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INTRODUCTION

The nature of magnetite gabbro bodies is one of the
main problems in the petrology of the layered intrusion
of the Western Pansky Tundra, because it is crucial for
understanding the mechanism of massif differentiation.
The complexity of the problem is related to the fact
that, on the one hand, the gradual transition to the
enclosing gabbronorite suggests that the magnetite
gabbro is inherent part of the intrusion section. On the
other hand, some features of the magnetite gabbro
including its occurrence at various stratigraphic levels
of the intrusion section, fine-grained texture, and highly
evolved composition are distinctly different from most
of the gabbronorite that compose the intrusion. Thus,
an independent origin of these rocks different from that
of the gabbronorite can be assumed. This resulted in the
emergence of contradictory hypotheses on the magne-
tite gabbro genesis. The magnetite gabbro is considered
as either syngenetic rocks of the intrusion and residual
products of chamber differentiation (Proskuryakov,
1967; Odinets, 1971; Kozlov, 1973), independent sills

(Osokin, personal communication), or deeply reworked
xenoliths of metavolcanic rocks of the Kuksha Forma-
tion of the Imandra–Varzuga zone (Borisova 

 

et al.

 

,
1999).

In this paper, we present new petrographic and
geochemical data and attempt to show that the magne-
tite gabbro is probably a final product in the Fenner dif-
ferentiation trend of the initial melt of the Western Pan-
sky Tundra layered intrusion. Major attention is
focussed on various physicochemical aspects of mag-
netite gabbro formation.

REGIONAL POSITION AND STRUCTURE 
OF THE WESTERN PANSKY TUNDRA 

INTRUSION

The Western Pansky Tundra intrusion is one of 40
known layered intrusions in northern Karelia (Kola
Peninsula) and northern Finland clustering into north-
ern (Kola) and southern (Fenno–Karelian) belts (Alapi-
eti 

 

et al.

 

, 1990). The intrusion is renowned owing to the
occurrence of several sulfide-bearing horizons (reefs)
enriched in platinum-group elements (PGE), which are
similar in many respects to the famous Merensky and
J–M reefs of the Bushveld and Stillwater complexes.
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Abstract

 

—Magnetite gabbro occurs in the central part of the layered intrusion of the western Pansky Tundra
as layers and lenticular bodies from 20 to 100 m thick and from hundreds of meters to 10 km long. They show
fine-grained textures and contain cumulus magnetite, iron-rich pyroxenes, and low-calcium plagioclase. The
transition from the enclosing gabbronorite (

 

Pl–Cpx–Opx

 

 cumulate) through gabbronorite with inverted pigeo-
nite (

 

Pl–Cpx–Opx–Pig#

 

 cumulate) to the magnetite gabbro bodies with inverted pigeonite (

 

Pl–Cpx–Opx–Pig#–
Mgt

 

 cumulate) is accompanied by successive appearance of new cumulus phases, pigeonite and magnetite
(phase layering); gradual increase of clinopyroxene fraction on the expense of orthopyroxene (modal layering);
regular increase in the iron content of pyroxene; and decrease in the anorthite content of plagioclase (cryptic
layering). These observations allow us to interpret the magnetite gabbro with inverted pigeonite as the final
product of the Fenner trend of chamber differentiation of the initial melt of the Western Pansky Tundra intru-
sion. It is assumed that during intrusion consolidation, the residual melt portions were concentrated in isolated
subchambers elongated in accord with the general structural plan of the massif. The opposing walls of the sub-
chambers converged gradually during crystallization, and fluid pressure increased continuously, while the com-
position of liquid changed and its volume decreased. Tectonic movements and (or) high fluid pressure resulted
in wall fracturing and fluid loss from the subchambers. This brought the melt into a state of strong oversatura-
tion and caused its rapid crystallization and formation of fine-grained magnetite gabbro depleted in incompat-
ible elements, which were removed from the system by the fluid phase.
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This called close attention of researchers to the petro-
logic aspects of intrusion formation (Mitrofanov 

 

et al.

 

,
1994; Dokuchaeva, 1994; Korchagin 

 

et al.

 

, 1994;
Abzalov 

 

et al.

 

, 1993; Balabonin 

 

et al.

 

, 1994; Latypov,
1994, 1995; Latypov 

 

et al.

 

, 1999).

According to a currently accepted concept
(Dokuchaeva, 1994), the intrusion is part of the Fedor-
ovo–Pansky Massif, which was disjoined into a number
of large blocks at the modern erosion level by tectonic
dislocations (Fig. 1). The largest are (from west to east)
the Fedorovo, Western Pansky Tundra, and Eastern
Pansky Tundra blocks. Significant differences were
recently found in the character of phase, modal, and
cryptic layering in these plutons. This provides a basis

for the revision of this concept, and, in this paper, the
block of the Western Pansky Tundra is considered as an
independent intrusion.

The intrusion of the Western Pansky Tundra extends
in a northwestern direction for more than 25 km, is
about 80 km

 

2

 

 in area, and dips south-southwest at an
angle of 30

 

°

 

–35

 

°

 

. The true thickness of the intrusion is
3–4 km. The age of gabbronorite from the intrusion was
determined by the U–Pb method for zircons as 2491 

 

±

 

1.5 Ma (Bayanova 

 

et al.

 

, 1994) and 2501.5 

 

±

 

 1.4 Ma
(Amelin 

 

et al.

 

, 1995), the anorthosite was dated at
2449  

 

±

 

 12 Ma (Bayanova 

 

et al.

 

, 1995); 

 

ε

 

Nd

 

 (2487 

 

±

 

51 Ma) for the intrusion is 2.1 

 

±

 

 0.5 (Balashov 

 

et al.

 

,
1993).
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Fig. 1.

 

 Schematic geologic structure of the Early Proterozoic Western Pansky Tundra intrusion, simplified after Odinets (1971).
1–3, Early Proterozoic volcanic–sedimentary rocks of the Strelna Group of the Imandra–Varzuga zone: 1, meta-andesite of the
Seidorechka Formation; 2, quartzite of the Seidorechka Formation; 3, metabasalt of the Kuksha Formation; 4, alkaline granites of
the White Tundra; 5, gabbro-dolerite and quartz dolerite dikes; 6–11, intrusion: 6, magnetite gabbro; 7, lower and 8, upper layered
horizons; 9, trachytoid and 10, massive rocks of the gabbronorite zone; 11, rocks of the norite zone; 12, Archean gneisses and gran-
itoids of the Keiv block; 13, layering (35

 

°

 

, dip angle); and 14, fault. I–I is the position of the stratigraphic cross-section (Fig. 2) and
II–II is the position of the cross-section through the magnetite gabbro of the lower level, northwestern Kamennik area.
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The structural position of the intrusion is defined by
its location in the joining zone of the Archean Keiv
block and the Early Proterozoic Imandra–Varzuga
zone. The intrusion occur near Archean gneisses only
in the ultimate northwestern portion (

 

Imandra–Varzug-
skaya zona

 

, 1982), but no direct contact of the intrusion
rocks with the gneisses was found, because of the lack
of exposures. The massif is bound by peralkaline gran-
ites on the north. The problem of relationships of the
Western Pansky Tundra intrusion with the peralkaline
granites of the White Tundra (Batieva, 1976; Kozlov,
1973) is probably resolved: according to U–Pb data for
zircon, the peralkaline granite of the White Tundra
(2606 

 

±

 

 48 Ma, Bayanova, personal communication) is
older than the rocks of the Western Pansky Tundra
intrusion.

The joining of the Western Pansky Tundra intrusion
with the volcanic and sedimentary rocks of the Iman-
dra–Varzuga zone is covered by Quaternary deposits.
The contacts were revealed by drilling and open pits in
the southern roof portion of the intrusion. They are se-
condary tectonic: both intrusive rocks and sedimen-
tary–volcanic sequences are strongly sheared in the
contact zone.

