (at concordance MSWD = 0.35 and a concor-
dance probability = 0.56). It is thus reasonable to conclude 
that the magma of the Mount Krutaya Massif captured and 
entrained zircons from rocks with an age of 2,731–2,737 Ma, 
and these rocks either hosted the massif or occurred beneath 
its crystallization chamber. 

 The young zircons of this sample defi ne a compact group 
in the concordia plot that is slightly spread along a trend line 
emanating from the origin of the coordinates. This allowed 
us to calculate this linear trend and its intercept point with 
the concordia corresponding to an age of 2,410.2 ± 5.1 Ma at 
MSWD = 0.9 (Fig.  7.16c ). The calculation of the concordant 
age of this group yields a zircon crystallization age of 
2,407.8 ± 8.0 Ma (concordance MSWD = 7.5 and concor-
dance probability = 0.006). The high MSWD value and, 
hence, the low concordance probability are caused by a slight 
shift in the data points relative to the concordia (small losses 
of radiogenic Pb) and their spread, as seen from the position 
of the weighted mean point in Fig.  7.16 . It is thus reasonable 
to assume that the crystallization age of the zircons in this 
massif is 2,407.8 ± 8.0 Ma. 

 For the Poioiva Massif (sample P-1) (Fig.  7.16 ), fi ve of 
the six analyses of the old zircon grains yield a compact 
and nearly concordant group, and one grain shows traces of 
signifi cant radiogenic Pb losses (approximately 26 % dis-
cordance). The discordia constructed for the whole set of 
six analyses intercepts the concordia at points correspond-
ing to 2,756 ± 33 and 502 ± 310 Ma, MSWD = 2.6. The sig-
nifi cant errors of the age values are explained by the 
location of two reversely discordant points, which also 
have the greatest analytical errors due to the lowest Pb and 
U concentrations found in these grains. The concordant 
age, based on the fi ve most concordant points, is 
2,754 ± 13 Ma (concordance MSWD = 0.31 and concor-
dance probability = 0.58). It is thus reasonable to assume 
that zircon from the host rocks has a crystallization age of 
2,754 ± 13 Ma. 

 The U–Pb isotopic data points of the young magmatic zir-
cons compose a practically concordant group in the concor-
dia plot (the discordance is no higher than 6 %). Nevertheless, 
in calculating the concordant age based on all six analyses, 
we obtained the concordance probability of 0 at MSWD = 17 
and an age of 2,406.1 ± 14 Ma. If only analyses with discor-
dance of no higher than 5 % are taken into consideration 
(four points), then an age value of 2,407 ± 8.3 at MSWD = 10.8 
and a probability of 0.001 are obtained. The best estimate of 
the crystallization age of the magmatic zircons is likely to 
come from the data obtained by calculating the intercept of 
the discordia for the whole set of young zircons (six points 
and the origin of the coordinates, i.e., “zero age”), which is 
2,406.5 ± 4.6 Ma (MSWD = 1.4). Our data on the U–Pb sys-
tematics of zircons from sample P-1 led us to conclude that 
these zircons crystallized, along with the massif itself, at 
2,406.5 ± 4.6 Ma, and the melt was emplaced into Archean 
crystalline rocks at 2,754 ± 13 Ma. 

 The geological evolution of the Kola–Lapland– Karelia 
province occurred over a time period of 2.5–2.4 Ga when 
numerous ultrabasite–basite massifs of various morpholo-
gies and compositions were formed and are now localized in 
both mobile belts and rigid cratons. These are small rootless 
bodies and large layered intrusions, and the similarities in 
their composition and age provide grounds to believe that 
this time span was marked by the occurrence of a microcon-
tinent (Smolkin et al.  2005 ). The crust of the Belomorian 
Mobile Belt was then affected by a super plume that was 
located beneath the eastern part of the Baltic Shield and was 
responsible for the development of rift belts and coeval mag-
matism; the latter produced numerous bodies of ultrabasic 
and basic rocks (Balaganskii  2002 ). 
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     Table 7.10    Results of local U–Pb isotope analysis of zircon from massif Mt. Krutaya (Кv-1)   

 Point 
number  %  206 Pb c   [U]  [Th]   232 Th/ 238 U  [ 206 Pb*]  (1)  206 Pb/ 238 U age  (2)  206 Pb/ 238 U age  (3)  206 Pb/ 238 U age  (1)  207 Pb/ 206 Pb age 

 1.1  0.05  243  46  0.20  110  2,714  ±60  2,707  ±83  2,714  ±61  2,735  ±6 

 1.2  0.07  364  203  0.58  170  2,790  ±62  2,818  ±91  2,793  ±66  2,729  ±6 

 2.1  0.07  272  122  0.46  109  2,464  ±57  2,381  ±68  2,465  ±59  2,750  ±7 

 3.1  0.04  268  434  1.67  102  2,358  ±55  2,349  ±68  2,357  ±68  2,397  ±9 

 4.1  –  569  1,015  1.84  219  2,387  ±54  2,382  ±68  2,384  ±69  2,410  ±6 

 5.1  –  199  243  1.26  75  2,357  ±55  2,342  ±68  2,354  ±64  2,420  ±10 

 6.1  0.00  586  934  1.65  223  2,361  ±54  2,349  ±66  2,358  ±66  2,409  ±6 

 7.1  0.01  1,327  3,375  2.63  492  2,313  ±53  2,290  ±64  2,322  ±76  2,413  ±5 

 8.1  0.02  438  691  1.63  164  2,331  ±54  2,314  ±66  2,333  ±66  2,401  ±9 

 9.1  0.01  984  1,940  2.04  376  2,372  ±54  2,361  ±67  2,363  ±71  2,415  ±6 

 Isotope ratios 

 Point number  D, %  (1)  207 Pb * / 206 Pb *   ±%  (1)  207 Pb * / 235 U  ±%  (1)  206 Pb * / 238 U  ±%   r  

 1.1  1  0.18  0.39  13.66  2.7  0.52  2.7  0.99 

 1.2  −2  0.18  0.39  14.08  2.8  0.54  2.7  0.99 

 2.1  12  0.19  0.42  12.26  2.8  0.46  2.8  0.98 

 3.1  2  0.15  0.5  9.41  2.8  0.44  2.8  0.98 

 4.1  1  0.15  0.35  9.62  2.7  0.44  2.7  0.99 

 5.1  3  0.15  0.57  9.54  2.9  0.44  2.8  0.98 

 6.1  2  0.15  0.36  9.50  2.7  0.44  2.7  0.99 

 7.1  4  0.15  0.32  9.29  2.7  0.43  2.7  0.99 

 8.1  3  0.15  0.53  9.31  2.8  0.43  2.8  0.98 

 9.1  2  0.15  0.37  9.58  2.7  0.44  2.7  0.99 

  Note: Here and in Table  7.11 , the value corresponds to the error-sigma; Pbc and Pb *—ordinary and radiogenic lead. The error in the calibration 
standard in the measurement session was 0.91 %. Age as determined by the appropriate isotope ratios is given in million years. Element concentra-
tions are given in ppm. (1)—the usual Pb corrected from the measured ion current  204 Pb; (2)—the usual Pb corrected assuming concordance 
 206 Pb/ 238 U and  207 Pb/ 235 U ages; (3)—the usual Pb corrected assuming concordance  206 Pb/ 238 U and  208 Pb/ 232 Th ages. D = 100 (1- ( 206 Pb/ 238 U age)/
( 207 Pb/ 206 Pb age)—the coeffi cient of discordance,  r —correlation coeffi cient of error axes  207 Pb/ 235 U –  206 Pb/ 238 U. Here and in Table  7.11 . Analyst 
B. V. Belyatsky (VNIIOkeangeologia)  

 However, the wide application of isotopic techniques in 
recent geological studies of volcanic–plutonic complexes in 
the Karelia–Kola area with the aim of dating these com-
plexes (fi rst of all, by high-precision U–Pb zircon tech-
niques) made it possible to elucidate many details of the 
evolutionary history of Paleoproterozoic magmatism in this 
territory (Lobach-Zhuchenko et al.  1998 ; Bibikova et al. 
 2004 ). 

 This pertains, fi rst of all, to the origin of large layered 
plutons hosted in rigid crustal blocks, which are now consid-
ered to be classic in the analysis of magmatism of this age in 
the territory. These bodies were classifi ed into two groups 
whose emplacement was separated by a time span of approx-
imately 20 Ma (Smolkin et al.  2004 ). The older group was 
emplaced at 2,507–2,470 Ma (Mount General’skaya, 
Monchepluton, Fedorova–Pansky Tundras, and Umbaozero 
massifs). The younger group has an age of 2,441–2,437 Ma 
and includes layered intrusions in eastern and northern 

Karelia and Finnish Lapland (the Umbarechensky–Imandra 
Complex, Olanga group of intrusions, Burakovsky plutons, 
and massifs in northern Finland), which were placed within 
a relatively narrow time span of 2,441–2,437 Ma (Smolkin 
et al.  2004 ,  2005 ). The older group was formed before the 
development of the ancient rift system, whereas the massifs 
of the younger group were placed during the active function-
ing of the rift. 

 It was thought that massifs of the drusite complex were 
formed simultaneously with massifs of the younger group. 
However, more detailed studies (Slabunov et al.  2005 ) indi-
cate that the latter can also be subdivided into two age 
groups: the older (Alexejev et al.  2000 ) gabbro–anorthosites 
of the Kotozero and Pezhostrov massifs and the Kolvitsa 
Massif (2,450 Ma) and lherzolites–gabbronorites of the 
Kovdozero Massif (2,440 ± 10 Ma) (Efi mov and Kaulina 
 1997 ) and Shobozero Massif (2,435 ± 5 Ma) (Slabunov et al. 
 2005 ) and the younger coronite gabbro (dikes and small 
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intrusions of garnet gabbro, 2,110 Ma (Mitrofanov et al. 
 1995 ). It has been demonstrated for the Zhemchuzhnyi 
Massif that the lherzolites are related to the gabbro–anortho-
sites and that the drusite rocks were formed and metamor-
phosed within a narrow age interval, 2,356 ± 4 Ma for the 
magmatic zircons and 2,354 ± 2 Ma for the metamorphic zir-
cons (Balaganskii et al.  1997 ). 

 Hence, the setting and genesis of drusite massifs in exten-
sion zones were recently constrained fairly unambiguously; 
they were separated by major collision events and were 
formed within a narrow time span early in the rifting process. 
Judging from published data, this time span lasted 35–40 Ma. 
Some researchers believe that the drusite complex was 
formed within a much more narrow time span of 4–1 Ma 
(Balaganskii et al.  1997 ; Smolkin et al.  2005 ; Belousova 
et al.  2002 ). Discrepancies between these estimates are likely 
explained by differences in the approach to grouping the 
rocks into the drusite complex. If all rocks with drusite tex-
tures are considered, the total time span of their origin should 

have been as long as tens of millions of years, but if the mas-
sifs are differentiated according to their composition, this 
time span should be reduced to a few million years. 

 Thus, the magmatic zircons in the gabbro–anorthosite 
complex provide evidence that they crystallized at 2,440–
2,450 Ma; the most widely spread lherzolites–gabbronorites 
crystallized at 2,435 ± 5 Ma, and the coronate gabbro crystal-
lized at 2,115 ± 7 Ma (Alexejev et al.  2000 ; Slabunov et al. 
 2005 ; Mitrofanov et al.  1995 ; Stepanova et al.  2003 ). 

 The very fi rst geochronological data obtained for massifs 
in the South Kovdor area are generally consistent with our 
results. Our data on the Sm–Nd isotopic systematics of rock- 
forming minerals and whole-rock samples of lherzolites and 
olivine gabbronorites from two massifs, Sorkajoki 
[2,485 ± 15 Ma at MSWD = 5.0 and  ε  Nd ( T ) = +0.88 ± 0.39] 
and Poioiva [2,507 ± 51 Ma at MSWD = 2.9 and 
 ε  Nd ( T ) = +1.05 ± 0.70], suggest that they crystallized simulta-
neously and their rocks were derivatives from an undepleted 
mantle source. At the same time, the initial Nd isotopic com-

      Table 7.11    Data of local U–Pb analyses (SHRIMP-II) for zircons from Poioiva Massif (P-1)   

 Point 
number  %  206 Pb c   [U]  [Th]   232 Th/ 238 U  [ 206 Pb*]  (1)  206 Pb/ 238 U age  (2)  206 Pb/ 238 U age  (3)  206 Pb/ 238 U age  (1)  207 Pb/ 206 Pb age 

 2.1  0.32  612  384  0.65  205  2,117  ±49  2,005  ±53  2,141  ±52  2,676  ±7 

 11.1  0.02  562  1,752  3.22  203  2,263  ±51  2,233  ±61  2,286  ±83  2,397  ±5 

 3.1  0.02  531  1,159  2.25  192  2,264  ±52  2,233  ±62  2,259  ±71  2,407  ±8 

 12.1  –  1,190  4,603  3,99  438  2,297  ±52  2,271  ±62  2,322  ±98  2,408  ±4 

 8.1  0.02  281  417  1.54  103  2,301  ±54  2,276  ±65  2,299  ±65  2,406  ±12 

 5.1  0.02  154  178  1,20  57.6  2,335  ±56  2,317  ±68  2,332  ±65  2,411  ±16 

 4.1  –  2,672  9,146  3.54  1,010  2,349  ±53  2,333  ±65  2,356  ±91  2,414  ±5 

 7.1  0.23  300  102  0.35  134  2,689  ±61  2,668  ±83  2,691  ±63  2,751  ±10 

 6.1  0.08  81  51  0.66  36.1  2,694  ±66  2,663  ±89  2,692  ±71  2,776  ±19 

 1.1  0.85  156  192  1.27  70.6  2,706  ±61  2,690  ±83  2,728  ±71  2,771  ±11 

 10.1  0.01  54  40  0.77  25.2  2,810  ±66  2,839  ±99  2,803  ±72  2,746  ±13 

 9.1  0.43  32  55  1.77  15.5  2,860  ±73  2,931  ±120  2,837  ±91  2,723  ±18 

 Isotope ratios 

 Point number  D, %  (1)  207 Pb * / 206 Pb *   ±%  (1)  207 Pb * / 235 U  ±%  (1)  206 Pb * / 238 U  ±%   r  

 2.1  26  0.18  0.42  9.78  2.7  0.38  2.7  0.98 

 11.1  6  0.15  0.28  8.96  2.7  0.42  2.7  0.99 

 3.1  6  0.15  0.44  9.02  2.8  0.42  2.7  0.98 

 12.1  5  0.15  0.23  9.18  2.7  0.42  2.7  0.99 

 8.1  5  0.15  0.72  9.19  2.9  0.42  2.8  0.96 

 5.1  3  0.15  0.95  9.38  3.0  0.43  2.9  0.94 

 4.1  3  0.15  0.27  9.46  2.7  0.44  2.7  0.99 

 7.1  2  0.19  0.63  13.63  2.8  0.51  2.8  0.97 

 6.1  3  0.19  1.1  13.88  3.2  0.51  3.0  0.93 

 1.1  2  0.19  0.68  13.91  2.8  0.52  2.7  0.97 

 10.1  −2  0.19  0.77  14.35  3.0  0.54  2.9  0.96 

 9.1  −5  0.18  1.1  14.45  3.3  0.55  3.2  0.94 

7.6  Materials and Methods



300

position of the intrusions is notably different from that of the 
drusite massifs and layered plutons (except for a single sam-
ple from the Monchepluton, whose distinctive feature is an 
even more enriched mantle source ( ε  Nd  from −2 to −4) and 
which makes it possible to relate them to a hypothetical 
Paleoproterozoic plume) (Sharkov  2006 ). The massifs exam-
ined in the southern Kovdor province had a source consisting 
of undepleted mantle material whose isotopic composition 
was close to that of the Archean komatiite basalts of the 
Karelia–Kola area (Puchtel et al.  2001 ; Vrevsky et al.  2003 ; 
Matrenichev and Vrevsky  2004 ; Early Precambrian…  2005 ; 
Smolkin  1992 ). 

 The U–Pb zircon ages of the southern Kovdor massifs are 
younger, 2,406.5 ± 4.6 Ma for the Poioiva Massif and 

2,407.8 ± 8.0 Ma for the massif of Mount Krutaya, and they 
were emplaced into a block of crystalline Archean rocks 
(2,754–2,730 Ma). The thermal metamorphism of the rocks 
of these massifs after their crystallization is “documented” in 
the U–Pb systematics of the zircons as the insignifi cant dis-
cordance of the magmatic zircons (up to 6 % of newly 
formed zircons), which is more signifi cant for the Late 
Proterozoic zircons (up to 26 %). 

 Finally, although the independently obtained results using 
two different geochronologic techniques on rocks of the 
Poioiva Massif in the South Kovdor area show a certain dis-
crepancy between the age values (2,507 ± 51 Ma by Sm/Nd 
and 2,406.5 ± 4.6 Ma by U/Pb), we believe that this discrep-
ancy is not a crucial problem for constraining the age and 
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  Fig. 7.16    U–Pb concordia diagrams for examined zircons from the massif of Mount Krutaya Vostochnaya 
 ( a ) The diagram presents all measurements; point numbers are the same as in Table  7.2 . Error ellipses correspond to 95 % signifi cance level (2σ). 
( b ) Discordia based on three measured analytical spots at two inherited grains (Table  7.10 , analytical spots 1.1, 1.2, and 2.1). ( c ) Discordia based 
on seven analyses and passing through the origin of coordinates (“zero age”); the  gray  ellipse corresponds to the calculated weighted concordant 
age value (2,407.8 ± 8.0 Ma) of this set of analyses. Sample KV-1       
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conditions of the origin of the massif and the analogous 
intrusive bodies in the Kovdor area. 

 The older age value obtained by the Sm/Nd method is 
explained by the signifi cant analytical errors involved in 
determining the Sm/Nd ratios of the minerals and whole- 
rock samples of the ultrabasite massifs, in which the Sm and 
Nd concentrations are too low to obtain reliable dates. With 
regard to the much higher precision of the U–Pb zircon 
method applied to these rocks, it is natural to assume that 
these dates are more reliable. Because of this, we recalcu-
lated  ε  Nd  to  T  = 2.41 Ga for the Sorkajoki Massif and obtained 
 ε  Nd  from −0.96 to +0.82 ± 0.50 with the analogous values for 
the Poioiva Massif being +0.60 ± 0.50. In conclusion, it 
should be mentioned that our newly obtained data on the 
inner structure, mineralogy, petrologic–geochemical specif-
ics (Krivolutskaya et al.  2010a ), and isotopic composition of 
the rocks from certain ultrabasic–basic massifs in the south-
ern Kovdor area (Sorkajoki, Poioiva, Mount Krutaya 
Vostochnaya, and others) led us to combine these bodies into 
a single intrusive complex, which has never before been rec-
ognized in this area. In spite of the occurrence of drusite 
textures in the rocks of the massifs, this complex differs from 
typical drusites in the morphology of its intrusive bodies, 
their geochemical specifi cs, their younger age, and the unde-
pleted source of the parental magmas.   

7.7     Conclusions 

     1.    The intrusions of the drusite complex in the central part of 
the Belomorian Mobile Belt are compositionally hetero-
geneous. Their rocks are subdivided into three geochemi-
cal groups: (a) high-magnesian and high-Cr peridotites 
(lherzolites–wehrlites), olivine gabbronorites, and gab-
bronorites, which are similar to the reference rocks from 
the layered intrusions of the peridotite–pyroxenite–gab-
bronorite formation of the Kola and Karelian regions; (b) 
low-Mg, high-Fe gabbros, metagabbro, and garnet 
metagabbros with elevated contents of phosphorus and 
alkalis; and (c) moderate-Mg, olivine-free, and olivine- 
bearing gabbros and amphibolites.   

   2.    The application of two geochronologic techniques (Sm–
Nd on whole-rock samples and minerals and U–Pb on 
zircons) allowed us to obtain the fi rst age data of large 
ultrabasic–basic intrusions in the central part of the 
Belomorian Belt. The massifs were provisionally ascribed 
to the drusite complex based on the occurrence of corona 
textures in the rocks.   

   3.    The four examined massifs (Sorkajoki, Poioiva, Massif at 
403-m elevation, and Mount Krutaya) were placed simul-
taneously in the Paleoproterozoic and were roughly 

coeval with numerous magmatic bodies in the Karelia–
Kola territory, i.e., layered plutons hosted in rigid cratons 
and drusite massifs in mobile belts.   

   4.    The Sm–Nd crystallization ages of the massifs are as fol-
lows: 2,507 ± 51 Ma at MSWD = 2.9 and  ε  Nd  = +1.05 ± 0.70 
for the Poioiva Massif, 2,485 ± 51 Ma at MSWD = 5.0 and 
 ε  Nd  = +0.88 ± 0.39 for the Sorkajoki Massif, and 
2,518 ± 66 Ma at MSWD = 0.28 and  ε  Nd  = +0.7 ± 0.37 for 
the massif at height 403 m. The genesis of these intru-
sions was characterized by their relationship to an unde-
pleted mantle source ( ε  Nd  from +0.25 to +1.37), whereas 
the parental magmas of other ultrabasic–basic intrusions 
of this age in the area were derived from an even more 
strongly enriched source ( ε  Nd  = 2 to −4), which suggests 
that these intrusions could be related to a Paleoproterozoic 
plume.   

   5.    The crystallization of magmatic zircon, a process occur-
ring late in the evolutionary histories of the two massifs, 
was roughly synchronous: 2,406.5 ± 4.6 Ma for the 
Poioiva Massif and 2,407.8 ± 8.0 for the massif of Mount 
Krutaya. Thus, these massifs are younger than the mag-
matic bodies of the drusite complex with which they were 
previously classed. The massifs were emplaced into 
Archean crystalline rocks (dated at 2,754–2,730 Ma).   

   6.    Earlier data on the geochemistry of rocks in the central 
part of the Belomorian Mobile Belt and on their isotopic 
composition indicate that the intrusions described herein 
are not typical drusite massifs (according to the conven-
tional understanding) but compose an individual intrusive 
complex in the Karelia–Kola area.   

