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INTRODUCTION

The geologic and geochemical structures of the plu-
ton was discussed in our earlier publication [1]. It was
determined that the layered series of the massif consists
of a succession of four zones, which are made up of oli-
vine, two-pyroxene, two-pyroxene with plagioclase,
and magnetite–two pyroxene–plagioclase cumulates. It
is difficult to refine the structure of the pluton because
of the complicated geology of the complex, which is
broken by faults into three blocks: Burakovo (south-
western), Shalozero (central), and Aganozero (north-
eastern). The significant tectonic displacements of the
blocks caused their erosion to different levels. It has
been demonstrated that, depending on the spatial posi-
tion in the magma chamber (in its central or peripheral
parts), the simultaneously developing rocks have differ-
ent porosity of their cumulate framework. Obviously,
coeval (i.e., crystallizing from the same melt) rocks of
different blocks can look (due to variations in the
cumulus/intercumulus proportions) as if produced dur-
ing different evolutionary stages of the magma or even
crystallizing from different magmas. Because of this, it
is inaccurate to directly compare the petro- and
geochemical characteristics of the rocks of the Aganoz-
ero and Burakovo–Shalozero portions of the massif. We
believe that this situation illustrates the usefulness of
research aimed at reproducing the composition of the
magmatic melt. It is thereby very important to identify
the distinctive characteristics of the mineralogy and
chemistry of the marginal series, whose most primitive

rocks can be utilized to model the original phase equi-
libria that characterize the temperatures and composi-
tions of the parental magmas [2].

This paper presents the results of our thermody-
namic simulations that were conducted for the contact
rocks of the massif and indicate that the temperatures
and compositions of the intrusive magma in different
parts of the chamber differed insignificantly. These
evaluations are important for studying the processes of
the formation of an intrusion within the chamber and
can also be useful for reproducing the geodynamic set-
ting of the massif and proving its comagmatic character
with other volcanic and plutonic rocks of this area.

FORMULATION OF THE PROBLEM

The composition of the parental magma of the plu-
ton can be evaluated in a number of ways.
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 One of them
is as follows: the composition of the parental melt is
assumed to be the composition of the chilled rocks
composing the inner-contact facies of the intrusion. In
the second approach, the composition of the parental
magma is evaluated from the weighted mean composi-
tion of the rocks of the intrusion or its layered series.
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The parental magma is understood as the original mixture of
intratelluric crystals and a magmatic melt that filled the chamber
during the intrusion. The original melt (and this mixture as a
whole) is characterized by a certain liquidus temperature, which
is referred to as the emplacement temperature of the parental
magma.
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Abstract

 

—The marginal series of the Burakovo–Aganozero Massif was determined to consist of rock
sequences of two types. The first of them is interpreted as the sequence of the bottom part of the marginal series,
and the second one corresponds to the flank facies of the series. It was determined that, by the moment of
emplacement, the intratelluric phenocrysts were olivine of the composition 

 

Fo

 

87

 

. By means of numerical sim-
ulation of the equilibrium crystallization of the compositions of marginal-series rocks by the COMAGMAT-3.0
computer program, the temperature was estimated at slightly higher than 

 

1300°ë

 

, and the major-, trace-ele-
ment, and REE composition of parental melt was reconstructed. The parental melt was chemically close to the
volcanics of the Vetreny Belt, which provides additional arguments in favor of the comagmatic character of
these rocks.
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The third technique, which is referred to as geochemi-
cal thermometry [3], makes it possible to quantify the
temperature and composition of the liquid part of the
parental magma by means of computer simulation of
the equilibrium crystallization of the melts that repre-
sent the least fractionated (primitive) rocks of the mar-
ginal series [4].

Because of the very poor exposure of the massif, it
is very difficult to find apophyses of the intrusion or its
syngenetic dikes corresponding to the initial intrusion
stages of the parental magma. The average composition
of the pluton can be evaluated in two ways. First, one
can determine the average compositions of different
rock types and calculate the weighted mean composi-
tion according to these proportions of the rocks [5]. The
plausibility of these evaluations strongly depends on
the model assumed for the geological structure of the
intrusion. The other approach relies on the calculation
of the weighted mean concentrations of elements over
the generalized vertical section of the intrusion. This
technique was utilized in [6–8] and is based on the
assumption that the rock proportions in the one-dimen-
sional generalized vertical section adequately reflect
the proportions and volumes of these rocks in the intru-
sion as a whole. This approach proved efficient in appli-
cation to relatively small stratiform bodies, such as
Siberian trap intrusions [9], and gently sloping loppolith,
such as the Kiglapait intrusion in Labrador [10]. However,
when large plutons of complicated architecture are stud-
ied, the question arises as to whether the actual rock vol-
umes and their proportions are consistent in discrete verti-
cal sections, which calls for testing. Moreover, an impor-
tant limitation of this technique is the necessity of studying
the complete vertical section of the layered series, which
represents all derivatives of the parental magma.

In this research, we employed the techniques of
geochemical thermometry which involve thermody-
namic simulations for natural rock samples from discrete
contact layers, and thus have no limitations imposed by
the complicated spatial structure of the massif. This
allowed us to use the thermometric results not only to
quantify the characteristics of the parental magma but
also to compare these characteristics with the evaluations
obtained using different approaches and utilize them as
criteria of the plausibility of currently existing models
for the geologic structure of the Burakovo-Aganozero
Massif. As will be demonstrated below, rocks most use-
ful for geochemical thermometry are those in the basal
parts of the marginal series. In contrast to the cumulates
in the central portion of the intrusion, these rocks were
most weakly affected by subsolidus reequilibration,
although they are cumulates with an elevated porosity
and significant amounts of the intercumulus melt.

STRUCTURE OF THE MARGINAL 
SERIES OF THE PLUTON

The rocks composing the marginal series of the
intrusion were sampled in the eight boreholes drilled at

the Aganozero block and nine boreholes in the Shaloz-
ero block (Fig. 1). The methods of the identification and
study of the rocks are based on the analysis of the
geochemical structures of the vertical sections and were
described in detail in [1]. In compliance with this
approach, the geochemical field of the pluton was char-
acterized by a set of indicator ratios of trace elements
that are contrastingly distributed in major rock-forming
minerals: Ni/(V + Ni), V/(Ga + V), and Sc/(Ga + Sc).
This makes it possible to provide a phase interpretation
for each sample. Olivine-dominated rocks have the
highest Ni/(V + Ni) and the lowest V/(Ga + V) and
Sc/(Ga + Sc) ratios. Rocks consisting mostly of pyrox-
ene are characterized by the maximum V/(Ga + V) and
Sc/(Ga + Sc) but minimum Ni/(V + Ni) ratios. Gab-
broids are characterized by minima of all of the indica-
tor ratios. The rocks of the marginal series can be dis-
tinguished from the rocks of the layered series using the
behavior of other indicators. The vertical sections of the
marginal series is characterized by an “inverted” trend
of the indicators of the magmatic evolution with a
decrease in the overall Fe# (

 

f

 

'

 

) up the vertical section
and the anorthite ratio (

 

an

 

'

 

) at decreasing Co/(Ni + Co)
ratio.
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 With the transition to the layered series, the
trends of these values become “normal,” characteristic
of the crystal fractionation of a magmatic melt.

 

Marginal series of the Aganozero block.

 

 The oliv-
ine rocks of the block (Fig. 1) are practically com-
pletely serpentinized to a depth of 900 m up to the
obliteration of relicts of their primary magmatic tex-
tures [11, 12]. This process has not, however, modified
the geochemical relations that were observed in the
unaltered rocks [1]. This allowed us to apply the
aforementioned geochemical methods to the serpenti-
nized rocks.