The general structure of the Western Pansky Tundra
intrusion is relatively simple (Figs. 1, 2). It is domi-
nated by gabbronorite showing variable proportions of
rock-forming minerals, textural and structural features.
The following zones were recognized in the section
from bottom to top:
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Fig. 2.

 

 Stratigraphic column for the Western Pansky Tundra intrusion (I–I in Fig. 1) showing intervals of the development of cumulus
phases.
1, Volcanic–sedimentary rocks of the Imandra–Varzuga zone; 2, Archean gneisses and granitoids of the Keiv block; 3–8, intrusion
rocks: 3, magnetite gabbro with inverted pigeonite (

 

Pl–Cpx–Opx–Pig#–Mgt

 

 cumulate); 4, gabbronorite with inverted pigeonite (

 

Pl–
Cpx–Opx–Pig#

 

 cumulate); 5, gabbronorite (

 

Pl–Cpx–Opx

 

 cumulate); 6, norite (

 

Pl–Opx

 

 cumulate); 7, taxite gabbronorite; and 8, lay-
ered horizons. ULH and LLH are the upper and lower layered horizons, respectively.
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1. Marginal zone (50–60 m) of taxite gabbronorite
(

 

Pl–Cpx–Opx

 

 cumulate).

 

2

 

 It contains abundant coarse-
grained mafic segregations and xenoliths of the country
gneisses assimilated to a varying degree.

2. Norite zone (40–50 m) is dominated by norite
(

 

Pl–Opx

 

 cumulate) with minor plagiopyroxenite (

 

Opx

 

cumulate with intercumulus 

 

Pl

 

). The latter contains
chromite mineralization formed by small accessory
grains of alumochromite–subferrialumochromite
(Dokuchaeva, 1994).

3. Gabbronorite zone (about 4000 m) is dominated
by gabbronorite (

 

Pl–Cpx–Opx

 

 cumulate) with varying
grain size, structure, and proportions of cumulus min-
erals. Three units were distinguished in this zone:
lower, middle, and upper subzones.

The lower subzone (1000–1100 m) shows a gradual
transition to the underlying norite zone. It is composed
of mesocratic trachytoid gabbronorite (

 

Pl–Cpx–Opx

 

cumulate), whose trachytoid structure is controlled by
the near-parallel orientation of plagioclase laths in a
plane. The subzone is terminated by the first horizon of
thin-layered rocks, which is referred to as the lower lay-
ered horizon (LLH). It is 50–100 m thick and distin-
guished in the homogeneous gabbronorite section by
the contrast intercalation of leucocratic and melano-
cratic rocks including anorthosite (

 

Pl

 

 cumulate),
leucogabbro (

 

Pl

 

 cumulate with intercumulus 

 

Cpx

 

 and

 

Opx

 

), gabbronorite (

 

Pl–Opx

 

 cumulate with intercumu-
lus

 

 Cpx

 

), norite (

 

Pl–Opx

 

 cumulate), and pyroxenite
(

 

Opx

 

 cumulate with intercumulus 

 

Pl

 

 and 

 

Cpx

 

) rocks.
Low-sulfide PGE mineralization is closely related to
the leucogabbro and anorthosite (sometimes olivine-
bearing).

The middle subzone (2000–2150 m) is composed
mainly of massive gabbronorite (

 

Pl–Cpx–Opx

 

 cumu-
late) with gabbro and gabbro ophitic textures. In this
subzone, magnetite bodies with inverted pigeonite form
layers and lenticular bodies from 20 to 100 m thick and
from hundreds of meters to 10 km long. They are
grouped into three discontinuous belts, lower, upper,
and middle, extended in agreement with the general
structural plan of the massif.

The upper subzone (650–700 m) is composed of tra-
chytoid gabbronorite (

 

Pl–Cpx–Opx

 

 cumulate). The
second horizon of thin-layered rocks is located near the
basement of this subzone. It is referred to as the Upper
Layered Horizon (ULH). The most common rocks in
the ULH are gabbronorite (

 

Pl–Cpx–Opx

 

 cumulate),

 

2

 

Abbreviations used in the text and diagrams: 

 

Pl

 

, plagioclase; 

 

Ol

 

,
olivine; 

 

Opx

 

, orthopyroxene; 

 

Pig

 

, pigeonite; 

 

Pig

 

#, inverted pigeo-
nite;

 

 Cpx

 

, clinopyroxene; 

 

Qtz

 

, quartz; 

 

Mgt

 

, magnetite; 

 

Crt

 

,
chromite; 

 

Amf

 

, amphibole; 

 

Ap

 

, apatite; 

 

Ilm

 

, ilmenite; , fluid

pressure; 

 

f

 

# = Fe/(Fe + Mg) for mafic minerals;

 

 An

 

 = 100 

 

×

 

An

 

/(

 

An

 

 + 

 

Ab

 

), anorthite mole fraction of plagioclase; 

 

L

 

, melt; 

 

Fo

 

,
forsterite; 

 

Fa

 

, fayalite; 

 

Di

 

, diopside; 

 

Hd

 

, hedenbergite; 

 

Ab

 

, albite;

 

An

 

, anorthite; 

 

Or

 

, orthoclase; 

 

Ol

 

25–50

 

, olivine with interval of fay-
alite mole fraction; and 

 

Pl

 

60–70

 

, plagioclase with interval of anor-
thite mole fraction.

PH2O

 

anorthosite (

 

Pl

 

 cumulate and 

 

Pl

 

 cumulate with intercu-
mulus 

 

Cpx

 

 and 

 

Opx

 

), olivine gabbronorite (

 

Pl–Cpx–
Opx–Ol

 

 cumulate), olivine norite (

 

Pl–Ol–Opx

 

 cumu-
late), olivine leucogabbronorite (

 

Pl

 

 cumulate with
intercumulus Ol, Cpx, and Opx), and troctolite (Pl–Ol
cumulate). Several layers of low-sulfide platinum
group mineralization were found in the ULH section.
The most important of them is related to a thick
anorthosite layer of the first sequence.

METHODS

Three sections were chosen for detailed sampling in
the lower, middle, and upper levels of magnetite gabbro
at Kamennik Mountain (Fig. 1). We collected 110 sam-
ples for chemical analysis from bedrock exposures. The
samples were from 1 to 2 kg, at an average of about
1.5 kg. All the rocks are fresh and almost unaltered.
Major and trace elements were analyzed by the atom
absorption and spectral methods in the Geological Insti-
tute, Kola Research Center, Russian Academy of Sci-
ences, Russia. The minerals were analyzed on the Cam-
eca electron microprobe of the same institute. The sili-
cate analyses were recalculated to CIPW norms and a
number of additional petrochemical parameters. The fol-
lowing petrochemical parameters were used for the deci-
phering of the differentiation characteristics: Sum(Fsp),
sum of normative feldspars; F#, total Fe/(Fe + Mg) ratio;
f(hy), Fe/(Fe + Mg) ratio of normative orthopyroxene;
F(ox), degree of iron oxidation; An(norm), anorthite
mole fraction of normative plagioclase; and K(hy), nor-
mative pyroxene ratio. Because of the similar character
of cryptic layering in all the sections, we consider only
one body from the lower level. The analyses of rocks
and minerals from this body (Tables 1–4) were used for
the construction of stratigraphic columns (Figs. 3, 4).

