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This study reviews the geology of the early Proterozoic Pechenga Series, wh ich comprises 
four sedimentary-voleanic cycles anaining a total thickness of 10 km, and presents new 
petrographieal, mineralogical, geochem ical, and Sm-Nd, Pb-Pb, Re-Os and Rb-Sr isotopie 
data, with particular emphasis on ferropieritie rocks. The ferropieritie magmatism led to the 
formation of gabbro-weh rlite intrusions and related Ni-Cu deposits in the so-ca lied productive 
pile, the sed imentm'y part of the uppermost cycle (Pilgujärvi Suite). An extrusive facies is 
represented by ferropicritie tuffs, massive and pillowed lavas, and thick , differentiated lava 
flows, whieh oecur mainly in the upper part of the productive pile and at three levels in the 
overlying volcan ic unit. 

Layered ferropicritic flows display various types of spinifex textures including randomly 
oriented o li vine spinifex, parallel olivine spinifex, and pyroxene spinifex. The presenee of 
spinifex texture in the Peehenga ferropicrites demonstrates that this texture is not restricted to 
rocks of komatiitic affinity. 

Thc Ti02-rich nature of the parental magma is retleeted in the eomposit ion of primary 
mineral s sueh as Ti-rieh chrome spineI, titanaugite, kaersutite-ferrokaersutite, and titanian 
phlogopite. lt is deduced that the parental magma conta ined about 15 wt. % MgO and more 
than 14 wt. % FeOtot and was relatively low in Ab03. Many incompatible element ralios in 
ferropierites correspond closely to those found in modern oeean island basalts. A literature 
survey of primitive magmas has revcaled that , with respect to major elements, c10se analogues 
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systems. an AI20 3 vs. MgO+KDx FeO diagram has been constructed and is used to show that 
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be in eontlict with the high La/Yb observed in the ferropicrites , suggest ing that garnet 
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that the on ly feasible explanation for the iron-enrichment in ferropicrites is the high FeOtot 
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Nd. Sr, anel Os isotopic and geochemical data for the ferropicrites are inconsistent with 
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FOREWORD 

The impetus for the author's study of the Pe
chenga rocks came in 1982 whi le the author was 
involved in research into the Archean Kuhmo 
greenstone belt, carried out at the Department of 
Geology, University of Oulu, under the leadership 
of Professor Tauno Piirainen. At that time, the 
author examined old thin sections of Pechenga 
rocks prepared by Heikki Väyrynen and other 
Finnish geologists in the 1920's and 1930's. The 
textures and mineralogy of several of these 
sampIes were similar to those observed by the 
aUlhor in mica and amphibole-bearing peridotites 
that had been found in Proterozoic layered sills in 
the Kuhmo and Koli areas in ea tern Finland. 
These observations and subsequently obtained 
geochemical data led to the proposal that the Pe
chenga, Kuhmo, and Koli intrusions could all be 
assigned to a common rock family called the gab
bro-wehrlite association (Hanski, 1986). 

After moving to the Regional Office of the 
Geological Survey of Finland (GSF) in Rova
niemi in 1984, the author commenced a more de
tailed geochemical and mineralogical study of the 
Pechenga rocks in collaboration with Dr. Valery 
Smolkin from the Geological Institute at the Kola 
Science Center in Apatity, Kola Peninsula (Rus
sia). Later, joint endeavours in the field of isotope 
geology were begun with Drs. Hannu Huhma and 
Matti Vaasjoki at the GSF in Espoo and Prof. Ri
chard Walker at the Department of Geology of 
the University of Maryland (USA). Other co
workers include Dr. Gerhard Brügmann from the 
Department of Geology of the University of To
ronto (Canada) who performed trace element and 
PGE analyses on Pechenga rocks. 

Collaboration with Valery Smolkin was in
itiated at the same time as the former leader of the 
then Soviet Union Mikhael Gorbachev embarked 
on his programs of glasnost and perestroika. One 
of the immediate benefits of these reforms was 
that the Pechenga region was opened to outsiders 
after aperiod of 40 years, during which the region 
was almost completely isolated from foreign visi
tors. It thus became possible for the author to 
make two short field excursions in the area. The 
first visit was held under the guidance of Valery 
Smolkin and Peter Skufin on August 6-1 I, 1990. 
The second excursion was organized by Valery 
Smolkin, Anatoly Borisov, and Marat Abzalov 
and took pI ace on June 20-24, 1991 . Gerhard 
Brügmann also participaled in the 1990 excursion 
and Richard Walker in 1991. 

It should be stressed that the amount of field 
work undel'taken in the present investigation is 
minimal (altogether only 5 days were spent exam
ining ferropicritic rocks and related ores during 
the two excursions) and therefol'e the field de
scription of fel'ropicritic rocks in this paper is of 
necessity limited. Instead, the investigations have 
been based mainly on mineralogical, geochemi
cal, and isotopic studies of hand specimen .. s and 
drill core sampIes. In addition to sampIes donated 
by Russian colleagues and those collected by the 
authol' during the excul'sion, the author has had 
access to the comprehensive collection of hand 
specimens obtained by Finnish workers in the 
1920's and 1930's, which is now stored at the Re
gional Office of the GSF in Rovaniemi, as well as 
old drill cores kept in the GSF core store at Loppi 
in southern Finland. 
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INTRODUCTION 

The Pechenga area in the Kola Peninsula, also 
known by the Finnish name Petsamo, has been 
the subject of intensive geological research since 
the first magmatic Ni-Cu sulfide deposits were 
discovered in the 1920's. These deposits are asso
ciated with the lower parts of sill-like gabbro
wehrlite intrusions intruded into a sequence of 
sedimentary rocks. Even after more than half a 
century of exploitation, several mines are still in 
operation. 

Recent geochemical investigations have re
vealed that the parental magma of the ore-bearing 
intrusions at Pechenga is characterized by high 
MgO and FeO contents and is identical in compo
sition with that of primitive volcanic rocks, 
known as ferropicrites, which also occur in the 
area (Hanski and Smolkin, 1990). In addition to 
their peculiar chemical composition, the Pe
chenga ferropicrites are of interest because of the 
presence of spinifex textures reminiscent of those 
found in komatiitic volcanic rocks (Hanski and 
Smolkin, 1991). 

The Pechenga region is also of significance in 
that it was chosen by Soviet researchers as the site 
for the Kola superdeep drill hole in the 1960' s. 
One of the aims of this program was to reach the 
Conrad discontinuity, i.e., the boundary between 
the supposed granitic and basaltic layers of the 
eaIth' s crust. On the basis of geophysical meas
urements, this boundary had been interpreted to 
lie at a depth of about 7 km in the Pechenga area 
(Kozlovsky, 1987). At present, the weIl has been 
drilled to a depth of more than 12 km with the in
terval below 6842 m being composed of Archean 
basement gneis ses on which the early Proterozoic 
Pechenga supracrustal rocks were deposited. The 

superdeep drill hole together with other drilling 
activities and field investigations have resulted in 
a detailed understanding of the stratigraphy of the 
Pechenga volcanic-sedimentary sequence, which 
totals more than 8 km in thickness. This makes 
the Pechenga area an ideal place for studying the 
volcanic and sedimentary evolution of an early 
Proterozoic greenstone belt. 

Despite the long history of investigation, there 
still exist diverse opinions on many aspects of the 
geology of the Pechenga area. FUrLhermore, the 
Pechenga rocks have not received much attention 
internationally because the results of most studies 
undertaken in the area have been published in 
Russian. In this paper, the geology of the Pe
chenga Complex is reviewed, with an emphasis 
on ferropicritic extrusive and intrusive rocks and 
related Ni-Cu deposits. Previous results are inte
grated with the textural, mineralogical, geochemi
cal, and Pb-Pb, Sm- d, Re-Os, Rb-Sr, and sulfur 
isotopic data obtained in this study for ferropi
critic rocks, Ni-Cu ores, and other rock types. The 
Pechenga ferropicrites are comparcd with other 
primary magma types, particularly other high-iron 
varieties described in the literature. The signifi
cance of the presence of primary magmatic 
amphibole in felTopicritic lavas is discussed as a 
paleodepth indicator. The new isotopic data are 
used to assess the genesis of the Ni-Cu deposits. 
Finally, special consideration is given to the 
mineralogical and geochemical characteristics of 
the mantle source of ferropicritic magmas. This 
relies heavily on the interpretation of published 
high-pressure experimental data on basic to ultra
basic systems. 
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HISTORY OF THE PECHENGA ORE FIELD 

The first observations of nickeliferous ultra
mafic rocks in the Pechenga area are recorded in 
areport from 1913 by the Russian geologist Kon
radi, as cited by Gorbunov (1968). After the Pe
chenga region was incorporated into the Finnish 
territory, in ac cord with the peace treaty of Tanu 
concluded between Finland and the Soviet Union 
in 1920, the Geological Commission of Finland 
sent an expedition to prospect for possible 
southerly continuations of the Archean iron ores 
of the Sydvaranger region in northern Norway. In 
1921, the previously unknown volcanic forma
tions of the Pechenga Mountains and the first 
copper-nickel sulfide occun-ences were dis
covered. Sulfide minerals were observed to be 
closely associated with the lower palts of ultra
mafic rocks occurring within a zone of phyllites. 

The remote location and arctic conditions of 
the Pechenga area rendered field investigations 
slow and laborious. After aperiod of ren short 
summer seasons, the Commission completed its 
exploration in the area in 1934. Although more 
than ten deposits had been discovered, only the 
Kaula deposit was regarded as economically 
promising. The estimated reserves al that time 
were 1.8 million tons of sulfide ore with 1.6% Ni 
and 1.3% Cu. 

Because of a general distrust of the mining in
dustry and the economic depression in Finland in 
the 1930's, the Finnish government negotiated a 
concession agreement with the English Mond 
Nickel Company, a subsidiary of the International 
Nickel Company Ltd. (TNCO). On the basis of 
this agreement, the company was permitted to 
prospect in a 3 km wide and 45 km long zone and 
to freely exploit metals for the following 40 
years. After the concession agreement with the 
Mond Nickel Co. had been signed in June 1934, a 
message arrived stating that Finnish explorers had 
penetrated a rich ore body in the Kaula deposit at 
a depth of 300 m. This finding upgraded the re-

sources of the deposit considerably. After INCO 
had undertaken its own test drillings, the amount 
of ore in the Kaula deposit was shown to be 6 
million tons and the grade had improved to 3.9% 
Ni and 1.7% Cu. The company had planned to 
start mining operations at Kaula in September 
1940; ore was to have been concentrated at Pe
chenga and then transported to Canada for further 
refinement, but the beginning of World War II al
tered these plans. 

After Germany's nickel supplies from Canada 
were discontinued as a result of the war between 
Britain and Germany, the Pechenga mine, the big
gest nickel deposit in Europe, was drawn into an 
international controversy. In a highly complicated 
political situation where the keen interest of three 
big military powers, Gennany, Britain, and the 
Soviet Union, was focussed on Pechenga, Finland 
signed a contract with Germany in July 1940, ac
cording to which the major part of the ore produc
tion was to be sold to Germany. 

One of the conditions of the peace treaty 
negotiated between Finland and the Soviet Union 
in 1944 was that the Pechenga mine and the sur
rounding territory were to be surrendered to the 
Soviet Union. Since then, Soviet geological and 
industrial organizations have continued prospect
ing and exploiting the metals of the Pechenga ore 
field_ 

Exploitation of the ore deposits at Pechenga 
has continued virtually uninterrupted for half a 
century_ Exact figures for the ore production dur
ing the Soviet regime have not been published, 
but it is obvious that the Pechenga ore zone 
proved to be much richer than was anticipated be
fore World War H. Apparently, all deposits found 
by Finnish geologists in the 1920's and 1930's 
have subsequently been brought into production. 
According to Zak et al. (1982), of a total of 226 
intrusions found in the ore field , 25 contain Ni-Cu 
deposits of economic interest and 68 are classi-



fied as "potential" with the remaining 133 as "bar
ren". In the Kola superdeep drill hole, which 
penetrated the Pechenga supracrustal sequence to 
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a depth of more than 6 km, the mineralized zone 
continues to a depth of at least 1680 m (Genkin et 
al., 1987). 

BRIEF REVIEW OF PREVIOUS INVESTIGA TIONS 

The first comprehensive account of the geo
logy of the Pechenga area, the Ni-Cu ore deposits, 
and their host rocks was published by Väyrynen 
(1938). He put forward a magmatic model for sul
fide ore formation according to which separation 
of an immi cible sulfide melt had occurred at 
some depth and its injection had taken place after 
that of the silicate magma. The first document on 
the stratigraphy and structure of the whole Pe
chenga synclinorium was published by Zagorod
nyi et al. (1964). Detailed descriptions of various 
units have since been published by many investi
gators (e.g., Predovskii et al., 1974) but the 
general features established by Zagorodnyi et al. 
(1964) have remained unchanged, including the 
four sedimentary-volcanic cycles. 

A summary of the results obtained in studies 
of the Ni-Cu deposits during the post-war period 
was published by Eliseev et al. (1961 ). G.l. Gor
bunov, who has studied the Pechenga area from 
1945 to the present, published his classical mono
graph on the ore deposits in 1968 (Gorbunov, 
1968). He gave a thorough review of the genetic 
models presented for the deposits up until that 
time, varying from primary magmatic to hy
drothermal-metasomatic models . He also pro
vided a detailed description of the various ore 
deposits and their mineralogical and geochemical 
characteristics. Gorbunov could not substantiate 
the earlier concepts invoking independent injec
tions of earlier silicate and later sulfide magmas, 
but considered that the immiscible sulfide phase, 
which had separated in a deep-seated magma 
chamber, was transported by the basic and ultra
basic magma to the surface. The separation of sul
fides continued during magma ascent and was 
completed when syngenetic disseminated ore 
bodies formed in the lower parts of intrusions. 

The sulfide masses that separated from the 
magma at the magmatic stage subsequently re
mained in a liquid state for a long time after the 
parent rocks enclosing them had already become 
crystalline. At the late magmatic stage, a portion 
of the sulfides broke off from the parent rocks and 
was injected into fractures by mechanical failure 
near the lower contacts of ore-bearing intrusions 
and thereafter separated to form massive and 
breccia ores and also impregnations of vein-type 
mineralization in the country rock. Gorbunov 
(1968) emphasized the presence of intrastratal 
dislocations which are particularly well de
veloped in the structurally heterogeneous tuffa
ceous-sedimentary pile and which, according to 
him, controlled the localization of the nickelife
rous intrusions and the copper-nickel sulfide de
posits. His model therefore implies that the 
emplacement of the ore-bearing intrusions oc
curred simultaneously with the folding. 

In their review on the Pechenga ore field, Zak 
et al. (1982) presented the opinion that only min
eralogical changes and negligible migration of ore 
material had occurred during the autometamor
phic (late magmatic) stage and the massive, brec
cia and vein ores were essentially produced 
during regional metamorphism. They pointed out 
the significance of the primary magmatic dissemi
nations, which were prerequisites for the develop
ment of rich epigenetic ore bodies during 
metamorphism, and the intrastratal dislocations 
which served as structures for magma injection 
during deformation of the Pechenga synclinorium 
and as channels for laler mobilization of primary 
sulfides. 

A compressional tectonic regime was fa
voured by Gorbunov et al. (1985a) who stated 
that the intrusion of ore-bearing magma was asso-
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ciated with the initial stages of the progressive 
crustal shortening. They also regarded the big 
NE-SW lrending Luotna fault (see Fig. 2 and 3) 
as a major feeding channel for the ore-producing 
magma. 

Rccent geochemical and isotopic investiga
tions have yielded new insights on the timing and 
tectonic setting of the Pechenga nickeliferous in
trusions. While the geochemical similarity be
tween the ore-bearing gabbro-wehrJite intrusions 
and the associated and overlying picritic volcanic 
rocks had been noted in some earlier works (Pre
dovskii et al., 1974; Zhangurov and Predovskii, 
1974), Smolkin (1985) was the first to stress this 
point. He suggested that the intrusions and the pi-

cntlc metavolcanites form a genetically related 
volcano-plutonic association. Later Hanski and 
Smolkin (1989) demonstrated that the chemical 
similarity between the picritic metavolcanites and 
the parental magma of the intrusions extends to 
both the major and trace elements. They empha
sized the exceptionally high iron content of the 
magma and called it felTopicrite. Recent isotopic 
results have confirmed the contemporaneous 
crystallization of the gabbro-wehrJite intrusions 
and the ferropicritic volcanic rocks (Hanski et al., 
1990). Consequently, the emplacement of the 1-

bearing intrusions was closely related in space 
and time with the volcanism and hence implies an 
extensional tectonic setting. 

GEOLOGY OF THE PECHENGA COMPLEX 

The Pechenga Complex lies at the northwest
ern end of the early Proterozoie Tmandra Var
zuga-Pechenga belt, which traverses the Kola 
Peninsula in a NW-SE direction. Originally, the 
belt probably formed a continuous sedimentary
volcanic basin developed on the late-Archean 
granite-gneiss complex, although it is now repre
sen ted by two separate greenstone belts (Fig. 1). 
For the stratigraphic correlation betwcen the Im
andra-Varzuga and Pechenga belts, the reader is 
referred to Predovskii et al. CI 987) and Sharkov 
and Smolkin (in press). 

The Pechen ga Complex has traditionally been 

divided into two slructurally different parts, the 
Pechenga Series * in the north and the South Pe
chenga Series in the south. They are separated by 
the major Poritash fault zone (Fig. 2). Because of 
the poor exposure and highly deformed nature of 
the South Pechenga Series, this unit is not weil 
understood at present. As a result, various 
opinions have been presented with regard to its 
stratigraphic relation to the Pechenga Series. This 
paper will concentrate on the Pechenga Se ries 
which is well-preserved, wcll-exposed and , be
cause of its i-Cu deposits, of considerable inter
est. 

':' As the regional geologieal data are based upon 
Russian literature whieh does not adhere to standard 
lUGS stratigraphie nomencJature, the Russian 
stratigraphie cJassifieation , ineluding terms sueh as 
"series" and "suite" , is retained in this paper. 



Geological Survey of Finland, Bulletin 367 15 

Archean granite-gneiss I 
greens tone bell camptex ~ 

~ 

Mlddle and Upper PrOlerozoic 
~ uprac rU S lal rOCks 

Early Prolerozoic 
greenstane belts 

Caledontan orogenie bell 

lapland Granulite Bell 
and lana River Belt • • 

layered Intrusions (e 2 .45 Ga) 

! 
/ 

I 

".--;;-] 
~ 

• [Z] 

Maf ic and ultramalic 
InlrUSlons (c , 9 Ga) 

Granites (1.9-1.2 Ga) 

Ca ledoman-Hercynlan alkaline 
In tru sions and c arbonalites 

Fra c lure hnes 

~ Lakes 

100 km 

Fig. I. Geology of the northern part of the Fennoscandian Shield (s implified after the map 
accompanying Papunen a nd Gorbunov, 1985). 

Pechenga Series 

The Peehenga Series forms a SE-SW dipping 
(30-60°), asymmetrie synclinorium with a length 
of 70 km and a maximum width of 30 km . The 
sequenee is notable for its great thiekness 
(>8 km), the predominanee of volcanie rocks in 
the strata, and the eyclieal repetition of volcanie 
and sedimentary rocks. The Peehenga Series is 
divided into four formations with the following 
names (Zagorodnyi et al. , 1964): the Ahmalahti 
Suite, the Kuetsjärvi Suite, the KOlosjoki** Suite, 
and the Pilgujärvi Suite. Eaeh of these eom
menees with sedimentary rocks and ends with a 
mueh thieker sueeession of volcanie rocks (Fig. 
2). The stratigraphie interpretation based on field 
observations has been eonfirmed by the Kola 
superdeep drill hole whieh penetrates the entire 

sequenee from the lower part of the Pilgujärvi 
volcanie formation to the basement eomplex 
(Kozlovsky, 1987) . Detailed deseriptions of eaeh 
stratigraphie unit are found in Zagorodnyi et al. 
(1964) and Predovskii et al. (1974). ]n the follow
ing diseussion, only salient features are presented, 
augmented with reeent isotopie data, to eonstrain 
the age relationships. 

""" The ori g inal l'inni sh name oi" lhe ri\ 'er i"rom w hieh 
lhis i"ormali on has ga ined il, name is Ko lo, joki . In lhe 
RlI " ian lileralure. lhe name is spelled KO. laciio~11 

w hieh h,IS lI'lIally bee n lra ns lil .: ral.:d inlo Eng li sh a, 
Ko lasjoki Wilh lhe resli ll lhal lhe original I:inni,h name 
has been ehangell. In Ihi s paper. lhe o ri g inal na me 
Kolll,jlll--i is lI scd. 
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Ahmalahti Suite 

The Pechenga Serie begins with the basal 
polymictic conglomerates of the Ahmalahti Suite, 
which were deposited unconformably on the Ar
chean granite-gneiss basement (Fig. 2). The con
glomerate unit attains a thickness of 250 m and 
the elast compositions reflect that of the under
lying basemenl. The conglornerates grade up
wards through the section to cross-bedded 
gravellites and coarse sandstones. The uppermost 
metasediments are interlayered with tuff material 
resulting in a gradual transition to the overlying 
volcanic subunit of the Ahrnalahti Suite. 

Because of the laterally discontinuous nature 
of the underlying sedimentary unit, volcanic 
rocks of the Ahmalahti Suite commonly rest di
rectly on the Archean basement. They consist pre
dominantly of amygdaloidal basalts and andesites 
but according to Zagorodnyi (1980), small 
amounts of picritic metaporphyrites are also pres
ent in the lower part of the unit. The total thick
ness of the volcanic sequence is 1100-1300 m. 

The rocks o[ the Ahmalahti Suite also lie on 
the partly eroded Mt. Generalskaya layered intru
sion. A Sm-Nd isochron age of 2453±42 Ma ob
tained recently by Mitrofanov et al. (1991) for 
this intrusion can thus be taken as the maximum 
age limit for the Ahmalahti Suite. Mitrofanov et 
al. (1991) also reported a Rb-Sr age of 2330±38 
Ma for metavolcanites of the Ahmalahti Suite. 

Kuetsjärvi Suite 

The sedimentary subunit of the Kuetsjärvi 
Suite was deposited, without any apparent dis
cordance, on a thin regolith developed on the 
Ahmalahti metavolcanites (Fig. 2). Like the meta
sediments of the Ahmalahti Suite, the metasedi
ments of the Kuetsjärvi Suite form discontinuous 
lenses with a maxi mum thickness of 250 m. Rock 
types vary upwards from silty and pelitic schists 
through hematite-bearing quartzites to dolomites 
with relict stromatolitic structures. The sequence 
is capped by tuffitic shales and tuffs, paltly pi
critic in composition. The metasediments of the 
Kuetsjärvi Suite are characteristically red in 

color. Stromatolitic carbonates of this formation 
exhibit positive carbon isotope anomalies (Ö I3C 
4.6-8.0) which are typical of Jatulian carbonate 
rocks (Karhu and Melezhik, 1992). 

The metavolcanites of the Kuetsjärvi Suite are 
massive and amygdaloidal lavas having a sodic 
alkaline affinity. A characteristic feature is the 
diversity of rock types, which include trachyba
salts, trachyandesites, mugearites, albitophyres, 
and ignirnbrites. The middle part of the volcanic 
sequence contains a thick sequence of tuffs. The 
total thickness of the volcanic part of the Kuets
järvi Suite is 800-1 100 m. Skufin et al. (1986) 
have published an imprecise Rb-Sr age of 
2150± 125 Ma for these metavolcanites. 

Kolosjoki Suite 

The sedimental·y rocks of the Kolosjoki Suite 
al·e separated from the underlying Kuetsjärvi 
metavolcanites by a small angular unconformity. 
The metasediments are represented by polymictic 
rudites and al·enites, lenses of polymictic con
glomerates with material from the underlying 
metavolcanites, hematite-rich sandstones, do
lomites with stromatolitic structures, and tuffs of 
mafic and picritic composition. Unlike the carbo
nate rocks of the underlying Kuetsjärvi Suite, the 
carbonate metasediments of the Kolosjoki Suite 
show normal marine carbon isotope signatures 
(Karhu and Melezhik, 1992). 

The upper section of the Kolosjoki Suite 
forms a thick (up to 1500-1800 m) accumulation 
of metavolcanites which are rather homogeneous, 
being composed mostly of tholeiitic pillow lavas 
and, in the upper palt of the unit, tuffs. So me fer
ropicritic lavas are also present in the lower part 
of the unit. In addition, a predominantly sedimen
tary intercalation up to 100 m thick occurs in the 
middle part of the section, consisting of sulfide
bearing and carbonaceous silts, tuffs, and cherts. 

Pilgujärvi Suite 

The thickest formation of the Pechenga Series, 
the Pilgujärvi Suite, rests conformably on the Ko
losjoki Suite (Fig. 2). The geological rnap of the 
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Fig. 2. Geological map of the Pechenga Complex, based upon information from 
Predovskii et aJ . (1974), Rusanov (1981), Radchenko (1984), and Kravtsov (1984). 
Legend: I , Archean gneisses and schists, Archean and Proterozoie granitoids; 2, 
conglomerates; 3, andesites and basalts; 4, trachybasalts, trachyandesites, picrites ; 5, 
quartzites, dolomites; 6, basalts, picrites; 7, productive pile (phyllites, sandstones, 
siltstones, tuffs, tuffites) and gabbro intrusions; 8, graphite-bearing phyllites, dolomites; 
9, basalts; 10, psammites, siltstones, sericite schists; 11 , picritic tuffs and tuffites, basalts; 
12, andesites, dacites; 13, basalts, andesites, dacites; 14, gabbro-wehrlite intrusions; 15, 
subvolcanic andesites, dacites; 16, faults ; 17, superdeep drilling site; I, Suonnu dome; 11, 
Kaskeljärvi dome. 
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PiJgujärvi Suite is presented in Fig. 3 as repro
duced from Rusanov (1981). ft begins with a se
dimentary unil, which outcrops as a 
predominanlly northwesterl y trending a1'cuate 
zone, more than 60 km in length. It reaches its 
maximum thickness of about 1.2 km in the centraJ 
part of the Pechenga structure while thinning to a 
few tens of meters in the marginal palts of the 
sync1inorium. The unit consists principally of 
sandstones, siltstones, phyllites, basaltic and pi
critic tuffs, and tuffites with sedimentary rocks 
prevailing in the lower part and tuffs and tuffites 
in the upper part of the section. The fine-grained 
metasediments are commonly rich in carbona
ceous matter and sulfides. For a more compre
hensive description of the sedimentary rocks of 
the Pilgujärvi Suite, the reader is refelTed to Pre
dovskii et al. (1974) and Zak et al. (1982). 

The sedimentary part of the Pilgujärvi Suite is 
called ' the productive pile', since the Ni-bearing 
intrusions are confined to this tuffaceous-se
dimentary succession. In addition to nickeliferous 
gabbro-wehrlite intrusions, sill-like gabbro-dia
base intrusions are present, which have been re
garded as older than the gabbro-wehrlites 
(Gorbunov, 1968). 

According to Gorbunov ( 1968), all the major 
ore-bearing differentiated intrusions and the com
merciaJ Ni-Cu deposits associated with them are 
concentrated in the centraJ part of the ore field. In 
the western part of this central depression, in the 
vicinity of the Kaula, Kammikivi , and Ortoaivi 
deposits, the ore-bearing intrusions occur as a 
zone at the top of the productive pile c10se to the 
overlying volcanic subunit of the Pilgujärvi Suite. 
In the eastern part of the depression , in the sector 
containing ore bodies between Kierdzhipori and 
Onki, the ore-bearing rock masses are located in 
the lower part of the tuffaceous-sedimentary 
strata (Zak et al., 1982) (Fig. 3). 

The uppermost volcanic unit of the Pechenga 
Series, which comprises the upper section of the 
Pilgujärvi Suite, is also the most voluminous 
stratigraphical unit with a maximum thickness of 
the order of 2000-2500 m. The boundary againsl 
the underlying productive pile is not sharp due to 
concomitant sedimentation and volcanic activity 

during the transition period. The volcanic unit is 
composed predominantly (>90%) of monotonous 
tholeiitic basalts which occur as mass ive and pil 
lowed lavas and hyaloc1astites. According to Ru
sanov (1981), picritic metavolcanites, which are 
markcd in bJack in Fig. 3, make up about 5% or 
the sequence. 

The lithologic variation within the volcanic 
formation has been described by Rusanov (1981). 
He dividcs the section into six members whose 
boundaries are delineated in Fig. 3. Furthermore, 
he distinguishes three major fault zones (Luotna, 
Lammas, and Poritash) which separate the vol
canic region into four blocks. All six members are 
represented in the Kuorpukas (J) and Matert (TI) 
blocks whereas the sections in the Valasjoki (flI) 
and Kuchintundra (IV) blocks are incomplete, ex
tending as far as the fifth and fourth members, re
spectively (Fig. 3). The metavolcanites of blocks 
T and 1I were metamorphosed under prehnite
pumpellyite facies, while both prehnite-pumpel
lyite and greenschist facies are present in block 
III and epidote-amphibolite facies prevails in 
block IV. The proportions of different volcanic 
rocks in each member are summarized in Table I. 

In the third member, at about 500-600 m 
above the base of the Pilgujärvi volcanic forma-

Table 1. Volume percentages oe various volcanic rocks in 
different members oe the volcanic part oe the Pilgujärvi 
Suite (according to Rusanov, 1981). 

Member 2 3 4 5 6 

Massive and layered ferro-
picritic lavas 7 2 3 

Ferropicritic pillow lavas 3 2 

Ferropicritic tuffs 

Massive tholeiitic lavas 60 47 50 57 45 28 

Tholeiitic pillow lavas 5 50 30 40 40 70 

Basic tuffs with small 
fragment size 20 3 3 3 2 2 

Tuffs of basic and hybrid 
compositions with medium 
to coarse fragment size 5 5 8 

Dacite and dacite-liparite 
porphyries 5 

Felsic tuffs 3 



Fig. 3. Geological map of the Pilgujärvi Suite, based upon Rusanov ( 198 1) and Smolkin ( 199 1). Legend: I ; metasediments of the 
productive pile; 2, gabbro-di abase sill s; 3, gabbro-wehrlite intrusions and ferropicritic metavolcanites; 4, ultrafelsic tuffs; 5, tholeiitic 
metavolcanites; 6, faults ; 7, sampling sites. A, drill core S-3R, Kaula; B, outcrop 1684, Kaul a; C, outcrop 1685 , Kotselvaara; 0, Lake J1ya 
Souker; E, drill care S-2986, Kierdzhipori; F, outcrop 1748, Lammas; G, drill cores S-VI, S-30n, Shuljärvi. Blocks: I, Kuorpukas; 11 , 
Matert ; 1Il, Valasjoki; IV , Kuchintundra. 
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tion, ferropicritic metavolcanites and tholeiitic 
pillow lavas are closely associated with volume
trically negligible but tectonically significant 
rocks called tufosilitsites by Russian geologists 
because of their high siLica content (Borisov and 
SmoJkin, 1992). They have also been called felsic 
and ultrafelsic tuffs (Zagorodny et al., 1989) or 
dacitic and dacitic-liparitic porphyries (Rusanov, 
1981), and rhyolites or kagusites (Skufin, 1990). 
The felsic unit does not exceed 50 m in thickness 
but it has been traced over many tens of kil
ometers along stIike. Due to its distinctive ap
pearance and composition compared with the 
sUITounding rock types and its restriction to the 
third member of the volcanic unit, it serves as an 
ideal marker horizon within the thick volcanic se
quence. The felsic supracrustal rock in question is 
commonly distinctly stratified - including graded 
bedding - (Borisov and Smolkin, 1992) and varies 
from an extremely fine-grained, massive or thinly 
laminated variety resembling obsidian or chert to 
a coarse fragmental rock with lapilli-size frag
ments. The fragments consist mainly of euhedral, 
serisitized plagioclase and feldspar grains, euhe
dral quartz grains (in places with skeletal forms), 
and highly vesicular volcanic shards and, most 
importantly, of granite and granite gneiss frag
ments. 

Utilizing the Sm-Nd method, Hanski et aL 
(1990) obtained a whole rock-mineral isochron 
age of 1990±66 Ma for the ferropicritic metavol
canites and gabbro-wehrlite intrusions, while a 
zircon fraction from the ultrafelsic tuff yielded a 
minimum U-Pb age of I 970±5 Ma. Mitrofanov et 
aL (1991) also reported a Rb-Sr isochron age of 
1980±44 Ma for tholeiitic metavolcanites of the 
Pilgujärvi Suite. Younger Rb-Sr isochron ages 
between 1760±62 - 1790±42 Ma recently ob
tained for various rock types from the Pechenga 
Series most likely reflect resetting of this system 
during regional metamorphism at that time (Bala
shov et aL, 1991). 

The sedimentary and volcanic record of the 
Pechenga Series obviously represents the pro
gressive evolution from shaJlow-water to deeper
water conditions (Zagorodnyi, 1980). The oldest 
metasediments of the Ahrnalahti Suite on the Ar-

chean basement represent alluvial and colluvial 
fans and talus breccias associated with generally 
fluviatile deposits while the amygdaloidal nature 
of the initial volcanism indicates eruption under 
subaerial conditions. The deposition of the sedi
ments of the next cycle took place in a shallow, 
presumably intracontinental basin under relatively 
tranquiJ conditions. The predominance of amyg
daloidal and massive structures over pillows in 
the overlying metavolcanites of the Kuetsjärvi 
Suite suggests that the volcanism was still mainly 
subaerial at this stage. The transition to a deeper
water regime lOok place during the deposition of 
the next, transgressive quartzitic and calcareous 
sediments comprising the sedimentary part of the 
Kolosjoki Suite, followed by a thick sequence of 
pillow lavas of the same suite. There are differing 
opinions on the ultimate amount of basin sub
sidence. Namely, some author argue that the de
position of the tuffaceous-sedimentary rocks of 
the productive pile took place in a relatively shal
low, quiescent basin which was followed by a re
gressive stage related to the subsequent volcanism 
(Zagorodnyi, 1980). According to so me others, 
eruption of the volcanites of the Pilgujärvi Suite 
took place in a marine basin at a substantial water 
depth (Smolkin, 1991). 

With respect to the regional stratigraphic 
scheme of Lower Proterozoic deposits in the Fen
noscandian (Baltic) Shield, the Ahmalahti , Kuets
järvi, Kolosjoki, and Pilgujärvi Suites have been 
correlated respectively with the Sariolian, Lower 
Jatulian, Upper Jatulian , and Ludicovian forma
tions (Predovskii et aL, 1987). The geological po
sition and lithological character as weil as the age 
of the Ahmalahti Suite metavolcanites are remi
niscent of the lowerrnost units in the Peräpohja 
schist belt in northern Finland, where conglom
erates were deposited on 2.44-Ga-old layered in
trusions and are overlain by metavolcanites with a 
Sm-Nd age of 2330± 180 Ma (Huhma et al., 
1990). As noted earlier, the carbon isotope results 
on the carbonate rocks of the Kuetsjärvi Suite are 
compatible with the results of Jatulian carbonates 
elsewhere in the Fennoscandian Shield, but the 
normal marine values for carbonates from the Ko
losjoki Suite makes the correlation of this unit 



with latulian formations more problematic 
(Karhu and Melezhik, 1992). As was pointed out 
by Hanski et al. (1990), the age of the uppermost 
metavolcanites of the Pechenga Series approxi-
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mates, within the error limits, that of ophiolitic 
rocks close to the southwestern margin of the Ar
chean craton in the lormua and Outokumpu area 
(Kontinen, 1987; Huhma, 1986). 

South Pechenga Series 

As noted earlier, a high degree of tectonic and 
metamorphic reworking combined with inad
equate exposure have made it difficult to firmly 
establish the stratigraphy of the South Pechenga 
Series. However, several different rock units can 
be discerned. Proceeding to the south from the 
Poritash fault zone, Kravtsov (1984) distin
guished the following units : The section begins 
with graphite-bearing phyllites containing chert, 
dolomite, and relatively rare conglomerate lenses. 
These rocks are succeeded by basalts occurring as 
porphyrites, pillow lavas, and tuff breccias. 
Kravtsov (1984) assigned the above mentioned 
rock series to the Kaplya Suite. This suite is over
lain by the Bragino Suite wh ich begins with 
rhythmically alternating psammites and siltstones 
containing rare andesitic and basaltic intercala
tions. They are followed by a sequence of picritic 
tuffs and tuff breccias with varying amounts of 
basic metavolcanites. These in turn are succeeded 
by tuffs and lavas of intermediate and acid com
position including the Porojärvi volcanic dome 
structure (Skufin et al., 1988). The southernmost 
unit comprises pillowed or amygdaloidal basic 
metavolcanites. 

Kravtsov (1984) regarded the above men
tioned succession as stratigraphically coherent 
with the oldest rocks occurring in the north and 
the youngest in the south. The correlation of the 
South Pechenga Series with the Pechenga Series 
is nevertheless still an open question. Golubev et 
al. (1984) considered the northernmost phyllites 
to be analogs of the productive pile. Balashov et 
a1. (1991) have obtained a Rb-Sr isochron age of 
1970±82 Ma for basalts and andesites of the Po
rojärvi structure, which broadly corresponds to 
that of the Pilgujärvi Suite. On the other hand, 
there exist rock types in the South Pechenga re
gion that are unknown or rare in the Pechenga 
Series including abundant andesites and dacites 
(Skufin et al. , 1988) and high-silica picrites en
riched in LLL-elements (Skufin and Hanski, un
published data). 

The youngest rocks of the South Pechenga re
gion are subvolcanic andesite porphyries which 
intruded along the Poritash Fault Zone after the 
main phase of movement; for these rocks Bala
shov et al. (1991) reported a Rb-Sr age of 
1770±42 Ma. 

FIELD CHARACTERISTICS AND PETROGRAPHY OF FERROPICRITIC 

META VOLCANITES 

Ferropicrites are ultramafic volcanic rocks 
with high abundances of MgO and total iron 
(Hanski and Smolkin, 1989). 

By analogy with the proposals of Arndt and 
Nisbet (1982) for the komatiite terminology, 

rocks petrogenetically related to ferropicrite are 
identified with the prefix ferropicritic even 
though some evolved varieties, for example in 
layered lava f1ows , are rather felsic, plagioclase
rich rocks. The same prefix is also used for intru-
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Fig. 4. Photolllicrugraph 01" texture in a mas,ive lava, 
Shuljärvi area, sampie S-3077/322.5. Olivine 
phenocrysts (now serpentine) set in a groundmass of 
serpentinized olivine microlites, devitrified gl ass and 
fine-grained pyroxene. Width of field 3.0 mm, 
plane-polarized light. 

sions generated from magmas compositionally 
similar to ferropicrite. 

Ferropicri tic volcanic rocks have been en
countered in both the Kolosjoki and Pilgujärvi 
Suites with the majority occulTing in the latter 
formation. A sequencc 01' ferropicrites about 30 m 
thick was penetrated at the base 01' the Kolosjoki 
Suite during the superdeep drilling program but 
here they are metamorphosed to actinolite
chlorite schists. 

Ferropicritic volcanic rocks are mostly con-

Fig. 5. Photomicrugraph ur texture in a pi lIow la va, 
Shuljärvi area, sampie S-3077/E. Olivine phenocrysts 
(now serpentine) set in a groundmass of serpentini zed 
olivine microlitcs, devitrified gl ass and fine-grained 
pyroxe ne. Width of field 3.5 mm, plane-pol arized light. 

centrated at four stratigraphic levels in the Pilgu
järvi Suite, i.e. , in the upper part of the productive 
pile and in thc lower, middle, and upper part of 
the volcanic unit. They occur as massive lava 
flows , pillow lavas, tuffs, and thick, layered lava 
flows. Tuffs prevail in the productive pile while 
the relative proportions of pillow lavas and 
layered lava flows progressively increase up
wards through the volcanic part of the Pilgujärvi 
Suite. 
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Massive and pillowed lavas 

The extrusive nature of the massive ferropi
critic lavas is indicated by their conformable rela
tions with respect to the enclosing sedimentary or 
volcanic rocks and the absence of contact meta
morphic effects on the overlying sedimentary 
rocks. Furthermore, the upper part of the lavas 
commonly contain amygdales and cooling cracks 
and are rich in chloritized glass. In some places, 
massive lavas grade laterally into pillow lavas 
(Smolkin , 1991). 

Figure 4 shows an example of microscopic 
textures of massive ferropicritic lavas. These are 
composed of euhedral olivine phenocrysts set in a 
brownish groundmass, with phenocrysts ranging 
from 0.3 to 1.5 mm in size and varying in abun
dance from a few per cent up to about 30%. The 
groundmass consists of acicular or hollow, lan
tern-shaped ol ivine microlites, feathery to pris
matic clinopyroxene and devitrified glass. Olivine 
is replaced by serpentine, and clinopyroxene, 
while in some cases almost fresh, has typically 
been replaced by amphibole of the tremolite-acti
nolite series. Needles of brown magmatic amphi
bole are also present, palticularly in the varieties 

of lavas rich in amygdules. The size of the cal
cite-filled amygdules ranges from 0.5 to 4 mm 
and their abundance varies between 0-15 volume 
per cent. The absence of plagioclase or any other 
felsic mineral means that thc rocks under dis
cussion are totally ultramafic, and therefore the 
term picrite is appropriate in this connection. 

FelTopicritic pillow lavas are found mainly in 
the central part of the Pilgujärvi volcanic forma
tion , where they are exposed, for example, on 
Dvoinaya Mountain. They have also been en
countered in some drill cores as described briefly 
by Skufin and Fedotov (1989). Pillows display 
slightly flattened forms and range in size from 0.3 
to 1.5 m. The internal structure of the pillows is 
concentrically zoned due to the presence of 
amygdules filled with either a chlorite-quartz ag
gregate or carbonate in the marginal zone, and a 
textural change from the glass-rich chilled zone to 
the olivine-porphyritic inner part. Figure 5 illus
trates a photomicrograph of the texture in the core 
zone of a pillow containing olivine phenocrysts in 
a groundmass of skeletal olivine microlites and 
plumose pyroxene. 

Layered lava flows with spinifex textures 

The most interesting mode of occurrence of 
ferropicritic rocks is layered lava flows whjch 10-
cally display weil developed spinifex textures. 
Detailed descriptions of spinifex textures in the 
Pechenga fen'opicrites have not previously been 
published. A short depiction of the layered lava 
flows is reported by Smolkjn et al. (1987) and 
Hanski and Smolkjn (1989). Skufin (1980b) pub
lished a photomicrograph of a texture that appears 
to bc a randomly oriented olivine spinifex, but 
they described it as crystallitic texture. In addi
tion, a reference to spinifex text ure can be found 
in Skufin (1980a), Skufin and Fedotov (1989), 
and Rusanov (1981). These authors have referred 

to groundmass textures with needle-like olivines 
similar to that presented in Fig. 5 as spinjfex tex
tures. In this paper however, the term spinifex 
texture is restricted to textures that are coarse 
enough to be mesoscopically recognizable ac
cording to the recommendations of Arndt et al. 
( 1979). 

The layercd lava flows are rarely exposed in 
entirety but have been intersected in many drill 
cores. Individual flow units normally range in 
thickness from a few meters to 25 m, but may at
tain SO m, and along strike they can be followed 
from 0.2 to 3.0 km. Figure 6 shows two examples 
of schematic cross sections of layered lava flows. 
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A 24-m-thick lava flow was recovered from drill 
core S-2986 in the Kierdzhipori area. It is en
closed between massive and pillowed tholeiites 
with a thin veneer of pelitic metasediment above 
the upper contact zone. The layered Kierdzhipori 
flow like most of the other layered lava flows has 
undergone strong post-emplacement differentia
tion processes. Between the lower and upper 
chilled margins , three major units can be distin
guished, namely, the upper spinifex zone, the 
middle pyroxene cumulate, and the lower olivine 
cumulate. Globular rocks are also present in the 
upper, evolved part of the lava flow; these will be 
described later. 

Another, 16-m-thick layered lava flow, de
picted in Fig. 6, was penetrated by drill core S-VI 
at Shuljärvi in the southwestern part of the Pilgu
järvi Suite volcanic formation and is repre
sentative of the ferropicrites occurring in the 
upper part of this unit. The extent of differentia
tion in this flow is not as high as in the Kierdzhi
pori flow (S-2986), since even the most evolved 
portions of the upper spinifex zone are still ultra
mafic olivine spinifex rocks. This lava flow is 
overlain by a thick pile of massive ferropicrites 
and immediately underlain by another layered 
lava flow, which in turn overlies tholeiitic 
massive metavolcanites. 

Despite the greenschist facies metamorphism, 
original textures are commonly exquisitely 
preserved and therefore the emphasis is given to 

primary features in the following description. Ti
taniferous primary silicates, such as augite and 
brown amphibole, kaersutite, are in many cases 
fresh but olivine is almost without exception re
placed by secondary minerals. The contrasting 
behavior of olivine and pyroxene during meta
morphism is illustrated by so me sampies in which 
olivine has been replaced by quartz whereas py
roxene is completely fresh. 

The lava flows are capped with chilled, frac
tured flow tops relatively rich in amygdules, al
though the author has only been able to ex amine 
the flow tops in Fig. 6. Figure 7 illustrates the 
microscopic texture of a sampie from the top of 
the Kierdzhipori flow. In thi s case, the amygdules 
range from 0.6 to 2.4 mm in size, occupy 5-10% 

of the rocks volume, and are filled by calcite and 
pyrrhotite. The fine-grained groundmass also en
closes pseudomorphs of olivine phenocrysts now 
composed of the same secondary minerals as the 
amygdules. The groundmass, which originally 
consisted predominantly of feathery clinopy
roxene, is now composed of secondary amphibole 
and fine-grained sphene. 

The development of true spinifex texture in 
the A zone is variable. In some lava flows, almost 
the entire A zone is characterized by spinifex tex
ture while so me other lava flows contain only 
scattered portions of spinifex rock with the re
mainder having a texture that is best described by 
Lofgren et al.'s (1975) term ' porphyritic-spheru
litic'. This term is derived from the porhyritic ap
pearance caused by coarse, commonly skeletal 
pyroxene grains which are set in a groundmass 
dominated by fan-like spherulites of plagioclase. 

Several different spinifex types can be distin
guished and are described below. The randomly 
oriented olivine spinifex texture is formed by 
skeletal plates of olivine up to 15 mm in length 
(Fig. 8). Olivine has totally altered to serpentine. 
The angular spaces between them are infilled 
with fine-grained sheaves of augite and devitri
fied glass. A minor component is brown amphi
bole which occurs as tiny needles and is difficult 
to distinguish from the brownish pyroxene and 
devitrified glass using anormal petrographic 
microscope but can be recognized more easily 
under reflected light using a stereomicroscope. 

The parallel olivine spinifex texture is the 
coarsest spinifex type and most easiest to identify 
in both outcrop and hand specimen. The olivine 
"booklets" attain several cm in length and im
pinge obliquely upon each other (Fig. 10). They 
are formed by 0.1 mm thick, platy crystals which 
are spaced 0.2-1 mm apart and can be many tens 
in number. Olivine is not preserved but is every
where replaced by secondary minerals including 
calcite, albite, and orthoclase. Pink clinopyroxene 
occurs as large, skeletal, randomly oriented, pris
matic crystals. The interstitial areas between the 
olivine megacrysts and pyroxene grains are com
posed of devitrified glass, fan spherulites or 
skeletal laths of plagioclase, and skeletal crystals 
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Fi g. 7. PholOm icrograph 01" Ilow top from the 
Kierdzhipori layered lava f10w showing amygdules and 
olivine phenocrysts respectively filled with and replaced 
by calcite and pyrrhotite, sampie S-2986174.2. Width of 
field 7 mm, plane-polarized light. 

of ferrokaersutite, magnetite, and ilmenite. Ox
ides nucleated on the olivine plates and now mark 
the locations of former olivine grains (Fig. II B). 
In evolved sampies, plagioclase is rather abun
dant and forms intergrowths with augite. 

The ferropicritic rocks containing parallel oli
vine spinifex textures show so me enigmatic fea
tures, one of which is their chemical composition, 
which will be discussed later. The other is related 
to Lhe mutual spatial relationship between olivine 
and c1inopyroxene and between olivine and pla
gioclase. Figure IIA shows how paralle l olivine 
grains seem to "cut" across coarse pyroxene 

Fig. 8. PholOmicrograph 01" olivine spinilex texture in 
layered lava f10w from drill core S- VI, Shuljärvi, 
sampie S- VI/416.4. Serpentinized olivine wafers are 
randomly oriented in a matrix of fine, acicular 
clinopyroxene and kaersutite grains and devilriried 
glass . Width of field 1.6 cm, plane-polarized light. 

grains. The pyroxenes are optically continuous 
grains on both si des of the olivine plates. The 
same phenomenon is also observed between oli
vine and plagioclase in those sam pIes where pla
gioclase forms relatively coarse crystals. In 
general, the interstitial spaces between olivine 
plates in komatiites have crystallized inde
pendentlyon each other as evidenced by dif
ferences in Lhe crystal size and orientation of 
pyroxene grains between individual inter-olivine 
spaces. However, according Lo N.T. Arndt (pers. 
comm., 1991), skeletal chromite grains may ex
tend aCl'oss several olivine grains in some spini-
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Fig. 9. Transition from olivine porphyritic texture to randomly oriented olivine spinifex texture, 
Shuljärvi , sampie S-VI/41 0.0. Width of fie ld 2 .0 cm, plane-pol ari zed light. 

Fi g. 10. Photomicrograph of parallel olivine spi nifex texture in layered lava now, Kaul a area, sam pie 

PS4. Width of field 2.7 Clll , plane-polarized light. 
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A B 

Fig. 11. Photomicrographs of parallel olivine spinifex texture in the Kierdzhipori layered flow, sampie S-2986/S. 
A. Olivine plates (now albite and calcite) "cutting" across a clinopyroxene grain . Width of field 4.4 mm, 
plane-polarized light. B. A close view of a pseudomorph after platy olivine. Note equant magnetite and needle-like 
ilmentite crystals nucleated on olivine. Width of field 3.4 mm, plane-polarized light. 

fex-textured komatiites. This may indicate that 
olivine and chromite crystallized simultaneously 
as highly skeletal grains. The same process might 
have operated in the Pechenga sampies but it 
would require cotectic crystallization of olivine, 
c1inopyroxene, and plagioclase from an unusually 
10w-MgO melt. As will be shown later in the con
text of the gabbro-wehrlite intrusions, olivine 
typically ceased to crystallize before plagioclase 
appeared as a liquidus phase. The cotectic crystal
lization of the three phases is also problematic in 

the light of results of dynamic crystallization ex
periments showing that the Iiquidus temperature 
of plagioclase is suppressed more than that of 
Mg-Fe-silicates as a function of cooling rate 
(Walker et al., 1976). 

Another problem is to explain why olivine 
crystallized as oriented sets of tens of parallel 
crystals while at the same time, pyroxene and pla
gio~lase grew without any preferred orientation. 
Nevertheless, the intersection of crystals has been 
duplicated in some high rate cooling experiments. 



For example, Grove and Beaty (1980) crystallized 
an Apollo 11 basalt with a cooling rate of 200 
°C/hr and obtained a microporphyritic texture in 
which skeletal, platy and subparallel ilmenite 
crystals cut across several pyroxene crystals. 

The pyroxene spinifex texture is the most 
common spinifex type. Although smaH-grained 
compared with pyroxene spinifex textures in 
many komatiitic rocks, the pyroxene spinifex in 
ferropicrites is easily discernible with the naked 
eye and consists of parallel, randomly oriented or 
fan-Iike bundles of clinopyroxene (Figures 12 and 
20). The width of individual pyroxene grains is 
between 0.05-0.15 mm and their length attains 1 
cm. A characteristic feature is the abundance of 
kaersutite which occurs as epitaxial overgrowths 
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on augite crystals or as discrete, frequently hol
low needles in the groundmass. Magnetite occurs 
as equidimensional grains altered to sphene. Ilme
nite is acicular in form and is encountered most 
abundantly in the vicinity of previous olivine 
grains analogous to the morphology described for 
the parallel olivine spinifex rocks. Olivine occurs 
as randomly oriented or parallel plates and its 
abundance varies from negligible to the extent 
that the rock might weH be called a parallel oli
vine spinifex-textured rock. Being totally altered 
and occurring as sparse and thin plates, olivine is 
not always easy to distinguish and may be con
fused with fractures and veinlets. The groundmass 
in pyroxene spinifex rocks was presumably orig
inally partly glassy and partly composed of pla-

Fi g. 12. Photomicrograph 01' pyroxene spinifex from layered lava flow, Kotselvaara area, sampie 1685/2SP. 
Clinopyroxene needles rinU11ed by brown kaersutite and set in an albitic groundmass . Width of field .1.8 mm, 
plane-polarized light. 
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gioclase. However in most cases, it is now com
posed of fine-grained chloritic and felsic material 
generated during secondary processes, producing 
globular structures as will be discussed later. 

As a general rule, the amount of groundmass 
plagioclase increases at the expense of devitrified 
gl ass when going from the f10w top downwards in 
the layered f1ows. Grain size and morphology of 
plagioclase also change from small fan sphe
rulites to bigger on es with a concomitant increase 
in width of individual plagioclase laths. Event
ually in the most evolved parts of the lavas , the 
rock is composed mostly of plagioclase which oc
curs as tabular, hollow crystals up to 1.5 cm in 
length (Fig. 13). The order of the change 01' the 
plagioclase crystal morphology is compatible 
with the trends pruduced experimentally with a 
deereasing cooling rate (Lofgren , 1974; Grove 

and Walker, 1977). The overall textural variation 
of the f10w units indicates strong heat loss up
wards from the interior 01' the f1ows. 

Pyroxene cumulates in the middle part of the 
lava f10ws are composed of stubby or prismatic 
clinopyroxene grains many of which have amoe
boid or ribbon-like cavities and kaersutite rims. 
Interstitial spaces comprise plagioclase, sphene 
pseudomorphs of skeletal magnetite grains , and 
kaersutite needles (Figures 14 and 15). Magne
tites rare1y di splay cruciform crystal morpho
logies similar to those of chrome spineis in the 
upper part of komatiitic layered lava f1ows. Eu he
dral or elongate serpentine pseudomorphs 01' oli
vine are also found. The former olivines are easy 
to distinqui sh because, despite their total alter
ation, they frequently contain dark, rounded melt 
inclusions (Fig. 14). 

A B 
Fig. 13. Photomicrographs of skeletal (A, sam pIe S-2986/76.0) and spherulitic (B, sampIe S-2986/76.S) 

plagioclase crystals in evolved part of the Kierdzhipori layered lava flow. Width of fields 3.3 111m, cross-polarized 
light. 



Fig. J 4. Photomicrograph of pyroxene cumulate in the 
middle part of the Kierdzhipori layered lava tlow, 
sampie S-2986/82.4. Pyroxene crystals and rarer 
serpentine pseudomorphs or olivine crystaJs with 
rounded melt inclusions (on top) in a kaersutite-rich 
groundmass. Width of field 3.3 mm, plane-polarized 
Light. 

The lower parts of the flow units are formed 
by cumulates of olivine and minor Ti-rich chrome 
spine!. The main intercumulus phases are clino
pyroxene, kaersutite, and primary mica. The latter 
mineral is invariably altered but brownish chlorite 
pseudomorphs indicate the previous presence 01' 
titanian phlogopite, which has been encountered 
as fresh grains in the ultramafic cumulates of fer
ropicritic sills. From the base upwards, the modal 
olivine content increases and the morphology of 
interstitial pyroxene changes from acicular 
through stubby or prismatic, slightly elongated to 
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Fig. 15. Back scatted electron image or interstitial space 
in pyroxene cumulate showing skeletal kaersutites and 
magnetites, Kierdzhipori layered lava tlow, sampie 
S-2986/84.1. Width of field 0.5 mm. 

poikilitic grains enclosing rounded olivines. As in 
the overlying pyroxene cumulate, a characteristic 
feature of olivine grains is the presence of 
rounded crystallized melt inclusions. The forms 
of the inclusions are generally well-preserved but 
they are typically mineralogically altered . Similar 
inclusions in olivines of the intrusive bodies are 
in places much better preserved, and therefore a 
more detailed description will be given in the next 
chapter. 
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Globular rocks 

A specific feature of the ferropicritic lavas and 
some sills and dykes is the presence of well-de
veloped globular structures. These structures have 
been interpreted to have generated through sili
cate liquid immiscibility (Smolkin et al., 1987). A 
detailed account of the globular rocks at Pe
chenga has been given by Hanski (in press) and 
only the most salient features are documented in 
this context. 

Globules occur in differentiated varieties of 
ferropicritic rocks and range from I mm to 10 cm 
in size (Fig. 16). In outcrop, they are dearly dis
tinguishable from their matrix due to their light 
colors when weathered. Characteristic features in
c1ude sharp outlines and spheroidal forms of dis
crete globules and frequent coalescence of 
globules with sharp cusps being generally re
tained at the contact of two coalescing globules. 
In some ca ses, the globules appear to have accu
mulated to form layers up to 1.5 m thick (Fig. 17). 
Figure 18 illustrates an example of a globular 
dike, less than 1 m in thickness, cutting an ultra
felsic tuff in the Lake Ilya Souker area. This dike 
is full of globules with an average size of about I 
cm. As is revealed by Fig. 18, these globules can 
occur dose to the contact between the dike and 

Fig. 16. Globular fen'opicrite lava, Lake lIya Souker 
area. 

the felsic tuff. Furthermore, Hanski (in press) de
scribes how the globule-forming material fringes 
the cooling cracks and also forms a band right at 
the contact with the country rock. These observa
tions provide good evidence of a nonmagmatic 
origin for the globular structures, as will be dis
cussed later in this paper. 

Microscopic examination shows that globules 
are not restricted to rocks of any particular texture 
or grain size, but they are found in rocks with tex
tures varying from aphanitic to coarse spinifex 
textures. One common feature, however, appears 
to be that the mesostatic groundmass in all globu
lar rocks was originally rather rich in glass. Glass 
is now replaced by chlorite in the matrix and a 
fine-grained assemblage of albite, orthoclase, and 
chlorite in the globules. In fact, this difference in 
the mesostasis is the most essential petrographical 
dissimilarity between the globules and matrix. As 
depicted by Figures 19 and 20, the phenocrystal 
and microcrystal phases are the same and occur in 
the same proportions in both the globules and the 
matrix. Furtherrnore, these minerals have similar 
crystal habits, sizes and orientations on both sides 
of the globule-matrix boundary. In other words, 
the overall textures are identical in the globules 
and in the matrix. 

In globular rocks, the primary crystalline 
phases are composed of olivine (now replaced by 
secondary minerals), c1inopyroxene, kaersutite, 
magnetite (replaced by sphene), and ilmenite. 
With respect to the genesis of the globules, it is 
important to stress that the more MgO and FeO
rich matrix does not have a higher olivine content 
than the less mafic globules and that the more al
kali-rich globules do not have a higher kaersutite 
content than the alkali-poOf matrix. Also it is 
noteworthy that plagioclase is not observed to be 
a liquidus phase in these rocks, but it is confined 
to the mesostasis of the globules as irregular or 
spherulitic albitic aggregates. It thus appears that 
the residual liquid quenched to abundant mesos
taric glass before the appearance of liquidus pla-
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Fig. 17. Light-colored material forming globules and layers in ferropicritic lava, Kotselvaara area. 

Fig. 18. I-m thjck, globular dike in Lake Ilya Souker area. 

3 
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gioclase. 
The textural similarity between the globules 

and the matrix is most strikingly demonstrated by 
spinifex-textured rocks where clinopyroxene 
needles cross the boundary and even traverse the 
whole globule without any effect upon their abun
dance, morphology, or orientation (Fig. 20). This 
is firm evidence for the formation of the globules 
after the crystallization of the pyroxene needles. 

Fig. 19. Photomicrograph of globule-matrix boundary, 
Lake Ilya Souker area, sampie Souker4/90. 
Clinopyroxene and magnetite grains set in an aJbitic 
mesostasis in the globule (above) and in a chloritic 
mesostasis in the matrix (below). Note the 
indistinguishable textures on both sides of the 
globule-matrix boundary . Width of field 3.3 mm, 
plane-polarized light. 

In summary, the phenocryst and microcryst 
phases are the same in both the globules and the 
matrix, and the only mineralogie al difference is in 
the fine-grained mesostasis which is chlorite-rich 
in the matrix and alkali feldspar-rich in the glo
bules. The globular rocks displaya great textural 
variation, but without exception, both the glo
bules and matrix possess identical fabries. 

Fig. 20. Photomicrograph of pyroxene spinifex rock 
with pyroxene needles extending from the chloritic 
mesostasis of the matrix (right) to the albitic meso stasis 
of the globule (Jeft), Kotselvaara area, sampie 1685/2SP. 
Width of field 0.7 cm, reflected light. 
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Tuffs 

The discovery of ferropicritic tuffs is signifi
cant, for they provide conclusive evidence for the 
existence of a high-MgO liquid from which these 
rocks were derived, thus excluding the possibility 
that ferropicrites were merely basaltic melts rich 
in phenocrystal olivine. 

As mentioned earlier, tuffs are widespread in 
the productive pile but they are also found among 
the overlying metavolcanites. They occur as 
lenses and layers varying from a few decimeters 
to a few meters in thickness, but in some loca
tions, such as the Lammas and Kierdzhipori areas, 
tuffs form voluminous accumulations up to 400-

600 m in total thickness. 
Bedding is developed due to alternation of 

coarse and fine-grained varieties with the grain 
size of the ferropicrite fragments ranging from a 
few mm to 1 cm. The fragments are angular in 
form and they comprise 60-75 % of the total vol
urne. The fragments are commonly highly altered 
but forms of tiny amygdules are still recognized 
under the microscope. The original minerals have 
been replaced by tale, chlorite, carbonate, and ac
tinolite. In addition to lava fragments, blocks of 
country rock which may attain sizes of several de
cimeters are also present. 

FJELD CHARACTERlSTICS AND PETROGRAPHY OF GABBRO-WEHRLITE 

INTRUSIONS 

The gabbro-wehrlite intrusions form about 
25% by volume of the productive pile and their 
areal extent at the present erosional surface is 19 
km2

. The thickness of the intrusions generally 
ranges between 5 to 250 m and along strike they 
can be followed from 100 m to 6.5 km. The lar
gest, Pilgujärvi intrusion, attains a thickness of 
540 m (Smolkin, 1977). Tt is noteworthy that 
about half of the studied intrusions are less than 
20 m thick (Zak et al., 1982). On the basis of their 
internal structure, the intrusions are divided into 
differentiated and nondifferentiated bodies, the 
dimensions of the lauer commonly being smaller. 
In general, gabbro-wehrlite intrusions are con
cordant with respect to the primary bedding of the 
enclo ing sedimentary rocks. However, according 
to Zak et al. (1982), the larger intrusions display 
discord~nt relationships with the country rocks. 

The magmatic cumulates underwent metamor
phic and metasomatic alteration to varying de
grees, leading to the formation of serpentinites, 
soapstone, amphibole-chlorite rocks, etc. Never
theless, the original textures are frequently beauti-

fully preserved and in many places primary mine
rals are partly or almost wholly unchanged, so 
that the original cumulus and intercumulus mine
rals can be recognized or deduced. 

The differentiated intrusions have an olivine 
cumulate at the base passing upwards through a 
generally thin clinopyroxenite to a gabbroic upper 
part. The crystallization sequence of the cumulus 
minerals is generally chrome spinei, olivine, cli
nopyroxene, titanomagnetite, ilmenite, and pla
gioclase. As a rule, olivine had ceased to 
crystallize when plagioclase started to precipitate 
as a liquidus phase. Orthopyroxene is charac
teristically absent from every rock type. Primary 
hydrous minerals, kaersutite, and titanian phlo
gopite-biotite occur as intercumulus phases 
throughout the intrusions. 

Two exarnples of the ore-bearing intrusions 
are described in more detail. These are the intru
sive bodies at Pilgujärvi and Kammikivi which 
represent a large layered intrusion and a thin sill
like intrusion, respectively. 
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The Pilgujärvi layered intrusion 

The largest Ni-bearing intrusions are located 
in the central part of the ore field, close to the bot
tom of the productive pile (Fig. 3). One of them is 
the Pilgujärvi intrusion investigated in detail by 
Smolkin (1977). A geological map of this intru
sion and a vertical cross section from its northern 
part are shown in Figures 21 and 22, respectively. 
The intrusion constitutes two branches separated 
by a wedge of sedimentary rocks. The southern 
branch is dominated by gabbroic rocks while the 
northern branch contains a wider range of rock 
types. Several Ni-Cu sulfide ore deposits occur in 
the Pilgujärvi intrusion and in smaller, lense-like 
intrusions in it. SE and NW continuations. In the 
northern branch of the Pilgujärvi intrusion, Gor
bunov et al. (1985b, Fig. 13) distinguished five 
ore deposits called the Western, Central, Eastem, 
Southeastern, and Northern deposits (Fig. 21). 
Most of the ore consists of low-grade sulfide dis
seminations in the lowermost metaperidotites 
with smaller amounts of epigenetic sulfides. The 
Northem deposit is totally epigenetic and is 10-
cated in a tectonic zone in the country rock meta
sediments beneath the central part of the 
intrusion. 

The following description concerns the north
em branch of the intrusion whose maximum 
thickness is 540 m. It can be followed for 2.2 km 
along strike and dips at about 500 to the SW. The 
country . rocks are represented by sands tones, 
phyllites, and tuffs of the productive pile. As a 
whole, it is concordant with primary structures in 
the country rock metasediments, but closer in
spection reveals distinct cross-cutting relations in 
some locations. In the central part of the intrusion 
in particular, a step-like f1exure in the lower con
tact of the intrusion is present (Fig. 21). Here the 
contact makes a wide angle with respect to bed
ding in the metasediments. A chilIed zone is ob
served at the lower contact in the flexure 
indicating that the contact at this place reflects the 
primary form of the magma chamber. 

The ultramafic rocks occupy the lower third of 

the intrusion while the upper part is dominated by 
gabbroic rocks. Smolkin (1977) divided the intru
sion into seven zones which are, from the base 
upwards: the lower marginal zone (1), the 
wehrlite-olivinite zone (11), the intermediate zone 
(Ill), the gabbro-pyroxenite zone (1V), the gabbro 
zone (V), the essexitic gabbro zone (VI), and the 
upper marginal zone (VII) (Fig. 23). Boundaries 
between these zones are mostly gradational and 
rarely sharp . Primary f10w structures such as 
banding, cross-bedding, and preferred orientation 
of primary minerals are developed in mafic rocks 
and less widely in ultramafic rocks. Country rock 
xenoliths have been found in the gabbroic part of 
the intrusion, mostly at the contacts between dif
ferent zones. 

The lower marginal zone (1) is present in 
pi aces that have not been disturbed by tectonic 
movements, and has a thickness of to 3-3.5 m, al
though in some places it attains 5 m. When pro
ceeding upwards from the contact, rock types 
vary as folIows: 1-1.5 cm, a zone of intensively 
altered rock originally composed of glass or fine
grained pyroxene-plagioclase aggregate; I-50 cm, 
smaU to medium grained pyroxenite; 50- 100 cm, 
medium-grained pyroxenite and olivine-bearing 
pyroxenite; 1.0-3.0 m, olivine pyroxenite transi
tional into mineralized wehrlite. The zoning in the 
lower marginal unit is caused by a gradual in
crease in grain size and the abundance of olivine 
with increasing distance from the contacL 

The thickness of the wehrlite-olivinite zone 
(I1) varies between 60-190 m (average 135 m) 
and it is not internally homogenous; the lower and 
upper parts are composed of pyroxenite-wehrlites 
with a 25-50 vol. % of olivine while the middle 
part is made up of intercalated pyroxene olivinites 
(75-90 vol. % olivine) and wehrlites (50-75 vol. 
% olivine). Zone II is important due to the exist
ence of ore-bearing wehrlites containing intersti
tial sulfide dissemination in its lower part (Fig. 
21). The thickness of mineralized ultramafites 
varies between 20-75 m. Low grade ore di sserni-



P Igujärv layer ed ntrusion 

B 
3 __ 4 n:UU% 6 1::::::(:1 7 " 8 111111111111 

11 [ X X X 12 13 r/:.: .. }.J 14 I ' . I 15 _---1 

Fig. 21. Geological map of the Pilgujärvi intrusion, modified from Smolkin (1977, 1991 ). Legend: I, tholeiitic metavolcanites of the 
Kolosjoki Suite; 2, metasediments of the productive pile; 3, marginal zones; 4, peridotite with disseminated Ni-Cu ore; 5, wehrlite; 6, 
olivinite; 7, intermediate zone (olivine pyroxenite, kazanskite, kosvite); 8, pyroxenite; 9, gabbro; 10, coarse-grained gabbro; 11 , 
pegmatitic and essexitic gabbro; 12, diorite; 13, gabbro-diabase; 14, mineralized tectonic zone; 15, fault. 
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nations are also found in the upper part of zone TI. 
Besides modal c1assifieations, it is informative 

to c1assify the rocks of layered intrusions aeeord
ing to their eumulus phases (Fig. 23). The cu
mulus minerals in zone n are olivine and chrome 
spinel while intercumulus phases consist of c1ino
pyroxene, kaersutitie amphibole, brown mica, 
plagioclase, and ilmenite. With the exeeption of 
ilmenite, they chiefly form poikilitic crystals en
c10sing olivine grains . Pyroxene oikoerysts in 
pi aces altain more than 10 mm in diameter, and 
the enclosed olivine grains are typieally rounded. 
A typical feature of the olivine grains is the 
presence of spherical or ovoid, crystallized melt 
inelusions composed mainly of the same minerals 
as those occupying interstitial spaces, including 

augite, kaersutite, and phlogopite (Fig. 25). The 
grain size of the daughter minerals within the in
c1usions is much smaller than that of the same 
minerals in the interstitial spaces. This affirms 
that these are really melt portions trapped inside 
olivine crystal and not embayments in olivine 
crystals exposing underlying intercumulus phases 
(cf. Roedder and Weiblen , 1971). 