   7.    Our results demonstrate that the occurrence of corona tex-
ture in rocks of ultrabasite–basite massifs is insuffi cient 
for the classifi cation of these massifs with the drusite com-
plex. Relationships with this complex must be established 
with regard to the morphology of the intrusions and the 
geochemistry and isotopic characteristics of their rocks.   

   8.    Geochemical features of the massifs in the South Kovdor 
area (the fi rst type) are very similar with the features of 
the ore-bearing intrusions in the Noril’sk area. Their pat-
terns and isotope characteristics have crustal signatures 
(Ta–Nb-negative and Pb-positive anomalies,  ε  Nd  varies 
around 0).         
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      Assimilation of the Host Rocks 
by Basic Magma       

              The contact zones around the intrusions were studied to esti-
mate the extent of assimilation of the host rocks by the mag-
mas. Assimilation by the Maslovsky intrusion, which intruded 
the Nadezhdinsky basalt, is absent (central zone of the upper 
contact) or occurs in a narrow zone (1 m). The Kharaelakh 
intrusion, which intruded Devonian sediments, did not 
assimilate anhydrite, based on the isotope distribution of the 
rare elements. The anhydrite’s isotopic composition (Sr, Nd, 
Pb) does not permit it to be regarded as a contaminant in the 
sulfi de ore formation.  

 When solving the problems regarding the formation of sul-
fi de ores at deposits of various genetic types, one of the key 
factors is the isotopic composition of sulfur. Such an 
approach implies the defi nition of either the mantle or the 
crustal source of sulfur. This problem becomes especially 
topical when considering the igneous copper–nickel deposits 
localized in ultrabasite–basite complexes. The mantle origin 
of the melts that formed these deposits and the ores proper is 
usually recognized by most geologists and is based mostly 
on the data of isotopic analysis for sulfur in ore-forming sul-
fi des. The isotopic composition of sulfur usually changes 
within narrow limits, from −2 to +2 %, and is close to the 
value of troilite from the Canyon Diablo iron meteorite (a 
standard for mantle rocks). This represents a postulate in 
geochemistry. 

 As was mentioned above, the most extraordinary feature 
of the deposits of the Noril’sk group is the disproportionality 
between the thicknesses of the intrusions and related sulfi de 
ores, with the ores sometimes comprising as much as 15 
vol.% of the intrusions (Likhachev  1996a ). Given the low 
sulfur solubility (0.2 wt %) in basaltic melts at shallow 
depths at which the intrusions of the Noril’sk Complex were 
emplaced and crystallized, it is diffi cult to imagine how all 
sulfur of the sulfi des could come solely from the parental 
magma of a given intrusive body because the entire volume 
of the sulfi des requires almost two orders of magnitude more 
sulfur than can be dissolved in the melt. 

 To resolve this inconsistency, a hypothesis was advanced 
that the sulfur was borrowed from an external source, i.e., 
that the parental magma extracted sulfur from the host rocks 
(Godlevsky and Grinenko  1963 ) either in situ or en route to 
the chamber in which the magma crystallized. This hypoth-
esis is largely based on the composition of the rocks hosting 
the ore-bearing massifs, more specifi cally, on the occurrence 
of thick anhydrite beds in the Silurian–Devonian sedimen-
tary rocks that most commonly host the intrusions. A princi-
pally important argument in support of the paramount 
importance of the assimilation of the host rocks by the paren-
tal melt is the heavy sulfur isotopic composition of the 
Noril’sk ores (Grinenko  1967 ,  1984 ; Gorbachev and 
Grinenko  1973 ; Kovalenker et al.  1974 ). It has been demon-
strated (Grinenko  1985 ) that the larger the deposit, the 
heavier the sulfur isotopic composition (up to δ 34 S = +18‰), 
which appears to provide support to the hypothesis of assim-
ilation. However, the material balance calculations and the 
analysis of the geological settings of several intrusions in the 
area led Grinenko ( 1984 ) to conclude that anhydrite was not 
involved in the assimilation process and that the heavy sulfur 
isotopic composition of the intrusions resulted from the 
accumulation of hydrocarbons in intermediate chambers, 
with these hydrocarbons borrowed from oil and gas pools 
hosted in the Vendian–Cambrian sedimentary rocks. 

 However, if the process of assimilation of the host rocks by 
magma occurred, we must observe the appropriate petrograph-
ical and geochemical features. The processes of the interac-
tions between the melts and their host rocks are traditionally 
analyzed with reference to granitic magmas, with basaltic 
melts being considered in this aspect much more rarely. In vari-
ous models for the genesis of Cu–Ni and Fe–Ti–V ores related 
to ultrabasite–basite complexes, much importance has long 
been attached to the assimilation of sedimentary rocks by 
basaltic magmas (Konnikov  1986 ; Konnikov et al.  2005 ; 
Naldrett  1992 ,  2005 ,  2009 ; Arndt et al.  2003 ). The assimilation 
of sulfur from host rocks is one of the key points of the new 
model of the genesis of the Noril’sk deposits, which was 
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suggested by Rad’ko ( 1991 ) and further developed by A. Naldrett 
and his colleagues (Naldrett  1992 ,  2005 ; Arndt  2005 ; Li et al. 
 2009a ). This model was  formulated as an alternative to the 
hypothesis that the Noril’sk ores were generated in a closed 
system (Godlevsky  1959 ; Dyuzhikov et al.  1988 ; Distler et al. 
 1988 ). According to this hypothesis, the intrusions are regarded 
as feeders for the lavas erupted at the surface. As an argument 
in support of this hypothesis, its authors quoted the fact that the 
intrusive rocks contain anhydrite (Li et al.  2009b ). Nevertheless, 
the magmatic nature of the anhydrite was not proved. 

 In view of this, it is petrologically interesting to evaluate 
how much host rocks cannot actually be assimilated by mafi c 
melts. Elucidation of this issue is also important for the the-
ory of magmatic ore-forming processes. 

 The unique Pt–Cu–Ni ore deposits in the Noril’sk district, 
which are giant sulfi de bodies (are 2 km wide, 4 km long, and 
up to 50 m thick and are related to relatively thin, 150–200 m, 
gabbro-dolerite intrusions), provide a unique possibility of 
studying these processes. The seemingly straightforward solu-
tion of this problem is that sulfur can be borrowed from the ter-
rigenous–sedimentary rocks that host the ore-bearing massifs 
and that contain much anhydrite- bearing rocks (up to individual 
beds of pure anhydrite). This mineral was then viewed as a 
potentially important source of sulfur for the origin of the ores 
at the level of modern intrusive chambers. This suggestion is 
based on data of L.N. Grinenko, who established positive cor-
relations between the sulfur contents of the intrusions and their 
sulfur isotopic composition (Grinenko  1985 ), which provided a 
basis for the hypothesis that the sulfi des were formed in situ. 

 In spite of the seemingly obvious nature of this hypothe-
sis, which is underlain only by the sulfur isotopic composi-
tion, the possible assimilation of the host rocks by magmas 
in the Noril’sk district has never been critically analyzed 
from any other viewpoints. Had the assimilation process 
occurred, it would have affected the petrography and geo-
chemistry of the rocks, particularly in contact zones of the 
intrusions, and the average composition of the intrusions, 
which are hosted in rocks of various compositions. Indeed, 
in rare cases, we noted the changes in rock compositions of 
intrusive bodies. For example, in the 1 m endocontact zone 
of the Kharaelakh intrusion, quartz notites appear. Similar 
rocks can be observed in other intrusions. 

 Our study was focused on the inner structure and compo-
sition of contact zones between the intrusions and their host 
rocks and on elucidating the extent of the contamination dur-
ing the crystallization of the melts in the modern intrusive 
chambers. However, the situation when the massifs are 
hosted in anhydrite-bearing sedimentary rocks is obviously 
of the greatest interest. An example of this setting is offered 

by the Kharaelakh intrusion and its uniquely large ore 
resources. This example was used to analyze other variations 
in the composition of the rocks from the outer to the inner 
contacts and farther inward of the intrusion. This publication 
is based on the results of this study and their discussion. 

 We performed detailed studies of the western part of the 
Kharaelakh and the central portion of the Talnakh intrusions 
and examined the host and intrusive rocks of an apophysis of 
the Kharaelakh Massif, which was penetrated by Borehole 
ZF-12 (which was drilled by Noril’skGeology Ltd. when this 
portion of the deposit was explored), contains rich sulfi de ores, 
and is hosted in Devonian rocks. To monitor the lateral geo-
chemical variability of the intrusive rocks, we compared our 
data with data on rocks recovered by a borehole (borehole 
OUG-2) drilled through the central part of the Talnakh intru-
sion. The samples selected when the core from the borehole 
was documented were analyzed for major components and 
trace elements and for ratios of radiogenic isotopes. The intru-
sive rocks were analyzed by XRF on an AXIOS Advanced 
(PANalytical) spectrometer at the Vernadsky Institute (analysts 
I.A. Roshchina and T.V. Romashova). The characteristic radia-
tion of elements was excited by an X-ray tube with a Rh anode 
(tube loading up to 4 kW). For the concentration ranges typical 
of the rock samples, the relative errors (two standard errors cal-
culated from the reproducibility of standard reference samples) 
were as follows (%): 1.2 for SiO 2 ; 3.5 for Al 2 O 3 ; 6.2 FeO; 8.0 
for Na 2 O, MgO, P 2 O 5 , K 2 O, CaO, and TiO 2 ; 14.0 for Cr 2 O 3 ; and 
17.0 for MnO. The rocks were analyzed for trace elements by 
ICP-MS at the Institute of Experimental Mineralogy, Russian 
Academy of Sciences, IEM (analyst V.K. Karandashev), in 
standard mode. The sensitivity of the spectrometer throughout 
the entire mass scale was calibrated against standard reference 
solutions that contained all elements for which our samples 
were analyzed. To control the quality of the analyses and 
account for the drift in the sensitivity of the spectrometer, the 
analyses of our samples were alternated with those of a moni-
tor, which was a BCR-2 standard reference sample of basalt 
(GeoRem database at   http://georem.mpch-mainz.gwdg.de/    ). 
The detection limits of elements were from 1–5 ppb for ele-
ments with heavy and intermediate masses (U, Th, REE, and 
others) to 20–50 ppb for light elements (Be and others). The 
analyses were accurate to 3–10 % for elemental concentrations 
>20–50 times their detection limits. 

 The chemical composition of sedimentary rocks was 
studied at the Institute of Mineralogy, Geochemistry, and 
Crystal Chemistry of Rare Elements (analyst B.I. Volkov). 
The Sr and Sm–Nd isotopic systems of the rocks were stud-
ied at the Vernadsky Institute (analyst A.A. Plechova and Yu. 
A. Kostitsyn) and at the Center for Isotopic Studies of the 
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Karpinsky All-Russia Research Institute of Geology (at 
which data on the Pb isotopic systems were also obtained by 
the analyst B.V. Belyatsky). 

 The Talnakh intrusion dips at gentle angles (4°–7°) north-
eastward and is generally conformable with the host rocks. 
Its northern and southern parts are hosted in tuff–lava units 
and sedimentary rocks, respectively. In the context of our 
research, the most interesting setting of the intrusion with 
massive ores was that in anhydrite-bearing sedimentary 
rocks, as is typical of the Kharaelakh intrusion. 

8.1     Inner Structure of the Western Part 
of the Kharaelakh Intrusion 

 According to the data of Noril’skGeology Ltd., the south-
western part of the intrusion (Figs.  8.1  and  8.2 ) splits into 
relatively thin branches, whose composition is often remark-
ably different: some of them consist only of highly magne-
sian rocks (so-called picritic gabbro-dolerites), whereas 
others are made up of leucogabbro. This portion of the intru-
sion contains practically no clearly differentiated bodies; 
nevertheless, vein sulfi de ores were found there. The 
 thickness of intrusive rocks in this part of the ore fi eld 
exceeds 100 m, and they trend for 1.5 km. These rocks are 
subconformable with the stratifi cation of the host Devonian 
sedimentary rocks. The intrusive bodies penetrated by the 
lower part of borehole ZF-12 (Figs.  8.2  and  8.3 ) are hosted in 
Devonian anhydrite–carbonate terrigenous rocks, which are 
usually thought to be the main sulfur source for the sulfi de 
ores. This body is interesting because of the striking 
 inconsistency between the volumes of its silicate and sulfi de 
constituents: the thickness of the gabbro-dolerite is 50 m, 
and the thickness of the related massive ore is 11 m, i.e., 
20 % of the vertical section is composed of sulfi des. Moreover, 
the body is weakly differentiated, which is atypical of the 
central portions of the ore-bearing intrusions, whose rocks 
vary from ultramafi c to mafi c (from below upward). The 
rocks of this body cannot be subdivided in such a series.

     The intrusive body is dominated by medium-to-coarse- 
grained olivine gabbro-dolerites, which commonly have a 
poikilophitic texture, with plagioclase laths cemented by 
clinopyroxene (Fig.  8.4b ). The rocks sometimes have typical 
doleritic textures (Fig.  8.4c, d ). The contact varieties found 
in the upper and lower contacts of the massif are fi ner grained 
and are often porphyritic (Fig.  8.4a ). The groundmass has a 
doleritic or hypidiomorphic granular texture.

   The major rock-forming minerals are plagioclase, clino-
pyroxene, and olivine; the minor minerals are titanomagne-

tite, Cr-magnetite, and sulfi des. The olivine (or, sometimes, 
olivine-bearing) gabbro-dolerites at lower levels sometimes 
contain biotite. The rare minerals are apatite and zircon. 
The rocks show evidence of their secondary alterations. 
This pertains, fi rst of all, to plagioclase, which is signifi -
cantly (sometimes completely) replaced by saussurite; the 
olivine is replaced by serpentine and bowlingite. The only 
mineral that is practically unaltered in all rock varieties is 
clinopyroxene. 

 Table  8.1  summarizes data on the chemistries of silicate 
minerals in the intrusive rocks penetrated by the lower part 
of borehole ZF-12. Clinopyroxene in the predominant rock 
variety (olivine-bearing gabbro-dolerites) is more magnesian 
than in the contact gabbro-dolerites. The Mg# of clinopyrox-
ene varies from 77.2 to 83.5 (Table  8.1 , nos. 1–7), and such 

  Fig. 8.1    Projections of the Oktyabr’skoe and Talnakh deposits onto a 
horizontal plane 
 Here and Figs.  8.2 ,  8.3 ,  8.4 ,  8.5 ,  8.6 ,  8.7 ,  8.8  after Krivolutskaya et al. 
 2014        

 

8.1 Inner Structure of the Western Part of the Kharaelakh Intrusion



308

  Fi
g

. 8
.2

  
  V

er
tic

al
 g

eo
lo

gi
ca

l s
ec

tio
n 

th
ro

ug
h 

th
e 

w
es

te
rn

 p
ar

t o
f 

th
e 

K
ha

ra
el

ak
h 

in
tr

us
io

n 
(p

re
pa

re
d 

by
 I

.A
. M

at
ve

ev
 b

as
ed

 o
n 

da
ta

 f
ro

m
 N

or
il’

sk
G

eo
lo

gy
 L

td
         

 

8 Assimilation of the Host Rocks by Basic Magma



309

variations can quite often be detected within a single grain, 
with Mg# decreasing from the grain core to its peripheries. 
In the contact gabbro-dolerites, clinopyroxene of analogous 
composition (Mg# = 81.2) was found in phenocrysts 
(Fig.  8.4a ; Table  8.1 , no. 18). This mineral typically contains 
a large amount of Al 2 O 3  and TiO 2  (3.81 wt % and 0.5 wt %, 
respectively). The groundmass clinopyroxene of these rocks 
has little variation in composition within the individual 
grains and in the sample as a whole (Mg# = 70.2–75.5). The 
situation with the plagioclase is analogous, and this mineral 
is much more calcic in the olivine-bearing gabbro-dolerites 
(An = 82–83 mol % on average, although rare grains can be 
more sodic; see Table  8.1 , nos. 8–13), whereas plagioclase in 
the contact rocks is more sodic (An = 40–60 mol %; Table 
 8.1 , nos. 24–30). Olivine in the olivine-bearing gabbro- 

dolerites varies in composition from 67.3 to 73.4 mol % 
forsterite. The olivine is poor in Ni and relatively rich in Ca 
(compared to olivine in the picritic gabbro-dolerites).

   The host rocks recovered by the borehole from the upper and 
lower contact zones of the intrusion and belonging to the 
Devonian Manturovsky Formation have different compositions. 
The upper-contact varieties are terrigenous-carbonate rocks 
containing up to 25 vol.% sulfate and up to 10 %  carbonate 
material (sample ZF-12/360, Table  8.2 ). Anhydrite was found in 
the rocks in the form of (0.5–1.0 mm) veinlets and single grains 
in the groundmass (Figs.  8.4e  and  8.5 ). Serpentine hornfels is 
rare among the upper outer- contact rocks (sample ZF-12/368.7, 
Fig.  8.4f ) but is predominant in the lower outer-contact zone and 
replaces mudstone and sandstone containing minor amounts of 
carbonate material (Table  8.2 , Fig.  8.4g, h ).

  Fig. 8.3    Inner structure of an apophyse of the Kharaelakh intrusion (based on materials recovered by borehole ZF-12) and variations in the MgO concentra-
tion,  87 Sr/ 86 Sr isotopic ratio, and  ε Nd value 
 (1, 2) Devonian rocks: (1) anhydrite-bearing carbonate rocks, (2) predominantly terrigenous rocks. (3–5) gabbro-dolerites (3) contact, (4) olivine- free, (5) 
olivine-bearing (including biotite-bearing)), (6) olivine, (7) massive sulfi de ores, (8) sampling sites and numbers       
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  Fig. 8.4    Rock micrographs (see  left-hand  column in Fig.  8.3  for rock position) 
 ( a ) Porphyritic contact gabbro-dolerite, clinopyroxene phenocrysts in a microdoleritic groundmass (sample ZF-12/421.8); ( b ) poikilophitic 
olivine-bearing gabbro-dolerite (sample ZF-12/390.5); ( c ) coarse crystalline biotite-bearing gabbro-dolerite of dolerite structure (sample 
ZF-12/420.1); ( d ) coarse crystalline gabbro-dolerite of dolerite structure (sample ZF-12/407.3); ( e ) microcrystalline anhydrite–carbonate rock 
(sample ZF-12/360.4); ( f ) hornfelsic pyroxene–plagioclase rock (sample ZF-12/368.7); ( g ) porphyritic pyroxene–plagioclase hornfels replacing 
silty sandstone (quartz grain at the center; sample ZF-12/433.1); ( h ) inequigranular hornfelsized silty sandstone (sample ZF-12/434.6). The  lower  
side of the micrographs is 0.8 mm. Minerals:  Pl —plagioclase,  Cpx —clinopyroxene,  Bt —biotite,  Qz —quartz,  Cal —calcite,  An —anhydrite       
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8.1.1        Chemical Variability of the Rocks 

 The composition of the intrusive rocks only insignifi cantly var-
ies in the vertical section (Table  8.3 ) in both major oxides and 
trace elements. Figure  8.3  displays the variations in the concen-
tration of MgO, one of the most informative major oxides in 
both sedimentary and intrusive rocks, which have contrasting 
concentrations of this component. The MgO concentration of 
the intrusive rocks varies from 5.9 to 9.3 wt %, with the lowest 
concentrations typical of sulfi de-enriched rocks (Table  8.3 ). 
Note that the MgO concentration in the central portions of the 
Talnakh intrusion reaches up to 22.4 wt % in picritic gabbro-
dolerites (Krivolutskaya et al.  2001 ), but these rocks are absent 
from these magmatic body. The CaO content in the gabbroids 

also varies  insignifi cantly, from 10.0 to 13.6 wt %, whereas the 
host rocks contain up to 21.8 wt % MgO (Tables  8.2  and  8.3 ). 
Thus, the contact zones are not enriched in CaO, as could be 
expected with regard for assimilation, but the concentration of 
this component drastically increases with the transition from 
the sedimentary to intrusive rocks.

   The concentrations of certain elements normalized to the 
primitive mantle are shown as normalized patterns in Fig.  8.6  
(Table  8.4 ). The patterns of the intrusive rocks (Fig.  8.6a ) are 
practically identical and only insignifi cantly differ in the 
concentrations of the elements, which refl ects the weak frac-
tionation of the melt and the corresponding crystallization of 
rocks having various Mg#. The patterns of the surrounding 
rocks from both the lower- and the upper outer-contact zones 

      Table 8.2    Composition of host rocks for western apophyse of the Kharaelakh intrusion (borehole ZF-12), wt %   

 No  1  2  3  4  5  6 

 Depth, m  360.4  367.2  368.2  373.2  433.1  434.6 

 SiO 2   29.7  57.39  22.96  43.04  62.66  67.66 

 TiO 2   0.51  0.83  0.03  0.89  1.26  1.00 

 Al 2 O 3   8.29  20.13  6.86  16.26  16.55  12.08 

 Fe 2 O 3   1.16  1.84  1.65  3.20  0.44  0.30 

 FeO  3.97  4.80  1.49  6.14  0.61  0.54 

 MnO  0.15  0.02  0.08  0.14  0.03  0.02 

 MgO  12.49  2.64  11.28  10.11  2.11  0.99 

 CaO  21.93  1.39  26.42  13.34  3.44  4.97 

 Na 2 O  0.20  3.51  0.11  1.82  6.18  3.52 

 K 2 O  0.09  2.78  0.01  0.51  0.38  0.09 

 P 2 O 5   0.01  0.15  <0.01  0.10  0.09  0.33 

 SO 3   11.43  1.38  14.14  1.35  2.90  4.63 

 H 2 O +   7.72  2.49  7.23  2.32  2.62  3.15 

 H 2 O −   0.42  0.16  0.47  0.14  0.12  0.12 

 CO 2   1.43  0.05  6.44  0.32  0.24  0.17 

 Total  99.50  99.56  99.46  99.68  99.63  99.57 

 Low  10.70  3.20  14.33  3.48  3.06  3.40 

  Note: Analyses were carried out at Institute of Mineralogy, Crystal Chemistry, and Geochemistry of Rare Elements by analyst B.I. Volkov  

  Fig. 8.5    Anhydrite (Ang) and calcite (Cal) grains in a carbonate–anhydrite rock 
 ( a ) BSE image; ( b ,  c ) images in characteristic X-ray radiation: ( b ) Ca  К α, ( c ) S  K α       
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are notably different from the patterns of the intrusive rocks: 
these are strongly enriched in U and Pb and depleted in Sr 
and Ti, as can be clearly seen in the normalized patterns of 
the rocks, which show the corresponding negative anoma-
lies. It is important to emphasize that no patterns of interme-
diate types that should have corresponded to the suggested 
mixing of compositionally different components (sedimen-
tary rocks and basaltic melt) have ever been detected in rocks 
of either of the upper parts of the intrusion.