IGNEOUS STRATIGRAPHY AND 
PETROGRAPHY OF MAGNETITE GABBRO

The data of previous researchers (Proskuryakov,
1967; Odinets, 1971; Kozlov, 1973) and our observa-
tions suggest that the transition from the magnetite gab-
bro to the enclosing gabbronorite is mostly gradual.
Only in one instance, we observed a relatively sharp
transition within an interval of about 5–8 m. In general,
the transition from the enclosing rocks to magnetite
gabbro bodies is characterized by the following
sequence:

Zone 1. Gabbronorite with gabbro or gabbro-ophitic
textures. These rocks are predominant in the central
part of the intrusion and are Pl–Cpx–Opx cumulates
composed of Pl, 47–56%; Cpx, 21–32%; and Opx, 18–
22%.

Zone 2. Gabbronorite with the poikilitic texture.
The layers are from 5 to 15 m thick. The zone is not
very common; in particular, it is missing near the mag-
netite gabbro bodies of the lower level. A distinctive
feature of the poikilitic gabbronorite is the presence of
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rounded orthopyroxene grains, 0.5–1.0 cm in size,
which show irregular patchy distribution. The orthopy-
roxene contains inclusions of plagioclase, which are
concentrated mainly in the outer parts of orthopyroxene
grains. Such a morphology of orthopyroxene is proba-
bly due to intense overgrowing of initial cumulus crys-
tals from intercumulus liquid. On this ground, this gab-
bronorite variety was considered as a three-mineral
cumulate. The mineral composition of the rock is the
following: Pl, 50–59%; Cpx, 25–30%; and Opx, 12–
17%. Magnetite occurs as individual grains rarely
accounting for up to 0.5–1.0%.

Zone 3. Gabbronorite with inverted pigeonite. In
addition to orthopyroxene, a new liquidus phase
appears, pigeonite, whose exsolution produces ortho-
pyroxene with clinopyroxene lamellae at subsolidus
temperatures. The rock is a Pl–Cpx–Opx–Pig# cumu-
late containing 50–59% Pl, 30–34% Cpx, 3–5% Opx,
and 5–10% Pig#. The concentration of magnetite is
higher than in the previous zone attaining 1–2%.

Zone 4. Magnetite gabbro with inverted pigeonite.
Magnetite first appears in this rock as a liquidus phase.
Megascopically, the magnetite gabbro is a dark gray,
almost black rock with massive or occasionally trachy-
toid structures. They differ clearly from the majority of

40 50 60 70 50 60 70 20 30 40 50 20 30 40 50 0 20 40 15 30 45 60
Sum(Fsp),

wt %
An(norm) in rock,

mol %, Pl
F#,

at. %
f(hy) in rock,
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Fig. 3. Variations of rock and mineral compositions in the vertical section of the magnetite gabbro of the lower level, northwestern
Kamennik area (II–II, Fig. 1).
The depths differ from those in Fig. 2 because of different reference levels. 1, Gabbronorite (Pl–Cpx–Opx cumulate); 2, gabbronorite
with inverted pigeonite (Pl–Cpx–Opx–Pig# cumulate); and 3, magnetite gabbro with inverted pigeonite (Pl–Cpx–Opx–Pig#–Mgt
cumulate). Sum(Fsp) = Ab + Or + An; An(norm) = 100 × An/(An + Ab); F# = 100 × (Fe2+ + Fe3+)/(Fe2+ + Fe3+ + Mg); f(hy) = 100 ×
Fs/(Fs + En); F(ox) = 100 × Fe3+/(Fe2+ + Fe3+); K(hy) = 100 × Opx/(Opx + Cpx).

Pl
Opx

Cpx
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rocks composing the intrusion by their fine-grained tex-
ture. However, the intrusion also contains individual
bodies of magnetite gabbro with medium-grained or
even pegmatoid textures. The rock is a Pl–Cpx–Opx–
Pig#–Mgt cumulate containing 54–55% Pl, 29–34%
Cpx, 1–3% Opx, 2–5% Pig#, and 3–12% Mgt.

According to Odinets (1971), the composition of the
magnetite gabbro changes regularly from margins to
the center of the bodies; the amount of clinopyroxene
increases on the expense of orthopyroxene (pigeonite);
the concentrations of ilmenite and magnetite increase
from 1–2% to 10–12%; while the grain size of rock-
forming minerals decreases from 0.5–3.0 to 0.01–
0.1 mm. Opaque minerals are represented by ilmenite
and magnetite; the latter is significantly predominant
over ilmenite accounting for 75 to 90% of opaque min-
erals. Magnetite occasionally forms veinlike segrega-
tions, up to 10–15 cm thick and up to 1–2 m long.

In contrast to the middle and lower levels, the mag-
netite gabbro of the upper level contains olivine. The
olivine-bearing magnetite gabbro is readily distin-
guished from olivine-free varieties by the presence of
characteristic olivine “humps” on the weathered sur-
face and thin veins and stringers of Pl–Pig#–Cpx–Ol–
Mgt composition, which are abundant in some local
areas. In the magnetite gabbro, olivine forms large seg-
regations, up to 1 cm and more, which contain numer-
ous grains of cumulus plagioclase, clinopyroxene, and
pigeonite. The distribution of olivine in the rock is very
irregular and its content varies from 0 to 5–8%. The
poikilitic habit of olivine grains and its occurrence in
the veinlike bodies suggest that olivine crystallized
from residual intercumulus liquid in the magnetite gab-
bro bodies.

800
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600
m

40 50 60 70 0 100 50 250 200 300 400 4 8 12 0 10 20 0 250 500
Sum(Fsp),

wt %
ër, ppm Ni, ppm Sr, ppm Rb, ppm Zr, ppm V, ppm

1 2 3

Fig. 4. Variations of minor element contents in the vertical section of the magnetite gabbro of the lower level, northwestern Kamen-
nik area (II–II, Fig. 1). Symbols are the same as in Fig. 3.
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Table 1.  Chemical compositions (wt %) and CIPW norms of rocks from the northwestern Kamennik area, lower magnetite
gabbro belt

Component
ka-139/1* ka-139/2 ka-139/3 ka-139/4 ka-139/6 ka-139/7 ka-139/8 ka-139/9 ka-139/10