The intermediate zone (I1I) forms a transition 
layer between the ultramafic and mafie rocks. lts 
general thickness varies between 8 - 16 m, and in
frequently up to 29 m. Three subzones can be dis
tinguished which are, from the base upwards: 1) 
pyroxenites and olivine pyroxenites with rare 
lenses of wehrlites, plagiopyroxenites, and gabbro 
(average thickness 6.3 m) ; 2) kazanskites and 

A B 
Fig. 25. Photomicrographs of crystallized melt inclusions in olivines. A. Almost totally serpentinized olivine with a 
melt inclusion composed of augite microlites, Kammikivi sill , salllple Petl/33.00. Width of fjeld 0.5 mlll, 
plane~polarized light. B. Partly serpentinized olivine wirh a melt inclusion cOlllposed of kaersutite, Ortoaivi 
II1truslon, sampIe 0-HV-1928. [ntercumulus space filled with more coarse-grained kaersutite. Width of fjeld 
0.5 mm, plane-polarized light. 
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Fig. 26. Photomicrograph of serpenlinized peridotite 
with intercumulus phlogopite, Ortoaivi intrusion, 
sampIe 3401-UJ-1935. Width of field 3.3 mm, 
plane-polarized light. 

kosvites wh ich form a magnetite ore layer (aver
age thickness 4 .7 m); 3) plagiopyroxenite and ti
tanomagnetite-rich plagiopyroxenite with rare 
gabbro pegmatite dikes (average thickness 3.0 m). 
By kazanskite, Smolkin (1977) denoted a py
roxene olivinite or wehrlite exceptional1y rich in 
titanomagnetite (FeOtol >30 wt. %) (Fig. 24). 
Kosvite in turn is an olivine pyroxenite with a 
high content of titanomagnetite (FeOtot >20 wt. 
%). Other intrusions in the Pechenga area are not 
known to contain exact equivalents of the kazan
skites and kosvites of the Pilgujärvi intrusion. 

The lower subzone of the intermediate zone is 
an olivine-pyroxene mesocumulate. The amount 
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Fig. 27. Photomicrograph of partly serpentinized 
olivine-magnetite mesocumulate (kazanskite) from the 
intermediate zone of the Pilgujärvi intrusion , sampIe 
PJ9. Width of field 3.3 mm, plane-polarized light. 

of olivine is subordinate compared to that of py
roxene. Intercumulus phases are brown amphi
bole and rnica and ilmenite. Kazanskites of the 
middle subzone are olivine-titanomagnetite cu
mulates containing c1inopyroxene, kaersutite, and 
phlogopite as intercumulus phases (Fig. 27). The 
least magnesian olivine (Fo 68.2%) so far ana
lysed in the Pechenga intrusions occurs in this 
zone. The cumulus phases in kosvites are clinopy
roxene and titanomagnetite, and the main intercu
mulus phases amphibole, mica, and plagioc1ase. 
The upper subzone (plagiopyroxenite) is min
eralogical1y sirnilar to kosvite ex ce pt having a 
lesser amount of magnetite. Olivine may occur as 

-- - - - - - - - -
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an accessory phase in both kosvites and plagiopy
roxenites. 

The thickness of the gabbro-pyroxenite zone 
(VI) varies between 110-175 m with an average 
value of 141 m, thus constituting about one third 
of the volume of the intrusion. A characteristic 
feature of this zone is the rhythmic interlayering 
of plagiopyroxenite and gabbro. The thickness of 
the alternations varies from 20 to 50 m. Plagiopy
roxenites are pyroxene-titanomagnetite cumulates 
while gabbros are plagioclase-pyroxene-titano
magnetite-ilmenite cumulates. Intercumulus 
phases in these rocks are brown amphibole and 
mica augmented with plagioclase in pyroxenites. 
In gabbros, ilmenite and titanomagnetite form 
separate oxide phases. Preferred orientation of il
menite plates together with plagioclase laths im
part a foliated texture to the rock. Olivine gabbro 
has been found in the lower part of the gabbro
pyroxenite zone in rare instances. In general, oli
vine and plagioclase do not coexist as liquidus 
phases in the gabbro-wehrlite intrusions. 

The thickness of the gabbro zone (V) is be
tween 40 and 110m (average 86 m). This zone 
exhibits a rhythmic alternation of banded and tra
chytoid gabbro with rare interlayers of pyroxenite 
or essexitic gabbro. Mineralogically, the zone is 
simi lar to the gabbros of the underlying IV zone. 

The evolved part of the intrusion forming the 
essexitic gabbro zone (VI) varies from 25 to 125 
m in thickness (average 93 m). Two subzones are 

distinguished: the lower one comprising coarse
grained, massive, mesocratic gabbro with a char
acteristic "stellate" structure and the upper one 
represented by heterogeneous, locally pegmatoi
dal, meso-Ieucocratic gabbro and essexitic gab
bro. The stellate structure is caused by the growth 
of plagioclase laths in star- or cross- like forms. 
The cumulus phases in the zone are the same as in 
the gabbro zone except for the possible addition 
of apatite. Intercumulus phases comprise amphi
bole, mica, and quartz. Potassium feldspar occurs 
mostly as antiperthitic exsolution lamellae in the 
outer zones of plagioclase crystals but it mayaiso 
form separate, anhedral grains, and comprises at 
its maximum about 15% of the rock. 

The upper marginal zone (VII) against the 
hanging wall phyllite is a heterogeneous unit 
composed of quartz diorites, pyroxenites, plagio
pyroxenites, and hornfelsed country rock frag
ments. This zone is commonly 1.0-1.5 m thick but 
occasionally attains a thickness of 8.0 m. Pyroxe
nite, which represents the proper upper chilied 
zone, varies from small to medium-grained and is 
composed mainly of acicular to prismatic clino
pyroxene. It can also contain a notable amount of 
kaersutite and a weak sulfide dissemination. 
Quartz diorite is composed mainly of plagioclase, 
clinopyroxene, and potassium feldspar with minor 
amphibole and quartz. Tt forms a diseontinuous 
zone of complex-shaped injections in the quench 
zone pyroxenite and contact hornfels. 

The Kammikivi layered sill 

The Kammikivi layered sill is located in the 
western part of the ore field (Fig. 3). Figure 28 
presents a schematic cross section through the 
body. This section was constructed on the basis of 
a drill core obtained by Finnish geologists in the 
1920's (see Väyrynen, 1938, Fig. 52). Unfortu
nately, the drill core studied did not penetrate the 
upper contact but it begins from the gabbroic part 
of the body. Nevertheless, the textural evidence 
suggests that the uppermost rock penetrated was 

not far from the upper contact of the magmatic 
body. On the other hand , the lowermost portion of 
the body, containing a Ni-Cu ore deposit, was 
weil represented in the core. 

Both the footwall and hanging wall rock of 
the Kammikivi layered body is S-poor phyllite in 
the section studied in this work. Here, the thick
ness of the intrusion is about 40 m. The densely 
disseminated ore at the base (Fig. 29) varies in 
thickness, being about 5 m at its maximum. 
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Fig. 28. Stratigraphic profile and chemical variation across the ore-bearing Kammikivi layered sill. 

Fig. 29. Photomicrograph of the disseminated Ni-Cu 
ore containing serpentinized olivine and intercumulus 
sulfide from the Kammiki vi si 11 , sam pie Petl/40.60. 
Width of fjeld 7.0 mm, plane-polarized light. 

Fig. 30. Back scattered elecU'on image or a zoned 
chrome spinel and disintegrated sulfide droplet from 
the middle part of the Kammikivi sill , sam pie 
Pet 1/25.66. Width of field 0.2 mm. 
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Fig. 31. Photomicrograph 01' pyroxene cumulate rrom 
upper part of the Kammiki vi si 11 , sam pie Pet I /7 .35. 
Note internal skeletal structure of pyroxene crystals. 
Width of field 3. I mm, cross-polarized light. 

The bulk of the section consists of metaperi
dotite (an olivine-chrome spinel cumulate) con
taining scattered, weak sulphide disseminations . 
Sulfides occur as irregular fillings of interstices 
belween olivine grains or tiny spherical droplets 
(Figures 29 and 30). The most abundant silicate 
inlercumulus phase is clinopyroxene which is ac
companied by kaersutite and phlogopite. Py
roxene and amphibole may occur as poikilitic 
grains but mostly they are prismatic or needle
like. As in other ultramafic rocks in the Pechenga 
area, olivine frequently contains crystallized melt 
inclusions (Fig. 25). 

Metaperidotite is overlain by a 2.5-m-thick 

Fig. 32. PhOLOmicrograph 01' rapidly crys tallized rock 
from the gabbroic part of the Kammiki vi sill, sampie 
Pet I /0.1 O. Clinopyroxene crystaJs rimmed by kaersutite 
are embedded in fine-grained groundmass composed of 
devitrified gl ass and kaersutite microlites. Width of 
field 1.3 mm, plane-polarized light. 

pyroxenite (Fig. 31). The upper part of the py
roxenite is fine-grained wilh grain size varying 
between 0.05 - 0.6 mm. The grain size increases 
downwards to a typical range of 0.5-1.5 mm. 
With respect to its mineralogy and texture, this 
unit is identical to the pyroxene cumulate ob
served in the middle part of the layered lava 
flows, although it has been more affected by al
teration processes. It is composed of clinopy
roxene grains locally with skeletal interiors and 
brown amphibole fringes and less abundant euhe
dral olivines altered to serpentine. These are in a 
chJoritic groundmass which in many pI aces still 
contains kaersutite needles (or their actinolite 



pseudomorphs) and skeletal sphene pseudo
morphs after magnetite. In some thin sections, 
chlorite pseudomorphs after olivines up to I cm 
long and 0.2 mm wide are present. 

The uppermost portion of the Kammikivi sec
tion is composed of evolved rocks crystallized 
from the residual liquid. At the top, the rock is 
pyroxene-phyric and contains abundant crypto
crystalline groundmass material, probably after 
original glass (Fig. 32). For this reason , it is 
called vitrophyre. When going downwards, the 
glass is gradually partially displaced by skeletal 
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plagioclase, and the rock is termed quench gab
bro. Other minerals in the upper part of the body, 
include an equant but skeletal magnetite and a 
rather abundant needle-like kaersutite (Fig. 32). 

The presence of devitrified glass and other 
textural features indicative of rapid cooling in the 
upper part of a sulfide-bearing layered body in the 
Kamrnikivi area suggest that some of the ore
bearing bodies in the productive pile, which have 
been regarded as intrusive, may in fact be extru
sive or at least were emplaced very close to the 
earth' s surface (Hanski and Smolkin, 1990). 

Ni-Cu SULFIDE DEPOSITS 

Practically all of the productive intrusions 
occur in the sedimentary part of the Pilgujärvi 
Suite, and Gorbunov et al. (1985b) observed that 
the number of intrusions increases as the thick
ness of the metasediments increases. All the 
major ore-bearing differentiated intrusions and 
the commercial Ni-Cu deposits associated with 
them are concentrated laterally in the central, 
thickest part of the productive pile, north of the 
Luotna fault (Fig. 3). In the western part of this 
central zone, in the region containing the Kaula, 
Promezhutochnoye, Kotselvaara , Kammikivi, and 
Ortoaivi deposits, the ore-bearing intrusions occur 
in the upper part of the productive pile close to 
the overlying volcanic subunit of the Pilgujärvi 
Suite. [n the eastern part of the zone, in the sector 
from Kierdzhipori through Pilgujärvi to Onki, the 
ore-bearing rock masses are located in the lower 
part of the tuffaceous-sedimentary strata (Fig. 3). 

The bulk of the sulfide ore bodies are associ
ated with the lower parts of differentiated intru
sions. In most of the deposits, sulfides are not 
solely confmed to the intrusive parent rocks, but 
also extend for some distance into the enclosing 
tuffaceous-sedimentary rocks as lit-par-lit injec
tions, sm all veinlets, and impregnations (Gorbu-

nov, 1968). This, however, accounts for only a 
minor portion of the total mass of sulfide ores. 
Within the sedimentary formation, the ore de
posits appear to be located in synclinal folds and 
along fault zones near the base of the intrusions 
(Gorbunov et a1., 1985b). Sulfide ores are also 
found outside the intrusions where the faults ex
tend into the country rocks. 

On the basis of their structural characteristics, 
Gorbunov (1968) classified the Ni-Cu ores into 
the following four major types: 

I) Disseminated ores in altered peridotites 
2) Massive sulfide ores 
3) Breccia ores 
4) Vein-impregnations in footwall schists 

Pyrrhotite, pentlandite, and chalcopyrite are 
the main ore minerals in all the ore types. The 
most common minor ore minerals are pyrite, 
magnetite, violarite, sphalerite, bornite, cubanite, 
mackinawite, and valleriite. DistIer et a1. (1990) 
also described platinum-group minerals of the co
baltite-gersdorffite series in several sulfide de
posits. For mesoscopic and microscopic 
descriptions of the different ore types, the reader 
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is referred to Gorbunov et al. (J 973). 
The volumetrically most prevalent ore type at 

Pechenga, namely the peridotite-hosted dissemi
nations, have been further divided into four sub
types (Gorbunov, 1968): I) low-grade 
impregnation ores, 2) low-grade pyrrhotite-free 
ores, 3) high-grade impregnation and vein-im
pregnation ores, and 4) spotted impregnation ores. 
The pyrrhotite-free type, in wh ich PYIThotite is re
placed by secondary magnetite, occurs widely in 
the Kierdzhipori deposit. The third type is found 
in direct contact with breccia or massive ore and 
the fourth type occurs in the contact zones of 
tho. e ore-bealing intrusions that have not under
gone strong tectonic movements. Typically, the 
sulfide content of the ultramafic cumulates in
creases gradually from the low-grade dissemi
nated ore downwards to the lower contact of the 
intrusions. Thc transition from disseminated ores 
to overlying barren peridotites is also gradual. In 
weakly altered peridotites, the sulfides occupy in
terstitial spaces between olivine and pyroxene 
grains, forming net-textured and disseminated 
ore. In more altered rocks, a negative texture is 
widely developed where sulfides replace olivine, 
whi le the interstices are now infilled with serpen
tine. The average sulfide mjneral content of the 
dissenunated ore type is pyrrhotite 80%, pentlan
dite 10%, and chalcopyrite 10%. The Pilgujärvi 
intrusion contains the laI'gest Ni deposit at Pe
chenga with about 95 % of the ore occurring as 
dissenunated sulfides . 

The economically most important brcccia and 
massive ores are located in tectonic zones along 
the lower contacts of the ore-bearing intrusions. 

They form 0.5- 11 m thick ore bodies which in 
pI aces extend along tectonic dislocations into the 
enclosing tuffaceous-sedimentary rocks over a 
distance of up to 400 m along strike. Breccia ores 
contain elongated or f1attened phyllite, tuffite and 
serpentinite fragments cemented by sulfides. With 
the decreasing content of silicate rock fragments, 
breccia ores gradually become replaced by 
massive ores, with which they are spatially 
closely related. Among massive ores three va
rieties are di stinguished: massive fine-grained 
ores, massive ores with pentlandite porphyro
bl asts and banded ores. 

Vein-impregnation ores in country rocks were 
injected into crumbled and crushed footwall rocks 
around mineralized tectonic zones. This ore type 
occurs abundantly only in the Kaula deposit 
where it reaches a thickness of up to 10m, while 
in other ore bodies nuneralization extends gener
ally from a few decimeters to 1-2 m to the meta
sediments. Mineralogically this ore type differs 
from the otllers, being lich in chalcopyrite. 

In summary, the Ni-Cu sulfide ores at Pe
chenga display the following asymmetric pattern. 
The lowermost part of an ore body typically con
sists of vein-impregnation ores in sedimentary 
country rocks. Thi s is overlain by a zone of brec
cia and massive ores of variable thickness at the 
tectonic contact between country rock and the 
layered intrusion. Finally, a zone of disseminated 
ores, a few meters to 100 m thick, occurs in the 
ultramafic rocks forming the base of the intru
sions. The contacts between disseminated and 
massive ore as weil as those between barren and 
mineralized serpentinites are commonly gradual. 

MINERAL CHEMISTRY OF FERROPICRITIC ROCKS 

In thi s chapter, emphasis is placed on the pri
mary igneous silicate and oxide minerals in fer
ropicritic rocks ; sulfide ore mjneralogy remains 
outside the scope of this study. Analyses of sul
fide minerals have been published, for example, 

by Yakovleva et al. (1983). Secondary metamor
phic mjnerals are not considered in detail except 
where closely related to the alteration of some 
primary minerals. 
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Analytical techniques 

Electron microprobe analyses of minerals 
were performed by the wavelength dispersive 
technique using a leol lCXA 733 microprobe at 
the Institute of Electron Optics at the University 
of Oulu and a leol lXA-733 Superprobe instru
ment at the Geological Survey of Finland (GSF) 
in Espoo. All analyses done in Oulu were deter
mined using an accelerating volta ge of 15 keV, a 
sam pIe current of approx. 33 nA, and a beam 
diameter of 10m. Details of the analytical method 
and a table of simple mineral and metal standards 
have been published by Alapieti and Sivonen 
(1983). At the GSF (Espoo), the analytical condi
tions for silicate minerals were an accelerating 
potential of 15 ke V, a sampIe cun·ent of 25 nA, 
and a beam diameter of 10 /-lm. For spineIs and il-

menites, a current of 30 nA and a beam of I /-lm 
were used. atural and synthetic minerals (Kaka
nui hornblende, ELY-garnet, anorthoclase, bio
tite, F-phlogopite, tugtupite, diopside, rutile, 
almandine, rhodonite, albite, sanidine, magnetite, 
willemite, chromite, olivine) were employed as 
standards. Results were corrected using the ZAF 
on-line correction programme both in Oulu and in 
Espoo. The analytical results of the two labora
tories are generally comparable. The most impor
tant exception is chromium which appeared to be 
about l.5-3 .0% lower in the Oulu analyses prob
ably due to the nonstoichiometry of the Cr20 3 
standard used in Oulu. 

Olivine 

Relict igneous olivine is weil preserved in 
some portions of thick intrusions such as the Pil
gujärvi intrusion, but in thin sill-like intrusions, 
olivine is commonly replaced by secondary mine
rals, and in lava flows it is invariably altered. Al
teration products vary depending upon the rock 
type. In ultramafic rocks, olivine is typically re
placed by serpentine, tale, or chlorite augmented 
by sulfides in ore-bearing metaperidotites. In vol
canic, evolved ferropicritic rocks, olivine pseudo
morphs are composed of carbonate, alkali 
feldspar, and rarely quartz. 

Because olivine ceased to crystallize at a rela
tively early stage, it exhibits a limited range of Fo 
contents. In olivine cumulates, the previously 
published Fo contents range between 74.1-83.4% 
(Smolkin and Pakhomovskiy, 1985). During this 
study, this range has been somewhat expanded, 
while some olivines in the Kammikivi layered 
body contain up to 84.2% Fo component. Ana
lyses of olivines from the olivine-titanomagnetite 

cumulates in the intermediate zone of the Pilgu
järvi intrusion have not so far been published but 
a few analyses undertaken in this study display Fo 
values between 68.2-70.0% (Table 2). 

Figure 33 illustrates the variation of Ni as a 
function of the forstelite content in Pechenga oli
vines. As would be expected, i increases with 
the Fo content. With the exception of low-Fo oli
vines from olivine-magnetite cumulates, the Pe
chenga olivines plot within the field of olivines 
from layered intrusions as constructed by Simkin 
and Smith (1970). Closer inspection reveals that 
separate intrusions display slightly different 
trends. The Ni contents of olivines from the bar
ren Souker intrusion do not differ substantially 
from those analysed from the other, mineralized 
intrusions, as shown in Fig. 33. A similar obser
vation led Smolkin and Pakhomovskiy (1985) to 
conclude that the nickel content of olivine is of no 
use as a criterion for distinguishing potential ore
bearing intrusions. 
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Fig. 33. CaO (wt. %) and i (ppm) contents as a function of Fo in olivines from gabbro-wehrlile intrusions. Data 
from thi s study and Smolkin and Pakhomovskiy ( 1985). Symbols: I, Kammikivi ; 2, J(jerdzhipori ; 3, Ortoaivi ; 4, 
Souker; 5, Pil gujärvi . The upper and lower boundaries of the tield of olivines from layered intrusions (Simkin and 
Smith, 1970) are marked in the Ni vs. Fo plot. Also shown are model fractionation CUfves compuled with various 
weight ratios of olivine and sultide. Calculations were based on experimental data of Arndl ( 1977b) tor the 
distribution of nickel be tween olivine and komatiitic liquid and Naldrett' s (1989a) estimation on the distribution of 
nicke l between sultide and silica te liquids. 

Separation of an immiscible sulfide liquid will 
lead to a depletion of chalcophile elements, in
cluding Ni , in both the equilibrium silicate liquid 
and silicate minerals crystallized from it. Accord
ingly, the trong depletion of i in olivine in 
some basic intrusions and komatiite lava flows 
has been attributed to the crystallization of these 
olivines from a liquid impoverished in i due to 
sulfide segregation. In these cases, olivine com
positions are shown to plot clearly below the Sim
kin-Smith field (Thompson and Naldrett, 1984) or 
fall below the normal range of olivines in koma
tiites (Stevcn Barnes et al., 1988). As noted 
above, the Pechenga olivines are not palticularly 
low in Ni. Nevertheless, they exhibit extremely 
deep trends wh ich, according to the model calcu
lations presented in Fig. 33, deviate considerably 
from trends expected for olivines crystallizing 
from a sulfur-undersaturated ferropicritic magma. 
The rapid decrease in Ni content of olivine with 
decreasing atomic Mg/(Mg+Fe) of olivine sug
gests that the silicate magma equilibrated with a 

considerable amount of sulfide liquid during the 
crystallization of olivine. 

Manganese shows an overall increase with 
fall ing Fo content and ranges from 0.16-0.40 wt. 
% MnO. In this respect, the Pechenga olivines are 
typical magmatic olivines (Simkin and Smith, 
1970). As illustrated in Fig. 33, the CaO content 
of the Pechenga olivines is relatively high, being 
almost without exception greater than 0.14 wt. % 
which is diagnostic of low-pressure olivines from 
volcanic and hypabyssal environments (Simkin 
and Smith, 1970). In addition to pressure, other 
factors contribute to the elevated CaO content of 
olivine. These include the high concentration of 
CaO and the low activity of silica in the melt 
from which olivine precipitated (Stormer, 1973). 
Jurewicz and Watson (1988) showed that high 
iron activity increases the solubility of CaO in oli
vine. Experiments on simple synthetic systems 
also suggest that the solubility is inversely pro
portional to the AI20 3 content and directly pro
portional to the alkali content 01' the liquid 
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Table 2. Representative analyses of olivines from gabbro-wehrlite intrusions . 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15" 
Intrusion$ Ka Ka Ka Or Or Or Or Pi Pi Pi Pi Pi Pi Pi So 

Si02 39.78 39.51 39.67 39.69 39.51 39.14 39.21 39.22 39.30 38.76 39.23 38.64 37.45 36.82 38.86 
Ti02 0.03 0.00 0.00 0.01 0.01 0.02 0.03 0.03 0.05 0.06 0.04 0.00 0.00 0.03 0.00 
Al20 3 0.05 0.07 0.05 0.04 0.04 0.03 0.03 0.02 0.04 0.03 0.01 0.01 0.02 0.04 0.00 
FeO 14.82 15.19 15.60 16.32 16.49 17.21 17.19 19.58 19.67 20.59 20.25 20.39 27 .71 28.14 2l.09 
MnO 0.22 0.18 0.16 0.22 0.22 0.19 0.21 0.26 0.26 0.30 0 .23 0.23 0.37 0.36 0.24 
MgO 44 .19 43 .90 44.09 44.00 43.50 42 .79 42 .37 4l.27 41.22 40 .73 40 .15 39.50 34.19 33.92 40 .31 
CaO 0.30 0.31 0.32 0.21 0.28 0.30 0.27 0.19 0.22 0.11 0.15 0.17 0.20 0.16 n ,8 . 

Na20 0.00 0.01 0.01 0.02 0 .00 0.01 0.02 0.01 0.01 0.00 0.00 0.03 n .8 . 0.00 n .8 . 

ISO 0.00 0.00 0.01 0.02 0.00 0.01 0.01 n.8. n .8 . n .8 . n .8 . 0.00 n .8 . 0.01 n .8 . 

Cr203 0.07 0.08 0.08 0.02 0.01 0.04 0.00 0.02 0.00 0.00 0 .00 0.01 0.00 0.00 0.00 
NiO 0.26 0.26 0.24 0.32 0 .29 0.22 0.20 0.07 0.16 0.11 0 .16 0.13 0.10 0.04 0.12 

Total 99 .73 99.52 100.23 100.86 100.36 99.96 99.55 100.65 100.93 100.69 100.23 99 .10 100.07 99.50 100.62 

Structural formula based on 4 oxygens 

Si 1.002 0.999 0.998 0.996 0.997 0.995 l.001 1.000 1.000 0.994 l.007 1.005 l.001 0.993 0.998 
Ti 0 .001 0.000 0.000 0.000 0.000 0.000 0.001 0 .001 0.001 0.001 0.001 0.000 0.000 0.001 0.000 
Al 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.000 
Fe 0.312 0.321 0.328 0.343 0.348 0.366 0.367 0.418 0.418 0.441 0.435 0.444 0.619 0.634 0.453 
Mn 0.005 0.004 0.004 0.005 0 .005 0.004 0.005 0.006 0.006 0.007 0.005 0.005 0.008 0.008 0.005 
Mg l.660 1.655 1.653 1.646 l.636 1.622 l.611 1.568 l.563 1.556 l.536 1.532 1.362 l.363 1.543 
Ca 0.008 0.009 0.009 0.006 0.008 0.008 0.008 0.005 0.006 0.003 0.004 0.005 0.006 0.005 
Na 0.000 0.001 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.000 
K 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 
Cr 0.001 0.002 0.002 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ni 0.005 0.005 0.005 0.006 0.006 0.004 0.004 0.001 0.003 0.002 0.003 0.003 0.002 0.001 0.003 

Fo 84.2 83.7 83 .4 82.8 82.5 8l.6 8l.5 79.0 78.9 77 .9 77 .9 77 .5 68.7 68.2 77 .3 
Anal' ° ° ° ° ° ° ° E E E E ° E E A 

n.a . = not analysed. 
, Analysis laboratory: 0 , University of Oulu; E, Geological Survey of Finland, Espoo; A, Kola Science Center, Apatity. 
$ Intrusion: Ka = Kammikivi, Or = Ortoaivi, Pi = Pilgujärvi, So = Souker. 
" taken from Smolkin and Pakhomosvkiy (985). 
Rock types: 
1-12 and 15 olivine cumulates, 13-14 olivine-magnetite cumulates . 
Sampies: 
1-3, Petl/33.oo; 4 , HV-57.2-1928; 5, HV-57 .1-1928; 6-7, Ortoaivi; 8-10, PJ 8; 11-12, SA-14; 13-14, PJ 9; 15, S-I834/403.5. 

(Libourel, 1989). It is apparent that many of the 
chemical characteristics of fe rropicritic rocks and 
their condi ti ons of crystalli zation favo r a high 
CaO content of oli vine. 

Significant differences ex ist in CaO between 
olivines wi th different Fo content. Figure 33 dem
onstrates that the CaO content decreases by half 
when Fo decreases from 82-84% to 77-78% and 
increases slightly in the least magnesian olivines 
in the olivine magnetite cumulates of the Pilgu
järvi intrusion. Provided that the compositions 
measured represent magmatic values, such a vari
ation is en igmatic, fo r the CaO content of olivine 
is expected to increase with decreasing Fo con-

4 

tent. Thi s prediction is based on the increasing 
CaO content of the residual liquid during oli vine 
frac tionation and the growing capacity of oli vine 
to di ssolve CaO when its FeO content increases 
(Jurewicz and Watson, 1988). Also the partition 
coefficient for Ca between olivine and liquid 
tends to increase with decreasing temperature and 
increas ing oxygen fugac ity (Miyamoto et a1., 
(992). Indeed, in volcan ic rocks, it is generally 
observed that the CaO content of olivine pro
gressively increases with dec reas ing Fo content 
(e.g ., Ewart, 1989). lt is hard to imagine that the 
condi tions 01' crystalli zation were so different be
tween different intrusions that the partition coeffi-
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cient of CaO between olivine and liquid could 
have varied by more than two, even though most 
of the high-Fo olivines come from small-size, 
high-level sills and the low-Fo olivines from the 
large Pilgujärvi intrusion which was presumably 

emplaced at a deeper level in the crust. either do 
the general geochemical data support the alterna
tive that the difference in CaO could be a result of 
differences in parental magma compositions. 

Clinopyroxene 

Clinopyroxene is the silicate mineral that is 
least affected by secondary alteration in ferropi
crites. lt may be completely fresh in rocks where 
olivine is totally replaced, for example, by quartz 
or carbonates. It occurs as a major constituent in 
almost all rock types and varies in morphology 
from large poiki litic oikocrysts and spinifex 
need les to tiny rnicrolites and fine-grained, plu
mose aggregates. In ultramafic cumulates, clino
pyroxene is typically colorless but in more 
evolved rocks, it becomes pinkish or purplish in 
color, which is related to its increasing Ti02 con
tent. Particularly in volcanic ferropicrites, clino
pyroxene grains display concentric zoning and, 
less cornmonly, sec tor zoning which is typical of 
Ti-rich augites. No detailed microprobe investiga
tion of the zoning patterns in clinopyroxene has 
been performed during this study. 

Microprobe analyse of Pechenga pyroxenes 
have only been published previously by Smolkin 
(1978) and Hanski and Smolkin (1989). Repre
sentative pyroxene analyses obtained in this study 
are listed in Table 3. Pyroxenes from gabbro
wehrlite intrusions show a range of atornic 
Mg/(Mg+Fe) (Mg number) between 0.88-0.63. 
Layered lava flows display a larger spread be
tween 0.85-0.48. As demonstrated by their posi
tion on the conventional pyroxene quadrilateral in 
Fig. 34, pyroxenes from lava flows fall within the 
fields of diopside, salite, and augite and the py
roxenes richest in iron plot close the joining point 
of the fields of augite, feIToaugite, salite, and fer
rosalite. Compared with pyroxenes from the 
Munro Township komatiites, the Pechenga py
roxenes have in most cases a higher wollastonite 
component even though there is a considerable 

overlap in composltlons. On average, the py
roxenes from feITopicritic metavolcanites show a 
slight increase in the wollastonite component with 
decreasing Mg/(Mg+Fe). The relationship be
tween the relative positions of the clinopyroxene 
trends in the Mg-Ca-Fe diagram and the under
saturation of the host rocks has been established 
by several authors. A flat 01' a slight Ca-enrich
ment trend has been observed in pyroxenes from 
mildly alkaline to alkaline intrusions and a Ca-de
pIetion trend in pyroxenes from intrusions of tho
leiitic affinity (e.g., Bedard et al., 1988; Nwe, 
1976). 

Ti02 and Al 20 3 show a wide variation be
tween 0.5-4.2 wt. % and 1.0-9.1 wt. %, respec
tively . These components increase systematically 
with decreasing Mg number and show a good 
positive mutual cOITelation. The high Al and Ti 
contents of the pyroxenes from ferropicritic 
layered flows are probably functions of many fac
tors including a rapid rate of crystallization, re
tarded nucleation of plagioclase, and enrichment 
of the residual liquid in these components. lrre
spective of the rock type or position in a flow unit 
01' an intrusion, the Al-Ti ratio remains approxi
mately constant. As depicted in Fig. 35 , this ratio 
is in most cases close to 3: I. In terms of end 
member molecules, the AI-Ti ratio observed in 
Pechenga pyroxenes is accounted for by the si
multaneous substitution of CaTi(AI2)06 and 
CaAI(AISi)06 molecules coupled in an approxi
mate 2: I ratio. The low-AI pyroxenes from intru
sions and lower parts of layered flows displaya 
slightly higher AlfTi which can be at least partly 
explained by the incorporation of Cr as a 
CaCr(A1Si)06 component. The earliest, most 
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Fig. 34. Compositions of clinopyroxenes from 
ferropicritic and komatiitic metavolcanites on a ternary 
Mg-Ca-Fe+Mn diagram. Komatiite data taken from 
Fleet and MacRae ( 1975). 

Fig. 35. Variation of Ti and AI (cations per formula 
unit based on 6 0 ) in clinopyroxenes from ferropicritic 
metavolcanites (dots) and gabbro-wehrlite intrusions 
(cireles). Field for clinopyroxenes from komatiitic 
volcanic rocks taken from Hanski and Smolkin (1989). 
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magnesian pyroxenes show elevated chromium 
contents, up to 1.0 wt. % Cr20 3' but the crystal
lization of chrome spinel and later clinopyroxene 
apparently rapidly depleted the magma in Cr. 
Consequently , pyroxenes with Mg/(Mg+Fe) 
smalJer than 0.7 contain less than 0.2 wt. % 

Cr20 3' 
F 3+/(F 3+ F 2+) . h' e e + e 111 pyroxenes reac es a maxI-

mum of 0.3 in the least magnesian pyroxenes 
from layered flows, calculated according to the 
method of Papike et al. (1974). Na20 contents 
vary between 0.2 wt. % and 0.6 wt. % with the 10-
west values measured in interstitial pyroxenes 
from olivine cumulates of intrusions and the hig
hest values in pyroxenes from fractionated parts 
of layered lava flows. 

On the basis of pyroxene analyses from recent 

Fig. 36. CIinopyroxene compositions from layered 
ferropicritic tlows (ci rcles) and the Kammikivi sill 
(dots) plotted on the discrimination diagram of 
Leterrier et al. (1982). 
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Table 3 . Representative analyses of clinopyroxenes from gabbro-wehrlite intrusions and ferropicritic metavolcanites. 

123 
Location$ Or Or NK 

Si02 50.25 50.86 50.71 
Ti02 1.02 1.42 0.59 
Al20 3 1.54 2.80 1.22 
FeO 4.67 5.82 5.24 
MnO 0.09 0.10 0.10 
MgO 16.17 16.24 17.61 

CaO 23.58 22.40 23 .86 
Na20 0.40 0.34 0 .30 
~O 0.01 0.03 0.01 
Cr203 0.60 0.64 0 .55 
NiO 0 .07 0.05 0 .00 
V 203 n .a. n .a . 0.05 
ZnO n .a. n .a . 0.00 

Total 98.40 100.70 100.22 

Structural formula based on 6 oxygens 

Si 
Ti 
Al 
Fe 
Mn 
Mg 
Ca 
Na 
K 
Cr 
Ni 
V 
Zn 

Anal * 

1.893 
0 .029 
0 .068 
0.147 
0.003 
0.908 
0.952 
0.029 
0.001 
0.ü18 
0.002 

o 

1.871 
0.039 
0.121 
0.179 
0.003 
0.890 
0.883 
0.024 
0 .001 
0 .019 
0.002 

o 

1.881 
0.016 
0.053 
0.163 
0.003 
0.974 
0.948 
0.021 
0.000 
0.016 
0.000 
0.001 
0.000 

o 

4 5 
NK Pi 

51.75 49.51 
1.16 1.93 

2.73 4.45 
7.33 10.02 

0.14 0.18 
13.71 12.78 
22.98 21.32 

0 .36 0.41 
0.02 0.02 

0.02 0.01 

n .a . n.a. 
n .a . n.a . 
n.a . n.a. 

100.20 100.63 

1.920 
0.032 
0 .119 
0 .227 
0 .004 
0.758 
0.913 
0.026 
0.001 
0.001 

o 

1.849 
0.054 
0.196 
0.313 
0.006 
0.712 
0.853 
0.030 
0.001 
0.000 

o 

vo1canic rocks, LetelTier et al. (1982) constructed 
disclimination diagrams distinguishing three 
major basaltic groups from each other: alkali ba
sa lts and re lated rocks, tholeiites from spreading 
centres, and orogenic basalts. Their diagram, in 
which Ca+Na is plotled against Ti, is appJied to 
pyroxenes from ferropicritic metavolcanites and 
the Kammikivi layered sill in Fig. 36. Most 01" the 
pyroxenes located on the tholeiitic and ca1c-al
kaline side of the dividing line are low-Ti py
roxenes from the lower part of the layered flows 
and the Kammikivi sill while the pyroxenes 10-
cated on the alkali basalt side come from evolved 
parts of the layered bodies. Taken as a whole, the 

6 
Ka 

51 .81 
0 .99 
2.73 
7.79 

0.11 
14.74 

20.44 
0 .30 
0.00 

0.00 

0.00 
0.08 
n.a. 

99.00 

1.933 
0.028 
0.120 
0.243 
0.004 
0.820 
0.817 
0.022 
0.000 
0.000 
0.000 
0.002 

o 

7 
Ki 

53.28 
0 .80 
1.66 
5.95 

0.16 
16.54 
20.19 

0.31 

0.01 

0.45 
0.06 

0.06 
n .8 . 

99.47 

1.961 
0.022 
0 .072 
0 .183 
0.005 
0.907 
0.796 
0.022 
0.000 
0.013 
0 .002 
0 .002 

o 

8 
Ki 

48.73 
2.19 

4.76 
10.64 
0.16 

13.58 

18.53 
0.39 
0.00 
0 .03 

0 .00 
0.13 
n .a . 

99.14 

1.840 
0.062 
0 .212 
0.336 
0.005 
0.764 
0 .750 
0 .028 
0.000 
0.001 
0.000 
0.004 

o 

9 
Ki 

46.94 
2.59 

6.49 
11.51 

0 .19 
11.45 

19.54 
0.45 

0.00 
0.02 

0 .00 
0 .15 
n .a . 

99.34 

1.786 
0.074 
0.291 
0 .366 
0.006 
0.649 
0.797 
0.034 
0.000 
0.001 
0.000 
0.005 

o 

10 
Ko 

49.79 
1.39 
3.15 
9.93 
0.19 

14.68 
19.65 

0.35 
n .a . 
0.15 

0 .00 
n .a . 
n .a. 

99.28 

1.877 
0.040 
0.140 
0.313 
0.006 
0.825 
0.794 
0.026 

0.004 
0.000 

E 

11 
Ko 

50.64 
1.61 
2.94 

9.91 
0.21 

14.46 
19.39 

0.38 
n.a . 
0.14 

0.08 
n .a . 
n .8. 

99.75 

1.896 
0.045 
0.130 
0.310 
0.007 
0.807 
0.778 
0.028 

0.004 
0.002 

E 

12 
Ko 

48.89 
2.08 
4.45 

10.30 

0.18 
14.29 
19.28 
0.33 
n .a. 
0.13 

0.01 
n .a . 
n.a. 

99.94 

1.834 
0 .059 
0.197 
0.323 
0.006 
0.799 
0.775 
0.024 

0.004 
0.001 

E 

Pechenga pyroxenes define a trend which straddle 
the left-hand boundary of the alkali basalt py
roxene field. 

[n g lobu lar rocks, pyroxene grains from the 
g[obules and matrix are virtually indistinguish
able with respect to all chemical components 
(Hanski, in press). This applies to early crystal
lized phenocrysts and small late-stage microlites 
as weil as to large spinifex crystals. If pyroxene 
crystallized from drastically different liquid com
positions in the globule and matrix portions of 
these rocks, this shou ld be reflected at least in the 
composition o[ rapidly crystallized late-stage 
microlites or margins of zoned crysta ls; pyroxene 



Table 3. (Continued) 

Location$ 

Si02 
Ti02 
Al20 a 
FeO 

MnO 

MgO 

CaO 

Na20 

~O 
Cr20a 
NiO 
V20 a 
ZnO 

Total 

13 
Ko 

50.46 
1.30 
2.87 
9.66 

0.21 

13.96 
19.73 
0.33 
n .a . 
0.08 
0.00 
n .a. 
n .a . 

98.60 

14 
Ka 

49.56 
1.87 
4.12 
8.83 
0.13 

13.67 

21.25 
0.41 
0.01 
0.15 
0.04 
0.14 
n .a . 

100.17 

15 
Ka 

48.51 
2.54 
4.80 
8.92 

0.12 

13.27 
21.30 

0.43 
0.00 
0.21 

0.00 
0.14 
n.a. 

100.24 

Structural formula based on 6 oxygens 

Si 
Ti 
Al 
Fe 
Mn 
Mg 
Ca 
Na 
K 
Cr 
Ni 
V 
Zn 

Anal .· 

1.909 
0.037 
0.128 
0.306 
0.007 
0.787 
0.800 
0.024 

0.002 
0.000 

E 

n .a . = not analysed. 

1.851 
0.053 
0.181 
0.276 
0.004 
0.761 
0.851 
0.029 
0.000 
0.005 
0.001 
0.004 

° 

1.815 
0.072 
0.212 
0.279 
0.004 
0.740 
0.854 
0.031 
0.000 
0.006 
0.000 
0.004 

° 

16 
IS 

46.40 
3.20 
6.20 

10.62 

0.18 

11.25 
21.63 

0.49 
n .a. 

0.01 

0.02 
n.a. 

n.a. 

100.00 

1.762 
0.091 
0.277 
0.337 
0.006 
0.637 
0.880 
0.036 

0.000 
0.001 

E 

17 
IS 

46.33 
2.79 
5.98 

10.67 

0.18 

11.69 
22.34 

0.43 
n.8. 

0.00 
0.06 
n.a. 
n .a. 

100.47 

1.756 
0.079 
0.267 
0.338 
0.006 
0.660 
0.907 
0.032 

0.000 
0.002 

E 

18 
IS 

45.80 
3.16 
5.72 

11.56 

0.20 
11.12 

21.60 
0.47 
n.a. 

0.09 
0.04 
n .a . 
n .a . 

99.77 

1.755 
0.091 
0.259 
0.370 
0.007 
0.635 
0.887 
0.035 

0.003 
0.001 

E 
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19 
IS 

46.01 
3.25 
5.68 

11.50 
0.21 

11.23 
21.18 

0.44 
n.a . 

0 .03 
0.00 
n.a. 
n .a . 

99.53 

1.763 
0.094 
0.257 
0.368 
0.007 
0.641 
0.869 
0.033 

0.001 
0.000 

E 

20 
IS 

47.72 
2.34 
5.28 
9.50 
0.18 

13.13 
20.41 
0.50 
n .a. 

0.08 
0.04 
n .a . 
n .a . 

99.18 

1.807 
0.067 
0.236 
0.301 
0.006 
0.741 
0.828 
0.036 

0.003 
0.001 

E 

21 
IS 

44.80 
3.65 
6.43 

10.75 
0.13 

11.23 
21.73 
0.47 
n .a . 
0.01 
0.00 
n.8. 

n.a. 

99.22 

1.722 
0.106 
0.292 
0.346 
0.004 
0.644 
0.895 
0.035 

0.001 
0.000 

E 

22 
IS 

46.48 
3.03 
6.16 

10.87 
0.20 

11.72 
20.57 

0.52 
n .a . 

0.00 
0.00 
n .a. 
n .a . 

99.55 

1.769 
0.087 
0.276 
0.346 
0.007 
0.665 
0.839 
0.038 

0.000 
0.000 

E 

23 
U 

43.78 
4.23 
8.85 

14.83 

0.31 
8.89 

18.92 
0.49 
0.00 
0.00 
0.00 
n .a . 
0.02 

100.32 

1.681 
0.122 
0.401 
0.476 
0.010 
0.509 
0.778 
0.037 
0.000 
0.000 
0.000 

0.001 

E 

24 
U 

43.63 
4.15 
9.11 

15.15 
0.32 

7.83 
18.46 
0.42 
0.01 
0.00 
0.03 
n .a . 
0.05 

99.16 

1.695 
0.121 
0.417 
0.492 
0.011 
0.453 
0.768 
0.032 
0.001 
0.000 
0.001 

0.001 

E 

• Analysis laboratory: 0 , University of Oulu; E , Geological Survey of Finland, Espoo. 
$ Location: Or = Ortoaivi intrusion, NK = Northern Kotselvaara intrusion, Pi = Pilgujärvi intrusion, Ka = Ksmmikivi 
sill, Ki = Kierdzhipori layered flow, Ko = layered flow, Kotselvaara area, Ka = layered flow, Kaula area, 
IS = globular rock, Lake Ilya Souker area, U = exact location unknown. 
Rock types and sampies: 
1-2, olivine cumulate, 3395-UJ-1935, 3401-UJ-1935; 3-4, pyroxene-magnetite cumulate, -60/14OS; 5, pyroxene
plagioclase-magnetite cumulate, Pilgu 14; 6, pyroxene cumulate, Pet1l4.00; 7 , olivine cumulate, S-2986193 .5; 
8-9, rock with porphyritic-spherulitic texture, spinifex zone, S-2986/76.0, S-2986/76.5; 10-13, pyroxene spinifex 
rock, 168512SP; 14.15, pyroxene spinifex rock, S-3W731.4; 16-17, matrix, Soukerjärvi 4; 18, matrix, Soukerjärvi 1; 
19, globule, Suokerjärvi 1; 20, globule, 1833-6; 21.22, globule, Soukerjärvi 4; 23·24, evolved ferropicritic rock, 
35E No. 13. 

compositions do not provide any evidence for 
thi s. 

From the data presented above, it can be con
cluded that c1 inopyroxenes in ferropicritic rocks 
are reminiscent of those in mildly alkaline rocks 
and differ markedl y from c1inopyroxenes ob-

served in komatiitic intrusive and extrusive 
bodies (see Fig. 35). Apart fro m the TiOr rich na
ture of the Pechenga pyroxenes, differcnces in
c1ude the absence of pigeonite cores which are 
typical of c1inopyroxenes from komatiiti c lavas 
(Arndt and Fleet, 1979). 

- -- - --- - - - -
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Amphibole 

Brown igneous amphibole is ubiquitous in ex
trusive and intrusive ferropicritic rocks, being 
present in small amounts in almost all differen
tiates. It occurs as an euhedral intercumulus 
phase, as fringes around clinopyroxene grains, or 
as discrete skeletal needles. It also commonly 
forms patchy subsolidus replacements in py
roxene cumulus grains in intrusive bodies. 

Primary igneous amphiboles are best 
preserved in the central and upper parts of layered 
flows and ultramafic cumulates of intrusions. For 
this reason, microprobe analyses were mainly re
stricted to these rocks. Selected analyses are re
ported in Table 4. In the gabbroic cumulates of 
intrusions, alteration renders the analyses gener
ally useless. An exception is the upper part of the 
Kammikivi layered sill where brown amphibole is 
commonly weil preserved. 

The igneous amphiboles from felTopicritic 
rocks are rich in Ti02, with a maximum value of 
6.9 wt. %. This feature, together with other par
ameters, such as Ca+Na+K > 2.5 and Si < 6.25 
classifies the amphibole as kaersutite (Ti>0.5) or 
pargasite (Ti<0.5) (Leake, 1978). Amphiboles 
show large variations in their Mg/(Mg+Fe) 
valucs. Intercumulus amphiboles in olivine cumu
lates have the lowest Mg/(Mg+Fe) value (0.82-
0.70) while amphiboles crystallized in the upper 
parts of layered flows are rich in iron oxide (up to 
22 wt. % FCOlO l) and therefore deserve to be 
termed ferrokaersutites or ferropargasi tes. The 
averages of the stoichiometrically-acceptable 
lower and upper limits of the felTic iron content, 
as calculated by using the method of Spear and 
Kimball (1984), commonly result in Fe3+/Fe2+ of 
less than 0.3 (Table 4). The AI20 3 content of am
phi boles is relatively low, varying between 10-14 
wt. %. The maximum value is attained by the fer
rokaersutites (Table 4). 

The Na20 content of the Pechen ga amphi
boles is generally between 2.5-3.5 wt. % while 
the Kl O content varies in the range 0.3-0.8 wt. %. 
Kl O is relatively low compared with its abun-

dance in most high-pressure kaersutite mega
crysts found in alkaline volcanic rocks (Fig. 37). 
The latter amphiboles mostly possess a K20 con
tent between 1.0-2.5 wt. % (e.g. , Irving, 1974). 
The low potassium content of the Pechenga am
phi boles compared with megacrystic amphiboles 
is compatible with the experimental studies of 
Ulmer et al. (1990) which suggest that the potas
sium content of amphibole is directly proportional 
to the crystallization pressure. Its usefulness as a 
geobarometer in our case is , however, negligible 
because amphiboles with potassium abundances 
equivalent to those of the Pechenga kaersutites 
have been experimentally synthesized from tho
leiitic and alkali basalts at press ures as high as 2-8 
kbar (HeIz, 1973; Nesbitt and Hamilton, 1970; 
Holloway and Burnham, 1972). These amphi
boles are higher in AI20 3 due to bulk composi
tional and pressure effects. It is interesting to note 
that among the few low-K kaersutites that compo
sitionally approach the Pechenga amphiboles are 
those analysed by Morawski et al. (1976) from an 
alkali basalt lava crystallized at low pressure on 
the sea floor. 

So me anomalous features in the alkali content 
of the Pechenga amphiboles warrant special com
ment. The first is the relatively low potassium 
content of kaersutites coexisting with K-rich tita
nian phlogopites as intercumulus phases in ultra
mafic rocks. Crystallization of phlogopite from a 
silicate melt implies a considerable potassium 
content in this melt. At low pressures, the mini
mum K20 content required for stabilizing phlo
gopite is even higher than at elevated pressures. 
For example, Esperanca and Holloway (1987) 
measured a minimum K20 content of 3.3 wt. % in 
liquids saturated in phlogopite at 10kbar, but at 1 
kbar pressure, B31ton and Hamilton (1978) ob
tained phlogopite as one of the liquidus phases in 
a wyomingite containing 10.2 wt. % Kl O. Tt fol
lows that when phlogopite started to precipitate in 
ultramafic cumulates, the interstitial liquid was 
highly fractionated and enriched in potassium. 



The kaersutite crystals accompanying phlogopite 
do not have higher K20 contents than 0.8 wt. %, 
which appears to be anomalously low, since the 
partition coefficient for K20 between amph ibole 
and silicate liquid is known to vary between 0.17-
0.68 (Gi lbert et al., 1982). Taking the minimum 0 
value of 0.17 and the K20 content of 0.8 wt. % in 
amphibole, a value of 4.7 wt. % K20 is obtained 
for the liquid. The interpretation of the alkali con
tents of the Pechenga kaersutites is hampered by 
the scarcity of experimental data on the exchange 
of alkalies between coexisting mica and amphi
bole at magmatic temperatures. 

Another problem is related to the observation 
that the K20 contents of the Pechenga amphiboles 
form two major populations with values at about 
0.4 wt. % and 0.8 wt. % (Fig. 37). The lower 
values belong to felTokaersutites from evolved 
parts of layered flows while the higher values 
were obtained for low-Fe kaersutites from ultra
maRc cumulates in intrusions. Amphiboles from 
olivine-magnetite cumulates show intermediate 
K20 abundances. The inverse relation between 
the FeO and K20 contents, as depicted in Fig. 38, 
is strange because, as an incompatible element, 
potassium should be enriched in lhe residual liq
uid and hence also in high-Fe crystals crystallized 
from it. The alkali content of amphibole is de
pendent on the K20/Na20 value of the liquid, 
since both of these elements compete for the same 
structural site in the amphibole latlice. A diminu
tion of K20/Na20 in the residual liquid from 
wh ich felTokaersutites have cryslallized is not 
likely because the only feasible K-rich mineral 
that might cause such an effect is titanian phlo
gopite. The occurrence of this mineral is re
stricted to interstitial and poikilitic grains in the 
lower parts of the layered flows and intrusions 
and thus it does not impose a fractionation effect 
on the residual liquid. The explanation for the low 
K20 abundances in ferrokaersutites may be re
lated to the exchange coefficient 
(KlNa)amph/(KlNa)liq which increases with in

creasing temperature approaching unity at tem
peralures of aboul 1050 oe (HeIz, 1979; Foden 
and Green, 1992). A temperature decrease of 220 
oe is sufficient for the reduction of the coefficient 
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Fig. 37. Alkali contents (wt. 9'0) of primary igneous 
amphiboles from ferropicritic rocks (dots) compared 
with alkali contents of Ti-rich (Ti02 > 3 wt. %) 
amphiboles (c irclesl from the literature . 
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Fig. 38. K20 againsl FeOtot (Wl. '/c) for Pechenga 
igneous amphiboles . Symbols: I, interstitial amphibole 
in ultramafic cum ulates of intrusions; 2, interstitial 
amphibole from olivine-magnetite cumulate (Pilgujärvi 
intrusion); 3, interstitial amphibole needles in pyroxene 
cumulates from layered f1ows; 4, amphibole rims on 
pyroxenes and discrete amphibole needles from 
evolved parts of layered flows . 



56 Geologieal Survey of Finland, Bulletin 367 

Table 4. Representative microprobe analyses of brown amphiboles from gabbro-wehrlite intrusions and ferropicrltic 
metavolcanites. 

Location$ 

Si02 
Ti02 
Al20 3 
FeO 
MnO 

MgO 

CaO 
Na20 

~O 
Cr203 
NiO 
V20 3 
ZnO 

F 
CL 
-O=F 
-O=Cl 

Total 

1 
Ka 

39.74 
6.27 

10.73 
16.58 
0.20 
9.41 

10.23 
2.87 
0.31 
0.00 
0.00 
0.07 
n.8. 

n .8. 

n.8. 

96.42 

2 
K 

38.78 
6.40 

11.94 
17.15 
0.15 
9.06 

10.83 
2.75 
0.42 
0.00 
0.01 
0.06 
n.8. 

n.8. 

n.8. 

97.55 

Structural formula based on 23 oxygens 

Si 
Ti 
Al 
Fe3+# 

Fe2+ 

Mn 
Mg 
Ca 
Na 
K 
Cr 
Ni 
V 
Zn 

Anal-

6.095 
0.723 
1.939 
0.260 
1.867 
0.026 
2.151 
l.681 
0.854 
0.062 
0.000 
0.000 
0.009 

° 

5.911 
0.734 
2.146 
0.236 
1.951 
0.019 
2.058 
1.769 
0.812 
0.081 
0.000 
0.002 
0 .007 

° 

3 
Ka 

37.45 
5.91 

13.06 
19.17 

0.25 
6.89 

10.51 
2.87 
0.43 
0.02 
0.01 
0.20 
n.8. 

n .8. 

n .8 . 

96.77 

5.820 
0.691 
2.392 
0.186 
2.305 
0.033 
1.597 
l.750 
0.866 
0.085 
0.002 
0.002 
0.024 

° 

4 
Or 

41.68 
4.78 

10.77 
8.42 
0.11 

15.29 
11.27 
3.65 
0.67 
0.05 
0.07 
n.8. 

n.8. 

0.28 
0.02 
0.12 
0.00 

96.95 

6.158 
0.532 
l.875 
0.000 
1.041 
0.014 
3.366 
1.783 
l.047 
0.127 
0.005 
0.008 

E 

LO such an extent that the late-crystallized ferro
kaersutites will have a potassium level of abouL 
half that of early crystallized kaersutites. 

It is interesting to note that brown amphiboles 
in the upper part of the Kammikivi ore-bearing 
layered body are compositionally identical to the 
low-K ferrokaersutites from pyroxene-spinifex 
textured rocks in layered nows (Table 4). 

The fIuorine content was analysed for a few 

5 
Or 

42.77 
4.78 

10.02 
8.70 
0.09 

15.21 
11.01 
3.40 
0.69 
0.06 
0.06 
0.22 
0.06 
n.8. 

n .8 . 

97.06 

6.289 
0.528 
1.736 
0.008 
l.062 
0.011 
3.335 
l.739 
0.970 
0.130 
0.006 
0.007 
0.026 
0.006 

° 

6 
Or 

45.73 
4.57 
7.85 
8.74 
0.07 

15.30 
10.28 
4.10 
0.66 
0.05 
0.09 
n.8. 

n .8. 

0.22 
0.03 
0.09 
0.01 

97.58 

6.661 
0.501 
1.347 
0.000 
l.064 
0.009 
3.321 
1.604 
1.158 
0.122 
0.005 
0.010 

° 

7 
Or 

43.71 

4.09 
10.53 
8.30 
0.11 

15.27 
1l.24 
3.68 
0.66 
0.11 
0.08 
n.8. 

n.8. 

0.08 
0.05 
0.03 
0.01 

97.87 

6.354 
0.447 
l.805 
0.000 
l.OO9 
0.014 
3.308 
1.751 
l.039 
0.122 
0.013 
0.009 

E 

8 
Or 

39.72 
5.74 

13.20 
8.26 
0.08 

14.24 
11.47 
2.36 
0.55 
0.16 
0.06 
0.21 
n .8. 

n.8. 

n .8. 

96.04 

5.893 
0.641 
2.308 
0.299 
0.726 
0.010 
3.148 
1.824 
0.679 
0 .104 
0.018 
0.007 
0.025 

° 

9 
Or 

39.73 
5.99 

12.93 
7.86 
0.06 

14.20 
11.69 

2.84 
0.50 
0.11 
0.12 
0.29 
0.00 
n.a. 

n.a. 

96.32 

5.884 
0.667 
2.258 
0.000 
0.973 
0.008 
3.135 
1.855 
0.816 
0.095 
0.013 
0.014 
0.034 
0.000 

° 

amphibole grains and was found to vary between 
0.3-0.6 wt. % in ferrokaersutites from the upper 
part of layered fIows, but is less lhan 0.3 wt. % in 
interstitial kaersutite in an olivine cumulate from 
an intrusion. 

Among the criLical factors essential for the 
stability of amphibole with a silicate liquid are the 
sufficiently high alkali and water contents of the 
melt. According to Gilbert et al. (1982), the total 
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Table 4. (Continued ) 

10 11 12 13 14 15 16 17 18 
Location$ Pi Ki Ko Ko Ko Ko U U U 

Si02 40.62 37.22 39.10 38.58 38.32 38.12 37.34 36.85 39.68 
Ti02 4.59 5.79 3.87 5.63 4.12 3.67 6.95 7.02 6.04 
Al20 3 11 .81 14.08 13.46 12.76 13.47 14.15 14.03 14.20 13.15 
FeO 11.05 17.98 19.81 18.77 21.63 20.94 18.56 18.41 19.09 
MnO 0.15 0.21 0.28 0.25 0.25 0.35 0.17 0.24 0.23 
MgO 12.90 7.46 8.56 8.41 7.59 7.04 8.03 7.87 7.78 
CaO 11 .98 10.64 10.27 10.74 9.78 10.67 10.84 10.80 9.77 
Na20 3.18 2.68 2.75 2.78 2.75 2.65 2.69 2.67 2.82 
ISO 0.59 0.34 0.43 0.37 0.44 0.37 0.48 0.51 0.45 
Cr203 n .8 . 0.00 n .8 . n.8 . n .8 . n .8 . n .8 . n .8 . n .8. 
NiO n .8 . 0.00 n .8 . n .8 . n .8. n .8 . n.8. n.8. n .8 . 
V20 3 n .8. 0.20 n .8 . n .8 . n .8 . n .8. n .8 . n .8. n.8. 

ZnO n .8 . 0.05 n.8. n .8 . n .8 . n .8 . n.8 . n .8. n.8. 

F n .8. n .8 . 0.55 0.58 0.50 0.35 0.07 0.16 0.16 
CI n .8. n .8 . n .8 . n .8 . n .8. n .8 . 0.03 0.03 0.02 
-O=F 0.23 0.24 0.21 0.15 0 .03 0.07 0.07 
-O=CI 0.01 0.01 0.00 

Total 96.88 96.65 98.84 98.65 98.63 98.17 99.15 98.67 99.12 

Structural formula based on 23 oxygens 

Si 6.070 5.751 5.944 5.873 5.888 5.871 5.647 5.606 5.968 
Ti 0.516 0.672 0.442 0.645 0.476 0.425 0.790 0.803 0.683 
Al 2.080 2.564 2.411 2.290 2.439 2.570 2.500 2.546 2.331 
Fe3+# 0.000 0.321 1.721 0.615 2.271 1.130 0 .498 0.485 0.714 
Fe2+ 1.381 2.002 0.797 1.775 0.509 l.568 l.849 1.858 1.687 
Mn 0.019 0.028 0.036 0.032 0.032 0 .046 0 .022 0.031 0.029 
Mg 2.873 1.718 1.939 l.909 1.739 l.615 1.810 1.785 l.744 
Ca l.917 1.761 1.673 l.753 1.611 1.761 1.756 l.761 1.574 
Na 0.9?2 0.804 0.810 0.821 0.820 0.793 0.789 0.788 0.822 
K 0.113 0.068 0.083 0.072 0.086 0.073 0 .093 0.099 0.086 
Cr 0.000 
Ni 0.000 
V 0.025 
Zn 0.006 

Anal- E ° E E E E E E E 

n.a . = not analysed. 
• Analysis laboratory: 0, University of Oulu; E , Geological Survey of Finland, Espoo. 
# Fe2+ and Fe3+ calculated aft.er the method of Spear and Kimball (1984). 
$ Location: Ka = Kammikivi sill, Or = Ortoaivi intrusion, Pi = Pilgujärvi intrusion, Ki = Kierdzhipori layered flow, 
Ko = layered flow, Kotselvaara area, U = exact location unknown. 
Rock types and sampies: 
1-3, gabbroic part of the sill, PetllO.02 ,; 4-7, olivine cumulate, HV-70d-1928; 8-9, olivine cumulate, HV-61a-1928; 
10, olivine-magnetite cumulate, PJ 9; 11 , pyroxene cumulate, S-2986/84.1; 12·15, pyroxene spinifex·textured rock, 
168512SP; 16-18, evolved ferropicritic rock, 35E No. 13. 
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alkali content of melt in equilibrium with mag
matic amphibole must exceed 3 wt. %. Because 
water and low valency cations such as the alkali 
elements preferentially partition into the more 
polymerized silica-rich liquid (Roedder, 1979), 
much less amphibole is expected to occur in the 
mafic counterpart of the crystallized products of 
immisciblc melts. As noted previously, there are 
no obvious modal differences in the abundances 
of brown amphibole between the matrix and the 
globules. In addition, microprobe analyses of am
phi boles show that they have virtually identical 
compositions both in the matrix and the globules. 
This applies to all components in the amphiboles 
including alkali elements and their ratios, halogen 
contents, and Mg/Fe. This is an important obser
vation because amphibole crystallized relatively 
late in these rocks and thus should reflect the 

composition of the residual liquid. The present 
eontrasting mineralogical compositions of the al
bite-rich mesostasis of the globules and the ferro
chlorite-rich mesostasis of the matrix are in 
striking contrast with the homogeneous amphi
bole compositions. 

Metamorphie recrystallization has to varying 
degrees changed the original color and chemical 
composition of magmatie amphibole. With an in
creasing degree of alteration, the color changes 
from dark reddish brown to shades with a pleoch
roism varying from pale brown to green, light 
green or almost colorless. This is accompanied by 
a concomitant loss of aluminum, titanium, and so
dium and a gain of silica, with the result that am
phibole changes its composition from kaersutite 
and pargasite through edenite to tremolite-actinol
ite. 

Mica 

Brown phlogopite-biotite solid solution is an
other primary hydrous phase in ferropicritic 
rocks. It occurs as an intercumulus phase in the 
ultramafic portion of ferropicritic layered flows 
and from lhe lowermost olivine cumulates to the 
uppermost gabbros in gabbro-wehrlite intrusions. 
Unaltered grains in ultramafic rocks are strongly 
pleochroie with shades of dark brown or are al
most opaque and form sma lI , anhedral plates up 
to 1.5 mm in maximum dimension (Fig. 26). In 
highly altered rocks, the previous magmatic mica 
is still recognized by viltue of the pleochroism of 
its pseudomorphs, which vary from pale orange to 
green in color, and the common presence of fine 
ilmenite disseminations in the pseudomorphs. 

Representative analyses of micas are 
presented in Table 5. In ultramafic rocks, mica 
has a sufficiently low Fe010 l (8- 14 wL. %) and 
high atOin ic Mg-Fe ratio to be called phlogopite. 
[n olivine-magnetite cumulates from the inter
mediate zone in the Pilgujärvi intrusion, ll1ica 
shows a Mg-Fe ratio close to 2, which is the 
boundary value between phlogopite and biotite. 

Its iron content presumably increases to the level 
of biotite in gabbroic rocks but because of exten
sive alteration effects, mica from gabbros was not 
analysed. 

The most striking feature of the phlogopites is 
their high TiO~ content, up to 7.5 wt. %, clas
sifying this mineral as titanian phlogopile. The 
high Ti02 accounls for the dark color and strong 
pleochroism of the mineral. Many factors can ex
plain the elevated titanium contents of lhe Pe
ehen ga micas , including high Ti02 in the silicate 
melt from which they cryslallized and low pres
sures and high temperatures of crystallization (cf. 
Robert, 1976). The AI20 3 content is relatively 
low ( 11.2-13.5 wt. %) which is apparently a re
fleetion of the low AI20 3 content of the liquid (cf. 
Barton, 1979). Slruclural formulae calculated on 
the basis of 22 oxygens show that the number of 
Si atoms range from 5.2-5.6. The calculations in
dicate that there is insufficient aluminum to fully 
occupy the expected 8 tetrahedrally coordinated 
cation sites per formula unit which means that 
Al

v1 
is absent. Thc Na20 content allains a maxi-
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Table 5. Representative analyses of intercumulus titanian phlogopites (#1-8) from gabbro-wehrlite 
intrusions and chlorites (#9-10) from a globular ferropicritic rock. 

1 2 3 4 5 6 7 8 9 10 
Location$ Or Or Pi Pi Pi Pi Pi Pi Ko Ko 

Si02 36.22 35.85 37.06 35.85 37.55 38.13 34.17 35.08 25.92 26.85 
Ti02 7.49 7.20 6.94 6.59 6.66 7.04 6.08 6.09 0.04 0.01 

Al20 3 11.70 12.46 13.04 12.31 12.87 13.19 13.65 12.05 18.00 17.65 

FeO 11.56 12.83 11.25 14.18 9.49 9.26 14.62 12.39 35.63 34.99 

MnO 0.40 0.42 0.13 0.16 0.07 0.06 0.10 0.36 0.33 0.41 

MgO 20.98 19.23 18.13 18.29 18.68 19.54 17.04 20.88 7.61 7.77 

CaO 0.06 0.15 0.02 0.04 0.01 0.03 0.14 0.06 0.17 0.28 

Na20 n .a. 0.07 0.47 0.22 0.65 0.74 0.00 0.00 0.00 0.05 

~O 7.41 7.29 8.77 7.89 7.48 8.65 7.15 8.28 n.a. n.a. 

Cr203 0.76 0.62 n .a . n.a. n.a . n.a . n.a . n.a. 0.00 0.01 

NiO 0.16 n .a . n.a. n.a. n.a . n.a . n.a . n.a. 0.11 0.05 

Total 96.74 96.12 95 .81 95.51 93.46 96.64 92.95 95.19 87.82 88.08 

Structural formula based on 22 oxygens 

Si 5.260 5.261 5.428 5.332 5.540 5.470 5.219 5.223 4.548 4.670 
Ti 0.818 0.795 0.764 0.737 0.739 0.760 0.699 0.682 0.006 0.002 
Al 2.003 2.155 2.251 2.158 2.237 2.158 2.457 2.115 3.721 3.617 
Fe 1.404 1.575 1.378 1.764 1.171 1.111 1.867 1.542 5.226 5.089 
Mn 0.049 0.052 0.017 0.020 0.009 0.007 0.013 0.045 0.050 0.060 
Mg 4.541 4.206 3.957 4.055 4.109 4.178 3.879 4.635 1.988 2.014 
Ca 0.009 0.024 0.004 0.006 0.001 0.005 0.022 0.010 0.032 0.052 
Na 0.020 0.132 0.064 0.185 0.204 0.000 0.000 0.000 0.017 
K 1.373 1.365 1.638 1.496 1.407 1.584 1.393 1.573 
Cr 0.087 0.072 0.000 0.002 
Ni 0.019 0.016 0.007 

Anal.* ° ° E E E E E E E E 

n.a . = not analysed. 
* Analysis laboratory: 0, University of Oulu; E, Geological Survey of Finland, Espoo. 
$ Location: Or = Ortoaivi intrusion, Pi = Pilgujärvi intrusion, Ko = layered flow, Kotselvaara area. 
Rock types and sampies: 
1-2, olivine cumulate, 3401-UJ-1935; 3-6, olivine cumulate, SA-14; 7, olivine cumulate, PJ 8; 
8, olivine-magnetite cumulate, PJ 9; 9-10 = matrix of globular, pyroxene spinifex-textured rock, 168512SP. 

mum value of about 0.9 wt. % while a maximum 
value of 8.8 wt. % has been measured for K20 . 
The Cr 20 3 content varies between 0. 1-0.8 wt. %, 
being higher than 0.4 wt. % in most sampIes. 