 

The geochemical structure

 

 of the marginal series of the
block is clearly pronounced in the core of Borehole 177
(Fig. 2a), which is assumed as a reference borehole for
the whole block in spite of the practically total serpen-
tinization of olivine in its rocks. The transition from the
host mesocratic amphibolites to the rocks of the intru-
sion is associated with a sharp change in the configura-
tion of the plots demonstrating the variations in the
geochemical parameters. Away from the contact, the
section of the marginal series is characterized by a sys-
tematic transition from gabbroids to pyroxenites and
poikilitic peridotites dominated by olivine. It is worth
noting that the value of the Ni/(V + Ni) ratio, reflecting
the proportion of olivine and 

 

Px

 

 in olivine-bearing
rocks, monotonically increases. This is correlated with
a decrease in the normative contents of pyroxene com-
ponents, perhaps because of a decrease in the porosity
of the cumulus (amount of the interstitial liquid) away
from the intrusion contact.

The decrease in the Co/(Ni + Co) ratio up the verti-
cal section of the rock sequence provides arguments in
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The anorthite ratio (
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) is calculated as 

 

an

 

' = (Al – Na)/(Al + Na)

 

.



 

648

 

GEOCHEMISTRY INTERNATIONAL

 

      

 

Vol. 43

 

      

 

No. 7

 

     

 

2005

 

NIKOLAEV, ARISKIN

 

support of the hypothesis of an increase in the propor-
tion of cumulus intratelluric olivine relative to primoc-
rysts that crystallized 

 

in situ

 

 from the interstitial melt.
Inasmuch as the core of Borehole 177 exhibits only a
monotonic decrease in the Co/(Ni + Co) ratio without a
change in the trend of this parameter, the rock succes-
sion can be regarded as an incomplete section of the
marginal zone, whose apparent thickness is 90 m.

Borehole 20, which is more than 1680 m deep, is of
particular petrological interest. This is the only hole
that penetrated the practically unaltered olivine cumu-
lates in the lower levels of the layered series and the
rocks of the marginal series. These rocks are poikilitic

peridotites and wehrlites, which grade into dunites
away from the contact (see the depth range of 1542–
1636 m in Fig. 2b). This sequence is complicated by the
presence of an underlying and an overlying gabbro-dia-
base unit, whose geochemical characteristics are basi-
cally different from those of all other rocks of the Aga-
nozero block (Fig. 2b). This makes it impossible to
regard gabbro-diabases from Borehole 20 as syngenetic
rocks produced during the early crystallization stages
of the intrusion. It can be hypothesized that the contact
of the massif is complicated by a younger gabbroid
intrusion, which distorts the succession of the marginal
series and precludes tracing the transition of the mar-
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Fig. 1.

 

 Schematic geological map for the eastern part of the Borakovo–Aganozero layered pluton (after [1]). Rocks: (

 

1

 

) marginal
series; zones of the layered series: (

 

2

 

) olivine cumulate, (

 

3

 

) two-pyroxene cumulate, (

 

4

 

) two pyroxene with plagioclase cumulate,
(

 

5

 

) magnetite–two pyroxene cumulates; dike complexes: (

 

6)

 

 Koplozerskii–Avdeevskii ultramafic–mafic rocks, (

 

7

 

) Pudozhgorskii
gabbroid; (

 

8

 

) Archean–Proterozoic host rocks; (

 

9

 

) faults; (

 

10

 

) boreholes and their numbers. Roman numerals: (

 

I

 

) Aganozero block,
(

 

II

 

) Shalozero block.
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ginal group to the host rocks in the core of the borehole.
Nevertheless, in spite of the only fragmentary preserva-
tion of the succession of the contact rocks, the system-
atic variations in the indicator geochemical ratios (anal-
ogous to those in Borehole 177) provide grounds to
reliably assign ~100 m of the core from Borehole 20 to
the marginal series of the massif.

 

The compositions of the rock-forming minerals

 

 of
the marginal series of the block were examined frag-
mentarily and unsystematically [5, 13, 14]. Away from
the contact in the section of Borehole 20, the mg# of
olivine increase from approximately 

 

Fo

 

85

 

 to 

 

Fo

 

87

 

 (Fig. 3).
The most ferrous olivine (

 

Fo

 

84

 

) of the marginal rocks
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Fig. 2.

 

 Geochemical structure of the marginal-series rocks penetrated by Boreholes 177 and 20 in the Aganozero block. (

 

1

 

) Olivine-
dominated rocks; (

 

2

 

) pyroxene-dominated rocks; (

 

3

 

) gabbroid-dominated rocks; (

 

4

 

) amphibolites; (

 

5

 

) diabases.
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was found in sample 196/20.

 

3

 

 Analogous relations were
detected in Borehole 196 for clinopyroxene: its mg#
increases from #mg67 in the bottom gabbro-norite
(samples 196/119 and 196/83.5) to #mg85 in the over-
lying poikilitic peridotite (sample 196/20). The compo-
sition of the plagioclase (

 

An

 

40

 

) was determined only in
one sample (196/83.5). The broad compositional varia-
tions of the clinopyroxene and the sodic composition of
the plagioclase suggest that some of these analyses cor-
respond to intratelluric material, which crystallized 

 

in
situ

 

 from the interstitial liquid.

 

The marginal series of the Shalozero block

 

 was
penetrated by boreholes in the northern, southern, and
eastern peripheries of the block (Fig. 1). Based on the
core materials, the following two types of vertical sec-
tion can be distinguished. The first type was penetrated
by boreholes in the eastern margin of the block (Bore-
holes 28, 28a, 84, and 85) and is analogous to the suc-
cession of the marginal zone of the Aganozero part of
the massif. The second type is represented in the core of
boreholes drilled in the north and west of the block
(Boreholes 67, 93, 94, 184, and 187).

 

The geochemical structure

 

 of the type-II vertical
section of the marginal series is complicated but uni-
form in all boreholes and can be illustrated by the core
of Borehole 187 (Fig. 4). The layered series, which
composes the upper 125 m of the core and overlies
marginal-series rocks, has a clearly distinct

 

3

 

Here and below, numerators in sample numbers correspond to
the numbers of the boreholes and denominators are the core
intervals.

 

geochemical structure that corresponds to a sequence
of olivine, two-pyroxene, and two pyroxene–plagio-
clase cumulates [1].

The vertical section of the marginal series has an
apparent thickness of approximately 60 m and is char-
acterized by the systematic transition from olivine-
enriched rocks (poikilitic peridotites) to pyroxenites
and gabbroids away from the contact of the massif.
However, gabbroids in the upper part of the succession
give way to a pyroxenite unit, so that the situation
resembles a mirror image of the rock distribution in the
layered series. It is worth noting that this symmetry also
pertains to the trends of the Co/(Ni + Co) ratio and the
bulk Fe fraction 

 

f

 

'

 

. Within the section in the marginal
series, these parameters decrease away from the contact
of the pluton, whereas they increase upward in the lay-
ered series. This is highly consistent with the variations
in the anorthite ratio 

 

an

 

'

 

, which increases in the section
of the marginal zone and decreases in the layered
series.

Borehole 67 is the other deep hole drilled through
the massif: its depth is close to 1250 m (Fig. 5). This
hole is the most enigmatic, because the rock succession
recovered by it still has not been interpreted unambigu-
ously. It was previously explained as a doubled
sequence and, later, as a section with greater thick-
nesses [15]. The idea that the Burakovo–Aganozero
Massif is a complex of two intrusions [16, 17] was
employed to interpret the structure of Borehole 67 as
complicated by additional intrusive phases. For exam-
ple, Bogina 

 

et al.