    This result also follows from the contrasting variations in cer-
tain characteristic elemental ratios that are typical of major rock 
types (sedimentary and magmatic), for example, the La/Sm ratio.  

8.1.2     Distribution of Radiogenic Isotopes 
in the Rocks 

 Figure  8.3  and Table  8.5  illustrate major trends in the behavior 
of Sr, Nd, and Pb isotopes in the vertical section of the intru-
sive body. The  87 Sr/ 86 Sr ratio of the gabbro-dolerites varies 
from 0.70769 to 0.70847 (Table  8.5 ) and drastically changes 
with the transition from the intrusive to host rocks, fi rst and 
foremost, in the roof of the massif, and reaches a value of 
0.71163. The lower outer-contact rocks have lower values of 
this ratio: 0.70922. Similar to the major components, this 
ratio drastically changes, and intermediate values are absent. 
The situation with Sr is analogous to that with  ε  Nd  (Fig.  8.3 ), 
which varies relatively little around zero in the central part and 
decreases to negative values in the host rocks.

   Data on the Pb isotopic composition were not obtained 
for all of our samples in which the Sr and Sm–Nd isotopic 
systems were studied. Nevertheless, these data also confi rm 
the results obtained by other isotopic methods for most of the 
vertical section. Particularly interesting rocks occur in the 
lower outer-contact zone because these rocks have elevated 
Pb isotopic ratios:  206 Pb/ 204 Pb = 20.240 and  208 Pb/ 206 Pb = 
40.907 (Table  8.5 ). We found radiogenic Pb in sedimentary 
anhydrite form the Noril’sk district (Krivolutskaya  2011 ).   

      Table 8.3    Composition of the rocks for Kharaelakh intrusion (borehole ZF-12), wt %   

 Oxide\depth, m  374.6  379.1  390.5  396.8  407.3  415.1  420.0  421.1  422.0 

 SiO 2   49.47  47.60  19.97  39.12  48.40  47.60  46.41  50.00  45.71 

 TiO 2   1.12  1.03  0.08  0.50  1.61  1.02  1.21  0.84  1.05 

 Al 2 O 3   14.54  14.52  5.93  8.39  14.73  15.43  14.94  15.31  13.52 

 Fe 2 O 3   11.74  12.01  50.94  15.68  14.30  11.02  13.25  10.47  18.05 

 MnO  0.17  0.16  0.15  0.13  0.23  0.17  0.18  0.17  0.24 

 MgO  7.93  8.32  7.75  10.17  5.88  7.94  7.61  8.59  7.16 

 CaO  11.14  12.08  3.89  20.19  10.01  12.67  12.43  11.33  10.18 

 Na 2 O  2.82  2.36  0.12  0.06  2.71  2.68  2.23  1.85  2.34 

 K 2 O  0.68  0.95  0.19  0.02  1.75  0.99  0.88  1.22  0.33 

 P 2 O 5   0.12  0.13  0.07  0.16  0.19  0.11  0.12  0.10  0.14 

 S tot   0.27  0.85  10.91  5.58  0.20  0.36  0.74  0.11  1.28 

  Fig. 8.6    Primitive mantle- normalized trace element patterns of rocks 
recovered by borehole ZF-12.  
 Intrusive rocks; ( a ) rocks from the central part of massif; ( b ) rocks from 
the upper outer-contact zone; ( c ) rocks from the lower outer-contact 
zone       
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8.2     Upper Zone of the Talnakh Intrusion 

 A strongly differentiated intrusive body 155 m in total thick-
ness was studied in the central part of the Talnakh, using mate-
rials of borehole OUG-2 (Table  8.6 , Fig.  8.7 ). The petrography 
and mineralogy of the rocks are described elsewhere 

(Chap.   4    , this study; Dodin and Batuev  1971 ; Likhachev 
 1996b ; Krivolutskaya et al.  2001 ; Turovtsev  2002 ; 
Sluzhenikin et al.  2014 ). All three of the aforementioned 
series occur in the vertical section of the body: (1) upper gabbro, 
(2) main layered, and (3) lower gabbro. The bottom portion 
of the intrusion contains thick (up to 40 m bodies of massive 

     Table 8.6    Composition of rocks from the Talnakh intrusion, Borehole OUG-2   

 No sample  1,085  1,097  1,116  1,130  1,151  1,173  1,181  1,186  1,191  1,200 

 No  1  2  3  4  5  6  7  8  9  10 

 SiO 2   50.25  49.48  48.24  48.11  49.96  49.48  46.57  49.78  49.56  46.69 

 TiO 2   1.37  1.98  0.63  1.47  1.26  0.88  0.81  0.89  1.42  0.72 

 Al 2 O 3   14.66  14.13  16.28  13.45  14.16  16.71  17.32  19.42  13.35  17.32 

 FeO  11.7  14.04  9.82  13.96  12.12  9.14  9.8  8.10  12.34  9.56 

 MnO  0.24  0.26  0.18  0.24  0.21  0.19  0.15  0.17  0.39  0.16 

 MgO  6.4  5.3  11.73  6.28  7.29  7.27  8.87  6.39  6.73  10.05 

 CaO  10.82  10.03  10.97  10.1  12.19  13.20  10.98  12.42  11.62  10.84 

 Na 2 O  1.83  1.00  1.53  2.32  2.22  2.50  1.98  2.45  2.84  1.81 

 K 2 O  1.25  0.81  0.35  0.83  0.50  0.54  0.49  0.53  1.06  0.46 

 P 2 O 5   0.11  0.12  0.07  0.25  0.13  0.10  0.14  0.09  0.17  0.15 

 Cr 2 O 3   0.04  0.01  0.08  0.00  0.00  0.08  0.07  0.07  0.05  0.09 

 Low  1.67  1.78  0.87  0.9  0.13  0.19  2.14  0.18  0.77  2.19 

 Total  100.34  98.95  100.76  97.91  100.18  100.28  99.32  100.49  100.31  100.04 

 S  0.28  0.52  0.91  0.2  0.08  0.06  0.07  0.04  0.69  0.05 

 Rb  40.8  l.d.  12.6  23.4  17.9  16.0  14.7  13.2  37.9  3.4 

 Ba  505  n.а.  181  219  147  169  154  185  217  130 

 Th  1.25  n.а.  1.03  1.36  1.58  0.40  0.82  1.11  0.82  0.69 

 U  0.56  n.а.  0.28  0.58  0.46  0.21  0.37  0.42  0.35  0.35 

 Nb  4.70  n.а.  2.38  4.94  4.22  2.36  2.78  3.74  4.90  2.85 

 Ta  0.33  n.а.  0.17  0.35  0.26  0.15  0.21  0.22  0.30  0.22 

 La  8.91  n.а.  3.8  9.87  7.5  5.4  5.41  7.1  8.1  4.87 

 Ce  20.74  n.а.  8.5  22.71  16.9  12.3  12.73  16.3  18.8  11.94 

 Pb  35.21  n.а.  35  86  80  44  80  359  2,410  44 

 Pr  2.80  n.а.  1.17  3.05  2.32  1.66  1.74  2.19  2.45  1.60 

 Nd  12.7  n.а.  5.54  13.9  11.19  7.87  7.9  10.04  11.73  7.3 

 Sr  411  n.а.  233  250  242  262  268  275  288  230 

 Sm  3.48  n.а.  1.53  3.74  3.11  2.19  2.12  2.67  3.19  1.95 

 Zr  92.5  n.а.  40  99  74  67  61  59  70  59 

 Hf  2.41  n.а.  1.13  2.71  1.97  1.67  1.70  1.67  1.81  1.61 

 Eu  1.18  n.а.  0.58  1.41  1.02  0.79  0.80  0.97  1.09  0.75 

 Ti  7,850  n.а.  3,869  8,832  7,610  5,249  4,807  5,472  8,608  4,562 

 Gd  4.10  n.а.  2.04  4.48  3.77  2.68  2.53  3.14  4.00  2.29 

 Tb  0.70  n.а.  0.34  0.76  0.65  0.43  0.44  0.52  0.69  0.39 

 Dy  4.56  n.а.  2.22  5.01  4.19  2.77  2.85  3.34  4.27  2.61 

 Ho  0.98  n.а.  0.47  1.07  0.87  0.56  0.62  0.70  0.90  0.55 

 Y  28.3  n.а.  11.2  30.1  21.7  14.2  17.0  17.3  22.6  14.5 

 Er  2.76  n.а.  1.28  3.02  2.44  1.57  1.73  1.91  2.45  1.56 

 Tm  0.41  n.а.  0.19  0.46  0.33  0.22  0.26  0.27  0.35  0.24 

 Yb  2.60  n.а.  1.33  2.85  2.36  1.53  1.63  1.85  2.52  1.52 

 Lu  0.40  n.а.  0.20  0.44  0.36  0.23  0.25  0.28  0.37  0.23 

 Ni  92.9  n.а.  1,603  56  136  275  254  415  148  287 

 Cu  59.0  n.а.  3072  158  399  716  134  1,970  4,047  91 

 Zn  70.5  n.а.  151  186  168  230  61  143  559  68 

 Mn  1,530  n.а.  1,436  1,674  1,794  1,500  1,017  1,687  3,323  1,096 

 Co  42.9  n.а.  105  49  59  83  47  61  117  52 

 V  301  n.а.  170  345  332  241  182  222  355  178 

(continued)
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Table 8.6 (continued)

 No sample  1,203  1,211  1,216  1,221  1,222  1,225  1,227  1,230  1,231  1,234  1,259 

 No  11  12  13  14  15  16  17  18  19  20  21 

 SiO 2   48.15  40.73  36.16  32.97  48.02  38.09  44.98  47.34  18.4  22.42  56.63 

 TiO 2   0.90  0.54  0.82  0.36  2.23  0.29  0.59  0.54  0.17  0.27  0.57 

 Al 2 O 3   16.25  8.03  9.32  6.97  12.00  12.76  16.43  14.01  6.65  6.28  13.53 

 FeO  10.77  17.55  18.15  21.55  17.71  16.27  10.97  10.75  33.35  32.11  16.08 

 MnO  0.26  0.28  0.29  0.23  0.65  0.25  0.14  0.15  0.13  0.07  0.25 

 MgO  9.48  22.57  15.33  17.89  5.72  12.69  7.62  6.64  0.95  1.28  1.97 

 CaO  11.55  6.09  6.63  4.17  9.68  7.18  12.71  9.22  5.08  4.98  4.71 

 Na 2 O  1.98  0.85  0  0  2.52  0  0.16  1.94  0  0.39  4.08 

 K 2 O  0.30  0.23  0.24  0.32  0.89  0.5  0.3  0.79  0.15  0.35  1.53 

 P 2 O 5   0.09  0.07  0.10  0.04  0.21  0.02  0.02  0.14  0.00  0.04  0.04 

 Cr 2 O 3   0.09  0.92  0.81  0.09  0.07  0.14  0.08  0.03  0.10  0.07  0.00 

 LOW  0.51  4.32  4.38  6.32  1.42  3.8  2.13  2.01  9.74  7.91  2.02 

 Total  100.3  102.1  92.24  90.91  101.1  91.99  96.14  93.56  74.74  76.19  101.4 

 S  0.49  4.26  0.52  6.56  0.03  4.96  2.68  4.85  29.95  28.65  1.01 

 Rb  8.9  9.7  9.6  12.7  38.5  6.4  35.0 

 Ba  159  97  121  84  441  170  1,911 

 Th  0.73  0.62  1.02  0.32  2.31  4.82  10.76 

 U  0.32  0.20  0.47  0.16  1.20  0.52  2.09 

 Nb  3.33  1.67  3.42  1.54  7.29  2.20  10.99 

 Ta  0.23  0.10  0.27  0.10  0.54  0.16  0.83 

 La  6.0  3.3  170.8  2.75  11.7  20.09  14.3 

 Ce  13.7  7.5  308  6.33  28.1  31.83  27.6 

 Pb  380  1,874  359  2,410  263  380  32 

 Pr  1.84  0.98  31.93  0.81  3.99  5.97  2.91 

 Nd  8.69  4.56  96.2  3.6  19.61  22.0  10.63 

 Sr  239  133  134  93  257  275  299 

 Sm  2.29  1.22  11.88  0.95  5.53  3.01  2.01 

 Zr  70  28  75  27  414  46  164 

 Hf  2.01  0.81  2.11  0.72  9.66  1.32  4.64 

 Eu  0.89  0.49  2.63  0.36  1.86  1.13  0.62 

 Ti  5,431  3,382  4,868  2,198  13,552  2,735  3,540 

 Gd  2.79  1.47  6.92  1.14  7.17  2.38  1.71 

 Tb  0.47  0.25  0.90  0.19  1.24  0.39  0.26 

 Dy  3.02  1.56  4.71  1.23  8.29  2.38  1.57 

 Ho  0.62  0.32  0.91  0.26  1.79  0.48  0.32 

 Y  15.4  8.1  30.8  7.7  43.7  16.1  8.2 

 Er  1.71  0.96  2.45  0.74  5.07  1.33  0.95 

 Tm  0.24  0.13  0.34  0.11  0.71  0.20  0.16 

 Yb  1.79  0.96  2.00  0.74  5.03  1.29  1.25 

 Lu  0.27  0.16  0.29  0.11  0.74  0.19  0.23 

 Ni  556  4,930  6,450  8,706  81  7,097  2,579 

 Cu  3,084  17,236  7,774  10,598  686  12,086  9,236 

 Zn  1,209  654  267  128  358  98  96 

 Mn  2,148  2,186  1,851  1,510  5480  1,018  1,877 

 Co  96  250  241  303  82  208  195 

 V  220  203  201  87  610  196  118 

  Note: Empty box means element was not analyzed; oxides are given in wt % and elements in ppm,   l.d. - under det. limited,   n.а. - not analysed  
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  Fig. 8.7    Inner structure of the central portion of the Talnakh intrusion (based on materials recovered by Borehole OUG-2) and the distributions of the 
MgO and TiO 2  concentrations and the La/Y ratio in the vertical section of the intrusion         

pyrrhotite–chalcopyrite ore of reticulate structure (large pyr-
rhotite segregations are surrounded by thin chalcopyrite rims), 
which are spatially restricted to the contact of the massif 
with underlying carboniferous terrigenous rocks of the 
Middle Carboniferous–Early Permian Tunguska Group.

    This section is noted for the presence of a thick (up to 30 
m) zone of gabbro-diorite composing the uppermost one- 
third of the massif. It underlies gabbro-dolerite and hybrid 
metasomatic rocks (2–3 m thick). The latter contain quartz, 
potassic feldspar, sodic plagioclase, biotite, and hornblende, 
along with fragments of quartzite and carboniferous rocks. 
This zone is quite often thought to be related to the overlying 
rocks. However, all geochemical parameters indicate that the 
gabbro-diorite was produced by the crystallization differen-
tiation of the parental melt, which is obvious from the nor-
malized patterns of trace elements: the topologies of all of 
these patterns are similar and close to those of the intrusive 
rocks (Fig.  8.8 ). Elevated concentrations of all trace ele-

ments are typical of the inner-contact rocks that occur at the 
boundary with the massive ores and are more magnesian (up 
to 5 wt % MgO).

   The host rocks of the Tunguska Group notably differ from 
the inner-contact rocks: e.g., sample OUG-2/1259, whose rock 
is depleted in all REE and enriched in LILE (Table  8.6 ). As 
seen from Fig.  8.8 , neither this body nor that described above 
contains any rocks whose normalized elemental composition 
patterns would be intermediate between those of the sedimen-
tary and magmatic rocks, and this also pertains to the hybrid 
metasomatic rocks in the upper zone (sample OUG-2/1085). 

 As was demonstrated above with reference to the Talnakh 
intrusion, assimilation processes practically did not operate 
in the magmatic chambers. In considering the interactions of 
the melt with the surrounding rocks, the most interesting 
information can be derived from the behavior of trace elements, 
which are more susceptible than major components to com-
positional variations.  
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8.3     Contact Zones of the Maslovsky 
Intrusion 

 This behavior was demonstrated (Krivolutskaya and 
Rudakova  2009 ; Krivolutskaya et al.  2012 ) for the Maslovsky 
intrusion accompanied by high-grade ore mineralization. This 
characterization of the compositional variations was performed 
using the La/Sm ratio (borehole OM-25), which can vary 
very signifi cantly and drastically with the transition from the 
outer-contact rocks (tholeiites of the lower portion of the 
Nadezhdinsky Formation; Fig.  8.9c , Table  8.7 ), which have 
higher La/Sm ratios (up to 8) than any other tholeiites in the 
tuff–lava unit of the Noril’sk district, to the inner- contact and 
inner parts of the intrusive body (which consist of gabbroids 
with the usual La/Sm ratios of 1–2). One can see the distribu-
tion of Cu and the change in the La/Sm ratio (the most con-
trasting elements and ratio) in basalts and gabbro. Rocks 
enriched by La/Sm rocks (and depleted in Cu) were found 
only in narrow contact zones (approximately 1 m).

    In the central part of the Southern Maslovsky intrusion (OM-
24), one can observe the rapid change of these  parameters, dem-
onstrating the absence of contamination (Fig.  8.9b ). 

 Analogous conclusions can be drawn from the sulfur 
 isotopic composition of sulfi des at the Maslovsky deposit 

(Table  8.8 ). While ores at the Southern Maslovsky deposit 
have δ34S = 10.8‰ (Krivolutskaya et al.  2012 ), that of the 
host basalts of the Nadezhdinsky formation is no greater than 
5‰ (Ripley et al.  2003 ). The composition of the anhydrite 
itself is in confl ict with the hypothesis of its assimilation. 
This confl ict is most clearly pronounced in the concentra-
tions of radiogenic isotopes in the mineral, fi rst, in the 
 206 Pb/ 204 Pb = 24 (Krivolutskaya  2011 ) (Fig.  8.10 , Table  8.9 ).

     The idea that the massive ores could be formed by the 
assimilation of anhydrite-bearing rocks by the basite melt 
was formulated, fi rst, with reference to the Oktyabr’skoe 
deposit, whose main orebody is hosted in Devonian 
evaporite- bearing rocks. However, the highest δ 34 S values 
(up to +18‰) were obtained by L.N. Grinenko ( 1985 ) for 
sulfi de ores of the Noril’sk 1 deposit, which are localized in 
the Middle Carboniferous–Early Permian terrigenous–sedi-
mentary rocks of the Tunguska Group. L.N. Grinenko has 
also conducted material balance calculations with the aim of 
confi rming that the melt assimilated carbonate–sulfate rocks 
and explaining the heavy sulfur isotopic composition of the 
sulfi des. These calculations have not, however, confi rmed 
that such a process could occur. This lack of confi rmation led 
L. Grinenko to suggest that the melt could be enriched in 
hydrocarbons, which are abundant in the Vendian sedimen-
tary rocks in East Siberia that host the deposit and contain oil 
and gas pools (Grinenko  1984 ,  1985 ). However, the mecha-
nism of this enrichment was obscure because, as was demon-
strated for oil pools in this area (Polyansky and Reverdatto 
 2006 ), hydrocarbons should migrate away from where intrusions 
were emplaced, and the composition of these hydrocarbons 
should thereby be modifi ed. Moreover, the hydrocarbons 
themselves are very poor in sulfur (4–5 % on average; 
Yashchenko  2004 ; Polishchuk and Yashchenko  2005 ) and 
are dominated by methane and other gases, and the gases 
only rarely contain more than 10 % sulfur. Obviously, the 
uniquely large sulfi de reserves should have required vast 
amounts of sulfur (and, hence, hydrocarbons); however, no 
such amounts of hydrocarbons occur in the area. Therefore, 
the source of the sulfur remains uncertain. 