With respect to the high Ti02 content, phlo
gopites similar to those found in ferropicritic 
rocks occur in lamproites, minettes, and sills and 
intrusions generated from alkali basaltic magmas 
Ce.g., Mitchell and Bergman, 1991; Bachinski and 

Simson, 1984; Lipman, 1984) . There are, how
ever, some differences. Phlogopites from lam
proites are typically lower in FeO while micas 
from mi nettes and alkali basaltic intrusions com
monly have higher AI20 3 at equivalent Mg num

bers. 
The H20 , F, or CI contents of titanian phlo

gopites were not determined. However, judging 
from the anhydrous totals of the analyses, which 



60 Gcological Survcy of Finland, Bullctin 367 

are close to the theoretical value of approxilllately 
96 wt. % for hydrous phlogopites, the substi tution 
involving 0 2

- is likely not significant. 
The alteration of titanian phlogopite causes 

illlpoverishlllent in its potassiulll and titaniulll 
content. Alulllinulll relllains low and the alter
ation products approach sheridan itic chlorite in 
cOlllposition (cf. Deer et al., 1962). Sodiulll seems 
to be sensitive to alteration, being frequently im
poverished while potassium sti ll retains its high 
abundance (Fig. 39). 

Microprobe analyses of chlorite from the 
ch loritic mesostasis of the matrix in a globu lar 
rock revealed it to be a very iron-rich and si li ca-

18 

~ Chlorite trom A~3 
a globular rock 

Pechenga micas 16 

14 
0 °w 0 0 

0 0 0 0 0 
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Ti02 

poor mica containing 34.4-35.6 wt. % FeOtot and 
25.5-27.2 wt. % Si02 and hence corresponding to 
pseudothurite in composition (cf. Deer et al., 
1962). As is illustrated in Fig. 39, this mica is ex
tremely low in Ti02 compared with the primary 
igneous mica and its a lteration products. The high 
fjeld strength elements such as Ti are observed to 
be enriched in the less polymerized conjugate liq
uid in liquid immiscibility processes (e.g., Phil
potts, 1982). The composition of ferromica in the 
matrix does not show any trace of Ti-enrichment 
in the matrix glass whose alteration product it 
represents. 
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Fig. 39. A1 20 3, Ti02, K20 and Na20 contents (wt. % ) in micas from Pcchenga rocks. Circles - titanian phlogopite 
and tts pseudomorphs III ultramafic cumulates from intrusions, dots - interstitial chlorite in matrix of olobu lar 
ferropicritic lava. <> 
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Spinel 

Considerable attention has been previously 
devoted to spinel in the gabbro-wehrlite intru
sions at Pechenga (Papadakis, 1972; Smolkin, 
1981; Neradovskii, 1985; Neradovskii and Smol
kin, 1977; Smolkin and Pakhomovskiy, 1985; 
Plaksenko and Smolkin, 1990; Abzalov et al., 
1991 a). Chrome spinel occurs as an accessory 
phase in olivine cumulates in the lower parts of 
layered nows and intrusions, including cumulates 
containing primary sulfide ore. Chrome spinel 
was obviously the first Iiquidus phase to crystal
lize from the ferropicritic magma as deduced 
from its existence as small, euhedral crystals em
bedded in olivine grains . It also occurs intersti
tially between olivine grains and is enelosed in 
postcumulus phases such as c1inopyroxene and 
kaersutite. 

Chromium-poor titanomagnetite is an essen
tial liquidus phase in gabbroic rocks of the intru
sions. In the special case of the Pilgujärvi 
intrusion, it began to precipitate early with olivine 
and fOrIllS magnetite-rich cumulates in the inter
mediate zone of this intrusion. 

Characteristic features of chrome-bearing spi
nel in ullramafic rocks are the coneentric zoning 
patterns of individual grains (Fig. 30) and a large 
compositional range within individual grains as 
weil as in the whole data set. Typically the core is 
composed of chrome spinel surrounded by tita
nian chrome magnetite with secondary, pure mag
netite forming the outer rim. In serpentinized 
rocks, both homogeneous chrome spinel grains as 
weil as grains containing ilmenite exsolution la
mellae can occur. The latter type is found particu
larly in the southeastern part of the Pechenga 
structure, metamorphosed to amphibolite facies 
grade (Abzalov et al., 1991 a). 

Smolkin and Pakhomovskiy (1985) distin
guished four spine I types of which the first three 
occur in olivine cumulates in layered f10ws and 
intrusions and the fourth in the intermediate zone 
and overlying gabbroic cumulates of the intru
sions. Type 1 is found as euhedral inclusions in 

olivine and corresponds to titanian chromite in 
composition. Type Il occurs typically as idiomor
phic crystals with eomplex zoning enelosed in cli
nopyroxene. The cores of zoned crystal. are 
similar to Type I in composition while the next 
zone is composed of Ti-Cr magnetite followed by 
a two-phase zone composed of ilmenite-chro
miferous magnetite. Besides zoned crystals, ho
mogeneous crystals having compos!tlons 
corresponding to Ti-Cr magnetite also are pres
ent. These spineIs Smolkin and Pakhomovskiy 
(1985) designated Type m. Type IV is repre
sented by ilmenomagnetite crystals in kazan
skites, kosvites, and gabbroic rocks. 

Figure 40 displays the compositional variation 
of spineIs and the boundaries of the spinel gener
ations of Smolkin and Pakhomovskiy (1985). 
There appears to be a continuous gradation in 
composition from Type I to III with a decrease in 
MgO, A1 20 3, and Cr20 3' coupled with an increase 
in total FeO and Ti02. 

Although Smolkin and Pakhomovskiy (1985) 
admitted the possibility of postcrystallization pro
ces ses masking the original regularity of certain 
components, they regard the chemical variation 
between types I to III essentially as a result of 
magmatic processes. According to these authors, 
the first generation of spinel may have been in 
equilibrium with olivine and the second and third 
generations with c1inopyroxene. One of their ar
guments was the distribution of magnesium and 
iron between the spineIs and olivines in Pechenga 
rocks. They plotted Fe2+J(Fe2+ +Mg) values of 
coexisting olivines and spineIs against each other 
and noticed that the analyses of the Pechenga oli
vine-spinel pairs lie on the continuation of the 
trend of various magmatic rocks from other re
gions . The reference da ta used by Smolkin and 
Pakhomovskiy (1985) were mainly gathered from 
slowly eoo\ed igneous complexes including large 
layered intrusions and Alpine-type ultramafic 
complexes, and mantle xenoliths. It is weIl known 
that in sueh environments, chrome spinel is prone 
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generations as defined by Smolkin and Pakhomovskiy, 1985). 



to various postcrystallization modifications pro
moted by subsolidus reactions with enclosing 
minerals and later alteration processes (e.g., 
Roeder and Campbell, 1985). Therefore, the com
parison made by Smolkin and Pakhomovskiy 
(1985) does not provide conc1usive evidence that 
the present-day compositions represent a mag
matic olivine-spinel equilibrium in the Pechenga 
rocks. 

Different approach was adopted in this study. 
Over the last decade, many experimental studies 
have been published on spinel-silicate liquid 
equilibria inc1uding those carried out by Fisk and 
Bence (1980), Barnes (1986), Murck and Camp
bell (1986), Roeder and Reynolds (1991), and 
Thy et al. (1991). These authors have conducted 
atmospheric experiments under widely varying 
f02 conditions on chrome spinel-saturated liquids 
with compositions such as komatiite, MORB, al
kali basalt, tholeiitic basalt, boninite etc .. Compo
sitions of olivines and spineis from these studies 
are compared with compositions of Pechenga oli
vine-spinel pairs in Fig. 41. When olivine had not 
been analysed or synthesized in these experimen
tal runs, the equilibrium olivine composition was 
ca1culated using the exchange coefficient Ko* of 
0.30 and the MgO and FeO contents of the corre
sponding experimental liquids. FeO was esti
mated from the total FeO of liquid by employing 
the method of Sack et al. (1980). From Fig. 41, i t 
is evident that all the olivine-spine! pairs from Pe
chenga, including the MgO-rich ones discovered 
in this study, plot above the experimental array. 

It is difficult to envisage that the chemical 
variation between spinel types [ to III is a result 
of magmatic processes for the following reasons. 
In olivine cumulates in intrusions, chrome spinel 
is normally strongly zoned but associated primary 
silicates such as olivine and c1inopyroxene are 
relatively homogeneous. As the first liquidus 
mineral, chrome spinel could equilibrate with a 

* For the exchange coefficient of iran and magnesium 
between olivine and liquid, the symbol Ko is used in 
this work, while the single element distribution 
coefficients of iron and magnesium are designated as 
Kd. 
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large reservoir of liquid and it is not likely that 
crystallization of a few per cent of chrome spine I 
could change the liquid composition so drastically 
as to bring about the observed zoning patterns. 
The second spinel generation, with evolved com
positions in terms of low Mg/(Mg+Fe2+) (0.01-
OA), is inferred to have begun to crystallize partly 
before olivine ceased to crystallize and continued 
during pyroxene crystallization (Smolkin and 
Pakhomovskiy, 1985). However, because it is en
c10sed within intercumulus pyroxene, it is pres
umably earlier than pyroxene. Intercumulus 
pyroxene as well as later intercumulus kaersutite 
in olivine cumulates possess high Mg/(Mg+Fe) 
values of between 0.81-0.88 and 0.70-0.82, re
spectively. These figures are hard to reconcile 
with very low Mg/(Mg+Fe) values in the chrome 
spinel of the second generation if its composition 
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Fig. 41. Compositions 01' coexisting olivine-chrome 
spinel pairs from the Pechenga intrusions and 
experimental melting studies . Experimental data taken 
from Barnes (1986), Murck and Campbell (1986), Thy 
et al. (1991), Fisk and Bence (1980) , and Roeder and 
Reynolds ( 1991) . 
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is magmatic and it crystallized earlier than 01' 
even coevally with pyroxene. Furthermore, the 
high Cr20 3 content in intercumulus pyroxenes 
(0.4-1.0 wt. %) and also in some amphiboles (up 
to 0.75 wt. %) indicates that much chromium was 
available during the crystallization 01' the spincl 
enclosed in these silicate minerals. Given the high 
affinity of chromium for spincl (e.g., Barnes, 
1986; Murck and Campbell, 1986), it is improb
able that the spinel of the second generation with 
only 15-30 wt. % Cr203 cou1d crystallize beforc 
the high-CI' pyroxene. 

From the above considcration, it can be con
cluded that the Pechenga spineIs have undergone 
pervasive postcrystallization alteration processes. 
In fact, most of the so far published chrome spinel 
analyses are relatively 10w-MgO varieties which 
havc lost a varying amount of their original MgO 
(Fig. 40). IL is celtainly true that magmatic frac
tionation 01' Mg/(Mg+Fe2+) has taken place but 
this fractionation is likely to be revealed in a pro
gressive change of the chrome spinel composition 
with height in a magmatic body and not as a 
strong zonation in individual spinel grains, at 
least not to the extcnt indicated in previous 
studics. 

In this study, several chromc spinel grains 
have been analysed which contain relatively high 
MgO contents, up to 10 wt. %, and which repre
sent the most pristine and primitive spinel compo
sitions so far discovered. Table 6 gives the 
compositions 01' selected high-MgO chrome spi
nel grains. The MgO-rich spineIs (MgO 8-10 wt. 
%, Mg number 0.38-0.48) have the following 
chemical characteristics. The Cr20 , content is 
relatively low (mostly less than 50 wt. 9'0) which 
is compensatcd for by the high abundance of iron 
(FeO 19-23 wt. %, Fe, 0 1 10-15 wt. 9'0). The 
Fe3+/(Fe3+ +Fe2+) value - iso commonly between 

0.30-0.38 which is typical of spineis crystallized 
under f02 conditions varying from thc FMQ buff
er curve to about one log unit above this curve 
(e.g., Murck and Campbell, 1986). The AI 20 , 
contents are also low, falling below 10 wt. %, 
which is primarily a consequence of the low 
Al 20 3 content of the felTopicritic liquid (cf. Mau
rel and Maurel, 1983). A notable feature of the 

Cr 

1 Bonlnltes 4 Hawailan picntes 

2 Komatutes 5 MORBs 

3 Meimechltes 

AI Fe3++ 2Ti 

Fig. ~2. Ternary AI-Cr-(Fe'\+ +2Ti) plot comparing most 
magnesian (8-10 wt. % MgO) Pechenga spincls with 
spineis from komatiites (I), boninites (2) , meimechites 
(3), Hawaiian picrites (4) and MORBs (5). Fields 1-3 
have been taken from Plaksenko and Smolkin (1990), 
fjeld 4 is based on data from icholls anel Stout (1988) 
and Hawkins anel Melchior (1983), anel field 5 on data 
1'1'0111 Sigurdsson and Schilling (1976). 

fcrropicritic spineI s is their high abundance of 
TiO}, averaging about 3.0 wt. %. This feature is 
an obvious retlection of the TiOrrich nature of 
the magma. The above listed chemical properties 
justify the classification of thc most primitivc spi
nels at Pechenga as titanian aluminous magne
siochromites. Comparable Ti02 values have been 
observed in alkali basalts (Evans, 1987) and 
Ti02-rich Hawaiian picrites (Hawkins and Mel
chior, 1983). The chrome spinel compositions of 
ferropicrites are compatible with other min
eralogical and whole rock geochemica l data 
wh ich show many 01' the characteristics 01' intra
plate magmas (cf. Arai, 1992). 

In Fig. 42, which shows thc cation proportions 
01' Cr-AI-(Fc3+ +2Ti), thc Pechenga spineIs with 
MgO 8-10 wt. 9'0 are compared with spineIs from 
other primitive magmas including komatiitcs, 
boninites, mcimechites, Hawaiian picrites, and 
MORBs. Thc high FeOlo l and Ti02 contents 01' 
thc felTopicrilic magma accounts for the location 
01' the Pechen ga spincls lowards thc Fc3+ +2Ti cor-



ner from the komatiite and boninite fields. On the 
other hand, the location of the Pechenga spineIs 
between the fields of spineIs from Hawaiian pi
clites and meimechites is compatible with the de
creasing Al20 3 content of the liquid from 
Hawaiian picrites through Pechenga ferropicrites 
to meimechites (see below). 

A few spineIs with high Al20 3 and low CrZ0 3 
contents in Fig. 40 represent altered spineIs in sul
fide ore sampIes from the Kammikivi deposit. 
They have lost most of their chromium but re
tained their original abundances of aluminum 
presumably because of the absence of suitable en
cJosing minerals which could have captured the 
Alz0 3 from these spineJs. Alteration also accounts 
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for the high MnO content of 10w-MgO spineIs, 
increasing to several per cent MnO (Fig. 40) 
which, as also recognized by Smolkin and Pakho
movskiy (1985), is anomalous when compared 
with the manganese contents of spineIs from 
other magmatic complexes. 

It should be added that some compositionally 
anomalous spineIs have also been discovered in 
the Ortoaivi and Pilgujärvi intrusions. These spi
nels look fresh under the microscope and the pri
mary silicate mineralogy is also weil preserved in 
the sampIes. The MgO content in these grains is 
relatively high (7.8-8.7 wt. %) which, together 
with petrographic evidence, suggest a low degree 
of metamorphic alteration . They differ from other 

Table 6. Representative microprohe analyses of chrome spinels ('1-15) from the Kammikivi sill, Pilgujärvi intrusion and Lammas layered flow 
and chemical analysis of titanomagnetite (#16) {rom the Pilgujärvi intrusion. 

1 
Location$ Ka 

Si02 
Ti02 
Al20 3 
Fe203 
FeO 
MnO 
MgO 
CaO 
Na20 

~O 
Cr203 
NiO 
ZnO 

0.09 
2.84 
9.95 

11.82 
20.57 

0.29 
9.52 
0.02 
0.01 
0.00 

42.41 
0.16 
n .8. 

2 
Ka 

0.09 
2.83 
9.96 

11.93 
21.73 

0.30 
9.06 
0.03 
0.00 
0.00 

43.05 
0.20 
n .8 . 

3 
Ka 

0.07 
2.97 
9.90 

12.06 
21.50 

0.29 
9.01 
0.00 
0.00 
0.00 

41.85 
0.16 
n .8 . 

4 
Ka 

0.06 
3.45 
9.20 

12.95 
21.56 
0.28 
9.15 
0.00 
0.00 
0.00 

41.05 
0.17 
0.08 

5 
Ka 

0.00 
3.20 
9.02 

13.12 
22 .23 

0.16 
8.58 
0 .8. 

D .8. 

D .8 . 

41.63 
0.07 
n.d . 

6 
Ka 

0.06 
3.64 
9.43 

13.33 
21 .99 

0.30 
8.51 
0.03 
0.03 
0.00 

38.16 
0.17 
0.07 

7 
Ka 

0.00 
3.30 
8.44 

13.52 
22 .55 

0.16 
8.47 
n .8. 

n .8. 

n .8 . 

41.41 
0.33 
n .8 . 

8 
Ka 

0.07 
3.29 
9.24 

11.69 
22.07 

0.33 
8.39 
0.02 
0.00 
0.01 

41.10 
0.13 
0.07 

9 
Ka 

0.00 
3.19 
8.86 

14.17 
23 .67 
0.17 
8.14 
n.8. 

n .8 . 

D .8. 

41 .67 
0.08 
0.8 . 

10 
Pi 

0.00 
5.11 
9.68 

18.81 
29.28 
0.36 
5.30 
D .8 . 

n.8. 

n .8 . 

31.30 
0 .8 . 

0.20 

11 
La 

12 
La 

0.07 0.06 
2.45 2.85 
8.84 9.40 

10.06 10.69 
19.64 21.51 

0.24 0.30 
10.16 8.82 
0.02 0.02 
0.00 0.00 
0.00 0.00 

47 .75 43 .93 
0.25 0.22 
n .a . 0.08 

13 
La 

0.00 
2.62 
8.13 
9.68 

21.71 
0.01 
8.80 
n .8. 

n.8. 

D .8. 

47.31 
0.16 
n .8. 

14 
La 

0.00 
2.47 
8.29 
9.88 

22.33 
0.17 
8.33 
n.8. 

0.8 . 

n .8. 

47.38 
0.15 
D .8 . 

15 
La 

0.06 
2.75 
8.87 

11.13 
22 .09 
0.46 
7.88 
0.02 
0.00 
0.00 

42 .69 
0.23 
0.03 

2.18 
10.97 
2.83 

46.43 
32.88 
0.44 
2.71 
0.07 
D.8. 

0 .8 . 

0.05 
0.05 
0 .8 . 

Total 97 .67 99 .17 97.83 97 .97 98.02 95.71 98.18 96.39 99.95 100.02 99.49 97 .89 98.42 99.00 96.22 98.61 

Structural formula base<! on 32 oxygens 

Si 
Ti 
Al 
Fe3+# 

Fe2+ 

Mn 
Mg 
Ca 
Na 
K 
Cr 
Ni 
Zn 

Anal.' 

0.024 0.024 0.019 0.017 0.000 
0.579 0.571 0.808 0.707 0.661 
3.184 3.154 3.174 2.955 2.921 
2.415 2.412 2.471 2.655 2.711 
4.670 4.882 4.895 4.913 5.106 
0.067 0.068 0.068 0.065 0.038 
3.852 3.627 3.656 3.718 3.513 
0.005 0.008 0.000 0.000 
0.005 0.000 0.001 0.000 
0.000 0.000 0.000 0.000 

0.018 0.000 
0.764 0.678 
3.106 2.722 
2.802 2.785 
5.135 5.164 
0.072 0.038 
3.541 3.458 
0.008 
0.017 
0.000 

0.019 0.000 
0.687 0.646 
3.025 2.815 
2.443 2.873 
5.126 5.334 
0.077 0.038 
3.473 3.268 
0.006 
0.000 
0.002 

0.000 
1.060 
3.147 
3.905 
6.758 
0.083 
2.178 

0.020 
0.493 
2.782 
2.023 
4.390 
0.054 
4.048 
0.007 
0.000 
0.001 

9.105 9.145 9.005 8.842 9.040 8.426 8.964 9.028 8.877 6.828 10.09 
0.034 0.043 0.035 0.037 0.015 0.037 0.073 0.028 0.017 0.054 

0.017 0.015 0.015 0.040 

o ° ° ° E 0 E ° E E 0 

n .8 . = not analysed . 

0.017 
0.586 
3.025 
2.196 
4.911 
0.069 
3.588 
0.006 
0.000 
0.000 

0.000 
0.538 
2.613 
1.985 
4.950 
0.003 
3.576 

0.000 0.016 0.626 
0.505 0.579 2.367 
2.659 2.928 0.957 
2.022 2.344 10.024 
5.080 5.171 7.889 
0.040 0.109 0.107 
3.376 3.288 1.159 

0.005 0.022 
0.000 
0.000 

9.461 10.20 10.19 9.450 0.011 
0.049 0.034 0.032 0.052 0.011 
0.016 n .a. 0.007 

° E E ° A 

• Analysis place: 0 , University of Oulu; E, Geological Survey of Finland, Espoo; A, Geological Institute, Apatity (chemical analysis). 
# The ferric iron contents of chromites were calculated by assuming perfect spinel stoichiometry, after removing an ulvospinel 
component based on Ti02 content . 
•• Taken from Neradovskii and Smolkin (1977). 
$ Location: Ka = Kammikivi sill, Pi = Pilgujärvi intrusion; La = Lammas layered flow. 
Rock types: 1-15, olivine cumulate; 16, olivine-magnetite cumulate. 
Sampies: 1-3, Petl/25.60; 4-9, Petl/33.00; 10, PJ 8; 11-14, 174813; 15, 174812; 16, 4208. 
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high-MgO spineis in having high FeO tot (43-44 
wt. %) and low Cr20 3 (24.6-33.0 wt. %) contents 
(see Fig. 40) which coupled with anomalously 
high Ti02 abundances (6.4-8.7 wt. %), indicate 
high contents of the ulvospinel component. Also 
the V 20 3 content, between 0.65-0.70 wt. %, is 
about double the normal level. Whole rock ana
Iyses of corresponding peridotites show 
A1 20/fi02 and V/AI 20 3 values typical of other 
ferropicritic rocks . This rules out the existence of 
compositionally distinct magma batch from 
which these sampies crystallized. 

The elevated zinc content (>0.6 atomic % Zn; 
Groves et al. , 1977) of chrome spineis occurring 
in mineralizcd komatiite units in the Kambalda 
area in Western Australia has been attributed to 
assimilation of zinc by komatiitic magma from 
Zn-bearing, sulfide-rich sedimentary rocks. The 
high zinc content has been used as an indicator of 
a mineralized ultramafic sequence. Against this 
background, it is interesting to consider the beha
vior of zinc in the Pechenga chrome spineis, par-

0 .3 CHROME SPINEL ANALYSES 
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Fig. 44. NiO versus MgO (wt. %) ror spine Is rrolll the 
Illineralized Kammikivi layered si ll and the barren 
Lallllllas layered f1ow. 

ticularly, because the ore-bearing intrusions at Pe
chenga are spati ally associated with phyllitic 
metasediments rich in su lfur and in some cases 
also in Zn (up to 700 ppm). According to data 
published earlier, the zinc content of spineis from 
Pechenga rocks varies within wide limits (0.02-
3.21) (Smolkin and Pakhomovskiy, 1985; Plak
senko and Smolkin, 1990) but its significance has 
not been clearly stated. In Fig. 43 , the MgO and 
ZnO contents of the analysed Pechenga spineis 
are plotted against each other. lt is obvious that 
the most primitive, MgO-rich spineis possess low 
ZnO contents , falling below 0.2 wL %. Th is is 
true for chrome spineL from both ore-bearing and 
barren bodies. The ZnO content varies widely and 
in some cases may exceed I wt. % in low-Mg spi
nels which are interpreted not to have retained 
their primary igneous composition . Thus, the ZnO 
content of spinel does not appear to be a useful 
tool in distinguishing potential exploration targets 
at Pechenga. 

Smolkin and Pakhomovskiy (1985) compared 



chrome spineis from the Ni-bearing Pilgujärvi in
trusion and the barren Souker intrusion. They did 
not discover any notable differences in the nickel 
content of spineis from these two areas and con
cluded that the nickel content of chrome spineis 
does not have any practica l prospecting signifi
cance. However, there are signiticant differences 
between separate magmatic bodies when the 
nickel content is compared at the same MgO level 
of spine!. An example is illustrated in Fig. 44 
where spinel compositions from the minerali zed 
Kammikivi layered sill and unminerali zed 
Lammas layered flow are plotted. More data are 
needed to test whether this kind of plot has more 
general applicability as an indicator of the chalco
phile element depletion of the magma. In any 
case, because of the ubiquitous alteration of oli
vine in layered tlows, MgO-rich chrome spineis 
appear to provide a possibility for comparing the 
behavior of nickel in different intrusions and lava 
tlows. 

eradovskii and Smolkin (1977) have pub
lished chemical analyses of the fourth spinel type, 
titanomagnetite, from pyroxene-magnetite and 
oli vi ne-magnetite cumulates of the intermediate 
layer in the Pilgujärvi intrusion (Table 6). When 
the possible sulfide and silicate impurities are 
taken into account, the analyses show that titano
magnetite is very low in Cr20 3 and NiO. Broad 
beam microprobe analyses performed on a few ti
tanomagnetite grains with tre lli s exsolution pat
terns givc the following results (wt. %): Ti02 
15.0- 16.6%, Al 20 3 4.0-4.7%, FeOlol 72.0-75.7%, 
MnO 0.43-0.49%, and MgO 1.0-1 .3%. 
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Table 7. Representative analyses of ilmenites from ferropicritic racks 
(analY8ed at the Geologieal Survey of Finland, E8poo). 

2 3 4 6 

Si02 0.00 0.01 0.00 0.04 n .8 . n .8. 

Ti02 47.62 49.66 47.35 48.73 47.83 46.50 

Al:!°a 0.04 0.03 0.13 0.17 0.22 0.06 

F"2°a 6.29 3.45 7.73 5.45 5.02 6.07 
FeO 41.06 41.50 42.99 43.83 42.82 41.64 
MnO 2.15 2.01 1.38 1.22 3.19 3.58 
MgO 1.66 1.83 0.97 0.78 0.02 0.00 
CaO 0.02 0.00 0.01 0.01 n .8. n .8 . 

Cr20a 1.18 1.22 0.06 0.05 0.02 0.01 
ZnO 0.03 0.03 0.03 0.00 n .8. n.8. 

Total 100.07 99.74 100.66 100.28 99.12 97.86 

Structural formula bssed on 32 oxygeos 

Si 0.001 0.004 0.001 0.012 
Ti 9.640 10.020 9.587 9.874 9.739 9.609 
Al 0.013 0.009 0.040 0.054 0.070 0.019 
Fe3+ 1.275 0.696 1.566 1.105 1.022 1.256 
Fe2+ 9.241 9.3\1 9.680 9.876 9.695 9.570 
Mn 0.491 0.457 0.315 0.279 0.731 0.832 
Mg 0.665 0.732 0.391 0.315 0.009 0.000 
Ca 0.006 0.000 0.004 0.002 
Cr 0.252 0.259 0.013 0.011 0.004 0.002 
Zn 0.007 0.006 0.007 0.000 

n.8. = not analysed. 
Rock types and ssmples: 1~2. olivine cumulate, Pilgujärvi intrusion, 
PJ 8; 3-4, olivine.titanomagnetite cumulate, Pilgujärvi intrusion, 
PJ 9; 5·6, evolved ferropieritie lava, Lake I1ya Souker, Soukerl/OO. 

Dmenite 

ll meni te is an accessory phase in almost all 
rock types. It occurs as subhedral intercumulus 
phases in ultramafic cumulates, euhedral cumulus 
gra ins in gabbroic rocks and as skeletal needles in 
evolved ferrop icritic metavolcanites. Ilmenites 
analysed in thi s work occur in o li vine and olivine
magnetite cumulates from the Pilguj ärvi intrusion 

and in a globular rock from the Lake llya Souker 
area. Examples of ilmeni te analyses are reported 
in Table 7. Recalculated compositions show that 
they are low in Fe20 3 with the hematite compo
nent typically falling below 8 mol. %. 

llmenites have signi ficant MgO contents in 
oli vine and oli vine-magnetite cumulates ( 1.7-1.8 



68 Geological Survey of Finland, Bulletin 367 

wt. % and 0.8-1.1 wt. %, respectively), but in 
evolved ferropicritic lavas these minerals are vir
tually devoid of MgO. Instead, the latter are most 
enriched in manganese containing 3.1-3.7 wt. % 

MnO while the analysed ilmenites in olivine and 
olivine-magnetite cumulates possess 2.0-2.2 wt. 
% and 1.2- 1.4 wt. % MnO, respectively. 

Other minerals 

Plagioclase is typically absent from primitive 
ferropicritic metavolcanites but occurs as skeletal 
laths in the differentiated pUlts of layered flows. 
In layered intrusions, it occurs as a poikilitic in
tercumulus phase in ultramafic cumulates but its 
recognition is generally possible on ly in the best
preserved sampies. The abundance of plagioclase 
increases upwards with a change in its mode of 
occurrence from an intercumulus phase in py
roxenites to a cumulus phase in gabbros. Plagio
clase has not retained its magmatic composition 
but is everywhere more or less albitized. Analyses 

of plagioclases from the Pilgujärvi intrusion show 
An values between 10-24% while An43 has been 
measured in a plagioclase relict in the Western 
Ortoaivi intrusion (Smolkin , 1977). 

Microprobe analyses were made on apatites in 
one olivine cumulate from the Ortoaivi intrusion 
in which this mineral occurs as an intercumulus 
phase. Its Fand Cl contents range between 1.0-
1.6 wt. % and 0.7-1.1 wt. %, respectively . Apatite 
with a higher F content (3.05 wt. %) has been re
ported from a gabbro-pegmatite in the middle part 
of the Pilgujärvi intrusion (Hanski et al. , 1990). 

MAJOR AND TRACE ELEMENT GEOCHEMISTRY 

Analytical techniques and sam pies 

Major elements and the trace e lements Cu, S, 
V, Zr, and Sr were determined by applying con
ventional X-ray fluoresence analysis (XRF) and 
by using Philips PWI400 spectrometers at the re
search laboratory of the Rautaruukki Co. in 
Raahe, Finland and at the Geological Survey of 
Finland (GS F) in Espoo. All the other trace el
ements including rare ealth elements (REE) were 
analysed by instrumental neutron activation ana
lysis (lNAA), mostly at the Reactor Laboratory of 
the State Technical Research Center (STRC) in 

Espoo. For details of the method used at the 
STRC, thc reader is referred to Rosenberg et al. 
(1982). I AA analyses were also carried out by 
G. Brügmann at the DepUltment of Geology of 
the University of Toronto. In addition, some XRF 
major element and INAA trace element analyses 
were performed at two comrnercial laboratories, 
X-ray Assay Laboratories Ltd. and Activation La
boratories Ud. in Canada. Trace element analyses 
of a few key sampies were also carried out by J. 
Bitmead employing spark source mass spectro-



metry at the Australian National University in 
Canberra. 

Volatiles and the oxidation state of iron were 
determined for selected sampIes at the GSF in 
Espoo. Because ultramafic rocks in the Pechen ga 
area were hydrated and carbonated to varying de
grees during regional metamorphism and may 
contain large amounts of volatiles, the composi
tions were recalculated to 100% on a volatile free 
basis . 

The chemical laboratory of the GSF in Rova
niemi provided Se and Te analyses produced by 
graphite furnace atomic absorption spectromery 
(GFAAS) and As analyses performed by induc
tively coupled plasma-atomic emission spectro
metry (ICP-AES). Platinum-group elements 
(PGE) were determined by G. Brügmann using 
fire-assay preconcentration at the Department of 
Geology of the University of Toronto and radio
chemical neutron activation analysis (RNAA) at 
the McMaster University (Harnilton, Ontario) 
(Brügmann et al., 1990). 

INAA data from more than one laboratory 
permitted a comparison to be made on the analyti
cal results. The most significant observation was 
that the Sc values from the STRC are systemati
cally higher than those from the other labora
tories. STRC reports values which are on average 
1.4 times higher than those reported by the other 
laboratories. This is surprising, because Sc is gen
erally regarded as an ideal element for analysis by 
INAA. This conclusion concerning exceedingly 
high Sc contents in analyses produced by the 
STRC was not merely an artefact of the interla
boratory comparison of the Pechenga sampIes 
since the same features were apparent from an 
examination of a large data file gathered during 
the Lapland Volcanite Project on various meta
volcanites from northern Finland. Literature data 
on corresponding rock types generally show dis
tinctly lower values for Sc. Despite the erroneous 
absolute Sc abundances in some of the analyses, 
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some petrological information can nevertheless 
be obtained from these results because the 
relative abundances of Sc between various 
sampIes seem to be pertinent. For example, in oli
vine cumulates, the ratio of Sc to some other in
compatible elements such as Ti appears to remain 
constant as is predicted. 

SampIes from various sources were utilized in 
this study. The geochemical investigation of fer
ropicrites, gabbro-wehrlite intrusions, and ultra
felsic tuffs greatly benefitted from the provision 
of representative sam pIes by V. Smolkin. Some 
ferropicrite specimens were also donated by P. 
Skufin. Also numerous hand specimens and a few 
drill COfes, including those penetrating the Kam
mikivi Ni-Cu deposit, dating back to Finnish con
trol of the region in the 1920' sand 1930' s, served 
as val uable background material for geochemical 
and mineralogical study (see Väyrynen, Figures 
52, 53, and 55). Additional sampIes of basic 
metavolcanites, globular ferropicritic rocks, 
layered lava flows , sulfide ores and associated 
host and country rocks were colJected by the 
author during his two excursions to the Pechenga 
area. 

A large amount of analytical da ta collected 
from the literature has been used as reference ma
terial in many diagrams. These include analyses 
of komatiites and other primitive magmas, ana
Iyses of other recent volcanic rocks from various 
tectonic settings, compositions of upper mantle 
materials, and chemical data published earlier on 
the Pechenga area. Results from moderate to high 
pressure melting experiments have also been 
compiled. While most of the figure captions in 
this study do not include references to these lit
erature data, such references are available from 
the author upon request. The analytical data were 
manipulated by employing a VAX 4000-300 
computer and the HST data processing system 
(Kaivosoja and Koivumaa, 1984). 
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Geochemistry of the different volcanic suites of the Pechen ga Series 

Each volcanic unit of the Pechenga Series has 
its own chemical characteristics (Kremenetskii 
and Ovchinnikov, 1986; Sharkov and Smolkin, 
1990). Nonferropicritic rock compositions are 
plotted on a TAS diagram in Fig. 45 and typical 
analyses of vo lcanic rocks from each unit are 
listed in Table 8. Figure 45 shows that intermedi
ate volcanics predominate in the Ahmalahti Suite 
while there is a wide, continuous eompositional 
spread in the Kuetsjärvi metavolcanites. In con
trast, the overlying Kolosjoki Suite exhibits only 
a restricted range of compositions in the basaltic 
part of the diagram. The Pilgujärvi Suite is char
acterized by abimodal distribution of chemical 
compositions and comprises basalts and high
silica rhyolites. 

The metavolcanites of the Ahmalahti Suite 
range from basalts to dacites in their silica content 
and straddle the boundary between the tholeiitic 
and calc-alkaline magma series. They are en
riched in light REE with (LalYb)N >10 in which 
(LalYb)N denotes the chondrite-normalized ratio 
of La to Yb. The Ahmalahti metavolcanites also 
have relatively low concentrations of high field 
strength elements (HFSE). This results in low Ti
Zr ralios (about 50) and negative Ta anomalies 
(Fig. 46). These trace element characteristics are 
general features of granitoids in Archean granite
gneiss ten·ains (e.g., Taylor and McLennan, 
1985). Similar properties are also recognizable in 
the basement complex at Pechenga, as exempli
fied by two granite sampIes taken from the base
ment below the first volcanic formation (Fig. 46). 
The striking sirnilarity of many elemental ratios in 
the spidergrams of the metavolcanite and granite 
sampIes implies a marked crustal signature in the 
composition of the metavolcanites of the Ahma
lahli Suite. An analogous situation appears to pre
vail with regard to volcanic rocks that represent 
initial stages of the early Proterozoic volcanism in 
the Baltic Shield (Räsänen et al., 1989; Huhma et 
al., 1990; Manninen, 1991) and also in the Cir
cum-Superior Belt in Canada (Arndt et al., 1987; 

Jolly, 1987). The compositional properties of 
these metavolcanites have commonly been at
tributed to crustal contamination, which, in the 
Pechenga area, is also supported by the existence 
of eruptive centers in which volcanic rocks con
tain large granitic fragments . 

Apart from minor amounts of picrites, the vol
canic rocks of the Kuetsjärvi Suite include mildly 
alkaline lavas ranging in composition from alkali 
basalts to trachytes (Skufin et al., 1986). These 
c1early show higher total alkali contents at equi
valent Si02 levels compared with metavolcanites 
from the other stratigraphic units (Fig. 45). They 
are LREE-enriched but have variable (LalYb)N 
values (Fig. 47). The Kuetsjärvi metavolcanites 
have relatively high Ti02 contents. They also 
possess high contents of other HFSE as opposed 
to the underlying HFSE-depleted metavolcanites 
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of the Ahmalahti Suite and plot into the field of 
intra-plate volcanites on various discrimination 
diagrams. 

The mafic metavolcanites of the Kolosjoki 
and Pilgujärvi Suites are relatively homogeneous 
iron-rich tholeiitic basalts. In terms of major el
ement geochernistry, tholeiites from both units 
are very similar. They commonly have 48-52% 
Si02, 5.5-8% MgO, and 13-15% Fe01ol ' They 
have a slight but significant difference in their 
chondrite-normalized REE patterns; the Kolosjoki 
metavolcanites display flat or slightly LREE-en
riched patterns while the Pilgujärvi metavolca
nites are slightly LREE-depleted (Kremenetskii 
and Ovchinnikov, 1986) (Fig. 47). 

Sharkov and Smolkin ( 1990) emphasized the 
similarity of the REE patterns between the Kolos
joki and Pilgujärvi tholeiites and those of 
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MORBs. The major element composition of these 
metavolcanites, however, have features that dis
tinguish them from modern MORBs and also 
from contemporaneous MORB-like basalts repre
sen ted by tholeiites from the 1.97-Ga-old Jormua 
ophiolite in Central Finland (Kontinen, 1987). On 
the MgO-AI20 rFeOlol discrimination diagram by 
Pearce et a1. (1977), the tholeiites of the Kolos
joki and Pilgujärvi Suites plot into the fields of 
continental and ocean island basalts (Fig. 48) re
flecting the relatively high total iron content of 
the Pechen ga metavo lcanites. In contrast, the Jor
mua metavolcanites are located in the field of 
ocean ridge and floor basalts. Crystal fraction 
ation could drive the residual liquid composition 
from the MORB field to the field of continental 
tholeiites on this diagram, but as is illustrated in 
Fig. 49, the Pechenga tholeiites differ from 
MORBs with respect to their FeOtot and Ti02 re
lationships, two components which show similar 
behavior during crysta ll ization processes. Modern 
MORBs and related differentiates form a field 
distinctly to the right of the fields of the Kolosjoki 
and Pilgujärvi tholeiites. This difference is also 
observed when the Kolosjoki and Pilgujärvi tho
leiites are compared with Phanerozoic volcanites 
from various tectonic settings, including flood ba
salts and other volcanites related to continental 
rifting (Fig. 50). Data obtained in the Lapland 
Volcanite Project and literature data from Russian 
Karelia indicate that high Fe010l coupled with 
relativcly low Ti02 values appears to be a general 
feature of Jatulian and younger Kare li an basic 
metavolcanites in the eastern and northern part of 
the Fennoscandian Shield. 

The ferropicritic metavolcanites of the Kolos
joki and Pilgujärvi Suites cannot be distinguished 
from each other on the basis of their major el
ement compositions. It is significant that the 
products of similar ferropicritic volcanism were 
erupted intermittently during the deposition of 
kilometers of supracrustal rocks from the base of 
the Kolosjoki Suite to the upper part of the Pilgu
järvi Suite. The geochemistry of felTopicrites of 
the Pilgujärvi Suite is considered in detail in the 
succeeding chapter. 

The silica conten! of the so-ca lied tufosilitsites 



72 Gcolog ical Survey 01' Finland, Bulletin 367 

Table 8. Analyses of vo1canic rocks from different units of the Pechenga Series. 

1 2 3 4 5 6 7 8 9 
Unit$ Ah Ah Ah Ku Ku Ku Ku Ku Ko 

Si02 51.00 51.70 54.17 50.35 47 .86 50.11 44.95 46.85 48.43 
Ti02 0.97 1.12 0 .73 2.39 2.27 2.36 2.22 1.48 1.64 

Al20 3 12.60 13.90 13.43 17.10 14.22 13.44 11.82 9.16 13.19 

Fe203 3.27 3.07 n .a. 11.92 3.48 n .a. n .a . 8.28 3.24 
FeO 8.23 7.63 n .a. 2.84 12.39 n.a. n .a . 6.34 10.96 

Fe°tot 8.95 8.04 8.45 13.56 15.52 13.02 13.53 13.79 13.87 
MnO 0.19 0.17 0 .15 0.08 0.23 0.16 0.24 0.21 0 .19 
MgO 8.50 6.54 5.06 2.05 6.25 4.05 7.86 14.18 6.35 
CaO 7.17 7.34 7.61 1.42 5.53 7.97 9.21 8.05 9 .40 

Na20 3.47 4.04 3.96 5.97 3.10 4.71 1.97 3.02 2.36 

~O 0 .33 1.06 1.81 3.15 0.55 1.51 2.02 0 .79 0.27 
P20 5 0.18 0.22 0.13 0.34 0.20 0 .65 0.56 n .a. 0 .13 
L.O.I. n .a . n .a. n .a. 2.13 2.78 n .a . n .a . n.a. 3.50 

Cr 695 319 111 200 n .a . 99 180 n .a . 78.2 
Ni 150 34.8 55 55 n.a. 92 100 n .a . 51.5 
Co 58.2 49.0 n .a . n .a . n .a. n .a . 49 n .a . 49.2 
Sc 38.5 43.5 n.a. n.a. n .a . n.a. 11 n .a . 17.4 
V 230 240 238 n.a. n .a. 440 411 n .a . 330 
Zr 140 150 100 n.a. n .a . 187 163 n.a . 57.1 
Ta 0.713 0 .869 n .a . n .a. n .a . n.a. 3 n .a . n .a . 
Nb n .a . n .a . 6 n.a. n.a . 54 50 n.a . 3.0 
Th 5.30 5.89 n.a. n .a . n .a . n.a. 4.4 n .a. n.a. 
U 0 .988 1.05 n.a . n .a. n .a . n .a . 1.4 n.a . n.a. 
La 24.6 26.8 23 n.a. 21 58 36.6 n.a. n.a. 
Ce 36.7 39.9 n .a . n .a . 51 n.a . 80 n.a. n.a. 
Nd 18.7 20.3 n .a. n .a. n.a . n.a . 32 n.a. n.a. 
Sm 4.34 4.40 n.a. n .a. 7 n .a . 4.3 n .a. n .a. 
Eu 0.788 0 .648 n.a . n .a . 1.7 n .a . 1.2 n.a . n .a. 
Tb 0 .523 0.493 n.a. n.a. 1.5 n .a . n .a. n.a . n.a . 
Yb 1.45 1.54 n .a . n.a . 4.1 n .a . 1.03 n .a . n .a. 
Lu 0.229 0.259 n .a . n.a. 0.58 n.a. 0.15 n.a. n .a . 
y n .a . n.a. 14 n .a. n .a. 13 14 n.a. n .a . 
Sr 230 300 431 n .a . n.a. 902 982 n .a . 45.2 
Ba 153 434 352 n.a. n.a. 436 684 n .a . 74.7 
Rb n.a. n.a. 42 n .a . n .a. 34 46 n .a . 6.0 



GcoJogicaJ Survey of FinJand. Bulletin 367 73 

Tsble 8. (Continued) 

10 11 12 13 14 15 16 17 18 
Unit$ Ko Ko Pi Pi Pi Pi Pi Pi Pi 

Si02 47 .73 44.00 74.01 74.51 83 .90 81.10 49.33 45.10 46.30 
Ti02 l.55 2.34 0.40 0.38 0.23 0.15 1.20 1.45 l.78 
Al20 3 13.08 6.52 10.80 10.62 7.75 7.68 13.99 13.30 13.07 
Fe203 3.48 3.10 0.65 0.49 n.8 . n.S. 1.32 n .8. 2.62 
FeO 10.87 11 .95 3.94 4.14 n.8 . n .8 . 11.16 n .8. 12.62 
FeOtot 14.00 14.74 4.48 4.58 2.26 l.43 12.46 13.63 14.98 
MnO 0.20 0 .20 0.09 0.09 0.02 0.01 0.20 0.23 0.23 
MgO 6.68 12.83 l.03 0.76 0 .40 0.12 6.68 5.72 6.18 
CsO 10.62 1l.06 0.83 1.10 0 .54 0.34 5.83 10.70 10.01 
Ns20 2.33 0 .24 3.56 2.70 2.87 l.48 4.36 2.49 2.30 
~O 0.22 0.20 3.58 4.39 1.16 3.98 0.90 0.09 0.34 
P20 5 0.16 0.29 0.02 0.02 0.01 0.04 0.10 0.12 0.24 
L.O.I. 2.86 9 .09 l.38 1.05 n .8. n .8. 4.89 n .8. 3.83 

Cr 100 1100 59 28 52 26.8 233 77.3 90.6 
Ni 80 590 43 18 17.6 17.6 135 36 88.1 
Co n .s . n .8. n .8 . n.8 . l.03 1.08 n .s . 56.8 46.4 
Sc n .s . n .a . n .a . n .a . 0.74 1.01 46.4 56 7.5 
V 340 270 32 23 10 1 333 420 134 
Zr n.8 . n .a. 802 673 590 350 76.4 90 45.7 
Ta n .8. n .a . n.a . n.a . 5.56 4.07 n .8. .298 n .8. 
Nb n .a . n .a . 88 79 n .a . n .a . 4.3 n.a. 2.9 
Tb n .a . n .8. 14 10 13.9 11.9 0.6 .362 n .a . 
U n .8. n .a . 4 2 2.98 2.14 0.6 0.09 n .a . 
La n .8. n .8 . 66 91 85 71 3.2 5.1 n .a . 
Ce n .8. n .8. n .8 . n .a . 145 134 n .8. 10.6 n .a . 
Nd n .8. n .8 . n .8. n .8. 78 65 n .8. 9.9 n .a . 
Sm n .8. n.8 . n .8 . n .8 . 14.2 12.9 n .8. 3.2 n.a . 
Eu n.8. n .8. D .a . n .8. 3.2 l.59 n .8. 1.17 n .8. 
Tb n .8. n .a. n.8 . n .a . l.54 1.03 n .8. 0.66 n .a . 
Yb n.8. n.8. n .8. n .8. 2.5 l.63 n .8. 2.3 n .8. 
Lu n .8 . n .a . n .8. n .8. 0.26 0.17 n.8 . 0.27 n .8. 
y n .8. n .8. 52 51 n .8. n .8. 24.3 n .a . n .a . 
Sr n .8. n .8. 101 78 30 50 241.2 50 86.4 
B8 n .a . n .a . 263 304 173 565 596.2 38.5 27.1 
Rb n .8. n .a . 67 78 22 96.4 32.3 6.44 11 .3 

n .8 . = not an8lysed. 
Unit: Ab = Ahmalahti Suite, Ku = Kuetsjärvi Suite, Ko = Kolosjoki Suite, 
Pi = Pilgujärvi Suite. 
Rock types and sampies: 
1-3, basaltic andesite, 13734, 13733, Al/91; 4, mugearite, S-6 (Skufm et al. , 1986); 5 , average of two basalts, 
superdeep drill core (Kremenetskii and Ovchinnikov, 1986); 6, mugearite, PlI/I ; 7, basalt, PII12 ; 8, picrito-
basalt, 24> (Predovskii et al ., 1987); 9 , 8verage of 177 tholeütic basalts, superdeep drill core (Kremenetskii 
and Ovchinnikov, 1986); 10, average of 150 tholeütic basalts (Predovskii et a1., 1987); 11, picrito-basalt, 
2-2 (Predovskü et al ., 1987); 12-15, felsic tuff, 1833/5, Souker3/90 , 1750/1 , 87/68; 16-17, tholeiitic basalt, 
S-VII450.3, 87/26; 18, average of 28 tholeütic basalts, superdeep drill core (Kremenetskii and Ovchinnikov, 1986). 
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Fig. 47. Chondrite-norillalized REE profiles for Illildly alkaline metavolcanitcs from the 
Kuetsjärvi Suite, tholeiitic basalts from the Kolosjoki and Pilgujärvi Suites and ultrafelsic tuffs 
from the Pilgujärvi Suite. Data from Kreillenetskli and Ovchinnikov (1986), Romanko et al.. 
( 1992) and this study. 

or ultrafelsic tuffs from the Pilgujärvi Suite 
ranges from 60% to 90%. They are relatively rich 
in iron (FeOI01 2-8%) and low in aluminium (2-
12%) (Table 8). Na20/K20 is extremely variable. 
The correlation matlix in Table 9 shows that 
silica and alkalies do not have significant positive 
correlations with each other or most of the trace 
elements. In fact, K20 and Na20 behave anti pa
thetically with each other. Many immobile in
compatible elements like Zr, REE, b, Ta, Th, 
and U show a good positive correlation with each 
other. In contrast, P20 S and Ti02 typically de
crease with increases in the above listed trace el-

ements. Chondrite-normalized REE profiles are 
steeply sloping and straight with the exception of 
a notable negative Eu anomaly (Fig. 47). A typi
cal feature of the felsic rocks is the high abun
dance of highly charged trace e lements such as Zr 
(up to 810 ppm), Nb (up to 84 ppm), and La (up 
to 114 ppm) (see Table 8). 

The genesis of the tufosilitsites has been con
troversial. They have been regarded as felsic 
lavas and tuffs (Zagorodny et al., 1989; Rusanov, 
1981) and Skufin (1990) called them paleoignim
brites. He proposed a hypothesis for the genesis 
of high-silica liquid by silicate liquid immisci-
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Fig. 49. Total FeO and Ti02 contents (wt. %) of 
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Pilgujärvi Suites compared with those of basalts from 
lhe Jormua ophiolite (Kontinen, 1987) and mid-ocean 
ridge basalts and related differentiates from the 
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Fig. 50. Total FeO and Ti02 contents (wt. % ) for the 
Kolosjoki tholeiites and various Phanerozoic volcanic 
rocks from the literature (small dots). 
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Table 9. Correlation matrix of selected element abundances in ultrafelsic tuffs. 

Si02 Na20 ~O P205 Ti02 

Na20 0.01 

~O -0.30 -0.53 
P20 5 -0.14 0.18 0.18 
Ti02 -0.60 -0.00 0.03 0.31 
Zr -0.44 0.58 -0.16 -0.34 -0.22 
La 0.22 0.05 -0.36 0.13 -0.08 
Sm 0.11 -0.04 -0.34 0.18 0.00 
Yb 0.00 0.10 -0.50 0.30 0.16 
Tb -0.05 0.30 -0.42 -0.47 -0.03 
Ta 0.12 0.30 -0.42 -0.31 0.06 
U -0.11 0.27 -0.30 -0.31 0.15 

bility from a basaltic or picrite-basaltic magma. 
The high concentration of high field strength ele
ments in felsic tuffs and their possible peralkaline 
nature do not favor the immiscibility model. Bori
sov and Smolkin (1992) reached the conclusion 
that these rocks are hybrid chemogenic-tuf
fogenic-terrigenic formations transported by mud 
flows or turbidite flows. According to these 
authors, the high silica content is a product of 
subaqueous weathering and leaching of lavas and 
tuffs, and fragmental material represents erosion 
products of Archean rapakivi-like granites and 
underlying tholeiitic and ferropicritic metavolca
nites. The decoupling of the chemistry of mobile 
major elements and immobile trace elements in 
these rocks indicate that the major elements prob
ably are not representative of the original compo
sition of the rocks and are of little use in 
unravelling the origin of these rocks. Instead, the 
coherent behavior of many trace elements pro
vides an indication of the petrogenetic processes 
responsible for the geochemical variability. A hy
brid origin with mixing of material from at least 
three chemically different sources through se
dimentary processes is not likely LO result in such 
coherent behavior of many incompatible trace 
elements. The approximately constant ratios of 
these elements rather suggest that the variation in 
their abundance is a result of a magmatic dif
ferentiation process. The low abundances of Ti02 

Zr La Sm Yb Tb Ta 

0.54 
0.60 0.93 
0.58 0.68 0.87 
0.89 0.74 0.76 0.52 
0.75 0.87 0.88 0.74 0.91 
0.84 0.75 0.88 0.85 0.89 0.94 

and P20 S is also compatible with this interpreta
tion because these elements tend to decrease with 
the degree of differentiation in rhyolites. Thus 
both geochemical and petrographical evidence 
suggests that the bulk of the material of the felsic 
supracrustal rocks are volcanic in origin. This im
plies the unexpected appearance of a short period 
of felsic volcanism in the evolutionary history of 
the Pilgujärvi Suite, which is overwhelmingly 
dominated by mafic and ultramafic volcanic 
rocks. 

Although the peralkaline index, molecular 
(Na20+K20)/AI20 3, in ultrafelsic rocks is gener
ally less than one, the high concentration of many 
incompatible elements suggests that the rocks 
originally had a peralkaline composition which 
enabled them to dissolve large amounts of highly 
charged elements (cf. Watson, 1979). The Zr- b 
ratio falls below 10 which is typical of peralkaline 
rhyolites from oceanic islands or continental rifts 
(Leat et al., 1986). This is compati ble with their 
coexistence with ferropicrites with trace element 
characteristics of within-plate basalts (Hanski and 
Smolkin, 1989). 

In summary, Pechenga Series volcanism com
menced with eruptions of vesicular, contaminated 
basalts and andesites and continued with basalts 
to dacites having a mildly alkaline affinity. These 
were followed by monotonous, submarine tho
leiitic basalts accompanied by lesser amounts of 



ferropicritic lavas and minor ultrafelsic tuffs. 
Tholeiites exhibit MORB-like immobile trace ele
ment characteristics but differ in their major ele
ment composition, especially with respect to their 
FeO-Ti02 relationhips, from modem and ancient 
MORB's and also from most Phanerozoic vol
canic rocks. Arc type magmatism seems to be ab
sent from the Pechenga Series. Only the 
metavolcanites of the Ahmalahti Suite possess an 
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arc-like chemical signature, but their general geo
logical position rules out any island arc or con
tinental arc geotectonic setting. Instead, their 
chemical composition can be explained either by 
an ancient subducted arc component in their 
mantle source or by contamination with partial 
melts from the Archean granite gneiss complex at 
the base of the Pechenga Complex. 

Ferropicritic volcanic rocks 

The geochemical pecularities of ferropicritic 
rocks have been briefly documented earlier by 
Hanski and Smolkin (1989). The ferropicritic vol
canic suite is made up of rocks with an MgO con
tent varying from 32% to less than 4% anhydrous. 
The most magnesian rocks occur in the lower 
parts of layered flows enriched in accumulated 
olivine and do not represent liquid compositions. 
In massive and pillowed lavas, MgO contents 
reach about 17% (Table 10). Silica contents most 
commonly fall between 46-48%. In this regard, 
ferropicrites do not differ from komatiites and in 
spite of having trace element characteristics simi
lar to those of alkali basalts, they are far from 
undersaturated with respect to silica. As the name 
reveals, an outstanding feature of ferropicrites is 
their high iron content, accompanied inevitably 
by high Ti02 and V contents. Total iron calcu
lated as fenous (FeO LOL ) commonly exceeds 14% 
in anhydrous analyses. Because of the high FeO 
content, the Mg number [molecular 
MgO/(MgO+FeO) calculated after adjusting Fe2

+ 

as 0.9xtotal Fe as FeO] does not exceed 0.70 in 
rocks that are not emiched in intratelluric or cu
mulus olivine. Ti02 is higher than 1% even in 
rocks most diluted by olivine crystals. In rocks 
with MgO of about 15%, Ti02 tises to 2-2.5% 
(Table 10). This is one of the most fundamental 
differences in the major element geochemistry be
tween ferropicrites and ordinary komatiites, for 
the latter possess a Ti02 content of 0.5-0.7% at 
the corresponding MgO level. 

Ferropiclitic tuffs could be a good candidate 
for determining the magma composition but the 
high degree of alteration obscures their original 
chemistry. Examples of tuff analyses are shown 
in Table 11. MgO ranges between 11.3 and 17.0 
wt. %. The sulfur content is high, ranging com
monly between 0.3-1.0 wt. %. 

Chemical profiles of two layered lava f10ws 
are illustrated in Fig. 6 and representative ana
Iyses of the principal units are Iisted in Table 12. 
The olivine spinifex-textured f10w unit in flow S
VI is only moderately differentiated while the 
Kierdzhipori flow displays more extreme chemi
cal variation. In the former, the MgO content 
varies between 12% and 20% while in the latter, 
it ranges from 4% in the most evolved part of the 
flow up to 22.5% in the lower part, which is most 
enriched in accumulated olivines. Chromium, 
nickel, and magnesium behave coherently reflect
ing the simultaneous crystallization of olivine and 
chrome spinel. This contrasts with the behavior of 
chromium in layered flows generated from a 
high-Mg komatiite . In these flows , chromium re
mains in the residual liquid and concentrates in 
the spinifex zone (Amdt et al., 1977). In lava 
flows with a less magnesian komatiite as a paren
tal magma, chromite also starts to crystallize after 
olivine but the temperature gap is shorter, and 
chromium is concentrated in the upper pat1 of the 
cumulate zone (Hanski, 1980). 

As is to be expected, the upper part of the 
flows, containing spinifex-textured rocks, is much 

-- - - - - - - - - ---------
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Table 10. Analyses of ferropicritic massive and pillow lavas (major elements recalculated to 100% on an anhydrous basis). 

Location$ 

8i02 
Ti02 
Al20 a 
Fe°tot 
MnO 
MgO 

CaO 

Na20 

ISO 
P20S 
Cr20a 
NiO 

L.O.I. 

Cr 
Ni 
Co 
Sc 
V 
Zr 
Ta 
Nb 
Tb 
U 
La 
Ce 
Nd 
8m 
Eu 
Tb 
Yb 
Lu 
Ba 
8r 
Rb 
8 
Cu 

1 
Or 

46.00 
2.48 

8.10 
16.92 
0.30 

12.60 
12.23 

0.73 
0.13 
0.26 

0.18 
0.07 

3.77 

1140 
552 
96 

29.6 
310 
141 
n.8. 
18.4 
2.57 
0 .56 

21.91 
54.27 
29.66 

6.56 
2.29 
0.89 
1.59 
0.19 
31.8 

60 
6.3 

2940 
172 

n .a. = not analysed. 

2' 
Ki 

47.64 

2.00 

6.66 
15.03 
0.24 

13.33 
14.43 

0.14 
0.09 
0.20 
0.15 
0.08 

10.65 

933 
567 

73 
24.3 
270 
97 

0.8 
18 

2.13 
0.55 

16.23 
38.85 
20.32 

4.70 
1.47 
0.59 
l.05 
0.18 

35 
270 

6 
1400 

110 

3' 
Ki 

47 .13 

2.05 

6.81 
16.99 

0.23 

16.33 
9.54 
0.17 
0.25 
0.23 
0.16 
0.12 

5.79 

1000 
910 

88 
n .8 . 

300 
96 

n .8 . 
n .8 . 

n .8 . 
n.8. 

n .8 . 

n.8 . 

n.8. 
n.8. 

D .8 . 

n .8 . 

n .8 . 
n.8. 

50 
90 

n .8 . 

2400 
210 

4' 
Ki 

44.47 

2.59 

6.52 
16.70 

0.21 

14.13 
14.43 
0.14 
0.15 
0.30 
0.24 
0.12 

9.96 

1432 
855 
101 

32.4 
340 
124 

1.03 
22 

2.41 
0.58 

10.44 
26 .85 
18.68 

5.66 
l.72 
0.71 
l.36 
0.23 

20 
250 

11 
6700 

200 

5' 
8h 

49.31 

2.31 
8.59 

15.22 

0.19 

12.50 
10.94 

0.13 
0.28 
0.22 
0.20 
0.11 

9.28 

1220 
782 
87 

32.3 
290 
117 
0.8 
17 

2.01 
0.40 

14.73 
36.91 
22.30 

5.68 
l.81 
0.74 
1.59 
0.23 
106 
180 

3 
800 
120 

6' 
8h 

49.27 

2.26 
7.16 

14.29 

0.19 
13.53 

12.59 
0.09 
0.04 
0 .20 
0 .24 
0.15 

9.92 

1456 
1024 
99.9 
31.6 
260 
115 

0.79 
n .8 . 

1.80 
0.33 

29.23 
58.06 
24.90 

5.51 
1.57 
0.65 
1.41 
0.23 

20 
130 
n .8 . 

1200 
130 

$ Location: Or = Ortoaivi, Ki = Kierdzhipori, Sb = 8huljärvi. 
• Major element analyses tsken !rom Skufin and Fedotov (1989). 
Rock types: 1, 3-4, 6, 10-13 massive lavas; 2, 5, 7-9 pillow Javas. 

7 
8h 

50.58 
2.26. 

7.62 
14.77 

0.18 

16.09 
7.39 
0.24 
0.26 
0.26 
0.20 
0.16 

n.8. 

1260 
1160 
n.8 . 

32.1 
300 
159 

1.09 
17.4 
1.95 
0.39 

21.61 
46.31 
29.71 

6.84 
2.18 
0.93 
1.62 
0.17 

40 
50 

11.1 
600 
190 

8' 
8h 

48.75 
2.08 

5.61 
15.14 

0.21 

16.05 

11.11 
0.29 
0.21 
0 .22 
0 .17 
0 .15 

5.27 

1100 
1100 

89 
n.8. 

260 
114 
n.8. 
n.8. 
n.8 . 

n.8 . 
n.8. 

n.8 . 

n.8. 

n .8 . 

n .8 . 

n .8 . 
n.8. 

n .8 . 

20 
50 

n .8 . 

300 
140 

9' 
8h 

48.10 

2.16 

5.57 
15.11 

0 .18 

17.56 

10.59 
0.16 
0.08 
0 .22 
0 .17 
0.09 

6.21 

1100 
680 

76 
n .8 . 

300 
120 
n .8 . 

n .8 . 
n .8 . 

n .8. 

n.8. 

n.8 . 

n.8. 

n.8 . 

n .8. 

n .8 . 
n.8. 

n .8 . 

70 
30 

n.8. 
200 
210 

10 
8h 

48.20 

2.42 
7.64 

15.27 

0.19 

17.02 

8.18 
0.24 
0.25 

0.25 
0.19 
0.14 

n.8. 

1210 
1060 
n.8. 
n.8. 

280 
170 
n.8. 
n .8 . 
n .8. 

n.8. 
12.2 

28 
21 

6.2 
l.80 
0.77 
1.56 
0.18 

20 
60 

n .8. 

650 
290 

11' 
8h 

46.00 

2.36 

8.55 
15.12 

0.19 

14.37 

12.69 
0.15 
0.05 
0.22 

0.20 
0.10 

10.83 

1186 
728 
83 

30.4 
320 
121 

0.83 
n .8 . 
2.11 
0.37 

21.55 
46 .60 
24.00 

5.55 
1.52 
0.78 
l.64 
0.25 

21 
210 

1 
400 
160 

12 
8h 

45.62 

2.46 
9.65 

15.09 

0.22 

14.45 
11.75 
0.12 

0.18 
0.21 
0 .14 
0.09 

11.51 

825 
653 
n.8. 
29.1 
301 
166 
n .8. 
18.9 
n.8. 

n .8 . 
n .8. 

n.8. 

n .8. 

n .8 . 
n.8. 
n .8 . 

n.8. 

n.8. 

54.9 
272 

19.1 
85 

161 

13 
8h 

46.83 

2.48 

9.27 
14.96 

0.23 

13.88 

11.62 
0.16 
0.13 
0.22 
0.12 
0.09 

10.76 

737 
605 
n.8. 

36.9 
308 
182 
n.8. 
19.6 
2.00 
0.48 

17.83 
43 .71 
26.22 

5.87 
1.97 
0.81 
1.79 
n .8 . 

51.3 
256 

11 .9 
20 

118 

8amples: 1, Ortoaivi-42c; 2, S-2728f749.2; 3, 8-2728f757 .8; 4, 8-2728f773.2; 5, 8-3077/310.0; 6, 8-3077/313.0;7, S-3077/314.3; 
8 = 8-3077/318.4; 9, 8-3077/318.5; 10, 8-3077/322.5; 11, 8-3077/350.0; 12, 8-V1I375.6; 13 = S-V1I376.8. 

richer in A120 3, CaO, and Ti02 and poorer in 
MgO than the olivine cumulate in the lower part 
of the tlows. The iron content remains approxi
mately constant through the whole section. The 
highest CaO and lowest FeOLO! contents are 
measured in clinopyroxene-rich zones in the 
middle part or the tlows. This zone is exceptional 
among rocks crystalli zed from a rerropicritic 
magma in that its FeO!O! may descend to I I wt. 
%. 

Because oli vine, chrome spineI, and clinopy
roxene are the main fractionating minerals in 
layered ferropicri tic tlows, alkali s should be en
riched in the residual liquid. Hence, the concen
trations or Na20 and K20 are anticipated to be 
Im·gest in the upper part of the tlows, with their 
mutual ratios as weil as their ra ti os with other in
compatible elements like Ti02, A120 3, Zr, and Sm 
to be approximately constant through the lava 
flows. Figure 6 shows tbe lluctuati ons of the ra-



tios of alkalies to AI20 3 and Ti02. Because Al20 3 
and Ti02 are generally regarded as relatively im
mobile elements during secondary alteration pro
cesses, the deviations of the ratios from a constant 
value can be deduced to be the results of alkali 
mobility. There appears to be a systematic pattern 
in the change of alkali to immobile element ratios 
from extremely low values in the lower part to 
high values in the upper Palt of the nows. This 
can be interpreted as a consequence of an enrich
me nt of alkalies in the upper part of the nows or a 
depletion in the lower part or most likely both of 
these processes . The behavior of K20 and Na20 
is somewhat different in the two cases of layered 
nows in Fig. 6, with the abundance of sodium 
more faithfully following the modal plagioc1ase 
content of the rocks. The analogous behavior of 
alkalies, i.e., a secondary depletion in ultramafic 
rocks and enrichment in mafic rocks, seems to be 
a general phenomenon in metamorphosed koma
tiitic layered lava nows (Hanski , 1988; Arndt et 
al., 1988). Probably the sensitivity of ultramafic 
volcanites and ultramafic parts of layered lava 
flows to alkali loss stems from the original incor
poration of alkalies into groundmass gl ass and the 
absence of primary aluminosilicates which could 
capture alkalies during later alteration processes. 

The AI20 3-Ti02 ratio displ ays approximately 
constant values throughout the layered flows. Tn 
contrast, CaOI A120 3 is highly variable (Fig. 6). 
This is partly caused by clinopyroxene accumula
ti on in the middle part of the nows but also by the 
postmagmatic mobility of CaO, since the ex
pected constant CaO/AI10 3 or CaOITi02 values 
in the oli vine cumulates of the nows are not ob
served. 

Tn randomly oriented olivine spinifex rocks, 
the MgO content ranges between 12- 15%, wh ile 
in pyroxene spinifex rocks, it fa ll s bclow 10%. As 
was intimated earl ier, an enigmatic feature is the 
evolved composition of rocks possessing a para l
le I olivine spinifex texture like that depicted in 
Fig. 10. The MgO content in these rocks can be as 
low as 5% (Table 12, anal. land 11) contrasting 
with MgO contents of 15-32% generally observed 
in oli vine spinifex-textured komatii tcs (e.g., Nes
bitt, 197 1; Echeverria, 1980). The low MgO in 
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Table 11 . Analyses of ferropicritic tuffs (major elements recalculated to 
100% on an anhydrou8 basis ). 

2 . 