 

 [18] put forth the idea that the lower-
most 350 m of the core correspond to some hypotheti-
cal first phase of the intrusion, whose rocks occur near
the hypothetical feeder of the Shalozero–Burakovo
body. Later, the rock succession penetrated by this hole
was interpreted as a section of the layered series com-
plicated by a younger intrusive phase [14]. It was
hypothesized that additional intrusions compose the
peridotites penetrated by the borehole within the depth
range of 650–850 m.

Indeed, the rock succession penetrated by the hole
can be subdivided into two rhythms: lower and upper.
The upper rhythm corresponds to the upper 850 m of
the core, and its geochemical structure copies in detail
the structure typical of the Shalozero block [1]. From
bottom to top, olivine cumulates give way first to two-
pyroxene cumulates and then to two pyroxene–plagio-
clase cumulates, and the zone of two-pyroxene cumu-
lates is complicated by a peridotite layer (core interval
567–589 m). In the lower part of the rhythm
(850

 

−

 

1180 m), olivine-dominated rocks are replaced
by two-pyroxene, and then two pyroxene–plagioclase
rocks. However, in contrast to the upper rhythm, this
part of the succession has a principally different
geochemical structure. This unit is characterized by
elevated contents of compatible elements (Ni, Cr, and
V) and “relatively incompatible” Ti at low contents of
Sc. This is reflected in an increase in the Ni/(V + Ni)
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Fig. 3.

 

 Variations in the composition of olivine and chromite
in the vertical section of the olivine cumulate zone, Aganoz-
ero block, penetrated by Borehole 20. Crosses correspond
to the data obtained in this research, circles—Lavrov’s [5]
data, stars—Chistyakov’s [14] data, shaded areas—rocks
not affected by extensive serpentinization.
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 Geochemical structure of the marginal-series rocks penetrated by Borehole 187 in the Shalozero block. (

 

1

 

) Olivine-domi-
nated rocks; (

 

2

 

) pyroxene-dominated rocks; (

 

3

 

) gabbroid-dominated rocks; (

 

4

 

) granitoids.
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 Geochemical structure of the marginal-series rocks penetrated by Borehole 67 in the Shalozero block. See Fig. 4 for symbol
explanations.
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and V/(Ga + V) ratios at decreasing Sc/(Ga + Sc). These
geochemical differences between the upper and lower
parts of the rhythms led us to doubt that the idea of the
mechanical doubling of the same part of the rock
sequence (due to tectonic processes) is realistic.

It is worth noting the behavior of the 

 

f

 

', 

 

an

 

'

 

, and
Co/(Ni + Co) trends in the vertical sections of both
rhythms. If the rocks of the additional phase (peridotite
layer) that complicates the two-pyroxene cumulate
zone are ignored, the upper rhythm is characterized by
“normal” magmatic monotonic trends. Conversely, the
vertical section of the lower rhythm displays a compli-
cated pattern of the behavior of the indicator ratios: for
example, the trend of 

 

f

 

'

 

 can be subdivided into three
clearly distinct segments (Fig. 5). The olivine-domi-
nated rocks are characterized by an opposite 

 

f

 

'

 

 trend

 

0.21  0.13

 

. For the pyroxene-rich rocks, this parame-
ter increases up the vertical section (

 

f

 

' = 0.22  0.45

 

),
and it decreases again in the gabbroid part of the
rhythm (

 

f

 

' = 0.45  0.17

 

). The variations in 

 

an

 

'

 

 and
the Co/(Ni + Co) ratio are characterized by plots that
consist of two segments: the lower, olivine-rich part of
the rhythm (from bottom to top) has a normal slope, and
its upper part (pyroxenites and gabbroids) is character-
ized by the opposite slope. Evidently, this distribution
of the elements cannot be explained by the normal frac-
tional crystallization of a magmatic melt. This led us to
reject the hypotheses of both the earlier [18] and the
later [14] intrusive phases of the pluton.

The succession of elements in the geochemical
structure of the lower rhythm (Fig. 5) is strongly corre-
lated with the analogous succession from Borehole 187
(Fig. 4), which makes it possible to interpret the rocks
of the lower rhythm as the succession of the marginal
series of the intrusion. The rock sequences considered
above are noted for thick two pyroxene–plagioclase
units, whose thickness can be related to the different
height of the sections relative to the chamber bottom.
Such a significant thickness of the rhythm (340 m),
which is at variance with the interpretation, can be eas-
ily explained by the low angle of the borehole relative
to the layering. This interpretation is in good agreement
with the overall northwestern slope of the block and,
consequently, an increase in the layering dip in the
southern part of the Shalozero block. If this interpreta-
tion is plausible, the thickness of the rhythm is appar-
ent, and Borehole 67 provides a unique opportunity for
the very detailed sampling of this relatively thin rock
unit.

 

The chemistry of rock-forming minerals from the
marginal series of the Shalozero block was analyzed by
M.M. Lavrov and A.V. Chistyakov in the core of Bore-
holes 28A [13] and 67 [5, 14, 15].

The vertical section of type I, which was penetrated
by Borehole 28A, exhibits the same relations as those
identified in the marginal series of the Aganozero block:
the mg# of the mafic minerals increases away from the
contact. For example, the mg# of low-Ca pyroxene

increases from 66 in the gabbroids (sample 28A/199.7) to
83 in the poikilitic peridotites (sample 28A/175). The
variations in the composition of plagioclase show the
opposite tendency: the gabbroids contain An48, and the
pyroxenites (sample 28A/195) and peridotites bear
An35 and An38, respectively. The composition of olivine
was analyzed in sample 28A/175 (Fo81).

The variations in the composition of minerals in the
type-II section are characterized in the core from Bore-
hole 67. A notable feature of this section is the varia-
tions between the mg# of minerals within a single thin
section. These variations can be as significant as 4–
6 mol % for the high-Ca pyroxene (samples 67/1039
and 67/900) and 24 mol % for the low-Ca pyroxene
(sample 67/991) [14]. The limited amount of analytical
data leaves little hope that the character of the latent
layering can be determined accurately enough. How-
ever, it is sufficient for the purposes of our research to
have the highest temperature compositions. Note that
the most magnesian olivine has the composition Fo87
(samples 67/1161 and 67/1110.2), and the most refrac-
tory low- and high-Ca pyroxenes (sample 67/1110.2)
have #mg87 and #mg88, respectively.

Thus, the massif comprises two types of rock
sequences in the marginal series of the pluton. Type I
was identified in the Aganozero block and in the most
strongly eroded part of the Shalozero block. Type II
was penetrated by boreholes at three sites within the
Shalozero block, where the erosion levels are shal-
lower. Because of this, the rocks in the type-I section
can be interpreted as those from the near-bottom parts
of the marginal series, while the type-II sections should
likely be interpreted as rocks of the flank facies.

COMPOSITION OF INTRATELLURIC 
OLIVINE PHENOCRYSTS

One of the most important petrological parameters
that makes it possible to constrain the physicochemical
characteristics of the parental magma is the composi-
tion of intratelluric phenocrysts. About half of the plu-
ton volume consists of olivine cumulates and adcumu-
lates, and, hence, the modal composition of the
emplaced magma can be determined unambiguously: it
consisted of the parental melt and intratelluric olivine
phenocrysts. This applies both for the emplacement of
magma in a subliquidus state (high-Mg melt with an
insignificant amount of olivine crystals) and for the
highly crystalline mixture. In order to evaluate the com-
position of the primary crystals, let us consider data on
the variations of the mg# of olivine in the rock sequence
of the olivine cumulate zone.