 Nevertheless, the idea that the magmas assimilated 
anhydrite was explored by foreign geologists, starting in 
1990. This hypothesis was promoted by several scientists 
(Lightfoot et al.  1993 ; Arndt et al.  2003 ; Li et al.  2003 ; 
Keays and Lightfoot  2007 ,  2010 ). As indisputable proof of 
the assimilation of anhydrite (from the host rocks) by the 
magma, the fact is presented that anhydrite was found as a 
rock-forming mineral in the intrusive rocks from Talnakh 
(Li et al.  2009b ), and it was hypothesized that this mineral 
crystallized from the melt. Note that one of the published 
photos of anhydrite among silicates shows a strongly 
altered rock with secondary sulfi des: instead of chalcopy-
rite and pyrrhotite, which are the major ore-forming sul-
fi des, the rock contains typical pyrite (or, perhaps, 

  Fig. 8.8    Primitive mantle-normalized trace element patterns of rocks 
recovered by borehole OUG-2 from the central part of the Talnakh 
Massif 
 ( a ) Trace element patterns of rocks from the central portion of the vertical 
section; ( b ) patterns of inner-contact rocks of the intrusion and host rocks 
( black ). The numbers of patterns correspond to depth (in m) down the hole       
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  Fig. 8.9    ( a ) Vertical section through the Southern Maslovsky intrusion (based on materials from NorilskGeology Ltd., modifi ed after 
Krivolutskaya et al.  2014 ) 
 ( b ) Variations in primitive mantle-normalized (Hofmann  1988 ) elemental ratios of the outer- and inner-contact zones of the intrusion (based on 
materials recovered by borehole OM-24); ( c ) variations in the La/Sm ratio and Cu concentration in rocks of the sill of the South Maslovsky intru-
sion and host basalts (Krivolutskaya and Rudakova  2009 )       
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    Table 8.7    Composition of rocks from upper-contact zone of the Southern Maslovsky intrusion (borehole OM-24)   

 No  1  2  3  4  5  6  7  8  9  10 

 No sample  450.5  456.9  457.4  457.8  458.4  459  460.4  506.2  510.2  608 

 SiO 2   52.53  52.53  52.04  51.37  50.50  50.54  52.80  55.25  56.42  45.83 

 TiO 2   1.03  1.03  1.04  1.03  1.10  1.08  0.93  1.75  1.64  2.73 

 Al 2 O 3   14.78  14.78  14.72  14.41  15.12  14.96  14.27  13.07  12.91  12.60 

 Fe 2 O 3   10.35  10.35  10.44  11.02  11.10  10.69  10.55  13.79  14.19  19.37 

 MnO  0.15  0.15  0.17  0.17  0.15  0.17  0.15  0.29  0.26  0.27 

 MgO  6.06  6.06  5.71  6.16  6.25  6.47  5.33  3.01  2.45  5.50 

 CaO  8.47  8.47  9.71  9.84  10.28  10.94  9.33  5.06  5.20  10.21 

 Na2O  2.58  2.58  2.53  2.33  2.19  1.93  2.46  3.92  3.31  2.19 

 K 2 O  1.66  1.66  1.85  1.52  0.90  1.11  1.31  1.55  1.34  0.33 

 P 2 O 5   0.13  0.13  0.13  0.13  0.14  0.12  0.13  0.35  0.48  0.12 

 LOW  2.06  2.06  1.47  1.82  2.06  1.81  1.98  2.80  1.95  0.83 

 Total  99.80  99.80  99.81  99.80  99.79  99.81  99.23  98.47  100.14  99.96 

 Rb  24.52  45.73  24.51  1.69  3.02  3.10  13.23  43.66  33.87  6.55 

 Ba  328  295  220  8  89  82  183  465  392  186 

 Th  3.55  3.47  3.55  3.15  1.23  1.15  1.56  3.68  5.07  1.19 

 U  0.95  0.86  1.05  0.85  0.46  0.42  0.48  1.19  1.74  0.41 

 Nb  8.26  8.38  8.11  7.74  3.87  4.00  4.61  15.29  16.65  4.29 

 Ta  0.54  0.55  0.54  0.48  0.27  0.25  0.29  0.93  0.98  0.26 

 La  17.7  16.7  19.2  13.4  7.3  7.0  9.0  25.0  29.9  7.7 

 Ce  38.1  36.5  42.2  29.8  17.5  16.7  20.6  54.6  67.0  17.4 

 Pr  4.47  4.29  5.02  3.60  2.34  2.20  2.86  7.38  9.00  2.46 

 Sr  269  103  206  52  196  209  243  168  287  458 

 Nd  18.2  16.8  19.7  14.8  10.9  10.1  13.6  34.2  41.5  11.8 

 Sm  3.92  3.76  4.27  3.29  2.98  2.79  3.83  8.75  10.60  3.42 

 Zr  129  127  126  115  86  83  109  300  336  96 

 Hf  3.28  3.27  3.30  2.93  2.29  2.15  2.94  7.19  8.47  2.53 

 Eu  1.12  1.03  1.21  1.01  1.09  0.93  1.35  2.53  2.99  1.22 

 Ti  5,518  5,267  5,347  4,740  5,881  5,524  5,254  11,434  10,189  16,469 

 Gd  4.03  3.65  4.23  3.38  3.63  3.37  4.87  10.11  12.29  4.27 

 Tb  0.65  0.61  0.69  0.55  0.63  0.57  0.81  1.67  2.04  0.71 

 Dy  4.08  3.86  4.28  3.57  4.05  3.65  5.54  11.23  13.38  4.78 

 Y  20.8  19.3  21.1  17.8  20.6  19.3  31.1  62.0  76.9  27.0 

 Ho  0.85  0.82  0.91  0.73  0.87  0.79  1.16  2.29  2.78  0.99 

 Er  2.34  2.22  2.46  2.01  2.40  2.20  3.41  6.85  8.17  2.91 

 Tm  0.36  0.35  0.37  0.30  0.35  0.34  0.50  1.00  1.17  0.42 

 Yb  2.24  2.22  2.25  1.92  2.25  2.14  3.42  6.87  8.09  2.83 

 Lu  0.35  0.33  0.34  0.28  0.34  0.33  0.51  1.01  1.19  0.42 

 Cu  41.2  52.4  58.1  16.0  83.2  129.8  90.9  9.4  18.4  170.1 

 Ni  31.3  68.0  31.0  50.8  225.5  220.6  15.2  8.0  13.2  45.2 

 Co  41.9  44.6  41.9  28.7  52.2  62.7  57.6  32.3  30.4  65.2 

  Note: (1) № sample corresponds to the depth (m) in borehole ОМ-24, and (2) oxides are given in wt % and elements in ppm. Tables  8.7  and  8.8  
(After Krivolutskaya et al.  2012 )  

marcasite) rims; this provokes doubts in a magmatic gene-
sis of the anhydrite. 

 At the same time, anhydrite is indeed widespread at the 
deposits, not only as a typically mineral of the host sedimentary 
rocks but also as younger hydrothermal veinlets and metaso-
matic segregations redeposited in the course of secondary 
hydrothermal processes both in the outer-contact zone of the 
intrusion and in its inner portions. Anhydrite segregations 

analogous to those documented by C. Li were found in the 
Vologochansky Massif, which is hosted by the same rocks 
that host the Kharaelakh intrusion (to which the Oktyabr’skoe 
deposit is related) but contains no massive ore. Hence, anhy-
drite presence in magmatic rocks cannot be regarded as an 
argument in support of the assimilation hypothesis and, par-
ticularly, as an indication that the massif should contain 
sulfi des. 
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 A serious argument that contradicts the important role of 
the assimilation of host rocks by basaltic magmas in the ori-
gin of the ore is the absence of a correlation between S and 
Sr isotopes in intrusive rocks (Fig.  8.11 ). Thus, for the essen-
tially contaminated Low Talnakh intrusion, high  87 Sr/ 86 Sr 
ratios are typical (0.709), which has a good correlation with 
the enriched patterns. However, S isotopes in sulfi des from 
this intrusion are similar to the mantle data (usually 
+1 − +3δ 34 S, sometimes up to +6). In contrast, the Talnakh 
intrusion (it is believed to be strongly contaminated by host 
rocks due to the presence of huge massive sulfi de) has a low 

 87 Sr/ 86 Sr of 0.705–0.706 and a high δ 34 S of +15‰. As an 
additional factor of ore enrichment by heavy sulfur isotope, 
one can regard fractionation of sulfur isotopes in the process 
of sulfi de melt crystallization and appearance of different 
minerals which was established by A. Likhachev and 
V. Strizhov in experiments ( 1977 ).

   Had the magmas actively assimilated the rocks, the com-
position of the intrusions hosted in the rocks of contrastingly 
different composition (carbonate–sulfi de, terrigenous, and 
basalt) would have also signifi cantly differed. However, our 
calculations of the weighted mean compositions of the intru-
sions hosted in various terrigenous–sedimentary and volca-
nic rocks indicate that these compositions are practically 
identical (Krivolutskaya  2011 ) (Table  8.10 ). This observa-
tion is obvious from the normalized patterns of trace ele-
ments (Table  8.11 ), which are much more stable parameters 
of intrusions than the major components. The concentrations 

    Table 8.8    Isotope composition of the disseminated ores from the 
Maslovsky deposit   

 No  Sample  δ 34 S, ‰ 

 1.  OM-24/832.2.  +5.0. 

 2.  OM-24/843.6.  +4.9. 

 3.  OM-24/847.  +6.2. 

 4.  OM-24/848.  +5.5. 

 5.  OM-24/850.0.  +5.1. 

 6.  OM-24/853.9.  +6.0. 

 7.  OM-24/859.3.  +4.8. 

 8.  OM-24/862.0.  +6.7. 

 9.  OM-24/863.2.  +5.2. 

 10.  OM-24/863.4.  +5.0. 

 11.  OM-24/870.0.  +10.5. 

 12.  OM-24/870.4.  +10.8. 

  Fig. 8.10    Diagram  87 Sr/ 86 Sr versus  206 Pb/ 204 Pb for rocks of the Noril’sk 
district and anhydrite, after the data presented in Table  8.5  
 Intrusions: (1) Noril’sk 1, (2) Low Talnakh, (3) basalt of the 
Nadezhdinsky Formation, (4) anhydrite (After Krivolutskaya  2011 )       

   Table 8.9    Isotope composition of anhydrites from Devonian deposits   

 No sample  Ang-1  Ang-2  KS-56/1754 

 Sm, ppm  0.192  0.654  0.762 

 Nd, ppm  1.038  3.150  3.482 

  147 Sm/ 144 Nd  0.11184  0.12540  0.13222 

  143 Nd/ 144 Nd  0.512543  0.512573  0.512525 

 2σ  0.000008  0.000005  0.000004 

 Rb, ppm  0.495  9.749  1.104 

 Sr, ppm  3,848  288.8  1,294 

  87 Rb/ 86 Sr  0.00037  0.09768  0.00247 

 2σ  4.78  0.59  2.00 

  87 Sr/ 86 Sr  0.708637  0.708949  0.708926 

 2σ  0.000010  0.000012  0.000017 

  206 Pb /204 Pb  20.817  23.310  24.528 

 2σ  0.012  0.014  0.011 

  207 Pb /204 Pb  15.635  15.769  15.829 

 2σ  0.012  0.014  0.010 

  208 Pb /204 Pb  38.220  39.062  40.478 

 2σ  0.015  0.015  0.012 

 ( 87 Sr/ 86 Sr) t   0.70864  0.70860  0.70892 

  ε  Nd   0.87  1.02  −0.14 

  Note: ( 87 Sr/ 86 Sr)t and ( 143 Nd/ 144 Nd)t – Sr and Nd ratios for 251 Ma 
 Analyses were carried out in VSEGEI, Saint Petersburg, by analyst 
B. Belyatsky. After Krivolutskaya ( 2011 )  

  Fig. 8.11    Trace element contents normalized to primitive mantle (PM) 
in rocks of the Talnakh (1) and Lower Talnakh (2) intrusions       

 

 

8.3  Contact Zones of the Maslovsky Intrusion



324

of the latter components strongly depend on the inner struc-
ture of the intrusions, which was controlled not by the com-
position of the parental magma but by its crystallization 
conditions, which are refl ected in the compositional hetero-
geneity of the magmatic body, not only in its vertical section 

but also in the lateral distribution of the crystallization prod-
ucts (Krivolutskaya  2011 ).

    Thus, our data on the contact zones of the Kharaelakh and 
Talnakh intrusions (and on the previously studied contact 
zone of the Maslovsky intrusion) indicate that assimilation 

   Table 8.10    Average mean composition of the Noril’sk Complex intrusions, wt %   

 Massif  Mikchangdinsky  Noril’sk 1  Talnakh  Talnakh  Talnakh 

 Borehole 
 MD-48 

(Tunguska Group) 
 G-22 

(Tunguska Group) 
 КZ-1799 

(Ivakinsky Formation)  ОUГ-2 
 29 boreholes (terrigenous-

carbonate rocks) 

 SiO 2   47.71  47.16  47.47  48.76  48.3 

 TiO 2   0.91  0.79  1.11  0.88  0.85 

 Al 2 O 3   13.30  15.36  14.11  14.9  15.33 

 FeO  12.66  12.17  12.33  11.08  12.34 

 MnO  0.18  0.20  0.22  0.2  0.19 

 MgO  13.42  12.04  11.54  10.52  10 

 CaO  9.47  10.60  10.22  10.04  10.45 

 Na 2 O  1.79  0.97  1.91  2.05  1.86 

 K 2 O  0.45  0.39  0.56  0.65  0.58 

 P 2 O 5   0.10  0.09  0.12  0.18  0.2 

 Cr 2 O 3   –  0.23  0.13  0.14  0.1 

  Note: The weighted average chemical compositions were calculated from the following sources: (1) author’s data –MD-48, G-22, OUG-2 (2) 
Cza manske and Zen’ko (1994) – KZ-1799; Dneprovskaya et al. ( 1987 ) – 29 boreholes. After Krivolutskaya ( 2011 )  

   Table 8.11    Average mean compositions of rare elements in rocks of the Noril’sk Complex intrusions and low crust, ppm   

 Massif  Kharaelakh  Talnakh  Noril’sk 1  Mikchangdinsky  Low 

 Borehole  TG-21  OUG-2  G-22  MD-48  Crust 

 No  1  2  3  4  5 

 Rb  23  20  18  9  11 

 Ba  134  222  100  111  259 

 Th  1.29  1.16  0.93  0.84  1.2 

 U  0.50  0.47  0.35  0.31  0.2 

 Nb  4.32  3.77  3.65  3.39  5 

 La  6.37  7.29  4.97  6.42  8 

 Ce  14.6  16.5  11.9  14.3  20 

 Pr  1.87  2.28  1.57  1.96  2.4 

 Nd  8.39  10.22  7.29  9.35  11 

 Sr  224  262  259  212  348 

 Sm  2.12  2.66  2.05  2.61  2.8 

 Zr  64  77  59  69  68 

 Hf  1.65  2.11  1.55  1.83  1.9 

 Eu  0.79  0.99  0.71  0.88  1.1 

 Ti  4,065  6,404  4,220  5,686  4,916 

 Gd  2.38  3.64  2.40  3.27  3.1 

 Tb  0.41  0.60  0.41  0.54  0.48 

 Dy  2.72  3.85  2.81  3.69  3.1 

 Ho  0.62  0.82  0.64  0.77  0.68 

 Y  18  23  19  21  16 

 Er  1.66  2.29  1.72  2.23  1.9 

 Tm  0.25  0.34  0.26  0.32  0.24 

 Yb  1.58  2.15  1.63  2.19  1.5 

 Lu  0.24  0.33  0.24  0.32  0.25 

  Note: Average mean composition for different intrusions: 1–2, unpublished data of author; 3, Krivolutskaya and Rudakova  2009 ; 
4, Krivolutskaya et al.  2009 ; 5, Rudnick and Gao, 2003  
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processes could operate only very locally or did not operate 
at all at the level of modern intrusive chambers. This conclu-
sion is supported by the sulfur isotopic composition of the 
sulfi des, by the concentrations of radiogenic Pb and Sr iso-
topes in the anhydrite, and by the similarities between the 
compositions of various ore-bearing massifs hosted in rocks 
of different compositions: anhydrite-bearing, terrigenous, 
and volcanic. These facts testify that the assimilation of host 
rocks by the melts could not play any appreciable role in 
the generation of the unique Pt–Cu–Ni ores in the Noril’sk 
district. 

 In this case, a question arises: what causes the heavy iso-
topic composition of sulfur in the sulfi de ores of the Noril’sk 
deposits? To explain this peculiarity, we thoroughly exam-
ined rare derivatives of mantle magmas, i.e., picrite basalts of 
the Gudchikhinsky Formation. Among these rocks, we found 
rocks insignifi cantly enriched in the crustal component and 
rocks containing absolutely no Ta–Nb and Pb anomalies, 
which are typical for crustal rocks (Chap.   4    ). On the basis of 
thorough examination of the geochemical peculiarities 
(major, rare, and radiogenic elements), an analog of these 
volcanic rocks was found to be the Dyumtaleysky massif, 
southwestern Taimyr. 

 The revealed isotopic composition of sulfur is quite atypi-
cal for the mentioned igneous rocks and ores. In contrast to 
the expected low values of δ 34 S, enrichment in the heavy 
sulfur isotope was found. The following values of δ 34 S were 
defi ned earlier for rocks of the Gudchikhinsky Formation 
(Ripley et al.  2003 ): from −4 to +8.7; note that the latter 
value was characteristic for a picrite fl ow in the section of 
Mt. Sunduk and defi ned as a product of the most primitive 
magma crystallization (Fig.   2.9    , sample no. SY-50). 

 The Dyumtaleysky massif is a clearly layered lopolith- 
like intrusive body, whose upper part is composed of 
 gabbroids of an increased titanomagnetite content, while the 
lower part is of peridotite composition (wehrlites, lherzo-
lites). The REE distribution is shown in Fig.  8.12 , where one 
can clearly see the similarity between distribution curves for 
gabbroids and picrites of the Gudchikhinsky Formation. 
The differences are caused only by the presence of ore min-
eralization in the intrusive body: an increased titanomagne-
tite content yields a positive titanium anomaly and that of 
sulfi des yields a positive lead anomaly. The thickness of 
rocks at the studied LP-1 borehole is 600 m; sulfi de ores 
form several horizons of diseminated mineralization and thin 
veins at depths of 1,390, 1,490, and 1,600 m. The composi-
tion of ores does not differ from that typical for ordinary Cu–
Ni deposits: the major ore minerals are chalcopyrite, 
pyrrhotine, and pentlandite; among the auxiliary minerals 
are cubanite, bornite, and millerite; among the rare minerals is 
michenerite. The isotopic composition of sulfur from the 
Dyumtaleysky massif sulfi des (Krivolutskaya  2014 ) indi-
cates that these ores are characterized by a heavy isotopic 

composition of sulfur (δ 34 S + 12.8‰) as the standard ore- 
bearing intrusions of the Noril’sk I, Talnakh, and Kharaelakh 
(from +3 to +16 ‰ (Grinenko  1985 )) despite the fact that the 
magmas that shaped this massif have principally different 
geochemical characteristics and origins.

   This unique phenomenon can be interpreted as the pres-
ence of initially heavy sulfur in mantle rocks (Likhachev 
 2006 ). This point can explain the anomalous isotopic com-
position of sulfur from Noril’sk deposit ores, in comparison 
to other Cu–Ni deposits of the world; therefore, we must 
reject the possible participation of anhydrite that essentially 
differs from the intrusive rocks in the composition of radio-
genic isotopes. Note that almost all Cu–Ni and Pt deposits 
were formed in the Proterozoic, while the Noril’sk deposits 
were formed in the Early Triassic. This age difference is of 
fundamental importance because the composition of the 
magma source (in particular, the mantle source) that shaped 
these ores must have been essentially different. By the begin-
ning of the Phanerozoic, a thick continental crust had formed 
on the Earth, and this envelope was increasingly involved 
into subduction; therefore, this envelope had an increased 
infl uence on the mantle substrate composition, in compari-
son to the Precambrian. It is very likely that sulfi des suffered 
biogenic reworking on the Earth’s surface and then sunk by 
subduction; in the Siberian region, accuditions are not clearly 
understood yet: its composition might be partially (essen-
tially) altered at high pressures, temperatures, valence 
changes, etc. This thought is verifi ed by the data on the 
isotopic composition of sulfur from the ancient deposits of 
the Siberian craton. S. Kryazhev et al. ( 2003 ) demonstrated 
that a heavy sulfur isotopic composition of sulfi des (up to 
δ 34 S = 20‰) was typical of certain Siberian deposits (in the 
Yenisei Range) already in the Proterozoic, when anhydrite-
bearing rocks were yet to be deposited. The rocks enriched in 
the heavy sulfur isotope were recently proved to be fi rst 

  Fig. 8.12    Trace element contents normalized to primitive mantle in 
rocks of the Dyumtaleysky intrusion and Gudchikhinsky picrites       
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formed on the Earth in the Early Proterozoic (Farquhar 
et al.  2010 ). 

 Very often as evidence of a broad process of assimilation, 
magmas surrounding rocks provide data on halos of meta-
morphic and metasomatic rocks around intrusions. But our 
results are in contradiction with this opinion. 

 Thus, our data obtained on the oxygen isotopic composi-
tion of rocks from fi ve hyperbasite–basite massifs (Pokrovsky 
et al.  2005 ), three of which are accompanied by economic 
Pt–Cu–Ni ore mineralization (Noril’sk 1, Talnakh, and 
Kharaelakh) and two contain only poor mineralization (Low 
Talnakh and Zelenaya Griva), as well as analogous data on 
the hornfels and metasomatites hosting these intrusions, sug-
gest that the oxygen isotopic composition of the magmas 
before their emplacement to where the differentiated intru-
sions are located now or before their surface eruptions was 
analogous to the oxygen isotopic composition of common 
mantle melts (δ 18 O = 5.5 ± 0.5‰). The broad variations in the 
δ 18 O (from −0.8 to 13.7‰) in the intrusive rocks and basalts 
were caused mostly by hydrothermal–metasomatic pro-
cesses at a subordinate role of crustal assimilation during the 
magmatic stage. The hydrogen isotopic composition of the 
trap rocks (δ D from −94 to −137‰) suggests that the main 
source of the hydrothermal fl uids was atmospheric waters.  

8.4     Conclusions 

 The study of contact zones of the Kharaelekh, Talnakh, and 
Southern Maslovsky intrusions demonstrates absence or 
local (<1 m) appearance of the assimilation processes. 
So anhydrite was not the source of sulfur for Noril’sk ores. It 
was suggested that the source of magmas in Noril’sk region 
was enriched in heavy sulfur isotope. It was found in mantle 
magmas for the fi rst time (Dyumtaleysky intrusion).     
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      Resume: Interpretation 
of Results - Possible Magma Sources 
and Ore- Forming Processes       

             The very fi rst studies of the Noril’sk deposits were launched 
by N. N. Urvantsev in 1919, and these deposits have now 
been studied for almost one century. During these years, the 
unique ores of the Talnakh and Oktyabr’skoe deposits were 
discovered. Their resources, composition, and mineralogical 
diversity have no equivalents anywhere on the planet. The 
uniqueness of the Noril’sk ore-bearing massifs within the 
extensive class of magmatic Pt–Cu–Ni deposits (the setting 
of the Noril’sk massifs in the world’s largest Siberian fl ood 
basalt province, their Early Triassic age, and their combination 
of sulfi de and low sulfi de types of PGE mineralization within 
the same massifs) continues to attract the keen interest, in both 
purely theoretical and applied aspects, of several researchers. 
The principal relations and trends revealed in the origin of the 
Noril’sk deposits largely facilitate exploration for analogous 
ores not only in the Noril’sk district itself but also throughout 
the Siberian Platform and elsewhere worldwide. 