8i02 45.73 44.17 46.81 48.06 45.72 45.03 
Ti02 2.96 2.75 2.80 2.27 2.85 2.72 

~03 9.10 8.32 7.87 7.71 8.93 8.15 
Fe°tot 18.60 17.95 19.71 15.78 17.61 17.53 
MnO 0. 11 0.18 0.15 0 .20 0.16 0.24 
MgO 18.33 17.69 18.32 15.43 14.98 15.94 
C.O 4.22 7.40 4.18 9.33 8.29 9.69 

N"20 0.27 0 .15 0.23 0.67 0.40 0.07 

K:!0 0 .41 0.47 0.38 0 .04 0 .46 0.08 

P20S 0.27 0 .26 0.28 0 .21 0.34 0.25 

Cr203 0.53 0.20 0.17 0.16 0.19 
NiO 0.12 0.08 0 .11 0.09 0 .10 

L.O.l. 7.70 10.06 5.37 10.44 5.75 

Cr 3200 1250 1100 1000 1200 
Ni 850 558 820 600 750 
Co 120 92 84 60 70 
V 0.8. D.8 . 370 310 200 210 
8 6000 D .8. 5870 5300 6300 1500 
Cu n .8. 240 160 170 0 .8 . 

n.8 . = not analysed. 
1 , Kotselv8ara quarry, sampie 2798 (Golubev et a1. , 1984); 
2 , Kotaelvaara quarry, P·I (Smolkin, 1991>; 3, Kotselvaara quarry, K-I ; 
4, Kierdzhipori area , 8-2792/773 .0; 5 , upper part of the productive pile , 
PB-49 (Predovak.ii et al. , 1974); 6 , Autiotupa Mountain, P1600 (Predovsk.ii 
et al., 1974 ). 

these rocks is not a result of alteration but a true 
magmatic feature as shown by textural evidence, 
i.e., the abundant interstiti al fan spherulitic pla
gioclase or coarser plagioclase laths intergrown 
with clinopyroxene. The interpretation of a pri
mary origin for the low MgO content is also sup
ported by the immobile trace element 
geochemistry, i.e., the high concentrations of in 
compatible elements (La 28-44 ppm, Zr 200-250 
ppm) and low concentrations of compatible ele
ments (Cr 10-20 ppm, Ni 30-45 ppm). 

One example has been found where a ferropi
critic rock with a parallel oli vine spini fex texture 
is not so low in MgO, but this rock also has other 
puzzling features. This spinifex rock occurs in the 
upper part of a layered tlow in the Lammas area 
and has an MgO content of 15- 18% but is low in 
Ni (30-60 ppm) and Cr (40 ppm) (Table 12, anal. 
2). Tt is also strongly enriched in incompatible 
elements (La 33-43 ppm) and obvious ly does not 
represent a liquid composition. The thin olivine 
plates were originally rimmed by abundant mag
netite which accounts for the low si li ca (34-39%) 
and high total iron content (FeO,o, 20-22%) of this 
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T8ble 12. Chemic8l an8lyses of v8riouS rock types from l8yered lav8 flows . 

Loc8tiOD $ Ko 

Si02 46.83 
Ti02 3.03 
Al20 3 12.95 

Fe203 1.41 
FeO 13 .60 

Fe°tot 
MDO 0.14 
MgO 4.60 
C80 6.74 
N820 3.44 
~O 0.09 
P20S 0.38 
Cr203 0.00 
NiO 0.00 
CO2 0.33 
H20 4.11 

L.O.l . 0 .8. 

2 
La 

31.25 
4.53 

12.45 
5.82 

14.70 

0.37 
13.59 
7.16 
0.05 
0.04 
0.45 
0.01 
0.01 
1.28 
8.76 
n .8 . 

3 4 5 6 7 8 9 10 11 
La La La La La La La Ki Ki 

42.04 44 .99 40 .55 42 .60 39.60 43 .51 39.94 46 .00 46 .20 
2.62 1.81 2.05 1.25 1.12 1.40 2.13 2.11 3.11 
6.95 5.17 5.65 4.38 3.91 4.34 8.36 8.15 11 .30 
1.42 0.98 2.57 3.80 5.26 3.07 4.48 3.43 0 .8 . 

13.00 9.57 13.25 9.70 8.90 11 .00 10.80 14.90 0 .8 . 

14.84 
0.25 0.17 0.20 0.17 0.19 0.17 0.19 0.20 0.18 

14.67 17.26 18.94 24.20 29.40 20.63 18.49 10.20 5.46 
11.16 13.18 8.67 5.99 3.03 7.66 7.39 7.28 8.67 
0.12 0.11 0.05 0.19 0.24 0.03 0.02 0.39 2.46 
0.06 0.02 0.02 0.03 0.02 0.02 0.02 0.11 0.12 
0.26 0.14 0.19 0.14 0.13 0.15 0.22 0.20 0.24 
0.12 0.24 0.54 0.22 0.37 0.23 0.18 0.21 0.00 
0.04 0.03 0.18 0.20 0.23 0.17 0.08 0.09 0.01 
0.22 0.15 0.51 0.07 0.10 0.00 0.15 0 .8. 0 .8 . 

5.72 4.73 6.10 7.29 9.04 5.96 6.46 0 .8. 0.8. 

0 .8 . n .8 . n .8 . n .8 . n.8. n.8. n.8 . 5.16 n .8 . 

Total 97 .66 100.46 98.65 98.55 99.50 100.23 101.54 98.34 98.92 98.43 

Cr 
Ni 
Co 
Sc 
V 
Zr 
T8 
Nb 
Tb 
U 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
B8 
Sr 
Rb 

16 
31 

n .8 . 

n .8 . 

453 
246 
n .8 . 

36 
n .8 . 

n .8 . 

44 
n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

27 
53 

3 

37.6 
61 .3 
74.9 
40.3 
630 
280 

3.17 
n .8 . 

3.83 
0.68 
42.8 
51.7 
30.6 
9.60 
2.78 
0.89 
1.61 
0.24 
32.1 

80 
5.6 

797 1624 3720 
339 230 1450 
73.2 52.3 133 
33.7 68 .4 40.1 
370 340 330 
140 80 110 
1.3 0.67 1.44 

19.6 0 .8. 0 .8 . 
2.38 1.11 1.55 
0.56 0.19 0.12 
21 .6 11 .4 35.4 
51.1 29.7 39.8 
31.2 17.8 18.4 
7.28 4.55 4.70 
2.11 1.33 0.63 
0.96 0.53 0.55 
1.62 1.02 0.67 
0.18 0.14 0.11 
27 .2 25.5 27 .7 
100 40 40 
4.8 4.0 5.1 

1500 2542 
1560 1770 
115 128 

24.5 19.7 
210 190 
80 70 

0.90 0.63 
n .8 . n .8 . 

1.22 1.14 
0.22 0.16 
11 .8 11 .9 
0 .8. 28.8 
0 .8 . 12.4 

3.85 3.39 
0 .8. 1.08 
0 .8. 0.24 
0 .8. 0.67 
0 .8 . 0.13 
23.7 24 .3 

20 20 
4.2 4.7 

1600 
1340 

114 
24 .6 
210 

80 
0.91 
n .8 . 

1.12 
0.28 
12.8 
n .8 . 

n .8 . 

3.60 
n .8 . 

n .8 . 

n .8 . 

D .8 . 

26.2 
10 

4.8 

1217 1440 
626 706 

89.0 93 
28.4 27 .5 
310 324 
130 132 

0.97 0 .8. 
n .8 . n .8 . 

2.11 0 .8. 
0.34 0 .8. 
19.0 17.3 
47.4 39 
23 .4 19 
6.06 4.0 
3.22 1.4 
0.77 0.5 
1.27 1.3 
0.23 0.19 
26.2 79 

10 18 
4.6 15 

11 
46 
85 

22 .9 
490 
200 
D .8 . 

37 
2 

1.0 
28.6 

62 
30 

6.4 
2.4 
0.9 
1.7 

0.23 
44 
62 

n .8 . 

12 13 
Ki Ki 

49.10 46 .51 
2.60 3.04 

13.20 12.58 
0 .8. 1.31 
0.8. 14.00 

13.63 
0.15 0.21 
6.44 5.04 
5.23 8.14 
3.24 3.13 
0.19 0.32 
0.38 0.34 
0.00 0.00 
0.00 0.00 
0 .8. 1.06 
0 .8. 3.98 
n .8 . n .8 . 

14 15 
Ki Ki 

47.57 44 .70 
3.00 1.58 
9.83 5.57 
1.35 2.97 

11 .90 7.99 

0.21 0.19 
7.39 17.16 

11.44 14.09 
2.22 0.19 
0.30 0.02 
0.22 0.16 
0.01 0.22 
0.01 0 .8. 

0.73 0.09 
2.99 4.00 
n .8 . n .8 . 

99.66 99 .17 98.93 

14.9 
6.1 

56.7 
17.2 
370 
220 
1.78 
n .8 . 

3.99 
0.59 
30.2 
71 .7 
35.1 
8.31 
2.41 
0.98 
1.85 
0.28 
87.1 
100 
5.4 

21.3 
24.5 
54.2 
25 .7 
360 
220 

2.09 
n .8 . 

3.34 
0.93 
49 .5 
n .8 . 

n .8 . 

9.96 
n .8 . 

n .8 . 

n .8 . 
n .8. 
140 
100 
6.2 

46.9 
91.9 
73 .5 
36.0 
530 
150 

1.23 
n .8 . 

2.56 
0.40 
19.6 
50.4 
28 .9 
6.98 
2.04 
0.71 
1.53 
0.28 
163 
100 
5.3 

1504 
n .8 . 

n .8 . 

n.8. 

n.8. 

n .8. 
n .8 . 

n .8 . 

n .8 . 

n.8. 
n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 
n .8 . 
n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8. 

rock. 
As was mentioned earlier, g lobular vanettes 

of ferropic ritic rocks have developed in differen
tiated parts of layered lava f10ws or in dikes and 
f1 0ws crystalli zed from an evolved deri vati ve of a 
ferropicritic magma. This evolved nature is mani
fested by re lati vely low contents of MgO, Ni , and 
Cr and high abundances of incompatible elements 
in these roc ks. Typical analyses of separated glo
bule and matri x fractions are shown in Table 13. 
Harker di agrams for selected elements are 
presented in Fig. 51 with the conjugate globule
matri x pairs connected by tielines. The globules 

are systematica lly rich in Si02 and total alkalies 
bur pOOl' in MgO and FeOIOI ' The exceptionally 
high FeO content in the interstitial chlorite (Table 
5) is compatible with the high Fe0

10l 
content ob

served in matri x sampies. CaO is equall y di s
tributed or slightl y more abundant in the matrix 
while Al 20 3 does not show any systematic pat
tern ; it can be enriched in either the globules or 
the matri x with the difference being 0-2.7%. 

With regard to trace elements, the ratios of 
immobile incompatible e lements are approxi
mate ly constant in the globules and matrix . Thi s 
is clearl y demonstrated in Fig. 52 which presents 
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Table 12. (Continued) 

Location$ 

Si02 
Ti02 
A120 3 
Fe203 
FeO 
Fe°tot 
MnO 

MgO 

CaO 
Na20 
~O 
P20 S 
Cr203 
NiO 
CO2 
H20 
L.O.I. 

16 
Ki 

41.20 

1.26 
5.45 
5.21 

10.10 

0.18 

24 .30 

3.84 

0.23 

0.01 

0.15 

0.37 

0 .23 

0 .04 

7.30 

n .8 . 

17 
Ki 

46.06 

1.46 

4.88 
1.01 

10.50 

0.16 

18.49 

11.13 

0.10 

0.01 
0.14 

0.18 

0.10 

0.00 
4.89 

0 .8. 

18' 
K 

45 .70 

3.64 
11 .29 

3 .35 
13 .37 

0 .18 

6.00 

8.81 

3 .07 

0.41 
0 .34 

0.01 

0 .02 

n .8 . 

3.68 

n .8 . 

19' 
K 

43.40 
3.50 

11.30 
2.72 

14.18 

0.23 
7.60 

10.20 

2.11 

0.31 

0.30 

0.02 

0.02 

n .8. 
4.18 

n .8. 

20' 
K 

42.60 

1.79 
5.84 
5.67 

9.45 

0.16 
17.35 

9.53 
0.16 

0.02 

0.17 

0.46 

0 .17 

0.07 

5.68 

n.8. 

21' 
K 

44 .83 

1.84 
4.77 
1.77 

12.22 

0 .13 

20.86 

5.74 

0.11 

0.00 

0 .15 

0.31 

0 .26 

0 .00 
6.00 

D .8 . 

22 
Ka 

47.22 
2.77 

9.36 
2.35 

12.19 

0.18 

8.74 

11 .02 

2.52 

0.09 
0 .28 

0 .07 

0.00 

n .8 . 
n .8. 

1.58 

23 
Ko 

48.13 
3.00 

11 .34 
2.07 

11.90 · 

0.17 

6.88 
8 .95 

2.67 

0.08 

0.33 

0 .01 

0 .02 

0.8. 

3.91 

n.8 . 

24 
Sh 

41 .97 

1.89 
7.78 
2.17 

12.20 

0.20 

15.76 

9.51 

0.35 

0.09 
0.17 

0 .16 

0 .11 

1.25 
6.10 

n.8. 

25 
Sh 

44 .25 

2.06 
8.94 
1.51 

11.80 

0 .17 

13.04 

9.50 

0.75 

0.87 
0 .19 

0.14 

0.07 

1.98 
5.31 

n .8. 

26 
Sh 

43 .05 

2.12 

9.39 
1.58 

12.90 

0.18 

13.72 

7.99 

0.37 

0.95 
0.19 

0.15 
0.07 

0.88 
5.90 

n .8. 

27 
Sh 

46 .01 

1.96 
8.48 
1.46 

11 .90 

0.19 

13 .51 

8.72 

1.30 

0.50 
0 .17 

0.14 

0.05 
0.48 
4.56 

n .8. 

28 
Sh 

45 .51 

1.42 
4.67 

1.39 
10.60 

0.15 

19.36 

7.99 

0.11 

0 .04 
0 .13 

0.27 
0.18 

2.27 
5.66 

0.8 . 

29 
Sh 

44 .47 

1.38 
6.56 

1.49 

11 .30 

0.13 
21.89 

4.87 

0.08 

0.07 
0.14 

0.18 
0 .19 

1.21 
6.82 

n .8. 

30 
Sh 

44.13 

1.63 
6.85 
6.42 

7.62 

0 .21 

17.07 

9.25 

0.25 

0 .14 
0.15 

0.16 
0 .13 

0.10 
5.43 

n.8 . 

Total 99 .86 99.12 99.87 100.07 99.11 98.99 98.37 99.46 99.70 100.58 99 .46 99 .43 99.74 100.77 99.53 

Cr 
Ni 
Co 
Sc 
V 
Zr 
Ta 
Nb 
Th 
U 
La 
Ce 
Nd 
Sm 
Eu 
Th 
Yb 
Lu 
Ba 
Sr 
Rb 

2540 
1830 
136 

26.8 
230 
80 

0.83 
n .8 . 

1.27 
0.23 
10.2 
0 .8 . 

0 .8 . 

3 .20 
0 .8 . 

0 .8 . 

n .8. 
n .8 . 
29 .3 

20 
5.4 

n .a. = not analysed. 

1260 
803 

81.2 
28 .5 
240 
80 

0.95 
n .8. 
1.59 
0.18 
14.3 
n .8. 
0 .8. 

3 .88 
n .8. 
0 .8. 

n .8. 
n .8. 
25 .7 

20 
4.5 

100 
130 
80 

0 .8 . 

70 
0 .8 . 

0 .8 . 

0.8 . 

0 .8 . 

0 .8 . 

0 .8 . 

0.8 . 

0 .8 . 

0 .8. 

0 .8 . 

0 .8. 

0 .8 . 

0 .8 . 

0 .8 . 

0 .8 . 

0 .8 . 

, = taken from Smolkin (1991). 

130 3150 
130 1300 
110 150 
0 .8 . 0.8 . 

100 220 
0 .8 . 0.8. 

D .8 . 0 .8 . 

0 .8. 0 .8 . 

0 .8. 0 .8 . 

0 .8. 0.8. 

0 .8. 0 .8 . 

0 .8 . 0.8. 

0 .8. 0 .8 . 

0 .8. 0.8 . 

0 .8. 0.8. 

0 .8 . 0.8. 

0 .8. 0 .8 . 

0 .8 . 0 .8 . 

0 .8. 0.8 . 

0 .8. 0 .8 . 

0 .8. 0 .8 . 

2120 
2070 

150 
n .8 . 

62 
n .8. 
n .8. 
n .8 . 
n .8 . 
n .8. 
n.8 . 
n .8 . 
n .8. 
0 .8 . 

n .8 . 
n .8 . 
n .8. 
D .8 . 

n.8 . 
n .8 . 
n .8. 

468 
35.5 
63 .1 
45.7 
380 
200 

2.21 
0 .8. 

2.56 
0 .9 

27.4 
n .8. 
n .8. 
7.45 
n .8. 
n .8. 
1.7 

n .8. 
0 .8. 

50 
n .8. 

48.5 
190 

54.8 
33.8 
470 
180 

1.99 
n .8. 
2.72 
0.74 

21 
45 
33 
6.9 
2.1 

0.83 
1.54 
0.16 
37.5 

30 
6.6 

1082 
853 
n.8. 

32.4 
274 
165 
n .8. 
18.4 
2.10 
0.41 
12.1 
35.3 
24 .5 
5.81 
1.74 
0.75 
1.57 
n .8. 
51.3 
117 
5.8 

938 
573 
n .8 . 

28.7 
278 
149 
n .8. 
19.0 
0 .8 . 

n .8. 
n.8 . 

n .8. 
n .8. 
n.8. 
n .8. 
n .8. 
n .8. 
n.8 . 
568 
188 

17.5 

1032 
558 
0 .8. 

32.7 
291 
177 
1.0 

19.1 
2.96 
0.62 
25.6 
51.5 
35.3 
7.34 
2.29 
0.89 
1.95 
0.19 
771 
130 

17.8 

926 
402 
n.8. 

31.0 
268 
154 
n .8. 
15.9 
n .8 . 
n .8 . 
n .8. 
n .8 . 
n .8. 
n .8. 
n .8 . 
n .8 . 
n .8 . 
n .8 . 
304 
121 

13.3 

1815 
1444 
n.8. 
24.4 
193 
145 
n .8. 
13.2 
n.8 . 
n.8. 
n.8 . 
n .8. 
n .8 . 
n.8. 
n.8. 
n.8. 
n.8. 
n .8. 
21.6 
194 
6.0 

1216 
1528 
n .8. 
20 .9 
190 
111 
n .8. 
12.2 
n .8. 
n .8 . 
n .8. 
n .8. 
n .8. 
n .8. 
n .8 . 
n .8 . 

D .8. 

D .8. 

22 .6 
119 
9.0 

$ Location: Ko = Kotselvaara; La = Lammas; Ki = Kierdzhipori, drill core S-2986; K = Kierdzhipori, drill core S-3056; Ka = Kaula, 
drill core S-3R; Sh = Shuljärvi, drill core S-VI. 
Rock types and sampIes: 
I, parallel olivine spinifex-textured rock, PS4; 2, parallel olivine spinifex-textured rock with abundant primary magnetite, 1748110; 

1095 
1002 
n .8. 
23 .5 
237 
139 
n .8. 
14.9 
D .8 . 

0 .8 . 

D .8 . 

D .8 . 

0 . 8 . 

0 .8. 

0 .8 . 

0 .8 . 

0 .8 . 

0 .8 . 

84.9 
58.4 

9.3 

3 , fine-grained rock compoaed of pyroxene needles, 174819; 4 , pyroxene cumulate, 174816; 5-9, olivine cumulate, 174815, 174814, 174813, 
174812, 174811; 10, flowtop, S-2986-74.2; 11, parallel olivine spinifex-textured rock, S-2986-A; 12-13, evolved rock with porphyritic
spherulitic terlure, S-2986-76.0, S-2986-78.7; 14-15, pyroxene cumulate, S-2986-81.5, S-2986-83.8; 16-17, olivine cumulate, S-2986-90.8, 
S-2986-97.0; 18-19, spinifex zone, S-30561476.0, 8-30561486.0; 20-21 , olivine cumulate, S-30561498.0, S-3056/51O.0; 22, pyroxene 
spinifex-textured rock, S-3R1731.4; 23, spinifex zone, 168419; 24-27, randomly oriented olivine spinifex-textured rock, S-VI/408.2, 
S-VI/41O.0, S-VI/412 .7, S-VI/416.4; 28-30, olivine cumulate, S-VI/419.5, S-VI/421.0, S-VI/423 .9 . 

6 



82 Gcolog ical Survey of Finland, Bulletin 367 

Table 13. Whole rock analyses of separated globule and matrix sam pies (major elements recalculated to 100% on an 
anhydrous basis). 

1 2 3 4 
G M G M 

Si02 48.72 45.76 50.97 42.41 

Ti02 3.13 3.89 4.31 5.24 

Al20 3 9.60 10.95 12 .68 12.44 

Fe°tot 14.31 19.36 11.31 18.68 

MnO 0.19 0.21 0.17 0 .23 

MgO 8.79 7.54 4.38 6.45 

CaO 12.21 9.97 10.24 11.47 

Na20 2.66 0.43 4.33 0.74 

~O 0.13 1.55 0.70 1.65 

P205 0.26 0.34 0.90 0.68 

L.O.I . 2.95 3.45 2.05 4.26 

Cr 471 218 66.3 117 
Ni 190 120 28.5 65 
Co 50.6 61 .3 53.1 38.5 
Sc n .8 . n .8 . 46 36.1 
V 378 432 314 454 
Zr 170 217 n .8. n .a . 
Ta n .8 . n .8 . 5.1 4.16 
Nb n .8 . n.8 . n.8 . n .8 . 

Tb n .8 . n .8 . 5.09 4.69 
U n .a . n .a . 1.48 1.08 
La n .8 . n .8. 40 55 
Ce n .a . n .a . 82 105 
Nd n .8 . n .8 . 54 66 
Sm n .8 . n .8 . 11.3 13.6 
Eu n .8. n .8 . 3.1 4.7 
Tb n .8 . n .8 . 1.25 1.51 
Yb n .8 . n .8 . 2.3 2.7 
Lu n .8 . n .8 . 0.23 0.31 
y n.a . n .8 . n.8 . n .8 . 

S 5500 200 900 800 
Cu 130 120 150 140 
Sr 79 87 n .8 . n .8. 

Ba 98 1830 607 280 
Rb 6.5 25.7 70.3 17.8 

chondrite-normalized REE patterns for four glo
bule-matrix pairs (matrix and globule portions 
marked by closed and open symbols, respec
tively). They show typical LREE-enriched trends 
with virtually identical slopes. In individual glo
bule-matrix pairs, the level of REE is the same 01' 

slightly higher in the matrix sampIes. The roughly 
similar levels in the globule-matrix pairs also 
apply to the high field strength elements Ta and 
Nb. The HFSE have been shown to be enriched in 
the immiscible silicate liquid which is more de-

5 6 7 8 9 10 
G M G M G M 

50.19 39.08 55.55 44.65 53.50 44.08 

4.67 5.61 2.85 3 .17 2.77 3.02 

13.22 10.86 10.70 10.73 10.64 10.39 

12 .90 22 .21 9.95 19.05 10.43 18.66 

0.17 0.26 0.18 0.24 0.18 0.25 

4.55 8.27 5.87 8.03 6.89 9.54 

8.39 12.45 10.70 12.02 11 .67 12.35 

3.85 0.25 3 .62 1.48 3.42 0.90 

1.57 0.40 0 .27 0.27 0.19 0.43 

0.49 0.63 0 .32 0.35 0 .31 0.40 

2.47 5.22 1.71 3.58 1.40 4.05 

61 .7 49.8 140 157 274 299 
27.2 26.3 22.8 77.9 90.7 91.3 
62 .9 38.8 51.0 67.5 46.1 60.7 
51.2 43 .7 37.2 42.7 41.3 43.6 
420 493 430 460 420 470 
301 302 190 210 180 200 

4.14 3.71 1.60 2.13 1.63 1.96 
n .a. n.8 . n .8. n .a . n .a . n.8. 

5.12 4.07 3.22 3.73 2.87 3.74 
1.17 0 .94 0.63 0.87 0.66 0.57 

35 51 24.4 30.6 22.3 31.8 
65 101 38.6 43.7 n.8. n.a. 
44 67 22.5 25.0 n.a . n .8. 

10.6 14.9 6.51 7.43 7.01 n .a . 
2.7 4.8 1.70 1.80 n .8 . 7.22 

1.08 1.67 0.682 0.736 n .a . n .8 . 
2.1 2.9 1.17 1.25 n.8 . n .8 . 

0.23 0 .29 0 .182 0 .214 n .8. n.8. 

n .a. n.8. n .8 . n .8 . n.a. n .8 . 

1000 400 2820 740 3870 1870 
160 150 150 150 140 170 
199 238 180 140 140 80 
129 569 130 90.1 102 138 

18 30 5 7.38 4.2 4.9 

polymerized (e.g., Philpotts, 1982). In most glo
bule-matrix pairs, thi s is qualitatively true for Ti 
and Zr, but the total Ti and Zr range of the matri x 
and the globules is similar (Fig. 51). Jt is signifi
cant that the variation of many trace components, 
including compatible and incompatible elements, 
is considerably larger in the whole data set than 
the variation within individual globule-matrix 
pairs. This is weil illustrated, for example, in a 
plot of Ta against Si02 in Fig. 51. In contrast to 
lhe immobile trace elements, the lithophile ele-



Table 13. (Continued) 

Si02 
Ti02 
Al20 3 
Fe°tot 
MDO 
MgO 

CaO 

Na20 

ISO 
P205 

L.O .I. 

Cr 
Ni 
Co 
Sc 
V 
Zr 
Ta 
Nb 
U 
Th 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
y 
S 
Cu 
Sr 
Ba 
Rb 

11 
G 

54.04 
3.40 

10.02 
13.42 
0.14 
5.39 
9.28 
2.79 
1.13 
0.39 

2.14 

270 
140 
49 
27 

320 
288 

2 
53 
1.4 
3.9 

36.2 
70 
38 

8.6 
2.7 
1.4 

1.71 
0.26 

26 
9400 

190 
116 
460 

23 

G = globule, M = matrix. 
D.a . = Dot analysed. 

12 
M 

42.87 
4.03 

12.06 
17.78 

0.22 
8.51 

13.16 
0.32 
0.63 
0.43 

2.01 

240 
150 

56 
32 

320 
320 

3 
60 
1.1 
5.0 

43.5 
91 
45 
11 

3.3 
1.5 

1.97 
0.32 

28 
400 
230 
116 
470 
D.a . 

13 
G 

53.51 
3.80 

10.15 
13.85 
0.18 
5.15 
8.94 
2.76 
1.32 
0.34 

2.67 

49 
92 
51 
24 

310 
296 
n .8 . 

58 
D.a . 
4.0 

35.7 
72 
36 

8.4 
2.9 
1.2 

1.63 
0.25 

27 
4500 

200 
113 
340 

28 

14 
M 

48.08 
3.89 

10.31 
16.84 

0.21 
8.29 

10.53 
0.40 

1.03 
0.42 

4.21 

140 
92 
52 
30 

270 
326 

3 
63 
1.3 
5.0 

43.2 
89 
44 
10 

3.5 
1.2 

1.90 
0.28 

30 
300 
170 
142 
740 

31 
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15 
G 

51.78 
3.81 

11.35 
10.58 
0.15 
5.63 

11.06 
2.14 
3.18 
0.33 

n .8. 

201 
116 
n.8. 

39.7 
415 
227 
D.a . 
27.5 
D.a. 
n.8. 
D.a . 
D.a . 
D.a . 
D.a. 
D.a . 
n .8 . 
D.a . 
n .8 . 
28.7 
2240 

187 
249 
851 

65.6 

16 
M 

41.18 

4.05 
10.83 
21 .83 

0.28 
7.90 

12.70 
0.42 
0.44 
0.37 

D.a . 

217 
146 
n.8 . 

45.9 
470 
249 
n .8. 
34.3 
D.a . 
n .8 . 
D.a . 
n .8 . 
D.a . 
D.a. 
n .8 . 
n .8. 
n .8 . 
D.a. 
30.4 
190 
172 
95 

160 
28.8 

17 
G 

49.62 
3.59 

10.76 
13.46 
0.18 
8.15 

10.47 
3.03 
0.31 
0.44 

3.20 

190 
135 

55 
n .8 . 
190 
n .8 . 
D.a . 
n .8 . 
n.8. 
n .8 . 
n .8 . 
n .8 . 
n.8. 
n.8. 
n.8 . 
n .8 . 
n .8 . 
D.a. 
n .8. 

3600 
170 
n.8 . 
D.a . 
D.a. 

18 
M 

45.66 
4.42 

11.95 
17.28 
0.21 
6.53 

11.44 
0.41 
1.62 
0.47 

3.70 

95 
85 
60 

D.a . 
270 
D.a . 
D.a . 
D.a . 
n .8 . 
D.a . 
n .8 . 
D.a . 
D.a . 
D.a . 
n .8 . 
n .8. 
n.8. 
n .8 . 
n .8. 
800 
115 
D.a . 
D.a. 
n .8. 

Sampies: 1-2, 1003-G, 1003-M (Smolkin et al., 1987); 3-4, 1685a-G, 1685a-M; 5-6, 1685b-G, 1685b-M; 
7-8, 1824-3B, 1824-3A; 9-10, 1824-3C, 1824-3D; 11-12, S-87/74, S-87/73; 13-14, S-87/76, S-87/75; 
15-16, Souker 2G/91 , Souker 2M/91; 17, Average of six globule sampies (Sharkov and Smolkin, 1989); 
18, Average of live matrix sampies (Sharkov and Smolkin, 1989). 

ments that have generally been regarded as 
mobile including Sr and Ba show aben'ant behav
ior (Fig. 5 1). As is revealed in Table 13, sulfur is 
generall y higher in the globules relati ve to the 
matrix. 

Figure 53 iIlustrates chondrite-normali zed 
REE profiles for massive and pillowed lavas and 
sam pIes from the spinifex zone of layered lava 

flows. As already shown in Fig. 52, ferropicritic 
rocks in general di splay a strong LREE enrich
ment over HREE and differ in this respect from 
the associated tholeiitic metavolcanites. In most 
cases, the REE patterns of ferropicrites are 
straight but anomalous sam pIes exist with a rather 
f1at di stribution fro m La to Nd or Sm (Fig. 53). 
As a result, (LalYb) varies over a rather large 
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Fig. 52. Chondrite-normalized REE patterns for tüur 
coex isting globule-matri x pairs. Open symbols -
globule, closed sy mbols - matrix . 

range of 5- 15 wiLh the most COlllmon va lues being 
around 10. The (Sm/Yb)N value is more homo
geneous fa ll ing most freq uently between 4-5. The 
reason for abnormally low LREE abundances in 
some sampies is not clear. Tl cannot be due to the 
accumulation of clinopyroxene crystal s because 
these rocks do not contain clinopyroxene pheno
crysts. Also, heterogeneity of the parental magma 
is not a like ly explanation because the variation in 
LalYb is observed in sampies from si ngle flow 
units. 

In Fig. 54, abundances of olivine-incom
patib le elements of primitive ferropicritic meta
volcanites are portrayed as a spidergram 
normalized to primitive mantle values. Three of 
the sam pies are massive Javas, two are oli vine 
spinifex-textured rocks, and one represents a fine-
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grained rock from the upper part of a layered 
flow . These ferropicrites are compared with aver
age compositions of normal and enriched MOREs 

and oceanic alkali basalt as tabulated by Sun and 
McDonough (1989). The patterns of the ferrop i
crites follow most closely that of OIB but the 

w 
>
Ci' 
§1 

100 

~ 10 
Ü 

La Ce Sm Eu Tb Vb Lu 

'00 

'0 

La Ce Nd Sm Eu Gd Tb Oy Ho Er Vb Lu 

'00 

. '0 

$PlNlFEX· ZONE SAMPlES 
FRQM LAYERED LAVA FlOW$ 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu 

Fig. 53. Chondrite-l1ormali zed REE patterns for massive and pillowed ferropicrites and for sampies from the 
spinifex zone of layered lava f1ows. 
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Fig. 54. Primitive mantle narmalized abundance patterns far moderately and highly incompatible e lements for 
felTopicrites , N-type and E-type MOREs and oceanic alka li basalt. MORB and OIB data from Sun and 
McDonough ( 1989) and normali zing values from Sun and McDonough (1989) and McDonough and Frey (1990). 
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Fig. 55. Ni, CI' and MgO contents of ferropicrilic metavolcanites compared with those of komatiitic metavolcanites 
from Munro Township, Canada (literature sources available from the author on request). 
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Fig. 56. Pechenga felTopicrites (dots) on Pd/Ir versus 
Ni/Cu and NilPd versus CulIr discrimination diagrams. 
Fields laken from Barnes and Often (1990). 

level of the latter is somewhat higher. Ferropi
crites clearly deviate from different MORBs in 
being enriched in most incompatible elements and 
depleted in heavy REE. The most striking anom
alies in the ferropicritic patterns are the negative 
peaks at Rb and Sr which are probably conse
quences of the mobi lity of these elements. lf K 
and Ba were added to the diagram, more positive 
and negative anomalies would be seen in the 
spidergram. Considering the immobi le elements, 
HFSE-REE ratios seem to be slightly lower in 
ferropicrites compared with OIB. The most pro
nounced difference is, however, in the re lative 
abundances of phosphorous. For example, the p-

d ratio in ferropicrites is about half that in N
type and E-type MORBs or OIB . Also worth 
mentioning is a sm all posit ive anomaly at vana
dium which is not a surprise when considering the 
high iron content of these rocks. Low Al and high 
V in ferropicrites produce exceptionally low 
Al/V, varying generally between 90-130. These 
values are clearly lower than [hose observed in 
komatiites. In Munro-type komatiites, AUV is 
about 280, i.e., close to the estimated primitive 



mantle value of 287 (McDonough and Frey, 
1989) while in AI-depleted, Barberton-type ko
matiites , this ratio is commonly about 180 (Nes
bitt et al. , 1979). 

The trace element patterns of ferropicrites in 
Fig. 54 clearly explain why ferropicrites plot in 
the tield of alkalic or transitional within-plate ba
salts on many discrimination diagrams, such as 
ThlYb versus TalYb (Hanski and Smolkin, 1989). 
The comparatively low concentration of P20 S in 
ferropicrites in turn accounts for their shift to the 
field of tholeiites on the Ti02 versus Zr/P20 S di
agram (Hanski and Smolkin, 1989). 

In Fig. 55, Ni and MgO contents of ferropi
critic metavolcanites from Pechenga and koma
tiitic metavolcanites from Munro Township are 
compared. The ferropicritic analyses represent 
pillow lavas, massive lavas, and various rock 
types from layered lava flows screened by using 
an upper limit of 5000 ppm for sulfur. At an equi
valent MgO content, ferropicrites appeal' to have 
a higher Ni concentration. The difference would 
be still larger if Mg number were used instead of 
MgO. The situation is reversed with respect to 
chromium; ferropiCIites have a slightly lower Cr 
content at the same MgO level. A consequence is 
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that ferropicrites and Munro-type komatiites sep
arate weil from each other when Ni is plotted 
against Cr (Fig. 55). 

Platinum group elements (PGE) were ana
Iysed for several sampIes of ferropicritic volcanic 
rocks. In this context, only preliminary data are 
presented in the form of two plots designed by 
Sarah-Jane Bames et al. (1988) employing ratios 
of chalcophile and noble metals (Fig. 56). A more 
detailed account will be published elsewhere 
(Brügmann et al., in prep.). Most primitive fer
ropicritic metavolcanites that are plotted on the 
Pd/fr versus Ni/Cu diagram in Fig. 56 aI'e shifted 
to the left of the komatiite field and plot on the 
field of layered intrusions and on the lower edge 
of the field of high-MgO basalts. In the Ni/Pd 
versus Cu/Ir diagram, ferropicrites are located 
again in the field of layered intrusions but plot 
above the field of high-MgO basalts . Figure 56 
demonstrates that with regard to Ni-PGE relation
s, ferropicrites mimic komatiites. The low Pd/Ir 
values indicate little fractionation between plati
num group elements, which is a typical feature of 
primitive magmas. The deviation from the koma
tiite field is primarily a consequence of a higher 
ratio of Cu to Ni and Cu to PGE in ferropicrites. 

Gabbro-wehrlite intrusions 

Major element analyses of various rock types 
from the Pechenga gabbro-wehrlite intrusions 
have been published in several Russian publica
tions. About 300 analyses aI'e included in a col
lection of chemical analyses on basic to ultrabasic 
complexes in the Kola Peninsula (Gorbunov, 
1982). Representative whole rock analyses of 
various rock types from gabbro-wehrlite intru
sions are listed in Table 14 and average composi
tions of ultramafic rocks are shown in Table 15 . 

The maximum MgO content of metaperido
tites reaches about 38% in volatile-free analyses, 
which is relatively low when compared, for 
example, with peridotitic rocks generated from 
komatiitic magmas. According to Zak et al. 

(1982), the average MgO in serpentinized perido
tites is about 33% and in serpentinized olivinites 
35%. In Fig. 57, AI20 3 and Ti02 is plotted against 
MgO for S-poor ultramafic cumulates having 
MgO higher than 20%. Also shown aI'e the com
positional ranges of olivines with FogO.90 ' The 
trends displayed by metaperidotites imply that 
these rocks are mixtures of a ferropicritic liquid 
and olivine with a forsterite content within the 
range stated above. In fact, the X-axis intercepts 
of the trends suggest that the maximum Fo of 
84.2% measured for Pechenga olivines is prob
ably not far from the most magnesian olivine 
composition crystallized in the intrusions. 

The A1 20 r Ti02 ratio remains approximately 
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Table 14. Whole rock analyses of various rock types from gabbro-wehrlite intrusions. 

lntrusion$ 

Si02 
Ti02 
A120 3 
Fe203 
FeO 

Fe°tot 
MnO 
MgO 

CaO 

Na20 

ISO 
P205 
H20 
CO2 
L.O.I. 

Cr 
Ni 
Co 
Sc 
V 
Zr 
Ta 
Nb 
Th 
U 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
y 
S 
Cu 
Sr 
Ba 
Rb 

1 
U 

38.35 
0.69 
2.25 
n .8 . 

n .8 . 

11.94 
0.19 

33.76 
0.84 
0.00 
0.04 
0.09 
n .8 . 

n .8 . 

3.06 

4550 
2290 

167 
14.8 
n .8 . 

n .8 . 
0.41 
n.8. 
0.81 
0.23 

4.4 
n.8. 

0 .8 . 

1.44 
n .8. 

n .8 . 

n.8 . 

n .8. 

n .8 . 

n .8 . 

n .8 . 
n .8 . 
43.9 

8.5 

2 
U 

43.46 
1.54 
5.08 
n.8. 

n.8. 

16.38 
0.23 

27.01 
2.87 
0.00 
0.13 
0.18 
n .8 . 

n.8. 

2.99 

1670 
1120 

119 
22 

n.8. 

n.8. 

1.56 
n.8. 

2.44 
0.75 

20 
42 
23 
6.7 

1.34 
0.52 
0.79 
0.12 
n .8 . 

n .8 . 

n .8. 

n.8. 

107 
8.5 

3 
U 

41.81 
1.51 
4.72 
n.8. 

n .8 . 

16.91 
0.22 

25.18 
4.27 
0.30 
0 .05 
0.16 
n.8. 

n .8. 

3.13 

2970 
1400 

133 
32.1 
n .8 . 

n.8. 
0.80 
n .8 . 

1.18 
0.74 

10 
n .8 . 

n.8. 

3.2 
n .8 . 

n .8 . 
n .8 . 
n .8 . 

n .8. 

n.8. 
n .8. 

n.8. 

73.4 
10 

4 
U 

43.16 
1.46 

5.02 
n.8. 

n.8. 

14.88 
0.17 

23 .29 
5.05 
0.28 
0.01 
0.15 
n .8 . 

n .8 . 

3.34 

2390 
1180 

112 
20.4 
n.8. 

n .8 . 
0.85 
n .8 . 
1.47 
0.54 
10.1 
n .8 . 
n.8. 

3.02 
n .8 . 

n .8 . 

n .8 . 

n .8 . 
n .8 . 

n .8 . 

n .8 . 
n.8. 
46.1 

9 

5 
U 

53.60 
2.23 

14.68 
n.8. 

n .8 . 

11.47 
0.20 
2.27 
6.14 
3.94 

2.10 
0.45 
n .8 . 

n .8 . 

4.17 

63 .6 
49 .3 
26 .3 
17.1 
n .8. 

n .8. 

3.08 
n .8 . 
6.14 
2.25 
45 .5 
n .8 . 
n .8 . 

10.9 
n .8 . 

n.8. 

n.8. 

n .8 . 

n.8 . 

n .8 . 

n .8 . 

0.8. 

878 
44.1 

6 
Ka 

37.58 

1.05 

3.43 
9.15 
9.16 

17.39 
0.17 

28.87 
2.17 

0.00 
0.03 
0.10 
9.38 

n.8. 

n .8 . 

3487 
5160 

179 
20.7 
200 

68 
0.59 
n .8 . 

0.84 
0.18 
7.61 
n .8 . 
n .8. 

2.19 
n.8. 
n .8 . 

n .8. 

n .8 . 

n .8. 
10440 
2919 

34 
31 

6.5 

7 
Ka 

38.45 
1.20 
3.68 

4.68 
11.55 
15.76 

0.18 
27.2'i 

1.03 
0.00 
0.01 
0.11 

10.04 
0.18 
n .8 . 

3477 
1717 

130 
23 .9 
229 

72 
0.78 
n .8 . 

0 .91 
0.20 
7.32 
n .8 . 

n .8 . 

2.38 
n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

2690 
110 
31 
19 

6.3 

constant in oli vine cumulates with a va lue elose 
to that of the parental magma (Fig. 58). The same 
ratio is also observed in whole rock analyses of 
peridotites containing disseminated ore as shown 
in Fig. 58 by the low-A l sampies from the base of 
the ore-bearing Kammikivi sill. In ultramafic cu-

8 
Ka 

34.69 

1.68 

4.68 
6.74 

12.79 
18.85 
0.25 

26.50 
0.89 
0.00 
0.01 
0.16 

10.34 
0.44 
n .8 . 

5061 
2188 

197 
29.5 
322 
115 

0.78 
n .8 . 
1.22 
0.43 
10.4 
n .8 . 

n .8 . 

3.04 
n .8 . 

n .8. 

n .8. 

n .8. 

n .8. 

2810 
156 

59 
20 

8.1 

9 
Ka 

42.89 
1.74 

5.09 
1.60 

10.76 
12.19 
0.18 

15.00 
14.85 
0.08 
0.02 
0.16 
3.23 

n .8 . 

n .8 . 

922 
75 

63 .3 
91.8 
374 
109 

1.03 
n .8 . 

1.26 
0.43 
11.4 
n .8 . 

n .8 . 

4.39 
n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

130 
4 

37 
25 

6.0 

10 
Ka 

44.94 
3.60 

11.85 
2.37 

12.71 
14.84 

0.20 
5.07 

10.08 
3.12 
0.21 
0.35 
2.84 
0.18 
n .8 . 

27 
30 

37.8 
32.7 
553 
250 
1.87 
n .8 . 

2.97 
1.03 
25.5 
n.8. 

n.8. 

7.51 
n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

1740 
o 

389 
167 

10.4 

11 
Ka 

43 .10 
3.57 

12.70 
n .8. 

n .8. 

17.09 
0.25 
4.99 
8.16 
2.69 
0.19 
0.32 
n .8 . 

n .8 . 

3.31 

13 
6 

67 
20.1 
477 
248 
n .8 . 

43 
3 

1.1 
34.3 

80 
39 
8.6 
3.1 
1.3 
2.2 

0.29 
29 

773 
1.4 

145 
127 
21 

12 
NK 

37.27 
0.90 
3.11 
n .8. 

n .8 . 

14.15 
0.17 

29.69 
2.86 
0.00 
0.06 
0.12 
n .8. 

n .8 . 

3.58 

4430 
2380 

153 
18 

n .8 . 

n .8 . 

0.42 
n .8. 

0.69 
0.27 
6.69 
n.8. 

n .8 . 

1.87 
n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

44.8 
9.0 

13 
NK 

49.04 

1.92 

8.16 
n .8 . 

n .8 . 

11.54 
0.18 
9.73 

14.52 
1.57 
0.21 
0.13 
n .8 . 

n .8 . 

1.63 

189 
213 

57.8 
77.4 
n .8 . 

n .8 . 

0.60 
n .8. 

0.99 
0.48 
10.4 

25 
19.6 

6.4 
2.2 

0.75 
1.28 
0.1 

n .8 . 

n .8 . 

n .8 . 

n .8. 

190 
9.3 

14 
NK 

37.84 

3.25 
9.52 
n.8. 

n .8. 

16.95 
0.23 

8.69 
16.01 

1.01 
0.04 
0.35 

n .8 . 

n.8 . 

3.26 

242 
149 

68.9 
45.1 
n .8 . 

n .8 . 

1.43 
n .8 . 

2.24 
0.92 
21.4 
n.8 . 

n .8 . 

6.57 
n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8. 

n .8. 

n .8 . 

n.8. 

43.2 
7.8 

15 
Or 

39.85 

0.84 

2.89 
n .8 . 

n .8 . 

15.37 

0.19 
33.48 

2.83 
0.00 
0.16 
0.10 
n .8 . 

n .8 . 

3.69 

4660 
2540 

151 
17 

n .8 . 

n .8 . 

0.42 
n .8 . 

0.78 
0.28 
6.45 
n.8. 

n .8. 

1.75 
n .8. 

n .8 . 

n·.8 . 

n .8 . 

n .8 . 

n .8. 

n .8 . 

n .8 . 

42.4 
9.5 

mulates, olivine- incompatible elements in general 
show ratios si milar to those observed in fen'opi 
critic metavolcanites as demonstrated by the 
chondrite-nOImalized REE patterns in Fig. 59. In 
pyroxenites, REE profi les from La to Sm are fl at. 
This is consistent with the low crystal/liquid parti-



Table 14. (Continued) 

16 
Intrusion$ Or 

Si02 
Ti02 
Al20 3 
Fe203 
FeO 
FeOtot 
MnO 
MgO 

CaO 

Na20 

K:!0 
P20 5 
H20 
CO2 
L.O.I. 

Cr 
Ni 
Co 
Sc 
v 
Zr 
Ta 
Nb 
Tb 
U 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
y 
S 
Cu 
Sr 
Ba 
Rb 

36.72 

0 .82 
2.68 

n .8 . 

n .8. 

15.40 

0.20 

30.46 
2.83 

0.10 
0.26 
0.22 

n .8. 

n .8. 

4.00 

3500 
1500 

140 
11 

130 
50 

0.46 
n.8. 

0.83 
0.15 

5.6 
13 

7 
1.4 
0.5 
0 .3 
0.4 

0 .06 
8 

n .8 . 

490 
20 
70 

n.8. 

n.8 . = not analysed 

17 
Or 

36.31 
0.96 
2.74 
n.8. 

n ,8 . 

16.50 

0.21 

28.92 
2.06 

0.00 
0.09 
0.10 
n .8 . 

n ,8 . 

2.86 

4580 
1690 

146 
15.2 
D .8. 

n .a . 
0.56 
n.a. 
0.81 
0.43 

6.3 
16.7 
11 .5 

2.2 
0 .73 
0 .38 
0.54 
0 .08 
n .a. 
n .8 . 
n .8. 

n .a . 
31.5 

8.7 

18 
Or 

19 
Pi 

40.62 37.16 
3.18 0.74 

4.80 2.14 
n .8. n.8. 

n .8. n .8 . 

14.99 17.02 

0.18 0 .20 
10.80 33.87 

14.58 2.35 

0.46 0.19 

0.01 0.11 
0.17 0 .06 

0 .8. n .8. 

n .8 . n .8 . 

2.97 n.a. 

570 
142 
105 

90.2 
n .a. 
n .a . 

0.97 
n.a. 
1.38 
0.95 
14.1 
n .a. 
n .a . 

4.75 
n .8. 
n .a . 
n .8 . 

n.8 . 

n .8 . 

n.a. 
n .8 . 

n .a . 
70.1 

4.6 

4039 
2140 

n ,8 . 

12.8 
119 

38.5 
n ,8 . 

7.1 
3.1 
3.3 

n,8 . 

n .8. 

n .8. 

n .8. 

n .8 . 

n .8 . 

n .8 . 

n ,8. 

3.8 
4460 

431 
25.4 
32.5 

6.6 

20 
Pi 

37.62 

0.64 
2.29 
n.8. 

n .8 . 

16.54 

0.20 

33.30 

2.13 

0.10 

0.12 
0.05 
n.8. 

n .8 . 

n,8. 

4122 
1748 
n.8. 

16.6 
126 

47.5 
n.8. 

8.9 
3.1 
2.5 

n .8. 
n,8. 

n .8 . 

n .8. 

n.8. 
n ,8. 

n .8 . 

n.8. 

3.4 
3280 

303 
35.0 
34.1 
7.9 

21 
Pi 

36.08 

0.66 
2.56 
n ,8. 

n .8 . 

18.14 

0.21 

31.03 

2.98 

0 .14 

0 .22 
0.04 

n .8 . 

n.8. 

n.8. 

3774 
2480 
n,8. 

14.4 
132 

49.1 
n.8. 

8.5 
3.2 
2.6 

n.8 . 

n.8. 

n.8 . 

n .8. 

n.8. 

n .8. 
n ,8 . 

n.8. 

3.0 
11000 

875 
73.4 
63 .5 
11.8 

• = major element analyses taken from Smolkin (991). 

36.81 

0.81 
2.97 
5.12 

13.26 
17.86 

0.19 

30.05 

2.02 
0.14 

0 .31 
0.05 

6.53 
0.13 
n.8. 

4826 
1414 

170 
13.6 
n .8. 

n.8. 

0.22 
n .8. 

0.68 
0.19 
4.41 

11.24 
5.75 
1.65 
0.48 
0.24 
0.48 
0.06 
n.8. 

3900 
170 
n .8 . 

43.7 
9.1 

36.74 

0.86 

2.69 
7.45 

11.51 

18.21 

0.23 

28.86 

2.60 

0.17 

0.29 
0.06 
7.42 

0.11 
n.8. 

4768 
1635 

168 
15.0 
n.8. 

n .8. 

0.28 
n.8. 

0.60 
0.11 
5.36 

13.16 
7.66 
2.00 
0 .58 
0 .28 
0.52 
0.07 
n .8 . 

2900 
120 
n .8 . 

41 .3 
11.5 
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41.23 

4.88 

5.40 
7.93 

11.25 

18.38 

0.20 

10.31 

15.37 

0.36 

0.17 
0.03 

2.13 

0.12 
n.8. 

501 
159 

65.9 
61.1 
n.8 . 

n .8 . 

0.44 
n .8. 

0.59 
0.30 
6.59 

15.45 
12.28 

3.70 
1.28 
0.49 
0 .93 
0.13 
n .8 . 

4400 
230 
n.8 . 

21 .6 
6.0 

41.32 

3.68 

7.28 
5.38 

12.06 
16.90 

0.14 

9.82 

15.71 

0.96 

0.07 
0.51 
1.96 

0 .20 
n.8. 

270 
67 .2 
72 .9 
64 .0 
n,8. 

n .8 . 

0.38 
n.8. 

0.62 
0.26 
6.21 

13.90 
10.17 

3.38 
1.15 
0.55 
0.77 
0.12 
n .8. 

7900 
D.8 . 

n .8 . 

44 .7 
3.1 

42 .42 

3.12 
13.34 
5.07 

10.79 
15.35 

0.18 
6.97 

11.85 

1.94 
0.50 
0.07 
3.12 

0 .04 
n.8. 

50.0 
77.8 
82.5 
41.0 
n .8. 
n,8. 

0.92 
D.8. 

1.76 
0.44 

11.23 
25.91 
14.01 

4.05 
1.56 
0.55 
1.10 
0.15 
n .8 . 

1700 
200 
n .8. 

90.9 
26.9 

43 .73 

4.93 
13.49 

2.62 
12.02 
14.38 

0.17 

5.71 

9.52 
2.72 

1.33 
0.09 
3.44 

0.23 
n,8. 

15.2 
65.8 
41.7 
30.3 
n .8. 

n.8. 

1.02 
n,8. 
1.44 
0.34 

10.97 
25.55 
13.11 

4.00 
1.45 
0.49 
0.84 
0.13 
n .8 . 

n .8 . 

30 
n .8. 

297 
45.0 

45.48 

4.08 
12.93 
4.84 

10.38 
14.73 

0.12 

5.13 

11 .26 

2.93 

0.24 
0.15 
2.01 
0.14 

n.8. 

22.8 
71 .7 
56.9 
38.1 
n .8. 

n .8. 

1.00 
n.8. 
1.52 
0.36 

12.43 
30.82 
17.71 

4.58 
1.68 
0.66 
1.46 
0.22 
n ,8 . 

2000 
n .8. 

n.8. 

74.3 
11 .0 

29 
Pi 

47.86 
3.20 

14.32 
n .8. 

n .8. 

13.31 

0.18 
3.79 

7.38 

3.56 

1.60 
0.33 
n .8. 

n .8 . 

3.80 

32.4 
38.7 
40.2 
37.8 
n .8. 

n .8. 

2.72 
n.8. 

3.58 
1.9 

29 .5 
n .8. 

n .8 . 

7.77 
n.a. 
n .8 . 

n .8. 

n .8. 

n .8. 

n .8. 
n.8. 

n.8. 

331 
24.2 

30· 
Pi 

52.80 

1.50 
13.68 

2.27 
9.15 

11.19 

0.19 
1.99 

4.94 

4.45 

2.76 
0.45 
3 .17 
2.33 
n.8. 

24.7 
o 

16.5 
12.6 
n.8. 

n.8. 

2.70 
n.8. 

7.61 
1.63 

56.71 
128.1 
58.52 
12.89 

3.72 
1.51 
3.34 
0.45 
n.8. 

n .8. 

n.8. 

n .8. 

619 
72.5 

$ = U, Kaula-Kammikivi region, exact location unknown; Ka, Kammikivi, NK = Northern Kotaelvaara; Or, Ortoaivi; Pi, Pilgujärvi. 
Rock types (protolitbs): 
1-4, 6-8, 12, 15-23, peridotites; 9, 13-14, pyroxenites; 5, 24-30, gabbros; 10-11, quench gabbros. 
SampIes: 
I , 9F; 2, 3395-UJ-1935; 3 , 3410-UJ-1935; 4 , 3434-UJ-1935; 5, 2616-UJ-1935; 6 , PetIJ33.1O; 7, Pet1l15.35; 8 , PetIJ20.35; 9, PetIJ5.4O; 
10, PetIJ1 .00; 11, PetIJO.30; 12, 700/60 S; 13, 880/90S; 14, 140/160 S; 15; 57.1-HV-28; 16, OA-HV-28; 17, 61.1-HV-28; 18, 62.2-HV-28; 
19, PJ 3B; 20, PJ 3C; 21 , PJ 8; 22, SA-14; 23, SA-4O; 24, SA-22; 25, SA-13; 26, SA-8; 27, SA-19; 28, SA-5; 29, Pilgunjunne 9; 30, SA-3. 

tion coefficient of clinopyroxene for LREE Ce .g., 
Frey et al., 1978). In gabbroic rocks, the REE pat
terns are again straight and LREE-enriched. In 
genera l, no significant Eu anomalies are observed 
in gabbroic rocks. The analysis of the lower 
chilIed margin of the Northern Kotselvaara intru-

sion presented in Fig. 59 displays a REE pattern 
which is typical of ferropicritic volcanic rocks . 

Figures 23, 24, and 28 illustrate variations in 
major and some trace elements across the Pilgu
järvi layered intrusion and the Kammikivi layered 
sill. Table 14 lists geochemical data from these 
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Table 15. Average chemical compositions of ultramafic rocks from gabbro-wehrlite intrusions. 

1 2 3 4 5 6 7 8 9 10 

Si02 36.29 36.96 37.85 35.00 37.20 39.54 39.77 36.40 37.13 39.53 
Ti02 0.79 0.83 1.14 0.67 1.09 1.13 1.34 0.72 0.95 1.35 
Al20 3 3.05 2.97 3.88 2.52 4.14 4.31 3.99 2.46 3.16 4.58 

Fe203 9.16 8.42 7.25 
FeO 7.41 8.58 8.84 

Fe°tot 17.05 15.51 15.54 16.71 16.51 14.94 16.20 15.65 16.15 15.36 
MnO 0.20 0.19 0.19 0.19 0.18 0 .17 0.18 0.20 0.20 0.19 
MgO 29.48 29 .51 26.50 30.39 24.54 25.34 25.54 32.09 28.20 23 .02 
CaO 2.85 2.63 3.35 0.19 2.73 2.69 2.15 1.82 2.65 5.13 
Na20 0.14 0.09 0.09 0.17 0.09 0.09 0.09 0.10 0.10 0.13 

~O 0.22 0.11 0.07 0.13 0.08 0.08 0.04 0 .11 0.11 0.09 
Cr203 0.51 0.50 0.40 
NiO 0.36 0.28 0.36 
H20 8.00 9.00 6.24 

n* 124 102 19 23 31 23 17 51 42 19 

* numher of analyses 
1,2,3, serpentiLized peridotites from ore-bearing, potentially ore-bearing, and barren intrusions, 
respectively; 4, serpentinized olivinites from ore-bearing intrusions; 5,6,7, chlorite-talc-serpentine 
rocks from ore-hearing, potentially ore-bearing, and barren intrusions, respectively; 8, serpentinized 
pyroxene-hearing olivinites; 9, serpentinized peridotites (wehrlites); 10, serpentine-chlorite-talc rocks. 
1-7 taken from Zak et al. (1982), 8-10 from Smolkin (1991). 

Table 16. Correlation matrix of olivine- and sulfide-incompatible element abundances in 26 sam pies from 
the Kammikivi ore-bearing sill. 

Al20 3 Ti02 P205 V Zr La Sm Ta Th 

Ti02 0.973 
P20 5 0.975 0.967 
V 0.940 0.926 0.876 
Zr 0.981 0.982 0.991 0.897 
La 0.964 0.966 0.980 0.881 0.986 
Sm 0.981 0.986 0.968 0.933 0.982 0.975 
Ta 0.948 0.968 0.968 0.854 0.973 0.971 0.972 
Th 0.950 0.927 0.972 0.844 0.968 0.962 0.945 0.961 
U 0.914 0.878 0.903 0.848 0.913 0.915 0.899 0.893 0.948 
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bodies. The behavior of different components in 
the Pilgujärvi section reflects weil the crystal
lization of the cumulus phases (cf. Fig. 23). AI
kalies and si lica are strongly enriched in the last 
differentiates elose to the roof. lron emichment in 
the residual magma was prevented by the early 
appearance of titanomagnetite as a cumulus 
phase. In this respect, the differentiation of the 
Pilgujärvi intrusion is more akin to the evolution 
of a calc-alkaline magma than a tholeiitic magma. 
However, the general features of the ferropicritic 
magma do not favor its classification as calc-al
kaline. Sulfur is concentrated in the lower part of 
the intrusion but it is notewoI1hy that relatively 
sulfur-rich levels are also present in the middle or 
upper part of the intrusion. 

The cross section of the Kammikivi sill in 
core Petl is not complete, for the core begins 
from the gabbroic part (Fig. 28). evertheless, the 
texture of this part of the sill , indicating a high 
cooling rate, suggests that the upper contact was 
not far from the place where drilling was started. 
The general pattern of variation of the compo
nents is reminisccnt of what is observed in thick 
layered lava f10ws and differs from the pattern of 
the Pilgujärvi intrusion. This is not surprising in 
view of the diverse sizes and conditions of crys-

tallization within these two bodies. The Kammi
kjvi sill is dominated by ultramafic rocks which 
attain theil" highest MgO content in the middle 
part of the section. The low CaO content and 
CaO/AI20 3 value in cumulates of the lower half 
of the Kammikivi body are obvious signs of 
marked CaO loss. Also the extremely low alkali 
contents in ultramafic rocks indicate a significant 
migration of alkalies out of the sill. Despite the 
serpentinization processes and the loss of the 
above mentioned components, the immobile ele
ments that are incompatible with the olivine lat
ti ce or are not captured by the sulfide liquid have 
retained their mutual relations unchanged. As 
shown in Table 16, they display highly significant 
correlation coefficients with each other in 26 ana
Iyses from the Petl drill core. The phenomenon is 
reflected in Fig. 28 by the similarity of the curves 
of Ti02 and Sm. 

Sulfides are concentrated at the bottom of the 
sill , forming a layer with a ralher sharp upper 
boundary. Sulfur contents reach values of about 
16% and the maximum nickel and copper con
tents are about 5 wt. %. As was noted in the case 
of the Pilgujärvi intrusion, sulfur abundances may 
also attain significant levels higher up in the sec
lion. 

Parental magma of ferropicritic rocks 

One of the most important goals of igneous 
petrology is to elucidate problems of mantle com
position and evolution as weil as magma genesis. 
For this purpose, it is essential to recognize which 
of the primitive volcanic rocks are primary, 
mantle-derived magmas that have not been modi
fied by crystal fractionation or other processes 
after their segregation from the mantle source. An 
important step in this direction is to identify the 
parental magma composition of a given rock suite 
and to evaluate whether it is representative of a 
primary magma. 

The ferropicritic liquid composition can be es
timated using several di fferent approaches. Direct 

- --- --- - --- - - - - - --

measurements can be made on pillow and 
massive lavas, spinifex-textured rocks, and 
chilIed margin sam pIes from layered lava f10ws 
and intrusions. A hypothetical liquid composition 
can be obtained by calculating weighted average 
compositions of lava f10ws and intrusions. Each 
of these methods has disadvantages. The presence 
of olivine phenocrysts in pillow lavas and 
massive lavas could cause an overestimation of 
the MgO content and an underestimation of the 
contents of olivine-incompatible elements. lntra
telluric olivine phenocrysts may be also present in 
chi lied margin sampIes. Alteration by seawater or 
metamorphism may produce complications in the 
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Table 17. Lower chilled margin and weighted average compositions of gabbro-wehrlite intrusions (calculated to 
100 % on an anhydrous basis, Fe2+ and Fe3+ adjusted as Fe2+ =0.9Fetot). 

2 3 4 5 6 7 8 9 

Si02 45.07 41.69 44.26 44.69 45 .04 44.84 43.73 43.25 44.36 
Ti02 2.05 2.70 2.85 1.95 2.07 3.08 1.88 1.43 2.04 
Al20 3 7.50 10.26 9.56 6.48 7.19 10.23 6.53 6.72 6.87 

Fe203 1.85 1.92 1.66 1.94 1.86 1.86 1.97 1.77 1.90 
FeO 15.00 15.53 13.44 15.69 15.07 15.02 15.92 14.33 15.41 
MnO 0.21 0.29 0.25 0.18 0.23 0.27 0.23 0.15 0.20 
MgO 17.75 16.98 18.79 19.40 18.63 13.01 21.06 22.97 20.62 
CaO 9.13 9.28 8.32 8.62 8.94 8.23 6.84 7.51 6.92 
Na20 0.71 0.55 0.19 0.17 0.27 2.19 0.96 1.34 0.92 

~O 0.06 0.09 0.05 0.02 0.09 0.79 0.45 0.23 0.39 
P20 5 0.20 0.26 0.29 0.19 0.19 0.21 n.a . 0.03 n.a. 

Cr203 0.26 0.26 0.24 0.41 0.28 0.16 0.27 0.26 0.22 
NiO 0.21 0.18 0.09 0.25 0.15 0.10 0.17 n.a. 0.15 

Mg# 0.679 0.661 0.714 0.688 0.688 0.607 0.702 0.741 0.705 
Fo(O.30) 87.6 86.7 89.3 88.0 88.0 83.7 88.7 90.5 88.8 
Fo(0.33) 86.5 85.5 88.3 87.0 87 .0 82.4 87.7 89.7 87.8 

n.a . = not analysed. 
Mg # is atomic Mg/(Mg+Fe2+), Fo(O.30) and Fo(O.33) are calculated equilibrium olivine 
compositions obtained using Kn values 0 .30 and 0 .33, respectively. 
1, pyroxenite from lower marginal zone, Pilgujärvi intrusion, sampIe SA-49 (Smolkin, 1977); 2, pyroxenite from 
lower marginal zone, Pilgujärvi intrusion, sampIe SA-48 (Smolkin, 1977); 3, pyroxenite from lower marginal zone, 
Northern Kotselvaara intrusion, sampIe SA-243 (Smolkin, 1991); 4, pyroxenite from lower marginal zone, Northern 
Kotselvaara intrusion, sampIe SA-245 (Smolkin, 1991); 5, average of 23 lower chilIed zone sampIes from the Kaula, 
Kotselvaara, Mirona, Kierdzhipori, Raisoaivi, Pilgujärvi, Lammas and Onki intrusions (Smolkin, 1991); 6, weighted 
average composition of the Pilgujärvi intrusion (Smolkin, 1977); 7, weighted average composition of the Pechenga 
intrusions (Zhangurov and Predovskii, 1974); 8, weighted average composition of the Pechenga intrusions (Smolkin, 
1974); 9, weighted average composition of the Pechenga intrusions (Rabinovich, 1978). 

interpretation of rock compositions. This is par
ticularly true for chilJed margin sampies which 
may have reacted with country rocks, either dur
ing emplacement or at a later, postcrystallization 
stage through metasomatic processes. Contact 
zones are apt to deform as shear zones during tec
tonic movements and serve as channels for meta
somatic fluids. Owing to these processes, lower 
chilled margins of many intrusions at Pechenga 
are not preserved or do not correspond chemically 
to the primary composition of the rock. When cal
culating a weighted average composition, the pro
portions of each rock type should be known and 
therefore drill cores should provide the best ma
terial. Even if a representative section were avail-

able in this respect, there is still some uncertainty 
in how closely the calculated composition would 
match the liquid composition. This stems from 
the fact that during emplacement, the magma may 
have carried an extra component of olivine phe
nocrysts or the flow or the intrusion may have not 
behaved as a closed system but as a channel 
through which magma flowed and continuously 
precipitated olivine crystals and, in some cases, 
segregated sulfide droplets. For example, the sec
tion along core Petl across the Kammikivi 
layered sill (excluding the ore zone) shows a 
weighted average MgO content of 26.6% which is 
excessive when compared with the most likely 
ferropicritic parental liquid composition. 
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Table 18. Compositions of selected rock types and weighted averages of layered ferropicritic flows 
(calculated to 100 % on an anhydrous basis, Fe2+ and Fe3+ adjusted as Fe2+ =0.9Fetot)· 

1 2 3 4 5 6 7 8 

Si02 47 .44 46.45 48.83 49.81 46.03 46.45 46.94 44.93 

Ti02 2.21 2.29 2.86 3.35 2.27 2.29 1.98 2.31 

Al20 3 9.58 10.14 9.68 12.18 7.69 10.14 8.19 6.39 

Fe203 1.57 1.72 1.64 1.78 1.67 1.72 1.67 1.75 

FeO 12.69 13.91 13.31 14.40 13.51 13.91 13.53 14.15 
MnO 0 .19 0.20 0.19 0.19 0.21 0.20 0.19 0.20 
MgO 13.98 14.80 9.04 5.89 17.42 14.80 17.35 19.90 

CaO 10.19 8.62 11.40 9.35 10.52 8.62 8.48 9.47 

Na20 0 .80 0.40 2.61 2.65 0.17 0.40 1.06 0.40 

ISO 0.93 1.03 0.09 0.13 0.07 1.03 0.08 0.07 
P20 S 0.21 0.21 0.29 0.26 0.24 0.21 0.22 0.22 

Cr203 0.15 0.16 0.07 0.00 0.10 0.16 0.21 0.10 
NiO 0.08 0.08 0.00 0.01 0.10 0.08 0.11 0.11 

Mg# 0.663 0.655 0.548 0.422 0.697 0.655 0.696 0.715 
Fo(0.30) 86.7 86.3 SO.l 70.8 88.5 86.3 88.4 89.3 
Fo(0.33 85.6 85.2 78.6 68.8 87.4 85.2 87.4 88.4 

Mg # is atomic Mg/(Mg+Fe2+), Fo(O.30) and Fo(O.33) are calculated equilibrium olivine compositions 
obtained using Kn values 0.30 and 0 .33, respectively. 
Rock types and samples: 
1-2, randomly oriented olivine spinifex-textured rock, S-VII410.0, S-VII412.7, Shuljärvi; 3, 
pyroxene spinifex-textured rock, S-3R1731.4, Kaula; 4, Parallel olivine spinifex-textured rock, 
S-2986-A, Kierdzhipori; 5 , average of 4 lower chilled margin samples (Sharkov and Smolkin, 1989); 
6, weighted average composition of the Shuljärvi flow; 7, weighted average composition of the 
Kierdzhipori flow; 8, weighted average composition of the Lammas flow (Sharkov and Smolkin, 1989). 

In spite of the uncertainties considered above, 
some constraints can be placed on the ferropi
critic liquid composition. Table 17 lists measured 
chi li ed margin compositions and calculated 
weighted average compositions of intrusions re
ported previously in the literature. They have 
been normalized to 100% on a volatile-free basis 
assuming Fe2+J(Fe2+ +Fe3+)=0.9. Also shown are 
Mg numbers rMgJ(Mg+Fe2+)] and equilibrium 
olivine compositions calculated by using the oli
vine-liquid equilibria (Roeder and Emslie, 1970). 
Two sets of olivine compositions are listed based 
on the Fe-Mg exchange coefficients (KD) of 0.30 
and 0.33, respectively. Table 18 shows similarly 
processed data for spinifex-textured sampies, chili 

zone sampies, and weighted averages of layered 
lava flows. 

lf the Kammikivi sill is excluded, the MgO 
content in the weighted average compositions of 
intrusions varies between 14.6-23.0% while the 
range for the lower chili zone sampies is between 
13.5-20.0%. One analysis of the upper chi li zone 
from the Pilgujärvi intrusion is availab le, and 
shows an MgO content of 14.3%. The analyses of 
the lower chili zone of layered lava flows and 
their weighted average compositions have a rela
tively restricled variation in MgO between 17.0-
19.9% (Table 18). One upper chili sampie from 
the Kierdzhipori flow was analysed in this study 
(Table 12, anal. 10). This rock contains many cal-



cite-pyrrhotite filled amygdules and therefore its 
composition may not be truly representative of 
the liquid. The MgO content is 11.6% in the ana
lysis normalized to 100% on an anhydrous basis. 
The most magnesian rock with a randomly 
oriented olivine spinifex texture contains 14.8% 
MgO. 