The composition of olivine in the Aganozero block
can be measured only in the lower part of the rock
sequence, which is not serpentinized (Borehole 20).
Earlier data [5, 14] were appended by our microprobe
analyses and are shown in Fig. 3. The 700-m core sec-
tion displays an increase in the mg# of olivine up the
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rock sequence, from Fo85 near the contact to Fo90 near
the serpentinization front. Analytical data obtained by
M.M. Lavrov indicate that analogous trends are charac-
teristic of the behavior of Ni and Cr: their contents in
olivine increase away from the pluton contact.

The variations in the olivine composition in the ser-
pentinized part of the rock sequence can be inferred
from the composition of the accessory chromite. This
mineral is highly resistant to the serpentinization of sil-
icates. For example, chromite of the Burakovo–Aga-
nozero pluton is not surrounded by magnetite rims,
which are produced during higher temperature alter-
ations [19]. Spinels are known to be able to quickly
exchange Fe2+ and Mg2+ ions with coexisting mafic
minerals, because the diffusion coefficients of bivalent
cations in spinel are roughly 1.5 times higher than in
olivine [20]. This led us to propose that the mg# of the
chromite should be correlated with this parameter of
the olivine, which accounts for 95–98% in the adcumu-
lates. The variations are displayed in Fig. 3. As could be
expected, the chromite composition in the unmetamor-
phosed portion of the sequence is correlated with the
composition of the olivine. Further upward, the mg# of
the minerals decreases to values characteristic of the
contact rocks. Thus, the zone of olivine cumulates of
the Aganozero block had (before serpentinization) the
highest mg# values in the middle part of the sequence.

Obviously, the distribution of elements observed in
the olivine cumulates cannot be described by either the
fractionation of the magmatic melt or the settling of
intratelluric olivine crystals. We believe that the bulk
rock composition of the Aganozero block was changed
during the growth of precipitate crystals in the adcumu-
lus, and the composition of the olivine does not corre-
spond to the liquidus. Hence, the most reliable estimate
of the composition of the intratelluric phenocrysts is
provided by the most magnesian compositions in the
marginal series: Fo87 in both blocks of the pluton.

GEOCHEMICAL THERMOMETRY 
OF MARGINAL-SERIES ROCKS

Geochemical thermometry comprises a number of
approaches to the solution of inverse petrological prob-
lems with the evaluation of the temperature and compo-
sition of the magmatic melts from which mafic and
ultramafic rocks crystallized [9]. The method is under-
lain by the assumption of an equilibrium distribution of
components between the primary crystals and liquid
and can be utilized in the computer simulation of the
equilibrium crystallization of melts that produced the
rocks to be studied. In intrusive massifs, samples for the
simulations are selected based on geological consider-
ations, following the principle of the affiliation of the
rocks to the same units or their proximity in the vertical
section. This provides grounds for assuming common
temperature and composition of the intercumulus melt.

The comparative analysis of the compositions of the
modeled melts at the same temperatures makes it pos-
sible to find the convergences and intersections of the
evolutionary trajectories. It was demonstrated that the
most compact major-component composition clusters
are formed within narrow temperature ranges (about
10–15°ë), which reflect the initial conditions under
which the genetically related rocks were formed [2].
The average value of the temperature range in which
the evolutionary trajectory (liquid lines of descent)
intersect are regarded as the most probable temperature
of the original mixture of melt and crystals, and the
“equilibrium” composition of the minerals is assumed
as the initial one. The composition of the liquid in equi-
librium with the primary crystals determines the origi-
nal composition in the sense that it corresponds to the
state of the mixture before the onset of crystallization
(and, perhaps, also recrystallization).

Geochemical thermometry can be conducted using
the COMAGMAT-3.0 [4, 21] computer model. This
approach was earlier utilized to reproduce the tempera-
ture–composition and modal composition of the paren-
tal magmas for a number of intrusions, including small
(100–200 m thick) and weakly differentiated sills in the
Siberian Platform and eastern Kamchatka [2, 9, 22], the
contrastingly layered Partridge River and Talnakh mas-
sifs [23–25], and the large Skaergaard, Kiglapait, and
Dovyren plutons [4, 10, 26, 27].

The success of the application of geochemical ther-
mometry to these geologic bodies is caused by the cote-
ctic nature of the parental magmas, which were always
mixtures of olivine and plagioclase crystals and liquid.
This situation is the most favorable, because the liquid
lines of descent calculated for the residual melt form a
clear-cut intersection region, which provides the oppor-
tunity for reliable (accurate to ~0.5–1 wt %) approxi-
mation of the major-component compositions. The
uncertainties in the temperature evaluations are here
within 10–15°ë [2]. Less reliable evaluations were
obtained in the cotectic field of olivine, plagioclase, and
pyroxenes, because even an insignificant decrease in
the temperature of the system can result in a significant
increase in the crystallinity of the system. Apparently
the weak dependence of the melt composition on tem-
perature for eutectic systems diminishes the resolution
of the technique.

The third variant (which involves attempts to recon-
struct the parental magma of the Burakovo–Aganozero
pluton) is the least favorable for the application of
geochemical thermometry. It was already mentioned
above that the mixture of intratelluric phenocrysts and
the original liquid was in the crystallization field of a
single silicate mineral (olivine). The topology of the
liquid lines of descent in the field of an excess compo-
nent is such that the calculated trajectories do not inter-
sect (because of analytical and calculation uncertain-
ties) but, instead, occur as a set of nearly parallel lines,
which overlap and compose a stripe corresponding to
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the evolutionary trend in a temperature–composition
diagram (see Fig. 9 below). This complicates the inter-
pretation of the results of modeling and requires the use
of additional information (independent of these calcu-
lations) on the composition of primary olivine crystals
(see above), which is used to refine the emplacement
temperature of the magma.

Simulation conditions. In conducting thermody-
namic simulations by the method of geochemical ther-
mometry, it is necessary to specify the values of the
intensive parameters that approach the conditions
under which the mixture of melt and crystals was
emplaced. The principal characteristics are pressure,
redox conditions, and the water content in the system.

The Burakovo–Aganozero pluton is hosted by
Archean rocks, and, hence, it seems to be impossible to
quantify the thickness of the overlying deposits and the
lithostatic pressure near the roof of the pluton. How-
ever, the lower limit of the pressure can be evaluated
from the following considerations. Within the scope of
the hypothesis of a single intrusive body, it is reason-
able to assume that the volumetric proportions of the
mafic and ultramafic rocks were similar in discrete
blocks by the time the erosion processes started.
According to the results of pertophysical modeling
[11], the percentage of dunites in the Burakovo–Sha-
lozero block was close to 44% of the modern volume of
the block. Considering that the block is partly eroded
and proceeding from the model [1] for the structure of
the pluton, it can be concluded that the fraction of the
olivine cumulate zone in the initial setting was no more
than 35–40% of the initial volume. If the original shape
of the Aganozero block was close to its modern cone
morphology, then no less than half of its vertical section
was eroded, and the maximum original thickness of the
block (along the cone height) was 10–12 km. Such a
significant thickness of the intrusion chamber corre-
sponds to a difference in the hydrostatic pressure of 3–
4 kbar. Moreover, the rocks of the pluton exhibit no
reaction relations between olivine and plagioclase, and,
hence, the upper limit of the pressure can be estimated
at the upper limit of plagioclase stability, i.e., according
to [28], P ≤ 8 kbar. In simulating phase equilibria in the
melts of the near-bottom rocks, the overall pressure was
assumed equal to 6 kbar (as an average between the
minimum and maximum estimates). Note that the small
inaccuracies (of the order of 1–2 kbar) in the total pres-
sure evaluations should not significantly affect the
results of geochemical thermometry, because a pres-
sure increase by 1 kbar results in an increase in the 
of olivine by 0.2 mol % Fo [29]. This practically does
not change the position of the liquid line of descent for
the melt in the composition–temperature diagram. The
occurrence of magnetite in the upper parts of the verti-
cal section suggests mildly oxidizing conditions under
which the rock succession was formed, with these con-
ditions corresponding to weak (10–15 rel. %) Fe oxida-
tion in the melt at oxygen fugacities from approxi-

f O2

mately QFM-1 to QFM [30]. This uncertainty of the
oxygen fugacity estimate insignificantly affects the
simulated olivine composition and results in inaccura-
cies of no more than 0.5 mol % Fo [2]. In the simula-
tions, the values of  were specified in compliance
with the wuestite–magnetite (WM) buffer equilibrium,
which is close to the lower limit of the probable range
of the redox conditions.