608** 631 658 696 708 714 720 728 735

SiO2 52.30 51.58 51.21 50.92 48.54 47.13 49.42 49.80 48.76

TiO2 0.18 0.18 0.24 0.47 0.84 1.02 0.77 0.73 0.78

Al2O3 15.48 15.55 15.55 14.30 13.83 14.27 14.37 14.83 14.38

Fe2O3 0.77 0.32 0.87 1.79 3.19 4.36 2.81 3.19 3.68

FeO 6.23 7.44 7.31 8.98 10.23 9.83 9.97 8.97 9.18

MnO 0.12 0.13 0.13 0.17 0.20 0.19 0.19 0.16 0.19

MgO 8.81 8.94 8.42 6.94 6.58 6.34 6.44 6.41 6.71

CaO 12.94 12.34 12.81 12.33 12.61 12.40 11.90 12.19 12.42

Na2O 1.84 1.90 2.09 2.49 2.32 2.68 2.65 2.62 2.41

K2O 0.14 0.11 0.16 0.13 0.10 0.13 0.11 0.11 0.11

H2O– 0.19 0.21 0.16 0.15 0.15 0.13 0.11 0.09 0.13

LOI 0.85 0.97 0.85 0.87 0.99 1.11 1.00 0.91 0.89

P2O5 <0.01 0.01 0.03 0.02 0.01 0.01 0.01 0.02 0.03

Total 99.86 99.68 99.83 99.56 99.59 99.60 99.75 100.03 99.67

Ap 0.02 0.07 0.05 0.02 0.02 0.02 0.05 0.07

Ilm 0.34 0.34 0.46 0.89 1.60 1.94 1.46 1.39 1.48

Mgt 1.12 0.46 1.26 2.60 4.63 6.32 4.08 4.63 5.34

Or 0.83 0.65 0.95 0.77 0.59 0.77 0.65 0.65 0.65

Ab 15.56 16.07 17.68 21.06 19.62 22.67 22.41 22.16 20.38

An 33.57 33.58 32.58 27.46 27.03 26.53 26.99 28.38 28.10

En 13.88 15.42 12.14 9.65 6.22 1.19 6.54 7.91 7.32

Fs 6.79 9.25 7.27 8.13 5.75 0.99 6.15 6.41 5.65

Di 17.36 14.73 16.45 15.92 16.20 16.65 14.51 15.38 16.34

Hd 7.41 7.70 8.59 11.69 13.05 12.06 11.88 10.86 10.98

Qtz 1.95 0.27

Fo 0.83 0.17 1.85 4.82 1.94 0.64 1.26

Fa 0.55 0.16 1.89 4.41 2.00 0.57 1.07

F(ox) 10.01 3.73 9.91 15.29 23.08 32.16 21.44 24.66 27.34

F# 30.60 32.67 34.49 46.00 51.47 51.92 50.68 50.47 50.33

Sum(Fsp) 51.32 51.50 52.76 51.88 51.23 55.46 53.78 55.06 53.54

f(hy) 27.13 31.33 31.30 39.06 41.28 38.74 41.70 38.14 36.98

An(norm) 67 66 63 55 56 52 53 55 57

K(hy) 45.49 52.38 43.67 39.16 29.04 7.08 32.48 35.31 32.20

Ni 180 200 140 110 100 110 100 100 120

Cr 73 88 36 12 12 8.2 8.9 7.9 14

V 75 78 88 330 380 370 360 360 300

Zr 5 7 14 7 7 7 6 6 10

Sr 279 272 281 357 375 395 370 381 392

Rb 5 5 7 6 6 9 5 8 8
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Table 1.  (Contd.)

Component
ka-139/11 ka-139/12 ka-139/14 ka-139/15 ka-139/17 ka-139/18 ka-139/20 ka-139/21 ka-139/23

744 747 750 752 759.5 765 775 788 812.5

SiO2 52.06 51.76 52.12 52.13 51.99 51.75 50.77 52.02 51.89

TiO2 0.16 0.16 0.17 0.20 0.16 0.15 0.16 0.16 0.12

Al2O3 15.46 15.33 14.94 14.69 15.56 19.20 16.29 18.81 17.38

Fe2O3 0.62 0.85 0.46 0.21 0.14 0.17 1.01 0.26 0.13

FeO 8.32 8.60 9.05 8.39 7.48 5.57 5.58 5.40 5.84

MnO 0.17 0.17 0.19 0.18 0.11 0.10 0.07 0.10 0.11

MgO 7.01 7.22 7.19 7.98 8.47 6.10 8.82 7.01 8.98

CaO 11.93 11.70 11.62 12.18 11.72 13.00 12.96 12.60 11.83

Na2O 2.70 2.68 2.64 2.18 2.56 2.23 1.23 2.04 1.99

K2O 0.12 0.13 0.15 0.13 0.16 0.13 0.20 0.14 0.14

H2O– 0.18 0.12 0.16 0.20 0.22 0.21 0.31 0.18 0.23

LOI 0.79 0.84 0.87 1.16 1.32 1.08 2.37 1.02 1.20

P2O5 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01

Total 99.54 99.58 99.57 99.65 99.90 99.70 99.78 99.75 99.85

Ap 0.05 0.05 0.02 0.05 0.02 0.02 0.02 0.02 0.02

Ilm 0.30 0.30 0.32 0.38 0.30 0.29 0.30 0.30 0.23

Mgt 0.90 1.23 0.67 0.30 0.20 0.25 1.47 0.38 0.19

Or 0.71 0.77 0.89 0.77 0.95 0.77 1.18 0.83 0.83

Ab 22.83 22.67 22.33 18.44 15.98 18.27 15.90 17.84 16.83

An 29.71 29.42 28.48 29.92 33.50 42.31 35.42 41.44 38.08

En 10.11 10.04 10.68 12.94 15.13 9.88 14.09 12.11 16.91

Fs 8.59 8.46 9.73 9.93 9.73 6.52 5.96 6.68 8.04

Di 13.87 13.51 13.37 14.93 12.84 11.45 16.96 11.51 11.74

Hd 10.26 9.92 10.62 9.98 7.20 6.59 6.25 5.53 4.86

Qtz 0.66 1.83 2.00 0.20 1.97 0.70

Fo 0.64 1.17 0.71

Fa 0.59 1.09 0.72

F(ox) 6.44 8.52 4.49 2.20 1.66 2.67 14.01 4.15 1.96

F# 40.97 41.11 41.83 37.63 33.51 34.49 29.22 31.09 27.13

Sum(Fsp) 54.72 54.47 53.00 50.35 51.91 62.74 54.71 61.39 56.89

f(hy) 39.25 39.06 40.95 36.85 32.86 33.44 24.33 29.56 26.55

An(norm) 55 55 55 60 66 69 68 69 68

K(hy) 43.66 44.12 45.97 47.88 55.38 47.61 46.35 52.45 60.05

Ni 140 140 140 150 260 160 320 260 300

Cr 17 28 27 54 80 52 130 81 130

V 120 130 140 100 100 74 120 67 76

Zr 7 5 7 11 5 7 5 10 6

Sr 394 355 331 331 278 321 251 310 308

Rb 10 5 5 7 6 5 11 5 6

Note: ka-139/1–ka-139/3 and ka-139/15–ka-139/23, gabbronorites; ka-139/11–ka-139/14, gabbronorites with inverted pigeonite;
ka-139/4–ka-139/10, magnetite gabbros with inverted pigeonite. Sum(Fsp) = Ab + Or + An; An(norm) = 100 × An/(An + Ab); F# = 100 ×
(Fe2+ + Fe3+)/(Fe2+ + Fe3+ + Mg); f(hy) = 100 × Fs/(Fs + En); K(hy) = 100 × Opx/(Opx + Cpx); F(ox) = 100 × Fe3+/(Fe2+ + Fe3+).

          Here and in Tables 2–4: * Sample no.; **depth, m.
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CRYPTIC VARIATIONS OF ROCK
AND MINERAL COMPOSITIONS 

THROUGH THE SECTION OF MAGNETITE 
GABBRO OF THE LOWER LEVEL

Any chemical discontinuity between the magnetite
gabbro and enclosing rocks could have been considered
as a decisive argument for the epigenetic nature (xeno-
liths or sills) of the former. The opposite would evi-
dently serve as evidence for the syngenetic origin of the
magnetite gabbro as final differentiation products. Vari-
ation diagrams showing the differentiation parameters
of rocks and minerals as functions of sample position in
the vertical section of the intrusion (Fig. 3) are most
convenient for the comparison of chemical composi-
tions. It is evident that toward the center of the body,
there is a gradual decrease in the normative and real
anorthite content of plagioclase (from An = 65–70% to
An = 48–52%), a regular decrease in the total and par-
tial Fe/(Fe + Mg) ratio of orthopyroxene and clinopy-
roxene [from f(hy) = 22–25% to f(hy) = 38–42%], and
a decrease in the pyroxene ratio [from K(hy) = 50–60%
to K(hy) = 30–35%, except for a single point with
K(hy) = 8%]. The body of magnetite gabbro is clearly
distinguished in the section by a sharp increase in the

degree of iron oxidation, F(ox), which results in the
appearance of a new cumulus phase, magnetite.