 Several aspects of the genesis of the Noril’sk deposits are, 
however, still uncertain or not fully understood. First of all, 
the mechanism responsible for the enrichment of metals and 
the ensuing origin of the rich ore mineralization with regard 
to the small volumes of the silicate melts compared to the 
volumes of the sulfi de orebodies is unknown. Several 
researchers attempted to explain this phenomenon from vari-
ous standpoints. Some geologists (Godlevsky  1959 ; 
Likhachev  1965 ,  1996 ,  2006 ; Dyuzhikov et al.  1988 ) 
believed that the unusual inner structures of the deposits can 
be accounted for by their generation by means of unusual 
ore-bearing magmas. Conversely, some other scientists 
(Rad’ko  1991 ; Naldrett  1992 ) were prone to think that the 
deposits were produced by usual tholeiitic melts in the course 
of their long-lasting ascending fl ow to the surface. It was 
thus assumed that the magmatic systems were either open or 
closed during the generation of the ores. Almost all genetic 
schemes attach much importance to the assimilation of host 
rocks by the melts. This pertains, fi rst of all, to anhydrite in 

the host rocks as a source of sulfur. Much attention was also 
paid to the regime of fl uids as a predominant or subordinate 
agent of the enrichment of valuable components in the ores. 

 The author’s long-term studies of the massifs provided 
extensive data on the geology, geochemistry, and mineralogy 
of magmatic rocks in the Noril’sk district. In certain 
instances, these data allowed to settle some disputable prob-
lems (such as the composition of the melts and volatiles in 
them and as the possible extent of assimilation) or constrain 
the boundary conditions of certain hypotheses (Krivolutskaya 
 2014 ). The results are briefl y summarized below. 

 The detailed studies of the inner structure and geology of 
the volcanic rocks in various tectonic structures of the district 
made it possible to distinguish two major episodes (rifting and 
trap magmatism itself) in the origin of the rocks of the tuff–
lava sequence, which comprise four cycle formations: the 
Ivakinsky–Syverminsky, Gudchikhinsky, Nadezhdinsky–
Tuklonsky, and Morongovsky–Samoedsky. The basalts of the 
stratigraphically lowermost formations (Ivakinsky, 
Syverminsky, Gudchikhinsky, and Nadezhdinsky) were found 
only within the Noril’sk–Igarka ancient rift structure (Fig. 
  3.43    ) and give insight into the rift evolutionary episode of the 
area. The composition of these formations is principally dif-
ferent from those of the other volcanic products, including 
those in the Tuklonsky and Morongovsky–Samoedsky 
Formations, whose rocks were found far away from the 
Noril’sk district (at the Putorana Plateau and Tunguska 
Syneclise); these rocks affi liate with the trap association itself 
(Fig.   3.43    ). The rocks generated during rifting typically have 
elevated Ti concentrations and elevated Gd/Yb ratios, which 
suggests that garnet occurred in the source material from 
which the parental magmas were derived (this source was 
closely similar to the source of OIB). The exception is the 
basalts of the Nadezhdinsky Formation, which are poor in Ti 
but are enriched in LILE. Analogous rocks were found in rift 
zones in the West Siberian Platform (Al’mukhamedov et al. 
 2004 ; Saunders et al.  2005 ; Reichow et al.  2005 ). 
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 The pioneering and principally new result in studying of 
volcanism in the Noril’sk district was the discovery of two 
simultaneously operating magmatic centers (in the western and 
eastern parts of the territory), which characterize different 
evolutionary episodes of the volcanic rocks. The western 
center pertained to the latest evolution of the rift system, 
whereas the eastern one marked the onset of trap magmatism 
itself. These conclusions were derived from data on the inner 
structure and geochemistry of rocks of the Nadezhdinsky 
and Tuklonsky Formations, which occur, respectively, in the 
western and eastern portions of the territory and alternate in 
the vertical section of its central part (Figs.   3.23     and   3.24    ) 
because of the simultaneous generation of tuff (whose com-
position corresponds to that of the Nadezhdinsky rocks) and 
basalts of the Tuklonsky Formation. Magmatic activity 
within the rift was likely more intense, because the younger 
Nadezhdinsky lavas extend eastward and overly the 
Tuklonskaya basalts. The latter are not as widely spread as 
the younger products of typical trap magmatism (the 
Morongovsky and overlying formations). It follows that the 
elevated thickness of volcanic rocks in the northwestern 
Siberian Platform is explained not by the activity of a single 
powerful magmatic center (as was hypothesized previously) 
but by a combination of products of rift and platform evolu-
tionary episodes in this territory. 

 Although detailed data were obtained on the structure and 
chemistry of the tuff–lava sequence in the Noril’sk district 
and the evolution of the volcanic processes was reproduced, 
the spatiotemporal evolution of these processes can be real-
istically visualized only based on the reproduced evolution-
ary history of magmatism throughout the whole Siberian 
Platform. This is a subject for further studies. 

 Intrusive rocks widespread in the Noril’sk district are 
classifi ed (based on their distribution of trace elements and 
on isotopic data) into three types, which correspond to the 
Gudchikhinsky (Dymtaleysky type of intrusions), 
Nadezhdinsky (Low Talnakh type), and Morongovsky 
(Noril’sk type) Formations. 

 Proceeding from the geology and relations between the 
basalts and intrusions, it was established that the massifs of 
the Noril’sk Complex were emplaced in post-Nadezhdin-
sky time, i.e., they were generated during the trap episode 
of the magmatic evolution. A comparison of the major 
component and trace element composition of the ore-bear-
ing massifs and lavas of this episode reveals their signifi -
cant differences: in the MgO concentrations (10–12 wt % 
in the intrusions and 6–7 wt % in the volcanic rocks), in the 
TiO 2  concentrations (Fig.   6.4    ) and La/Yb ratio of the rocks 
of the Noril’sk Complex, and in the isotopic composition 
(fi rst of all, the sulfur isotopic composition—δ 34 S from +1 
to −7 and up to 18 ‰ in the basalts and intrusions, respec-
tively). In the absence of geological data on relations 
between the intrusions and lavas and with regard for their 

geochemical differences, it was concluded that the ore-
bearing intrusions and volcanic rocks are not comagmatic. 
As was suggested by most researchers, the massifs of the 
Noril’sk Complex were emplaced during an individual 
pulse of magmatic activity in the post-Nadezhdinsky time 
period. Many fewer arguments were collected in support of 
the hypothesis that the ore- bearing magmas were emplaced 
in post-Morongovsky time period and, conceivably, even 
after the accumulation of the whole volcanic pile (Malitch 
et al.  2010 ; Ivanov et al.  2013 ), and this issue awaits its 
further thorough studying. 

 Differences in the estimated nature of the parental magma 
that produced the intrusions with rich ore mineralization 
largely stem from differences in the approaches to these esti-
mations: the composition of the magmas either was esti-
mated as the weighted mean of the composition of the 
massifs or was assumed to be analogous to the composition 
of the magnesian intrusions, or else was taken up to be close 
to the composition of peripheral sills. We were the fi rst to 
widely apply a new approach to estimating the composition 
of the melts that produced the magmatic rocks: this composi-
tion was evaluated from data on melt inclusions in the early 
liquidus phases (olivine and pyroxene). The results of this 
study allowed us to directly evaluate the concentrations of 
major, trace, and volatile components in the magmas. For 
example, it was demonstrated that the ore-bearing massifs 
were produced by magnesian melts (up to 8 wt % MgO), 
which contained intratelluric olivine and plagioclase pheno-
crysts. The parental magma had crustal geochemical signa-
tures: their normalized trace element patterns show 
pronounced negative Ta–Nb and positive Pb anomalies. The 
fl uid was aqueous solution (the H 2 O concentration in the 
parental melt was 0.5–0.7 wt %) poor in CO 2  and sometimes 
containing elevated Cl concentrations (up to 0.2 wt %). The 
basalts and intrusions mostly have lower Mg# = MgO/
(MgO + FeO) × 100 = 37–38 than those of typical mantle 
rocks, which have Mg# >50. It was calculated that the Mg# 
was 55–57 for picritic basalt of the Tuklonsky Formation, 
59–63 for the Nadezhdinsky Formation, and 56–57 for the 
picritic gabbro–dolerites (Krivolutskaya et al.  2012 ). These 
rocks contain low-magnesian olivine (< Fo   84  ). This testifi es 
that the parental melts of the rocks were not in equilibrium 
with a peridotite source but were cumulates of tholeiitic 
magmas whose characteristics were close to those of crustal 
rocks ( ε  Nd  = 0 ± 1.5;  87 Sr/ 86 Sr = 0.706 ± 0.1). The products of 
typical mantle magmas (picrites of the Gudchikhinsky 
Formation, Ayan picrites, and meymechites, which occur 
outside the Noril’sk district) are restricted only to the ancient 
rift structure in the northern Siberian Platform and are not 
directly related to the traps. 

 The characteristics of most rocks of the trap association 
listed above are traditionally explained by the crustal con-
tamination of the mantle melts, which could reportedly take 
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place at certain depths or immediately where the melts crys-
tallized and could play a decisive role in the origin of the 
sulfi de ores (Lightfoot et al.  1993 ; Naldrett  1992 ; Li et al. 
 2009a ,  b ). However, data on the distribution of major and 
trace elements in the contact zones of the intrusions with 
their host rocks and on the isotopic composition of the rocks 
(their  ε  Nd ,  87 Sr/ 86 Sr, δ 34 S) are at variance with any signifi cant 
in situ contamination. The heavy sulfur isotopic composition 
of the sulfi de ores (up to 18 ‰ according to Grinenko  1985 ), 
which is atypical of magmatic deposits, was (and still is) 
explained (Li et al.  2009a ,  b ) by the assimilation of sulfate- 
bearing rocks by the melts, with such rocks (with thick anhy-
drite beds) widespread in the Noril’sk district. Our pioneering 
data on the sulfur radiogenic isotopes in the anhydrite are in 
confl ict with the hypothesis that this mineral could serve as a 
sulfur source for the Noril’sk ores. The fact that the average 
composition of the intrusions is independent on the strati-
graphic setting of these intrusions, which can be hosted by 
limestone, sandstone, and/or basalt, provides further support 
for the idea that no assimilation took place at the depths of 
the chambers in deep zonez of the crust which the melts crys-
tallized. No evidence of magmatic assimilation of the host 
rocks, a process that is believed to play a decisive role in the 
genesis of rocks of the trap association (Arndt et al.  2003 ), 
has ever been published in the literature. 

 L. Grinenko ( 1984 ) suggested that the ore-bearing magma 
could be enriched in sulfur, which could be borrowed from 
the Vendian–Cambrian hydrocarbon deposits of the Siberian 
Platform. However, as early as 1973, L. Perchuk stressed that 
ascending magmas should affect the wall rocks rather than 
assimilate them. This was convincingly proved by O. P. 
Polyansky and V. V. Reverdatto ( 2006 ) and illustrated by the 
example of trap sills emplaced into carbonaceous rocks: the 
thermal effect of the emplaced magma forces the hydrocar-
bons from the crystallization chamber, and the melt does not 
assimilate them. Moreover, the hydrocarbon deposits are 
poor in sulfur (contain <10 % H 2 S), so that the total volume 
of sulfur was not comparable to that contained in the Noril’sk 
deposits. 

 The reason for the heavy sulfur isotopic composition of 
ores in the Noril’sk district is still uncertain. Data obtained 
over the past decade on the sulfur isotopic composition of 
basalts and ores from some intrusions in the Taimyr Peninsula 
likely provide a clue to this problem. The highest δ 34 S values 
in rocks of all of the formations were detected in the primi-
tive Gudchikhinsky picrites (δ 34 S = +8.7 ‰; Ripley et al. 
 2003 ) which are geochemically similar to rocks from the 
Dyumtaleysky massif (δ 34 S = 12.2 ‰; Krivolutskaya and 
Gongalsky  2013 ,  2014 ; Krivolutskaya  2014 ). These data 
support that the mantle source of magmas in the Noril’sk 
district was enriched in the heavy sulfur isotope. A. P. 
Likhachev ( 1978 ) came up with this idea but he had no clear 
evidences of this. So this enrichment could occur, for exam-

ple, if sulfi des that were biogenically recycled at the Earth’s 
surface were then brought to the mantle by subduction. 
However, it is hard to believe that crustal material involved in 
global circulation (up to the Earth’s core) can somehow be 
preserved and remain unmodifi ed during a time span of 
400 Ma. But it is the age difference that could be responsible 
for the unusual composition of the Noril’sk ores, because the 
mantle source in the Early Mesozoic was remarkably differ-
ent from that in the Proterozoic one, when practically all Cu–
Ni deposits worldwide were produced. 

 Another possible interpretation of these data can be based 
on the fact that rocks enriched in the heavy sulfur isotope 
were generated in the Earth starting in the Early Proterozoic 
(Farquhar et al.  2010 ). Such deposits are also known in the 
southern Siberian Platform, where the Proterozoic ores have 
δ 34 S = 20 ‰ (Kryazhev et al.  2003 ). Evidence supporting 
their biogenic genesis is still insuffi cient. Theoretically, such 
sulfi des could be remobilized by the parental melts and 
brought to where they were later deposited in the Noril’sk 
district. 

 Also, it cannot be ruled out that the sulfur isotopic com-
position could be modifi ed during the crystallization of the 
sulfi de orebodies. The fractionation of sulfur isotopes in the 
sulfi de melt was proved experimentally during the onset of 
liquid immiscibility and decomposition into Cu-rich and 
pyrrhotite constituents (Kovalenker et al.  1974 ; Likhachev 
and Strizhov  1977 ). It is also reasonable to hypothesize that 
such processes could play an important role in the vast vol-
umes of sulfi de melts (1–2 km 3 ) in the Noril’sk district and 
were largely responsible for the shift in the sulfur isotopic 
composition of the sulfi de system. An argument in support of 
the hypothesis that this process can operate in nature is pro-
vided by a direct correlation between the concentration of 
the heavy sulfur isotope and the volume of the deposit 
(Grinenko  1985 ). 

 These results presented above allowed the author to sug-
gest her own interpretation of the genesis of the Noril’sk 
deposits. Mineralogical and geochemical data on magmatic 
rocks in the Noril’sk district and the limited operation of 
assimilation processes testify that the parental melts of the 
tuff–lava sequence of the trap episode of volcanism (from the 
Tulonsky Formation to Samoedsky) and the intrusions of the 
Noril’sk Complex were originated from lower crust rather 
than mantle (Krivolutskaya  2011 ,  2014 ). 

 The evaluation of the composition of the lower crust is a 
challenging problem by itself, and this problem can be solved 
by analyzing (1) the rare exposures of lower crustal rocks, 
(2) xenoliths entrained by magmas of various composition, 
and (3) geophysical data. It was thought (Rudnick and 
Fountain  1995 ; Bogatikov et al.  2010 ) that the lower crust is 
made up mostly of mafi c and ultramafi c rocks. However, 
with regard to its heterogeneity, the average composition of 
the crust should be close to andesite (Rudnick and Gao  2003 ; 
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Table   8.10    ). The former composition reported by these 
authors is close to that of the “average trap” and the model 
melt of the Talnakh intrusion. For comparison with the 
 ore- bearing intrusions, the concentrations of trace elements 
are listed according to the latter composition, which was rec-
ommended as a reference one. As can be seen in Fig.  9.1 , the 
concentrations of trace elements in rocks of the Noril’sk 
Complex are closely similar to those in the lower crust. The 
trace element patterns are even more “crustal” than the refer-
ence pattern of the lower crust, because the slope of their 
right-hand parts is more gentle and they have much higher U 
concentrations. The isotopic parameters of the ore-bearing 
intrusions ( 87 Sr/ 86 Sr = 0.705–0.706 and  ε  Nd  = −2) are also 
lower crustal. It follows that, according to their composition, 
lower crustal rocks can be a probable candidate for the source 
material of the Noril’sk magmas, but this does not eliminate 
the question whether this melting process could occur. The 
key issue of this problem is the temperature in the lower 
crust, which is usually evaluated at 600–800 °C.

   It was lately demonstrated that the seismic parameters of 
rocks that are usually utilized to interpret the inner structure 
and composition of deep Earth’s zone are more strongly 
dependent on temperature than composition (Kuskov et al. 
 2014 ). The geophysical data of Kola Superdeep Borehole 
have been extrapolated to the middle and lower crust 
(Gorbatsevich et al.  2013 ). Taking into account a surface heat 
fl ux 2.2 °C/100 m, these authors have got the temperatures of 
710–790 °C in the middle crust, and one can suppose 1,120–
1,200 °C in the lower crust. Thus, even decompressional 
melting alone is able to generate melts typical of ore-bearing 
intrusions in various areas. 

 Of course, these are other factors facilitating this pro-
cess. It was recently discovered, with the application of 
modern geophysical techniques, that the structure of the 
Moho (M) discontinuity beneath the continents is compli-
cated. The discontinuity was proved to be thinly layered 

(the thicknesses of individual layers are a few kilometers), 
and the transition from the crust to mantle corresponds to a 
change not in the rock compositions but in their rheology, 
as follows from the results obtained by precritical refl ection 
techniques and deep seismic sounding (Pavlenkova  2006 ). 
Moreover, gravimetric data testifi es that isostatic crustal 
equilibrium occurs at the M discontinuity but not in the bot-
tom part of the asthenosphere. This provides support for the 
hypothesis that rheologically weakened layers can occur, 
and their material can likely fl ow. The observed rock char-
acteristics are explained by most researchers by elevated 
fl uid contents (Lobkovsky et al.  2004 ). The role of fl uid in 
crustal and mantle processes was emphasized by L. Perchuk 
( 1973 ), who believed that the principal driving force of 
melting processes was fl uid. 

 A combination of several factors (high temperature, a 
nearly molten state of the material, high fl uid contents in the 
rocks, and stress buildup in the lithosphere) could result in 
laterally extensive (as large as hundreds of kilometers, as follows 
from seismic data) horizontal basalt magma chambers in 
weakened zones in the bottom portion of the continental 
crust. A possibility of formation of large volume of crust 
melt was shown in publication (Sobolev et al.  2011 ). Details 
of the melting mechanism can, however, be elucidated only 
based on specialized studies. 

 The melting of the lower crust can explain more logically 
than assimilation the following geological facts:

    1.    The occurrence of homogeneous lava fl ows over vast ter-
ritories (e.g., the Nadayansky plagiophyric tholeiite fl ow 
in the lower part of the Mokulaevsky Formation covers an 
area of 48,000 km 2 ; Starosel’tsev  1989 ). The possible 
scale of naturally occurring assimilation processes has 
still not been estimated, nor has the time needed for the 
homogenization of all parameters of the melt, newly pro-
duced by magma interaction with its host rocks or by the 
mingling of different melts. It is still uncertain as to 
whether such a process could occur, considering the high 
accumulation rate of the whole tuff–lava sequence of the 
Siberian Platform.   

   2.    The absence of sulfi des from basalts of all of the forma-
tions. If a single mechanism had operated during the 
crustal contamination of the mantle magmas, a certain 
portion of the sulfi de droplets would have been brought to 
the surface, and hence, the basalt should had hosted min-
eralized zones or sulfi de-rich lavas, if not mineral depos-
its. However, the volcanic rocks are practically completely 
devoid of sulfi de minerals or contain only very low con-
centrations of these minerals.   

   3.    Deposits of different volume are hosted in certain struc-
tures. Again, if a universal mechanism of melt contamina-
tion with host rocks had operated, deposits or at least 
occurrences of Cu–Ni ores should have been found else-
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  Fig. 9.1    Rare element patterns for ore-bearing intrusions (author’s 
data) and low crust (Rudnick and Gao 2003)       
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where in the Siberian Platform. Numerous dolerite sills in 
the southern part of the latter locally account for up to 
50 % of the total volume of the magmatic rocks and are 
mostly exposed at the surface, which very much simpli-
fi es searches for mineral deposits in this area compared to 
the northern part of the platform, but no sulfi de ores have 
been found the as of yet.     

 The occurrence of ore mineralization only in certain 
crustal zones is controlled by the unusual structures of the 
latter. The origin of uniquely large deposits can thereby be 
interpreted as resulting from the melting of a source material 
already enriched in sulfi des. The metals were most likely 
enriched during a number of episodes (Figs.  9.2  and  9.3 ), 
including (1) their initial synthesis in Proterozoic time and 
(2) mobilization and entrainment with melts in Early 
Mesozoic time period. This leads to the idea that the Noril’sk 
deposits were produced over a long time period.

    The disseminated sulfi des started to crystallize already 
during the growth of the continental crust, when the 
Proterozoic ultramafi c–mafi c magmas were emplaced and 
gave rise to large intrusive bodies, which typically hosted, 
however, merely small orebodies of Cu–Ni ores worldwide. 
Such bodies are also known in the Siberian Platform and are 
related to the Chineysky, Luktursky, Dovyrensky, Chaisky, 
and other massifs. This process is the most probable in long- 
lived rift structures, which were formed in the Paleoproterozoic 
in various areas, including the northern Siberian craton, as 
was mentioned by several researchers (Dyuzhikov et al.  1988 ; 
Gorbunov et al.  2011 ; Dodin et al.  2011 ). 

 The long-lasting (from the Proterozoic to Mesozoic) resi-
dence of the sulfi de in lower crustal environments led to the 
enrichment of the metals in the course of metamorphic pro-
cesses at the crust–mantle interface. The melting of vast vol-
umes of material (likely under the effect of a plume or 
induced by other mechanisms) during the origin of trap asso-
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T1mr-sm 4. Melting of Lower crust containing
sulfides, saturation of magmas by sulfide
(inside rift zones). Transport of sulfide melt
(in form of small drops) to the surface.
Location of sulfide-bearing magmas 
predominatingly in terrigenouse rocks (depth 
1-3 km). Settling of sulfides and their 
crystallization. 