The absence of OH-bearing minerals even from the
late cumulate assemblages [1] indicates that the melt
was undersaturated with respect to H2O from the early
to closing stages of cumulate settling. At the same time,
the presence of some water in the melt follows from the
occurrence of magmatic amphibole and mica in the
mesostasis. The maximum possible water concentra-
tions in the original melt can be roughly evaluated by
assuming that the upper, most strongly differentiated
rocks in the vertical section correspond to ~80% crys-
tallization of the parental magma. This corresponds to
fivefold water enrichment in the products of the later
differentiation stages. If the residual magma was satu-
rated with water at P = 6 kbar, the water concentration
in the final (supposedly basaltic andesite) melt should
have been 8–10 wt %. This means that, in the absence
of indications that the final products were saturated
with water, the concentration of water in the parental
melt could not have been higher than 1.6–2.0 wt %. Our
evaluations on the basis of experimental data indicate
that these water concentrations should have resulted in
a decrease in the olivine liquidus temperature by
approximately 30–40°ë [31]. Hence, the consequences
of this effect do not significantly extend outside the
accuracy of the COMAGMAT computer model, and
this, in turn, justifies further calculations of the liquidus
fields for olivine under anhydrous conditions.

Selection of samples. The marginal series of the
pluton is characterized by a wide spectrum of magmatic
derivatives and, consequently, broad variations in the
contents of major components. The distribution of
major elements in the rocks of the marginal series is
illustrated in Fig. 6. These plots display the composi-
tions of rocks exposed at the Aganozero and Shalozero
blocks. Rocks most interesting for the purposes of
geochemical thermometry are dunites and poikilitic
peridotites, which are the least evolved derivatives.
These rocks contain from 25 to 45 wt % MgO and are
characterized, at similar mg# values, by a significant
scatter of the FeO, CaO, and SiO2 contents. This was
likely caused by the nonisochemical character of the
seprentinization processes, and thus the samples
selected for thermodynamic simulations should have as
little as possible secondary alterations. These rocks are
usually recovered by deep boreholes (such as Bore-
holes 20 and 67). For further simulations, we selected
nine samples (Table 1, analyses 1–9): four from Bore-
hole 20 and five from Borehole 67. It is worth mention-
ing that their data points in the diagram of Fig. 6 define
sublinear trends.

f O2
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We believe that these trends do not reflect olivine
fractional crystallization but were caused by differ-
ences in the original proportions of olivine crystals and
magmatic liquid in the marginal-series cumulates. This
situation corresponds to conditions of the applicability
of the geochemical thermometry technique, when the
bulk composition of each rock can be expressed as a
combination of complementary amounts of olivine and
the original melt at the same temperature (see above).

Control over the primary olivine composition.
Assuming that the compositions of the olivine and
intercumulus liquid in “the least differentiated” rocks
of the marginal series correspond to intratelluric crys-
tals and the original magmatic melt, we can estimate
(monitor) the composition of the primary olivine with-
out using microprobe analyses or the results of phase
equilibrium modeling. This simple graphical approach
is based on the mass balance constraints, which makes
it possible to regard arbitrarily chosen mixing products
of two end-member components along the line con-
necting their compositions in variation diagrams. One
of the components is the original melt (whose compo-
sition is not known a priori), and the other is olivine
(whose composition can be predicted fairly realisti-

cally). This mineral consists of more than 99% MgO +
FeO + SiO2 [5], and thus the compositions of stoichio-
metric olivines define a line connecting the magnesian
(Fo) and ferrous (Fa) end members in diagrams of the
contents of these components. In Fig. 6, crosses show a
segment of this line that encompasses the probable
compositional range of the primary olivine (80–90 mol %
Fo). Obviously, the mixing trend and the olivine line
should intersect at a point that corresponds to the initial
composition of olivine as one of the end members.

For the four samples from Borehole 20 (Aganozero
block), this intersection indicates the probable compo-
sition of the initial olivine (Fo86 ± 0.3). For the five sam-
ples from Borehole 67 (Shalozero block), this approach
yields a slightly more magnesian composition of Fo88 ± 0.6

(the errors are specified in an uniform metric). Both of
these estimates are close to the original composition of
Fo87, which was assumed on the basis of microprobe
data (see above). Below, the compositional range of
87–88 mol % Fo will be utilized as the main criterion
in searches for the temperature and composition of the
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original magmatic melt based on the simulation results
on the primary crystal–melt equilibria.4 

Simulation results. The numerical simulation of
the equilibrium crystallization of the nine selected
compositions (Table 1) was conducted under anhy-
drous conditions (WM buffer, P = 6 kbar), by means of
a successive increase in the bulk degree of crystalliza-
tion of the melt with an increment (step) of 1 mol %.
The simulations were terminated when the content of
crystals reached 85–90% (15–10% “intercumulus” liq-
uid). It was determined that all of the compositions in
question were characterized by similar crystallization
sequences olivine  high-Ca pyroxene  plagio-
clase  low-Ca pyroxene and similar temperatures at
which the melt arrived at the olivine–plagioclase cotec-
tic (1236–1261°ë). The variations in the modal compo-
sitions of the modeled systems with decreasing temper-
ature are shown in Fig. 7. According to these data, oli-
vine appears on the liquidus at 1560–1590°ë, and
clinopyroxene starts to crystallize at a crystallinity of
the system equal to 60–90%. At approximately 1200°ë,
after 70–80% of the melt has crystallized, these miner-

4 The small differences between the initial olivine compositions
obtained by the graphical technique for the Aganozero and Sahlo-
zerskii blocks are statistically insignificant. However, with regard
for the size of the intrusion, there are no reasons to think that the
average composition of intratelluric olivine should be identical
accurate to tenths of a percent at different sites within such a
large chamber. Moreover, one should consider the possibility of
Fe and Mg redistribution during serpentinization because of the
partial re-equilibration with the residual melt.

als are joined by plagioclase (see samples 20/1627,
67/1050, and 67/1181). Low-Ca pyroxene was found
only in one sample (67/1050).

The fact that the simulations were carried out up to
high crystallinity values enables us to compare the sim-
ulated proportions of olivine, clinopyroxene, and pla-
gioclase with the actual modal proportions of these
minerals in the rocks. As can be seen from Fig. 7, in six
cases the simulations yielded mineral proportions close
to those in the rocks (this pertains, first of all, to olivine
and augite), and the amount of olivine for samples
67/1170, 67/1130, and 67/1181 was underestimated by
10–20 wt %, which is comparable with the accuracy of
petrographic analysis. In general, this comparison dem-
onstrates that the COMAGMAT model can fairly accu-
rately predict the modal composition of the marginal
series. Note that the crystallization stage corresponding
to the passage of the system to the olivine–clinopyrox-
ene cotectic (1236–1261°ë) can be assumed as the
lower (minimum) estimate for the probable emplace-
ment temperature of the parental magma, which was
undersaturated with respect to clinopyroxene.