The gradual transition from the enclosing gab-
bronorite to magnetite gabbro is pointed out by the dis-
tribution of a number of minor elements (Fig. 4).
Toward the central parts of the bodies, there is a stable
trend of gradual decline of Cr (from 125 to 3–15 ppm)
and Ni (from 275 to 90–100 ppm) contents and simul-
taneous increase in Sr (from 275–310 to 370–400 ppm).
The later effect is probably related to the well-known
trend of plagioclase enrichment in Sr with increasing
albite mole fraction (Ashwal, 1993). The deviation of
individual points from the general trend in various
directions is related to variations of plagioclase amount
in the rocks, as suggested by changes in the parameter
Sum(Fsp). Worth noting is the lack of distinct trends on
the diagrams for some incompatible elements, in par-
ticular, Zr and Rb. Their concentrations in the magne-
tite gabbro and enclosing gabbronorite are similar and
are generally close to the detection limit of the analyti-
cal method (5 ppm). The boundaries of magnetite gab-
bro bodies are clearly outlined by a sharp increase in
the content of V, which is concentrated in magnetite.

The continuous evolution trends of changes in rock
composition from the gabbronorite to magnetite gabbro

Table 2.  Composition of plagioclase from the northwestern Kamennik area, wt %

Compo-
nent ka
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608 631 658 697 708 720 735 744 752 765 788 812.5

SiO2 52.31 52.56 51.76 54.83 55.77 54.33 54.66 53.51 52.96 53.23 49.94 51.14

Al2O3 29.52 29.50 29.64 27.89 27.71 27.48 28.43 29.20 29.93 30.03 31.03 30.44

FeO 0.61 0.42 0.54 0.47 0.65 0.45 0.52 0.62 0.22 0.31 0.55 0.34

CaO 12.48 12.01 13.55 10.80 10.82 11.92 10.00 10.86 12.35 12.55 14.88 14.05

Na2O 3.89 4.58 4.15 5.77 5.39 5.11 5.88 5.12 3.70 3.70 3.18 3.50

K2O 0.13 0.09 0.10 0.16 0.12 0.11 0.13 0.12 0.08 0.10 0.08 0.07

Total 98.93 99.16 99.74 99.92 100.51 99.40 99.62 99.43 99.24 99.92 99.66 99.54

Formulas for 8(O)

Si 2.398 2.403 2.367 2.483 2.506 2.478 2.477 2.435 2.409 2.407 2.292 2.339

Al 1.595 1.589 1.597 1.489 1.468 1.478 1.519 1.566 1.605 1.601 1.679 1.641

Fe 0.024 0.016 0.021 0.018 0.024 0.017 0.020 0.023 0.008 0.012 0.021 0.013

Ca 0.613 0.588 0.664 0.524 0.521 0.583 0.486 0.529 0.602 0.608 0.732 0.689

Na 0.345 0.406 0.368 0.507 0.469 0.452 0.517 0.452 0.327 0.324 0.283 0.311

K 0.007 0.005 0.006 0.010 0.007 0.007 0.007 0.007 0.005 0.006 0.005 0.004

Or 0.73 0.50 0.58 0.96 0.70 0.67 0.69 0.71 0.54 0.64 0.49 0.40

Ab 35.75 40.64 35.45 48.70 47.04 43.38 51.19 45.75 35.01 34.54 27.75 30.98

An 63.52 58.86 63.97 50.34 52.26 55.95 48.12 53.54 64.45 64.82 71.76 68.63

Note: ka-139/1–ka-139/3 and ka-139/15–ka-139/23, gabbronorites; ka-139/11, gabbronorite with inverted pigeonite; ka-139/5–ka-139/10, magne-
tite gabbro with inverted pigeonite.
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can be also illustrated on a number of petrochemical
grids. On the An(norm)–F# diagram (Fig. 5), the points
of the magnetite gabbro and enclosing gabbronorite
straddle a single trend oriented at a low angle to the
boundary line dividing field of Fe–Ca and Mg–Na
affinities. It is characterized by the correlated changes
in both the parameters, which is typical of rocks formed
through crystal fractionation. Similarly, the slightly
modified E. Osborn diagram SiO2–F# (Fig. 5) shows an
almost vertical extended trend in the calc-alkaline
series field. The diagrams on Figs. 6a and 6b are also
instructive in that the points form an almost continuous

trend of increasing total iron content (FeO + Fe2O3) and
simultaneously decreasing MgO and SiO2, which is
typical of the Fenner differentiation trend of the initial
melt of the intrusion.

Thus, our results clearly demonstrate that the mag-
netite gabbro is an inherent portion of the section of the
Western Pansky Tundra intrusion. This is proved by the
gradual regular transitions between this rock and the
gabbronorite of the massif. The transition is character-
ized by (1) phase layering manifested in a change of
Pl–Cpx–Opx cumulates (gabbronorite) by Pl–Cpx–
Opx–Pig# (gabbronorite with inverted pigeonite) and

Table 3.  Composition of orthopyroxene from the northwestern Kamennik area, wt %

Compo-
nent ka
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608 631 658 697 708 720 735 744 752 765 788 812.5

SiO2 54.57 54.34 53.54 52.37 52.76 53.66 52.82 51.95 53.06 54.56 54.24 54.59

TiO2 0.09 0.11 0.31 0.13 0.21 0.19 0.20 0.17 0.23 0.26 0.26 0.16

Al2O3 1.09 1.02 0.89 0.54 0.56 0.59 0.78 1.79 0.82 0.66 0.90 0.66

FeO 15.62 16.24 17.61 23.66 23.48 22.03 21.62 22.85 21.86 18.81 16.65 14.65

MnO 0.32 0.34 0.38 0.55 0.65 0.60 0.55 0.53 0.49 0.45 0.41 0.33

MgO 27.18 24.96 24.39 20.23 20.01 20.90 21.67 20.59 22.99 23.44 25.42 27.61

CaO 1.17 2.03 2.26 2.49 1.82 1.17 1.17 1.15 1.08 1.20 1.68 1.26

K2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.32 n.d. n.d. n.d. n.d.

Cr2O3 0.04 0.04 n.d. n.d. n.d. n.d. n.d. n.d. 0.02 n.d. n.d. 0.04

CoO 0.03 n.d. 0.04 n.d. n.d. n.d. n.d. n.d. 0.05 n.d. n.d. 0.03

NiO n.d. 0.07 0.07 n.d. n.d. 0.04 n.d. 0.05 0.07 0.04 0.05 0.04

Total 100.11 99.15 99.49 99.95 99.48 99.18 98.81 99.40 100.67 99.42 99.61 99.37

Formulas for 6(O)