T1nd+tk 3. Appearing of diffused rifting zones inside 
Siberian Platforme along with rifting zonez 
in the Northern part of the Platform.  
Simultaneous developing processes on West 
and East of the Noril’sk region: explosion
of the Low Nadezhdinsky tuffs and effusion 
of the Tuklonsky basalts.

T1gd 2. Penetration of faults in mantle due to 
increase of exertions. Forming of magmatic 
chambers and effusion of the 
Gudchikhinsky picrite lavas.

T1iv+sv 1. 1.Activation of ancient paleorift zonez 
(Noril’sk-Igarka and Yenisey-Khatangsky). 
Effusion of subalcaline lavas of the 
Ivakinsky and Syverminsky Formations.
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  Fig. 9.3    Schema of magmatism evolution for the second etap       
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ciations in the Early Mesozoic and the emplacement of melts 
into upper crustal levels aided the remobilization of the sul-
fi des and their transport to the surface. 

 The absence of correlations between geochemical charac-
teristics of the melts and ores can be explained by the mag-
mas that played a predominantly transport role. The 
possibility of the transfer of great volumes (up to 10 %) of 
sulfi de melts in the form of small droplets was experimen-
tally demonstrated (Likhachev  2006 ). 

 The unique PGE enrichment of sulfi des in the Noril’sk 
ores can be explained by the long-lasting residence of the 
sulfi de droplets in the melt when they were transferred from 
the source to the crystallization chamber (for a distance of 
more than 40 km). In this situation, the mechanism of the 
enrichment of sulfi de globules in PGE (Naldrett  1992 ) 
should have operated even more effi ciently than at the move-
ment of the melt only within the platform cover (i.e., for a 
distance of 1–2 km). Conceivably, this mechanism accounts 
for the higher PGE concentrations of the Noril’sk ores than 
at other Cu–Ni deposits worldwide that are related to 
Proterozoic massifs in the basements of platforms. It cannot 
be ruled out that the source material was originally enriched 
in PGE and base metals, which could be mobilized from, for 
example, black shales in the source. 

 The crystallization of the ore-bearing magmas began dur-
ing their ascent to the surface and terminated in chambers 
that were hosted mostly in Devonian sedimentary rocks as 
the most lithologically favorable for melt emplacement. The 
whole volume of the sulfi de was deposited where the intru-
sions crystallized. 

 Our analysis of the composition of ore-bearing intrusions 
in various parts of Russia (northern Transbaikalia, Karelia 
and Kola Peninsula, and the Eastern Sayan Range) reveals 
amazing compositional similarities of the ore-bearing rocks: 
regardless of their age, all of them are geochemically similar 
(including their isotopic composition) and show geochemical 
parameters typical of the lower crust. The only exception is 
the sulfur isotopic composition of sulfi des in the  orebodies, 
which is usually remarkably different from the sulfur isoto-
pic composition of Noril’sk deposits and which usually only 
insignifi cantly varies about zero (δ 34 S = 0 ± 2‰). 

 It should be mentioned that the scheme suggested above 
for the origin of the Noril’sk deposits is consistent with the 
methodological fundamentals of the origin of ore deposits 
suggested by L. Ovchinnikov ( 1988 ), who repeatedly 
attracted attention to the accompanying character of ore- 
forming processes and their random occurrence in nature. 
Instead of a comprehensive analysis of the situation, the 
interrelated system of geological factors is often substituted 
for interpretations of a few selected processes and phenomena 
(for instance, sulfur solubility, assimilation, etc.) that are 
thought to play a decisive role. 

 L. Ovchinnikov ( 1988 , p. 242) wrote that “the origin of an 
ore deposit is predated by a long-lasting and complicated 
evolutionary prehistory.” “Genes of the would-be ore were 
produced during the earliest geological evolution of the 
Earth and its crust.” The probability of the accumulation of 
economic concentrations of metals in the Earth’s crust is low 
because “this always requires additional “efforts“ of nature 
to concentrate usually scattered metals… All…logical errors 
in studying ore-forming processes… stem, fi rst and fore-
most, from ignoring the probabilistic nature of laws in geol-
ogy and from that no theory can, in principle, be developed 
if this probability is ignored.“ These ideas were, in a sense, 
confi rmed by the negative results of long-lasting searches for 
any exploration guides for massifs with rich Cu–Ni ores in 
the Noril’sk district. 

9.1     General Conclusions 

     1.    The volcanic rocks of the Noril’sk districts were formed 
during two episodes (rifting and trap per se) and in four 
stages.   

   2.    The ore-bearing intrusions have no comagmatic analogues 
among the rocks of the tuff–lava sequence and were 
formed by an independent pulse of magmatic activity dur-
ing the trap episode of the regional evolutionary history.   

   3.    The intrusions crystallized from tholeiite melts of ele-
vated Mg#.   

   4.    The fl uid regime of trap magmatism was not anomalous: 
the fl uid was H 2 O-CO 2 ; the parental melts of the ore- 
bearing and barren massifs had similar and low concen-
trations of volatile components (H 2 O, CO 2 , and F).   

   5.    Assimilation processes did not play any appreciable role 
in producing the ore deposits.   

   6.    The parental melts of the magmatic rocks of the trap asso-
ciation were derived from lower crustal rocks.         
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   Table 10.3    Pyroxene composition from intrusive rocks of the Maslovsky deposit (wt %)   

 No  No sample  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Total 

 1  ОМ-4/835.3  78.73  51.95  0.71  2.95  8.06  0.23  16.73  19.10  0.23  0.59  100.56 

 2  ОМ-4/836.1  83.62  52.54  0.39  2.91  6.00  0.16  17.18  20.37  0.18  0.74  100.48 

 3  ОМ-4/836.1  82.74  51.12  0.51  3.72  6.17  0.14  16.58  20.41  0.22  0.88  99.78 

 4  ОМ-4/836.1  82.48  51.09  0.47  3.39  6.27  0.16  16.54  20.48  0.21  0.70  99.33 

 5  ОМ-4/836.1  83.39  51.60  0.39  2.89  6.07  0.15  17.10  20.30  0.21  0.67  99.41 

 6  ОМ-4/836.1  76.08  51.22  0.77  3.01  8.99  0.23  16.03  19.33  0.23  0.22  100.05 

 7  ОМ-4/836.1  78.92  50.78  0.52  3.03  7.50  0.21  15.74  20.29  0.21  0.39  98.68 

 8  ОМ-4/846.6  69.97  50.55  0.73  3.13  11.31  0.25  14.78  19.06  0.25  0.01  100.08 

 9  ОМ-4/846.6  55.43  49.53  0.79  3.02  15.98  0.45  11.15  19.12  0.24  0.004  100.30 

 10  ОМ-4/846.6  76.03  51.53  0.56  3.11  8.99  0.20  16.00  19.68  0.20  0.05  100.34 

 11  ОМ-4/846.6  72.84  50.93  0.66  3.13  10.18  0.23  15.31  19.43  0.22  0.01  100.12 

 12  ОМ-4/846.6  79.50  51.18  0.51  3.38  7.49  0.17  16.29  20.24  0.22  0.21  99.71 

 13  ОМ-4/846.6  70.48  50.57  0.71  3.28  11.13  0.26  14.90  19.20  0.26  0.01  100.34 

 14  ОМ-4/846.6  73.37  51.07  0.52  2.80  9.63  0.26  14.88  20.31  0.22  0.02  99.72 

 15  ОМ-4/847.8  73.17  52.63  0.24  1.48  9.28  0.38  14.19  21.93  0.48  0.00  100.63 

 16  ОМ-4/847.8  70.38  52.90  0.29  1.48  10.39  0.44  13.85  21.38  0.53  0.006  101.28 

 17  ОМ-4/847.8  76.80  51.30  0.56  3.14  8.63  0.21  16.02  19.94  0.20  0.04  100.06 

 18  ОМ-4/847.8  77.29  52.38  0.35  2.03  8.18  0.25  15.62  21.28  0.18  0.04  100.32 

 19  ОМ-4/847.8  70.12  53.13  0.21  1.55  10.53  0.46  13.87  20.97  0.56  0.00  101.29 

 20  ОМ-4/847.8  73.27  53.28  0.15  1.53  9.40  0.42  14.44  21.39  0.54  0.005  101.17 

 21  ОМ-4/850.1  74.53  50.69  0.60  3.15  9.32  0.21  15.29  19.95  0.23  0.02  99.48 

 22  ОМ-4/850.1  76.72  51.42  0.53  3.07  8.49  0.20  15.69  20.11  0.22  0.20  99.95 

 23  ОМ-4/850.1  76.53  51.44  0.52  2.88  8.72  0.20  15.94  19.94  0.20  0.03  99.89 

 24  ОМ-4/850.1  72.92  50.92  0.63  3.06  10.09  0.23  15.24  19.61  0.25  0.01  100.06 

 25  ОМ-4/850.1  52.68  50.09  0.68  2.23  18.66  0.50  11.65  16.79  0.21  0.007  100.83 

 26  ОМ-4/850.7  67.67  51.13  0.78  3.11  12.41  0.28  14.57  18.55  0.28  0.008  101.13 

 27  ОМ-4/850.7  71.04  50.69  0.68  3.07  10.91  0.26  15.01  19.17  0.25  0.006  100.07 

 28  ОМ-4/850.7  73.18  51.07  0.63  3.13  10.21  0.23  15.62  19.20  0.20  0.01  100.32 

 29  ОМ-4/850.7  62.75  51.84  0.35  1.94  13.68  0.37  12.93  19.84  0.18  0.02  101.16 

 30  ОМ-4/850.7  79.47  51.78  0.52  3.48  7.57  0.18  16.43  20.10  0.20  0.21  100.48 

 31  ОМ-4/850.7  78.99  51.91  0.52  3.23  7.77  0.18  16.38  20.42  0.19  0.13  100.74 

 32  ОМ-4/850.7  66.16  52.01  0.07  1.38  11.61  0.34  12.73  22.57  0.03  0.02  100.78 

 33  ОМ-4/851.2  77.10  51.67  0.54  3.12  8.56  0.20  16.16  19.77  0.20  0.04  100.28 

 34  ОМ-4/851.2  79.49  51.64  0.47  2.88  7.53  0.18  16.36  20.32  0.18  0.12  99.70 

 35  ОМ-4/851.2  75.57  51.58  0.58  3.07  9.11  0.20  15.81  19.89  0.19  0.02  100.47 

 36  ОМ-4/851.2  66.78  51.32  0.60  2.90  12.39  0.32  13.97  19.15  0.18  0.01  100.86 

 37  ОМ-4/851.2  74.29  51.71  0.62  3.12  9.65  0.22  15.64  19.52  0.22  0.01  100.73 

 38  ОМ-4/851.2  79.22  51.94  0.50  3.18  7.61  0.17  16.27  20.48  0.18  0.13  100.49 

 39  ОМ-4/854.8  40.57  50.40  0.14  1.40  21.55  0.35  8.25  19.01  0.09  0.00  101.20 

 40  ОМ-4/854.8  76.61  52.35  0.51  2.78  8.80  0.21  16.17  19.90  0.20  0.02  100.96 

 41  ОМ-4/854.8  75.14  53.03  0.20  1.72  8.91  0.24  15.10  21.83  0.05  0.01  101.12 

 42  ОМ-4/854.8  59.56  49.98  0.70  3.14  14.86  0.39  12.27  19.07  0.24  0.01  100.69 

 43  ОМ-4/854.8  67.94  50.96  0.75  3.04  11.50  0.29  13.67  20.43  0.24  0.02  100.92 

 44  ОМ-4/856.1  79.23  52.51  0.51  3.09  7.75  0.18  16.59  20.52  0.17  0.11  101.46 

 45  ОМ-4/856.1  78.88  52.26  0.51  3.14  7.87  0.18  16.48  20.43  0.20  0.11  101.19 

 46  ОМ-4/856.1  66.51  51.88  0.56  2.68  12.16  0.34  13.55  20.47  0.23  0.008  101.90 

 47  ОМ-4/856.1  65.07  49.74  0.83  3.33  12.32  0.34  12.87  20.19  0.26  0.22  100.11 

 48  ОМ-4/856.1  79.09  53.27  0.55  2.44  7.59  0.18  16.11  21.57  0.21  0.23  102.18 

 49  ОМ-4/856.1  68.90  51.72  0.67  3.37  11.14  0.29  13.84  20.81  0.22  0.006  102.07 

 50  ОМ-4/856.1  53.97  48.37  0.61  3.09  16.61  0.46  10.92  18.61  0.21  0.01  98.91 

 51  ОМ-4/856.1  77.56  50.83  0.54  3.11  8.31  0.20  16.11  19.86  0.21  0.05  99.24 

 52  ОМ-4/856.1  65.35  49.96  0.75  3.56  12.72  0.30  13.46  19.31  0.26  0.01  100.35 

 53  ОМ-4/856.1  71.81  50.96  0.68  3.04  10.43  0.25  14.90  19.91  0.24  0.01  100.44 

(continued)
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 No  No sample  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Total 

 54  ОМ-4/856.1  52.43  51.74  0.20  1.40  17.41  0.40  10.77  19.47  0.19  0.01  101.60 

 55  ОМ-4/856.1  63.14  50.82  0.78  2.80  13.18  0.38  12.66  20.10  0.25  0.01  101.00 

 56  ОМ-4/858.3  79.27  52.48  0.46  2.95  7.69  0.18  16.50  20.31  0.21  0.10  100.90 

 57  ОМ-4/858.3  65.03  52.31  0.23  1.67  13.05  0.33  13.61  20.11  0.15  0.00  101.48 

 58  ОМ-4/858.3  70.75  51.48  0.60  2.99  11.01  0.26  14.94  19.45  0.22  0.01  100.98 

 59  ОМ-4/858.3  75.80  52.84  0.22  1.99  8.36  0.23  14.69  22.50  0.06  0.01  100.92 

 60  ОМ-4/858.3  79.88  51.43  0.47  3.17  7.42  0.17  16.52  20.31  0.18  0.16  99.85 

 61  ОМ-4/858.3  67.46  51.79  0.26  1.90  11.83  0.30  13.75  20.41  0.17  0.01  100.44 

 62  ОМ-4/859  79.71  51.43  0.47  3.12  7.39  0.17  16.29  20.48  0.18  0.16  99.71 

 63  ОМ-4/859  42.43  50.85  0.11  1.38  20.37  0.34  8.42  19.81  0.13  0.00  101.43 

 64  ОМ-4/859  79.44  52.16  0.48  3.12  7.53  0.17  16.31  20.41  0.19  0.15  100.54 

 65  ОМ-4/859  80.03  51.41  0.49  3.40  7.31  0.17  16.43  20.13  0.20  0.26  99.83 

 66  ОМ-4/859  72.98  50.75  0.61  3.05  9.90  0.27  15.00  19.90  0.21  0.01  99.72 

 67  ОМ-4/859  74.70  51.03  0.42  2.42  9.03  0.23  14.96  21.27  0.12  0.01  99.51 

 68  ОМ-4/861.1  67.74  50.78  0.70  3.07  11.22  0.38  13.21  20.73  0.24  0.01  100.35 

 69  ОМ-4/861.1  73.65  51.26  0.59  2.94  9.83  0.22  15.41  19.68  0.23  0.01  100.20 

 70  ОМ-4/861.1  81.81  52.15  0.39  3.02  6.68  0.16  16.84  20.42  0.19  0.49  100.35 

 71  ОМ-4/861.1  56.51  50.60  0.63  2.26  15.28  0.55  11.14  19.98  0.26  0.004  100.71 

 72  ОМ-4/861.1  70.22  50.99  0.72  3.09  10.68  0.37  14.12  20.35  0.25  0.01  100.59 

 73  ОМ-4/861.1  61.44  50.44  0.70  2.69  13.79  0.47  12.33  19.80  0.24  0.22  100.70 

 74  ОМ-4/876  80.61  51.43  0.45  3.32  6.94  0.16  16.19  20.30  0.20  0.35  99.36 

 75  ОМ-4/876  79.98  50.78  0.45  3.11  7.18  0.17  16.09  20.38  0.19  0.21  98.58 

 76  ОМ-4/876  80.87  50.65  0.44  3.33  6.83  0.15  16.18  20.45  0.20  0.34  98.60 

 77  ОМ-4/876  80.63  51.33  0.43  3.15  6.97  0.16  16.28  20.42  0.18  0.28  99.22 

 78  ОМ-4/876  66.18  50.44  0.77  2.72  12.05  0.34  13.23  20.04  0.26  0.11  99.97 

 79  ОМ-4/880.9  66.39  49.41  0.74  3.04  11.66  0.31  12.92  20.25  0.29  0.01  98.64 

 80  ОМ-4/880.9  75.87  50.72  0.53  3.07  8.74  0.19  15.42  19.73  0.22  0.03  98.67 

 81  ОМ-4/880.9  79.36  51.46  0.47  3.16  7.37  0.16  15.89  20.37  0.21  0.21  99.32 

 82  ОМ-4/880.9  79.52  50.85  0.50  3.71  7.29  0.18  15.87  19.84  0.19  0.52  98.97 

 83  ОМ-4/881.7  59.89  51.53  0.63  2.44  14.63  0.44  12.25  19.72  0.23  0.02  101.90 

 84  ОМ-4/881.7  64.61  51.48  0.66  2.55  13.24  0.36  13.55  19.43  0.19  0.02  101.50 

 85  ОМ-4/881.7  58.71  51.61  0.63  2.30  15.08  0.44  12.02  19.67  0.22  0.01  101.99 

 86  ОМ-4/881.7  56.51  51.20  0.56  2.02  16.94  0.46  12.35  17.86  0.17  0.003  101.58 

 87  ОМ-4/881.7  48.25  50.79  0.05  1.30  17.82  0.28  9.32  20.27  0.26  0.03  100.15 

 88  ОМ-4/888.2  77.07  51.40  0.47  3.16  8.39  0.19  15.82  20.10  0.20  0.22  99.97 

 89  ОМ-4/888.2  80.89  52.42  0.44  3.11  7.01  0.16  16.64  20.57  0.20  0.22  100.79 

 90  ОМ-4/888.2  66.04  52.52  0.23  1.36  12.18  0.29  13.28  20.22  0.20  0.02  100.31 

 91  ОМ-4/888.2  71.46  51.57  0.56  2.80  10.65  0.26  14.96  19.46  0.23  0.06  100.57 

 92  ОМ-4/888.2  79.91  52.84  0.43  3.01  7.29  0.23  16.25  20.67  0.17  0.21  101.12 

 93  ОМ-4/888.2  78.18  51.93  0.43  2.80  7.99  0.19  16.06  20.23  0.19  0.16  100.00 

 94  ОМ-4/901.9  69.53  50.48  0.90  3.23  11.72  0.29  15.00  18.42  0.30  0.02  100.38 

 95  ОМ-4/901.9  68.74  50.65  0.81  2.48  12.36  0.34  15.24  17.78  0.23  0.01  99.92 

 96  ОМ-4/901.9  77.10  50.41  0.77  3.95  8.35  0.20  15.77  19.76  0.24  0.33  99.80 

 97  ОМ-4/901.9  74.11  51.77  0.60  2.51  9.98  0.25  16.03  18.81  0.24  0.03  100.24 

 98  ОМ-4/903.5  77.39  51.19  0.69  3.28  8.46  0.21  16.23  19.50  0.25  0.11  99.94 

 99  ОМ-4/903.5  73.83  49.79  1.07  2.83  9.92  0.27  15.69  18.23  0.29  0.18  98.30 

 100  ОМ-4/903.5  75.08  50.85  0.81  2.75  9.59  0.25  16.20  18.57  0.26  0.05  99.35 

 101  ОМ-4/903.5  75.30  50.97  0.89  3.05  9.20  0.23  15.74  19.39  0.30  0.06  99.85 

 102  ОМ-4/903.5  78.86  51.88  0.63  3.14  7.96  0.22  16.65  19.23  0.23  0.10  100.06 

 103  ОМ-4/903.5  75.08  51.14  0.94  3.03  9.32  0.23  15.75  19.31  0.30  0.05  100.09 

 104  ОМ-4/903.5  66.96  52.17  0.25  1.46  11.79  0.25  13.40  20.55  0.39  0.01  100.30 

 105  ОМ-4/903.5  75.46  51.25  0.93  3.08  9.25  0.23  15.96  19.52  0.28  0.06  100.58 

(continued)
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 No  No обр.  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Total 