The forsterite contents of olivines calculated 
from the lower chilIed margin analyses and 
weighted average compositions are in most cases 
higher (up to 90.6%) than that of the most magne
sian olivine (Fo 84.2%) so far encountered at Pe
chenga. The reason for this may be that the most 
magnesian olivine has not yet been discovered in 
the region. However, the analyses of peridotites 
plotted in Fig. 57 suggest that a more probable 
reason for the discrepancy is an overestimate of 
MgO in the analyses due to the effect of intratel
luric olivine grains which were suspended in the 
magma during the emplacement of the magma. 
Petrographical evidence shows that the modal oli
vine content increases rapidly upwards from the 
few millimeter or centimeter wide aphanitic chill 
zone, and therefore it is not always possible to 
avoid the accumulated olivines in sampling. Also 
the analysis from the lower chili sampIe from a 
layered flow in Table 18 indicates a relatively 
large forsterite content between 87.4-88.4% de
pending on the Ko. The randomly oriented olivine 
spinifex sampIes also indicate an olivine compo
sition slightly more magnesian than F084.2. 

The accurate estimation of the MgO content 
of a liquid in equilibrium with FOS4.2 depends on 
several factors. One of these is the assumption of 
the oxidation state of iron which here is taken to 
correspond approximately to the FMQ buffer. 
Other variables which are demonstrated in Fig. 60 
are the iron content of the liquid and the adopted 
Ko value. The variable FeOto t content of rocks at 
a constant MgO content produce changes in Mg 
number and thus a vertical scatter for the trend in 
Fig. 60. Tables 17 and 18 show that rocks with an 
equilibrium olivine composition approaching F084 

may have MgO from 13.5% to 17% depending on 
the iron content of the rock. The lower chilIed 
margin analyses from intrusions tend to have 
somewhat higher FeOtot contents than, for 
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Fig. 60. MgO (wt. %) of ferrop icritic rocks plotted 
against Mg number [atomic Mg/(Mg+Fe)] of the same 
rocks and calculated equilibrium olivine composition 
using Ko values of 0.30 and 0 .33. 

example, pillow lavas or massive lavas. This re
sults in a higher MgO content for a liquid in 
equilibrium with a given olivine composition for 
estimates based on chilled margin sampIes. 
Changing Ko from 0.30 to 0.33 causes a dif
ference of about 1.5% in the MgO content of the 
equilibrium liquid or about 1 % in the Fo content 
of the equilibrium olivine (Fig. 60). 

On the basis of the analyses in Tables 17 and 
18, it can be inferred that the minimum MgO of 
the parental ferropicritic magma was about 15% 
MgO. The most reliable evidence in terms of di
reet measurement is provided by the analysis of 
an olivine spinifex samp1e with 14.8% MgO. 
Markedly higher MgO values observed in so me 
weighted average analyses or analyses of lower 
chilled margins are probably a consequence of an 
extra olivine component. The figure of 15% MgO 
agrees weil with analyses of ferropicritic pillow 
lavas, massive lavas, and tuffs (Tables 10 and 11). 
The observed complete gradation of textures from 
olivine porphyritic to randomly oriented olivine 
spinifex without any appreciable change in the 
bulk composition of the rock suggests that most 
pillow and massive lavas c10sely approach the 
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compOSltlOn of the ferropicritic parental magma 
(cL Figures 4, 5, and 9). 

An accurate estimation of the original 
CaOI AI 20 3 value of the felTopiclitic magma is 
not easy to obtain because of the mobile character 
of CaO. The general alteration trend has been loss 
of CaO during serpentinization, amphibolization, 
and albitization. Nevertheless, on the basis of the 
high modal abundance of Ca-rich pyroxene in al
most all rock types, the weighted average compo
sitions of intrusions and layered flows, and 
analyses of the best-preserved metavolcanites, it 
can be concluded that CaO/AI20 3 is higher than I 
in the parental ferropicritic magma. Because of its 
relatively high Ti02 and low AI20 3 content, the 
ferropicritic magma pos ses ses a low Al20 3ITi02 
value, falling between 3-4. This ratio can be used 
as a fingerprint for olivine cumulates fonned by 
ferrapicrite magmas, to distinguish them from 
those derived from komatiitic liquids. 

It is not possible to directly measure the Na20 
and K20 contents of the parental ferropicritic 
magma because, as was deduced earlier, the ubiq
uitously low levels of alkalies in ultramafic fer
ropicrites are an alt i fact of postmagmatic 
alteration processes. The same is true for other 
mobile alkali and alkali earth elements such as 
Rb, Cs , Ba, and Sr. The presence of alkalies in the 
parental magma is demonstrated by the crystal
lization of kaersutitic amphibole and phlogopitic 
rnica both in intrusive and extrusive ferropicritic 
rocks . A rough indirect estimation of alkali con
tents can be made utilizing the best-preserved oli
vine cumulates from intrusions that still contain 
abundant brown interstitial mica and amphibole. 
These rocks have K20/Al20 3 and Na20/Al20 3 
values of about 0.05-0.1 and 0.04-0.06, respec
tively. Given an AI20 3 content of 7-8%, these ra
tios yield values of 0.8% for K20 and 0.5 % for 
Na20 . Bearing in mind the tendency of ultramafic 
rocks to lose alkalies during alteration processes, 
the above mentioned figures probably represent 
the minimum alkali content of the parental 
magma. 

Iron enrichment in a basic to ultrabasic vol
canic rock can be caused by the abundance of oli
vine phenocrysts in a liquid with a more normal 

iron content. Alternatively, if it can be shown that 
the high iron content of a basalt is not a result of 
the presence of intratelluric olivines but is areal 
feature of the liquid, there are several explana
tions for the origin of high FeO. Given a mantle 
source peridotite with a normal Fe-Mg ratio, a ba
salt produced by partial melting of this source 
may assimilate some iran-rich rock like BIF en 
route to or at the slllface and thereby acquire an 
iron-rich composition. Fractional crystallization 
of low-Fe phases including clinopyroxene and 
plagioclase is an effective means of raising the 
iron content of the residual liquid but this option 
can be discarded because olivine was the liquidus 
phase in ferropicrites during eruption. Also oli
vine fractionation at high temperatures results in 
iran enrichment in the residual liquid. Of course, 
the high iran content mayaIso be a primary fea
ture of the parental magma attlibutable either to 
the mantle source composition or conditions of 
partial melting. 

In Fig. 61, ferropicritic rock compositions in 
cation mole proportions are plotted together with 
calculated olivine fractionation curves on an FeO 
vs. MgO diagram. Ninety per cent of the total Fe 
is assumed to be ferrous iron in the ferropicritic 
analyses in this diagram. The olivine fractionation 
curves were computed by subtracting small incre
ments of the equilibrium olivine from the various 
model melt compositions . At each point on the 
fractionation curves, the composition of olivine 
coexisting with the melt is obtained from the in
tercept of the tangent of the curve and the olivine 
compositional line on the right side of the dia
gram. Also shown are lines with constant 
MgO/FeO, the uppermost of which was computed 
using a Ko value of 0.31 . This line represents 
liquids that a1'e in equilibrium with the most mag
nesian olivine encountered in the Pechenga area 
and therefore tangents of the olivine fractionation 
curves along this line praject to F084.2 . Because 
this value is the minimum forsterite content of 
olivine in equilibrium with the parental ferropi
critic liquid, all potential parental magma compo
sitions should locate to the right of this line. As is 
evident from Fig. 61 , this fact confines the MgO 
content of the parental magma to a value higher 



Geological Survey of Finland, Bulletin 367 97 

Pechen ga ferropicrites (dots) 

0.20 

0.15 

FeO 

0.10 

0.05 

0.00 -F~~-.---,-~10"""_r'15~,.-2~O~~2~5 ~_3...,O_Mg-=--.O...:.(W_t~. %....:)~_~--.-_ _ m:oofO 
0.0 0.2 0.4 0.6 

MgO 

Fig. 61 . FeO against MgO in cation mole proportions for ferropicritic rocks (dots) 
and the parental magma of the Alexo komatiites (star) (Arndt, 1986b). FeO is 
assumed to be 0.9xFeOtot. Also shown are olivine fractionation paths for various 
magma compositions calculated employing a Ko value of 0.31. Each tick 
represents 5% fractionation with respect to the previous tick. Dashed lines indicate 
FeOlMgO values of liquids in equilibrium with a given olivine composition for 
given Ko (Tangents of olivine fractionation curves along these lines project to 
given olivine composition). 

than 13%. As was pointed out previously, using a 
higher Ko value would shift the line to the right 
and result in a higher MgO content for the liquid. 

Figure 61 demonstrates that it is in principle 
possible to achieve a ferropicritic composition by 
mixing a low MgO liquid and its equilibrium oli 
vines. The high iron content of, for example, 
spinifex textured ferropicrites negates such a pro
cess as a general mechanism for producing iron
rich picrites at Pechenga. The Kd of iron oxide 
between olivine and basic to ultrabasic liquid is 
lower than unity at high temperatures (higher than 
about I 300°C at I atm, Roeder and Emslie, 1970) 
thus making olivine fractionation a potential fac
tor for iron enrichment. From Fig. 61, it can be 
seen that if the high FeO content of the ferropi
critic magma was the result of olivine fraction
ation, a very extensive fractionation process 

7 

would be required. For example, an increase in 
FeO content from 10 to 14 wt. % is equivalent to 
a decrease in MgO content from higher than 32 to 
15 wt. %. The high nickel content of ferropicrites 
is not consistent with such a fractionation scena
rio. 

There is no evidence for contamination of the 
ferropicritic magma by any iron-rich material. If 
the iron enrichment is a result of assimilation of 
some iron-rich rock, the contaminant should have 
had an FeOtot content much higher than that ob
served in ferropicrites, but such rocks, such as for 
example iron fonnations , are absent from the Pe
chenga sequence. In general, the geochemistry of 
ferropicrites inc\uding low Al20/Ti02, Al/V, 
high HFSE/REE, and HFSEffh compared with 
crustal rocks does not pennit extensive amounts 
of assimilation of common sialic crustal rocks. 
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Furthermore, the relatively uniform composition 
of ferropicrites in an area extending at least 250 
km from Pechenga to Imandra Varzuga (Hanski 
and Smolkin, 1989) renders random crustal con
tamination processes unlikely as a mechanism for 
producing such consistently iron-rich picritic 
compositions. 

From the above considerations, it can be con
cluded that the high iron content is an intrinsic 
feature of the ferropicritic parental liquid and 
therefore mantle processes must be invoked to ex
plain it. This question will be addressed further in 
the last part of this study. 

Several criteria have been utilized in the iden
tification of primary magmas (e.g., Frey et al ., 
1978). One widely adopted criterion employs the 
comparison of Mg numbers of presumed primary 
liquid compositions and liquids in equilibrium 
with Group I spinel peridotite xenoliths. The lat
ter are estimated using Fe-Mg liquid-residual oli
vine partitioning data. The Mg number in olivines 
from spinel peridotites generally ranges between 
0.88 and 0.92 (Arai, 1987). Using a KD value of 
0.33 which is appropriate under upper mantle 
conditions (Takahashi and Kushiro, 1983), a ba
saltic liquid derived from the least refractory peri
dotite should have an Mg number of about 0.71. 
Liquids with Mg numbers clearly less than this 
are generally interpreted as derivatives from more 
primitive magmas mainly through (polybaric) oli
vine fractionation (e.g., O' Hara, 1968; Frey et al., 
1978). 

Figure 60 shows that the MgO content of a 

ferropicritic magma should be higher than 18 wt. 
% to satisfy the above mentioned criterion for a 
primary magma. Ferropicrites with an MgO con
tent about 15 wt. % possess Mg numbers less than 
0.68. A standard interpretation would be that 
these rocks represent fractionated liquids that are 
no longer in equilibrium with mantle olivines. 
This is, however, in conflict with the high MgO 
content of ferropicrites. A preferred interpretation 
is, as will be discussed in more detail later, that 
the source of ferrop icrites was more iron-rich than 
normally inferred from upper mantle xenoliths. 

The other criterion for identifying primary 
magmas is the high concentration of compatible 
elements, particularly nickel. Because of olivine' s 
high mineraVliquid partition coefficient for 
nickel, this element is a sensitive indicator of oli
vine fractionation and can be used to identify 
magmas that have undergone very little or no oli
vine removal. For example, Frey et al. (1978) 
noted that basalts having more than 320 ppm Ni 
also fulfill other criteria for primary partial melts 
of peridotites. Figure 55 demonstrates that fer
ropicritic rocks with MgO around 15% commonly 
have nickel contents above thi s level. On the 
other hand, ferropicritic rocks with MgO less than 
10%, including pyroxene spinifex-textured rocks, 
show Ni abundances commonly less than 200 
ppm. This implies that olivine fractionation has 
taken place to reduce the nickel content of the liq
uid, and hence, the parental magma had an MgO 
content higher than 10%. 

Pechenga ferropicrites compared with other primitive magmas 

Hanski and Smolkin (1989) performed a com
parative study of high-magnesian, nonkomatiitic 
metavolcanites in the Kola Peninsula and con
cluded that analogous rocks to those of the Pe
chenga ferropicrites are found in the Torninga 
suite in the Imandra-Varzuga greenstone belt. Pi
crites from the Umba and Panarechka Suites in 
the Imandra-Varzuga belt, minor picrites from the 

Kuetsjärvi Suite in the Pechenga area, and picrites 
from the South Pechenga Series differ from fer
ropicrites in being slightly lower in FeOIOI (com
monly 12-14%), Ti02, and presumably other 
incompatible trace elements. They most closely 
resemble Suisaarian picrites from the Onega re
gion in southern Karelia (Russia) . 

In the following discussion, the Pechenga fer-



ropicrites are compared with pnmltlve magmas 
outside the Kola Peninsula mostly using geo
chemie al data collected from the literature. Figure 
62 shows a MgO vs. Fe0 tot plot for nonkomatiitic 
primitive magma compositions while Fig. 63 
presents the same diagram for compositions 
which have been c1assified as belonging to a ko
matiite suite. FeOtet is the total iron content ex
pressed as FeO in the analysis which is calculated 
to 100% on a volatile-free basis. As was shown in 
Fig. 61, olivine fractionation does not have a dra
matic influence on the iron content of liquid. 
Therefore, reasonable conclusions can be drawn 
from a comparison of the iron contents of rocks 
having widely varying MgO contents, as is the 
case with data in Figures 62 and 63. 

Nonkomatiitic primitive magmas display a 
rather wide range in FeO tot which in some cases 
may even reach values dose to 20% (Fig. 62). In 
most cases, however, the total iron oxide content 
falls below 14%, which was regarded by Hanski 
and Smolkin (1989) as the lowest level for a typi
cal ferropicritic composition. In komatiitic meta
volcanites, Fe0tet is mostly around 11-12% but, 
as discussed below, some high-iron varieties have 
also been reported in the literature. Thus, iron
rich magnesian volcanic rocks like those occur
ring in the Pechenga area represent only a 
minority among the primitive volcanic rocks on 
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Fig. 62. MgO and FeOtet contents (wt. %) of 
nonkomatiitic primitive magmas from the literature. 
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earth, but their occurrence is not restricted to the 
Pechenga area. Representative analyses of iron
rich volcanic rocks from outside the Pechenga 
area are listed in Table 19. In order to evaluate 
how weil the iron-rich sampIes in Figures 62 and 
63 represent the corresponding rock types, histo
grams were constructed for those magma suites 
which contain iron-rich members with Fe0tet in 
excess of 14% (Fig. 64). 

A1though the FeOtet content in alkaline lavas 
is commonly less than 14%, nepheline melilitites 
(Fig. 64A) and basanites (Fig. 64C) contain high 
abundances of iron in some areas, for example in 
Hawaii (Clague and Dalrymple, 1988). This is 
compatible with the suggestion that the mantle 
source of Hawaiian volcanites is relatively iron
rich (Wilkinson, 1985). The Fe0tot contents of 
olivine nephelinites range from 10.0 to 16.3% 
(Fig. 64B). According to Le Bas (1987), the 
world average is 12.8%. As shown in Fig. 64B, 
several iron-rich nephelinites have been reported 
in the literature from, for example, Australia 
(Frey et al., 1978) and Canada (prancis & Lud
den, 1990). 

Meimechites and related high-Mg volcanic 
rocks form an early Mesozoie, primitive, alkaline 
rock suite in the Maymecha-Kotuy Province in 
northern Siberia (Gladkikh et al., 1987). Accord
ing to Sobolev et al. (1991), meimechites or al -
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Fig. 63. MgO and FeOlOt contents (wt. %) of komatiitic 
primitive magmas from the literature. 
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Table 19. lron-rich primitive magmas {rom the literature (major elements normalized to 100% on an anhydrous basis). 

Si02 
Ti02 
Al20 a 
Fe°tot 
MnO 
MgO 

CaO 

Na20 

~O 
P20S 

Mgit 

Cr 
Ni 
Co 
Sc 
V 
Zr 
Ta 
Nb 
Th 
U 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
y 
Sr 
Ba 
Rb 

39.56 
3.40 

10.23 
14.59 

0.22 
14.46 

12.91 
2.58 
1.26 
0.79 

0.663 

475 
290 
n .8. 
n .8 . 
n .8 . 
234 
4.3 
74 

5.2 
n .8. 

59 
92 
39 

9.9 
2.77 

1.2 
n .8 . 
1.4 

0.20 
24 

n .8. 
n .8. 
n.8. 

2 

41.14 
3.24 

10.29 
14.07 

0.20 
14.09 

12.45 
2.82 
1.07 

0 .64 

0.665 

498 
345 
n.8. 
n.8. 
n.8. 
202 
n.8. 

67 
n .8. 
n .8. 
n .8 . 
n.8. 
n.8. 
n .8. 
n .8 . 
n .8. 
n.8 . 
n .8 . 
n .8 . 

24 
n.8. 
n .8. 
n.8. 

3 

43.23 
2.83 

11 .94 
14.16 

0.21 
12.04 

12.04 
2.78 

0.37 
0.40 

0.627 

414 
273 
n.8. 
n.8. 
n.8. 
174 
n.8. 

39 
n .8. 
n.8. 
n.8. 
n.8. 
n .8 . 
n.8. 
n .8 . 
n.8. 
n.8. 
n .8 . 
n.8. 

20 
n.8. 
n.8. 
n.8. 

4 

41.32 
3.61 

10.32 
14.82 

0.19 

12.44 
10.17 
3.88 
1.74 

1.53 

0.624 

385 
312 
54.2 
12.5 
290 
433 
7.4 

105 
n .8. 
n .8 . 
72.7 

139.0 
61.0 

14.85 
4.09 
1.32 

1.2 
1.8 

0.19 
30 

1373 
446 

10 

5 

40.00 
3.43 
9.63 

15.50 

0.20 

14.15 
11.40 

3.04 
1.55 
1.10 

0.644 

410 
366 

66 
18.7 
194 
320 
n .8 . 

97 
6.6 
2.3 

62.2 
140 

57.2 
11.9 
3.9 
1.5 

1.16 
1.42 

0.175 
n .8 . 
n .8 . 
n.8. 
n.8. 

kaline komatiites, as they also called these rocks, 
represent the most magnesian voIcanites found in 
Phanerozoic formations, with liquid compositions 
of up to 29% MgO. These really seem to com
prise a distinct high-Fe rock class, since almost all 
analyses compiled from the literature contain a 
total FeO content greater than 13% with many 
having Fe0tot values around 16% or even higher 
(Fig.64D). 

High-Fe, magnesian voIcanic rocks are found 
in some f100d basalt provinees. Figures 64E and 
64F showanalyses of Karoo picrites from South 
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40.60 
4.00 
4.20 

15.80 
n .a. 

24.50 
9.00 
0.30 
1.10 
0.50 

0.754 

n .8 . 
n .8. 
n .8. 
n .8. 
n .8. 
n.a. 
n .8 . 
n.a. 
n .8 . 
n.8. 
n.8. 
n.8. 
n .8 . 
n .8 . 
n .8. 
n .8 . 
n .8 . 
n .8 . 
n .8 . 
n.8. 
n .8 . 
n.8. 
n .8 . 

7 

40.57 
3.47 
5.86 

17.59 

0.21 
13.20 
16.42 

1.16 

0.93 

0.59 

0.598 

580 
300 

72 
53 

210 
320 
4.8 
100 
n.8. 
n.8. 
120 
210 
n .8. 

12 
3.6 
1.2 

n .8. 
1.8 

0.36 
n.a. 

1880 
840 
39 

8 

50.84 
1.81 

11.88 
14.82 

0.25 

10.88 
7.61 
1.57 
0.17 
0.15 

0.593 

1030 
641 

62.3 
23.1 
267 
122 

0.47 
9.7 

1.34 
n .8 . 
11.8 
26.6 
n .8 . 
3.87 
1.37 
0.57 
n.8. 
1.33 
0.19 
19.2 
183 

50.4 
4.6 

9 

44.55 

4.15 
9.54 

16.03 
0.26 

12.86 
10.24 

1.37 

0.61 
0.40 

0.614 

486.7 
550 
n .8. 
n.8. 
n.8. 
n.8 . 
n .8. 
n .a . 
n .8 . 
n .8. 
n .8 . 
n.8. 
n.8. 
n .8 . 
n .8 . 
n .8 . 
n.8. 
n .8 . 
n.8. 
n .8 . 
n.8. 
n .a . 
n.8. 

10 

46.89 
1.34 
8.83 

14.11 
0.19 

19.69 
7.79 
0.81 
0.22 

0.13 

0.734 

~· n .a . 

~ n.a. 
n .8 . 
n .8 . 
n.a. 
n .8. 
n.8. 
n.8 . 
n .8 . 
n .8 . 
n .8 . 
n .8 . 
n .a. 
n .8. 
n.8. 
n .8 . 
n .8 . 
n .8 . 
n .8. 
n .8 . 
n .8. 
n .8 . 
n .8 . 

11 

39.47 
1.18 

10.34 
14.89 
0.24 

21.73 

11 .81 
0.18 
0.04 
0.11 

0.743 

2081 
1164 
n.8. 
n .8 . 
n.8. 

57 
n.8. 

6 
n .8. 
n.8. 
n .a. 
n.a. 
n .8. 
n .a. 
n.8. 
n.a. 
n .8 . 
n .a. 
n.a. 

16 
199 

32 
4 

12 

49.80 
1.41 

8.61 
14.77 

0.27 

12.32 
10.46 
2.09 
0.18 
0.13 

0.620 

1065 
364 
69.1 
39.1 
220 
130 

0.53 
n.a. 
2.25 
0.91 
5.55 
n.8. 
n .8 . 
3.27 
n .8 . 
n.a . 
n.8 . 
n .a. 

0.22 
n .8 . 

45 
92 
11 

Africa and Deecan picrites from India. Iron-rich 
varietes occur in these areas (Dunean et al., 1984; 
Beane and Hooper, 1988), but as is ev ident from 
the histograms, they constitute only rare excep
tions in these rock suites. High-iron picrites are 
more characteristic of the Norilsk f100d basalt 
provinee in Siberia. As is evident from Fig. 64H, 
the FeO tot eontent of the picrites from the Norilsk 
area displays a wide range from less than 10% up 
to 16%. A closer examination reveals that there 
are differenees between different stratigraphie 
units in the area. The total FeO content in picrites 
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Si02 
Ti02 
Al203 
Fe°tot 
MnO 
MgO 

CaO 

Na20 

ISO 
P20 S 

Mg# 

Cr 
Ni 
Co 
Sc 
V 
Zr 
Ta 
Nn 
Tb 
U 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
Yb 
Lu 
Y 
Sr 
Ba 

13 

45.89 

2.66 
7.52 

16.93 
0.17 

18.35 
7.85 
0.13 
0.12 
0.39 

0.682 

n .8. 
n .8. 
n .a . 
n .8 . 
n .8. 

n .8. 

n .8. 
n .8. 

n .a. 
n .a . 
n .8 . 

n .8. 
n.8 . 

n .8 . 
n .8. 

n .8. 

n .8 . 

n .8 . 

n .8. 

n .8. 
n .8. 
n .8 . 

14 

46.75 
1.77 

9.71 
15.25 
0.18 

16.11 

8.77 
1.07 
0.21 

0.18 

0.677 

1120 
573 

84.6 
40.6 
310 
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1.38 
n .8 . 
1.77 
0.48 
17.1 
n .8 . 
n.8. 

4.4 
n .8 . 

n .8 . 

n .8 . 

n .8 . 

.355 
n.8 . 

n.8 . 

n.8 . 

15 

46.12 

1.01 
10.28 
14.95 
0.25 

13.06 

12 .22 
1.98 

0.08 
0.06 

0.634 

1130 
315 
75.7 
53.2 
320 

60 
0.124 

n.8. 

0.158 
0.07 
5.39 
n .8 . 

n .8 . 

2.33 
n .8 . 

n .8. 

n .8 . 

n .8 . 

0.239 
n .8. 

n.8. 

n .8 . 

16 

45.58 
0.85 
7.71 

15.10 
0.43 

23.51 
5.79 
0 .82 
0.14 

0 .06 

0.755 

2090 
1060 
72.6 
30.4 
200 

50 
.174 
n.8. 

.268 
0.15 
1.52 
n .8. 

n .8 . 
1.71 
n .8. 
n.8. 

n .8 . 

n .8 . 

.311 
n .8 . 

n .8 . 
n .8 . 

17 

43.58 

1.52 
11.59 
15.02 
0.18 

18.71 

8.20 
0.95 

0.12 
0.14 

0.712 

n .8 . 

n.8. 

n .8 . 
n .8 . 
n .8 . 

n.8. 

n .8 . 

n .8 . 

n .a . 
n .8 . 
6.7 
14 

11.2 
3.1 

1.03 
n .8 . 
0.31 

1.3 
0.25 
n .8 . 
n.8. 
n.8. 

18 

48.07 
1.19 

8.96 

14.31 
0.31 

13.32 
12.36 

1.12 

0.21 
0.16 

0.648 

1750 
751 
136 
n .8. 

278 
67 

0.25 
n.8. 

n .8. 

n .8 . 

n .a . 
n .8 . 

n .a . 
n .8. 

n .8. 

n .8 . 

n .8 . 
n .8 . 

n .8 . 
15 

n .8 . 
n .8. 

n .a .= not analysed. 
Mg # is atomie Mg/(Mg+Fe2+ ) ealculated assuming Fe2+ =0.9*Fetot. 
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n .8 . 
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n .8 . 

n .8 . 
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n .8 . 
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n .8 . 

n.8 . 

4 
67 
40 

23 

44.88 

1.74 
5.23 

17.29 
0.31 

19.67 
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0.34 
0.51 

0.18 

0.693 

1820 
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n .8 . 
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n .8. 
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n .8. 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

n .8 . 

10 
n .8 . 

n .8 . 

24 

45.35 

1.15 
6.58 

18.67 
0.21 

14.00 
13.17 
0.56 
0.22 
0.09 

0.598 

1270 
1100 

90 
n .8 . 
180 

20 
n .8 . 

20 
n.a. 
n .a . 
n .a . 
n .8. 

n .8 . 
n.8. 
n .8. 
n .8 . 
n .a . 
n .8 . 

n .8 . 

10 
n.8 . 

n .8 . 

1, Nepheline melilitite, Hawaü (Clague and Dalrymple, 1988); 2, nephelinite, Hawaii (Clague and Dalrymple,1988); 
3, basanite, Hawaii (Clague and Dalrymple, 1988); 4, olivine nephelinite, Yukon, Canada (Franeis and Ludden, 1990); 
5 , olivine nephelinite, Victoria, Australia (Frey et al., 1978); 6 , meimechite, Maymecha Kotuy, Siberia (Sobolev and 
Slutskii, 1984); 7 , olivine melilitite, Maymecha Kotuy, Siberia (Gladkikh, 1991); 8, Keweenawan pierite, Ontario (Klewin 
and Berg, 1991); 9, Morongovsky pierite, Norilsk, Siberia (Fedorenko and Dyuzhikov, 1981); 10, Gudchikhinsky picrite, 
Norilsk, Siberia (Fedorenko and Dyuzhikov, 1981); 11, Scecofennian pierite, Uusimaa, Finland (Peltonen, 1990); 12, ehilled 
margin of dike from gabbro-wehrlite association, Kubmo, Finland (this study); 13, pierite from the Oskol Group, the 
Ukraine (Krestin and Yudina, 1988); 14, picrite, Sattasvaara area, Finnish Lapland (this study); 15-16, komatiitic basalt 
and komatüte, Sattasvaara area, Finnish Lapland (this study); 17, komatüte, Karasjok, northern Norway (Krill et al., 
1985); 18, komatiitie basalt, Barberton Mountain Land, South Mriea (Jahn et al. , 1982); 19, komatüte, Ventersdoi-p Group, 
South Afriea (Melver et al. , 1982); 20, amphibolite (komatütie basalt), Kolar Schist Belt, India (Rajamani et al., 1985); 
21, basaltie komatiite, Minnesota (Green and Schulz, 1977); 22, basal border pyroxenite of the Boston Creek Flow, 
northeastern Ontario (Stone et al., 1987); 23, average of pyroclastie komatütes of the Dismal Ashrock, northwestern 
Ontario (Schaefer and Morton, 1991); 24, average of green komatütie pyroclasties, Grassy Portage Bay area, northwestern 
Ontario (Schaefer and Morton, 1991). 
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from the Triassic Tuklonsky Suite is everywhere 
less than 12%, in MgO-rich volcanic rocks from 
the Permian Gudchikhinsky Suite commonly 
more than 12%, and in picrites [rom the Triassic 
Morongovsky Suite generaJly higher than 13% 
(Fedorenko, 1983). In the latter two suites, FeOtot 
exceeds 14% in many cases. 

Some Fe-rich picrites have also been do
cumented from the base of the middle Proterozoic 
sequence of the Keweenawan flood basalts (Fig. 
64G) (Klewin and Berg, 1991). Of the three 
sampIes with FeOlOt higher than 14% in Fig. 64G, 
two possess relatively low Ti02 «1%) and only 
one has the high Ti02 (1.8%) typical of iron-rich 
volcanites. This feature, coupled with a rather 
large spread in FeOtOl' render the significance of 
the published Fe-rich analyses unclear. 

Figure 641 presents FeOtot analyses of high-Ti 
picrites from the Romeral zone ophiolite in the 
southwestern Colombian Andes (Spadea et al., 
1989). So me of them show elevated total iron 
contents but most have an FeOtot content less than 
13.5%. The variation is too large to be explained 
by simple petrogenetic processes, and therefore 
their significance is difficult to assess. 

In Fig. 641, analyses of Svecofennian picritic 
metavolcanites from South Finland are displayed 
(Peltonen, 1990; Schreurs et al., 1986). They 
co me from three separate areas, each of which 
contain iron-rich varieties as weil as those with a 
normal iron oxide level of less than 12%. Thus, 
the available scarce analytical data do not reveal 
any consistent patterns and the iron content of 
these rocks needs further examination. 

The Suisaarian picrites are Ludicovian (early 
Proterozoic) picrites in the Onega region, south
ern Karelia (Russia) and have commonly been 
correlated with the Pechenga ferropicritic rocks in 
stratigraphic schemes. As wa mentioned pre
viously, Hanski and Smolkin (1989) showed that 
these two picritic rock types have slight but sig
nificant differences in their chernical composi
tion. This is also evident in Fig. 64K which 
presents data for the Suisaarian picrites. Only in 
some exceptional cases does FeOtot exceed 14%, 
mostly being within the range of I 1.5-13.0% 
(e.g. , Kulikov, 1988). 
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2.2-Ga-old gabbro-wehrlite intrusions occur 
widely in eastem and northem Finland as sills and 
dikes in 1atulian metasediments and in the under
Iying Archean basement. On the basis of analyses 
of chi lied margins and incompatible element ra
tios of olivine cumulates, Hanski (1986) con
cluded that the parental magma of these 
intrusions is close to the Suisaarian picrite type. 
According to Fig. 64L, FeOtot in the parental 
magma of these intrusions is close to 14%. 

Krestin and Yudina (1988) have studied early 
Proterozoic picritic metavolcanites from the Uk
rainian Shield. These rocks are found in the Eka
terinovskaya Formation of the Oskol Group in the 
Tim-Yastrebovo graben-syncline. lt is interesting 
that they occur in the upper part of a sequence 
comprising quartzites, carbonate rocks, carbona
ceous pelitic metasediments, and picritic-tho
leiitic metavolcanites, i.e. , in a tectonic setting 
reminiscent of that of the Pechenga ferropicrites. 
Compositionally, the Oskol metavolcanites are 
real ferropicrites, for in all analyses published by 
Krestin and Yudina (1988), FeOtot exceeds 14.5% 
(Fig.64M). 

Over the past eigth years, a large amount of 
geochemical data has been coJlected on early Pro
terozoic volcanic rocks occurring in Finnish La
pland within the framework of the Lapland 
Volcanite Project (Lehtonen, 1989). One result is 
the recognition of an association of two types of 
ultramafic metavolcanites in the Sattasvaara area 
in Central Lapland, i.e., LREE-enriched, high-Ti 
varieties classified as picrites and LREE-depleted, 
low-Ti varieties classified as komatiites. The dis
tribution of FeOtot in the Sattasvaara komatiites 
and picrites is illustrated in Figures 64N and 640, 
respectively. Most of the picritic sam pIes have an 
FeOtot content higher than 14% and high-Fe types 
also occur arnong the komatiites. Iron enrichment 
in the Sattasvaara komatiites appears to be 
coupled with enrichment in Ti02, since these ko
matiites possess higher Ti02 contents than typical 
Munro-type komatiites, as will be demonstrated 
later. 

Figure 64P shows a histogram for analyses of 
MgO-rich metavolcanites from the Karasjok 
greenstone in northern Norway . This belt is a 
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northerly continuation of the CentraI Lapland 
greenstone belt which accounts for the similarity 
of the magnesian metavolcanites in the Karasjok 
and Sattasvaara areas. Barnes and Often (1990) 
called the Karasjok rocks Ti-rich komatiites. The 
Ti02 content in these rocks is higher than in typi
cal komatiites but it varies within wide limits. No 
distinction between picritic and komatiitic va
rieties has been applied to these rocks, and there
fore, Fig 64P includes data from both types. Most 
commonly FeO tot va1ues range between 1l.5-
13.0% but Fe-rich sampIes are also found among 
both relatively low-Ti and high-Ti types. 

Analyses of komatiitic rocks from the c1assi
cal komatiite area, the Barberton Mountain Land 
in South Africa are plotted in Fig. 64Q. A large 
spread is evident with the bulk of the analyses 
having FeO tot between 9.5-12.0%. There exists a 
disÜnct subpopulation of low-Mg komatiites with 
FeOlOt c1ustering toward the 14% boundary. 
These rocks, reported by lahn et al. (1982) and 
Glikson (1979), occur in the Sandspruit Forma
tion and differ from other komatiitic metavolca
nites from Barberton in being higher in Ti02 at an 
equivalent MgO content. Limited geochemical 
data published by McIver et al. (1982) for 
younger komatiites occurring in lhe ventersdorp 
Supergroup in South Africa is shown in Fig. 64R. 
The authors give two analyses of iron-rich koma
tiites (FeO lOt 14.8% and 15 .0%). These sampIes 
have higher Ti02 than komatiites in general at an 
equivalent MgO level. However, their signifi
cance is unclear owing to an unexpected strong 
positive correlation between MgO and FeO to t in 
the rock suite while Ti02 remains approximately 
constant (see Fig. 5.3 in McIver et al., 1982). 

Evidence for the existence of Fe-rich koma
tiites in India is given in Rajamani et a1. (1985). 
These rocks are situated in the Kolar schist belt 
and are about 2.7 Ga old. Their FeO to t contents 
range between 12-16%, but the majority of the 
analyses plot between 13 and 15%. These magne
sian metavolcanites are not ordinary komatiites, 
because those rocks having high FeO lOt (> 14%) 
also possess abnormally high Ti02 contents (1.2-
1.5%). A few analyses of iron-rich komatiites 
have also been published by Jahn et al. (1982) 

from the Holenarsipur area. 
So-called iron-rich basaltic komatiites have 

been described by Green and Schulz (1977) from 
the verrnilion district in Minnesota. The publish
ed analyses represent magnesian basalts and 
layered sills from a 2.7-Ga-old greenstone belt 
and amphibolites from an older gneiss terrain (3.6 
Ga). These rocks form a chemically heterogenous 
group. As is shown in Fig. 64T, FeO to t varies 
within wide limits. This concerns all rock types: 
flows 10.8-16.9%, chi lied margins and bulk ana
Iyses of sills 11.6-14.7%, and amphibolites 12.9-
16.5%. Besides having a higher FeOto t content, 
most of the Minnesota rocks show a somewhat 
elevated Ti02 content when compared with typi
cal komatiitic basalts. 

Further examples of rock types described as 
komatiites but typically possessing high iron con
tents are found in the Archean Abitibi greenstone 
belt in Ontario. Stone et al. (1987) have studied a 
single, thick, layered basaltic komatiite lava f10w 
in the Boston Township area. FeO lO t attains high 
values of between 16.1-18.4% in the spinifex and 
basal pyroxenite sam pIes from this Boston Creek 
Flow (Fig. 64U). Schaefer and Morton (1991) 
have recently documented two occurrences of ex
ceptionally iron-rich komatiitic pyroclastic rock 
units in northwestern Ontario (Fig. 64v). Both the 
Boston Creek F10w and the komatiite units from 
northwestern Ontario are also rich in Ti02. 

Apart from the ferropicrites described by 
Krestin and Yudina (1988) , there are also occur
rences of Fe-rich komatiites in the Ukrainian 
Shield. These occur in the Kosivtsevskaya green
stone belt as layered lava flows (Bobrov and Ma
Iyuk, 1991). Analyses of spinifex-textured rocks 
suggest that the FeO to t content of the parental 
magma was slightly higher than 14%. It is signifi
cant that, in contrast to most other so-ca lied high
Fe komatiites, the Kosivtsevskaya komatiites are 
low in Ti02 «0.50%). 

The above considerations attest to the fact that 
Fe-rich magmas have erupted on the earth ' s sur
face over a time period covering most of the 
earth's history, i.e., at least from the late Archean 
to the Quaternary. Lower Proterozoic, Fe-rich 
primitive magmas are wide-spread in the northem 
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Fig. 65. [Ti021 plotted against FeOlOl (wt. %) for primitive magma suites. [Ti021 is 
Ti02 corrected for olivine fractionation and accumulation and is calculated as [Ti021 = 
TiOz/(2/3 - MgO - FeO) in mole proportions (see Appendix I). Black dots are 
Pechenga ferropicrites. Fields: Ba=Barberton komatiites, Mu=Munro komatiites, 
Go=Gorgona komatiites, Mi=Minnesota Fe-rich basaltic komatiites, Bo=Boston 
Township Fe-rich basaltic komatiites, Tu=Tuklonsky picrites (Norilsk), 
Gu=Gudchikhinsky picrites (Norilsk), Mo=Morongovsky picrites (Norilsk), 
Kk=komatiites from Kolar Schist Belt (India), Ka=Karasjok komatiites (northern 
Norway), Gw=parental magma of gabbro-wehrlite intrusions (Finland), 
Sk=Sattasvaara komatiites (Finnish Lapland), Sp=Sattasvaara picrites, Su=Suisaarian 
picrites (Russian Karelia), Ha=Hawaiian piclites, Me=meimechites (Siberia), 
Os=Oskol picrites (Ukraine), On=Fe-rich komatiites from northwestern Ontario. 

part of the Fennoscandian Shield and they are 
also found in the Ukrainian Shield. It is also evi
dent from the rock types considered above that 
low silica activity is a typical feature of many Fe
rich magma suites. This is consistent with the ob
servation that the addition of FeO contracts the 
primary phase field of olivine, resulting in the 
lowering of the silica content of a liquid at an iso-

baric invariant melting point (Herzberg, 1992). 
In contrast to FeO, the abundance of Al 20 3 

and Ti02 in a volcanic rock is strongly affected 
by olivine fractionation or the presence of phe
nocrystal olivine. To eliminate the effects of these 
processes, the Al20 3 and Ti02 contents are recal
culated by projecting the rock compositions from 
the olivine composition. This is done by comput-
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Fig. 66. [Ti02l against [Ah03l for primitive magma suites. ITi02] and [Ah031 are 
Ti02 and Ah03 corrected for olivine fractionation and accumulation and are calculated 
as [Ti02l = Ti02/(2/3 - MgO - FeO) and [Ah03] = AIz03/(2/3 - MgO - FeO) (mol. 
prop.) (see Appendix I). Black dots represent Pechenga ferropicrites. Abbreviations for 
the fjelds same as in Fig. 65. 

ing the functions [AI20 3] = AI20i(2/3 - MgO -
FeOIOI) and [Ti02] = Ti02/(2/3 - MgO - FeOIOI) in 
molecular proportions (see Appendix I). For si m
plicity, all iron is taken as ferrous. The use of the 
above mentioned functions also makes the com
parison of AI 20 3 or Ti02 between rocks with va
rying iron contents more meaningful than if the 
comparison were made by considering these com
ponents solely as a function of MgO. In Fig. 65, 

lTi02] is plotted against FeOtot (wt. %) for 
various magma suites. In terms of iron and Ti02 

enrichment, the Pechenga ferropicrites most 
c10sely resemble some analyses of the Oskol pi
crites from Ukraine and the so-called Fe-rich ko
matiites from northwestern Ontario. A positive 
correlation between [Ti02] and FeOlO l is observed 
in most individual rock suites. There are, how
ever, large differences in the relations between 



these components . The Ti02 enrichment is wea
kest in the Minnesota and Boston Township ko
matiites, intermediate in the Pechenga 
ferropicrites, Oskol picrites, and komatiites from 
northwestern Ontario, and most pronounced in 
meimechites and the Morongovsky piclites from 
Siberia. 

The relationship between [AI20 3] and [Ti02] 

in various picrites and komatiites is explored in 
Fig. 66. This diagram permits a direct evaluation 
as to whether a difference in A120/fi02 is re
lated to a variation in the abundance of Al20 3 or 
that of Ti02. Also it can be seen that despite simi
lar Al20/fi02 values, the AI20 3 and Ti02 con
tents may differ between separate magma suites. 
The similarity between the Oskol and Pechenga 
picrites and the komatiites from northwestern On
tario is again highlighted in Fig. 66. This figure 
also shows that even though the most AI-depleted 
volcanic rocks belong to the Barberton-type ko
matiites, many other rock types, including fer
ropicrites from Pechenga plot, in terms of their 
[AI20 3] values, within the range of the Barberton 
komatiites. 

As a final point, the REE chemistry of the Pe
chenga ferropicrites and other primitive magmas 
will be briefly reviewed. On the basis of the data 
files collected in this work (Fig. 62-63), some 
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generalizations can be made concerning the REE, 
Ti02, and FeOtOl contents of primitive magmas. 
Many iron-rich magma suites are also enriched in 
LREE over HREE, but LREE-enrichment may 
occur in other suites without concomitant eJe
vated iron contents. High La/Yb values and 
moderately high Ti02 contents have been 
measured even in rock types low in iron such as 
high-Mg ultrapotassic rocks (Foley and Ven
turelli, 1989). Primitive magmas with low Ti02 
may be enriched or depleted in LREE but those 
with elevated Ti02 contents invariably have high 
REE contents and sloping chondrite-normalized 
REE patterns. The enrichment of LREE and 
MREE over HREE appears to correlate more 
strongly with Ti02 than FeOtoP since among high
Fe rock suites, this enrichment is most pro
nounced in those rocks having highest Ti02 
contents. At the [Ti02] level of the Pechenga fer
ropicrites, primitive magmas generally show 
(LREE/MREE) >I and (MREEIHREE)N >2.5. 
With regard to the average [Ti02] of 0.057 and 
(SmlYb)N of 4.5, the Pechenga ferropicrites most 
c10sely resemble certain basanites. It should be 
added that REE da ta are lacking for the Oskol pi
crites and the komatiites from northwestern On ta
rio which in other respects mimic the Pechenga 
ferropicrites. 

Ore deposits 

A detailed study of the geochemistry of ore 
deposits is beyond the scope of this paper. Only a 
short review is given on the salient features of the 
different ore types and some new data on trace 
chalcophile elements are presented. In their re
view on the geochemistry of the Pechen ga Ni-Cu 
deposits, Zak et al. (1982) published statistical 
parameters, such as variation coefficients, corre
lations, and ratios, of the Ni and Cu di stribution in 
various ore deposits and ore types but absolute 
concentrations for Cu and Ni were not given . In 
fact, bulk rock analyses of ore sampIes from Pe
chenga have rarely been tabulated in the lit-

erature. Table 20 shows examples of chemical 
data on disseminated ore from the Kammikivi de
posit analysed in this study and massive and brec
cia ores taken from Gorbunov (1968) . 

According to Gorbunov et al. (1985b), the Ni 
concentrations in deposits hosted by metaperido
tites range from 1 wt. % in low-grade dissemi
nated ore to 6 wt. % in densely disseminated ore. 
Ni attains values up to 10-12 wt. % in massive 
and breccia ores. Mineralized phyllites contain 
from traces up to 2 wt. % Ni . In massive ores, the 
Cu content ranges from less than 1 to 13 wt. % 
while high-grade disseminated and breccia ores 
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Table 20. Whole rock analyses of disseminated (#1-3), breccia (#4-6), and massive Ni-Cu ores (#7-8). 

1 2 3 4 5 6 7 8 

Fe 29.91 33.37 34.41 44.20 47.41 30.75 55.18 50.76 

S 10.94 12.36 13.46 32.70 32.75 16.25 36.56 31.61 
Ni 3.73 4.66 5.07 2.54 5.37 2.53 4.64 5.41 
Cu 1.20 1.55 2.03 0.39 2.04 4.01 1.32 10.00 
Co 0.06 0.07 0.07 0.07 0.12 0.08 0.07 0.12 
Si02 22 .90 18.92 17.54 14.61 9.22 20.24 0.99 0.46 
Ti02 0.39 0.37 0.31 0.59 0.41 0.19 0.00 0.00 
Al20 3 1.27 1.16 1.05 1.02 1.56 5.51 2.14 0.00 
MnO 0.17 0.17 0.18 0.04 0.05 0.17 0.00 0.00 
MgO 20.14 17.02 15.44 n .d . 3.82 11.68 0.08 0.11 
CaO 0.12 0.12 0.10 0.75 4.96 0.71 0.44 0.14 

Na20 O.oq 0.00 0.00 0.00 0.10 0.00 

ISO 0.00 0.00 0.00 0.00 0.00 0.00 
P20 5 0.04 0.03 0.03 0.00 0.00 0.00 0.16 0.00 
H20 n .a . 6.03 5.55 0.35 0.30 0.13 0.08 0.10 

1-3, Kammikivi sill (sampies Petl/41.55, Petl/42.75, Petl/44.00>; 4-8 taken from Gi>rbunov (1968). 

have on average 4-6 wt. % Cu. In low-grade dis
seminated ores, the Cu content is tenths of aper 
cent. The most Cu-rich ore type is represented by 
mineralized phyllites which contain up to 10 wt. 
% Cu . Cobalt values are highest in massive ores 
where they may attain 0.25 wt. %. 

Gorbunov et al. (l985b) and Zak et al. (1982) 
emphasize the large variations within each ore 
type. i and Cu behave most coherently in dis
seminated ores in peridotites and serpentinites. In 
these ores, Ni/Cu varies slightly in different de
posits, falling between 1.75-2 .86 with an average 
value close to 2 (Zak et al., 1982). The relat ively 
high abundance of Cu compared to Ni clearly 
separates ferropicrite-related Ni deposits [rom 
those generated from komatiite magmas. The lat
ter are typicall y poor in copper (Naldrett, 1989b). 
According to Gorbunov et al. (1985b) , the aver
age ratios of nickel, copper, and cobalt in various 
Ni-ore types at Pechenga are: 

I) Disseminated ore 55:24: 1 
2) Breccia ore 56:22: I 
3) Massive ore 48:19: I 
4) Ore in phyllite 47:48 : I 

Yakovlev et al. (1968) have published a great 
number of Se and S analyses for various ore types 
from Pechenga. In this study, these were sup
plemented by Se, Te, and S ana lyses for some ore 
sampIes as weil as S-poor sam pIes including peri
dotites and gabbros from intrusions, rock types 
from layered flows , unfractionated ferropicrites, 
and S-rich phyllites. 

The highest Se contents are measured in rocks 
rich in sulfur but there is a large variation of the 
Se content in each ore type (Fig. 67). It follows 
that the Se/S value is predominantly controlled by 
the Se abundance of the rock. The Se-S ratio 
varies between 40-280x lO·6 in massive ores and 
20-160x I 0.6 in breccia ores. Disseminated ores 
which are expected to most reliably represent 
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Table 21. Meta! concentrations and sulfur isotope compositions in phyllites and separated sulfides. 

Sampie Rock! Location /)34S S Se Te AB Zn Mo Ni Cu Co 
Mineral (wt. %) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

Kotsel3 Phyllite Kotselvaara n .a. 20.2 0.03 0.08 349 611 58 236 362 24 
Kotsel4 Phyllite Kotselvaara n .a. 20.2 0.02 0.09 361 629 59 228 311 33 
Kotsel5 Phyllite Kotselvaara n .a . 3.59 0.11 0.01 7 192 4 136 150 40 
Kotsel6 Phyllite Kotselvaara n .a . 3.30 0.11 0.01 2 196 6 126 128 39 
Kotsel7 Phyllite Kotselvaara n.a. 6.50 0.24 0.02 25 181 7 192 198 69 
Pet1l47.5O Phyllite Kammikivi n ,a . n.a. 96 0.11 32 49 6 125 1740 30 
Petll48.4O Phyllite Kammikivi n.a. 0.88 1.22 0.14 34 51 3 103 714 30 
Kv-l2A Pyrite Kotselvaara 15.3 n.a. 0.26 0.40 707 437 13 456 513 1030 
Kv-12B Pyrite Kotselvaara 15.3 n.a. 0.29 0.41 717 351 10 407 438 875 
Kv-13A Pyrrhotite Kotselvaara 11.2 n.a. 3.82 0.02 72 303 17 983 390 232 
Kv-13B Pyrrhotite Kotselvaara 11.9 n.a. 4.92 0.04 65 381 16 877 361 213 
Kv-14 Pyrite Kotselvaara 12.2 n.a. n .a. n.a. n.a. n.a . n .a. n.a. n .S . n .a . 

n.a. = not analysed. 
Sulfur isotope compositions determined by J . Tammenmaa at the Laboratory of Ingeneering Geology and Geophysics of the 
Institute of Technology, Espoo, Finland. 

magmatic Se/S values, also exhibit a considerable 
spread in Se/S, varying between 35-275x 1 0-6 

(Fig. 67). In general, Se/S does not have any 
correlation with Ni/(Ni+Cu). 

The cosmic Se/S value is about 300xlO-6 (An
ders and Grevesse, 1989). Data on mantle nodules 
indicate that the pristine upper mantle has a Se/S 
value close to that in chondrites. Parti al melting 
appears to deplete the mantle residue more in Se 
than S resulting in a decrease in Se/S (Morgan, 
1986). Thus a primary magma generated fro m a 
depleted mantle can have a Se/S value consider
ably less than 300x IO-6. According to Thompson 
and Naldrett ( 1984), the minimum magmatic 
value is approximately 100x 10-6. From Fi g. 67, it 
is evident that most of the disseminated ore 
sampIes possess a Se/S value higher than 
100x I0-6

. 

Tellurium behaves in a fashion similar to that 
of selenium. As shown in Fig. 67, there is a large 
spread in Te abundances over a Iimited range of 
S, resulting in large variations in T e/S. In di s
seminated ores, this ratio is mostl y between 20-
60xlO-6, encompassing the chondritic ratio of 
37x lO-6 (Anders and Grevesse, 1989). Massive 
and breccia ores are rich in Se relative to Te com
pared with disseminated ores. In the ore sampIes 
analysed fo r Te, thi s element shows good correla
tion with Pd, indicating that Pd mostl y resides in 

---------- - - - - - - - - - -

tellurides. Arsenic concentrations were deter
mined for some disseminated ore sampIes. In all 
of these sampies, the As content is very low (1.6-
29 ppm), resulting in very high SelAs and T el As 
(Fig.68). 

S-lich phyllite sampIes (3 .8-22.4% S) were 
analysed fro m the Kotselvaara area (Table 21). 
They have low concentrations of Se « 0.25 ppm) 
and Te «0. 1 ppm) compared with Ni-Cu ores 
(Fig. 67) and therefore these phyllites di splay ex
tremely low values of Se/S and T e/S (Se/S 0.07-
3.28x I 0-6

, T e/S 0.28-0.38x I 0-6
). Analyses of 

pyrite and pyrrhotite separates show that Se and 
Te are selecti vely concentrated in these mineral s; 
pyrite is relatively rich in Te (about 0.4 ppm) and 
low in Se (0 .26-0.29 ppm) while pyrrhotite is ri ch 
in Se (4-5 ppm) and very poor in Te (0.02-0.04 
ppm). Two S-poor siltstone sam pIes (0.5, 0.9% S) 
from the Kammikivi area were also analysed for 
Se and Te. These components appeared to occur 
in relati vely high concentrations (Se 0.96 and 
1.22 ppm, Te 0. 11 and 0. 14 ppm), resul ting in 
high Se/S and T e/S compared with S-ri ch se
dimentary sampIes. Arsenic contents in phyllites 
are variable bu t may attain values 01' several hun
dred ppm. Arsenic obviously resides in pyrite as 
demonstrated by analyses 01' pyrite separates con
taining more than 700 ppm As (Fig. 68). 
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ISOTOPE GEOCHEMISTRY 

Pb-Pb 

Since the late 1950's, the Pb-Pb isotopic sys
tem has been used in the attempt to solve the age 
and genesis of the Pechenga i-Cu deposits (Vi
nogradov et al., 1959). The most recent studies in
clude those by Pushkarev et al. (1988), Hanski et 
al. (1990), and Abzalov et al. (199Ib). Hanski et 
al. (1990) obtained a Pb-Pb isochron age of 
2004±55 Ma for ferropicritic rocks. Following 
this study, some additional Pb-Pb isotope ana
Iyses for volcanic and intrusive ferropicritic rocks 
as weil as S-rich phyllites have been performed at 
the Geological Survey of Finland in Espoo by M. 
Vaasjoki (for methods, see Vaasjoki , 1989). The 
analytical results together with the earlier meas
urements from Hanski et al. (1990) are listed in 
Table 22. The new sam pies are as folIows. 
Sampie A1083D is an evolved ferropicritic meta
volcanite from the Kotselvaara area. SA-14, SA-
36, and SA-21 represent, respectively, peridotitic, 
pyroxenitic, and gabbroic cumulates from the Pil
gujärvi intrusion. Also two pyrite separates (Kv-
12, Kv-14) and one pyrrhotite separate (Kv-13) 
from S-rich phyllites and one whole rock phyllite 
sampie (KotseI 7) were analysed. 

Figure 69 presents a 207PbP 04Pb vs. 
206PbP04Pb diagram for all the analyses reported 
in Table 22. The data for ferropicritic rocks dis
play a large spread in the isotopic ratios, i.e., 
206pbP04Pb ranges from 17.16 to 39.10 with the 
highest values observed in the gabbroic rocks and 
the apatite from the Pilgujärvi intrusion. Exclud
ing one anomalous sampIe (1684/1) from the ser
pentinized ultramafic part of a layered lava f1ow, 
the ferropicritic metavolcanites together with the 
whole rock sampies and the apatite from the Pil
gujärvi intrusion define a moderately good Pb-Pb 

isochron with an age of 1988±39 Ma. All the ages 
reported in this study are given with a 2cr error. 
Taking the metavolcanite and intrusive sampies 
separately, an age of 1957±24 Ma is obtained far 
the metavolcanites and 1977±48 Ma for the Pil
gujärvi intrusion. These results are in agreement 
with the conclusion drawn earlier by Hanski et al. 
(1990) that the gabbro-wehrlite intrusions and the 
ferropicritic metavolcanites have the same age 
within analytical error. In the 207Pbp04Pb vs. 
206pbP04Pb diagram, the whole rock sam pie of S
rich phyllite and the pyrite fractions lie close to 
the isochron with the pyrrhotite fractions plotting 
somewhat above it. The sedimentary sampies 
show more scatter than the volcanic and intrusive 
sampies. This is understandable because of the 
potential variation in the initial Pb isotopic ratios 
in sedimentary rocks. 

In Fig. 69, the isochron lies clearly below the 
average global lead evolution curve of Stacey and 
Kramer (1975) . This means that far a long period 
before the ferropicritic volcanism, lead evolution 
took place in a reservoir which had aU-Pb ratio 
lower than the ~Iobal average. This is also shown 
by the low /l( 38UP04Pb) values of 7.9-8.0 ob
tained from the ferropicritic data in Fig. 69, as 
calculated from the Canyon Diabio lead using a 
single stage evolution model and To=4570 Ma. 
The initial Pb isotope compositions for ferropi
critic metavolcanites can not be directly measured 
or inferred from Figures 69 and 70. However, 
these initial compositions can be estimated from 
magmatic sulfides generated from ferropicritic 
magma. According to Pushkarev et al. (1978), the 
most primitive sulfide Pb composition has a value 
of about 15.0 for both 207 pbP04Pb and 
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Table 22. Pb isotope data for Pechenga rocks. 

Sampie Rock type! Location Pb U 2°6pbl 207pbl 2°8pbl 
Mineral (ppm) (ppm) 204pb 204Pb 204Pb 

1684/1 01 cumulate Kotselvaara 0.76 0.25 20.639 15.930 43.507 
1684/5 Spinifex zone Kotselvaara 1.42 0.38 22.404 15.954 43.033 
1685a-G Globule Kotselvaara 11.83 1.35 17.984 15.470 37.859 
1685a-M Matrix Kotselvaara 5.58 1.57 21.002 15.813 40.854 
1748/9 Spinifex zone Kotselvaara 6.26 0.52 17.258 15.359 36.926 
1748110 Spinifex zone Kotselvaara 1.72 0.84 33.693 17.346 55.081 
AlO83D Evolved rock Kotselvaara n .a. n .a . 21.217 15.837 41.204 

SA-14 Peridotite Pilgujärvi n .a. n .a . 17.849 15.457 36.821 
SA-36 Pyroxenite Pilgujärvi n .a . n .a . 18.581 15.608 37.103 
SA-21 Gabbro Pilgujärvi n .a . n.a. 39.097 18.051 56.129 
149 Apatite Pilgujärvi n.a. n .a . 37.41 17.88 54.81 

Kotsel7 Phyllite Kotselvaara n.a. n .a . 19.274 15.668 35.555 
Kv-12 Pyrite Kotselvaara n.a. n.a. 16.992 15.413 35.129 
Kv-14 Pyrite Kotselvaara n.a. n.a. 23.974 16.094 35.149 
Kv-13 Pyrrhotite Kotselvaara n.a. n .a. 24.503 16.401 36.295 

n.a. = not analysed. Errors in measured ratios are 0 .15%. 

206 PbP04Pb. 

Also shown in Fig. 69 is the Pb isotopic evol
ution of a model upper crust (!J.2=13), calculated 
according to the two-stage model of Huhma 
(1986). As was noted above, the sedimentary 
sam pies approximately follow the isochron 
defined by the ferropicritic sampIes and hence 
plot c1early below the crustal lead evolution 
curve. This implies that lead in S-rich phyllites 
does not have a major Archean upper crustal 
component. 

In the 208pbP 04Pb vs. 206PbP04Pb diagram, fer
ropicrites are also reasonably weil aligned along a 
line passing through the field of Ni-Cu sulfide 
ores (Fig. 70) . The sampies from the Pilgujärvi 
intrusion appear to be shifted slightly towards the 
right away from the array of the ferropicrites. In 
contrast, mineral and whole rock sam pies from 
phyllites deviate drastically from the ferropicrit ic 
rocks in having low 208pbP04Pb values at the 
same 206pbP04Pb level. The position of phyllites 
in the diagram is consistent with their low 
measured ThIU of between 0.3-1.1. Figure 70 in
dicates a considerable difference in the Th-U ratio 

between the ferropicritic magma and the 
phyllites. The Th-U ratio can be calculated by 
using the following equation: 

where "T is the age of the sampies, m is the slope 
of the regression line in the 208pbP04Pb vs. 
206PbP04Pb diagram, A238=0. 155125xlO-9 y-I, 
and A232=0.049475xlO-9 y-I. ThIU can also be 
calculated for individual sampies if the initial 
208pbP04Pb and 206pbP04Pb value can be esti-
mated, for example, from the associated sulfides 
(Dupre et al. , 1984). For ferropicritic metavolca
nites plotted in Fig. 70 (excluding sampie 
168411), this procedure gives a mean 232Th/238U 
value of 3.84±0.14. This value is lower than the 
value of 4.2 for the Bulk Earth (Allegre et al., 
1986) and indicates a moderately depleted mantle 
source for ferropicrites. In terms of 232ThP 38U, 
the mantle source of ferropicrites was not so ex-
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Fig. 69. 207Pb/ 204Pb vs. 206Pb/ 204Pb diagram for ferropicritic metavolcanites, cumulates and apatite from the 
Pilgujärvi intrusion, and whole rock phyllite and separated sul fides from the productive pile. Model upper crust 
evolution curve taken from Huhma (1987). S&K (1975) designates the average global lead evolution curve of 
Stacey and Kramer (1975). 

tensively depleted as the source of many koma
tiite suites (Allegre et al. , 1986). Allegre et aJ. 
(1986) observed a good negative correlation be
tween 232Th/238U and 147Srnl l 44Nd in komatiites 
from various regions of the earth. This is conceiv
able because Th/U decreases and SmlNd in
creases with the degree of depletion of the source 

8 

mantle. In the 232Th/238U vs. 147Srnl l44Nd diagram 
(not shown), the Pechenga ferropicrites plot con
siderably away from the komatiite trend because 
of the decoupling of the Sm-Nd isotope composi
tion and the REE chemistry in ferrop icrites (see 
below). 
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Sm-Nd 

Hanski et al. (1990) analysed nine sampies for 
Sm-Nd isotopes including whole rocks and clino
pyroxene separates from ferropicritic layered lava 
flows and clinopyroxene and apatite separates 
from the Pilgujärvi intrusion. The data from the 
ferropicrites yielded an age of 1990±60 Ma with 
an initial t Nd value of + 1.6±OA. The clinopy
roxene and apatite fractions from the Pilgujärvi 
intrusion resulted in an indistinguishable age. 
Eight new Sm-Nd isotopic analyses on ferropi-

critic sampies and single analyses on an ultrafel
sie tuff and a tholeiitic lava have been performed 
by H. Huhma at GSF in Espoo. They have been 
listed in Table 23 together with the results from 
Hanski et al. (1990). The analytical techniques 
have been described elsewhere (Huhma, 1986). 

The new sam pies reported in this study are as 
folIows. 1748/3 is a cumulate metaperidotite from 
the base of the Lammas layered lava flow whj1e 
1684/4 is a pyroxenitic cumulate from the rniddle 
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Table 23 . 8m-Nd results for Pechenga rocks. 

8ample Rock! Location 8m Nd 1478m1 143Nd/ 
Mineral (ppm) (ppm) 144Nd l~d 

1684 01 cumulate Kotselvaara 2.99 9.23 0.1962 0.512715±30 
1684/1 01 cumulate Kotselvaara 3.81 18.67 0.1234 0.511746±26 
1684/4 Cpx from 1684/4 Kotselvaara 3.09 13.72 0.1362 0.511896±52 
1684/4 Cpx cumulate Kotselvaara 4.83 20.20 0.1443 0.512024±10 
1684/5 8pinifex zone Kotselvaara 3.12 9.58 0.1968 0.512713±26 
1684/5 Cpx from 1684/5 Kotselvaara 4.65 14.06 0.2001 0.512787±40 
1748/9 8pinifex zone Lammas 6.89 31.84 0.1309 0.511862±25 
1748/6 Cpx cumulate Lammas 4.65 18.73 0.1502 0.512124±21 
1748/3 Olivine cumulate Lammas 3.01 13.60 0.1338 0.511936±12 
8-2986/76.5 8pinifex zone Kierdzhipori 7.51 33.76 0.1346 0.511900±10 
8-3077/322.5 Pillow lava 8huljärvi 5.47 22.00 0.1499 0.512062±10 
8-3R/731.4 8pinifex zone Kaula 7.45 33.90 0.1329 0.511874±10 
PS4 8pinifex zone Kaula 8.77 42.62 0.1243 0.511779±1O 

Petl/1.00 Quench gabbro Kammikivi 9.55 41.36 0.1396 0.511959±10 
8A-41 Cpx from pyroxenite Pilgujärvi 4.50 19.81 0.1373 0.51195O±21 
149 Apatite Pilgujärvi 296 1322 0.1353 0.511947±24 

8-2986/70.0 Tholeiitic lava Kierdzhipori 3.06 9.74 0.1899 0.512719±17 

1825-lA Ultrafelsic tuff Kuorpukas 12.84 67.24 0.1156 0.511576±1O 

Error in 1478m1144Nd is 0.4%. The concentrations were determined from liquid aliquots. 
143Nd/l44Nd ratios normalized to 146Nd/l44Nd=0.7219. 

part of a thick lava flow south of Kaula. PS4 was 
taken from the same area. This sampIe is an 
evolved rock with a parallel olivine spi nifex tex
ture. S-2986/76.5 also represents an evolved fer
ropicritic variant taken from the S-2986 layered 
lava flow (Kierdzhipori). In addition, one clino
pyroxene separate (S-2986/84.1) from the central 
part of same lava flow was analysed. S-3R1741.3 
is a pyroxene spinifex-textured rock from Kaula. 
Petl/1.00 comes from the upper, gabbroic part of 
the Kammikivi sill while S-3077/322.5 represents 
a pillow lava from the Shuljärvi area in the south
ern part of the Pi 19ujärvi Suite. S-2986/70.0 is a 
tholeiitic lava above the ferropicritic S-2986 lava 
f10w from Kierdzhipori . The ultrafelsic tuff 
sampIe 1825-1A has been collected from the Ku
orpukas Mountain area. The sampling sites are 
marked in Fig. 3. The other sampIes li sted in 
Table 23 have been described by Hanski et al. 

(1990). 
The Sm-Nd isotopic results are presented as a 

143Ndl I44Nd vs. 147Srnl l44Nd diagram in Fig. 71. 

The ferropicritic sampIes display a moderately 
good spread in 147Srnl l44Nd from 0.12 to 0.20 by 
virtue of the fractionation effect of clinopyroxene. 
Regression analysis of the data for ferropicritic 
metavolcanites and their minerals, treated as a 
single population, yields an age of I 960±87Ma. 
One of the sampIes, S-3077/322.5, lying some
what below the regression line, belongs to those 
ferropicrites which have exceptionall y flat chond
rite-normalized profiles for LREE (see Fig. 53). 
Although the rare earth elements are generally 
considered to be relatively refractory elements in 
hydrothermal and metamorphic alteration pro
cesses, the anomalous features of sampIe S-
3077/322.5 in both the Sm-Nd isochron diagram 
and the REE diagram can be explained by post-
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crystallization loss of d and other LREE. The 
calculated Nd isotopic evolution line of this 
sampIe transects the lines of the other sam pIes at 
about 1700 Ma (not shown) suggesting that Nd 
loss occurred during a metamorphic event at that 
time. Omitting S-3077/322.5 and two serpentinite 
sampIes (1684/1, 1748/3) from the bottom part of 
layered flows which probably also have disturbed 
Sm-Nd isotope systems, the remaining 12 vol
canic sampies define an isochron with an age of 
1977±53 Ma and an initial 143Nd/ I44Nd value of 
0.510 1512±20xlO-6 corresponding to an ENd value 
of + 1.4±0.4. The two-point isochron of the mine-

ral fractions from the Pilgujärvi intrusion yields a 
slightly higher initial Nd isotope ratio of +2.1 and 
an age of 1969 Ma. The Sm-Nd ages are in excel
lent agreement with the Pb-Pb ages reported 
above. They also concur weil with the minimum 
age of 1970±5 Ma documented by Hanski et al. 
(1990) for a zircon fraction from an ultrafelsic 
tuff. 

The initial E d of + 1.4±0.4 obtained for fer
ropicrites indicate adepleted mantle source with a 
time-averaged Sm-Nd ratio distinctly higher than 
that in chondrites. Tbe depletion was, however, 
not so strong as in a model MORB source mantle 



which would have had an ENd value of about 4-6 
at 2.0 Ga aga (Smith and Ludden, 1989). The 
positive ENd value contrasts with the strong LREE 
enrichment observed in ferropicrites and indicates 
a relatively recent enrichment event in the mantle 
source (Hanski et al., 1990). 