Evolution of the modeled olivine composition.
The composition of olivine in the nine selected samples
varied at the liquidus temperatures of 1560–1590°ë
within the range of 94–95 mol % Fo, which is much
higher than the compositional range of the primary oli-
vine in the intratelluric phenocrysts (Fo87–88, see
above). At the same time, simulations indicate that cli-
nopyroxene appears in the crystallization sequence at
an olivine composition of 86.7–88.2 mol % Fo. Thus,

Table 1.  Compositions (wt %) of marginal-series rocks of the Burakovo-Aganozero pluton

Component 1 2 3 4 5 6 7 8 9 10 11

SiO2 36.26 35.70 38.49 40.08 44.75 44.23 44.08 41.42 44.21 38.02 39.12

TiO2 0.04 0.12 0.09 0.23 0.24 0.23 0.23 0.27 0.38 0.11 0.33

Al2O3 0.56 1.22 2.22 3.10 4.01 3.75 3.77 4.32 5.54 0.83 3.04

Fe2 12.57 12.85 12.57 12.08 11.83 12.22 11.95 11.05 11.46 9.71 12.63

MnO 0.12 0.12 0.13 0.11 0.16 0.15 0.15 0.10 0.11 0.14 0.17

MgO 38.82 38.24 36.99 33.41 34.21 35.34 35.10 31.14 28.85 39.46 34.63

CaO 0.96 0.48 1.80 3.06 2.98 2.57 2.86 3.73 4.66 0.36 1.28

Na2O 0.14 0.15 0.3 0.31 0.56 0.53 0.62 0.48 0.81 0.12 0.35

K2O <0.02 <0.02 <0.02 0.16 0.12 0.16 0.13 0.15 0.29 0.02 0.32

P2O5 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.02 0.03 0.01 0.07

LOI 9.24 9.94 6.29 6.57 0.18 0.34 0.30 7.98 5.01 10.35 6.53

ϕ, % 91.0 91.0 84.4 75.4 69.7 71.8 72.0 67.5 57.3 91.5 77.4

Note: Samples: (1) sample 20/1546, dunite; (2) sample 20/1590, dunite; (3) sample 20/1603, poikilitic wehrlite; (4) sample 20/1627,
poikilitic wehrlite; (5) sample 67/1110, poikilitic peridotite; (6) sample 67/1130, poikilitic peridotite; (7) sample 67/1150, poikilitic
harzburgite; (8) sample 67/1170, poikilitic peridotite; (9) sample 67/1181, poikilitic wehrlite; (10) sample 20/1603.1, dunite;
(11) sample 20/1627.5, poikilitic peridotite. Analyses were conducted by XRF at OME PGO Sevzapgeologiya (1–9) and at the Lab-
oratory for the Analysis of Mineral Matter, Institute of the Geology of Ore Deposits, Petrography, Mineralogy, and Geochemistry,
Russian Academy of Sciences (10, 11). The model factor ϕ reflects the bulk degree of crystallization at the time of equilibrium with
olivine of the composition Fo87 for samples from the Aganozero block and with olivine of the composition Fo88 for samples from
the Shalozero-Burakovo block.
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there are good reasons to expect that the emplacement
temperature of the Burakovo magma was close to or
somewhat higher than the temperature at which cli-
nopyroxene appeared on the cotectic with olivine. More
precise evaluations can be made by analyzing the sim-
ulated dependences of olivine composition on temper-
ature (Fig. 8). In this diagram, the evolutionary trajec-
tories for olivine composition are presented for all of
the nine samples (Table 1), with the upper limit artifi-
cially constrained at a temperature of 1450°ë. The
composition of olivine in samples from the Aganozero
block (solid symbols in the diagram) define a broad fan
of trajectories, whereas the samples from the Shalozero
block (open symbols) compose a set of subparallel
lines. This configuration of the modeled trajectories
deserves special discussion.

First, it is pertinent to mention that the composition
of the Aganozero olivine plots to the left of the compo-
sition of olivine from the Shalozero block. This means
that, at the same or close emplacement temperatures,
the average composition of olivine intratelluric phenoc-
rysts was less magnesian when the magma filled the
Aganozero part of the chamber than when it filled the
Shalozero part. The differences are, however, not great
(of about 1 mol % Fo) and likely testify to the highly
equilibrated character of the original association of
melt and crystals. At the same time, it is worth noting
that the maximum deviations from lines 1 and 2 (Fig. 8)
are correlated with the maximum LOI values (Table 1,
samples 20/1546 and 20/1590). This implies the possi-

bility of secondary alterations, whose consequences
seem to be insignificant when the variation diagrams
are analyzed (Fig. 6) but are noted when the original
phase equilibria are modeled. Because of this, the
results of simulations for these two samples were
rejected from the further “thermometric” analysis.

This is warranted by the fact that the evolutionary
trajectories of samples 20/1546 and 20/1590 demon-
strate steep, almost vertical dependences of olivine
composition on temperature. This type of trend is char-
acteristic of the strongly compacted cumulates of low
porosity, which have high MgO contents (Table 1). The
use of such temperature dependences results in signifi-
cant inaccuracies in the evaluations of the initial tem-
perature from the computer simulation results. Simula-
tions for the rocks of the Shalozero block yield a set of
relatively gently sloping evolutionary lines (Fig. 8),
which reflect the elevated porosity of the primary
cumulates (the fraction of the captured melt; compare the
contents of SiO2, TiO2, Al2O3, CaO and alkalis in Table 1).
Such trajectories provide more reliable and realistic
temperature estimates.

Thus, if the average “equilibrium” composition of
intratelluric crystals for the Aganozero block corre-
sponded to Fo87, the temperature of the initial magmatic
melt could vary from 1285°ë (sample 20/1627; Fig. 8,
line 4) to 1321°ë (sample 20/1603; Fig. 8, line 3). For this
situation, the average emplacement temperature of the
Aganozero magma should have been TAGL = 1303 ±
18°ë. For the Shalozero block, the original olivine
composition is postulated to be Fo88, and the tempera-
ture is determined to have ranged from 1297°ë
(sample 67/1170; Fig. 8, line 8) to 1349°ë
(sample 67/1130; Fig. 8, line 6). The average (of esti-
mates for five samples) emplacement temperature of
the Shalozero magma is TSHL = 1323 ± 26°ë. These
estimates provide good reasons to believe that the
parental magma of the Burakovo–Aganozero Massif
arrived at the common magmatic chamber at a temper-
ature close to or slightly higher than 1300°ë. This prin-
cipal result provides the opportunity of evaluating the
composition of the parental melt of the whole intrusion.
The likely reasons for the differences between the tem-
perature and composition of intratelluric crystals for
the Aganozero and Shalozero parts of the intrusion
chamber were small compositional variations in the
parental melt. The results presented below characterize
the magnitude of these variations.