Si 1.968 1.988 1.970 1.977 1.994 2.009 1.988 1.960 1.963 2.008 1.979 1.976

Ti 0.002 0.003 0.008 0.004 0.006 0.005 0.006 0.005 0.006 0.007 0.007 0.004

Al 0.046 0.044 0.039 0.024 0.025 0.026 0.034 0.080 0.036 0.028 0.039 0.028

Fe 0.471 0.497 0.542 0.747 0.742 0.690 0.680 0.721 0.676 0.579 0.508 0.444

Mn 0.010 0.010 0.012 0.017 0.021 0.019 0.017 0.017 0.015 0.014 0.013 0.010

Mg 1.461 1.361 1.338 1.138 1.127 1.166 1.216 1.158 1.268 1.286 1.382 1.490

Ca 0.045 0.080 0.089 0.101 0.074 0.047 0.047 0.046 0.043 0.047 0.065 0.049

K 0.015

Cr 0.001 0.001 0.001 0.001

Co 0.001 0.001 0.001

Ni 0.002 0.002 0.001 0.002 0.002 0.001 0.001 0.001

Fs 23.82 25.64 27.53 37.61 38.19 36.26 35.00 37.45 34.02 30.28 25.98 22.39

En 73.90 70.23 67.95 57.30 58.00 61.27 62.58 60.16 63.81 67.26 70.69 75.14

Wo 2.28 4.13 4.52 5.09 3.81 2.47 2.42 2.39 2.16 2.46 3.32 2.47

f# 24.38 26.75 28.83 39.63 39.70 38.18 35.86 38.37 34.77 31.05 26.88 22.96

Note: ka-139/1–ka-139/3 and ka-139/15–ka-139/23, gabbronorites; ka-139/11, gabbronorite with inverted pigeonite; ka-139/5––ka-
139/10, magnetite gabbros with inverted pigeonite. f# = 100 × Fe/(Fe + Mg); n.d., not detected.
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then directly Pl–Cpx–Opx–Pig#–Mgt cumulates (mag-
netite gabbro with inverted pigeonite); (2) modal layer-
ing inferred from a decrease in the abundance of ortho-
pyroxene (pigeonite) and a concurrent increase in cli-
nopyroxene content; and (3) cryptic layering expressed
in a stable increase in the partial normative Fe/(Fe +
Mg) ratio of orthopyroxene and a continuous decrease
in the anorthite fraction of normative plagioclase and
Cr and Ni contents of the rocks accompanied by an
increase in Sr concentration. In the light of the above
three contrasting opinions on the nature of magnetite
gabbro, the most appropriate hypothesis is that consid-
ering this rock as an ultimate differentiation product of

the initial melt of the intrusion (Proskuryakov, 1967:
Odinets, 1971; Kozlov, 1973). However, there are a
number of physicochemical aspects related to this
hypothesis of magnetite gabbro formation that deserve
more detailed discussion.

DISCUSSION

Preliminary Notes

1. Phase equilibrium diagrams. For the petrologic
analysis, we used isopleth and isobaric isopleth sec-
tions of the seven-component system Fo–Fa–Di–Hd–
Ab–An–Qtz (+H2O) (Figs. 7, 8), which were con-

Table 4.  Composition of clinopyroxene from the northwestern Kamennik area, wt %
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608 631 658 697 708 720 744 744 752 765 788 812.5

SiO2 52.91 52.28 51.60 51.94 51.57 51.38 50.89 50.91 51.67 52.48 51.91 51.93

TiO2 0.41 0.46 0.43 0.30 0.32 0.37 0.39 0.34 0.41 0.38 0.56 0.49

Al2O3 1.57 1.82 1.90 1.42 1.21 1.41 1.52 n.d. 1.65 1.05 1.54 1.51

FeO 6.77 8.11 8.86 10.88 12.31 12.26 14.03 11.92 9.58 7.14 7.75 7.34

MnO 0.24 0.19 0.24 0.32 0.31 0.40 0.26 0.29 0.30 0.26 0.22 0.20

MgO 15.16 14.54 14.73 13.03 13.39 13.49 13.45 13.89 13.64 15.15 15.20 16.11

CaO 22.07 21.25 20.93 20.76 20.81 20.49 19.79 20.58 21.77 23.27 22.11 21.42

Na2O 0.21 0.20 0.27 0.69 0.23 0.30 0.04 0.32 0.21 0.14 0.34 0.24

K2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.01 0.01 n.d.

Cr2O3 n.d. 0.04 n.d. n.d. n.d. n.d. n.d. n.d. 0.05 0.12 0.03 0.05

NiO n.d. n.d. 0.02 0.04 n.d. n.d. n.d. 0.03 n.d. n.d. 0.04 0.04

Total 99.35 98.89 98.98 99.36 100.16 100.10 100.38 99.74 99.28 100.00 99.71 99.32

Formulas for 6(O)

Si 1.965 1.959 1.941 1.966 1.948 1.941 1.924 1.931 1.949 1.951 1.937 1.937

Ti 0.011 0.013 0.012 0.008 0.010 0.011 0.011 0.010 0.012 0.011 0.016 0.014

Al 0.069 0.081 0.084 0.063 0.054 0.063 0.068 0.065 0.073 0.046 0.068 0.066

Fe 0.210 0.254 0.279 0.344 0.389 0.387 0.444 0.378 0.302 0.222 0.242 0.229

Mn 0.008 0.006 0.007 0.010 0.010 0.013 0.008 0.009 0.010 0.008 0.007 0.006

Mg 0.839 0.812 0.826 0.735 0.754 0.760 0.758 0.785 0.767 0.84 0.845 0.896

Ca 0.878 0.853 0.844 0.842 0.842 0.829 0.802 0.836 0.880 0.927 0.884 0.856

Na 0.017 0.014 0.020 0.050 0.017 0.022 0.029 0.023 0.015 0.01 0.025 0.017

Cr 0.001 0.001 0.004 0.001

Ni 0.001 0.001 0.001

Fs 10.90 13.24 14.32 17.91 19.60 19.59 22.16 18.91 15.50 11.16 12.28 11.56

En 43.54 42.31 42.38 38.26 37.98 38.46 37.82 39.27 39.35 42.23 42.87 45.23

Wo 45.56 44.45 43.30 43.83 42.42 41.95 40.02 41.82 45.15 46.61 44.85 43.21

f# 20.02 23.83 25.25 31.88 34.03 33.74 36.94 32.50 28.25 20.90 22.26 20.36

Note: ka-139/1–ka-139/3 and ka-139/15–ka-139/23, gabbronorites; ka-139/11, gabbronorite with inverted pigeonite; ka-139/5–ka-139/10, magne-
tite gabbros with inverted pigeonite. f# = 100 × Fe/(Fe + Mg); n.d., not detected.
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structed by the geometric physicochemical techniques
(Dubrovskii, 1993, 1998). The procedure is based on
the geometrical analysis of physicochemical multisys-
tems, which is described in the fundamental publica-
tions of Korzhinskii (1957, 1973) and Zharikov (1976).
The choice of the isobaric isopleth section Ol25–50–
Cpx–Pl60–70–Qtz (+H2O) was based on the observed
variations of compositions of cumulus plagioclase and
pyroxenes in the intrusion rocks. The diagram is
divided by the boundary plane Opx–Cpx–Pl (+H2O)
into two isopleths: quartz-normative, Opx–Cpx–Pl–Qtz
(+H2O) and olivine-normative, Ol–Cpx–Opx–Pl
(+H2O). Each of the isopleths has a respective isobaric

invariant point,  and . It is substantial that at the
values of Fe/(Fe + Mg) of mafic minerals considered
and anorthite mole fraction of plagioclase, even at low
pressures, the boundary isopleth Opx–Cpx–Pl (+H2O)
is a thermal divide within a considerable area (orthopy-
roxene divide) and contains its own gabbronorite eutec-
tic E3, Opx + Cpx + Pl + L. The occurrence of the
orthopyroxene thermal divide is related to the cotectic

E1
4

E2
4

relationships of olivine and orthopyroxene at f# of melt
from 22 to 78% (Bowen and Schairer, 1935; Longhi
and Pan, 1988; Dubrovskii, 1998). Direct application of
this isopleth to the solution of petrologic problems is
complicated by the difficulty of presentation and inter-
pretation of the diagram. Because of this, we use below
simplified projections of this isopleth onto two ternary
planes (Fig. 8, right inset) (Dubrovskii, 1998). The
position of data points on these projections allow their
clear visualization relative to the topologic elements of
the diagram in the tetrahedron volume. The techniques
of projecting rock composition onto the selected planes
was discussed in detail elsewhere (Latypov et al.,
1999).