A single Sm-Nd isotope analysis on a tholeiite 
from the Pilgujärvi Suite suggests that these rocks 
have an ENd value of about +3.3 . This value devi
ates dearly from the initial ratio of ferropicrites . 
This provides additional evidence for independent 
mantle sources for the ferropicrites and tholeiites 
of the Pilgujärvi Suite. The Sm-Nd data suggest a 
strongly depleted source mantle for the Kolosjoki 
tholeiites . This is consistent with results obtained 
for other noncontarninated Karelian basaltic rocks 
(Huhma et al. , 1990, Huhma, 1986). 

When the 143Nd/I 44Nd value of 0.511576±10 
measured tor the felsic tuff sam pIe (I 825-1A) is 
corrected to an initial ratio at 1.97 Ga, an ENd 

value of -0.3±OA is obtained. This implies, as
suming a volcanic origin for this rock, that the 
source had a time-integrated Sm/Nd value dose 
to that of chondrites. While bearing in rnind the 
scarcity of data, some condusions can still be 
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drawn from this result. The difference in the in
itial Nd isotope ratios between ultrafelsic tuffs, 
ferropicrites, and tholeiites rules out the possi
bility that the felsic rocks are products of direct 
fractional crystallization of a ferropicritic or tho
leiitic parental magma. It also negates a potential 
genetic link between the felsic rocks and ferropi
crites or thoJeiitic basalts through silicate liquid 
imrniscibility. The source material was unlikely 
to be Archean upper sialic crust which has com
monly developed distinctly negative ENd values 
through time (e.g., Huhma, 1986). The nonfrac
tionated REE character of the source suggests that 
it consisted of some mafic rock type such as am
phibolite. Given the existence of Archean zircons 
and gneiss fragments in the felsic tuffs (Borisov 
and Smolkin, 1992), the source was located most 
probably in the basement· complex below the Pe
chenga supracrustal sequence. Alternatively, fel
sic tuffs could be derived from a Proterozoic 
upper mantle source. In that case, the chernical 
and isotope composition of felsic tuffs indicate, 
respectively, that the liquid evolved through a 
large degree of fractional crystallization and was 
contaminated with crustal material. 

Re-Os 

General features of the Re-Os isotopic 
systematics 

Because the Re-Os isotopic system has only 
recently been applied to terrestrial igneous rocks 
and is unfamiliar to most geologists not actively 
working in the field of isotope geology, it is pru
dent here to present the most pertinent aspects of 
the system and its potential applications. Reviews 
of the Re-Os systematics have recently been pub
lished by Luck (1989) and Shirey (1991). 

Osmium is one of the platinum-group ele
ments and rhenium is situated just before it in the 
periodic table of the elements. The Re-Os isotope 
system is based on the beta decay of 187Re to 
1870S. The most recent experimental determina-

tion of the decay constant (A) of 187Re is that per
formed by Lindner et al. (1989) with a result of 
l.639±O.05 x 10-11

/. This value is somewhat 
higher than their previous experimental estimate 
of 1.59±0.04 x 10-11

/ (Lindner et al., 1986) and 
the value of 1.52±0.04 x 1O-11

y'1 obtained by 
Luck and Allegre (1983) by analysing Re and Os 
isotopes in iron meteorites that have been dated 
precisely by other methods. The half life of 187Re 
is 43 .5 billion years, about ten times the age of 
the earth, thus being dose to the half life of 87Rb. 
The long half life of 187Re enables the Re-Os 
method to be utilized in the dating of rocks rang
ing in age from the generation of the solar system 
to less than 100 Ma (Luck et al. , 1980; Walker et 
al. , 1991b). 
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The decay equation is expressed as 

(1870S/ 1860S)m 

= (187Re/ 1860S)m (eAl _ 1) + (1870s/ 1860s)i 

where m and i denote measured and initial isotope 
ratios, respectively. As for the analogous € par
ameter used in the Sm-Nd systems, the y par
ameter for the Re-Os system is defined as follows 
(Walker et al. , 1989): 

YOs(T) = 
sam le _ 1 

[ 
1870s/ 1860s) ] 

(1870s) 860S)manlle 
x 100. 

yos(T) describes the percentage difference be
tween the Os isotopic compositions of a sam pIe at 
any time (T) and a reference mantle value at that 
time. (1 870s/1 860s)sample is obtained using the Re
Os decay equation as expressed above and the os
mium isotopic ratio of the mantle at any time is 
calculated from the relation: 

187 186 Al ( Os/ OS)manlle = 1.06 - 3.3(e - I), 

where 1.06 and 3.3 are respectively the average 
1870S/1 860S and 187Re/1 860s values of chondrites 

today (Walker et al. , 1989). 
The Re-Os isotope system is not a new 

radioactive decay scheme in studing geological 
objects (Herr et al., 1961), but its employment has 
been difficult until about a decade ago owing to 
technical problems. The application of thermal 
ionization mass spectrometry (TIMS) to the Re
Os system has been severely hindered by the high 
ionization potentials of these elements (Os 8.7 
eV, Re 7.9 eV) coupled with the extremely low 
concentrations of Re and particularly Os in com
mon igneous rocks. In most igneous rocks, os
mium abundances fall below 1 ppb (Morgan and 

Lovering, 1967). 
A major advancement was achieved by l-M. 

Luck and C.l Allegre from the University of 
Pierre and Marie Curie in Paris by employing sec
ondary ion mass spectrometry (SIMS) in Re-Os 
isotope analysis (Luck et al., 1980; Allegre and 
Luck, 1980). Their pioneering studies initiated 
more widespread application of Re-Os isotope 
systematics to ten'estrial and extraterrestrial 
rocks. One of the advantages of the SIMS tech
nique is that it allows direct analysi s by ion 
microprobe of high-Os sam pIes such as PGE 
minerals (Allegre and Luck, 1980; Hart and Kin
loch, 1989). Subsequent progress in Re-Os iso
tope analysis was based on the realization that Re 
and Os can be efficiently ionized when subjected 
to resonance excitation by laser light of an appro
priate wavelength. This led to the development of 
resonance ionization mass spectrometry (RIMS) 
by Walker and Fassett (1986) at the National 
Bureau of Standards (Gaithersburg, Maryland, 
USA). RIMS has proven to be sensitive and pre
cise in measuring silicate rocks with low Re and 
Os abundances and it has been successfully ap
plied to meteorites, komatiites and ultramafic 
xenoliths (Walker and Morgan, 1989; Walker et 
al., 1988, 1989,1991 b). 

The most recent fundamental improvement in 
Re-Os isotope analysis has been the development 
of negative thermal ion mass spectrometry 
(NTIMS) by Creaser et al. (1991) at the Califor
nia Institute of Technology. One of the advant
ages of this technique is that it pennits the use of 
the conventional thermal ionization mass spec
trometer. This equipment is modified by reversing 
the polarities of the magnet to produce negatively 
charged oxides of osmium and rhenium. The 
technique allows detennination of the isotopic ra
tios with aprecision of better than ±2 /00 and the 
optimum detection limit for osmium is below 
10-14 g. The ionization efficiency for Os is also 
superior (2-6%) compared to other techiques, 
such as RIMS which achieves an efficiency of 
about 5x lO-7 (Shirey et al., 1990). Negative ther
mal ion mass spectrometry has now been de
veloped in several laboratories and will probably 
supercede SIMS, RLMS, and other techniques 



previously used in Os isotope analysis, including 
accelerator mass spectrometry (AMS; Fehn et al., 
1986), inductively coupled plasma mass spectro
metry (ICP-MS; Masuda et al., 1986; Russ et al., 
1987), and laser microprobe mass analysis 
(LAMMA; Lindner et al. , 1986). 

Like the other platinum group elements, os
mium and rhenium both possess a strong sidero
phile and chalcophile character and are therefore 
concentrated in metallic phases such as iron me
teorites and magmatic sulfides. Ouring partial 
melting of the mantle, Re is an incompatible ele
ment (0==0.001-0.3) and is concentrated in the 
melt fraction, while Os is compatible to highly 
compatible (0==2-400) and is enriched in mantle 
residues (Walker et al. , 1988, 1989, 1991b). Be
cause of these unique geochemical characteristics, 
rhenium and osmium can provide petrogenetic in
formation which would otherwise be unattainable 
by utilizing the radioactive decay systems of li
thophile elements. 

As with the Rb-Sr or Sm-Nd isotope decay 
schemes, the Re-Os isotope can be employed both 
as a geochronometer and as a petrogenetic tracer. 
Age determinations using the 187 Re/1 870s system 
can be obtained in principle in three different 
ways, namely by directly comparing the absolute 
abundances of 187Re and 1870S in a rhenium-rich 
mineral, constructing an isochron, and ca1culating 
' model ages '. A mineral that is ideal for dating 
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using the first method is molybdenite (Luck and 
Allegre, 1982). Because molybdenite is com
monly rich in rhenium but free of "common" os
mium, osmium in this mineral is purely 
radiogenic and the mineral can be dated in an 
analogous fashion to zircon using U-Pb isotopes. 

Because significant Re/Os fractionation in 
magmatic processes can be caused by metals and 
sulfides as weil as silicates, the systems that are 
potentially capable of being dated by the Re-Os 
isochron method are more numerous than those to 

which other common geochronometers can be ap
plied. The most important processes that can be 
dated include planetary differentiation processes, 
such as the core formation (Luck and Allegre, 
1983; Bennett and Esat, 1991), crystallization of 
basic to ultrabasic magmas as intrusions or lava 
flows (Walker et al. , 1988; Lambert et al. , 1989), 
and various ore forming processes (Horan et al. , 
1991 ). 

A model age can be calculated for a single 
I ·f th ... I 1870 /1860 I b· samp eie Inltla s s va ue can e estl-

mated. By analogy with the T DM model ages used 
in Nd isotopic systematics, Re-Os model ages can 
be ca1culated assuming that the initial ratios fol
lowed the (chondritic) Os isotope evolution of the 
mantle. In such cases, a model age T MA' as 
defined by Luck and Allegre (1984), is obtained 
using the equation: 

TMA == 1,1, X In [ 

187 186 187 186 ] ( Os/ OS)sample - ( Os/ OS)mantle 1 
187 186 187 186 + 

( Re/ OS)sample - ( Re/ OS)manlle 

187 186 where (Os/ OS)mantle==l.06 and 
(I 87Re/1860s)rnantle==3.3. These mantle values are 
average present-day values of carbonaceous 
chondrites after Walker and Morgan (1989). Par
ticularly, rocks with a high Re/Os value such as 
basic vo1canic rocks are promising for model age 
calculations because the higher the 187Re/1860s 
value, the less critical is the accuracy of the in
itial-ratio estimate to the accuracy of an age deter-

mination. The absolute maximum age (T rnax) for a 
sampie can also be ca1culated by extrapolating the 
growth curve back in time until the initial ratio 
decreases down to 0.802, which was the initial 
ratio of meteorites 4.55 Ga ago. 

Figure 72 schematically represents the Os iso
topic evolution lines for a chondritic mantle, a ko
matiitic and basaltic me1t, and the corresponding 
residues produced from this mantle from 30% and 
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10% partial melting 3.5 Ga ago (after Walker et 
al., 1989). The largest deviation from the chond
ritic evolution line in the residue results after a 
high degree of partial melting when all Re is par
titioned into the melt fraction. In this case, as 
shown by the horizontal line in Fig. 72, the dif
ference in 1870S/1860S with respect to the chond
ritic line is only about 8% after an evolution of 
3.5 Ga. In contrast, basic and ultrabasic melts 
with high Re/Os will rapidly attain high 
1870S/1 860S values. This strong fractionation of 

Re and Os during partial melting renders the 
Re/Os isotopic system ideal for studying the evol
ution of the earth's crust and mantle. 

The first estimate of the Os isotope evolution 
of the earth's mantle over geologie time was 
made by Allegre and Luck (1980) by determining 
the 1870S/1 860S of osmiridium alloys of estimated 

age. These minerals are extremely low in Re and 
h h . d 1870 /1 860 .. ence t elr present- ay s s composltlon 
is the same as that at the time of crystallization. 
On an age vs. 1870S/1860S diagram, Allegre and 

Luck (1980) obtained a straight line passing 
through the initial ratio of meteorites. The conclu
sion from this and their later study (Luck and AI
legre, 1991) was that the upper mantle is similar 
to the bulk silicate earth since both have a pres
ent-day 1870S/1 860S value around 1.05-1.06, 
corresponding to an evolution with a 187 Re/1 860s 

value of 3.33. The latter tigure is close to the 
average value of carbonaceous chondrites (Wal
ker and Morgan, 1989). The chondritic Re-Os 
ratio of the bulk mantle is compatible with the 
chondritic noble metal patterns observed in primi
tive mantle xenoliths (e.g. , Jagoutz et al. , 1978). 

As more Os isotope data are obtained, some 
heterogeneity has appeared among mantle
derived materials. Walker et al. (1989) reported 

187 186 . 
low Os/ Os values In the range of 0.905-
1.070 (Yos from -14 to 0) for peridotite xenoliths 
from South Africa, which represent subcontinen
tal lithospheric mantle beneath the old Kaapvaal 
craton. These nonradiogenic compositions are at
tributed to long-term evolution with low Re/Os 
most likely resulting from a depletion due to one 
or more ancient partial melting events and isola
tion from chemical exchange with the underlying 

subl ithospheric mantle. 
Compared to subcontinental mantle, oceanic 

peridotites and MOR basalts have higher 
1870S/1 860S values, ranging between 1.003-1.083 

while ocean island basalts record still higher 
values (1.079-1.174; Martin , 1991 ; Martin et al., 
1991). These results led Martin (1991) to suggest 
that the bulk silicate earth has today's 1870S/1 860S 
value of 1.10 (corresponding to 187 Re/1 860s of 

4.1). This figure is high er than the average for 
analysed carbonaceous chondrites but still falls 
within their range. The lower values of oceanic 
mantle are thought to be due to long-teml Re de
pIetion at least partly related to extraction of con
tinental crust through geological time (Martin et 
al. , 1991). 

It is now weil established that the Os isotope 
evolution of the earth ' s mantle is close to the 
chondritic growth curve and is remarkably homo
geneous compared to the evolution of lithophile 
radioactive systems like Sm-Nd and Rb-Sr. In ad
di tion, large di fferences in geochemical charac
teristics between the above mentioned isotopic 
tracers may lead to decoupling of the Re-Os sys
tem from other isotopic systems. For example, in 
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some mantle xenoliths, kimberlites, and picrites, 
Sm-Nd systematics reveal a long-lived LREE en
richment in their mantle sources whereas Re-Os 
systematics display negative YOs values indicative 
of an ancient melt removal from the mantle (Pear
son et al., 1991; Walker et al., 1989; Ellam et al. , 
1991). Thus, the agent that caused the LREE en
richment in these cases did not have a notable ef
fect on the Re-Os isotopic systematics of the 
mantle. Neither did Reisberg et al. (1991) observe 
any relationship between 1 870s;l 860S and 
143 Nd/ I44Nd in peridotites of the Ronda Ulramafic 
Complex, where arecent metasomatic event has 
strongly affected the Nd isotope systematics but 
has had Iittle effect on the Os isotope systematics. 

The relative inertness of the Re-Os system 
with respect to fluids causing mantle enrichment 
processes, the slow evolution of the 1870s/1 860s 
in the mantle in time, and the high Re/Os in ba
saltic rocks contribute to the assessment that cal
culated model T MA ages of basalts can in many 
cases be reasonably close to their crystallization 
ages, provided the system has remained closed 
after crystallization. It should, however, be re
membered that crusta1 contamination, either by 
assimjlation of sialic material by basalt during as
cent or at the surface or incorporation of recycled 
sediment or oceanic crust back to the mantle, can 
result in considerab1e deviations of the initial 
1870s/1 860s value of basalt with respect to the 
chondritic value. The average upper continental 
crust has a present-day 1870S/1 860S of about 10 
which is ten times rngher than the value in pri
mary melts from the mantle (Maltin et al. , 1991). 

The sensitivity of the Re-Os system for re
f1ecting crustal interactions can be utilized in the 
investigations of layered intrusions and related 
ore deposits. For example, Walker et al. (1991 a) 
obtained a surprising result when studing the Re
Os isotope composition of i-Cu deposits from 
the Sudbury 19neous Complex. They found that 
the major proportion of Os (from 50 to nearly 
100%) and probably other PGE as weil was 
derived from crustal melts. Other studies of large 
layered intrusions, such as the Stillwater and 
Bushveld Complexes, also indicate the involve
ment of a component of radiogeruc osmium from 

Geological Survcy of Finland, Bulletin 367 121 

crustal sources (Lambert et al., 1989; Martin, 
1989; McCandless and Ruiz, 1991; Hart and Kin
loch, 1989; A1Jegre and Luck, 1980). 

Re-Os isotopes in Pechen ga rocks 

Only a few Precambrian volcanic rocks have 
so far been studied using Re-Os isotopic system
atics. Preliminary results on the Pechenga rocks 
were presented in Walker et al. (199Ic). Re-Os 
isotopic analysis have been applied to 18 sampies, 
ten of which are ferropicritic voJcanic rocks. The 
remaining eight sampies were taken from the ore
bearing Kammikivi layered sill (Table 24). 
Sampies 1748/3, S-3077/322.5, S-2986/76.5, S-
3R1731.4, Petl/1.00 have also been analysed for 
Sm-Nd and are described in the con'esponding 
section. Four of the Kammikjvi sampies 
(Petl/43.95, Petl/45.05, Pet2/25.65, Pet2/27.70) 
are disseminated Ni-Cu ores from the basal part 
of the sill. Pet2125.65 is a sulfide concentration of 
an ore sampie from which gangue mjnerals, con
sisting mainly of chlorite, were eliminated using 
heavy liquids. Sampies Petl/25.66 and 
Petl/33.10 represent the olivine cumulate and 
Petl/5.40 the pyroxene cumulate part of the sill 
(see Fig. 28). Pet 1/33.1 0 have a weak sulfide dis
semination resulting in a relatively high S content 
of 1.2%. VoJcaruc sampies come from four differ
ent areas. Sampie series 1748 and S-2986 exem
plify various rock types from two layered lava 
f1ow, the former occurring in the Lake Lammas 
area and the latter in the Kierdzhjpori area (see 
Figures 6 and 73). Samp1es 1748/9, 1748/8A, and 
S-2986/76.0 were collected from the spinifex 
zone of the f10ws while 1748/6 and S-2986/84.1 
represent pyroxene cumulates in the middle part 
and S-2986/93.5 an olivine cumulate in the Iower 
part of the flows. 

Re and Os isotopic compositions were deter
mined by R. Walker at the National Institute of 
Standards (Gaitherburg, Maryland) using reso
nance ionization mass spectrometry (RIMS) 
(Walker and Fassen, 1986). Rhenium and os
mium concentrations were measured by isotope 
d'l' . 185R d 19°0 'k B f I utlon uSll1g e an s Spl es. eore ana-
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lysis, Re and Os were separated following HCI
HF-H2S04-ethanol digestion by distillation for Os 
and solvent extraction for Re, a technique specifi
cally developed by Walker (1988) for use with 
RIMS. Uncertainties for Re and Os concentra
tions and Os isotopic ratios are gene rally between 
1-4% (20), primarily limited by counting statis
tics (Walker and Fassett, 1986). The rhenium and 
osmium concentrations and 187Re/1 860s and 
1870 sl' 860 s values are listed in Table 24. 

In accordance with the behavior of so-called 
iridium PGEs, Os is most abundant in olivine cu
mulates (up to 2.54 ppb) and sulfide ores (2.33-
23.4 ppb). In evolved rocks, the Os concentration 
is extremely low, with the minimum measured 
value being 0.0048 ppb. Re is also high in ore 
sampies (15.6-58.8 ppb) but, in contrast to Os, it 
is not strongly fractionated with respect to differ
ent silicate rock types. The su lfide fraction of 
sam pie Pet2/25.65 possesses the highest 
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10 100 1000 10000 

measured Os and Re concentrations of 51.3 and 
121 ppb, respectively. Figure 73 presents vari
ations in Re and Os abundances and 187 Re/1 860s 
across two layered lava flows while Fig. 74 ex
hibits the same data for the Kammikivi ore-bear
ing sill. Proceeding upwards from the base of the 
layered bodies, Os decreases systematica ll y, fall 
ing to extremely low levels in the most evolved 
rocks. In pyroxenites, the abundance of Os has al
ready diminished to less than 0.02 ppb. The rise 
of Os in the upper part of the Lammas flow is 
caused by the unfractionated character of sampie 
1748/9 (MgO 14.4%). The low Os abundance of 
0.09 ppb in sampIe Pet 1/25.66, representing an 
o li vi ne cumulate from the ore-bearing Kammikivi 
si ll , is noteworthy. The olivine cumulates with 
similar MgO and i contents from the S-poor 
Kierdzhipori and Lammas flows have Os values 
of 2.54 and 1.66 ppb, respectively (Table 24). The 
difference may be attributed to the fractionation 
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effect of sulfide liquid in the Kammikivi sill . In 
that case, however, the same effect should also be 
seen in the behavior of rhenium but no Re deple
tion is observed in sam pIe Pet l/25.66 compared 
with the Re values in the lower part of the Kierd
zhi pori and Lammas f1ows. 

The chalcophile nature of Re is confirmed by 
its high abundances in the disseminated ore 
sampIes from the Kammikivi sill. The accumul a
tion of sulfide liquid at the bottom of the si ll may 
have caused depletion of the res idual magma in 
Re and other chalcophile elements. However, 
contrary to expectations, rhenium is not depleted 
in the gabbroic part of the Kammikivi si ll when 
compared with the evolved parts of the unmin
erali zed Lammas and Kierdzhipori f1ows. In fact, 
the highest Re concentration of the silicate 
sampIes (2.74 ppb) was measured on sampie 
Petl / I.OO, taken from the S-poor upper part of the 
Kammikivi body. 

Table 24. Re-Os isotopic data for Pechenga ferropicrites and associated Ni-Cu ores. 

8ample Rock type Location Re Os 1870sl1860s 187ReJ1860s 

(ppb) (ppb) 

174819 8pinifex zone Lammas 1.63±0.02 0.449±0.OO5 6.26±0.08 146±3 
1748-8A Globular rock Lammas 0.856±0.025 0.111±0.003 19.6±0.8 309±3 
1748-8A(rep) Globular rock Lammas 0.757±0.014 0.113±0.OO2 20.7±0.5 268±7 
1748-8A(rep) Globular rock Lammas 1.15±0.02 0.104±0.002 19.9±0.3 440±10 
1748-6 Cpx cumulate Lammas 0.918±0.014 0.0153±0.OO4 78.0±1.5 2260±60 
1748-3 01 cumulate Lammas 0.658±0.014 1.66±O.02 1.62±0.02 15.9±0.3 

8-2986/76.0 8pinifex zone Kierdzhipori 1.98±0.04 0.0280±0.OOll 107±5 2850±140 
8-2986/76.5 8pinifex zone Kierdzhipori 1.14±0.02 0.OO478±0.OOO19 318±12 9370±400 
8-2986/84.1 Cpx cumulate Kierdzhipori 1.58±0.03 0.0119±0.0004 189±9 5260±250 
8-2986/84.1(rep) Cpx cumulate Kierdzhipori 1.51±0.02 0.0125±0.OOO5 166±7 4790±200 
8-2986/93 .5 01 cumulate Kierdzhipori 1.70±0.05 2.54±0.04 1.70±0.03 22.4±0.5 

8-3077/322.5 Massive lava 8huljärvi 0.516±0.009 0.782±0.OO8 1.83±0.03 26.5±O.5 

8-3R1731.4 8pinifex zone Kaula 1.42±0.02 0.134±0.002 15.0±0.2 427±1l 

Pet1l1.00 Quench gabbro Kammikivi 2.58±0.03 0.0112±0.0006 336±8 9050±530 
Pet1l5.40 Cpx cumulate Kammikivi 1.16±0.02 0.0163±0.0004 83.8±2 2840±90 
Petl/25.66 01 cumulate Kammikivi 1.38±0.02 0.0902±0.OO13 20.7±0.3 614±13 
Pet1l33.00 01 cumulate Kammikivi 4.20±0.06 0.624±0.009 13.5±0.2 270±6 
Pet1l43.95 Diss. ore Kammikivi 14.7±0.2 2.33±0.03 11.0±0.2 252±5 
Pet1l45.05 Diss. ore Kammikivi 18.6±0.2 2.83±0.04 1l.4±0.2 263±6 
Pet2l25.65 Diss. ore Kammikivi 121±4 51.3±1.0 5.37±0.06 94.8±3.0 
Pet2127.70 Diss. ore Kammikivi 55.3±0.8 23.4±0.3 6.50±0.10 94.9±3.0 
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Isotopic data are plotted on 187Re/1 860s vs. 
1870s/1860s diagrams (Fig. 75). Included in Fig. 
75 is a 2.0 Ga reference isochron with a chond
ritic Os initial ratio of 0.94 (using a decay con
stant of 1.639x I 0. 11 y.1, Lindner et al., 1989). 
From the diagram, it is apparent that ferropicrites 
exhibit an extremely large vanatlOn in 
187Re/1 860s, from less than 20 up to 10,000. AI
though there is an overlap between different rock 
types, a general rule is that the chemically most 
evolved sam pies from the spinifex zone or the 
gabbroic part of the differentiated bodies display 
highest 187Re/1 860s and 1870S/1 860S values while 

olivine cumulates and undifferentiated ferropi
crites have the lowest values, and pyroxene cu
mulates lie in an interrnediate position. As shown 
in Fig. 75, the large spread in 187Re/1 860s values 
is primarily a consequence of the large variation 
in the abundance of Os during differentiation of 
the ferropicritic magma. The effective fraction
ation of Re from Os within ferropicritic lava 
flows demonstrates the suitability of this method 
for dating single differentiated lava flows . The 
Pechenga rocks displaya truly huge variation in 
187Re/1 860s when compared with the variation re
ported previously for komatiite lava flows. Luck 
and Arndt (1985) measured values ranging from 
10 to 50 for whole rock sampies from a komatiite 
lava flow in Alexo. Walker et aL (1988) obtained 
a similar range for komatiite flows in Munro 
Township. 

Using the 187Re decay constant of 1.639 x 
10. 11 

/' (Lindner et aL, 1989), the Re-Os data can 
be regressed to give an age of 2035±60 Ma for 
the Kierdzhipori flow and an age of 2027±64 Ma 
for the Lammas f1ow. These ages are somewhat 
older than those obtained by the Sm-Nd and Pb
Pb methods but still overlap with them within the 
limits of uncertainty. The Y-axis intercepts of the 
isochrons for the Kierdzhipori and Lammas f10ws 
yield initial 1870S/1 860S values of 0.913±0.02 and 
1.16±0.11, respectively. These values are equival
ent to '{os values of -3.0±2.1 and +23± 12. The in
itial ratio is most reliably estimated on the basis 
of sampIes with low 187 Re/1 860 s because these are 
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most insensitive to the error in the age determina
tion. With an age of 1.97 Ma, the following initial 
Os ratios are obtained for such sampies: 1748/3 
1.098, S-2986/93.5 0.965, S-3077 /322.5 0.960, 
and S-3R173I.4 0.987 corresponding to '{os 
values between + 1.6 and + 16. Although the initial 
Os ratio is not yet precisely constrained, the avail
able data with the exception of the Larnmas f10w 
indicate that ferropicritic rocks and presumably 
the mantle source of ferropicritic rocks had a 
1870S/1860S value close to that of bulk earth at the 
time of the ferropicritic magmatism. 

Although the Os isotopes for the metavolca
nite sampies define a moderately good isochron, 
many points do not fall on the regression line. 
One problematic sam pie, which was omitted 
when calculating the ages and initial ratios above, 
is 1748/8A, which represents the matrix portion 
of a globular rock. As will be discussed later, the 
globular structure is interpreted to have been 
generated through secondary processes, which 
partly accounts for the deviation of this sampie 
from the regression line. The wide scatter in 
187Re/1 860s at approximately constant 1870S/1 860S 

could be a result of recent loss of Re but no par
ticular weathering effects can be seen in this 
sam pIe. Furthermore, the disparate analytical re
sults were obtained for aliquots of the same pow
dered sam pie and therefore it is difficult to find 
any geological reason for the scatter in 
187Re/1 860s. 

Other sam pies that deviate from the reference 
isochron in Fig. 75 include silicate rocks and sul
fide ores from Kammikivi. The olivine cumulate 
Pet 1/25.66 straddles on the isochron but the py
roxene cumulate (Pet 1/5.40) and the gabbroic 
rock (Petl/J .00) plot, respectively, beneath and 
above the reference line. All of the disseminated 
sulfide ore sampies and the S-rich olivine cumu
late Pet1/33 .1 0 show radiogenic Os isotope com
positions and cIearly lie above the array formed 
by the silicate sampIes. The significance of these 
results will be discussed later in the section con
ceming the genesis of the Ni-Cu sulfide ores. 
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Rb-Sr 

The previous Rb-Sr isotopic data on ferrop i
critic rocks are restricted to those provided by 
Smolkin ( 199 1), who analysed whole rock 
sampies and single fractions of apatite and clino
pyroxene from the Pilgujärvi intrusion. Because 
of the mobility of alka li and alkali earth elements, 
whole rock sampies may give ambiguous isotope 
results. Therefore, Sr isotope analyses were re
stricted to mineral separates in thi s study. Three 
c1inopyroxene fractions were separated from one 
lava f10w and two intrusions. One of the py
roxenes (S-2986/84.1) from the S-2986 lava flow 
was also analysed for Sm-Nd isotopes. Sampie 
Petl/S.40 is a pyroxene fraction from the pyroxe
nite unit of the Kammikivi sill whi le Petl0/2.40 
was separated from a pyroxenite from a drill core 
penetrating the Ortoaivi intrusion. 

Two of the pyroxene fractions (Pet I /5.40, S-
2986/84.1 ) were c1eaned by hand-picking but this 
was not done for sample Pet I 0/2.40, since it 
seemed pure enough after heavy liquid separ
ation . The Rb-Sr isotope analyses were performed 
at GFS in Espoo by H. Huhma. Mineral frac tions 
were washed in very dilute HCL using ultrasonic 
bath. Chemical separation of Rb and Sr were per
formed using standard chromatographie methods. 
The isotope determinations were carried out on a 
VG-SECTOR 54 mass-spectTometer which was 
also used in producing new Pb and Nd isotope 
data. During thi s study, the mean 87Sr/ 86Sr of 

eight measurements of SRM987 Sr standard was 
0.710235 . 87Sr/ 86Sr was normalized to 
86Sr/ 88Sr=0.1194. The Rb-Sr results are shown in 
Table 25 together with the mineral analyses from 
Smolkin (1991). 

The concentrations of Rb (0. I 08- 1.29 ppm) 
and Sr (34.4-52.5 ppm) for the separated c1inopy
roxenes are clearly higher than the values 
measured fo r clinopyroxenes from Archean ko
matiitic and tholeiitic lava flows and sill s (Fig. 
82). For the Archean pyroxenes, Zindler (1982) 
and Hart and Brooks (1977) reported abundances 
ranging between 0.02-0.09 ppm for Rb and be
tween 3.65-21.1 ppm for Sr. The relatively high 
concentrations of these elements in pyroxenes 
fro m the Pechenga rocks suggest that the negative 
anomalies at Rb and Sr, observed in the spider
gram in Fig. 54, are artifacts of postmagmatic 
leaching of alkalies from the ferropicritic meta
volcanites. Applying a pyroxene/melt partition 
coefficient of 0.1 for strontium (Irving, 1978), the 
equilibrium melt can be deduced to have con
tained more than 300 ppm Sr. 

Pyroxenes display low 87Rb/ 86Sr values (0.0 L-
0.07) thus being weil suited for estimating an in
itial Sr isotope rati o. The calculated initial 
87Sr/ 86Sr values at 1980 Ma are as folIows: 
0.70218 for Pet l/5.40, 0.70268 for Pet I 0/2.40, 
and 0.70255 for S-2986/84.1 . The apatite fraction 
from the Pilguj ärvi intrusion is high in Sr (809 

Table 25. Rb-Sr isotopic data for mineral separates from Pechenga (Pilgujärvi data 
taken from Smolkin, 1991). 

Sampie Mineral Location Rb* Sr* 87RlJIl6Sr 87Sr;86Sr 
(ppm) (ppm) 

Petl/5 .40 Clinopyroxene Kammikivi 0.276 39.93 0.0200 0.702747±20 
PetlO/2.40 Clinopyroxene Ortoaivi 1.29 52.53 0.07093 0.704704±20 
S-2986/84.1 Clinopyroxene Kierdzhipori 0.108 34.39 0.00906 0.702810±20 
SA-22 Clinopyroxene Pilgujärvi 0.08750 0.704900±158 
149 Apatite Pilgujärvi 0.0001 0.70481O±100 

* not corrected for blank. 

---- - - - - -



ppm) and low in Rb (0.25 ppm), resulting in very 
low 87Rb/ 86Sr (0.0001) (Smolkin, 1991). As a re
sult, the measured 87Sr/ 86Sr value of 0.70299 is 
representative of the initial Sr isotope ratio for the 
gabbro pegmatite from which the apatite separate 
was extracted. This value is slightly higher than 
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those obtained for pyroxenes in this study. On the 
other hand, the initial ratio (0.70240) reported by 
Smolkin (1991) for the pyroxene from the Pilgu
järvi intrusion falls between the values obtained 
for the Kammikivi and Kierdzhipori pyroxenes. 

Sulfur 

Grinenko et al. (1967) have published a great 
number of sulfur isotope determinations on many 
Ni-Cu ore deposits from the Kola Peninsula. Fig
ure 76 shows the results obtained by Grinenko et 
al. (1967) for Pechenga ores supplemented by a 
few analyses from Pushkarev et al. (1988) and 
Grinenko and Smolkin (1991). As pointed out 
earlier, the central zone of the Pechenga ore field 
is divided into eastern and western parts, where 
the intrusions occur at different stratigraphic le
vels in the productive pile. The same division is 
also retlected in the sulfur isotope data in Fig. 76. 
The western region, containing the Kaula, Kotsel
vaara, and Kammikivi deposits, is characterized 
by near chondritic 834S compositions, while the 
eastern region, represented by the Southwestern 
(Zdanov) deposit from the Pilgujärvi intrusion, 
yields heavier sulfur isotope values. A further sig
nificant feature in Fig. 76 is that there are no es
sential differences in the S isotope composition 
between disseminated (syngenetic), massive, and 
breccia (epigenetic) nickel-copper ores at Pe
chenga. This implies a common source of sulfur 
for the main ore types. These ore types in individ
ual deposits displaya limited range of variation, 
but in the case of vein-impregnation ores in 
phyllites dose to the lower contact of the intru
sions, the spread is greater. 

Genkin et al. (1987) have anal ysed 834S for 
sulfides from Ni-mineralization discovered in a 
peridotite unit in the superdeep drill core. The 
834S values in disseminated and conjugated brec
ciated and veinlet ores vary from +0.65 to +2.92 
per mil and are relatively dose to meteoritic in 
composition. Grinenko and Smolkin (1991) have 

analysed two sampies of massive ore from the 
base of a 11.5-m-thick ultramafic-mafic body re
covered in drill core S-2904 near the Kierdzhipori 
ore-bearing intrusion. According to Gorbunov et 
al. (1989), this unit is a lava tlow but Grinenko 
and Smolkin (1991) regard it as a thin siH. The 
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sam pies yield near-chondritic Ö34S values of +0.4 
per mil. 

Recently, Grinenko and Smolkin (1991) have 
examined the S isotope composition of ferropi
critic metavolcanites and silicate rocks from bar
ren and ore-bearin~ intrusions. In contrast to the 
relative constant Ö 4S composition of the sulfide 
ores, these display variable S isotope composi
tions. In layered ferropicritic lava flows, Ö34S 
ranges from -0.2/ 00 to +7.4 /00 . Figure 77 illus
trates three examples of the internal variation of 
the S isotope composition and the S concentration 
within individual lava flows. Common features in 
these sections include the heterogeneity of Ö

34S 
and the enrichment of heavy sulfur in sampies 10-
cated close to the upper or lower contacts. 

In the barren Northern Kotselvaara intrusion, 
Grinenko and Smolkin (1991) observed a syste
matic decrease of Ö34S from +8.7/00 to zero over 
a distance of ten meters upwards from the lower 
contacr. Similar behavior of Ö34S is also seen in 
the mineralized Pilgujärvi intrusion as shown in 
Fi§. 23 . The lower margin of the intrusion has a 
Ö3 S value of +8.7/00 , but Ö34S rapidly decreases 

upwards to values of less than +5/00 in the lower 
part of the ultramafic zone. Grinenko and Smol
kin (1991) suggested that local assimilation of 
country rock sulfur during emplacement of the 
flow or intrusion caused the high Ö34S at the mar
gins . Owing to the low sulfur contents of these 
rocks, their isotopic composition can be readily 
changed by exposure to reagents with a different 
S isotope composition. Fault zones are common 
at the contacts of many intrusions and flows. As 
these contact zones could have acted as channel
ways for circulating hydrothermal fluids, second
ary alteration processes might also explain the 
heterogeneous S-isotopic composition close to the 
contacts of the lava flows and intrusions. 

In order to clarify the provenance of sulfur in 
Ni-Cu deposits, it is crucial to know the S isotope 
composition of the S-rich metasediments occur
ring in the productive pile. According to Genkin 
et al. (1987), the sulfur isotope composition of 
pyrrhotite from productive pile metasediments in 
the superdeep drill core show rather heavy values: 
this composition reaches +20.97 per mil in tuffa
ceous sandstones and + 19.46 per mil in phyllites. 



In this study, three pyrite and two pyrrhotite frac
tions were separated from S-rich phyllites from 
the Kotselvaara area. S isotopic results for these 
minerals are shown in Table 21. The values, va
rying between +1l.2'/00 and +15.3'/00 , are dis
tinctly heavier than those of Ni-Cu sulfides in the 
Kotselvaara deposit (Fig. 76). Grinenko and 
Smolkin (1991) have also published two S iso
tope analyses for S-rich metasediments near the 
Kotselvaara intrusion. Their results of -4'/00 and 
-5100 deviate significantly from those obtained in 
this study. Grinenko and Smolkin (1991) also per
formed some S isotope measurements on host 
metasediments of the Kierdzhipori ore-bearing in
trusion. Sulfide-rich phyllites exhibit 834S values 
heavier than + I 0 per mil whi le siltstones very 
poor in sulfur show a near chondritic 834S compo
sition. Akhmedov and Krupenik (l990) have re
cently measured sulfur isotope compositions of 
pyrites from different types of iron sulfide min
eralizations in phyllites at various levels of the 
productive pile. They report a relatively re
stricted range from +1.2100 to +3.2100 with little 
lateral or vertical variation within the productive 
pile. These results are in conflict with the consid
erably heavier values measured in this work and 
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Genkin et al. (1987), and they also deviate from 
the results of Grinenko and Smolkin (1991). From 
the review presented above, it is obvious that 
more data are needed to better understand the S 
isotopic systematics of the S-rich sedimentary 
rocks in the productive pile. 

In summary, the S isotope composition of the 
S-rich Ni-Cu ore sampies, ineluding dissemi
nated, massive and breccia ores, display relative 
homogeneous values, not deviating substantially 
from the chondritic composition in most deposits. 
The Zdanov deposit from the Pilgujärvi intrusion 
seems to be an exception showing slightly heavier 
values. The variation is larger in S-poor sampies 
of ferropicritic metavolcanites and rock types 
from gabbro-wehrlite intrusions. Sampies elose to 
or at contact zones commonly show the heaviest 
S isotope compositions. There are many indica
tions that S-rich tuffaceous and phyllitic meta
sediments in the productive pile are enriched in 
heavy sulfur with 834S values varying between 
+ 10/ 00 and +20/c)() . Some investigators have, 
however, presented results that are eloser to the 
chondritic value or even negative. The extent of 
the heterogeneity of sulfur isotopes in sedimen
tary sulfides is thus still open to question . 

ORIGIN OF TUE GLOBULAR FERROPICRITIC ROCKS 

The globular structures in ferropicritic rocks 
at Pechenga have previously been regarded as 
products of silicate liquid immiscibility (SLI) 
(Smolkin et al., 1987), by analogy with explana
tions proposed for mesoscopically similar struc
tures in some Archean ocellar komatiites 
(Ferguson and Currie, 1972; Cawthorn et al. , 
1979). Other mechanisms, however, can also ac
count for the generation of these structures. This 
question has been examined in detail by Hanski 
(in press) and the results are briefly summarized 
below. 

9 

The globular structures are indeed superfi
cially reminiscent of features attributed to liquid 
immiscibility, including for example light-colored 
spheroidal aggregates, present at all stages of coa
lescence, in a darker matrix. The iron-rich nature 
of the parental magma also makes ferropicrites 
favourable candidates for SLI. However, several 
lines of field, microscopical , mineralogical , and 
chemical evidence argue against the immiscibility 
hypothesis, as discussed below. 

The large size of the globules and the rela
tively similar chemical compositions between the 
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globules and matrix suggest low surface tension 
at the interface of the alleged conjugate liquids. 
However, no signs of distortion due to the in
fluence of a gravitational field or shear during 
f10w have been observed. On the other hand, the 
relatively large size of the globules (even c10se to 
the margin of narrow dikes) renders the possi
bility of the nucleation and growth of the globules 
in sitL! from a melt unlikely. 

The globular rocks are composed of pheno
crystal to microcrystal phases (olivine, c1inopy
roxene, kaersutite, magnetite, and ilmenite) with a 
large range in grain size, set in a fine-grained me
sostasis. In all cases, the adjacent globule and ma
trix possess identical modal proportions, grain 
sizes, morphologies, and orientations of all these 
phases, as strikingly demonstrated, for example, 
by the spinifex-textured varieties of globular 
rocks (Fig. 20). The only mineralogical dissimi
lallty is in the originally glassy mesostasis which 
is composed of chlorite in the matrix and alkali 
feldspar, quartz, and chlorite in the globules. It is 
extremely difficult to envisage how the crystal
lization of the identical minerals in the same pro
portions could have led to the formation of such 
dramatically different mesostasis compositions in 
the globule and their matrix. When a textural Zü
nation, such as variation in the grain size or crys
tal habit of c1inopyroxene, is observed in a 
sampIe, thc Zünation is independent of the glo
bule-matrix boundaries. This would not be ex
pected for conjugate immiscible liquids which 
have different structures and sol idus temperatures 
and should therefore respond differently to the 
cooling regime. 

Microprobe analyses do not reveal any dif
ferences in the compositional ranges of the crys
talline phases between the globules and matrix. 
This also applies to the rapidly crystallized late
stage microlites which should reflect the diverg
ing chemical compositions of the conjugate 
liquids if SLl is responsible for the globular struc
tures. 

Geochemically, the globules and the matrix 

differ most c1early with respect to those compo
nents which are generally regarded as mobile dur
ing alteration processes. Immobile trace element 
characteristics are similar in the globules and the 
matrix. No preferential partitioning of high field 
strength elements into the matrix or volatile parti
tioning, as reflected by modal kaersutite, into the 
globules has been observed, contrary to wh at 
would be expected according to the immiscibility 
model. The high sulfur content of the low-iron 
globules relative to that in the high-iron matrix is 
not compatible with a magmatic partitioning of 
sulfur between two immiscible liquids because 
the solubility of sulfur in silicate mclt is positiv
ely correlated with the iron content of the melt 
(e.g., Poulson and Ohmoto, 1990). 

The most important chemical components of a 
silicate liquid which control the stability of ig
neous amphibole are water and alkalies (Gilbert 
et al. , 1982). Given the substantial differences in 
total alkali contents of the globules and matrix 
(Fig. 51), it is difficult to understand the similar 
modal amphibole contents in both without invok
ing substantial postcrystallization mobility of al
kali elements in the globular rocks. 

The data presented above rule out the involve
ment of all known magmatic models in the forma
tion of the globular structures in the Pechenga 
ferropicrites . A solid-state hydrothermal/meta
morphic diffusional process that affected the orig
inally glassy mesostasis is inferred to be the only 
feasable mechanism which can account for the 
observed characteristics of the globular rocks. AI
though the elimination of a magmatic origin by it
self implies a secondary origin for the globules, 
the exact alteration mechanism that produced 
rounded light-weathering segregations in a dark 
matrix remains unclear. One reason is that it is 
not easy to say which part of the rock, the glo
bules or the matrix , is more represcntative of thc 
rock' s original composition. All that can be said 
for certain , without further research, is that both 
of them are mineralogically and chemically al
tered. 
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AMPHIBOLE AS A PALEODEPTH INDICATOR? 

Kaersutitic amphibole is a characteli stic mine
ral of fenopicritic intrusive and extrusive rocks. 
Its mode of occurrence as overgrowths on spini 
fex pyroxenes, groundmass needles, or poikilitic 
grains and its Ti-rich composition rule out a xe
nocrystic, phenocrystic, subsolidus, or metamor
phic origin. Tnstead, these features undoubtedly 
argue for in si/LI crystalli zation from a hydrous 
magma after the emplacement of the lava flows 
and intrusions. 

The coexistence of hydrous amphibole with 
silicate melt requires that a considerable amount 
of water was dissolved in this melt. The solubility 
of water in silicate melt is strongly pressure-de
pendent, decreasing to negligible when pressure 
is reduced to I atm. It follows that the existence 
of hydrous igneous amphibole can in principle be 
utilized to constrain the pressure of crystallization 
of a magmatic body. Specifically, the occurrence 
of in si/Li crystallized amphibole in a volcanic 
rock may give an indication of the water depth of 
eruption of the volcanic unit. 

Figure 78 presents phase diagrams of water
bearing systems relevant to this study. These di
agrams illustrate the principal features of hydrous 
systems including negative dT/dP values of the 
solidus and liquidus as opposed to the positive 
slope of the amphibole-out curve at low to moder
ate pressures. Amphibole is stable with a silicate 
liquid under the P-T conditions between the 
solidus and the amphibole-out curve. A signifi
cant feature in the diagrams is the point where the 
amphibole-out curve is transected by the solidus 
of the system (Fig. 78A-C) . This point marks the 
minimum pressure at which amphibole is stable 
with a silicate liquid. There are only a few ex
perimental determinations of this point in the lit
erature but it is generally thought that hydrous 
phases are not stable with a silicate liquid under P 
conditions less than 0.5 kbar (Burnham, 1979). 

Spulber and Ruthelford (1983) determined 

liquidus phase relations of two oceanic tholeiites 
and found that the crossing of the so l idus and am
phibole liquidus occurs at 1.5 kbar in both sys
tems when PH20 is about 0.7Ptolal (Fig. 78A,B). 
Because the thermal stabili ty of amphibole in
creases with increasing water fugacity at pres
sures below about 4 kbar (Holloway, 1973), the 
minimum pressure of 1.5 kbar obtained by Spul
ber and Ruthelford would be lowered if the ex
periments had been performed under 
water-saturated conditions. Condliffe (1976) con
ducted experiments on an olivine gabbro under 
H20-saturated conditions and obtained a lower 
limit of 1.5 kbar for the amphibole stability field 
(Fig.78C). 

Because the maximum thermal stability of 
amphibole is expected in melts that are closest to 
amphibole in bulk composition, recent experi
ments by Johnson (1990) on a mixture of equal 
proportions of Fe-Ti basalt and natural kaersutite 
are particularly pertinent when discussing the sta
bility of kaersutite. Under water-saturated condi
tions, she obtained kaersutite at I kbar pressure 
but could not synthesize this mineral at 0.5 kbar 
pressure (Fig. 78F). She also conducted experi
ments on a basanite and transitional basalt with 
PH20 <Plolal. These starting materials yielded am
phibole at 1.0 and 1.5 kbar, respectively (Fig. 
78D,E). Some other hydrothermal experimental 
investigations also exist where amphibole has 
been observed to be stable with a si licate liquid at 
I kbar pressure but runs were not extended to 
lower pressures (Ford, 1976; Gibb and Hender
son, 1976; Luhr, 1990; Sisson et al. , 1991; Beard 
and Lofgren, 1991). Extrapolations of these re
sults to lower pressures is not easy because of the 
strong pressure-dependence of the thermal sta
bility of amphibole at low pressures. 

When applying diagrams such as those in Fig. 
78 to ferropicritic metavolcanites, it is worth re
membering that amphibole commenced crystal-
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lizing around clinopyroxene crystals at tempera
tures far above the sol idus because, in many ker
sutite-bearing sampies, the onset of amphibole 
crystallization took place while there was still up 
to 50% of melt which subsequently quenched to 
form glassy groundmass. This means that the 
crystallization took place at a water pressure 
higher than indicated by the crossing point of the 
solidus and the amphibole-out curve. 

Experimental studies on water-bearing sys
tems show that at total pressures of at least up to 
15 kbar, the liquidus temperature of amphibole 
increases as PH20 increases. In contrast, the 
liquidus temperature of plagioc\ase is strongly 
suppressed by the increase of water pressure (Fig. 
78). As a result, when PH20 increases enough, the 
liquidus curves of amphibole and plagioc\ase 
transect each other and eventually amphibole' s 
liquidus temperature becomes higher than that of 
plagioc\ase. Thus, if amphibole is observed to 
precede plagioc\ase in a crystallization sequence, 
as is the case in ferropicritic metavolcanites, a 
relatively large PH20 can be deduced to have pre
vailed during the solidification of the rock. The 
water pressure at which the amphibole-pi agio
c\ase liquidus crossover takes place has been 
determined in many experimental studies. It com
monly varies between 1-4 kbar depending on the 
melt composition and water fugacity (see Fig. 
78). 

In summary, the experimental data suggest 
that a water pressure of at least 0.5 kbar is re
quired to stabilize hydrous amphibole with a sili
cate liquid. Provided that the load pressure is 
caused by the overlying water column, as is the 
case with submarine volcanic rocks, this pressure 
corresponds to a water depth deeper than 5 km 
under water-saturated conditions and even larger 
depths under water-undersaturated conditions. 

The occurrence of in situ crystallized primary 
amphibole in ferropicritic volcanic rocks there
fore suggests eruption and crystallization on the 
floor of a deep ocean basin. The sedimentary and 
volcanic record of the Pechenga Series records 
evolution from shallow-water to deeper-water 
conditions. However, such a huge water depth as 
indicated by the experimental data is difficult to 
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reconcile with the proposed tectonic evolution of 
the Pechenga basin. Evidence for this is provided 
by the ultrafelsic tuffs which occur together with 
ferropicrites in the Pilgujärvi Suite and form a 
marker horizon within this unit. These tuffs con
tain granite and granite-gneiss fragments and a 
zircon population with an Archean age (Borisov 
and Smolkin, 1992). These features indicate an 
old crustal source for these rocks or at least their 
ascent through such rocks and hence the existence 
of an Archean sialic basement und er the basin 
during the ferropicritic volcanism and probably 
during the deposition of other sedimentary and 
volcanic rocks of the Pechenga Series as weil. 

According to Stromov (1985), the interlayer
ing of thin units of pelitic, arenaceous and silty 
metasediments, the well-sorted character of se
dimenary material, and the presence of intrafor
mational conglomerates and ripple marks in the 
productive pile are evidence for the formation of 
these rocks in a shallow-water environment. Ad
ditional evidence against a very deep-water 
regime comes from the low boron content of 
pelitic metasediments in the Pilgujärvi Suite, indi
cating low water paleosalinity (Melezhik, 1987), 
as weil as from nonmarine Sr isotopic composi
tions of carbonate rocks in the same formation (V. 
Melezhik, pers. comm., 1992). Furthermore, Iva
nova et al. (1988) reported the finding of coccoid 
microphytofossils in cherts in the middle part of 
the Kolosjoki Suite. These fossils indicate a rela
tively shallow water depth at that time because 
sunlight is essential for phototrophic algae. 

One solution to the kaersutite problem could 
be the stabilization of amphibole due to internal 
overpressuring in the inner parts of the flows. In 
principle, this overpressure can be caused by re
surgent boiling of a cooling melt that becomes 
saturated with water due to crystallization of an
hydrous phases. The maximum overpressure that 
gas exsolution can generate in a magmatic body is 
dependent on the tensile strength of the overlying 
rocks. Failure takes place when the overpressure 
reaches a value of about twice the tensile strength 
(Tait et al., 1989). Touloukian et al. (1981) have 
experimentally determined a tensile strength of 
about 90 bar for basalt. This result was obtained 
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for a pristine sampie of small size and therefore 
can be regarded as an upper limit. In lava flows 
having fractured flow tops, the tensile strength is 
expccted to be much lower. Consequently, inter
nal overpressuring is not a likely explanation for 
the crystallization of magmatic amphibole in lava 
flows. 

One possibility is that the amphiboles which 
crystallized in the Pechenga rocks are close to 
pure oxy-amphiboles , where the OH site is filled 
with 0 2 

.. Substitution of OH for 0 is accompa
nied by oxydation of ferrous iron to ferric iran. 
According to Aoki (1963) , Fe3+/Fe2+ in oxykaer
sutites is greater than 2. In the Pechenga amphi
boles, the averages of the stoichio
metrically-acceptable lower and upper limits of 
the ferric iron content calculated using the 
method of Spear and Kimball (1984) result in 
Fe3+/Fe2+ values mostly between 0.2-0.3 (Table 
4) . This result , coupled with the coexi tence of 
kaersutite with titanian phlogopite in the Pe
chenga ultramafic rocks, indicate the hydrous na
ture of the amphibole. lt should be mentioned that 
because oxy-amphiboles have not been produced 
experimentally in dry silicate systems, it is uncer
tain whether they can crystallize as primaJ'y mag
matic phases. Instead, oxy-amphiboles have been 
shown to be the products of dehydration-oxida
tion of hydrous magmatic amphiboles (Aoki, 
1963). 

lt is weil known that substitution of OH by 
halogens in the amphibole structure increases the 
thermal stability of amphibole (Holloway and 
Ford, 1975; Foley, 1991). Pure F-end member 
amphiboles can be stable at high temperatures 
even at atmospheric pressure (Troll and Gilbert, 
1974). However, the effect of halogens on amphi
bole stability have rarely been studied at mag
matic temperatures. Mahood and Baker (1986) 
produced a small amount of kaersutite in an ex
perimental crystallization study of an alkali basalt 
under anhydrous conditions at I atm pressure. 
They suggested that after about 70% crystal
lization, concentrating the F of the original rock 
powder into the remaining liquid might have sta
bilized amphibole. Also Bailey and Cooper 
(1978) synthesized amphibole in dry experiments 

on a pantellerite and ascribed it to the effccts of 
halogens. 

Microprobe analyses of kaersutites from the 
Pechenga rocks reveal a maximum fluorine con
tent of less than 0.6% (Table 4) whjch leads to the 
inference that the composition of these amphi
boles is dominated by the hydrous cnd-member. 
In the absence of relevant experimental data, the 
effect of such an amount of fluorine on amphibole 
stability is difficult to estimate precisely. ever
theless, a rough assessment may be obtained from 
the solubility data of water in silicate mcll. 

Water solubility in basaltic liquid is modelIed 
by using the experimental solubity measurements 
of Hamilton et al. (1964). Their data in the press
ure range of 1-6 kbar is regressed to thc following 
equation: 

where C 1=0.336 baJ·-1/2 and C2=0.614. Extrapola
tion of the solubility to zero at zero pressure re
sults in the coefficients C 1=0.316 bar"1 /2 and C2=0 
at pressures below I kbar pressure. The solubility 
of water in a basaltic melt as a function of press
ure, as calculated by the above equation, is shown 
in Fig. 79A. As the experiments by Johnson 
(1990) and others indicate, the lower pressure 
limit of the stability field of hydrous amphibole is 
somewhere between 0.5 and I kbar. In the follow
ing calculations, it is assumed that the pressure is 
0.7 kbar. At this pressure, the solubity limit of 
water is about 8.3 mol. %. Because hydrous am
phibole has a fixed amount of water in its lattice, 
one can calculate the partition coefficient of water 
between amphibole and silicate liquid as a func
tion of pressure by using the water solubility 
Curve in Fig. 79A. This coefficient Kd(Sat) varies 
antipathetically with water solubility and repre
sents the minimum value of the partition coeffi
cient at pressures higher than 0.7 kbar. 

The maximum thermal stability of amphibole 
at pressures less than 4 kbar is achieved under 
water-saturated conditions (Holloway, 1973). Tt is 
therefore assumed that PH20=Ptolal at 0.7 kbar. At 



higher pressures, however, kaersutite can also 
coexist with a silicate liquid under water-under
satured conditions. This does not, however, mean 
that the minimum water content of liquid to stabi
lize amphibole is lower at higher pressures. To es
timate the minimum water abundance, it is 
expedient to use bulk compositions close to am
phibole in order to minimize the possible destabi
lizing effects of other components in the liquid. 
MerrilJ and Wyllie (1975) can'ied out high-pres
sure experiments on a bulk composition of kaers
utite + 0.9 wt. % H20 . They discovered that this 
amount of water was insufficient to bring amphi
bole to the liquidus of the system even at pres
sures of up to 20 kbar. Holloway (1973) used 
pargasite+H20 as a starting matelial. In experi
ments with X H20 0.3 in the fluid phase, he calcu
lated water contents of 3.2 and 3.8 wt. % in the 
liquid phase at pressures of 5 and 8 kbar, respec
tively. Jakobsson and Holloway (1986) in turn 
obtained kaersutite as a liquidus phase at 15 kbar 
in a ba sani te with about 4 wt. % H 20. By using 
these experimental data and the water saturation 
point at 0.7 kbar as constraints, a line depicting 
the minimum water content to stabilize amphibole 
at pressures 0.7-5 kbar is drawn in Fig. 79A. This 
line can be used to calculate the maximum parti
tion coefficient Kd(Max) of water between am
phibole and silicate liquid (Fig. 79A). 

An estimation is required for the distribution 
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of water between amphibole and liquid below 0.7 
kbar for use in calculations determining the mini
mum fluorine content in amphibole that is neces
sary to complement the water defiency in the 
amphibole lattice, below the stability limit of pure 
hydrous amphibole. The partition coefficient Kd 
of water below 0.7 kbar is probably lower than 
0.48, the value at 0.7 kbar, as deduced from the 
negative temperature-Kd relationship and the in
creasing liquidus temperature of amphibole with 
decreasing pressure. However, when attempting 
to determine the minimum fluorine content of 
amphibole, it is expedient to use high Kd values 
of water, such as the extrapolated Kd values given 
by the Kd(Max) curve. 

By using the extrapolated Kd(Max) values and 
the solubility of water in silicate melt, the water 
content of amphibole can be calculated. The re
sult is shown in Fig. 79B. Because the sum of OH 
and F in the amphibole lattice is constant, it is 
easy to calculate the fluorine content that is 
necessary to saturate liquid with amphibole at low 
pressures (Fig. 79B). It is emphasized that the flu
orine content of amphibole here obtained is the 
minimum value that is needed to stabilize amphi
bole at a given pressure. From Fig. 79B, it can be 
seen that in order to suppress the lower pressure 
stability limit of igneous amphibole from 0.7 kbar 
to 0.2 kbar', amphibole should be composed of 
about half of the fluorine component which is a 
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much higher value than observed in the Pechen ga 
kaersutites. However, there are many uncertain
ties in the calculations discussed above and more 
experimental investigations with mixed H20-ha
logen fluids are needed concerning the effects of 
halogens on amphibole stability at low pressures. 

Kaersutitic amphibole commonly occurs in 
volcanic rocks as phenocrysts or xenocrysts and 
often displays resorption effects. In the literature, 
there are, however, some descriptions of such am
phi boles, occurring in both ancient and modern 
volcanic rocks, which can be deduced to have 
been crystallized in situ after the emplacement of 
the host volcanic rock. Brown magmatic amphi
bole as an interstitial phase has been reported in 
some Archean thick lava f10ws in the Abitibi 
greenstone belt. These include komatiitic and tho
leiitic flows such as the Fred ' s and Theo ' s Flows 
at Munro Township (Arndt et al., 1977) and the 
Boston Creek Flow at Boston Township (Stone et 
al., 1987). Arndt (1986a) described an amphibole
bearing komatiite lava lake at Munro Township 
and argues that it was erupted in a relatively shal
low water environment. 

More recent examples of lavas containing in 
situ crystallized kaersutite are provided by al
kaline metavolcanites from the FOIties Field in 
the Mesozoic North Sea Basin (Fall et al., 1982; 
Latin et al., 1989). A characteristic feature of an
karamite and hawaiite lavas in this area is the 
presence of groundmass kaersutite and biotite. 
Microprobe analyses were made on kaersutites in 
an ankaramite sam pie from the Forties region, 
kindly donated by F.G.F. Gibb. These contain 
0.44%-0.845% Fand 0.05-0.09% CI, and are thus 
far from pure halogen end-members. The North 
Sea volcanites were deposited on Triassic red 
beds and are overiain by a 2-3 km thick sequence 
of Mesozoic and Cainozoic metasediments. They 
occur at the tripie junction of three graben struc
tures generated during a continental rifting epi
sode and are interpreted to have erupted under 
shallow water to even subaerial conditions (Gibb 
and Kanaris-Sotiriou, 1976). 

More recent amphibole-bearing volcanic 
rocks have also been described in the literature. 
These include boninites which are relatively 

silica-rich, primitive volcanites erupted in sub
marine lfenches associated with island arcs. Their 
hydrous nature is shown by the presence of parga
sitic amphibole which occurs in a similar fashion 
as kaersutite in ferropicrites, viz. fringes around 
pyroxenes and discrete groundmass needles 
(Crawford et al., 1988). Hekinian (1974) reported 
the first occurrence of magmatic amphibole on 
the floor of the Indian Ocean at DSPD Site 211, 
c10se to the Christmas Islands. Here at a water 
depth of 5535 m, the drill core begins with a 400-
m-thick pile of sediments which are underiain by 
a succession of slightly nepheline-normative 
basic lavas. Hekinian (1974) named these amphi
bole-bearing basalts and amphibolites. They con
tain up to 80% modal amphibole which occurs as 
radiating clusters of arborescent crystals indica
tive of rapid in situ crystallization. 

Recently, Hekinian et al. (1991) reported an 
occurrence of kaersutite-bearing nepheline
tephrites from the Ra Seamount in the Austral hot 
spot region in the South Pacific. These volcanites 
form highly vesiculated pillow lavas and are com
posed of quenched kaersutite, c1inopyroxene, 
glass, and sparse olivine. Tephrites were re
covered from the flank of the seamount al 1310-
1480 m depth. The depth of eruption was 
probably not this deep, because the summit of the 
seamount at a depth of 1040 m is covered with 
coralline material and coarse-grained foraminife
ral sand, suggesting that it was fonnerly near or at 
the surface. 

Another location worth mentioning in lhe Pa
cific Ocean is the intraplate region SW of Hawaii. 
Bass et al. (1973) and Morawski et a1. (1975, 
1976) desclibed kaersutite-bearing alkali basalts 
recovered at deep sea drilling site 165A. Kaersu
tite occurs as rims around prismatic titanaugites 
and also as a groundmass phase, particularly in 
more coarse-grained patches in the groundmass. 
The basalts were penetI'ated at a depth of about 
450 m below the sea floor and about 5,500 m 
below the sea surface. However, according to R. 
Moberly (pers. comm., 1991), the water depth 
was less, about 3,400 - 3,800 m during the time of 
emplacement at the assumed eruption site on the 
upper part of the flank of the mid-ocean ridge. 



The above examples of natural, in situ crystal
Iized amphiboles from modern ocean floor envi
ronments indicate that amphibole can crystallize 
from alkaline magmas at pressures less than 0.5 
kbar, perhaps even at 0.1 kbar. However, because 
the halogen contents of the amphiboles in these 
lavas have not been documented, it is difficult to 
judge their significance. 

Kaersutitic amphibole is a typical mineral in 
some alkaline hypabyssal dikes. In general, the 
depth of crystallization of dikes is not easy to 
determine precisely and therefore can seldom be 
used to infer stabilities of minerals. However, ac
cording to Philpotts (1972), field evidence sug
gests that a kaersutite-bearing camptonite dike in 
the Monteregian region was emplaced at a depth 
corresponding to a load pressure of 0.3 kbar. A 
similar pressure was estimated by Henderson and 
Gibb (1987) for the Lugar theralite sill which 
contains poikilitic, in silu crystallized kaersutites. 

As a final point, it should be noted that the 
crystal habit of amphibole in many of the vol
canic rocks discussed above, including ferropi
crites from Pechenga, is evidence of rapid 
crystallization. Laboratory experiments on hy
drous rock compositions have demonstrated that 
amphibole readily nucleates as a quench phase 
(Green, 1973; Graham, 1981). On the other hand, 
with increasing cooling rate of a basic melt, the 
nucleation temperature of feldspar has been ob
served to decrease more than that of mafic anhy-
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drous silicates (Walker et al., 1976). The cooling 
rate may thus greatly affect the relative crystal
lization temperatures of amphibole and plagio
clase and the indiscriminate application of 
crystallization sequences from equilibrium phase 
diagrams, like those in Fig. 78, to natural rapidly 
crystallized rocks may result in erroneous estima
tions of intensive parameters. The influence of 
disequilibrium crystallization of amphibole on its 
lower pressure stability limit is difficult to assess 
because controlled cooling rate experiments of 
water-bearing systems at low pressures are ex
tremely rare (Baker and Grove, 1982). In any 
case, the occurrence of amphibole in the inner 
parts of thick lava flows, for example at Pechenga 
and Mumo Township, indicate that quench crys
tallization does not provide a satisfactory solution 
to the enigmatic OCCUITence of amphibole in ub
marine volcanites. 

In conclusion, there seems to be an apparent 
discrepancy between the interpreted eruption con
ditions of some ancient and modern, amphibole
bearing lava flows and the huge water depth (>5 
km) inferred from the experimentally determined 
low-pressure stability of magmatic amphibole. 
More low-pressure expelimental studies with 
mixed halogen-H20 fluids and empirical data on 
compositions of amphiboles from modern sub
marine environments are needed before magmatic 
amphibole can be used as a paleodepth indicator 
of ancient volcanic rocks. 

GENESIS OF THE Ni-Cu SULFIDE DEPOSITS 

Since the first studies of the Pechenga Ni-Cu 
deposits, a primary magmatic model of ore for
mation , in which sulfide liquids segregated 
through immiscibility from a mafic or ultramafic 
magma, has been the most favored explanation 
for the deposits (Väyrynen, 1938). Hydrothermal 
models have also been proposed, but these were 

decisively refuted by Gorbunov (1968). He 
presented several microscopic and mesoscopic ar
guments for the existence of premetamorphic, 
syngenetic sulfides. These include the presence of 
sulfide droplets within olivine and pyroxene crys
tals, the sideronitic texture of disseminated ores 
where sulfide remained between silicate minerals 
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in the form of interstitial liquid, the strata-bound 
nature of the Ni-Cu sulfide mineralizations and 
their coneentration in the lower peridotitic parts 
of the hosting intrusions, the distinetly asymme
trie strueture of the sheet-like ore bodies, and 
their sharper contacts with the lower wall in com
parison the hanging wal!. These features, in con
junction with the ehemical composition 01' the 
ores, whieh suggests equilibration with a basie
ultrabasic magma, demonstrate that sulfides were 
accumulated in a liquid state near the basal PaI1S 

of magma chambers under the inOuence of grav
ity . 

Although the primary magmatic origin of the 
disseminated ores is no more in doubt, there still 
exist important, ineompletely resolved questions, 
including the timing of sulfide separation and the 
source of sulfur. The oecun'ence of sulfur-rich 
metasediments in the productive pile has led 
some authors to propose models in which the ores 
result from the interaction of pieritic magma with 
the enclosing country rocks and scavenging of 
sulfur from the sediments to eombine with chal
cophile elements [rom the magma. Stromov 
(1985) made a paleogeological reconstruetion of 
the produetive pile and distinguished five strati
graphic levels whieh appear to control the loca
tion of the ore-bearing intrusions. He also noted 
that sedimentary rocks at these horizons are rieh 
in iron sulfides and have a S content varying be
tween 5-24%. Stromov (1985) interpreted this 
regularity in terms of a model involving the injec
tion of ultrabasic intrusions into unconsolidated, 
gently dipping sediments, in whieh some intru
sions invaded sulfide-bearing layers and became 
enriched with assimilated sulfur, resulting in es
sentially in silu segregation of syngenetie Ni-Cu 
sulfides. 

Gorbunov (1968) regarded the interaction of 
the ore-forming magmas with siliea-rieh eountry 
rocks as a potential eause of the formation of an 
immiseible sulfide phase but aeeording to him, 
the magma was originally rich in sulfur. The re
sults of isotopic studies have also led to in
ferenees of a juvenile sulfur source. Aeeording to 

Grinenko et a!. (1967) and Pushkarev et a!. 
(1988), sul fur and lead isoLOpie data suggest a 
predominantly mantle origin for sulfur in the Ni
Cu sulfide deposits. Only in rare eases, such as 
the Zdanov deposit, is a eomponent of erustal sul
fur possible (Grinenko et a!., 1967) . 