 106  ОМ-4/912.9  81.26  50.90  0.62  4.02  6.81  0.17  16.56  19.78  0.26  0.79  99.94 

 107  ОМ-4/912.9  81.14  51.07  0.62  3.94  6.84  0.17  16.52  19.70  0.24  0.80  99.92 

 108  ОМ-4/918.2  78.28  51.39  0.75  3.88  7.94  0.17  16.06  20.30  0.23  0.46  101.21 

 109  ОМ-4/918.2  76.48  52.05  0.67  3.27  8.76  0.20  15.98  20.20  0.23  0.23  101.60 

 110  ОМ-4/918.2  77.83  51.71  0.74  3.57  8.23  0.20  16.20  20.07  0.23  0.29  101.26 

 111  ОМ-4/918.2  77.50  51.13  0.75  3.73  8.36  0.20  16.15  19.75  0.24  0.30  100.63 

 112  ОМ-4/918.2  76.57  51.07  0.70  3.09  8.66  0.21  15.88  19.66  0.23  0.14  99.66 

 113  ОМ-4/918.2  76.46  50.81  0.70  3.02  8.77  0.22  15.98  19.48  0.25  0.11  99.36 

 114  ОМ-4/918.2  77.75  51.38  0.53  2.55  8.40  0.21  16.45  19.53  0.21  0.07  99.35 

 115  ОМ-4/920.6  79.90  51.59  0.63  3.63  7.49  0.18  16.70  20.02  0.22  0.46  100.94 

 116  ОМ-4/920.6  70.44  49.75  1.05  2.99  11.65  0.32  15.58  17.37  0.30  0.01  99.04 

 117  ОМ-4/920.6  74.50  50.02  0.79  3.16  9.62  0.24  15.77  18.97  0.30  0.02  98.91 

 118  ОМ-4/920.6  79.07  49.80  0.60  3.60  7.58  0.19  16.05  19.43  0.27  0.72  98.26 

 119  ОМ-4/920.6  79.34  50.91  0.62  3.57  7.47  0.18  16.08  20.24  0.26  0.38  99.73 

 120  ОМ-4/920.6  73.30  50.34  0.91  3.19  10.00  0.25  15.40  18.98  0.30  0.03  99.42 

 121  ОМ-4/920.6  72.49  50.59  1.00  2.95  10.37  0.26  15.33  19.00  0.32  0.02  99.85 

 122  ОМ-4/920.6  77.39  51.22  0.67  3.06  8.28  0.20  15.88  20.08  0.23  0.10  99.74 

 123  ОМ-4/920.6  78.70  51.47  0.63  3.13  7.80  0.18  16.15  20.27  0.24  0.18  100.07 

 124  ОМ-4/920.6  79.22  50.33  0.62  3.69  7.51  0.18  16.07  20.05  0.25  0.40  99.12 

 125  ОМ-4/926.2  76.94  51.74  0.98  4.43  8.31  0.20  15.54  19.40  0.48  0.70  101.80 

 126  ОМ-4/926.2  82.04  52.95  0.43  3.45  6.47  0.16  16.56  20.76  0.22  0.77  101.78 

 127  ОМ-4/926.2  82.93  52.95  0.41  3.55  6.10  0.14  16.63  20.81  0.20  0.85  101.66 

 128  ОМ-4/926.2  78.96  53.29  0.41  2.92  7.70  0.19  16.21  20.55  0.19  0.28  101.76 

 129  ОМ-4/926.2  83.43  53.66  0.37  2.88  6.12  0.15  17.29  20.57  0.21  0.53  101.80 

 130  ОМ-4/932.8  82.11  50.56  0.48  3.85  6.26  0.16  16.11  20.53  0.22  0.87  99.06 

 131  ОМ-4/932.8  82.32  51.62  0.46  3.84  6.16  0.14  16.09  20.75  0.21  0.98  100.27 

 132  ОМ-4/932.8  82.28  51.91  0.45  3.66  6.30  0.16  16.41  20.50  0.22  0.86  100.48 

 133  ОМ-4/932.8  82.61  52.31  0.39  3.25  6.14  0.14  16.36  20.84  0.22  0.78  100.44 

 134  ОМ-4/932.8  81.96  52.00  0.46  3.62  6.34  0.14  16.16  20.67  0.23  0.84  100.47 

 135  ОМ-4/935.9  83.48  52.03  0.39  3.02  6.01  0.15  17.03  20.85  0.18  0.67  100.36 

 136  ОМ-4/935.9  84.31  52.00  0.40  3.59  5.56  0.12  16.75  21.15  0.20  1.01  100.80 

 137  ОМ-4/935.9  83.53  51.93  0.39  3.61  5.84  0.14  16.61  21.06  0.21  0.98  100.78 

 138  ОМ-4/945  81.63  50.99  0.51  3.94  6.94  0.16  17.30  19.06  0.20  0.97  100.08 

 139  ОМ-4/945  79.54  52.33  0.51  3.53  7.75  0.16  16.90  19.28  0.23  0.95  101.66 

 140  ОМ-4/945  82.89  52.95  0.53  3.48  6.27  0.15  17.03  20.48  0.23  0.95  102.08 

 141  ОМ-4/945  82.21  52.18  0.58  3.68  6.55  0.16  16.98  19.80  0.21  0.94  101.09 

 142  ОМ-4/966.9  82.61  52.09  0.52  3.40  6.20  0.15  16.51  20.61  0.23  0.81  100.54 

 143  ОМ-4/966.9  82.39  51.71  0.55  3.55  6.22  0.15  16.33  20.44  0.24  0.90  100.10 

 144  ОМ-4/966.9  78.65  51.19  1.09  3.00  8.09  0.20  16.71  19.31  0.24  0.13  99.98 

 145  ОМ-4/966.9  82.70  51.49  0.52  3.71  6.20  0.16  16.63  20.27  0.23  0.90  100.12 

 146  ОМ-4/966.9  83.16  51.66  0.47  3.50  5.94  0.14  16.46  20.76  0.21  0.81  99.98 

 147  ОМ-4/966.9  83.01  51.19  0.51  3.68  6.01  0.14  16.47  20.55  0.22  0.79  99.59 

 148  ОМ-4/970  83.40  53.73  0.47  2.82  6.18  0.15  17.42  20.42  0.22  0.63  102.06 

 149  ОМ-4/970  83.68  53.68  0.46  2.80  6.12  0.15  17.60  20.40  0.22  0.65  102.10 

 150  ОМ-4/970  82.85  53.08  0.58  3.74  6.26  0.15  16.95  20.30  0.24  1.03  102.35 

 151  ОМ-4/974  83.95  51.29  0.56  4.15  5.77  0.13  16.94  20.17  0.24  1.18  100.45 

 152  ОМ-4/974  84.79  53.25  0.46  3.22  5.51  0.13  17.23  20.87  0.22  0.91  101.81 

 153  ОМ-4/974  84.23  52.78  0.55  3.65  5.64  0.13  16.89  20.75  0.23  1.03  101.68 

 154  ОМ-4/974  85.25  52.44  0.42  2.95  5.32  0.13  17.25  20.90  0.21  0.81  100.45 

 155  ОМ-4/976.4  83.22  52.32  0.71  3.30  6.01  0.14  16.73  20.32  0.29  0.93  100.78 

 156  ОМ-4/976.4  83.17  51.98  0.70  3.02  6.00  0.15  16.64  20.28  0.29  0.87  99.95 

 157  ОМ-4/981.2  84.04  53.24  0.68  2.95  5.84  0.15  17.23  20.27  0.29  0.80  101.46 

 158  ОМ-4/981.2  83.56  52.81  0.83  3.28  6.01  0.16  17.13  20.12  0.31  0.90  101.56 
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Table 10.3 (continued)

 No  No sample  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Total 

 159  ОМ-4/981.2  84.33  53.31  0.58  3.04  5.72  0.14  17.26  20.50  0.27  0.83  101.66 

 160  ОМ-4/981.2  84.00  52.67  0.70  3.39  5.79  0.14  17.06  20.44  0.27  0.92  101.40 

 161  ОМ-4/981.2  83.61  52.31  0.74  3.53  5.98  0.15  17.10  19.98  0.29  0.95  101.05 

 162  ОМ-4/984.9  84.49  52.58  0.54  3.24  5.50  0.13  16.82  20.63  0.24  0.88  100.58 

 163  ОМ-4/984.9  83.97  51.26  0.63  3.69  5.64  0.13  16.56  20.51  0.27  1.01  99.71 

 164  ОМ-4/990.7  83.80  51.30  0.56  4.00  5.65  0.13  16.39  20.73  0.23  1.07  100.08 

 165  ОМ-4/990.7  84.68  52.08  0.64  3.04  5.24  0.14  16.26  21.54  0.37  0.96  100.29 

 166  ОМ-4/997.1  83.31  52.24  1.08  2.86  6.25  0.17  17.49  19.72  0.35  0.71  100.88 

 167  ОМ-4/998.3  82.82  50.11  0.67  3.72  5.97  0.15  16.15  20.16  0.36  0.98  98.29 

 168  ОМ-4/999.1  85.51  53.75  0.58  2.21  5.07  0.16  16.78  21.64  0.51  0.69  101.41 

 169  ОМ-24/506.2  62.66  49.99  1.01  2.47  13.74  0.46  12.94  18.25  0.46  0.00  99.34 

 170  ОМ-24/506.2  63.85  51.56  0.79  1.84  13.66  0.45  13.53  18.04  0.40  0.01  100.29 

 171  ОМ-24/506.2  64.26  51.25  0.86  1.98  13.62  0.46  13.73  17.99  0.40  0.00  100.30 

 172  ОМ-24/510.3  42.37  50.68  0.57  0.89  21.97  0.64  9.06  16.53  0.28  0.00  100.63 

 173  ОМ-24/510.3  34.95  49.98  0.49  0.79  23.91  0.66  7.21  16.99  0.30  0.00  100.35 

 174  ОМ-24/510.3  48.62  51.50  0.61  1.04  20.81  0.63  11.05  15.23  0.32  0.00  101.19 

 175  ОМ-24/510.3  51.42  51.72  0.65  1.15  18.74  0.55  11.13  16.87  0.29  0.00  101.10 

 176  ОМ-24/512  53.80  50.79  0.63  1.13  18.85  0.59  12.31  15.06  0.28  0.009  99.65 

 177  ОМ-24/513.2  54.36  50.37  0.61  1.18  18.11  0.51  12.10  16.62  0.16  0.00  99.68 

 178  ОМ-24/513.2  54.02  50.24  0.63  1.32  18.65  0.54  12.29  16.07  0.22  0.01  99.99 

 179  ОМ-24/513.2  54.40  49.19  0.69  1.45  18.17  0.52  12.16  16.44  0.23  0.00  98.87 

 180  ОМ-24/523  49.97  50.86  0.65  1.11  18.90  0.56  10.59  17.18  0.32  0.001  100.17 

 181  ОМ-24/523  51.82  50.78  0.67  1.20  18.63  0.55  11.24  16.79  0.28  0.00  100.16 

 182  ОМ-24/523  52.23  51.31  0.65  1.08  17.96  0.51  11.02  17.81  0.30  0.00  100.65 

 183  ОМ-24/523  54.10  52.23  0.68  1.20  16.77  0.59  11.08  18.59  0.32  0.001  101.48 

 184  ОМ-24/528.3  21.30  48.62  0.92  1.18  27.53  0.63  4.18  17.94  0.26  0.003  101.28 

 185  ОМ-24/528.3  30.95  50.04  0.58  0.82  25.38  0.64  6.38  17.54  0.21  0.002  101.61 

 186  ОМ-24/528.3  35.87  50.41  0.63  0.98  24.35  0.65  7.64  16.85  0.22  0.00  101.75 

 187  ОМ-24/528.3  41.96  50.27  0.71  1.29  21.28  0.54  8.63  18.28  0.22  0.00  101.24 

 188  ОМ-24/529.5  48.07  50.86  0.66  1.06  20.08  0.58  10.43  16.56  0.24  0.00  100.49 

 189  ОМ-24/529.5  51.96  50.92  0.75  1.27  18.85  0.57  11.44  16.37  0.25  0.00  100.42 

 190  ОМ-24/530.5  47.84  50.37  0.58  1.13  18.64  0.74  9.59  18.37  0.27  0.00  99.70 

 191  ОМ-24/530.5  50.29  50.90  0.64  1.19  19.35  0.52  10.98  17.12  0.24  0.00  100.96 

 192  ОМ-24/544.8  48.70  51.21  0.74  1.25  19.93  0.54  10.61  17.05  0.24  0.006  101.58 

 193  ОМ-24/544.8  45.20  50.75  0.51  0.95  19.24  0.71  8.90  19.25  0.20  0.00  100.53 

 194  ОМ-24/544.8  45.53  50.44  0.52  1.17  18.90  0.67  8.86  19.21  0.21  0.008  100.01 

 195  ОМ-24/568.3  60.36  51.34  0.71  1.49  15.13  0.41  12.92  18.24  0.28  0.003  100.55 

 196  ОМ-24/568.3  61.85  51.75  0.70  1.48  14.66  0.40  13.33  18.47  0.30  0.004  101.12 

 197  ОМ-24/568.3  58.40  51.49  0.65  1.13  16.64  0.47  13.10  16.82  0.27  0.00  100.58 

 198  ОМ-24/568.3  61.41  51.79  0.71  1.50  14.80  0.42  13.21  18.35  0.27  0.00  101.06 

 199  ОМ-24/568.3  61.34  51.64  0.71  1.44  14.72  0.41  13.10  18.41  0.24  0.00  100.69 

 200  ОМ-24/568.3  59.67  51.61  0.74  1.46  15.57  0.45  12.92  17.82  0.23  0.01  100.81 

 201  ОМ-24/570  62.63  52.21  0.70  1.43  14.37  0.40  13.51  18.61  0.26  0.001  101.50 

 202  ОМ-24/570  61.74  52.14  0.68  1.39  15.08  0.43  13.65  17.80  0.29  0.003  101.48 

 203  ОМ-24/570  62.13  52.10  0.69  1.44  14.77  0.42  13.59  18.19  0.26  0.006  101.48 

 204  ОМ-24/570  59.39  51.58  0.75  1.55  16.07  0.46  13.18  17.48  0.28  0.01  101.39 

 205  ОМ-24/570  62.37  52.16  0.72  1.44  14.51  0.40  13.49  18.53  0.25  0.005  101.52 

 206  ОМ-24/570  56.89  50.46  0.77  1.46  16.52  0.46  12.23  17.55  0.27  0.006  99.74 

 207  ОМ-24/589.2  65.83  50.99  0.68  1.62  13.25  0.42  14.32  17.01  0.30  0.001  98.61 

 208  ОМ-24/589.2  67.55  51.86  0.69  1.69  12.43  0.36  14.52  18.20  0.35  0.003  100.12 

 209  ОМ-24/589.2  67.02  52.44  0.62  1.24  12.79  0.39  14.58  18.27  0.35  0.00  100.70 

 210  ОМ-24/589.2  65.95  52.22  0.66  1.60  13.44  0.40  14.61  17.52  0.36  0.003  100.82 

 211  ОМ-24/589.2  66.89  51.77  0.68  1.64  12.76  0.38  14.46  17.95  0.33  0.007  99.98 
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 No  No sample  MgO#  SiO 2   TiO 2   Al2O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Total 

 212  ОМ-24/607  69.49  51.11  0.67  2.11  11.56  0.29  14.77  18.94  0.29  0.007  99.77 

 213  ОМ-24/607  70.01  51.89  0.62  1.87  11.89  0.31  15.57  18.23  0.30  0.002  100.70 

 214  ОМ-24/607  68.73  51.75  0.68  2.02  12.20  0.33  15.04  18.64  0.31  0.001  100.98 

 215  ОМ-24/607  70.21  51.87  0.69  2.13  11.50  0.29  15.20  18.95  0.27  0.006  100.92 

 216  ОМ-24/607  61.41  51.38  0.73  1.94  15.82  0.48  14.12  16.33  0.31  0.004  101.13 

 217  ОМ-24/607  69.63  51.30  0.68  2.12  11.78  0.32  15.15  18.76  0.30  0.00  100.42 

 218  ОМ-24/607  69.11  50.48  0.70  2.22  11.58  0.30  14.53  18.76  0.34  0.002  98.92 

 219  ОМ-24/607  69.37  50.52  0.71  2.22  11.48  0.30  14.58  19.01  0.34  0.006  99.17 

 220  ОМ-24/607  69.33  50.41  0.70  2.23  11.46  0.29  14.53  18.96  0.33  0.00  98.92 

 221  ОМ-24/607  69.31  50.49  0.70  2.29  11.48  0.29  14.54  18.87  0.30  0.00  98.97 

 222  ОМ-24/607  69.64  50.66  0.70  2.23  11.38  0.29  14.64  19.06  0.31  0.00  99.28 

 223  ОМ-24/608  69.53  51.51  0.71  2.14  11.72  0.30  15.00  18.66  0.32  0.006  100.38 

 224  ОМ-24/608  68.85  51.75  0.66  1.95  11.90  0.32  14.75  18.72  0.30  0.002  100.37 

 225  ОМ-24/608  70.13  51.43  0.73  2.26  11.30  0.29  14.88  19.09  0.32  0.008  100.32 

 226  ОМ-24/608  69.36  51.76  0.66  2.06  11.80  0.30  14.98  18.60  0.33  0.01  100.52 

 227  ОМ-24/608  69.60  51.53  0.72  2.26  11.59  0.30  14.88  18.83  0.34  0.005  100.46 

 228  ОМ-24/608  70.06  51.62  0.71  2.23  11.33  0.28  14.87  19.16  0.29  0.003  100.50 

 229  ОМ-24/608  69.78  51.75  0.69  2.13  11.53  0.31  14.93  19.00  0.30  0.002  100.65 

 230  ОМ-24/608  69.74  51.88  0.72  2.23  11.52  0.29  14.89  19.01  0.32  0.001  100.88 

 231  ОМ-24/608  69.53  50.94  0.71  2.34  11.37  0.28  14.55  19.03  0.34  0.004  99.58 

 232  ОМ-24/608  68.41  51.38  0.76  2.24  11.89  0.31  14.44  19.13  0.33  0.00  100.49 

 233  ОМ-24/612  71.17  51.50  0.78  2.32  10.68  0.25  14.79  19.60  0.36  0.002  100.29 

 234  ОМ-24/612  68.81  51.09  0.72  2.29  11.79  0.29  14.59  18.62  0.39  0.002  99.79 

 235  ОМ-24/612  71.05  51.66  0.74  2.32  10.70  0.25  14.74  19.52  0.34  0.001  100.28 

 236  ОМ-24/612  69.96  51.19  0.79  2.21  11.46  0.35  14.97  18.51  0.65  0.004  100.14 

 237  ОМ-24/613.5  69.68  51.24  0.70  2.06  11.38  0.31  14.67  18.82  0.36  0.00  99.54 

 238  ОМ-24/613.5  68.48  51.29  0.72  2.28  11.65  0.32  14.20  18.65  0.42  0.001  99.53 

 239  ОМ-24/613.5  69.77  51.83  0.68  1.91  11.61  0.33  15.03  18.29  0.36  0.006  100.07 

 240  ОМ-24/613.5  69.50  51.36  0.69  1.99  11.47  0.32  14.66  18.65  0.37  0.01  99.53 

 241  ОМ-24/613.5  68.63  51.11  0.75  2.11  11.91  0.35  14.62  18.15  0.36  0.008  99.39 

 242  ОМ-24/616.5  70.14  51.26  0.78  2.29  11.03  0.31  14.54  19.37  0.38  0.011  99.97 

 243  ОМ-24/616.5  69.92  51.56  0.74  2.18  11.16  0.30  14.55  19.25  0.34  0.008  100.09 

 244  ОМ-24/616.5  69.81  51.62  0.71  2.07  11.44  0.30  14.84  18.68  0.33  0.000  100.00 

 245  ОМ-24/616.5  68.87  51.63  0.77  2.12  11.81  0.36  14.66  18.45  0.48  0.001  100.29 

 246  ОМ-24/620.5  76.57  51.84  0.58  2.37  8.67  0.22  15.89  20.06  0.25  0.02  99.91 

 247  ОМ-24/620.5  78.22  52.16  0.49  2.26  8.10  0.19  16.32  20.41  0.27  0.03  100.25 

 248  ОМ-24/630.2  71.21  51.56  0.76  2.50  10.62  0.25  14.73  19.72  0.37  0.01  100.54 

 249  ОМ-24/630.2  72.02  51.80  0.74  2.47  10.33  0.22  14.91  19.95  0.32  0.00  100.75 

 250  ОМ-24/630.2  71.91  51.69  0.75  2.43  10.30  0.24  14.79  19.73  0.36  0.007  100.30 

 251  ОМ-24/630.2  71.98  51.05  0.72  2.56  10.18  0.22  14.67  19.85  0.36  0.00  99.63 

 252  ОМ-24/630.2  68.20  50.80  0.83  2.69  12.54  0.32  15.09  17.28  0.39  0.008  99.96 

 253  ОМ-24/630.2  72.00  51.70  0.72  2.49  10.33  0.23  14.89  19.84  0.39  0.004  100.62 

 254  ОМ-24/630.2  69.95  52.10  0.60  1.68  11.86  0.33  15.48  17.95  0.33  0.002  100.35 

 255  ОМ-24/634  71.90  51.50  0.66  2.72  10.38  0.22  14.90  19.93  0.30  0.00  100.63 

 236  ОМ-24/655.2  76.59  52.53  0.55  2.06  8.64  0.22  15.85  20.17  0.29  0.01  100.34 

 237  ОМ-24/657  73.21  51.33  0.56  2.14  10.33  0.26  15.83  18.72  0.28  0.007  99.47 

 238  ОМ-24/657  74.40  51.65  0.58  2.37  9.54  0.22  15.55  19.94  0.29  0.01  100.16 

 239  ОМ-24/657  74.36  51.71  0.59  2.39  9.57  0.22  15.57  19.91  0.29  0.02  100.29 

 240  ОМ-24/657  75.20  51.50  0.60  2.43  9.19  0.21  15.63  20.04  0.28  0.006  99.91 

 241  ОМ-24/657  75.48  51.47  0.60  2.39  9.11  0.21  15.73  19.99  0.27  0.01  99.79 

 242  ОМ-24/657  74.97  51.73  0.58  2.28  9.48  0.23  15.93  19.59  0.25  0.02  100.11 

 243  ОМ-24/657  75.29  52.01  0.56  2.25  9.42  0.23  16.10  19.59  0.27  0.02  100.46 

 244  ОМ-24/657  75.34  51.72  0.58  2.36  9.23  0.22  15.82  19.83  0.27  0.01  100.05 
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 No  No sample  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Total 