2. Chamber crystallization of magma under
fluid-saturated conditions. Crucial for the following
discussion is the fact that we consider the crystalliza-
tion of plutonic bodies under the influence of fluid
rather than lithostatic pressure. This is related to the
known regularities of the mechanism of magma intru-
sion (Cann, 1970; Fyfe, 1970; Dubrovskii, 1998). The
idea is illustrated by Fig. 9, which schematically shows
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the position of “dry” and water-saturated liquidus and
solidus lines of a silicate system on the P–T diagram.
“Dry” silicate melts are characterized by liquidus and
solidus lines with positive slopes, i.e., their solidus tem-
perature increases with pressure. Hydrous silicate melts
show liquidus and solidus lines with negative slopes at
low pressure, if the system contains enough water to
saturate the liquid. When all the water occurring in the
system is dissolved in the melt, the liquidus and solidus
lines acquire positive slopes. “Dry” and water-saturated
melts behave significantly different during their ascent
to the Earth’s surface. Dry melt A reaches the surface
and erupts as a lava without degassing in point B at sig-
nificant overheating over its solidus (Fig. 9a). Hydrous
melt C, e.g., containing 1 wt % H2O (Fig. 9b), begins to
boil during adiabatic ascent in the moment of intersec-
tion of the saturation line at a given water content in the
melt in point X, while crystallization starts in point Y

(Fyfe, 1970). If the densities of the country rocks and
magma are similar in this moment, the magma will be
halted and form a plutonic body. Nowadays, it is uni-
versally accepted that essentially all natural magmas
contain dissolved volatile components dominated by
water (Johnson et al., 1994). Thus, Fig. 9 demonstrates
that all hydrous magmas responsible for the formation
of plutonic bodies give off water during their ascent to
the surface forming a separate fluid phase before the
onset of crystallization. The water-saturated state of
natural magmas is supported by numerous determina-
tions of water contents in melt inclusions from the ear-
liest phenocrysts (e.g., Sobolev, 1997).

The value of water pressure during crystallization of
a particular plutonic body is constrained by the pres-
ence or absence of cumulus amphibole in the rocks
(Hanski, 1992; Dubrovskii, 1998). Let us consider the
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Fig. 8. A schematic phase diagram for the isobaric isopleth Ol25–50–Cpx–Pl60–70–Qtz–H2O at  < 1000 bar (Dubrovskii, 1998).

The upper right inset shows the position of two planes of the diagram used for projecting the points of rock compositions. Cotectic
and peritectic lines are denoted by single and double arrows, respectively. Bold liquidus lines are located within the tetrahedron, and
thin lines lie on its faces. The upper left inset shows enlarged liquidus relationships in the central part of the phase diagram.
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P–T diagram (Fig. 7). Its characteristic feature is the

occurrence of the invariant point  (Ol + Opx +
Cpx + Pl + Amf + L), where the solidus reaction Amf +
Opx = Pl + Ol + Cpx with a negative slope intersects
the liquidus line Ol + Opx + Cpx + Pl = L having a pos-
itive slope. This point shows the minimum fluid pres-
sure, at which amphibole may occur at the liquidus of
the system. According to various authors, this pressure
is 1.0–1.5 kbar (Yoder and Tilley, 1962; Condliffe,
1976; Spulber and Rutherford, 1983; Dubrovskii,
1993). Since there is no primary igneous amphibole in
the rocks of the Western Pansky Tundra intrusion
(Rundkvist, 1999), we can state that the crystallization
of rocks occurred at fluid pressures below 1.0–1.5 kbar.
At a pressure of about 1 kbar, 1–2 wt % of water
(Hamilton et al., 1964; Kadik et al., 1971; Dixon et al.,
1995) could be dissolved in the initial melt of the intru-
sion, which was tholeiitic in composition (Latypov et al.,
1999).

Physicochemical Aspects of Magnetite Gabbro 
Formation

1. Crystallization trend of intrachamber melt.
The transition from the enclosing gabbronorite to mag-
netite gabbro is characterized by the following
sequence of phase appearance: Pl + Opx + Cpx (gab-
bronorite)  Pl + Cpx + Opx + Pig (gabbro with
inverted pigeonite)  Pl + Cpx + Opx + Pig + Mgt
(magnetite gabbro with inverted pigeonite). A charac-
teristic feature of this trend is the coexistence of three
cumulus pyroxenes in the rock: orthopyroxene, pigeo-
nite, and augite. Such a phenomenon is not common in
layered basic–ultrabasic complexes. This is observed
when the change from orthopyroxene to pigeonite pro-
ceeds during a certain time period of simultaneous
crystallization of the two pyroxenes. This is exempli-
fied by the Bushveld complex, where the three-pyrox-
ene assemblage is observed in the rocks of the gab-
bronorite zone within an almost one-kilometer portion
of the section (Gruenewaldt, 1970; Eales and Caw-
thorn, 1996).

In order to trace the crystallization trend corre-
sponding to the case under consideration, we must
extend the phase diagram of the isopleth Ol–Cpx–Pl–
Qtz (+H2O) introducing the magnetite component
(Mgt). Unfortunately, we are restricted to the three-
dimensional space and cannot visualize the necessary
figure with five vertexes. The situation is simplified by
the fact that the mineral composition of the gab-
bronorites and small scatter of data points of the intru-
sion rocks on the section of the isobaric isopleth
(Fig. 10) suggest that the chamber melt was located on
the plane of the boundary isopleth Opx–Cpx–Pl (+H2O)
(Fig. 10a) near the cotectic point E3 (Fig. 10b). The
appearance of some points of magnetite gabbro free of
normative olivine from the lower level in the olivine-
normative isopleth volume is probably an artifact. Most

T1
4

likely, this resulted from underestimation of Fe2O3 frac-
tion relative to FeO, which provided the appearance of
normative olivine end-members at CIPW norm calcula-
tion. Therefore, it is sufficient for our purposes to add
the component Mgt to the isopleth. In such a case, it is
possible to show the liquidus relationships between all
the phases considered (Opx, Cpx, Pig, Pl, and Mgt) in
the tetrahedron volume Opx–Cpx–Pl–Mgt (+H2O). The
construction of such a schematic phase diagram is not
difficult because Mgt behaves as a cotectic phase with
all other phases of this isopleth (Dubrovskii, 1998).
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Taking the available experimental and natural data
on the influence of Fe/(Fe + Mg) ratio of basaltic melt
on the pyroxene stability fields (Hess, 1941; Longhi
and Pan, 1988; Longhi, 1991), we constructed four
schematic isobaric isopleth sections Opx–Cpx–Pl–Mgt
(+H2O) (Fig. 11) in ascending order of Fe/(Fe + Mg) of
the melt. Figure 12 shows the position of these sections
on the T–f diagram. These isobaric isopleth sections
allow us to trace the assumed liquid line of descent for
the initial melt. It is evident that the chamber melt X
should lie on the cotectic line Opx + Cpx + Pl + L at
the moment of formation of the central part of the intru-
sion (Fig. 11, f1). The crystallization products of this
melt correspond to the Pl–Cpx–Opx cumulates, gab-
bronorites with gabbro and gabbro-ophitic textures
composing the main portion of the central part of the
intrusion. During crystal fractionation, the Fe/(Fe +
Mg) ratio of residual melt increases progressively and
the pigeonite volume on the phase diagram expands on
the expense of orthopyroxene. Because of this, the melt

reaches the point  at a certain moment of time
(Fig. 11, f2). This provided the formation of the Pl–
Cpx–Opx–Pig# cumulates, gabbronorites with inverted
pigeonite, which are characterized by an unusual three-
pyroxene assemblage. Finally, the stage of magnetite
gabbro (Pl–Cpx–Opx–Pig#–Mgt cumulate) formation
corresponds to the moment when at increasing Fe/(Fe +

P1
4

Mg) melt reaches the invariant point T4, Opx + Cpx +
Pig + Pl + Mgt + L and magnetite appears among crys-
tallizing phases (Fig. 11, f3). Theoretically, the subse-
quent melt evolution should have resulted in orthopy-
roxene disappearance and replacement by pigeonite
(Fig. 11, f4). In our case, this was not observed and the
melt terminated its crystallization in the above-men-
tioned invariant point.