There are also different opinions eoneerning 
the timing and mode of formation of the breeeia 
and massive ores. However, two things are sure: 
the ehemieal and isotope data show unequivoeally 
that these ore masses share the same u I ti mate 
souree for sulfur and ore metals as the associated 
primary disseminated ores, while field and micro
seopie data attest that massive and breceia ores 
have been affeeted by intensive teetono-metamor
phie transformations. Zak et a!. (1982) eoncluded 
that epigenetie massive and breecia ores were 
generated from preexisting magmatic dissemi
nated ores in fault zones during regional meta
morphism. However, they noted that the degree to 
which concentration of ore material took place 
during the magmatic stage proper is not fully 
understood. ln the light of the ' billiard-ball 
model ' put forward to explain massive i de
posits in mineralized komatiite lavas (Usselman 
et a!., 1979), it is possible that so me parts of the 
massive ores are the result of pooling of sulfides 
at the base of the intrusions during the magmatic 
stage. Abzalov et a!. (1991 b) suggested on the 
basis of Pb-Pb isotope analyses of massive ores 
that these segregated during the emplacement of 
the ore-bearing intrusions and were later remo
bilized during a tectono-metamorphic event. Ac
cording to Smolkin (1991), it is possible that 
segregation of sulfides already took place during 
the ascent of ferropicritic magma and rich 
massive ores in some deposits were generated by 
independent injection of a sulfide melt. The 
limited field and analytical data gathered in this 
study do not permit any thorough examination 01' 
questions concerning the origin of the massive 
and breceia ores. However, the available data can 
be used to evaluate the provenance of sulfur in 
the Pechenga ore deposits. 
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Geochemical evidence 

When making a geoehemieal eomparison be
tween ore-bearing intrusions and barren ferropi
eritie metavolcanites, the question arises as to 
whether there exist any differenees that might be 
attributed to eontamination of the magma of ore
bearing intrusions with material from the sur
rounding sulfide-rieh sediments. Relevant 
elements, whieh are appropriate for revealing 
sueh eontamination, should be nonehaleophile, in 
order to avoid the effeets of sulfide fraetionation 
and aeeumulation, olivine-ineompatible beeause 
of the possible effeets of olivine fraetionation or 
aeeumulation, and relatively immobile due to the 
possible effeets of alteration. The following ele
ments fulfill these requirements: Al, Ti, P, V, Se, 
Zr, REE, Th, U, Ta, Nb. Analyses of these ele
ments for one S-rieh phyllite [rom the Kotsel
vaara area and one S-poor phyllite from the 
Kammikivi area are presented in Fig. 80 as a 
spidergram normalized to a typieal ferropierite. 
Thc most striking features are the high uranium 
and low phosphorous eontents of the metasedi
ments giving lise, for example, to high U/Sm and 
AIIP values. lt follows that if a signifieant amount 
of assimilation has taken plaee, it should be de
tected by comparing ratios involving U or P. 

As an example, Fig. 81 illustrates Sm and U 
contents for ferropieritic metavolcanites, ore
bearing gabbro-wehrlite intrusions, and phyllites. 
In the phyllites, SmlU is extremely low compared 
to that in metavolcanites and intrusions and no 
clear distinction can be made between Ni-bearing 
and barren magmatic bodies. This does not, how
ever, rule out a small amount of assimilation of 
country rocks, as is shown by the mixing caleula
tions. Figure 81 demonstrates how the SmlU 
value of the ferropicritic magma changes with a 
bulk assimilation of 5% of phyllitie material com
positionally equivalent to sampIes A and B. It is 
obvious that such a small degree of contamination 
is diffieult to detect by using whole rocks ana
Iyses of Sm and U. The reason for this is that the 
ferropieritic magma has relatively high eoneentra-

tions of many ineompatible elements whose ratios 
are therefore not easily affeeted by assimilation 
proeesses. 

Although there is some uncertainty in to wh at 
extent the measured Se/S and Te/S values repre
sent the original magmatic values of the sulfide 
liquid, the preponderance of Se/S values greater 
than I OOx 10.6 and close to ehondri tie Te/S values 
in disseminated ores from the western ore field 
suggest that sulfur is mostly magmatic in origin. 
Figure 68 compares phyllites and sulfides separ
ated from them with disseminated Ni-Cu ores in 
terms of their Se, Te, and As contents. Although 
the As concentration of the sedimentary sampIes 
is highly variable, it is obvious that their As/Se 
and AslTe values exeeed eosmie va lues (0.1 and 
8, respectively; Anders and Grevesse, 1989) by 
many orders of magnitude and differ drastieally 
from ratios observed in the Kotselvaara, Kammi
kivi , and Ortoaivi Ni-Cu deposits. As/Se in these 
disseminated ores is slightly higher than the cos-
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Fig. 80. Composilions of sulfide-rieh phyllite from the 
Kotselvaara area and sulfide-poor phyllite from the 
Kallllllikivi area, norlllalized to typieal ferropierite. 
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mic ratio but AslTe in turn falls below the cosmic 
value. If a significant amount of pyritic sulfide 
was assimilated from enclosing sediments by the 
ore-forming magma, this should be revealed as 
elevated As/Se and AslTe values for the segre
gated sulfide phase. No geochemical evidence for 
such a process is observed in the deposits in the 
western ore field. This is compatible with the near 
chondritic S isotope composition of the Ni-Cu 
ores in that region. Unfortunately, AslTe and 
As/Se data are not available for ore sampIes from 
the Pilgujärvi intrusion. 

Pelitic metasediments of the productive pile 
have high Rb contents ranging between 25-110 
ppm. These result in high Rb/Sr values (0.3-1.1) 
clearly exceeding that of the plimitive mantle 
(0.03). Thus, it can be deduced that if a primitive 
magma with relatively low contents of Rb and Sr 
is contaminated with this kind of pelitic material, 
the Rb-Sr ratio of the magma would readily in
crease. As was noted before, Rb and Sr have been 
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mobile in fenopicrites and therefore their primary 
contents can not be directly measured. The Rb-Sr 
ratio can, however, be assessed by using the ana
Iytical data from the separated clinopyroxenes. In 
Fig. 82, Rb and Sr contents of the Pechen ga cli
nopyroxenes are compared with those obtained 
for pyroxenes from uncontaminated Archean ko
matiites and tholeiites from Canada. lt is apparent 
that the Rb/Sr value of the Pechenga pyroxenes 
fall within the range of komatiitic pyroxenes and 
differ considerably from the ratio for phyllites 
from Pechenga. Low Rb/Sr in pyroxenes from the 
Kierdzhipori lava flow and the ore-bearing Kam
mikivi sill provides little evidence for significant 
assimilation of country rock sediments during the 
emplacement of these bodies. The highest Rb/Sr 
value is observed in pyroxene from the ore-bear
ing Ortoaivi intrusion. This could be related to an 
excess of Rb due to impUlities , since this py
roxene fraction was not cleaned by hand-picking. 

Isotopic evidence 

The Se-S ratio together with S isotopes have 
been used to distinguish between different 
sources of sulphur (e.g., Eckstrand et al. , 1989). 
Because phyllites in the productive pile have very 
low Se and Te abundances and Se/S and Te/S 
values compared with typical magmatic sulfides, 
both these ratios are expected to decrease and 
834S to increase in proportion to the degree of 
contamination of the magma with sedimentary 
sulfur. Ideal mixing curves were calculated by 
using average Te and Se abundances and S iso
tope compositions of pyrite and pyrrhotite from 
S-rich phyllites for the sedimentary sulfur end 
member. The magmatic end member was as
signed a chondritic Te/S and two alternative 
values for Se/S (I OOx 10-6 , 300x lO-6) . The mixing 
curves show that if the large variation in Se/S and 
Te/S observed in disseminated sulfides (Fig. 67) 
is a consequence of mixing of sulfur from these 
two sources with homogeneous Se/S and Te/S, 

large changes in the sulfur isotope composition 
should be expected. For example, a decline of 
Se/S from 300 to 75 would mean an increase of 
the sedimentary sulfide component up to 80% and 
a change in 834S from zero to about + 10. Yakov
lev et al. (1968) did not give information on 
which particular deposits their abundant Se and S 
da ta belong to. Therefore, available data for mak
ing a comparison between the S isotope and Se/S 
values for individual deposits are limited. Never
theless, the relatively constant and low 834S 
values observed in deposits of the western ore 
field are in striking contrast with the generally 
large variation in Te/S and Se/So 

The reported S isotope compositions for se
dimentary rocks of the productive pile have a 
large spread, from at least -7 .0"/00 to +21.0 (100 , 
but the extent of heterogeneity in 834S of se
dimentary sulfides is cunently poorly con
strained. In any case, if the sulfur in the Ni-Cu 
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ores contained a major sedimentary component, a 
heterogenous distribution of ~?IS in magmatic 
sulfides would be observed. The restricted range 
of variation and dose to chondritic values of the 
S isotope composition in Ni-Cu ores at Kaula, 
Kotselvaara, and Kammikivi indicate that the 
bulk of sulfur isjuvenile in origin (Fig. 76). 

An important and intriguing problem is the 
difference in S isotope compositions between de
posits in the eastern and western ore fields (Fig. 
76). There are no indications that the magmas that 
formed the ore-bearing intrusions were different 
with respect to major or trace elements in these 
two areas. However, the areas differ with regard 
to the stratigraphic level at which the ore-bearing 
bodies occur. The eastern intrusions were em
placed as relatively large intrusions in the lower 
part of the productive pile, whereas the western 
intrusions, which are generally smaller in size, 
occur in the upper part of the productive pile and 
seem to have been emplaced doser to the earth's 
surface, in some cases possibly even on the sea 
floor. Thus there is a di fference in the pressure 
conditions of emplacement. Tl is weil known that 
degassing of sulfur as S02 from a magma alters 
the sulfur isotope composition of the remaining 
sulfur towards a lighter composition (Sakai et al., 
1982). On the basis of the presence of magmatic 
amphibole in the ferropicritic lavas and intru
sions, the pressure of emplacement was probably 
high enough to predude notable degassing of sul
fur in the early magmatic stage, during which the 
Ni-Cu sulfide ores segregated. 

The large size of the Pilgujärvi intrusion could 
have provided sllfficient thermal energy to as
similate a considerable amount of country rock 
phyllite. Figure 23 shows that there is an increase 
in Ö

34S of the rocks towards the lower contact of 
the intrusion indicating so me interaction with 
country rocks. However, the sulfur isotope com
position of other rocks higher up in the section are 
doser to the values measured for ores than the 
values in the contact zone. According to Grinenko 
and Smolkin (1991), the relatively homogeneous 
S isotope composition of the Pilgujärvi intrusion 
indicates lhat the shift of ö3.\S from a meteoritic 
vallle to a value averaging +4.2'/nn is a result of 

contamjnation that took place before the emplace
ment of the intrusion into the productive pile. 
Grinenko and Smolkin (1991) presented a model 
according to which the magma that produced in
trusions in the western ore fjeld (Kaula, Kotsel
vaara , Kammikivi) received an input of crustal 
sulfur in a magma chamber located in the Ar
chean crust where metasediments possessed S 
isotopic compositions dose to that of chondrites. 
On the other hand, the magma that produced the 
ore-bearing intrusions in the eastern ore field (Pil
gujärvi) was only marginally eontaminated with 
sulfur from the present cOllntry rocks and was in
stead more strongly contaminated in a magma 
chamber located in underlying Proterozoic meta
sediments, prior to emplacement into the produc
tive pile. 

Two problems arise with this model. Firstly, 
the nature and location of potential S-rich metase
dimentary contaminants in the metavolcanite
dominated Pechenga Series below the produetive 
pile is unknown. Secondly, the basement complex 
is mainly composed of granite gneisses and dif
ferent granites which are compositionally similar 
to other Archean basement areas , being charac
terized, for example, by low Ta/La, Ti/Zr and 
high A120 / Ti02 and AI20 / Y. lf ferropicritic 
magma resided in a magma chamber in the Ar
chean crust for a sufficiently long period in order 
to assimilate significant amounts of crustal sulfur, 
it would also have had the opportunity to become 
contaminated with Archean granitoid material. 
The above mentioned ratios in ferropicritic rocks 
are not consistent with any substantial degree of 
contamination by Archean crustal material. 
Neither is there evidence for it in the Sr, Nd, Pb, 
or Os isotope compositions of ferropicrites. 

Grinenko and Smolkin (1991) observed an in
crease of ö3.\S towards the lower contact of the 
Northern Kotselvaara intrusion as weil as in the 
Pilgujärvi intrusion. They also pointed out that 
high Ö34S values are observed in the lower contact 
zones of ferropicritic lava flows (Fig. 77). Ac
cording to these authors, this feature, together 
with the general heterogeneous distribution of 
ö3.\S suggest that assimilation of isotopically 
heavy sulfur 1'rom underlying metasediments has 
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Fig. 83. Th-U ratio against sulfur isotope composition 
for sampies from layered fen'opicritic lava flows. Th-U 
ratio was calculated from Pb isotope data of this study. 
834S data from Grinenko and Smolkin (1991) and 
Smolkin (pers. comm. , 1992). 

taken place at the site of extrusion of the ferropi
critic lava flows. Data given by Grinenko and 
Smolkill (1991) show that relatively heavy Ö34S 
values (up to 7.4 per mil) occur not only near the 
lower contact of lava flows but also close to their 
upper contact. If the high sulfur isotope values are 
caused by assimilation of underlying sedimentary 
material , it is hard to explain why some lava 
flows havc high Ö34S in the upper part while Ö34S 
stays low in the middle and lower part of the 
same lava flows. Because phyllitic metasediments 
appear to have low Th/U (Fig. 80) and high Ö34S 
compared with ferropicritic magma, bulk assimi
lation of these sediments would cause a decrease 
in Th/U and an increase in 834S in the ferropicritic 
magma with an increasing degree of assimilation 
and thus create a negative correlation between 
Th/U and Ö34S, 

Th/U for ferropicritic sampies can be calcu
lated from the 108PbP04Pb and 206pbP°-lpb data 

using the procedure outlined earlier in the section 
on Pb isotopes. fn Fig. 83 , Th/U is plotted against 
sulfur isotope composition for sam pies from 
layered ferropicritic lava flows, Also shown is the 
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field of S-rich phyllites based upon whole rock 
analyses of Th and U and Ö34S measurements of 
pyrite and pyrrhotite separates. The expected ne
gative correlation between Th/U and Ö34S is not 
observed; Th/U remains approximately constant 
while Ö

34S varies from +0.5'/00 to +7.4'/00 . The 
observcd relation hip between Th/U and Ö34S is 
thus not easy to explain by a contamination pro
cess but it is understandable if the variation in sul
fur isotopic composition is a result of 
postmagmatic processes. It is therefore suggested 
that the elevated Ö34S compositions in the margi
nal parts of the lava flows were generated through 
the introduction of isotopically heavy sulfur from 
country rocks during metamorphic processes. 
This was also regarded by Grinenko and Smolkin 
(1991) as a potential reason for high Ö34S in the 
upper part of the lava flows but it applies to the 
lower contact zones as weil. A general observa
tion in the Pechenga region is that sulfur isotope 
compositions show rather constant values in sul
fur-rich rocks such as Ni-Cu ores but vary within 
wider limits in rocks that are low in sulfur. This 
seems plausible because postcrystallization ex
change reactions with country rocks would more 
easily affect the isotopic composition of rocks 
having a low sulfur content. The preceding dis
cussion does not exclude the possibility that lhe 
elevated Ö34S values observed in the lower margi
nal parts of some intrusions resulted from interac
tion with country rocks at the magmalic stage. 
However, the potential postmagmatic migration 
of sulfur should also be taken into account. 

In the diagram plotting thorogenic 208pbP 04 Pb 
. . 206 Pb/ 204Pb I f (' agamst uranogel11c , ana yses 0 'er-

ropicritic metavolcanites and whole rock and 
apatite sampies from the Pilgujärvi intrusion ap
pear to be aligned along lines with slightly differ
ent coefficients (Fig. 70). The points for the 
Pilgujärvi sam pies are shifted towards the 
phyllitic sampies, indicating some contamination 
by sedimentary material having a low Th/U value. 
The alTay of the Pilgujärvi sampies yields a 
132Th/ 235 U value of 3.22±0.09. Based upon 
limited trace element data for phyllitic metasedi
ments, simple mass balance calculations suggest 
that the decreasc of 232ThP35U from a value of 
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3.8, calculated for ferropicritic metavolcanites, to 
3.2 can be explained by bulk contamination of a 
ferropicrite magma with 2 to 60/0 of sediment de
pending on the Th/U value of the sedimentary 
component. This is qualitatively consistent with 
the S-isotope data for the Pilgujärvi intrusion 
(Fig.23). 

Assuming a 834S value from 0 to + I per mil 
for a ferropicritic magma and from +12 to +15 
per mil for the crustal source of sulfur, the aver
age 834S value of 4.2 per mil for the Pilgujärvi 
Ni-Cu sulfide ores corresponds to an amount of 
23-35 0/0 of sedimentary sulfur of these ores. 
Using these figures as constraints, together with 
the percentage of bulk assimilation of 2-60/0 , de
duced from the Pb isotopic data, and assuming 
that the ferropicritic magma was elose to sulfur 
saturation during emplacement and contained 
0.2% sulfur, the sedimentary contaminant should 
have contained 2.8-5.3 % sulfur. Tf the ferropi
critic magma had a sulfur content half the value 
stated above, the sulfur content of the contami
nant can also be reduced to a half. Sulfur-rich 
metasediments with a sulfur content within the 
above mentioned range are not uncommon in the 
productive pile (Stromov, 1985). 

The calculations thus imply that the Pb and S 
isotope data for ores and silicate rocks of the Pil
gujärvi intrusion are also quantitatively consistent 
with a contamination hypothesis. Interaclion be
tween the Pilgujärvi intrusion and enelosing sedi
ments is also supported by the existence of 
country rock xenoliths in the middle part of the 
intrusion (Smolkin, 1977). It should, however, be 
borne in mi nd that there are other explanations for 
the observed difference in the 208pbP04pb_ 
206PbPo4Pb relations between ferropicritic meta
volcanites and the Pilgujärvi intrusion. Namely, 
lower Th/U may be attributed to a more depleted 
mantle source for the magma batch that fonned 
the Pilgujärvi intrusion. Some support for this 
idea is provided by the initial Nd isotope compo
sition which is slightly higher for the Pilgujärvi 
intrusion thall for ferropicritic metavolcanites. 
However, it must be pointed out that there are 
very few Nd data for the Pilgujärvi intrusion and 
none at all for the sedimentary rocks. Therefore 

Nd isotopes cannot be used to evaluate the extent 
of interaction between ore-forming magmas and 
sedimentary rocks. The available REE data from 
phyllites reveal that these rocks possess lower Nd 
concentrations than the potential ferropicritic 
parental magma and hence any contamination ef
fects they cause might not be readily apparent in 
the Nd isotope composition of the crystallization 
products of the ferropicritic magma. 

The radiogenic Os isotope composition of ore 
sam pies from the Kammikivi deposit were noted 
earlier. This can be interpreted in several ways. 
The preliminary explanation was that the 
radiogenic Os was a result of remobilization and 
homogenization of ore material within the lower 
part of the host intrusion during a metamorphic 
event (Walker et al., 1991c). It i weil known that 
ore material has been mobile at different scales in 
the Pechenga area. This phenomenon is seen 
under the microscope as a "negative" texture 
where sulfide pseudomorphs have replaced earlier 
olivine or at outcrop scale, for example, as the 
formation of stIinger ores in footwall metasedi
ments. The two-stage model involving magmatic 
and metamorphic fractionation was based upon 
three ore analyses which appeared to be aligned 
along an isochron with an age of about 1720 Ma 
and an initial 1870S/1 860S value at that time of 
about 3.5. In the 250 Ma interval from the time of 
igneous crystallization to the time of ore mobili
zation, the 1870S/1 860S of a whole-rock system 
with an average 187Re/1 860s of 650 would grow 
from chondritic to 3.5. 

As is shown in Fig. 75, Re-Os isotope data for 
the five S-rich sampies analysed to date from 
Kammikivi do not form a simple linear array and 
therefore this hypothesis of remobilization within 
the ore-bearing part of the sill does not adequately 
explain the position of the ore amples in the di
agram (Fig. 75). Furtherrnore, the average 
I ~ 186 . Re/ Os of 650 for ore seems to be too hIgh, 
since the maxi mum measured value is 260. If the 
sill remained as a elosed system during remobili
zation, ore sampies should show values on both 
sides of 650. 

Wh h ·· . I 1870 /1 860 . . . en t e 1I11tIa s s composltlon IS 
calculated for each ore sampie at 2.0 Ga, values 
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Fig. 84. Calculated percentages of bulk contamination 
and 1870s/1 860s in sedimentary contaminant which 
explain observed initial Os isotopic ratios in individual 
S-rich sampies from Kammikivi . It is assumed that 
magma, from which ore sampies crystallized, had a 
chondritic initial Os isotopic ratio. 

ranging from 2.21 to 4.50 are obtained, corre
sponding to YOs values between 133-375. lf these 
are magmatic values, at least two osmium sources 
are required, one being the mantle-derived fer
ropicritic melt and the other some crustal rock 

. h h' h 1870 /1 860 O' d Wlt a Ig s S. s Isotope ata are not 
yet available for sedimentary rocks of the produc
tive pile, but on the basis of high Os isotope 
values recorded for recent black shales and other 
marine sediments (Esser and Turekian, 1988; 
Ravizza and Turekian, 1989, Ravizza et al., 
1991), it is conceivable that the high 1870S/ 860S 
value in the ore sam pies could be due to assimila
tion of country rock sediment by the ore-forming 
magma. 

If this were the case, some difficulties would 
arise. For example, it would mean that some de
gree of Os isotopic disequilibrium exists between 
the sulfides and the silicate rocks in the Kammi
kivi sill, because the silicate rocks plot closer to 
the 2.0 Ga reference isochron. In other words, the 
isotopic effects of assimilation are resu'icted to 
the sulfide portion of the sill. This would indicate 

10 
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that the sulfide-bearing rocks and the overlying 
barren rocks crystallized from separate magma 
batches. The change from radiogenic to non
radiogenic Os isotope composition takes place 
within the olivine cumulate unit between sampies 
Petl/33.10 and Petl/25.66. The former has the 
highest calculated initial 1870S/1 860S value of 4.5 
while the latter nearly follows the chondritic 
1870S/ 860S evolution. 

The initial Os isotope composition of the ore 
sampies can in principle be used to infer the 
amount of crustal Os in ores if the initial ratio and 
the concentration of Os in the crustal component 
can be measured or estimated. Archean upper 
crust can be eliminated as a potential contaminant 
because to cause the initial Os isotope ratio of the 
ferropicritic magma to increase from 0.94 to 2.5 , 
more than 80% assimilation of crustal material 
with 0.015 ppb Os and a 1870S/1 860S value of 10 

would be required. This is so because of the low 
abundance of Os in typical crustal rocks relative 
to values of 0.45-0.78 ppb measured in primitive 
ferropicritic rocks. Sedimentary rocks of the pro
ductive pile are probably more effective contami
nants, since black shales are known to possess 
high Os contents (Ravizza and Turekian, 1989, 
Ravizza et al. , 1991). Assuming Os concentra
tions of 0.6 ppb and 0.2 ppb for the ferropicritic 
magma and the sedimentary component, respec
tively, and chondritic initial 1870S/1 860S for the 

ferropicrite magma, binary mixing calculations 
were performed to examine which combinations 
of 1870 S/1 860S in the sediment and the percentage 
of bulk contamination could account for the in
itial ratios in individual ore sampies. 

The results are graphically portrayed in Fig. 
84. They indicate that if the contaminant had an 
1870s/1 860s value lower than the present-day 
average continental upper crust, a large propor
tion of osmium contained in the ore sampies 
could have been derived from country rocks (Fig . 
84). As the Pb-Pb isotope analyses of pelitic sedi
ments of the productive pile suggest that the Ar
chean basement rocks are not a dominant 
component in these rocks, the major proportion of 
osmium is presumably derived from seawater and 
volcanic rocks. It follows that 1870s/1 860s in 
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phyllites was likely to have been lower than 8-9, 
which are the va lues measured for recent organic
rich marine sediments (Ravizza and Turekian, 
1992). The curves in Fig. 84 are only tentative 
until actual Os data are obtained for sedimentary 
rocks of the productive pile. In any case, the cal
culations suggest that a considerable amount of 
crustal Os must be involved if the radiogenic 
composition of the ore sampies is due to contami
nation by crustal material. Furthermore, assuming 
a constant 1870S/1 860S value and a constant Os 
content for the contaminant, a large variation in 
the extent of contamination is recorded by separ
ate sampIes (Fig. 84). For example with a 
1870S/1860S value of 10 in asediment, sampIes 
Pet2/25.65 and Pet2/27.70, which are located 
only 2 m apart from each other, would contain 
32% and 51 % of sedimentary Os, respectively. 
Equally enigmatic is the heterogeneity in the in
itial Os ratios of c10sely spaced ore sampIes be
cause this would suggest limited homogenization 
of Os isotopes in interstitial sulfide liquid at the 
magmatic stage. 

The S isotope data (Fig. 76) and the cha1co
phile element composition of ore together with 
major element (Fig. 58) and trace element data of 
si licate rocks argue against strong interaction with 
country rocks in the case of the Kammikivi 
layered sill. These results in conjunction with 
other problems discussed above demand that 
other explanations should be found for the 
radiogenic Os isotope composition of the ore 
sampIes. 

Turning back to the hypothesis of reworking 
of sulfides during a metamorphic event, this 
model is modified below as folIows. Instead of 
assuming closed system behavior, it is considered 
that there was a possible change in the content of 
ore metals in the lower part of the intrusion. One 
way for a sampIe to acquire a high ca1culated in
itial 1870S/1 860S value at about 2.0 Ga is to 
undergo a loss of Re in a subsequent mobilization 
event. For each sampIe, it is poss ible to ca1culate 
the change in 187Re/1860s that is needed for its 
1870 /1860 I ' I' . f h' s s evo utlon lI1e to proJect rom t e 111-

itial ratio at a given time of metamorphism to a 
chondritic value at 2.0 Ga. If the reworking event 

took place 1720 Ma ago, the radiogenic composi
tions of ore sampIes at Kammikivi are explained 
by a Re loss varying between 59-85%. The loss 
would be even larger if the time interval between 
the magmatism and the metamorphism was shor
ter. In the case of arecent Re loss, the percent
ages of Re leaching would vary between 13-43%. 

The high Os initial ratios could also be pro
duced by the introduction of radiogenic osmium 
from country rocks during metamorphism. This 
process is, however, more difficult to model be
cause 1870S/1860S of the potential hydrothermal 
fluid is poorly constrained. If the fluid phase had 
a 1870 S/1860S value of 10, an Os addition from 
16% to 65% is needed to explain the radiogenic 
Os isotope compositions of the ore sampies. The 
calculated percentage of the nonmagmatic Os is 
not significantly affected by the timing of the en
richment event. 

The perturbation of the Re-Os isotope system 
is evident for silicate sampie Pet 1/5.40, which 
c1early plots beneath lhe reference isochron, indi
cating either a loss of Os or a gain in Re (Fig. 75). 
The initial Os isotopic ratio of thi s sampie ca1cu
lated at 2.0 Ga has a negative value. The rock 
contains rather fresh -Iooking clinopyroxenes but 
they are set in a chloritic mass replacing mag
matic interstitial phases. Assuming a simple two
stage model and an input of Re, the resetting of 
the system can be inferred to be younger than the 
time at which the 1870 S/1860S evolution of the 
sampIe transects the chondritic 1870S/1 860S evol
ution line. In this way, a maximum resetting time 
of 1750 Ma is obtained for sampie Pet 115.40. 

The time of metamorphism has not yet been 
preci sely dated in the Pechenga region. Accord
ing to Pushkarev et al. ( 1988), a Pb-Pb isotopic 
age of 1810±25 Ma has been obtained for a gar
net-vesuvianite dike cutting the Pilgujärvi intru
sion . Gorokhov et al. ( 1982) reported a Rb-Sr 
isochron age of I 650±75 Ma for pelitic metasedi
ments of the Pilgujärvi Suite and interpreted it to 
correspond to an episode of low-grade meta
morphism. Arecent Rb-Sr isotope study by Bala
shov et al. ( 1991 ) on volcamc rocks from various 
levels of the Pechenga Group yields ages of 
1770±43 Ma, l770±IIO Ma, 1790±42 Ma, and 



about 1780 Ma. For the Litsa-Araguba granites 
located east of Pechenga, Pushkarev et al. (1978) 
reported a U -Pb zircon age of 1810±50 M a and a 
younger Rb-Sr age of 1720±25 Ma. Zwicky 
(1991) has carried out a K-Ar isotope study on 
rocks of the Opukasjärvi greenstone belt less than 
100 km west of Pechenga. He obtained closure 
ages between 1695-l733±22 Ma for biotite, 
1723-1774±22 Ma for muscovite, and 1745-
181l±22 Ma for hornblende. 

It should be emphasized that the hypotheses 
considered above involving either loss of Re or 
gain of Os during metamorphism are end-member 
models and are not valid if the fluid phase trans
ported both Re and Os. In the latter case, the 
change in the isotope composition of sulfides dur
ing the remobilization event would be still larger. 
It is thus evident that irrespective of whether the 
high radiogenic osmium values in ore sampIes is 
of magmatic or metamorphic origin, substantial 
changes in the Re-Os systematics of the magma 
or sulfides must have occurred. Thi s study and 
those of Luck and Arndt (1985) and Walker et al. 
( 1988) have shown that the Re-Os isotope system 
is stable in silicate rocks under low-grade meta
morphic conditions but some literature data exist 
concerning unstable behavior of this system in 
metamorphosed sulfides. lt is interesting to note 
that Luck and Arndt (1985) reported radiogenic 
Os isotope compositions for two magmatic sul
fide sampIes from a komatiite flow in Alexo, 
Abitibi belt. These sulfides lie di stinctly to the left 
of the isochron defined by genetically related ko-

.. I d h ... I 1870 /1 860 matllte samp es an s ow Iflltla s s com-
positions of about 1.5 and 3.1. Luck and Arndt 
(1985) suggested that the ore sampies have lost 
Re during recent leaching. Luck and Allegre 
(1984) published a single analysis of sulfide ore 
associated with the Cape Smith komatiites and 
calculated a model of 1740±60 Ma for this 
sampIe. If the U-Pb zircon age of 1918±8 Ma ob
tained for the Kattiniq sill is taken as the em
placement age of the Chukotat Group komatiites 
(Panish, 1989), the initial Os ratio of the sulfide 
ore falls considerably below the chondritic evol
ution line and acquires a Aos value as low as -21.5 
(A=1.639xlQ-11 l). It is noteworthy that sulfide 
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fractions from the Ultramafic series (UMS) of the 
Stillwater intrusion have initial 1870S/1 860S values 
(270 I Ma) of 1.36 and 1.75 which are clearly 
higher than the range obtained for silicate and 
chromitite sampies from this intrusion (0.88-1.18) 
(Lambert et al. , 1989). Resetting of the Re-Os 
system has been documented by Beneteau et al. 
(1991) in chalcopyrite sampies in the Falcon
bridge East i-Cu deposit (Sudbury) and also in 
pyrrhotite-pentlandite sampIes at the contacts of 
the same deposit. On the other hand, Walker et al. 
(1991a) analysed whole rock sulfide ore sampIes 
from the Levack West and Falconbridge mines 
and obtained isochrons with ages within the un
certainty limits of the accepted age of the Sud
bury Complex . This suggest closed-system 
behavior for the Re-Os system in these ores. 

Clearly, additional Os isotope data are needed 
in order to pI ace more strict constraints on the 
role of country rocks in the Ni-Cu ore fomlation 
and the timing of mobilization and recrystalliza
tion of ore material. The Re-Os method poten
tially allows one to study the timing of 
(re)crystallization of ores by constructing mineral 
isochrons based on analyses of ore mineral sepa
rates . Pb-Pb isotope analyses on rocks of the 
Kammikivi sill as weIL as Re-Os isotope analyses 
of sulfide and primary silicate mineral fractions 
from the same sam pie could also shed light on the 
question of contamination versus mobility of Re 
and Os. 

The interpretation of the Sr isotope data in 
tenns of potential interaction of magmas with 
country rocks is hampered by limited knowledge 
of the initial 87Sr/ 86Sr value of the sediments at 
the time of the ferropicritic magmatism. The only 
available Sr isotope data on the sedimentary rocks 
of the productive pile are the six analyses of 
pelitic rocks published by Gorokhov et al. ( 1982). 
As was mentioned earlier, five of them plot on an 
isochron with a proposed metamorphic age of 
1650±75 Ma and give an initial ratio of 
0.7077±0.0015 at that time. On the basis of the 
present study and analyses of Gorokhov et al. 
(1982), pelitic metasediments can be calculated to 
have an average Rb/Sr of 0.56. This would mean 
a change in 87Sr/86Sr of 0.0022 per 100 Ma. When 
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going back in time from 1.65 Ga to 2.0 Ga, the 
initial ratio of 0.7077 thus diminishes to 0.6999, 
i.e., clearly below the bulk ea11h evolution curve. 
Although this value is unrealistically low for a 
pelitic sediment, it may indicate that there is no 
significant component of Archean upper crustal 
detritus in the analysed pelitic sampies. This is 
also consistent with the Pb isotope data. Tt must 
be stressed, however, that these calculations are 
imprecise for many reasons. For example, it is un
certain whether the homogenization during meta
morphism took place within the scale of 
sampling, a problem wh ich was not addressed by 
Gorokhov et al. (1982). If it is assumed that the 
Rb-Sr system of the sediment sampies was not 
disturbed after the time of deposition, their calcu
lated initial 87Sr/ 86Sr values would vary between 
0.6959-0.7125 at 2.0 Ga. 

lt is significant that the initial Sr isotope ratios 
obtained from clinopyroxene separates show no 
significant differences between the barren Kierd
zhipori flow and the mineralized Kammikivi and 
0110aivi sills. In fact, the lowest value indicating 
a chondritic evolution was measured for pyroxe
nite from the ore-bearing Kammikivi sill. The 
data of Smolkin (1991) for the Pilgujärvi apatite 
suggest a slightly higher initial ratio (0.703) for 
this intrusion but even this value is relatively 
close to the chondritic value about 2.0 Ga ago 
(Fig. 103). 

New geochemical and isotopic data obtained 
during recent years strongly argue for the gener
ation of the Pechenga ore-bearing intrusions from 
a ferropicritic magma and their emplacement con
temporaneously with ferropicritic vo lcanism 
(Hanski and Smolkin, 1989; Hanski et al. , 1990). 
These results are compatible with the classifica
tion of the Pechenga i-Cu deposits as synvol
canic ore deposits ( aldrett, 1989b). In this 
respect, the Pechenga ores are analogous to ko
matiite-related i-deposi ts in Westem Australia. 
The difference between these two areas is that the 
economic deposits are concentrated in the intru
sive subvolcanic facies at Pechenga while the 
Kambalda-type deposits occur mainly at the basal 
parts of volcanic sequences. Petrographic features 
indicate, however, that some of the ore-bearing 

bodies such as the Kammiki vi layered ' sill' crys
tallized , if not on the sea floor, at least very close 
to it. 

Key elements in recent genetic models that 
have been proposed to explain Ni-Cu deposits in 
komatiites, include a dynamic flow regime of vol
canism, thermal erosion of underlying sedimen
tary rocks and basalts by a hot, turbulent magma, 
and consequent sulfide assimilation (Lesher, 
1989). A dynamic subvolcanic environment is 
also applicable to the Pechenga area. An ex
cessive modal olivine component in intrusions 
constitutes one piece of evidence for an open sys
tem behavior of magma chambers feeding over
Iying volcanism. Tt also explains why differences 
have not been found in olivine compositions be
tween barren and ore-bearing intrusions, for sili
cate liquids did not necessarily solidify in the 
same place as the sulfides with wh ich they equili
brated. Also the high proportion of sulfides in 
some magmatic units suggests that the unit acted 
as a channel through wh ich a considerable 
amount of ferropicritic magma migrated , precipi
tating sulfides. Altematively, the sulfide liquid se
gregated earlier from a greater volume of magma 
and was emplaced as an independent sulfide liq
uid. Particularly striking in this respect is a re
cently discovered i-Cu deposit in the 
Kierdzhipori area. Here a 3.2 m thi ck magmatic 
unit which has been regarded as a 1l0w by Gorbu
nov ct al. (1989) and a sill by Grincnko and Smol
kin ( 1991), contains a 0.45 m thick massive ore 
overlain by alm lhick disseminated ore at its 
base. 

The effecls of thermal erosion by ferropicritic 
magma have not been described from the Pe
chenga area. Although some assimilation during 
the magmatic stage may have occun'ed, for 
example in the Pilgujärvi intrusion , major and 
trace element data and S, Sr, Nd and Pb isotope 
results suggest that country rock su l fides seem not 
to have played a significant role in the formation 
of economic Ni-Cu sulfide deposits in the westem 
ore fjeld, neither at the magmatic nor at the meta
morphic stage. Instead, sulfur can be regarded as 
predominantly juvenile in these deposits . In con
trast to this interpretation, radiogenic Os isotope 



compositions of S-rich sampIes from the Kammi
kivi si ll imply a considerable component of crus
tal Os in the ores. However, this feature could 
also be explained by postmagmatic disturbance of 
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the Re-Os system in sulfides, although this would 
require a considerable loss of Re or gain of Os. 
Clearly, more isotope measurements are needed 
to reconcile the Re-Os results with other data. 

MANTLE SOURCE OF FERROPICRITIC MAGMAS 

Residual mineralogy 

Knowledge of the residual mineralogy is criti
cal in as essing the trace element characteristics 
of the mantle source from which a basaltic melt 
segregated. In particular, establishing the 
presence or absence of residual gamet is import
ant, because this mineral can strongly influence 
the relative abundances of rare earth elements in 
the liquid due to its high partition coefficients for 
heavy REE (e.g., Harrison, 1981). The LREE en
richment of volcanic rocks such as alkali basalts 
has been commonly ascribed to a garnet-bearing 
residue in the mantle (e.g., Kay and Gast, 1973; 
Lanphere and Frey, 1987). In a similar way, the 
high LalYb values in ferropicritic rocks may be a 
result of the preferential retention of heavy REE 
by residual garnet, in which case the degree of 
melting was not sufficiently high to eliminate all 
the gamet from the gamet peridotite source. Be
cause thc near sol idus partial melts of a mantle 
peridotite become more magnesian and even ap
proach komatiitic compositions with increasing 
pressure (Takahashi, 1986), the high MgO abun
dance of ferropicrites does not rule out a model 
invoking a low degree of melting at a relatively 
high pressure with a garnet-bearing residuum. On 
the other hand, geochemical data from mantle 
xenoliths demonstrate that many peridotites, and 
particularly those tbat have adepleted major ele
ment composition, possess high LalYb values 
compared with chondrites (see McDonough and 
Frey, 1989). Therefore, the possibility that the 
source region of the ferropicritic magma was en-

riched in light REE should seriously be con
sidered. If the mantle source possesses inherently 
high LalYb, then the resultant melt is LREE-en
riched irrespcctive of the degree of melting. 

From the above discussion, it is evident that it 
should be possible to evaluate the potential satu
ration of a ferropicritic liquid in residual gamet at 
the time of melt segregation without making any 
assumptions concerning the degree or depth of 
melting. This will be attempted in the following 
discussion by employing major element analyses 
of ferropicrites and the results of high-pressure 
experimental petrology derived from Lhe Iit
erature. 

Hanson and Langmuir (1978) defined three 
types of elements with respect to their partition
ing behavior between crystalline and liquid 
phases, viz. essential structural constituents, trace 
elements, and intermediate elements. An essential 
structural constituent (ESC) is an element which 
completely fills one structural site in a mineral 
and for which there is little solid solution. Be
cause the abundance of an ESC in the mineral is 
stoichiometrically constrained to a constant value, 
a mineral-melt partition coefficient Kd of this ele
ment, which is a function of P and T, completely 
determines the concentration of this element in 
the liquid. Conversely, given an abundance of an 
ESC in the liquid under certain P-T conditions, 
the Kd of a mineral specifies whether the liquid is 
saturated with this mineral or not. Examples of 
ESCs are rcspectively Si , Ca, and Al in olivine, 
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clinopyroxene, and gamet. 
The concentration of an essential structural 

constituent in minerals and melt is independent of 
the abundance of this element in the system or the 
proportions of minerals. Thus, if the concentra
tion of an ESC in the system is changed under 
fixed conditions, the proportions of minerals and 
melt will vary, but the compositions of the phases 
remain unchanged. In contrast, trace elements 
which, by definition, follow Henry's Law and 
have constant Kd' s irrespective of their concentra
tions in the system will have variable concentra
tions in mineral and liquid phases, depending on 
the proportions of these phases and the abun
dances of trace elements in the system. In addi
tion, trace elements occur at such low 
concentrations in silicate liquids that they cannot 
significantly affect the stability of solid phases. 

For example, the saturation of a liquid with gamet 
is not dependent on the Yb content of the liquid, 
but when the Al content diminishes to a suffi
ciently low level in the liquid, gamet will no 
longer be in equilibrium with this liquid. 

An intermediate element shares the properties 
of both ESC and a trace elements. For a given K eI , 

the abundance of an intermediate element in 
minerals and melt can vary, but only within the 
limits imposed by stoichiometry. The abundance 
of this element is also influenced by the relative 
proportions of the mineral and liquid phases. 
Typically, intermediate elements have a wide 
range of solid solution with each other in a given 
structural site in a mineral, such as Mg and Fe in 
the olivine lattice. 

As mentioned above, essential structural con
stituents are elements that completely determine 
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Fig. 85. Al z0 3 (cation mole proportion) vs. pressure diagram far dry silicate 
Iiquids that have been shown experimentally to be in equilibrium with gamet 
± other phases. For data sourees, see Appendix 2. 



the stability of a mineral under given P-T condi
tions. In the ca se of gamet, the AI20 3 content of a 
liquid can potentially be used to constrain the gar
net stability. Figure 85 shows the Al20 3 content 
(in cation mole proportions) of experimentally 
studied Iiquids that have gamet as a liquidus 
phase, with or without other phases, at various 
pressures under dry conditions. The curve in the 
diagram delineates a region where a liquid has an 
AI20 3 content that is too low to allow gamet to be 
in equilibrium with this liquid. The curve shows 
that the minimum A120 3 content of liquid needed 
to saturate gamet increases with decreasing pres
sure. This means that the maximum Kd(gt-liq) for 
AI20 3 increases with increasing pressure. From 
the Al20 3 vs. P diagram, one can infer that if a 
parental magma has an Al20 3 content, for 
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example, of less than 0.09, the pressures during 
segregation must have been higher than about 40 
kbar, provided gamet was one of the residual 
phases. This diagram alone, however, does not 
yet tell whether gamet actually was left in the 
residue if the pressure of segregation cannot be 
independently constrained. 

In most current theories of basalt petrogenesis, 
the source material for primary basalt magmas is 
olivine-rich lherzolite or harzburgite (e.g., Basal
tic Volcanism Study Project, 1981 ; Ringwood, 
1989). Because the source region of highly mag
nesian ferropicritic magma most probably con
sisted of peridotite, olivine was one of the phases 
remaining in the crystalline residue. One potential 
way of determining the existence of residual gar
net is to establish whether ferropicritic magma 
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fulfills the compositional criteria of a liquid that 
is simultaneously in equilibrium with olivine and 
gamet. This is done by testing whether there are 
conditions under which the Alz0 3 content of a 
ferropicritic liquid is sufficiently high to be satu
rated in gamet while at the same time MgO and 
FeO contents are sufficiently high to be saturated 
in olivine. 

Because MgO and FeO are not essential struc
tural constituents in olivine, their abundances in 
the liquid as such cannot strictly be used as a 
criterion for olivine saturation. However, since 
moleClllar MgO+FeO in olivine is constant 
(0.667), this sum can be treated as an essential 
structural constituent. One complicating factor is 
the differing partition behavior of iron and mag
nesium between olivine and silicate liquid (Kd for 
MgO is about three limes that of Kd for FeO). 
This means that the sum of MgO and FeO in 
liquids with varying MgO/FeO is not sufficient to 
determine the stability of olivine. The di fference 
in partition coefficients means that approximately 
three times more iron is nceded in the liquid com
pared to that of magnesium to bring about the 
same stabilizing effect. This difficulty can be cir
cumvented if FeO is multiplied by KI) , the Fe-Mg 
exchange reaction distribution coefficient of oli
vine. The function MgO+Kl)xFeO is then used in 
a similar fashion as Al 20 3 in Fig. 85. 

MgO+Kl)xFeO of olivine saturated liquids 
from anhydrous experiments from the literature 
are plotted against pressure in Fig. 86. Because 
KI) has been observed to be slightly pressure-de
pendent (Takahashi and Kushiro, 1983; Agee and 
Walker, 1988; Ulmer, 1989), the relation 
KI)=0.30 + 0.002xP(kbar) from 0 to 40 kbar and a 
constant KI) value of 0.38 at higher pressures has 
been used in Fig. 86 for those runs in which KI) 
has not been measured. The simplest synthetic 
systems were exc1uded when constructing the di
agram: all the liquids contain iron and almost all 
also contain sodium and/or potassium (Fig. 92). 
In Fig. 86, olivine-saturated liquid show a wide 
spread in MgO+Kl)xFeO at low pressures, de
pending on temperature, but this variation 
becomes smaller and the minimum 
MgO+Kl)xFeO value larger with mcreasmg 

pressure. This feature is compatible with the well
known fact that the normative olivine content of 
an initial liquid during mantle melting increases 
with increasing pressure because of the contrac
tion of the primary phase volume of olivine (e.g., 
O'Hara, 1968). Ir is also consistent with the con
vergence of the sol idus and liquidus curves of 
peridotite with increasing pressure (Takahashi, 
1986). A curve has been drawn in Fig. 86 which 
delineates a "forbidden" region where a silicate 
liquid has never been observed to be stable with 
an olivine-beating mineral assemblage under dry 
conditions. 

The minimum olivine stability curve in Fig. 
86 permits an estimation to be made of the maxi
mum pressure of segregation for a magnesian sili
cate melt from an olivine-bearing source. If the 
ferropicritic parental magma had about 15 wt. % 
MgO and 14 wt. % FeO, which is equivalent to an 
MgO+Kl)xFeO value of 0.265, the pressure of 
segregation is restricted to less than about 38 
kbar. On the other hand, if the ferropicrites 
erupted on the surface are regarded as derivatives 
of a more primitive parental magma, such as one 
containing about 20% MgO (MgO+Kl)xFeO 
about 0.32), segregation could have taken place at 
pressures as high as 50 kbar. In any case, the 
maximum depth of generation of the ferropicritic 
magma occurs weil within the stability field of 
gamet Iherzolite (Takahashi, 1986). 

When the curves of the minimum AI 20 3 and 
minimum MgO+Kl)xFeO contents of liquids 
from Figures 85 and 86, respectively, are com
bined by plotting MgO+Kl)x FeO against A1 20 3, 

an OI+Gt saturation curve as a function of P is 
obtained (Fig. 89). All liquid compositions that 
are relatively low in Alz0 3 or MgO+Kl)xFeO and 
which therefore plot beneath the curve in Fig. 89, 
can be saturated in either olivine or gamet but not 
simultaneously in both of these minerals. Instead, 
for liquid compositions that plot above the curve, 
OI+Gt+L equilibrium is possible. Along most of 
its length, the saturation curve is c10se to a 
straight line which can be approximated with the 
equation Alz0 3 = -0.355x(MgO+Kl)xFeO) + 
0.190. From this equation, it follows that if a 
natural liquid with MgO+Kl)xFeO between 0.2-
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Fig. 87 . MgO+KoxFeO (cat ion mole proportion) vs . 
pressure diagram for hydrous, H20+C02- or 
C0 2-bearing silicate liquids that have been 
experimentally shown to be in equilibrium with o li vi ne 
± other phases. Liquid compositions plotted on a 
volatile-free basis. Ko is the Fe-Mg exchange reaction 
distIibution coeffic ient between o li vine and liquid (see 
text). Curve for olivine stability under dry conditions 
taken from Fig. 86. For data SO Ul'ces, see Appendix 2. 

0.4 (corresponding MgO contents about 12-30% 
in wt. %) has a value greater than 2.82 for the 
function (0.534 - MgO+KoxFeO)/AI20 }, it falls 
below the OI+Gt+L stability curve in Fig. 89. 

It should be emphasized that not all liquids 
situated above the OI+Gt+L stability curve are 
necessarily saturated in OI+Gt. The reason is that 
not all liquid compositions plotting above the oli
vine stability curve in Fig. 86 are saturated in oli
vine and not all liquid compositions plotting 
above the gamet stability curve in Fig. 85 are in 
equilibrium with gamet. This is because in the 
simple diagrams of Al20 3 vs . P and 
MgO+KDxFeO vs. P, compositions of liquids are 
projected from the sum of all other components. 
The presence of other major components makes it 
difficult to ob ta in detailed phase equilibrium data 
abovc the curves in these diagrams (cf. 0 ' Hara, 
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Fig. 88 . Ab03 (cat ion mole proportion) vs. pressure 
diagram for hydrous, H20+C0 2- and C02-bearing 
si licate liquids experimentally shown to be saturated in 
gamet ± other phases. Liquid compositions plotted on a 
volatile-free basis. Curve for gamet stability under dry 
conditions taken from Fig. 85. For literature sources, 
see Appendi x 2. 

1976). Nevcrthelcss, the diagrams in Figures 85, 
86 and 89 have not been designed to give detai led 
phase equilibrium data but to de lineate the forbid
den OI+L, Gt+L, OI+GT +L equilibrillm regions, 
which, taking into account the wide range of 
compositions used in experimental runs, are 
thollght to be generall y applicable (see below). In 
summary , the Al20 3 vs. MgO+KoxFeO diagram 
cannot be used to establish phase equilibria for a 
given melt composition, but instead can provide 
information for the e limination of certain mineral
liquid equilibria. The latter information is lIseful 
from the point of view of trace elements, particu
larly if we can deduce the absence of Gt+L equili
bria. 

A literature survey reveals that sllrpri singly 
few iron-bearing, dry liquid compositions have 
been experimentally velified to be simultaneously 
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Fig. 89. Ab03 vs. MgO+KoxFeO diagram (cation 
mole proportion) constructed by combining gamet and 
olivine stability curves from Fig. 85 and 86. For liquid 
compositions plotting beneath the curve, 
olivine+gameHliqllid eqllilibrillm is not permitted and 
for those liquids plotting above the curve, thi s 
eqllilibria is possible (under dry conditions). Also 
shown are liquid compositions that have been 
experimentaJly verified to be multiply saturated in 
olivine+gamet±other phases L1nder dry or 
volatile-bearing conditions (for references see text). BH 
denotes iron-rich (23.3 wt. % FeO) melt from Bertka 
and Holloway (1988). 

satLlrated both in olivine and garnet. These com
positions are plotted in Fig. 89 (solid squares) and 
include those reported by Elthon and Scarfe 
(1984), Bertka and Holloway (1988), Falloon and 
Green (1988), Maahlle and lakobsson (1980), Ta
kahashi (1986), and Kato et al. (1988). They are 
all 10cated weil inside the field where the 
OI+Gt+L equilibria is allowed. It should be noted 
that, according to Falloon and Green (1988, p. 
393), the composition reported by Elthon and 
Scarfe (1984) is probably not multiply saturated 
in OI+Opx+Cpx+Gt, but rather only in olivine 
and orthopyroxenc, with clinopyroxene and gar
net being quench phases . 
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Fig. 90. Pechenga ferropicrites and their 10w-MgO 
derivatives on the Ab03 vs. MgO+KoxFeO diagram. 
Dashed lines are olivine fractionation paths. 

When analyses of ferropicrites and their deri
vative liquids are projected on the Al20 3 vs. 
MgO+Kox FeO diagram (Fig. 90), the majority of 
them fall below the OI+Gt saturation curve, indi
cating that they did not leave a garnet-bearing 
residue when segregating from the mantle. Also 
shown in Fig. 90 are olivine fractionation lines 
from some ferropicrite analyses thought to be 
close to the parental liquid in composition. They 
demonstrate that olivine fractionation may cause 
the residual liquid to cross the OI+Gt stability 
curve but the degree of this fractionation should 
be large. In the latter case, a highly magnesian 
liquid generated at apressure range of 55-70 kbar 
cou1d in principle fractionate to a ferropicritic 
composition by an extensive amount of olivine 
separation. However, this alternative is highly im
plausible not only because of the problem o[ high 
Ni in ferropicrites , as discussed earlier, but also 
because of the difficulty of segregation of ferropi
critic liquid owing to the predicted density cross
over of the liquid and its residue at very high 
pressures (Hanski , 1989). Moreover, melting at 
very high pressures would produce liquids with 
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Fig. 91. CaO/(CaO+Ah03) vs. MgO+KoxFeO diagram 
(cation mole proportion) for evaluating 
olivine-gamet-c1inopyroxene-liquid equilibria. Curve 
shows CaO/(CaO+Ah03) values and minimum 
MgO+KoxFeO value as a function of pressure for a 
liquid in equilibrium with an OI+Gt+Cpx-bearing 
mineral assemblage. MgO+KoxFeO-pressure relation 
taken from Fig. 86. CaO and Ah03 (wt. %) were 
calculated by using the equation a + bP + cp2 + dp3 

where P is pressure in kbar and coefficients a=18.60, 
b=-0.2699, c=2.299, d=-6.80 for CaO and a=26.04, 
b=-0.4775 , c=3.677, d=-10.86 for Ah03 (Herzberg, 
1992). Small symbols represent individual analyses and 
larger ones average values of several sampies and 
weighted averages of flows . 

CaO/AI20 3 values larger than those observed in 
ferropicrites (see below). 

It has long been known that, with increasing 
pressure, the liquidus field of gamet is expanded 
against that of clinopyroxene thereby causing 
liquids in equilibrium with Gt and Cpx to acquire 
higher CaO/Al20 3 with increasing press ure 
(O'Hara, 1968). Using high-pressure and ultra
high-pressure experimental data on the system 
CaO-MgO-AI20 r Si02, Herzberg (1992) found 
that CaO/(CaO+AI20 3) increases systematicaJly 
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as a function of pressure in liquids multiply satu
rated in gamet and clinopyroxene. He was also 
able to demonstrate that the same relation holds 
equally for iron-bearing systems, since the addi
tion of iron neither expands nor contracts the 
crystallization field of garnet with respect to that 
of clinopyroxene. According to Herzberg ' s data, 
CaO/(CaO+AI20 3) (wt. %) of an initial melt from 
a peridotite with the residual mineral assemblage 
OI+Opx+Cpx+Gt increases from 0.44 to 1.0 
when pressure increases from 22 kbar to 158 
kbar. When Fig. 89, which gives the minimum 
AI20 3 content at a given MgO+KoxFeO level for 
a liquid in equilibrium with OI+Gt, is combined 
with the CaO/(CaO+AI20 3)-pressure relation of 
Herzberg (1992) for the Gt+Cpx+L-P equilibria, a 
value for CaO/(CaO+AI20 3) (and the minimum 
CaO content) at a given MgO+KoxFeO level is 
obtained for liquids that are in equilibrium with 
OI+Cpx+Gt. The result is presented in Fig. 91. 
Taking into account, firstly, that the curves in Fig. 
86 and 91 represent mlillmum values of 
MgO+KoxFeO at each pressure and, secondly, 
that CaO/(CaO+AI20 3) does not tend to change 
significantly as the degree of melting increases, as 
long as the partial melts are buffered by both gar
net and clinopyroxene, it can be inferred that the 
actua1 liquids segregating from an 01+Gt+Cpx
bearing residuum will plot on the right-hand side 
of the curve in Fig. 91. It should be kept in mind 
that a positive result with respect to the 
OI+Gt+Cpx+L equilibria obtained from Fig. 91 is 
only valid in combination with the AI20 3 vs. 
MgO+KoxFeO diagram where the same liquid 
should plot above the OI+Gt+L stability curve. 
Also we should remember that Fig. 91 is applic
able to dry conditions and CO2 in particular has a 
strong effect on the CaO-AI 20 3 relations of 
liquids (Adam, 1988). 

In spite of the uncertainty involved in the esti
mation of CaO/(CaO+AI20 3) for the ferropicritic 
magma, it can be rather confidently stated that 
this ratio was equal to or higher than 0.48 in cat
ion mole percentages (CaO/AI203~ I in weight 
percentages) (Table 17, 18). This value is too 
high compared with the MgO+KoxFeO level of 
ferropicrites for it to plot in the field of liquids 
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that can be in equilibrium with the mineral as
semblage OI+Gt+Cpx CFig. 91). Consequently, 
provided that the diagrams based on anhydrous 
experimental high-pressure data are relevant to 
the melting process generating ferropicrites, it can 
be concluded that the AI20 r MgO+KoxFeO rela
tions of ferropicrites rule out the presence of oli
vine+garnet among residual minerals while the 
CaO/AI20 r MgO+KoxFeO relations eliminate 
the possibility of olivine+garnel+clinopyroxene 
in the residuum. The diagrams in Fig. 89 and 91, 
however, do not exclude clinopyroxene from 
being among the residual minerals and hence the 
potential mineral combinations in the residuum 
are 01, OI+Opx, OI+Opx+Cpx, and OI+Cpx. 

Before considering the implications of the 
above conclusions, it is necessary to establish the 
experimental uncertainties involved in the con
struction of the diagrams in Figures 85 and 86 
and to determine the effects of the compositional 
parameters, including volatile contents, on the 
high-pressure mineral equilibria. 

Because all the liquid compositions utilized in 
Figures 85 and 86 are iron-bearing, it is worth 
discussing the problem of iron loss, which is often 
encountered in experimental studies of iron-bear
ing systems. Platinum and its alloys are com
monly used as a capsule material in high-T-P 
experiments due to their appropriate physical 
properties, but these materials have the disadvant
age that they readily form alloys with iron Ce.g., 
Merrill and Wyllie, 1973). In lhis context, it is 
useful to note Thompson's (1984) observation 
that experiments conducted using Pt capsules 
have yielded olivine-saturated liquids that are 
higher in normative olivine at a given pressure 
than liquids produced in graphite, Fe or Pt/Fe 
alloy capsules. Therefore, the iron loss problem 
has probably not been responsible for the location 
of the minimum MgO+KoxFeO curve at too low 
a level in Fig. 86. 

One 01' the problems involved in experimental 
petrology is the insufficient attainment of an 
equilibrium between the liquid and crystalline 
phases. The partitioning of elements between 
coexisting phases can be used as a measure of the 
approach to equilibrium conditions. In particular, 

------ - --- - - - -- - - - - -

Fe-Mg exchange coefficients between olivine and 
liquid that are too high or too low are indicative 
of disequilibrium conditions or changes in liquid 
composition during the run. On the basis of their 
low Ko values (around 0.20), so me liquid compo
sitions, which would plot beneath the minimum 
MgO+Kl)xFeO curve in Fig. 86, were rejected. 

The composition of partial melts produced in 
peridotite melting experiments are often elusive 
owing to the overgrowth of quench crystals on 
stable residual phases, especially at high press
ures and in the cases of low viscosity melts (e.g., 
Green, I 973a; Jaques and Green, 1979, 1980). 
The elimination of the quench problem has been 
attempted using broad beam microprobe analyses, 
calculations of liquid composition based on the 
mode and mineral analyses, and employing a 
sandwich technique (e.g., Jaques and Green, 
1980; Takahashi and Kushiro, 1983). The quench 
problem is not so serious for liquidus experi
ments, which represent the majority of the ex
perimental runs utilized in Figures 85-86. 
Saturation in a partiCLtlar phase, however, can not 
always be asceI1ained in these experiments be
cause of the reaction relationship of this mineral 
with the liquid. Fortunately, amongst the rnantle 
minerals, this problem is not so often encountered 
in the case of olivine and garnet as it is in the case 
of orthopyroxene. 

As discussed earlier, the presence of mag
matic amphibole and mica in ferropicritic rocks 
suggest a hydrous nature for the magma frorn 
which they crystallized. It is therefore essential to 
establish the possible effects of water on high
pressure phase relations. The major effect of H20 
is to de-polymerize the silicate mell. One conse
quence of this is that the phase field of olivine is 
expanded with respect to that of orthopyroxene, 
leading to the stabilization of olivine with rela
tivcly silica-rich liquids (e.g., Kushiro, 1972). The 
enlargement of the olivine phase field at higher 
pressures also causes a melt, with a given norma
tive olivine content, to crystallize olivine at 
higher pressures than would be the case under dry 
conditions. This means that the addition of water 
to a system will tend to shift the olivine stability 
curve in Fig. 86 to a higher pressure (to the right) 



and the OI+Gt saturation curve in Fig. 88 to the 
left. In Fig. 87, water-undersaturated melt compo
sitions with H20 $5% (crosses), wh ich have been 
experimentally shown to be in equilibrium with 
olivine, are plotted against pressure and compared 
with the olivine stability curve taken from Fig. 
86. Restriction to water contents of this amount is 
probably a reasonable assumption because, given 
a much higher water content of a primitive melt, 
it would become water-saturated at some depth 
during its ascent. Further uprise of a hydrous 
magma to the surface would necessitate subvol
canic degassing and extensive crystallization. 
Apart from a few exceptional melt compositions 
reported by Foden and Green (1992) and Thibault 
et al. (1992), all wet compositions plot above the 
olivine saturation curve in Fig. 87. This suggests 
that the minimum MgO+KoxFeO value at a given 
pressure obtained from the curve is a reliable esti
mate for an anhydrous melt. 

Sekine and Wyllie (1973) have studied ex
perimentally the effect of H20 on liquidus rela
tionships in the system MgO-AI20 3-Si02 at 30 
kbar pressure. They found that, with increasing 
water content, the liquid coexisting with for
sterite, orthopyroxene and pyrope is depleted in 
MgO and enriched in Si02 and A1 20 3. Adam's 
(1988) experimental data on the CaO-MgO
AI20 3-Si02-H20 system at 28 kbar also clearly 
show that the gamet lherzolite-liquid invariant 
point moves to higher Al20 3 contents with in
creasing H20. This is compatible with Fig. 88 in 
which hydrous melt compositions do not plot 
below the gamet saturation curve as defined by 
anhydrous experiments. The available experimen
tal data suggest that, at least at pressures around 
30 kbar, the presence of water in a liquid is not 
capable of moving the olivine-gamet saturation 
curve towards the origin in Fig. 89. This inference 
is corroborated by the position of natural hydrous, 
multiply-saturated silicate Iiquids in the AI20 3 vs. 
MgO+KoxFeO diagram on the right hand side of 
the OI+Gt+L stability curve. These Iiquids have 
been experimentally shown to be in equilibrium 
simultaneously with olivine and garnet by 1-

cholls and Ringwood (1973), Green (l973b), 
Mcngel and Green (1989), Ulmer (L988), Ulmer 
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et al. (1990), and Thibault et al. (1992). Thus, ex
perimental evidence suggests that moderate water 
contents cannot change the Ol+Gt saturation 
boundary to lower MgO+KoxFeO and AI20 3 
contents in Fig. 89, and therefore the position of 
ferropicrites below the curve can not be an arti
fact of their hydrous nature. 

Phase boundaries at high pressures are also 
controlIed by CO2 abundances of silicate liquids 
(e.g., Adam, 1988). The major effect of adding 
CO2-f1uids to basaltic systems is an expansion of 
the orthopyroxene phase volume at the expense of 
that of olivine. CO2 is therefore not likely to shift 
the olivine stability curve in Fig. 86 to lower 
MgO+KoxFeO values (see Fig. 87). The solution 
of CO2 also leads to the expansion of the liquidus 
phase volume of garnet against that of clinopy
roxene. The net effect is that, with increasing CO2 
content, liquids in equilibrium with gamet Iher
zolite will decrease in Si02 and AI 20iMgO and 
increase in CaO/ A120 3. These effects are similar 
to those caused by increasing pressure. Pure CO2 

fluid is, however, not an efficient agent for bring
ing the olivine and gamet liquidus fjelds closer to 
each other (e.g. , Adam, 1990). Instead, a solution 
of mixed H20+C02 fluids in the melt may result 
in a sufficient lowering of the pressure range of 
the gamet liquidus fjeld and a sufficient increase 
in the pressure range of the olivine liquidus field 
for them to intersect each other (Green, I 973b; 
Adam, 1990). In Fig. 89, olivine+garnet saturated 
liquid compositions with mixed H20-C02 fluids 
studied by Adam (1990) and Brey and Green 
(1977) are located closest to the OI+Gt saturation 
curve. These compositions are low-silica liquids 
such as olivine basanites, olivine nephelinitcs, 
and olivine melilitites. The possibility of the dis
placement of ferropicritic compositions beneath 
the curve in Fig. 89 being a result of their high 
CO] or H20+C02 concentrations is not supported 
by any independent evidence for high CO2 in fer
ropicrites. In addition, chemical and mineralogi
cal data indicate that the ferropicritic parental 
magma was not silica-undersaturated although 
silica activity was not high , as can be inferred 
from the absence of orthopyroxene in ferropicritic 
rocks. 
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Finally, the effects of other compositional par
ameters, namely iron and alkalies, on the phase 
equilibria are to be considered. Because FeO ex
pands the crystallization field of garnet at the ex
pense of that of olivine (Herzberg, 1992), the 
addition of iron may lead to the stabilization of a 
liquid with gamet lherzolite at lower pressures 
and with lower AI20 3 contents of the liquid. This 
is compatible with the observation that the transi
tion from a spillel- to garnet-bearing mantle as
semblage occurs at lower pressures in the 
iron-rich mantle (Patera and Holloway, 1982). 
Hence, it is pertinent to consider the significance 
of the high iron content of ferropicrites and their 
position with respect to the OI+Gt saturation 
curve in Fig. 89. 

Bertka and Holloway (1988) have experimen
tally bracketed the initial, multiply-saturated melt 
composition (23.3 wt. % FeO) of a model iron
rich Martian garnet lherzolite mantle at 23 kbar 
pressure. This composition plots weil above the 
OI+Gt saturation curve in the Al20 3 vs. 
MgO+KDxFeO diagram (Fig. 89). Additional ex
perimental evidence is provided by Agee and 
Walker (1988) who conducted high-pressure 
melting expeliments on various komatiite-fayalite 
mixtures saturated in olivine. They did not report 
liquidus garnet even in the charges richest in iron. 
These data and other experimental results on 
high-FeO liquids have been utilized in the con
struction of the diagrams in Figures 85 and 86. As 
shown in Fig. 92, there is a wide range in the FeO 
contents of the liquids studied experimentally, 
and therefore, it is believed that the diagrams 
used in this study are suitable for both low- and 
high-iron liquids. 

The high alkali content of a liquid causes the 
liquidus fields of olivine and orthopyroxene to 
expand, thereby resulting in lower MgO+FeO 
contents of multiply saturated liquids (e.g., Ku
shiro, 1975). As with iron , the alkali content of 
experimental liquids employed vary within wide 
limits and their influences have therefore been 
taken into account (see Fig. 92). 

lt is apparent that we can ignore the complica
lions discussed above and conclude that the AI20 3 

vs. MgO+KDxFeO diagram is applicable to the 
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Fig. 92. FeOlOt and Na20+K20 (wt. %) contents of 
experimental liquids utilized in construction of Figures 
85-88. 

interpretation of the residual mineralogy of the 
Pechenga ferropicrites. The implication of this is 
that ferropicrites could not have left a garnet- or 
garnet+clinopyroxene-bearing residue. Conse
quently, they are not the products of a low degree 
of melting at pressures within the stability range 
of the garnet peridotite facies. 

The absence of residual gamet may be the re
sult of its elimination during the partial melting 
process or because the pressure of melt segrega
tion was lower than the stability of garnet Iherzol
ite mineral assemblage. In the former case, garnet 
will be totally consumed if the degree of melting 
is sufficiently large. Garnet Iherzolite melting 
studies by Harrison (1981) at 35 kbar press ure 
suggest that in a mantle having a composition 
similar to that of primitive mantle or pyrolite, gar
net is totally exhausted when the percentage of 
the melt fraction is about 10%. The amount of 
melting is, however, dependent on the pressure 
and the original modal abundance of garnet in 
peridotite. The latter is in turn directly propor
tional to the AI20 3 content of the source rock. 
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Major elements 

It was concluded in the chapter on geochem
istry that high iron contents are an intrinsic fea
ture of the ferropicritic liquid. It thus remains to 
be established whether the elevated iron content 
is an inherited property from an iron-rich mantle 
or a result of special conditions during mantle 
melting. Conditions of melting affect the parti
tioning of iron and magnesium between crystal
line and liquid phases. Because the iron content 
of a basic liquid is a function of the pressure of 
partial melting in the mantle, and increases with 
increasing pressure, a source with a relative low 
Fe/Mg can generate relative iron-rich melts at 
high pressures (Hanson and Langmuir, 1978). 

Also the effects of the volatile content of the 
liquid on Fe-Mg partitioning should be taken into 
consideration. Recent high-pressure volatile-bear
ing experiments by Ulmer (1989), McFarlane and 
Drake (1990) and Kushiro (1990) have demon
strated that neither moderate contents of H20 nor 
CO2 have a significant influence on the exchange 
coefficient Ko. It follows that the high FeO of the 
ferropicrites cannot be attributed to chan ging of 
Ko as a result of a high volatile activity. 