 245  ОМ-24/666.6  74.63  51.10  0.53  2.28  9.32  0.25  15.38  19.94  0.29  0.02  99.12 

 246  ОМ-24/666.6  74.48  50.31  0.59  2.43  9.45  0.22  15.47  19.42  0.26  0.01  98.17 

 247  ОМ-24/666.6  75.45  50.54  0.58  2.45  8.90  0.21  15.34  19.97  0.27  0.01  98.30 

 248  ОМ-24/666.6  75.46  50.42  0.55  2.39  8.91  0.22  15.37  19.94  0.28  0.02  98.12 

 249  ОМ-24/666.6  76.14  50.69  0.53  2.33  8.68  0.20  15.54  19.94  0.26  0.02  98.21 

 250  ОМ-24/666.6  76.13  51.18  0.55  2.22  8.82  0.21  15.78  19.93  0.31  0.01  99.02 

 251  ОМ-24/666.6  75.52  50.99  0.57  2.41  9.08  0.21  15.71  19.98  0.28  0.02  99.26 

 252  ОМ-24/666.6  76.36  51.17  0.54  2.32  8.72  0.20  15.80  20.06  0.27  0.03  99.12 

 253  ОМ-24/666.6  76.98  51.56  0.50  2.22  8.51  0.21  15.96  20.13  0.27  0.01  99.39 

 254  ОМ-24/666.6  75.63  51.29  0.58  2.38  9.00  0.21  15.67  19.99  0.29  0.03  99.46 

 255  ОМ-24/675.5  62.20  50.81  0.49  1.22  14.41  0.43  13.30  18.29  0.23  0.002  99.20 

 256  ОМ-24/675.5  62.57  50.71  0.67  1.49  14.62  0.43  13.71  17.53  0.27  0.005  99.44 

 257  ОМ-24/675.5  61.15  50.19  0.65  1.42  16.23  0.47  14.33  15.65  0.22  0.00  99.17 

 258  ОМ-24/675.5  44.62  43.72  1.81  4.90  23.90  0.39  10.80  14.04  0.88  0.006  100.45 

 259  ОМ-24/675.5  60.89  50.87  0.67  1.43  15.48  0.45  13.52  17.21  0.25  0.00  99.89 

 260  ОМ-24/685.4  78.33  51.48  0.49  2.26  7.92  0.19  16.06  20.42  0.24  0.05  99.13 

 261  ОМ-24/685.4  77.82  51.37  0.53  2.31  8.09  0.19  15.92  20.25  0.26  0.04  98.98 

 262  ОМ-24/685.4  78.14  51.33  0.52  2.31  8.02  0.20  16.08  20.26  0.24  0.06  99.03 

 263  ОМ-24/685.4  77.91  51.50  0.52  2.34  8.06  0.18  15.94  20.28  0.22  0.05  99.10 

 264  ОМ-24/685.4  76.94  51.18  0.54  2.35  8.41  0.19  15.74  20.12  0.21  0.04  98.81 

 265  ОМ-24/685.4  78.15  52.01  0.51  2.33  8.07  0.19  16.19  20.28  0.23  0.06  99.89 

 266  ОМ-24/685.4  75.28  51.78  0.54  2.20  9.22  0.22  15.75  19.80  0.29  0.01  99.83 

 267  ОМ-24/685.4  76.97  51.72  0.46  2.24  8.52  0.20  15.97  20.15  0.22  0.06  99.56 

 268  ОМ-24/709.2  73.15  51.16  0.61  2.19  10.21  0.26  15.60  19.05  0.28  0.01  99.38 

 269  ОМ-24/709.2  79.32  51.20  0.51  2.57  7.60  0.18  16.35  20.20  0.23  0.13  98.99 

 270  ОМ-24/709.2  79.81  51.06  0.44  2.21  7.38  0.18  16.36  20.38  0.23  0.13  98.39 

 271  ОМ-24/709.2  79.88  51.21  0.46  2.40  7.35  0.18  16.37  20.44  0.23  0.15  98.80 

 272  ОМ-24/711.4  78.97  51.30  0.56  3.29  7.71  0.19  16.24  20.01  0.22  0.23  99.76 

 273  ОМ-24/711.4  79.84  51.93  0.45  2.82  7.33  0.18  16.28  20.61  0.22  0.17  100.01 

 274  ОМ-24/711.4  79.69  51.57  0.48  2.77  7.35  0.17  16.18  20.70  0.21  0.15  99.60 

 275  ОМ-24/711.4  79.90  51.92  0.44  2.74  7.30  0.18  16.28  20.55  0.23  0.17  99.83 

 276  ОМ-24/711.4  79.72  51.58  0.45  2.73  7.34  0.17  16.18  20.58  0.23  0.15  99.43 

 277  ОМ-24/711.4  79.73  51.77  0.48  2.81  7.35  0.17  16.22  20.55  0.24  0.16  99.77 

 278  ОМ-24/711.4  79.63  51.49  0.49  2.81  7.38  0.18  16.18  20.61  0.23  0.15  99.54 

 279  ОМ-24/711.4  73.66  51.13  0.64  2.65  9.75  0.23  15.29  19.50  0.27  0.04  99.52 

 280  ОМ-24/711.4  79.97  52.08  0.42  2.47  7.42  0.18  16.62  20.15  0.22  0.13  99.71 

 281  ОМ-24/711.4  73.53  49.64  1.10  5.18  9.27  0.19  14.44  19.60  0.33  0.12  99.89 

 282  ОМ-24/715.4  79.70  52.02  0.40  2.12  7.62  0.19  16.78  19.45  0.22  0.12  98.94 

 283  ОМ-24/715.4  79.18  50.33  0.57  3.00  7.50  0.18  16.00  20.11  0.23  0.23  98.17 

 284  ОМ-24/715.4  79.44  50.47  0.50  2.66  7.50  0.18  16.25  20.04  0.22  0.17  98.00 

 285  ОМ-24/715.4  79.67  50.83  0.48  2.47  7.37  0.17  16.20  20.34  0.24  0.15  98.27 

 286  ОМ-24/731.1  79.88  52.14  0.56  2.87  7.45  0.17  16.59  20.30  0.22  0.27  100.60 

 287  ОМ-24/731.1  79.59  52.52  0.48  2.25  7.60  0.18  16.62  20.50  0.21  0.12  100.49 

 288  ОМ-24/731.1  80.76  52.42  0.43  2.35  7.10  0.17  16.72  20.65  0.22  0.27  100.35 

 289  ОМ-24/731.1  81.11  52.44  0.43  2.33  6.98  0.17  16.81  20.74  0.22  0.30  100.43 

 290  ОМ-24/731.4  81.23  51.79  0.42  2.22  6.88  0.16  16.70  20.44  0.23  0.30  99.15 

 291  ОМ-24/731.4  80.23  51.08  0.45  2.60  7.08  0.17  16.12  20.35  0.25  0.28  98.39 

 292  ОМ-24/731.4  81.59  51.63  0.37  2.23  6.72  0.17  16.70  19.67  0.26  0.33  98.10 

 293  ОМ-24/731.4  67.76  49.95  0.82  2.17  12.15  0.31  14.32  18.28  0.32  0.009  98.34 

 294  ОМ-24/733  80.79  51.59  0.44  2.53  7.02  0.16  16.56  20.50  0.24  0.33  99.39 

 295  ОМ-24/733  79.77  51.80  0.51  2.77  7.52  0.18  16.63  19.90  0.24  0.26  99.83 

 296  ОМ-24/733  69.58  51.13  0.71  2.14  11.51  0.28  14.77  18.77  0.28  0.01  99.62 

 297  ОМ-24/733  80.75  51.71  0.43  2.45  7.00  0.17  16.47  20.59  0.25  0.27  99.35 
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 No  No обр.  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Total 

 298  ОМ-24/758.6  81.07  51.51  0.53  3.32  6.84  0.16  16.43  20.47  0.26  0.58  100.11 

 299  ОМ-24/758.6  81.80  52.18  0.42  2.35  6.70  0.17  16.89  20.29  0.24  0.46  99.72 

 300  ОМ-24/758.6  82.21  52.59  0.42  2.73  6.45  0.15  16.72  20.87  0.23  0.61  100.79 

 301  ОМ-24/758.6  82.09  52.81  0.41  2.23  6.59  0.16  16.94  20.49  0.23  0.42  100.30 

 302  ОМ-24/758.6  81.41  52.29  0.42  2.58  6.88  0.16  16.90  20.03  0.23  0.49  100.00 

 303  ОМ-24/758.6  82.14  52.69  0.36  2.02  6.65  0.17  17.16  20.13  0.23  0.39  99.82 

 304  ОМ-24/758.6  82.05  52.27  0.40  2.33  6.47  0.15  16.59  20.66  0.23  0.46  99.59 

 305  ОМ-24/758.6  81.41  52.06  0.46  2.51  6.69  0.15  16.43  20.68  0.25  0.35  99.60 

 306  ОМ-24/758.6  80.38  52.54  0.46  2.37  7.18  0.17  16.50  20.64  0.21  0.17  100.27 

 307  ОМ-24/758.6  80.04  52.88  0.48  2.34  7.38  0.17  16.60  20.45  0.24  0.14  100.70 

 308  ОМ-24/758.6  80.01  52.48  0.50  2.51  7.41  0.18  16.64  20.27  0.25  0.17  100.42 

 309  ОМ-24/758.6  79.51  52.40  0.52  2.66  7.59  0.19  16.52  20.24  0.23  0.15  100.51 

 310  ОМ-24/758.6  80.08  52.34  0.46  2.30  7.35  0.17  16.57  20.42  0.23  0.14  100.00 

 311  ОМ-24/758.6  80.49  52.52  0.46  2.35  7.14  0.17  16.52  20.67  0.23  0.18  100.26 

 312  ОМ-24/762.9  82.78  51.71  0.38  2.72  6.17  0.15  16.64  20.64  0.22  0.81  99.46 

 313  ОМ-24/762.9  82.13  51.47  0.48  3.39  6.29  0.14  16.21  20.63  0.24  1.01  99.89 

 314  ОМ-24/762.9  76.85  51.42  0.58  2.10  8.52  0.21  15.86  20.00  0.25  0.04  99.00 

 315  ОМ-24/762.9  78.08  51.50  0.44  2.88  7.92  0.19  15.82  20.27  0.27  0.73  100.03 

 316  ОМ-24/762.9  81.92  51.68  0.45  2.86  6.46  0.15  16.42  20.69  0.23  0.65  99.61 

 317  ОМ-24/762.9  81.18  51.83  0.41  2.95  6.64  0.15  16.06  20.69  0.26  0.88  99.88 

 318  ОМ-24/762.9  82.61  51.44  0.43  3.01  6.18  0.15  16.47  20.76  0.24  0.89  99.58 

 319  ОМ-24/762.9  82.16  51.11  0.47  3.31  6.30  0.15  16.27  20.69  0.23  0.90  99.45 

 320  ОМ-24/762.9  82.84  51.48  0.40  2.92  6.11  0.14  16.54  20.60  0.27  0.87  99.35 

 321  ОМ-24/762.9  82.10  51.41  0.47  3.46  6.37  0.15  16.39  20.45  0.25  1.02  99.99 

 322  ОМ-24/762.9  82.65  51.67  0.42  2.98  6.14  0.14  16.41  20.70  0.25  0.88  99.61 

 323  ОМ-24/762.9  82.59  51.33  0.45  3.17  6.13  0.15  16.31  20.91  0.27  0.91  99.65 

 324  ОМ-24/762.9  79.67  52.15  0.53  2.40  7.47  0.17  16.42  20.45  0.23  0.11  99.95 

 325  ОМ-24/762.9  76.81  51.76  0.53  2.36  8.49  0.21  15.77  20.16  0.25  0.17  99.71 

 326  ОМ-24/762.9  82.73  51.62  0.40  2.77  6.16  0.14  16.55  20.80  0.24  0.72  99.42 

 327  ОМ-24/762.9  82.47  50.51  0.46  3.34  6.09  0.14  16.07  20.85  0.22  1.02  98.71 

 328  ОМ-24/762.9  67.14  49.74  0.63  2.79  12.86  0.33  14.74  16.83  0.25  0.009  98.19 

 329  ОМ-24/762.9  82.66  51.56  0.42  2.82  6.18  0.14  16.52  20.78  0.21  0.76  99.41 

 330  ОМ-24/762.9  81.31  51.58  0.47  2.65  6.76  0.16  16.50  20.65  0.24  0.39  99.42 

 331  ОМ-24/769.8  81.00  51.28  0.55  3.34  6.78  0.16  16.21  20.26  0.22  0.72  99.55 

 332  ОМ-24/769.8  82.04  52.09  0.41  2.02  6.51  0.16  16.68  20.77  0.24  0.33  99.22 

 333  ОМ-24/769.8  79.71  51.85  0.52  2.94  7.59  0.19  16.72  19.44  0.26  0.37  99.90 

 334  ОМ-24/769.8  66.31  51.21  0.99  1.95  14.06  0.38  15.52  15.85  0.27  0.00  100.24 

 335  ОМ-24/774.7  80.93  51.38  0.49  2.71  6.93  0.16  16.50  20.73  0.28  0.44  99.64 

 336  ОМ-24/774.7  72.59  50.65  0.75  2.37  10.86  0.28  16.13  17.90  0.28  0.03  99.27 

 337  ОМ-24/774.7  76.77  51.36  0.68  2.64  8.60  0.21  15.94  19.78  0.29  0.09  99.60 

 338  ОМ-24/774.7  82.10  51.01  0.46  3.04  6.32  0.16  16.26  20.69  0.27  0.90  99.13 

 339  ОМ-24/774.7  82.65  51.86  0.40  2.74  6.15  0.14  16.43  20.80  0.26  0.80  99.61 

 340  ОМ-24/780.7  65.47  50.22  1.25  2.66  12.88  0.31  13.70  18.60  0.31  0.01  99.96 

 341  ОМ-24/780.7  69.76  50.55  1.00  2.61  11.26  0.28  14.57  18.92  0.31  0.02  99.53 

 342  ОМ-24/780.7  80.74  52.52  0.42  1.99  7.21  0.18  16.95  19.84  0.23  0.41  99.78 

 343  ОМ-24/780.7  79.84  51.81  0.57  2.87  7.30  0.18  16.22  20.21  0.25  0.59  100.02 

 344  ОМ-24/793.3  75.96  50.80  0.74  2.29  8.97  0.22  15.90  19.39  0.27  0.07  98.67 

 345  ОМ-24/793.3  77.88  50.98  0.64  2.36  8.15  0.19  16.09  19.88  0.27  0.13  98.70 

 346  ОМ-24/793.3  80.34  51.33  0.54  2.63  7.07  0.16  16.21  20.36  0.26  0.43  99.02 

 347  ОМ-24/793.3  81.80  51.33  0.55  3.34  6.46  0.15  16.29  20.58  0.24  0.65  99.61 

 348  ОМ-24/793.3  82.80  52.49  0.38  1.88  6.41  0.16  17.31  20.04  0.23  0.40  99.32 

 349  ОМ-24/793.3  81.77  51.01  0.56  3.38  6.45  0.14  16.23  20.55  0.26  0.68  99.29 

 350  ОМ-24/793.3  80.96  51.79  0.46  2.20  6.96  0.17  16.60  20.25  0.24  0.39  99.08 
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 No  No обр.  MgO#  SiO 2   TiO 2   Al 2 O 3   FeO  MnO  MgO  CaO  Na 2 O  Cr 2 O 3   Total 

 351  ОМ-24/793.5  77.76  52.44  0.56  2.42  8.24  0.19  16.16  20.37  0.24  0.03  100.67 

 352  ОМ-24/793.5  77.66  52.10  0.53  2.28  8.22  0.20  16.03  20.31  0.23  0.04  99.96 

 353  ОМ-24/793.5  75.48  52.21  0.57  2.19  9.12  0.22  15.75  19.97  0.28  0.00  100.32 

 354  ОМ-24/798.3  77.49  51.39  0.62  2.62  8.56  0.23  16.53  18.41  0.27  0.27  98.91 

 355  ОМ-24/798.3  78.58  51.17  0.61  2.64  7.78  0.19  16.01  20.03  0.24  0.36  99.05 

 356  ОМ-24/798.3  73.84  51.31  0.83  2.35  10.39  0.27  16.45  17.91  0.27  0.05  99.84 

 357  ОМ-24/798.3  74.54  51.21  0.84  2.56  9.63  0.24  15.81  19.09  0.31  0.07  99.77 

 358  ОМ-24/798.3  74.53  51.52  0.83  2.53  9.67  0.24  15.87  19.07  0.31  0.07  100.12 

 359  ОМ-24/803.3  82.55  51.63  0.44  2.36  6.29  0.16  16.69  20.55  0.21  0.38  98.73 

 360  ОМ-24/803.3  81.78  50.80  0.54  3.12  6.59  0.16  16.59  19.93  0.25  0.60  98.59 

 361  ОМ-24/803.3  81.20  50.49  0.56  3.57  6.86  0.16  16.62  19.26  0.25  0.82  98.61 

 362  ОМ-24/803.3  81.24  51.11  0.53  2.86  6.89  0.17  16.73  19.91  0.25  0.56  99.03 

 363  ОМ-24/803.3  82.58  51.34  0.40  2.00  6.43  0.16  17.10  19.97  0.25  0.44  98.11 

 364  ОМ-24/803.3  77.05  50.51  0.77  2.84  8.52  0.20  16.04  19.32  0.28  0.20  98.69 

 365  ОМ-24/803.3  79.41  50.84  0.58  2.80  7.73  0.18  16.72  18.99  0.26  0.43  98.54 

Table 10.3 (continued)

  Table 10.4    Composition of rocks from Nadezhdinsky (nd) and Morongovsky (mr) Formations   

 No пп  1  2  3  4  5  6  7  8  9  10 

 No обр.  g-5  g-5_1  g-5_2  g-7  491/1  492/1  492/2  4,031/3  4,031/6  4,032 

 Свита  nd 3   nd 3   nd 3   nd 3   nd 1   nd 1   nd 1   mr  mr  mr 

 SiO 2   52.07  52.40  53.61  53.23  52.64  52.72  53.13  48.45  49.34  50.31 

 TiO 2   0.97  1.02  0.97  1.05  0.93  0.76  1.01  1.29  1.18  1.12 

 Al 2 O 3   16.06  15.85  15.06  15.10  16.20  15.57  15.42  14.67  15.73  15.64 

 FeO  9.54  9.75  9.72  10.08  9.25  8.95  9.28  11.65  11.07  11.03 

 MnO  0.22  0.19  0.15  0.16  0.13  0.18  0.15  0.18  0.15  0.19 

 MgO  7.53  6.63  6.50  5.89  6.25  6.37  6.47  7.64  7.06  7.10 

 CaO  8.94  10.80  10.70  8.91  9.83  11.92  9.87  11.22  11.80  11.61 

 Na 2 O  2.31  1.95  1.98  2.77  2.44  1.97  2.88  2.10  2.04  2.10 

 K 2 O  1.68  0.94  0.91  1.94  1.65  0.96  1.49  0.39  0.17  0.34 

 P 2 O 5   0.12  0.11  0.11  0.11  0.15  0.10  0.12  0.15  0.13  0.14 

 Сумма  99.44  99.64  99.71  99.24  99.49  99.51  99.82  97.73  98.67  99.56 

 Rb  50.86  18.21  27.85  72.31  44.66  33.06  45.52  5.72  2.90  3.78 

 Ba  639  392  350  495  602  274  371  126  99  120 

 Th  3.60  3.30  3.44  3.61  3.13  3.03  3.59  1.16  1.26  1.14 

 U  1.01  0.94  0.93  0.92  0.71  0.80  1.02  0.43  0.53  0.45 

 Nb  8.31  8.15  8.11  8.87  7.69  6.99  8.36  4.23  4.89  4.41 

 Ta  0.53  0.50  0.55  0.55  0.46  0.44  0.51  0.26  0.30  0.27 

 La  19.0  17.4  18.3  19.2  18.7  15.8  18.2  8.1  8.2  7.8 

 Ce  39.4  36.4  37.2  39.4  37.7  32.1  37.5  18.2  18.6  17.5 

 Pb  7.59  12.46  7.65  7.23  6.78  5.66  5.61  1.44  2.49  1.62 

 Pr  4.66  4.41  4.48  4.75  4.64  3.96  4.52  2.51  2.52  2.39 

 Nd  19.0  18.0  18.5  19.3  19.0  16.1  18.2  11.8  11.6  11.3 

 Sr  323  241  274  394  332  261  395  181  210  188 

 Sm  4.24  3.91  4.01  4.22  3.98  3.49  3.87  3.25  3.18  3.04 

 Zr  136  123  128  142  131  106  117  88  92  89 

 Hf  3.54  3.16  3.32  3.61  3.27  2.76  2.96  2.34  2.40  2.31 

 Eu  1.17  1.09  1.12  1.13  1.13  1.05  1.07  1.11  1.11  1.05 

 Ti  6,034  5,970  5,878  6,527  5,790  5,174  5,963  6,507  7,140  7,073 
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 No пп  1  2  3  4  5  6  7  8  9  10 

 No обр.  g-5  g-5_1  g-5_2  g-7  491/1  492/1  492/2  4,031/3  4,031/6  4,032 

 Свита  nd 3   nd 3   nd 3   nd 3   nd 1   nd 1   nd 1   mr  mr  mr 

 Gd  4.37  4.10  4.25  4.47  4.17  3.72  4.02  4.02  3.92  3.85 

 Tb  0.70  0.65  0.68  0.72  0.66  0.61  0.65  0.69  0.67  0.64 

 Dy  4.52  4.23  4.39  4.51  4.18  3.83  4.15  4.65  4.40  4.35 

 Ho  0.92  0.85  0.91  0.90  0.86  0.78  0.83  0.97  0.93  0.91 

 Y  25.1  23.2  23.9  24.8  23.0  21.1  22.8  26.0  24.7  25.2 

 Er  2.71  2.45  2.50  2.56  2.47  2.27  2.42  2.78  2.68  2.61 

 Tm  0.38  0.35  0.36  0.37  0.35  0.33  0.35  0.40  0.39  0.39 

 Yb  2.57  2.34  2.43  2.56  2.31  2.18  2.29  2.73  2.68  2.60 

 Lu  0.38  0.35  0.38  0.38  0.35  0.33  0.33  0.41  0.39  0.39 

 Ni  49  52  47  40  39  19  19  120  128  139 

 Cu  286  420  200  319  36  22  15  82  133  139 

 Zn  124  153  122  129  84  86  97  88  95  89 

 Mn  1,434  1,433  1,148  1,286  1,267  1,216  1,065  1,390  1,477  1,552 

 Sc  35  35  34  34  36  33  33  42  40  43 

 Co  136  123  128  142  40  35  39  47  51  54 

  Analyses were carried out in Max-Planck Institute of Chemistry (Mainz, Germany). Major elements were done by EPMA in glasses and rare ele-
ments by LA-ICP-MS. Analysts B. Stoll, D. Kuzmin and N. Krivolutskaya  

Table 10.4 (continued)
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