It remains to elucidate the reason of the decrease of
pyroxene ratio in the rocks during the above-described
crystallization process. Most likely, it is related to the
well-known tendency of decreasing Pl crystallization
volume with increasing albite mole fraction (Bowen,
1915). The essence of this phenomenon is illustrated on
the schematic phase diagram of the isopleth Opx–Cpx–
Pl (Fig. 13), where the decrease in the pyroxene ratio
[K(hy)] corresponds to the shift of the “eutectic” E3

from position 1 to 3.
2. Fine-grained fabric of magnetite gabbro and

depletion in incompatible elements. Among the main
unusual features of the magnetite gabbro are its fine-
grained textures and depletion in incompatible ele-
ments, which are not typical of the residual differenti-
ates of layered massifs. In principle, there is a single
mechanism that could be responsible for the formation
of fine-grained rocks during chamber melt differentia-
tion. This is rapid melt crystallization caused by sharp
supercooling at the elimination of fluid phase from the
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system. It is known that, in contrast to lithostatic pres-
sure, fluid pressure significantly reduces liquidus tem-
perature. The difference between “dry” and “hydrous”
liquidi may be as high as tens to hundreds of degrees
depending on water concentration (Zavaritskii and
Sobolev, 1961; Burnham, 1979). As suggested by the
eutectic equilibrium Ol + Opx + Cpx + Pl = L (Fig. 7),
for the initial melt of the Western Pansky Tundra intru-
sion, the difference between the “dry” and “hydrous”
liquidi at a fluid pressure of slightly lower than 1 kbar
is about 100°C. This value corresponds to melt super-
cooling owing to the removal of volatiles from the melt.

Proskuryakov (1967) first invoked the mechanism
of degassing (decompression) to explain the fine-
grained texture of the magnetite gabbro of the Western
Pansky Tundra intrusion. In his opinion, during gab-
bronorite crystallization, the residual differentiation
products were squeezed from the consolidated portions
of the intrusion and concentrated in subchambers
extending in accord with the general structural plan of
the massif. Sometimes, they were subdivided into a
series of smaller bodies and their shapes were compli-
cated by bulges and pinches. During crystallization, the
opposing walls of the subchambers converged gradu-
ally, the volume of liquid decreased and its composition
changed, while the fluid pressure increased continu-
ously. Then, instantaneous loss of volatiles was caused
by the fracturing of subchamber walls due to tectonic
movements and (or) high fluid pressure exceeding the
strength of the walls. This brought the melt into a state
of strong oversaturation and resulted in its rapid crys-
tallization and formation of fine-grained magnetite
gabbro. It should be noted that the occurrence of

medium-grained magnetite gabbro in the intrusion sug-
gests that its formation was at least not always accom-
panied by complete volatiles elimination. The assump-
tion on the controlling role of degassing in the forma-
tion of the fine-grained magnetite gabbro bodies is
supported by their depletion in incompatible elements,
which partition into fluid and must be actively removed
from the system with volatiles.

3. Sharp transition between the magnetite gab-
bro and enclosing gabbronorite. Within the concept
of the residual nature of the magnetite gabbro, there are
two possible explanations for sharp transitions from the
magnetite gabbro to the enclosing rocks, which are
observed in places. One explanation assumes that resid-
ual melt could intrude partially consolidated portions of
the intrusion. In such a case, no transitional zone of
gabbronorite with inverted pigeonite should probably
occur between the magnetite gabbro and enclosing
rocks, which is observed in the above-mentioned case.
The second explanation is directly related to the pro-
posed decompression mechanism of magnetite gabbro
formation. Its essence can be illustrated in a binary dia-
gram with continuous solid solutions, for example in
the system Ab–An (Fig. 14). During water-saturated
fractionation, plagioclase An70 crystallizes from the ini-
tial melt X (gabbronorite). As fluid pressure decreases
at decompression, the composition of residual melt
(point X) may be shifted after a short time period under
isothermal conditions from the liquidus region (1)
through subliquidus (2) into the subsolidus region (3).
In accord with the topology of the phase diagram, the
composition of crystallizing plagioclase should change
abruptly toward the low-temperature members of solid
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solution: from An70 to An60 and An50 (magnetite gab-
bro). Such a crystallization path corresponds to the de-
finition of the isothermal polybaric crystallization of
silicate melt. In contrast to a more common case of
crystallization at decreasing temperature, it occurs at
decreasing pressure at constant temperature (Tuttle and
Bowen, 1958).

4. Simultaneous occurrence of residual differen-
tiates with different mineral compositions (olivine-
bearing and olivine-free) in the intrusion. Perhaps,
one of the most complicated problem is that of the
appearance of olivine-bearing gabbro enclosed by oliv-
ine-free gabbronorite in the upper layer. The phase dia-
gram of the isopleth Ol–Cpx–Pl–Qtz (+H2O) (Fig. 8,
left inset) indicates that this variety of magnetite gabbro
should correspond to the differentiation trend from the

eutectic E3, Opx + Cpx + Pl + L to the eutectic ,
Ol + Opx + Cpx + Pl + L. The poikilitic character of
olivine grains suggests that the melt reached the eutec-

tic , where olivine joined the crystallizing phases,
only at the period of intercumulus liquid crystalliza-
tion.

The problem is thus reduced to distinguishing the
reason of the shift of initial melt composition from the
boundary isopleth Opx–Cpx–Pl (+H2O) into the vol-
ume of olivine-normative isopleth. Additional investi-
gations are required to resolve the dilemma. As a work-
ing hypothesis, it can be supposed that the change in
residual melt composition was the removal of a certain
amount of SiO2 with fluid phase during degassing.
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Experimental results demonstrate that supercritical
water vapor (fluid) can actively dissolve and transport
SiO2 (Gillinham, 1950). These data do not contradict
such a possibility.

CONCLUSION

Physicochemical analysis allowed us to accept the
hypothesis of magnetite gabbro formation from the
residual melt of the Western Pansky Tundra intrusion as
the most feasible. The phase, modal, and cryptic layer-
ing near the bodies of magnetite gabbro finds its expla-
nation within such a model and can be correlated with
the trend of chamber fractionation of the intrusion
according to the schematic phase diagrams of isopleth
sections Opx–Cpx–Pl–Mgt (+H2O). A number of
observations that seem to contradict this model are
related to the complication of the theoretical differenti-
ation trend of initial melt under the influence of various
factors. The most important among them are the loss of
fluid phase enriched in incompatible elements at the
final stage of crystallization; crystallization of residual
melt under isothermal polybaric conditions owing to
decompression; change in melt composition due to
degassing; and injection of residual melt into consoli-
dated portions of the intrusion. In our opinion, these
deviations from the general scheme of formation of the
final differentiation products of layered massifs
resulted in a variety of hypotheses on the genesis of
these unusual objects in the Western Pansky Tundra
intrusion. Further development of the proposed model
of magnetite gabbro formation should include the con-
struction of a general physical model for the explana-
tion of mechanisms of residual melt localization at
three stratigraphic levels in the central part of the intru-
sion.
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Fig. 14. Binary phase diagram of continuous solid solutions
Ab–An showing the influence of isothermal polybaric crys-
tallization on plagioclase composition.
X is the point of melt composition. 1 and 3 are the positions
of liquidus and solidus lines before and after the extraction
of fluid from the system, and 2 is some intermediate state.
See text for explanation.
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