Evolution of the modeled melts and estimations
of the parental melt composition. The simulations of
the liquid lines of descent for the equilibrium crystalli-
zation of the remaining seven compositions (two from
the Aganozero and five from the Shalozero block) are
displayed in Fig. 9. These modeled trajectories com-
pose a set of subparallel lines that reflect the extended
crystallization field of excess olivine and provide a gen-
eral idea about the uncertainties of the further esti-
mates. It was already mentioned above that such sys-
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tems of trajectories cannot be studied by geochemical
thermometry in its classic form, when the temperature
of the initial equilibrium and the composition of the
parental melt are determined from the intersection
region of the evolutionary lines [2]. Nevertheless, pre-
liminary evaluations for the initial olivine–melt equilib-
rium make it possible to obtain realistic estimates for
the concentration parameters of the parental melt by
means of comparing TAGL and TSHL with the simulated
concentration–temperature dependences.

The meaning of this procedure is evident from Fig. 9,
which includes pairs of horizontal lines: the solid lines
correspond to the probable temperature of the initial
magma in the Aganozero part of the intrusion (TÄGL =
1303°C), and the dashed lines present the analogous
value for the Shalozero part (TSHL = 1323°C). Intersec-
tions of these lines with the liquid lines of descent cut
off concentration ranges that correspond to the proba-
ble ranges in the contents of major oxides in the paren-
tal magma. The modeled compositions of the parental
melts for each block can be obtained by averaging the
compositions of the residual liquids over the estab-
lished concentration ranges. The compositions of the

parental melts calculated for the Aganozero (AGL) and
Shalozero (SHL) blocks are listed in Table 2. The eval-
uations for most major components coincide.

Both of the compositions are somewhat SiO2-over-
saturated magmatic melts containing ~11 wt % MgO;
they can be referred to as high-Mg basalt (AGL) and/or
boninite-like basalt (SHL). These names emphasize the
differences between the average silicity of the modeled
melts (~3 wt % SiO2). Another component for which
differences were also significant is CaO (the difference
was ~2 wt %). The differences between the concentra-
tions of these components in the modeled compositions
notably exceed the analytical errors of silicate analysis
and the uncertainties of the calculations. There can be
two explanations for these discrepancies. One of them
is the heterogeneous composition of the parental melt
within discrete blocks of the Burakovo–Aganozero
intrusion. At the same time, we also cannot rule out that
these discrepancies reflect the effect of metamorphism
on the bulk rock composition, because the alterations of
rocks from different blocks are also different.

The second explanation is also favored by the fact
that one of the two trajectories for the rocks of the Aga-
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nozero block (sample 20/1627) is very close to the evo-
lutionary line of the Shalozero melts in terms of practi-
cally all components (Fig. 9). Hence, the main contri-
bution to these discrepancies is made by the line of
sample 20/1603, which notably deviates from the main
succession (Table 1). In this situation, we have to admit
that all attempts to minimize the effect of serpentiniza-
tion of the Aganozero rocks failed, and the estimates of
the parental melt composition should rely more on the
data obtained for the Shalozero block (composition
SHL).

In order to characterize the composition of the Bura-
kovo–Aganozero pluton in terms of trace elements and
REE, we conducted additional research. Three samples
of marginal-series rocks from the Aganozero block
(20/1603.1, 20/1627, and 20/1627.5) were analyzed by
XRF and ICP-MS. The results of these analyses are

listed in Tables 1 (analyses 10 and 11), 3, and 4. When
modeling the equilibrium crystallization of these com-
positions, we simulated both the major- and trace-ele-
ment distributions. Their contents in the residual melts
in equilibrium with olivine of the composition Fo87

were assumed as the modeled estimates of the contents
of these components in the intercumulus (initial) melts
of the samples. Along with the composition of the inter-
cumulus melt, these simulations allowed us to estimate
the amount of the equilibrium solid phase. It was deter-
mined that the fraction of these primary cumulate crys-
tals varied in the samples from 77 to 92% (Table 1). The
low concentration of the residual melt results in an
increase in both the analytical and calculation errors,
and this affects the simulation results. This is clearly
illustrated by the REE pattern simulated for
sample 20/1603.1 (Fig. 11). Because of this, the trace-

Table 2.  Estimated compositions (wt %) of the magma and parental melt for the Burakovo-Aganozero pluton

Component LVR [5] KPD [7, 8] AGL SHL LVR* KPD*

SiO2 49.96 47.05 51.36 (±1.00) 54.28 (±1.63) 52.79 53.65

TiO2 0.47 0.38 0.70 (±0.15) 0.77 (±0.06) 0.59 0.75

Al2O3 12.08 7.76 12.58 (±1.02) 12.11 (±0.21) 15.19 15.38

FeOtot 9.55 10.24 10.84 (±0.19) 9.74 (±0.30) 8.91 8.00

MnO 0.16 0.14 0.16 (±0.02) 0.16 (±0.04) 0.17 0.15

MgO 16.62 27.46 11.06 (±0.19) 11.27 (±0.57) 9.19 8.28

CaO 7.66 5.13 11.22 (±0.19) 9.50 (±1.05) 9.64 10.17

Na2O 2.42 1.51 1.68 (±0.52) 1.67 (±0.31) 3.04 2.99

K2O 0.32 0.29 0.36 (±0.24) 0.50 (±0.14) 0.40 0.57

P2O5 0.06 0.03 0.05 (±0.01) 0.05 (±0.02) 0.08 0.06

Fe/Mg 0.58 0.38 0.97 0.87 0.96 0.96

Ca/Al 0.63 0.66 0.90 0.77 0.63 0.66

Tliq, °C 1303 (±18) 1323 (±26) 1281 1250

Foliq, mol % 87.04 88.03 87 87

Note: Numerals in parentheses correspond to the halves of the variation magnitudes.

Table 3.  Concentrations (ppm) of trace elements in rocks and modeled compositions for the Burakovo-Aganozero pluton

Element 20/1603.1 20/1627 20/1627.5 LVR [5] KPD [32] AGL LVR* KPD*

Cr 643 925 874 677 1512 968 (±27) 691 1591

Ni 2377 2561 2717 1006 1696 517 (±93) 361 291

Co 166 136 152 110 100 146 (±33) 96 67

V 30 50 48 185 – 184 (±4) 232 –

Cu 15 64 80 240 107 240 (±26) 297 201

Note: Analyses for Cr, Ni, Co, and V were conducted by XRF on a PW 2400 spectrometer; analyses for Cu were performed by ICP-MS
on a PLASMA QUAD spectrometer at the Laboratory for the Analysis of Mineral Matter, Institute of the Geology of Ore Deposits,
Petrography, Mineralogy, and Geochemistry, Russian Academy of Sciences; numerals in parentheses correspond to the halves of the
variation magnitudes.
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element and REE characteristics of AGL are the aver-
aging of the characteristics for the melts of samples
20/1627 and 20/1627.5 (Tables 3, 4).

DISCUSSION

The plausibility of the results of geochemical ther-
mometry can be estimated proceeding from the follow-
ing considerations. The fact that the parental magma of
the intrusion was in equilibrium with olivine of the
composition Fo87–88 makes it possible to evaluate the
FeO and MgO proportion in this melt. The variation
ranges of this ratio plot as two solid lines in a
FeO−MgO diagram, which correspond to two values of

: 0.29 and 0.33 (Fig. 10). Earlier, we postulated
that marginal rocks are mixtures of intratelluric olivine
Fo87–88 crystals and the initial liquid. Because of this,
the intersection of the trend defined by the data points
of these rocks and the line of equilibrium FeO and MgO
ratio determines their concentrations in the melt. A
known MgO content enables determining the contents
of other elements on the trends in the respective dia-
grams. The evaluation is in good agreement with the
results of geochemical thermometry (Fig. 10). This cor-
respondence is not surprising, because the geochemical
simulations and graphical constructions are underlain
by the mass balance constraints [2].