Many investigators have observed a slight 
positi ve pressure dependence of the exchange Ko 
(e.g. , Takahashi and Kushiro, 1983). The increase 
of Ko with increasing pressure results in liquids 
with lower FeOlMgO in equilibrium with olivine 
of a constant composition. This, however, does 
not mean lower absolute FeO abundances of the 
liquid at higher pressures, but in contrast, liquids 
produced by small extents of partial mantle melt
ing will move towards increasing FeO and MgO 
content with increasing pressure of melting. The 
reason for this is the rise in the solidus tempera
ture of the mantle peridotite with increasing 
pressure which counteracts the opposite etfect in
duced by the increase of olivine-liquid partition 
coefficients (Kd) for both MgO and FeO with in
creasing pressure at a constant temperature (Han
son and Langmuir, 1978). 

If the high FeO of the ferropicrites is regarded 

as a result of melting at a high pressure, a neces
sary consequence would be high MgO as well, 
due to the practically constant Ko. For example, 
using Ko values of 0.33-0.38, a melt with 13% 
FeO is calculated to have a MgO range of 20-
22.5% when equilibrated with olivine of F089, 

which is the composition of olivine at the sol idus 
in a pyrolitic mantle. If the residual olivine has a 
composition of F093 the MgO content of the melt 
will be 32-36%. 

It is thus impossible to obtain a ferropicritic 
composition with approximately equal amounts 
of FeO and MgO (wt. %) from a pyrolitic mantle 
without violating the concept of the constant ex
change KD, which is the cornerstone in petro
genetic studies of primitive magmas. Therefore, 

1.6 

1.4 

CT 1.2 
~ 
6 
o~ 

~'O 1.0 
~ 

0.8 

K:::L: :" .. /' 
Ir· ./' 0.30 P (kba r) 

lila .- -, 0 40 80 
•• • I 

: 

11 _ ••• 

I 

- - -O~8-L- - - - - -- - -'--... ~~ -.-:-.- -- ---
KO / •••• 

~ .' . .. 
0.34 

P (kbar ) 
0.30 o 40 80 

0.6 -hTTlrTTTTTTTrrTTTlrTTTTTTTrTTTTTrTTTTl 

8 10 12 14 16 18 20 22 
MgO 

Fig. 93. Partition coefficient of FeO between olivine 
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Fig. 94. Peehenga ferropieriles with 14- 16 wt. % MgO 
plotted on an [Mg] vs. [Fe] diagram. [Mg] and [Fe] are 
eomposilionally eorreeted Mg and Fe abundanees in 
eation mole pereentages (see Rajamani el al. , 1985). 
Fields with isotherms and melt per eent eurves represent 
permissible eompositions of melts produeed al 25 kbar 
from a pyrolitie mantle with MgO 38.1 wt. %, FeO 8.0 
wt. %, and Mg/(Mg+Fe2+) 0.895 (Ringwood, 1979) and 
from an iron-rieh mantle with 39.1 wt. % MgO, 13 .0 wt. 
% FeO, and Mg/(Mg+Fe2+) 0.843. Melt fields and [Fe] 
and I Mg] values were ealeulated by using the programs 
of Rajamani et a!. (1989). 

the only explanation for the elevated FeO abun
dance in felTopiclites appears to be an exception
ally high FeO content in their mantle source 
region. 

In the following discussion, an attempt is 
made to derive constraints that can be imposed on 
the possible FeO and AI 20 3 abundances in the 
mantle souree of the felTopierites. Iron is gener
ally regarded as a slightly ineompatible element 
during mantle melting proeesses. This is evi
deneed , for example, by eompositions of mantle 
xenoliths and Alpine-type peridotites that have 
experieneed various degrees of melt extraetion. 
They eommonly display eompositional trends 
with agentie deerease in iron with inereasing 
MgO (e.g., Frey et a1. , 1985). The ineompatibility 
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peridotites. Experimental liquids and eorresponding 
starting materials are marked by open and closed 
symbols, respeelively . Experimental dala from Jaques 
and Green (1980), Sen (1982), Takahashi (1986), 
Takahashi and Searfe (1985), Searfe et a!. (1979), 
MeFarlane and Drake (1990), Falloon et al. (1988), 
Kushiro (1973), and Kushiro el a!. (1972). Lunar da ta 
laken from Delano (1986), Hughes and Sehmitt (1988), 
Hughes el a!. ( 1988), Ryder and S(eele (1987), and 
Shearer el al. (1990). 

of iron means that the FeO content of the source 
mantle peridotite ean not exeeed that of the liquid 
produced from it. However, iron is not necessar
ily always an element enriched in the liquid 
relative to the crystalline residue. The partition 
eoefficicnt of iron between olivine and liquid (Kd) 

increases with decreasing temperature under iso
baric conditions and increases with pressure 
under isothermal eonditions. Figure 61 shows that 
the tangents of the olivine fractionation curves 
change their coefficients from negative to positive 
with the decreasing MgO content (and tempera
ture) of the liquid. This corresponds to a change 
in the behavior of iron from incompatible to com
patible. This transition will shift to more MgO
rieh liquid eompositions wirh inereasing pressure 
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Table 26 . Analyses of model primitive mantle (#1-2 ), average mantle xenoliths (#3-5) and iron-rieh mantle 
sampies (#6-11 ). 

1 2 3 4 5 6 7 8 9 10 11 

Si02 45.10 44.80 44.15 44.40 44.99 42.90 42 .28 42 .37 41.37 40.27 43 .48 
Ti02 0.20 0.21 0.07 0.13 0.06 0.25 0.28 0.28 0.30 0.47 0.13 
Al20 3 3.30 4.45 1.96 2.38 1.40 1.53 3.96 3.50 3.88 2.56 2.65 

Fe°tot 8.00 8.00 8.28 8.31 7.89 13.00 17.44 14.82 13.69 15.93 16.22 
MnO 0 .15 0.14 0.12 0 .17 0 .11 0.14 0.28 0.20 0.21 0.24 0.25 
MgO 38.50 37.20 42 .25 42 .06 42.60 38.40 32.01 34.71 35.07 33 .08 29 .40 
CaO 3.10 3.60 2.08 1.34 0.82 1.90 2.59 2.39 4.55 5.19 2.95 

Na20 0 .40 0.34 0.18 0.27 0 .11 0.16 0.18 0.26 0.23 0.31 0.40 

~O 0.03 0.05 0.09 0.04 0.02 0.02 0.01 0.03 0.11 0.13 

P20 5 0.02 0.02 0.06 0.03 0.02 0.08 0.04 

Cr203 0.40 0.38 0.44 0.44 0.32 0.11 0.34 0.29 0.16 0.30 0.25 

NiO 0 .22 0.27 0.31 0.26 0 .14 0.11 0.12 0.22 
L.O.I. 0.38 0.07 0.05 1.50 3 .50 

Total 99.15 99.39 99.87 99.96 98.60 98.79 99 .62 98.88 99.62 100.16 99.62 

1, pyrolite (Ringwood, 1979); 2 , primitive mantle (MeDonough and Frey, 1989); 3 , average eontinental spinel 
Iherzolite (Maal~ and Aoki, 1977); 4, average oceanie spinellherzolite (Maal~ and Aoki, 1977); 5, average 
gamet Iherzolite (Maal~ and Aoki, 1977); 6, gamet Iherzolite xenolith, Colorado Plateau (Ehrenberg, 1982); 
7, Al-augite Iherzolite xenolith, Arizona (Wilshire et al., 1988); 8, spinel peridotite adjaeent to a pyroxenite 
vein, Eastern Pyrenees (Bodinier et al., 1988); 9, spinellherzolite wall rock of a pyroxenite dike (Irving, 
1980); 10, spinellherzolite xenolith, Veneto Region, ltaly (Morten, 1987); 11, spinellherzolite xenolith, 
New South Wales, Australia (Wilk.inson and Binns, 1977). 

because of the increase of the exchange coeffi
cient Ko with increasing pressure. The experi
ments ofTakahashi and Kushiro (1983) and Agee 
and Walker ( 1988) suggest that Ko increases 
from about 0.30 at I atm to 0.38 at 40 kbar with 
no essenti al further changes at higher pressures, 
while the results of some other investigators indi
cate a less rapid increase of Ko with pressure 
(Bick le et al. , 1977). Depending on wh ich pres
sure-Ko relation is adopted, the Kd value for FeO 
between olivine and liquid varies from 1.0-1.l for 
a ferropicritic melt composition with 15 wt. % 
MgO, as demonstrated in Fig. 93. ln any case, Kd 

of FeO appears to be close to unity for a ferropi
cri tic parental magma. 

Because olivine is the most Fe-rich silicate 
mineral of the possible residual phases, the maxi
mum cstimate of the FeO content of the source 

11 

mantle for ferropicrites is obtained by assuming 
that they were genera ted by a large degree of 
melting leaving olivine as the sole residual mine
ral. In such a case, Kd values are close to unity 
and mass balance calculations yield FeOtol con
tents of 14-15 wt. % for the source mantle region. 

Using stoichiometri c constraints, mass bal
ance and temperature dependences of iron and 
magnesium partitioning between olivine and sili
cate Iiquids, Hanson and Langmuir ( 1978) were 
able to construct an oli vine saturation surface on a 
MgO vs. FeO diagram. This diagram shows per
mitted melt and residue compositions produced 
by melting of a given mantle composition under a 
given pressure. Later Rajamani et al. (1985) 
modified the diagram by taking into account the 
compositional dependence of iron and magne
sium partitioning as expressed by Ford et al. 
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( 1983). They presented melt fields on a diagram 
plotting compositionally con'ected [Fej and [Mg1 
in cation mole proportions against each other. The 
right-hand boundary of the oli vine-saturated melt 
field in the [Mgj against [Fej diagram represents 
a solidus melt composition (Fig. 94). With an in
creasing extent of mantle melting, the MgO con
tent of liquid increases but the FeO content 
decreases (Langmuir and Hanson, 1980). Thus 
the so lidus melt is the most iron-rich melt pro
duced from a given mantle composition. This 
means that the minimum iron content for the 
source of the ferropicrites can be estimated by 
finding a mantle composition whose initial melt 
compo ition approaches the composition of the 
ferropicritic melt. Figure 94 demonstrates lhat the 
calculated initial mclt line for a mantle with 39.0 
wt. % MgO and 13.0 wt. % FeO IMg/(Mg+Fe"+) 
0.842j passes close to the field of ferropicrites 
with MgO in the range 14-16 wt. %. A melt fjeld 
for a pyrolitic mantle [MgO 38.1 wt. %, FeO 8.0 
wt. %; Mg/(Mg+Fe"+) 0.895; Ringwood, 19791 is 
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Fig. 97. Plot 01' FeOlO1 against Ab03 abundances (wt. 
%) in lllantie xenoliths and Alpine peridotites frolll the 
literature and the estilllated fjeld of Lhe potential souree 
rock eomposition for the Pechenga ferropicrites (see 
text). 

also shown for comparison in Fig. 94. 
The previous discussion suggests that the 

FeOlO1 content of the mantle source of ferropi
critic magmas falls somewhere between 13- 15 wt. 
%. As is revealed in Table 26, this figure is ex
ceptionally high compared with typical mantle 
compositions, such as the pyrolite model mantle 
of Ringwood (1979) or the average gamet and 
spinel lherzolites of Maal0e and Aoki ( 1977). 

Figure 95 illustrates an FeO,o/AI20 , vs. MgO 
plot where ferropicritic rock compositions are 
compared with experimentall y produced panial 
melts of mantle peridotites and the compositions 
of stalting materials used in these experiments. 
The experimental melts display semi-Iinear trends 
projecting to the compositions of the correspond
ing starting materials. Analyses of the Pechenga 
ferropicrites are clearly displaced to higher 
FeO,o/AI10 , values at a given MgO content com
pared with experimental liquid compositions from 
terrestrial peridotites. Instead, the Pechenga rocks 
stradd le the low iron part of the lunar ferropicrite 



field. The position of the ferropicritic trend con
siderably above the field of experimental liquids 
obviously proves that the source material of the 
Pechenga ferropicrites had a higher Fe01o/AI 20 3 
value than that in common upper mantle perido
ti tes. 

In order to obtain a more quantitative estima
tion of the FeO IO/AI20 3 value in the source 
mantle of the Pechenga ferropicrites, this ratio is 
compared between liquids and the tmting perido
tites in high-pressure melting experiments as a 
function of the MgO content of liquid in Fig. 96. 
With increasing degrees and pressures of melting, 
the composition of the liquid approaches the com
position of the starting material, which accounts 
for the positive correlation seen in Fig. 96. As 
shown in the diagram, the FeO/ Al20 j value of a 
liquid with 15 wt. % MgO is 0.2-0.4 of the value 
of the starting material. From this simple relation
ship and the average FeO/AI20 3 value of the Pe-
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chenga fen'opicrites at the same MgO level (Fig. 
96), a possible FeO/AI20 3 range in the source re
gion of the ferropicrites can thus be calculated. 
This range is expressed as two straight lines di
verging from the origin in Fig. 97. Utilizing these 
lines and the previous estimate on the range of 
FeOIOi> a held is delineated for potential source 
rock compositions. The likely Al20 3 content of 
the source of ferropicrites falls within the range of 
1.3-3.0 wt. % which is clearly less than the level 
of the estimated primitive mantle composition 
(4.45 wt. %, Table 26). Figure 97 also shows 
compositions of peridotite xenoliths and Alpine
type peridotites collected from the literature. Only 
very few of these plot inside the field of the 
potential source compositions of ferropicrites. 
These include peridotite compositions published 
by Bodinier et al. (1988), Ehrenberg (1982), lrv
ing (1980), and Morten (1987). 

Trace elements 

The absence of residual gamet suggests that 
the LREE enrichment of the Pechenga ferropi
crites was inherited from the mantle source. This 
suggestion is corroborated by model calculations 
using the equation of equilibrium batch-melting 
of Shaw (1970) and a source with chondritic 
relative abundances of REE. In order to produce a 
melt with chondrite-normalized La/Yb similar to 
that of ferropicri tic parental magma (~l 0), the 
bulk partition coefficient for Yb between the 
residue and the liquid should be more than 10 
times greater than that for La. None of the likely 
mineral combinations of olivine, orthopyroxene, 
clinopyroxene, and spinel can yield such bulk 
partition coefficients. As shown in Fig. 98, for 
any combinations of residual olivine, orthopy
roxene, and clinopyroxene, the source must have 
had a chondrite-normalized La-Yb ratio higher 
than 4. Depending on the degree of melting, this 
ratio is in the range 6-9 in the case of an olivine
rich (>70%) residue. The inevitable conclusion is 

that the source region of the ferropicrites was en
riched in light REE relative to heavy REE. Also, 
the elcvated concentrations of many other incom
patible trace elements, including high field 
strength elements (HFSE), can most probably be 
attributed to the high abundances in the source 
mantle. 

lt was noted em'lier that the Pechenga ferropi
crites have abnormally low phosphrous contents 
compared with other incompatible trace elements 
(Fig. 54). This could be related to the presence of 
residual apatite in the mantle source but the satu
ration of a basic to ultrabasic magma in apatite re
quires a minimum P20 S content of tens of that 
observed in the ferropicrites (Kogarko et al. , 
1987). Thus, the relatively low P20 S content is 
most probably a feature inherited from the source 
mantle composition. 

The situation at Pechen ga is analogous with 
that of Hawaiian picrites possessing high 
MREE/HREE values. Models based on trace ele-
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Fig. 98. Calculated chondrite-normalized LalYb value 
in the source mantle peridotite of ferropicritic magma 
with (LalYb) = I 0 as a function of modal composition 
of the residue and the melt fraction (F). Calculation was 
performed using the equilibrium batch-melting equation 
CL/Co=I/(Dx(I-F)+F) where CL is the concentration of 
the element in the liquid, Co the initial concentration of 
the element in the source, D the bulk partition 
coefficient, and F the melt fraction (Shaw, 1970). 
Partition coefficients taken from Prinzhofer and Allegre 
(1985). 01 = olivine, Opx = orthopyroxene, Cpx = 
clinopyroxene. 

ment geochemistry advocate the generation of the 
Hawaiian picrites within the gamet peridotite sta
bility field (e.g., Lanphere and Frey, 1987). How
ever, high pressure liquidus experiments on 
proposed parental picritic compositions demon
strate that gamet is not a liquidus phase below 
about 35 kbar and there is a large pressure gap of 
about 15 kbar between the OI+Opx saturation 
point and the liquidus gamet field (Eggins, 
1992a). It should be noted that these experiments 
are consistent with peridotite melting studies by 
Falloon et al. (1988) wh ich suggest that Hawaiian 
picrites equilibrated with harzburgite residues at 
about 20 kbar. The discrepancy between interpre
tations based on phase equilibria and geochemical 

studies implies that either the parental magma for 
Hawaiian tholeiites was much more MgO-rich 
than the compositions studied experimentally 
(MgO 16-19%) and hence was able to equilibrate 
with gamet Iherzolite at high pressures or, alter
natively, the melt left behind a harzburgitic 
residue at moderate pressures, while the Hawaiian 
mantle sourcc did not possess chondritic relative 
abundances of middle and heavy rare earth ele
ments. In the latter case, potential origins include 
the melting of the previously enriched oceanic li
thosphere or by dynamic melt segregation pro
cesses in an ascending mantle plume as discussed 
by Eggins (1992a,b). 

It is also tempting to apply the A120 3 vs. 
MgO+KDxFeO diagram to other primitive vol
canic rocks. Figure 99 compares komatiitic rocks 
from a number of greenstone belts on this diag
ram. In the OI+Gt+L-forbidden region, most of 
the AI-depleted komatiites from South Africa are 
associated with iron-rich komatiites from Min
nesota (Green and Schulz, 1977) and northeastern 
and northwestern Ontario (Canada) (Stone et al., 
1987 ; Schaefer and Morton, 1991) as weil as Al
depleted komatiites from the Pilbara Block 
(Western Australia) (Gruau et al., 1987) and India 
(lahn et al., 1982). The reason for the AI- and 
HREE-depleted nature of the Barberton-type ko
matiites has been the subject of much discussion 
in the literature (e.g., Ohtani , 1990; Gruau et al., 
1990). As is indicated by Fig. 99, komatiites from 
South Africa could not have left a garnet-bearing 
residue unless the parental magma had a very 
high MgO content and press ures during segrega
tion were extrcmely high (about 100 kbar). In this 
case, variable and in many cases extensive, oli
vine fractionation would be required to produce 
10w-magnesian komatiites in South Africa. 

Figure 100 shows 1840 nonkomatiitic magne
sian rock compositions plotted on the A120 3 vs. 
MgO+KDxFeO diagram. The majority of them 
have sufficiently high AI 20 3 and MgO+KJ)xFeO 
to be capable of coexisting simultaneously with 
olivine and gamet, but many low-AI composition
s plot below the curve. These volcanic rocks in
clude, for example, boninites from various 
regions (e.g., Cameron, 1989), siliceous high-
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magnesian basalts from Australia (Sun et al., 
1989), Karoo picrites from South Africa (Duncan 
et al., 1984), tholeiitic picrites from Munro Town
ship, Canada (Arndt, I 977a), picrites from the 
Norilsk area (Fedorenko, 1983), Oskol ferropi
crites from the Ukraine (Krestin and Yudina, 
1988), the parental magma of the gabbro-wehrlite 
intrusions in Finland (Hanski, 1986; Vuollo and 
Piirainen, 1992), some of the Deccan picrites 

(Krishnamurthy and Cox, 1977), and meimechites 
and associated oli vine melilitites from the 
Maymecha Kotuy Province in Siberia (Sobolev 
and Slutskii , 1984). The position of these primi
tive magmas and also some iron-rich komatiites 
below the curve is not surprising because, as 
stated previously , they share many geochemical 
features with the Pechenga ferropicrites . 

It is interesting to note that many of the rock 
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types Iying below the OI+Gt saturation curve in 
Figures 99 and 100 are enriched in LREE ele
ments, a feature which has usually been attributed 
to the fractionation effect of residual gamet (e.g., 
Kay and Gast, 1973). This kind of interpretation 
appears, however, to be in conflict with their po
sition in the OI+Gt+L-forbidden field in Figures 
99 and 100 which indicates that, at least under dry 
conditions, these magmas could not leave behind 
a gamet-bearing residue. Instead, geochemical 
data suggest substantial REE heterogeneity in the 
mantle region from which these volcanic rocks 
were derived. 

Isotopic constraints 

In Fig. 101, initial Nd isotopic compositions 
relative to the chondritic uniform reservoir 
(CHUR) are presented for various mantle-derived 
rock suites and are compared with the evolution 
of a model depleted mantle (Smith and Ludden, 
1989) and the Archean upper crust (Patchett and 
Arndt, 1986). The Pechenga ferropicrites with an 
cNd value of + 1.4±0.4 lie below the depleted 
mantle fjeld and differ in this respect from the un
contaminated komatiites which generally mani
fest a strong long-term depletion of LREE in their 
source region (Fig. LO I). Jatulian gabbro-wehrlite 
intrusions in Finland, though sharing many petro
graphical and geochemical features with the gab
bro-wehrlite intrusions at Pechenga (Hanski, 
1986), are at least 200 Ma older than the Pe
chenga ferropicritic rocks. As shown in Fig. 101, 
they also had a mantle source with a time-inte
grated Sm-Nd ratio closer to the chondritic value 
(Huhma et al., 1990; H. Huhma, unpublished 

data). 
It is interesting that in terms of their REE 

characteristics, the Pilgujärvi tholeiites appear to 
have had a similarly depleted mantle source as the 
gabbros in early Proterozoic ophiolites in central 
Finland. Huhma (1986) reported single Sm-Nd 
isotopic analyses with initial cNd of +3.1±0.7 and 
+3.2±1.0 for two 1.97-Ga-old gabbros, one from 
Jormua and the other from Outokumpu. These 
values are indistinguishable from the value of 
+3.3±0.3 obtained for a tholeiite from Pechenga 
in this study. 

Even though it was postulated earlier on the 
basis of geochemistry that ferropicritic magmas 
have not been affected by interaction with Ar
chean upper crust, it is wOl1h examining whether 
the shift of the ferropicrites beneath the depleted 
mantle field in Fig. 101 is a consequence of con
tamjnation with material from the Archean base
ment. According Lo Patchett and Arndt (1986), 
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marked as open columns. Depleted mantle and Archean crust fjelds after Cousens and Ludden ( 1991) and Patchett 
and Arndt (1986), respectively. Literature data for rock suites taken from Cousens and Ludden (199 1), Hegncr and 
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DePaolo and Wasserburg (1979), and Morri s and Hart (1983) . GWA denotes gabbro-wehrlite intrusions in Finland . 

the Nd concentration of the Archean crust is 
about 30-35 ppm on average, thus approaching 
values of 25-35 ppm measured for primitive fer
ropicritic rocks . Therefore, a small amount of 
bulk contamination does not provide an effective 
means of changing the 143Nd/I 44Nd value of the 
ferropicritic magma. It can be calculated that in 
order to dimtnish ENd from a typical depleted 
mantle value of +3.6 to the value of +1.4 ob
served in ferropiclites, 12-20% of bulk assimila
tion of Archean crust must have occun-ed. Such 
an amount of contamination wOllld be recogniz
able in the geochemistry of ferropicrites, for 
example, by a decrease in V/AI20 3 and Nb/Th_ 
However, the V/AI20 3 values in felTopicrites are 
exceptionally high and no negative Nb anomalies 
have been observed. Neither do the Pb isotope 

da ta from the ferropicritic rocks support such a 
high degree of contamination by old continental 
crnst. 

It follows that interaction with granitic base
ment is not a likely explanation for ferropicrites 
having less radiogenic initial Nd than the depleted 
mantle at that time. Hence, the calculated initial 
143 d/ 144Nd vaille can be taken as representative 
of the value in the source mantle region . The 
positive initial Nd isotope ratio of the ferropicrites 
indicate that ferropicritic magma was derived 
from a mantle source that was previously im
poverished in d with respect to Sm, presumably 
by so me magma-producing event. The actual ra
tios of REE in ferropiclites, however, show a 
strong Nd enrichment over Sm. This implies that 
either the high incompatible element concentra-
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tions of the magma were due to the partial melt
ing process and subsequent fractional 
crystalli zation, 01' that the mantle source material 
was strongly enriched in such elements shortly 
be fore partial melting. The possibility of high de
gree of fract ional crystallization causing a change 
in the relative abundances of REE can be readily 
eliminated because of the primitive nature of the 
ferropicrites. The high MgO content of the fer
ropicrites also argues against the cxistence of ex
tremely small quantities of partial melting, which 
would be aprerequisite for fractionation taking 
pi ace du ring the melting event, particularly, given 
the absence 01' garnet as a res idual phase, as de-

duced earlier in this study. 
The only alternative is LlL-element enrich

ment in the source region shortly before the melt
ing event, so that there was insufficient time for 
this enrichmcnt process to be reflected by isotope 
systems. Because of the high-MgO nature of fer
ropicrites, which suggests a relatively high degree 
of partial melting, and the infelTed absence of re
sidual garnet, it can be concluded that the Sm/Nd 
value of ferropicrites is close to that of their 
source region. Consequently, the maximum time 
interval between the ferropicritic magmatism and 
the mantle enrichment event can be deduced from 
the model T DM ages of ferropicrites, i.c., thc time 



at which the devolution lines of the ferropi
crites, calculated on the basis their 147Sm/I44Nd 
ratios, transect the evolution line for the model 
depleted mantle (Fig. 10 I). Using the depleted 
mantle evolution of DePaolo (1981), T DM ages of 
ferropicrites cluster around 2200 Ma. This implies 
that the mantle source of the felTopicrites under
went a change of its Sm-Nd ratio not earlier than 
about 200 Ma be fore the melting event that pro
duced the ferropicritic magmas. 

It is interesting that the timing of this isotopic 
event, namely 2200 Ma, coincides with the em
placement of the gabbro-wehrlite intrusions in 
eastern and northern Finland (Hanski, 1986). The 
par~ntal magma of these intrusions is LREE-en
riched and their mantle source has probably also 
undergone an enrichment process. It is therefore 
reasonable to ask whether the gabbro-wehrlite in
trusions both in the Pechenga area and Finland 
could have had the same mantle source, but while 
the Finnish intrusions were generated immedi
ately after or during the enrichment event, the 
melting that produced the Pechenga rocks was 
postponed to about 200 Ma later. Such a simple 
picture is not substantiated by the Nd isotope evi
dence, since it would require that the initial Nd 
ratio for the older Finnish intrusions is higher 
than that of the younger Pechenga intrusions. This 
is in fact contrary to what is observed (Fig. 101). 

In Fig. 102, ferropicritic rocks are compared 
with other mantle-derived rocks in terms of their 

d .. . I 1870 /1 860 . . AI age an II1ltW s s composltlons. so 
shown are three bulk earth evolution lines based 
on average Os isotope analyses of osmiridium al
loys (Allegre and Luck, 1980), carbonaceous 
chondrites (Walker and Morgan, 1989), and 
ocean island basalts (Martin, 1991). For the Pe
chenga ferropicrites, a range of initial Os values 
obtained from the 2035 Ma isochron of the 
Kierdzhipori flow and calculated initial ratios at 
1970 Ma for individual sampIes are marked in 
Fig. 102. The former indicates an evolution simi
lar to that of the MORB source mantle while the 
latter values are more reminiscent of the evol
ution of an OIB source. The age difference of 65 
Ma between the two sets of initial values intro
duces some uncertainty into the calculations but it 
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cannot explain all of the observed scatter. All that 
can be concluded is that the mantle source of fer
ropicrites appears to have had an approximately 
chondritic initial Os isotope ratio. 

The initial ratio of + 1.16±0.ll obtained for 
the Lammas f10w lies significantly above the 
chondritic evolution trend. Figure 102 illustrates a 
1870s;l 860s evolution line for a model Archean 
continental crust with a 187Re/1 860s ratio of 380. 
This kind of crust rapidly develops radiogenic Os 
isotope compositions and would reach a value of 
about 6 at 2.0 Ga. lt could therefore be argued 
that the relatively high initial Os of the Lammas 
f10w is a reflection of an interaction with old crus
tal rocks. However, the low Os concentration in 
the upper continental crust relative to the osmium 
content of the ferropicrites renders such a con
tarnination process ineffective. It can be calcu
lated that the extent of assimilation required to 
raise the initial 1870s/1 860s value from chondritic 
to 1.16 would be several tens per cent. No signs 
of such assimilation are seen in either the Nd and 
Pb isotope compositions or the geochemistry of 
the Lammas f1ow . Hence, the reason for the 
anomalous initial Os ratio in this f10w remains 
unclear. In general, more analytical work is re-

. d b d f' h" . I 1870 /1 860 q Ulre to etter e lI1e t e 1111 tw s s 
value of the ferropicrites, and this may be 
possible using the NTIMS technique. 

Figure 103 illustrates an initial ratio-time plot 
for Sr isotope data using the bulk earth , average 
MORB, and Archean crustal evolutions from 
Zindler (1982) as a background. The initial 
87Sr/86Sr values for clinopyroxenes from the 
Kammikivi and Ortoaivi intrusions as weil as 
from the Kierdzhipori flow lie on or close to the 
trend of the bulk. earth. The apatite from the Pil
gujärvi intrusion analysed by Smolkin (1991) 
plots slightly above the bulk earth field whereas 
the initial ratio for the Pilgujärvi tholeiites re
ported by Balashov et al. (\991 ) plots weil inside 
this field. 

The available geochernical and isotope data 
can be used to evaluate the potential mantle com
ponents involved in the generation of the Pe
chenga ferropicrites and associated tholeiites. 
Figures 10 I and 103 demonstrate that the mantle 
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source of ferropicrites had time-averaged Nd/Sm 
and Rb/Sr values higher than those in the MORB
type mantle. In other words, the former was less 
depleted than the latter. ln this respect, ferropi
crites resemble many ocean island basalts which 
have isotope characteristics similar to the bulk 
earth 01' intermediate bet ween the bulk earth and 
the depleted mantle (e.g., Mon-is and Hart, 1983). 
Also the osmium isotope data provide some indi
cations of a source similar to that of OIBs (Fig. 
102). On the basis of these isotopic features and 
the geochemical propel1ies of ferropicrites which 
mimic those of OIBs (Fig. 54), the generation of 
ferropicritic magmas could be related to the as
cent of a manlle plume from deep pat1s of the 
earth ' s mantle. This is, however, not the only 
possibility. Because there is no derinite eviclence 

for the Pilgujärvi metavolcanites representing 
outpourings of lavas on an ocean floor, extension 
of continental crust presumably clicl not proceecl 
to the formation of oceanic crust and the total 
elimination of the subcontinenta l lithospheric 
mantle. Therefore, the Archean subcontinental li
thosphelic mantle represents an alternative candi
date for producing magmas with relatively 
unracliogenic Nd and radiogenic Sr isotope com
positions compared to the composition of melting 
products of the convecting asthenosphere. A third 
possibility is that the ferropicrites were derived 
from a reservoir consisting of unrractionated pli
mordial mantle material but this option is ex
c1udecl on the basis of the inferred major and trace 
element compositions of the source of the ferropi
crites. 



The Nd isotopic characteristics of the Pilgu
järvi tholeiites attest to a lang-term depleted 
mantle reservoir similar to that of the igneous 
rocks of the Jormua ophiolite and indicate a simi
lar asthenosphcric origin. However, the major ele
ment composition of tholeiites from the Kolosjoki 
and Pilgujärvi Suites, in partiClllar their FeO-Ti02 
relationships, markedly differ from the composi
ti on of the Jormua ophiolitic tholeiites 01' modern 
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MORBs (Fig. 49). It should be added that no 
ana logies have been found, either among ocean 
island basalts or flood basalts. The uniformity in 
the bulk geochemical composition and the large 
volume of tholeiites of the Kolosjoki and Pilgu
järvi Suites fits better with a hypothesis invoking 
decompression melting of an upwelling mantle 
plume rather than partial melling of ancient li
thosphere. 

A lithospheric model 

Mantle xenoliths transported to the surface by 
kimberlites and other continental magmas demon
strate that the lithospheric mantle beneath old cra
tons has a complex hi story Ce.g. , Menzies and 
Hawkesworth, 1987). The refractory major ele
ment compositions of xenoliths are generally at
tributed to the participation of this part of the 
mantle in the formation of Archean continental 
crust. On the other hand, during its lang history, 
the lithospheric mantle may have been subjected 
to enrichment processes at valious limes caused 
by migration and crystallization of small-volume 
partial melts or fluids from an underlying MORB
type mantle, 01' by rising mantle plumes or by the 
subduction of oceanic lithosphere. As the subcra
tonic lithospheric keel has remained convectively 
isolated from the underlying asthenospheric 
mantle for lang periods of time, lhis has enabled 
the development of radiogenic isotopic ratios out
side the range observed in oceanic magmas. It is 
thus generally accepted that old subcontinental li
thosphere is both geochemically and isotopically 
heterogenous, with isotopic compositions appar
ently extending from the field of depleted 
MORB-type mantle through the field of the 
source of plume-related OlBs to very radiogenic 
Sr 01' unradiogenic Nd isotopic compositions 
(Menzies and Hawkesworth, 1987). It follows 
that a subcontinental lithospheric source can only 
be unequivocally demonstrated in cases where the 
isotopic composition of a basalt uncontaminated 
by sialic crust falls outside the mantle array 

defined by oceanic rocks. This particularly con
cerns osmium isotopes, since depleted osmium 
isotope compositions appear to be diagnostic of 
old, reü'actory lithospheric mantle (Walker et al. , 
1989). It should also be pointed out that Re-Os 
systematics have been observed to record ancient 
melt depletion events even in mantle rocks that 
have, according to Sm-Nd isotope systematics, 
been metasomatically enriched in LIL-elements 
(pearson et al., 1991). 

The Sr and Nd isotopic compositions of fer
ropicritic rocks da not allow discrimination be
tween a source located in the ancient refractory 
subcontinental lithospheric mantle which under
went an enrichment event less than 200 Ma years 
before its melting, or an OIB -type mantle source 
that ascended as a plume from the lower mantle. 
Neither can ferropicrites be shown to have the 
very low YOs values that would demonstrate a li
thospheric origin. 

A major difficulty in producing large amounts 
of basaltic 01' picritic magma from the subcon
tinental lithosphere is its refractory nature in 
terms of major elements and the low temperature, 
about 300-400 oe below its melting point at a 
given depth (McKenzie and Bickle, 1988). How
ever, the isotopic data on Karoo picrites, showing 
radiogenic Sr and unradiogenic Nd isotope com
positions together with variable and in many 
cases low YOs values, indicate that these magne
sian rocks contain a major subcontinental litho
spheric component (Ellam et al., 1991). 
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The decoupling of the Nd isotope composition 
and the REE chemistry of the Pechenga ferropi
crites suggests LIL-element enrichment in the 
source region. Studies of mantle xenoliths show 
that this can be accomplished by various agents . 
The most common styles of trace element enrich
ment are the so-called Fe-Ti enrichment pro
cesses, attributed to the effect of infiltration by 
silicate melts and K-rich metasomatism, thought 
to be caused by hydrous alkali-rich fluids (Men
zies and Hawkesworth, 1987). O'Reilly and Grif
fin (1988) described modally metasomatized 
Iherzolites from Australia which contain high 
abundances of many incompatible elements such 
as Nb, Ta, and Ba but are not particularly rich in 
titanium or potassium. They ascribed these en
richment patterns to CO2-rich fluids which were 
also found in fluid inclusions. Lithosperic mantle 
mayaIso be enriched in celtain LIL elements by 
the introduction of subducted sedimentary ma
terial into the mantle. This alternative can, how
ever, be eliminated in the present case on the 
basis of the relatively low initial Sr ratios of the 
Pechenga metavolcanites as weil as the high tita
nian nature of the ferropiclites. 

As was infelTed earlier, the source region of 
the Pechenga felTopicrites was enriched not only 
in many incompatible trace elements but also in 
iron and titanium. Because it has been experimen
tally shown that H20 or CO2-rich fluids do not 
dissolve much iron and titanium at rugh pressures 
(Schneider and Eggler, 1986), some other enrich
ing agent is needed to carry iron and titanium to 
the mantle source of ferropicrites. The most likely 
candidate for this is an incompatible element-rich 
silicate melt. Evidence of metasomatic alteration 
induced by silicate melts is provided by compo
site mantle xenoliths and orogenic peridotites 
which are veined by pyroxene or amphibole-rich 
basic bands and dikes, from a few cm to I m 
thick, interpretcd to have crystallized from alkali 
basalts and other alkalic melts (Bodinier et a1., 
1988; Whilshire et al., 1988). The material for
ming the veins is also commonly observed as in
dependent xenoliths. These are assigned to the 
AI-Ti-augite series or the Group II xenoliths 
while the host Iherzolites or harzburgites have 

been designated as Cr-diopside series or Group I 
xenoliths. In many cases, the reaction of the veins 
with their wall-rocks either via infiltration of 
melts or diffusional exchange has resulted in en
richment of adjacent pelidotite in Fe, Ti, and 
LREE. Tt has been suggested that metasomatized 
pelidotites impregnated with Group II rocks may 
represent a possible source for Fe-rich primary 
magmas (Goto and Arai, 1987). 

Although metasomatic changes are common 
in peridotite sampIes from the subcontinental li
thosphere, iron enrichment to the FeOtot level re
quired in the inferred ferropicrite source is rare 
(see Fig. 97). There are also other, more serious 
problems with this model when applied to the 
present case. The increase of Fe and Ti due to the 
interaction of the veins with their surroundings 
commonly extends for only a short distance from 
the contact, ranging from a few centimeters to a 
few decimeters (Dupuy et al., 1986; Bodinier et 
al., 1988, 1990). Trus contrasts with the volume 
of hundreds of cubic kilometers of Fe-rich mantle 
required to produce the igneous rocks of ferropi
critic composition in the Pechenga-Varzuga belt. 
A typical feature of mantle peridotite affected by 
metasomatism of the adjacent vein is great hete
rogeneity in both major and trace element compo
sitions (Bodinier et a1., 1990). Upon pmtial 
melting of veined mantle, this heterogeneity , 
coupled with valiable density and a varying de
gree of melting are expected to produce a wide 
spectrum of melt compositions. Francis and Lud
den (1990) explained a suite of rocks ranging in 
composition from transitional basalt to nepheli
nite as the products of varying degrees of partial 
melting of Iherzolite penetrated by amphibole
garnet-clinopyroxenite veins. The homogeneity of 
the composition of ferropicrites encountered in an 
area of at least 250 km in length is hence difficult 
to explain by the veined mantle model. 

Furtherrnore, although the injection of alkali 
basaltic melt into lherzolitic or hm"zburgitic 
mantle may cause an increase in the bulk iron 
content of mantle, it is also accompanied by a 
concomitant increase in A120 3. In fact, 
AI 20iFeOtot in pyroxenite and hornblcndite veins 
ranges between 004-3.0, in most cases being 



higher than the primitive mantle value of about 
0.56 and in all cases higher than the infelTed ratio 
(0.1-0.2) in the source region of ferropicrites (Fig. 
97). A further point to be discussed in connection 
with the geochemistry of metasomatized perido
tites is the observation that Ni behaves in a simi
lar fashion to Mg and is also impoverished, if 
there is an increase of FeO and decrease of 
MgO/(MgO+FeO). Figure 55 compares the i 
contents of Pechenga ferropicrites and Munro ko
matiites and indicates that rather than being de
pleted in Ni, the source of ferropicrites probably 
had anomalously high Ni contents. 
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High Re/Os in basaltic rocks tends to produce 
hi h 1~70 /1860 . h· (F· . g S S wH tIme 19. 72). Reisberg et 
al. (1991) ha ve made a di rect observation of very 
radiogenic Os isotope compositions in mafic 
layers in the Ronda Ultramafic Complex, demon
strating that the layering is an ancient feature. The 
osmium isotope composition of felTopicrites hav
ing a nonradiogenic initial 1870S/1 860S value can 
thus be taken as evidence that the trace element or 
iron enrichment in the source mantle of ferropi
crites does not result from the veining of mantle 
by much older basaltic dikes. 

A plume model 

Based upon fluid dynamics calculations and 
laboratory simulations, the current theory of 
mantle plumes maintains that plumes originate 
from a hot, unstable boundary layer deep within 
the mantle, possibly from the thermal boundary 
layer above the core-mantle boundary (Griffiths 
and Campbell, 1990). A newly formed plume 
driven upwards by buoyancy resulting from ther
mal expansion consists of two parts: a large bul
bous head and a hot, relatively narrow feeder 
conduit. As the head rises, the adjacent mantle 
material is heated by conduction and stirred by a 
circulating flow within the head. Almost all the 
entrainment takes place in the lower mantle with 
the source mantle ultimately comprising only 20-
40% of the volume of the head. Flow in the 
plume tail does not entrain significant amounts of 
the adjacent mantle through which it passes. 
When the plume head originating from the core
mantle boundary reaches the lithosphere, it flat
tens out to form a hot disk with a predicted 
diameter from 1500 to 2500 km and a thickness 
from 100 to 200 km. 

The plume model has been applied to account 
for the connection between the flood basalt prov
inces and ocean island chains, which are regarded 
as products of plume head magmatism and sub
sequent plume tail-related hot spot tracks, respec
tively (Campbell and Griffiths, 1990). lt has also 

been invoked to explain the association between 
high-temperature komatiites and more volu
minous lower-temperature tholeiites in Archean 
greenstone belts (Campbell et al., 1989). Accord
ingly, partial melting of the bulk of an upwelling 
and spreading head produces voluminous basaltic 
volcanism whereas melting of the much hotter 
material that ascended in the axial conduit gives 
rise to komatiites. This kind of process could also 
be envisaged to have operated in the Pechenga 
area with the tholeiites representing partial melt
ing products of the head and the ferropicrites par
tial melting products of the the central conduit. 
The plume model accounts for the anomalously 
hot· mantle needed to produce high-MgO ferropi
critic magmas as well as the OIB like geochem
istry and isotope composition of ferropicri tes. 
This model is also compatible with the conclusion 
that ferropicrites and tholeiites co me from differ
ent mantle sources. 

One important factor in evaluating the plume 
model is the duration of volcanism. The maxi 
mum time of volcanic activity caused by a rising 
plume head is limited to aperiod of the order of 
20 Ma (Campbell and Griffiths, 1990). It is evi
dent that plate tectonic movements will generally 
not permit a plume to persist in a stationary posi
tion with respect to a given point in an overlying 
continental plate for a long period of time. As 
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shown by the evidence from the Hawaii-Emperor 
chain, the plume tail may be active for as much as 
200 nlillion years. In such cases, magmatic and 
tectonic activity produce linear, time-progressive 
hot-spot tracks. The prolonged magmatic history 
of the Pechenga Series, starting with the eruption 
of the volcanic rocks of the Ahmalahti suite more 
than about 2.3 Ga ago and culminating with the 
eruption of tholeiites and ferropicrites of the Pil
gujärvi suite more than 300 Ma later, is difficult 
to reconcile with a simple mantle plume model. 
However, the exact time period over which the 
upper part of lhe Pechenga Group was deposited, 
including the eruption of the tholeiites and fer
ropicrites of the Kolosjoki and Pilgujärvi Suites, 
is so rar rather poorly constrained. 

The buoyancy forces imposed by an ascend
ing plume to the overlying mantle will cause up
lift and stretching o[ the lithosphere (Campbell 
and Griffiths, 1990). Significant surface uplift is 
estimated to begin 10-20 Ma before the onset of 
volcanism and to reach its maximum value of 
500-1000 m when the plume is at a depth of 100-
200 km. Uplift is succeeded by subsidence. This 
begins above the axial zone of the plume when 
the head starts to spread laterally under the Iitho
sphere. Despite the sinking of the basement on 
wh ich basaltic rocks erupt, the top of the vo1canic 
pile may rise slightly, for the density of basalts is 
lower than that of the mantle from which they 
wcre derived. Regional subsidcnce will not take 
place be[ore the decay of the thermal mantle 
anomaly by conductive heat loss. Because of the 
large thickness and depth beneath the surface of 
the hot plume layer, cooling may last hundreds of 
millions of years, during which the sinking of the 
crust may lead to the formation of sedimentary 
basins. 

The plume tectonic reworking of the continen
tal crust outlined above raises some problems 
when applied to the Pechenga region. As was dis
cussed earlier, it is unlikely that the whole Pe
chenga Group is related to a single upwelling 
plume. [f, however, the upper part of it is as
sumed to represent plume activity, the preceding 
period of uplift should be evident in the strati
graphic record of thc Pechenga Group. Surface 

uplift of the order of several hundreds of meters 
or even one kilometer would cause aperiod of 
erosion which would be renected as discordanccs 
and changes in the character of sedimentary se
quences. The sedimentru'y and volcanic forma
tions of the Pechenga Group generally follow 
each other without any marked discordances and 
record a gradual transition towards a deeper-water 
depositional environment. According to Zagorod
nyi (1980), there is a minor angular unconformity 
and evidencc for erosion at the contact between 
the sedimentary rocks of the Kolosjoki Suite and 
vo1canic rocks of the underlying Kuetsjärvi Suite, 
whereas Zagorodnyi et al. (1964) described a 
gradual transition from tuffitic metavolcanites to 
sedimentat·y rocks at this contact in the eastern 
and western part of lhe Pechenga Complex. [t is 
thus highly questionable whether this contact can 
be interpreted as evidence of extensive uplift. [n 
addition, the most voluminous ferropicritic mag
matism took place during and soon after the de
position of the sediments of the productive pile. 
This can be taken as evidence for ferropicrites 
having erupted and intruded in a subsiding, rela
tively deep-water basin. That is, the magmatism 
would have occurred at a late stage of the plume 
tectonics when the thermal anomaly in the upper 
mantlc had already subsided. 

The striking enrichment of plume-related 
intra-plate basalts in LlL elements coupled with 
their d and Sr isotopic charactelistics, indicating 
adepleted source or a source similar to bulk 
eal1h, poses a problem which has been addressed 
by invoking a va riet of possibilities, including (i) 
very low degrees of melting, (ii) metasomatic 
processes similar to those observed in mantle 
sampIes from subcontinental lithosphere, and (iii) 
lhe recycling of lithospheric material into the 
lower mantle or at the boundary of the lower and 
upper mantle. As was pointed out carlier, cx
tremely low degrees of melting or the incorpora
tion of sedimentary material into the source of the 
ferropicrites can be ruled out on major element 
and Sr isotopic grounds, respectively. On the 
other hand , the Os isotope data from the ferropi
crites do not support the recycling of old, MORB 
or other basaltic material in the source region. [n 



general, the Os isotope data currently available 
from ocean island basalts are not compatible with 
OIB being predominantly derived from ancient 
subducted crustal material (Mmtin, 1991; Pegram 
and AlJegre, 1992). One solution to the enrich
me nt problem is the suggestion that the enrich
ment was caused by three-dimensional dynamic 
melting processes in an ascending mantle plume, 
as applied by Eggins (1992a,b) to Hawaiian tho
leiites. According to this model, smalJ-degree 
melts in equilibrium with a gamet-bearing resi
duum migrate from peripheral parts of the plume 
to the high-temperature core region and there en
rich the more or less refractory peridotite in LTL 
elements. This can occur when the overlying li
thosphere deflects the mantle flow away from the 
plume's central axis while the peripheral melts 
continue to flow upwards along essentially verti
cal paths. 

Besides high LREE/HREE, the plume model 
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must also explain the high FeO content of ferropi
crites. One possibility is the hypothesis that the 
lower mantle in general has a higher FeO content 
than the upper mantle. Along with new estimates 
of solar composition, it has become apparent that 
chondritic meteorites are not necessarily repre
sentative of the solar nebula and that the telTe
strial planets may be richer in Fe, Ca, and, Ti than 
has previously been supposed. Accordingly, An
derson (1989) has calculated that the average FeO 
content of the mantle is 15.7 wt. %, i.e., much 
higher than commonly observed in upper mantle 
lherzolires (Table 26). This suggests a geochemi
cal stratification in the silicate portion of rhe earth 
wirh the lower mantle being enriched in FeO 
compared with the upper mantle. If this is true, 
the question arises as ro why iron-rich primitive 
magmas are so rare among volcanic rocks thar 
have been assumed to have been generated by the 
partial melring of upwelJing mantle plumes. 

SUMMARY AND CONCLUSIONS 

The early Proterozoic Pechenga Series com
prises a 10-km-thick supracrustal sequence de
posired on the Archean granite-gneiss basement 
in the NW part of the Kola Peninsula and is 
divided inro four sedimentary-volcanic cycJes. 
The magmatic history of the series started more 
than 2.3 Ga ago, with eruptions of amygdaloidal 
andesites and dacites of the first cycle (Ahmalahti 
Suite), which contain a strong crustal signature in 
their chemical composition. These were followed 
by mildly alkaline lavas representing various 
stages of fractionation, forming the second cycJe 
(Kuetsjärvi Suite) . The bulk of the third (Kolos
joki Suite) and fourth volcanic cycles (Pilgujärvi 
Suite) are composed of relatively homogeneous 
tholeiitic metavolcanites which occur mainly as 
pillow lavas. These possess trace elements char
acteristics resembling those of MORBs, but their 
Ti02-FeO tot relationships diner from those of 

present-day MORBs and most other Phanerozoic 
magma types as weil as the contemporaneous 
MORB-like magmas of the JonTIua ophiolire. A 
volumetrically minor rock type forming a key 
horizon in the uppermost volcanic cycle is repre
sen ted by felsic to ultrafelsic tuffs with an incom
patible element -rich, peralkal ine rhyolite 
composition . 

Apart from subordinate occurrences in the 
Kolosjoki Suite, ferropicrites are mainly present 
at four separate levels in the Pilgujärvi Suite. 
They comprise tuffs, massive and pillowed lavas, 
and differentiated lava flows up to 50 m in thick
ness. Various spinifex types can be distinguished 
in layered lava tlows, incJuding randomly 
oriented or parallel olivine spinifex and pyroxene 
spinifex with or without varying amounts of oli
vine plates. One of the most interesting features 
of the spinifex rocks is the presence of kaersutite 
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as fringes around pyroxene grains 01' as inde
pendent needles. 

Although the Pechenga rocks are in places 
fresh by Precambrian standards, they have under
gone various alteration processes. Among the 
manifestations of these processes are globular 
structures developed in originally glass-rich, 
evolved ferropicritic rocks. A key piece of evi
dence which supports this interpretation is pro
vided by spinifex textures passing disturbed 
through globule-matrix boundaries. 

The Pechenga Ni-Cu deposits are genetically 
and spatially related to gabbro-wehrlite intrusions 
crystallized from ferropicritic magma. These in
trusions were emplaced into the lower, sedimen
tary part of the fourth cycle comprising a thick 
sequence of silty and phyllitic metasediments and 
mafic to picritic tuffs. Two ore-bearing bodies are 
described in more detail in this work. These are 
the Pilgujärvi layered intrusion, which is the thic
kest intrusion found in the area, and the Kammi
kivi layered sill. The petrographical features of 
the latter, which mimic those observed in layered 
ferropicritic f1ows, suggest an emplacement very 
close to the earth' s surface. 

Microprobe analyses are reported for most 
primaJ'y minerals of the ferropicritic rocks. The 
Fo content of olivines ranges between 68.2-
84.2%. The most striking feature of chrome spi
nel, clinopyroxene, and primary amphibole and 
mica is their high Ti02 content which is a reflec
tion of a high overall abundance of Ti02 in the 
magma as weil as high crystallization tempera
tures. The ZnO content of the chrome spinel does 
not appear to have the same exploration signifi
eance as spineis from Western Australian koma
tiites. The ubiquitous replacement of olivine by 
secondary minerals in lava nows limits the use of 
olivine compositions as an indicator of cha1co
phile element depletion. lnstead, the behavior of 
Ni in barren and mineralized bodies can be poten
tially monitored wirh help of Ni analyses of the 
most magnesian chrome spineis. 

Major element analyses of ferropicritic pillow 
Javas, tuffs, and the most magnesian spinifex-tex
tu red rocks as weil as chi lied margin and 
weighted average compositions of intrusions and 

layered f10ws demonstrate that the ferropicritic 
parental magma contained about 15 wt. % MgO. 
This MgO content and the elevated Ni content of 
several hundreds of ppm are widely accepted geo
chemical criteria for near-primary and primary 
mantle-derived magma compositions. The high 
FeOtot (> 14 wl. %) causes the Mg number to fall 
below 0.70 in the parental ferropicritic magma. 
Taking 15% MgO as the value for the primary 
magma, the maximum pressure of melt segrega
tion in the upper mantle is estimated to be about 
38 kbar which is equivalent to a depth of about 
120 km. 

Geochemical comparison with other primitive 
magmas reported in the literature reveals that, 
with respect to major elements, the Pechenga fer
ropicrites most closely resemble the early Pro
terozoic Oskol picrites in the Ukraine (Krestin 
and Yudina, 1988) and the so-called Fe-rich ko
matiites from an Archean greenstone belt in 
northwestern Ontario (Schaefer and Morton, 
1991). [n multi-element, primitive mantle-nor
malized trace element plots, ferropicritic rocks 
display convex-up patterns with relatively high 
abundances of elements such as U, Th, Nb, Ta, 
and LREE. These patterns are reminiscent of 
those observed in ocean island basalts and other 
typical intraplate vo1canites. 

Despite the stri king textura I resemblance to 
spinifex-textured komatiites, the Pechenga fer
ropicrites possess many mineralogical and geo
chemical features that distinguish them from 
typical komatiites. These include the presence of 
abundant primary hydrous phases indicating the 
hydrous nature of the parental magma and the 
elevated contents of FeO, Ti02, HFSE, and LREE 
as weil as the chemical characteristics (Ni/Cu) of 
associated i-Cu deposits. The presence of me
soscopic spinifex textures in ferropicritic rocks 
demonstrate that spinifex textures are not re
stricted to rocks of komatiitic affinity and there
fore cannot be used as a diagnostic feature of 
komatiites. [n the light of the da ta obtained from 
komatiites and the Pechen ga rocks, spinifex tex
tures may be developed both by dry and volatile
bearing magmas, and there seems to be no reason 
why, for example, melts similar in composition to 



the highly magnesian Hawaiian plcntes (Clague 
et al., 1991 ) would not be capable of crystallizing 
as spinifex-lextured f1ows. 

The distinction of komatiites from picrites on 
the basis of their chemical compositions is not 
straightforward. Namely, there exist magnesium
rich volcanic rocks which have been termed Ti
rich komatiites or Fe-rich komatiites and which 
chemically approach the Pechenga ferropicrites 
(Barnes and Often, 1990; Stone et al., 1987; 
Schaefer and Morton, 1991). Thus, no strict de
marcation between komatiites and picrites can be 
drawn, either on textural or chemical grounds. 

Because of the nature of the alteration pro
cesses, i.e. , the survival of primary magmatic 
minerals in many places, together with the strong 
in situ fractionation of individual lava flows and 
intrusions, reasonable age information is obtain
able from ferropicritic rocks by using several 
methods. New Sm-Nd and Pb-Pb isotopic data are 
used together with those published by Hanski et 
al. ( 1990) to pi ace constraints on the ti ming of the 
ferropicritic magmatism, with results c1ustering 
around about 1970 Ma. Particularly, thi s work 
demonstrates the applicabilily of the Re-Os sys
tem in dating felTopicritic and presumably other 
picritic volcanic rocks. This is by virtue of the 
h .. . 187R /1860 b d'" . uge vanatlon 111 e soserve 111 lerropl-
critic layered f1ows , with va lues ranging from 20 
up to nearly 10,000. The Re-Os method yields 
somewhat older ages compared to those obtained 
by the Sm-Nd and Pb-Pb methods but the ages, 
nevertheless, overlap within analytical uncer
tai nty. There is still some uncertainty in the initial 
Os isotopic ratio of the ferropicritic magma, but 
this problem may be overcome in future studies 
using the negative thermal ionization technique 
(NTIMS). 

The overall geochemical data of ferropicrites 
coupled with their isotopic characterist ics indicat
ing a moderately depleted mantle source in terms 
of the Nd and Pb isotope composition and a 
grossly chondritic mantle source with respect to 
the Sr and Os isotopes, preclude a significant in
teraction with the Archean upper crust. Thi s lack 
of crustal involvement can be taken as a direct re
f1ection of the extensional tectonic environment 
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during ferropicritic magmatism, which favors 
rapid ascent of magmas, minimal residence time 
in crustal magma chambers, and thinning of the 
continental lithosphere. 

There can be little doubt that the kaersutitic 
amphibole in lhe ferropicritic rocks, excluding 
subsolidus replacements in pyroxenes in thick in
trusions , are primary igneous amphiboles, as 
shown by petrographic criteria and their chemical 
compositions. Factors that control the low-pres
sure stability of magmatic amphibole are exam
ined, with particular reference to existent 
experimental data. It is concluded that the mini
mum water pressure of about 0.5 kbar suggested 
by the experiments is not consistent with the oc
currence of amphibole in the Pechenga ferropi
crites and some other ancient and modern 
submarine lava flows because such apressure 
would require a water depth in excess 5 km. Fur
ther research, including laboratory experiments 
on H20 and halogen-bearing systems as weil as 
studies of volcanic rocks erupted under known 
conditions, is needed befare amphibole can be 
used confidently as a paleodepth indicator in 
ancient volcanic and subvolcanic rocks . Owing to 
the highly volatile nature of sulfur, a certain load 
pressure is necessary to prevent sulfur escape and 
thereby create favorable circumstances for Ni-Cu 
ore formation. To enable a better understanding 
of the genesis of the Pechenga Ni-Cu deposits, it 
would be important to obtain more tightly con
strained estimates of the pressure conditions 
under which the gabbro-wehrlite intrusions and 
ferropicritic lava flows crystallized. 

It is now weil established that ore-producing 
magmas at Pechenga were emplaced contempo
raneously with the cogenetic ferropicritic volcan
ism. Consequently, major fault zones such as the 
Luotna Fault which developed during later tec
tonic movements cannot be regarded as channels 
far transporting ore-bearing magmas as had pre
viously been suggested. The primary Ni-Cu ores 
were formed in a dynamic subvolcanic environ
ment by gravity-induced segregation of immis
cible sulfide droplets which were trapped in 
mechanically favorable places such as embay
ments at lower contacts of magma chambers. Sul-
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fur isotopic data clearly demonstrate that the 
massive and breccia ores were generated by re
working and mobilization of magmatic sulfides in 
shear zones along the lower contacts of ore-bear
ing peridotites presumably dUling the regional 
metamorphism. With regard to ore genesis, the 
most imponant incompletely resolved question is 
the potential interaction of ore-forming ferropi
critic magmas with enclosing sulfur-rich sedi
ments. 

Sulfur isotope and geochemical evidence, in
cluding high Se/S, Te/S, SelAs, and Te/As of Ni
Cu ores, suggest that the bulk of the sulfur in ore 
bodies of the western ore field is juvenile in 
origin. A perplexing problem has emerged from 
the radiogenie Os isotopic compositions of sulfur
rich sampies from the Kammikivi sill. If this is at
tributed to the assimilation of country rock 
phyllites, then the degree of bulk assimilation re
quired is deduced to be of the order of several 
tens of per cents, which is not supported by geo
chemical or other isotopic data. Furthermore, the 
variable initial 1870s/1 860s values of ore sampIes 
would point to large differences in the extent of 
contamination and limited Os isotopic homogeni
zation between closely spaced ore sampIes. One 
way of accounting for the anomalous Os isotopic 
compositions of ore sampIes is to postulate reset
ting isotopic systems in sulfide minerals during 
recrystallization and mobilization of sulfides and 
reactions with hydrothermal fluids transporting 
metasomatizing agents to and from the enclosing 
phyllitic metasediments. Radiogenic Os isotope 
compositions may result from either leaching of 
Re from sulfides or an introduction of radiogenic 
Os from country rocks but in both of these pro
cesses, the relative amounts of metal migration 
should have been very extensive. This problem 
can be potentially clarified by carrying out Re-Os 
isotopic analyses on carefully separated sulfide 
and primary silicate fractions from the same 
sam pIes. If the radiogenie Os were a consequence 
of country rock assimilation, then the Re-Os sys
tem could provide an effective tool for revealing 
such contamination effects. On the other hand, if 
metamorphie processes are responsible for high 
1870S/1 860S values, the Re-Os system can supply 

valuable information conceming the postmag
matic history of ore deposits. 

A long known and inadequately understood 
difference exists between the relatively heavy sul
fur isotope composition of ores from the Pilgu
järvi intrusion (834S +3.0 /00 to +5.5 (100 ) and the 
near chondritic values measured for ore bodies 
from the western ore field. Pb-Pb isotope data on 
the Pilgujärvi intrusion indicate a slightly lower 
Th/U than in the ferropiclitic metavolcanites 
which, together with S isotopic data, support the 
assimilation hypothesis. 

High-pre sure phase equilibrium data on basic 
to ultrabasic systems from the literature have 
been used constructing an Al20 3 vs. 
MgO+KoxFeO diagram (Fig. 89) in which the 
chemical components are expressed in cation 
mole proportions and where Ko symbolizes the 
Mg-Fe exchange reaction distribution coefficient 
between olivine and liquid. This diagram can be 
used to distinguish magma types which are too 
low in AI20 3 and/or MgO+FeO to be simulta
neously in equilibrium with both olivine and gar
net at high pressures, i.e., inconsistent with the 
retention of agamet Iherzolite residue in the 
mantle. When applied to the Pechenga ferropi
crites, the AI 20 3 vs. MgO+KoxFeO diagram 
shows that most of these rocks plot below the oli
vine+gamet saturation curve, which indicates the 
absence of residual gamet dUling melt segrega
tion. Such an observation has important implica
tions for the interpretation of the rare earth 
element pattems of ferropicritic rocks. Namely, it 
can be shown that LREE-eillichment is not the re
sult of fractionation during the melting event but 
an original feature of the mantle source. lL is also 
likely that the SOllrce was enriched in other in
compatible trace elements inclllding HFSE. 

The infelTed high LalYb in the mantle source 
of the Pechenga ferropicrites is in conflict with 
the positive initial c: d value (+ IA±OA) obtained 
for these metavolcanites, which indicates a time
integrated depletion of Nd compared to Sm in the 
source. This is a common problem encountered in 
alkali basalts and is often resolved by assuming 
an enrichment event in the mantle source shortly 
before melt segregation. In the casc of the Pe-



chenga fen'opicrites, such an enrichment has oc
curred less than 200 Ma before the generation of 
the magma. 

Olivine-liquid equilibria have been used to 
show that, without invoking a considerable extent 
of fractional crystallization, the high iron content 
of ferropicrites can only be explained by an ex
ceptionally high iron content in the mantle source 
material. The FeO to t content of the source has 
been calculated to be somewhere between 13-15 
wt. % while the Al20 3 content is estimated to fall 
in the range of 1.3-3.0 wt. %. Compared to primi
tive mantle, the source of the Pechenga ferropi
crites was thus clearly richer in iron and poorer in 
aluminum . 

Similarities in the incompatible and isotope 
chernistry (Sm-Nd, Rb-Sr, Re-Os) of many ocean 
island basalts and ferropicrites point to common 
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source characteristics. This observation is com
patible with a model according to wh ich the Pe
chenga ferropicrites are partial melting products 
of an ascending mantle plume generated by a 
thermal anomaly close to the core-mantle bound
ary. However, the isotopic data cannot be used to 
exclude derivation from metasomatized subcon
tinental lithospheric mantle. Nevertheless, they do 
eliminate the possibility of significantly older ba
saltic veins beiog responsible for trace element 
and iron enrichment in the mantle. The charac
teristics of the ultimate mantle source of the fer
roplcntlc magmas is not yet adequately 
understood because, as was discussed in the pre
vious chapter, both the plume and lithospheric 
models have certain weaknesses when applied to 
the Pechenga region. 
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Appendix I. GraphicaJ presentation of the rationale for projecting Ti02 and 
AbO} from the olivine composi tio n by calcul ating lTi02] = Ti02/(2/3 - MgO -
FeO) and [Ah03] = AI20 3/(2/3 - MgO - FeO) in mole proportions. A I-A3 and 
B I-B3 are rock suites whose compositions are controlled by oli vine fractionation. 
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Appendix 2 . Literature sources used in the construction of the diagrams in 
Figures 85-88 . Full references available from the author upon request. 

I'ig . 85 I'ig . 86 I'ig . 87 I'ig . 88 b~.r.nc •• 

X X Adam (1990) 
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X Agee & Walker (1988) 
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X X X Arima & Edgar (1983a) 

X Arima & Edgar (1983b) 
X Arndt (1976) 
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X Baker & Eggler (1987) 
X Bartels et al. (1988) 
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X Genshaft et al . (1983) 
X Girnis et al. (1987) 



Geologieal Survey of Finland. Bulletin 367 

Appendix 2. (Continued) 
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X Mahood & Baker (1986) 
X McFarlane et al. (1989, 1990) 
X Meen (1987) 

X Meen (1990) 
X Meen et al. (1989) 



Gcological Survey of Fin land, Bulletin 367 

Appendix 2 . (Continued) 

I'ig . 85 I'ig. 86 I'ig. 87 I'ig. 88 Re~.r.nc •• 

X X Mengel & Green (1989) 
X X Merrill & Wyllie (1975) 

X X Mysen & Kushiro (1977) 

X X Nicholls & Harris (1980) 

X Nicholls & Lorenz (1973) 

X X X Nicholls & Ringwood (1973) 
X X Nicholls & Whitford (1983) 

X Obata & Dickey (1976) 
X O'Hara (1963) 

X Ohtani (1987) 
X Ohtani et al. (1986) 
X Perchuk & Kushiro (1984) 
X Perchuk (1983) 

X Raheim & Green (1974) 
X X Ren Guahao et al. (1991) 
X Ringwood & Essene (1970) 

X Ringwood (1976) 
X Ringwood (1977) 

X Ringwood et al. (1992) 
X Scarfe & Takahashi (1986) 
X Scarfe et al. (1979) 
X Seitz & Kushiro (1974) 
X Sen (1982) 

X Shimizu (1980) 
X Shimizu et al. (1982) 

X Stern & Wyllie (1978) 
X X Stern et al . (1975) 

X Stolper (1980) 
X X Takahashi (1980) 

X Takahashi (1983) 
X X Takahashi (1986) 

X Takahashi & Kushiro (1983) 
X X Takahashi & Scarfe (1985) 

X Tatsumi (1981) 
X X Tatsumi (1982) 
X X Tatsumi & Koyaguchi (1989) 
X X Tatsumi et al. (1983) 

X X Thibault et al. (1992) 
X Thompson (1974) 

X X Thompson (1975) 
X Thy (1991) 

X X Tilley & Yoder (1964) 
X Tracy & Stolper (1978) 

X X Tronnes et al . (1992) 
X Ulmer (1988) 
X X Ulmer (1989) 

X X Ulmer et al. (1990) 
X Upton & Thomas (1980) 

X Upton (1971) 
X Walker & Agee (1988) 

X X Walker et al. (1972) 
X Walker et al. (1975) 
X Walker et al . (1976) 
X Walker et al. (1977) 

X X Wei et al. (1990) 
X Yoder & Tilley (1962) 

X Zyryanov et al . (1984) 




	COVER PAGE
	TITLE PAGE
	CONTENTS
	FOREWORD
	INTRODUCTION
	HISTORY OF THE PECHENGA ORE FIELD
	BRIEF REVIEW OF PREVIOUS INVESTIGATIONS
	GEOLOGY OF THE PECHENGA COMPLEX
	Pechenga Series
	Ahmalahti Suite
	Kuetsjärvi Suite
	Kolosjoki Suite
	Pilgujärvi Suite

	South Pechenga Series

	FIELD CHARACTERISTICS AND PETROGRAPHY OF FERROPICRITIC METAVOLCANITES
	Massive and pillowed lavas
	Layered lava flows with spinifex textures
	Globular rocks
	Tuffs

	FIELD CHARACTERlSTICS AND PETROGRAPHY OF GABBRO-WEHRLITE INTRUSIONS
	The Pilgujärvi layered intrusion
	The Kammikivi layered sill

	Ni-Cu SULFIDE DEPOSITS
	MINERAL CHEMISTRY OF FERROPICRITIC ROCKS
	Analytical techniques
	Olivine
	Clinopyroxene
	Amphibole
	Mica
	Spinel
	Ilmenite
	Other minerals

	MAJOR AND TRACE ELEMENT GEOCHEMISTRY
	Analytical techniques and samples
	Geochemistry of the different volcanic suites of the Pechenga Series
	Ferropicritic volcanic rocks
	Gabbro-wehrlite intrusions
	Parental magma of ferropicritic rocks
	Pechenga ferropicrites compared with other primitive magmas
	Ore deposits

	ISOTOPE GEOCHEMISTRY
	Pb-Pb
	Sm-Nd
	Re-Os
	General features of the Re-Os isotopic systematics
	Re-Os isotopes in Pechenga rocks

	Rb-Sr
	Sulfur

	ORIGIN OF THE GLOBULAR FERROPICRITIC ROCKS
	AMPHIBOLE AS A PALEODEPTH INDICATOR?
	GENESIS OF THE Ni-Cu SULFIDE DEPOSITS
	Geochemical evidence
	Isotopic evidence

	MANTLE SOURCE OF FERROPICRITIC MAGMAS
	Residual mineralogy
	Major elements
	Trace elements
	Isotopic constraints
	A lithospheric model
	A plume model

	SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES
	Appendix 1. Graphical presentation of the rationale for projecting Ti02 and Al2O3} from the olivine composition
	Appendix 2 . Literature sources used in the construction of the diagrams in Figures 85-88 .
	BACK COVER