It is expedient to compare the evaluations for the
parental melt composition obtained by these simula-
tions with earlier estimates. As was mentioned above,
there are two independent estimates of the composition
of the parental magma: one made by Lavrov [5] and the
other conducted by Koptev-Dvornikov et al. [7, 8],
which are denoted below as LVR and KPD, respec-
tively. Obviously, it is senseless to compare these esti-
mates directly with AGL and SHL (Table 2), because
the characteristics of the parental magma represent the
bulk composition of the initial mixture of the melt and
crystals (Ol + L), where as the thermometric results
yield the composition of the liquid constituent of the
parental magma. In order to bring the earlier estimates
to a comparable form, one has to distinguish the melt
constituent of the parental magma. For this purpose, we
conducted simulations of the equilibrium crystalliza-
tion of compositions LVR and KPD up to the appear-
ance of Fo87 on the liquidus. The simulations were car-
ried out at the same parameters as those in the simula-
tions for the marginal rocks (anhydrous conditions, P =
6 kbar, and the WM buffer).

The compositions of the modeled liquids LVR* and
KPD* are presented in Table 2. For Fo87 to appear on
the liquidus, the compositions should be 19.9 and
49.5% crystallized, respectively. The modeled evolu-
tionary trajectories of these compositions are displayed
in Fig. 10. Note that the modeled compositions of the
residual liquids are close, and the differences between
them exceed the accuracy of silicate analyzes only for
TiO2 and K2O. The higher contents of these compo-

KD
Fe–Mg

nents in composition KPD* could result from a higher
percentage of younger derivatives in the selection used
for the calculation of the average value.

Thus, both models for the structure of the pluton
yield practically identical compositions of the gabbroid
part of the intrusion but differently evaluate the volume
of the olivine cumulate zone: 21 and 53 vol % for the
first and second models, respectively. Compared to our
evaluations, which are based on the results of petro-
physical modeling (35–40 vol %, see above), composi-
tion LVR is an underestimate, and composition KPD is
an overestimate of the fraction of the olivine cumulate
zone.

The trace-element evaluations for LVR and KPD
[5, 32] are listed in Table 3. These data provide the
opportunity to calculate the contents of trace elements
in modeled melts LVR* and KPD*, which are also
listed in Table 3. The comparison of the compositions
of LVR* and KPD* led to the conclusion that the effect
of the percentage of olivine cumulates in the modeled
vertical section of the intrusion is not as harmless as
could be expected. The aforementioned method for the
simulation of the parental melt, which makes use of the
parental magma composition, can significantly shift the
estimates. Let us consider some characteristic variants.
Major and compatible with olivine elements (such as
Ni and Co) can be taken into account in the balance cal-
culations. The shift in the estimates for incompatible
elements is proportional to the amount of intercumulus
melt trapped in the olivine cumulate zone. The stron-

Table 4.  Concentrations (ppm) of REE in rocks and the
modeled composition for the Burakovo-Aganozero pluton

Element 20/1603.1 20/1627 20/1627.5 AGL

La 1.2 3.2 3.9 13.5 (±1.3)

Ce 2.4 6.7 8.5 28.8 (±3.4)

Pr 0.3 0.9 1.1 3.8 (±0.4)

Nd 1.4 3.7 4.1 14.75 (±0.75)

Sm 0.34 0.88 0.99 3.54 (±0.21)

Eu 0.06 0.25 0.29 1.02 (±0.07)

Gd 0.25 0.81 0.90 3.23 (±0.17)

Tb 0.03 0.12 0.12 0.45 (±0.00)

Dy 0.23 0.78 0.75 2.87 (±0.06)

Ho 0.06 0.15 0.12 0.51 (±0.06)

Er 0.11 0.42 0.34 1.41 (±0.15)

Tm 0.01 0.06 0.04 0.19 (±0.04)

Yb 0.11 0.27 0.27 0.99 (±0.01)

Lu 0.03 0.06 0.04 0.18 (±0.04)

Note: Analyses were conducted by ICP-MS on a PLASMA QUAD
spectrometer at the Laboratory for the Analysis of Mineral
Matter, Institute of the Geology of Ore Deposits, Petrogra-
phy, Mineralogy, and Geochemistry, Russian Academy of
Sciences; numerals in parentheses correspond to the halves
of the variation magnitudes.
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gest distortions of the estimates are typical of highly
incompatible elements that form individual mineral
phases. Illustrative examples for this are Cr and Cu.
Because Cr in chromite is practically completely con-
centrated in the olivine cumulate zone, the evaluation of
KPD* using Cr is 2.5 times greater than for LVR*. It is
worth noting that this is proportional to the percentage
of olivine phenocrysts in KPD and LVR (50 and 20%,
respectively). In contrast, Cu is concentrated in sul-
fides, which occur in gabbroid derivatives, and, thus,
the estimate for KPD* is 1.5 times lower than for
LVR*.

The comparison of the contents of major elements in
residual liquids LVR* and KPD* with the simulated
AGL and SHL compositions can be illustrated in
Fig. 10. The differences between the estimates made
for most major elements in this and earlier papers are
no greater than the uncertainty intervals of these meth-
ods. The only significant differences are those for Al
and Na. Indeed, compositions LVR* and KPD* are

notably richer in these elements. This suggests that the
estimated weighted mean LVR and KPD compositions
involved overestimated percentages of gabbroids in the
upper parts of the vertical sections, in which much Al
and Na is concentrated. As could be expected, the Cr
and Cu estimates for AGL lie between those for LVR*
and KPD*. This can be regarded as an additional argu-
ment for the inadequacy of the estimates for the per-
centage of dunites in the massif that were assumed in
the earlier studies [5, 8].

Based on the structural–geological analysis of the
area, similar petrochemical characteristics of rocks, and
similarities in isotopic dates, Kulikov [34] advanced the
hypothesis that the Burakovo–Aganozero pluton
belongs to the same magmatic association as the volca-
nics of the Vetreny Belt Formation and is a deep-seating
analogue of these rocks. The characteristics obtained
for the parental melt of the Burakovo–Aganozero plu-
ton enabled us to carry out a more detailed comparison
of the chemistry of these rocks. The comparative anal-

Fig. 10. Comparison of the model estimates for the parental melt of the Burakovo–Aganozero pluton with earlier estimates for vol-
canic rocks of the Vetreny Belt. (1, 2) Aganozero block: (1) samples selected for modeling, (2) modeled composition of the parental
melt; (3, 4) Shalozero block: (3) samples selected for modeling, (4) modeled composition of the parental melt; (5, 6) model [8] for
the structure of the pluton: (5) estimate for the parental magma composition (KPD), (6) estimate for the parental magma composi-
tion (KPD*); (7, 8) model [5] for the structure of the pluton: (7) estimate for the parental magma composition (LVR), (8) estimate
for the parental magma composition (LVR*); (9) composition of volcanic rocks from the Vetreny Belt [33]; (10) compositions of
stoichiometric olivine Fo87 and Fo88.
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ysis was conducted for the least magnesian (MgO <
11%) compositions of the lava flows [33, 35] as con-
taining the least amounts of intratelluric olivine phe-
nocrysts. The similarities between the major-compo-
nent compositions of modeled compositions AGL and
SHL can be seen in Fig. 10. The comparison of the
chondrite-normalized [36] patterns for the marginal-
series rocks of the Aganozero block with those of the
Vetreny Belt volcanics also leads to the conclusion that
they are similar (Fig. 11), with only insignificant differ-
ences: the LREE patterns of the marginal series corre-
spond to those for the upper boundary of the basalt
field, and the HREE patterns of the former rocks corre-
spond to the patterns for the lower boundary. This
seems to be caused by the occurrence of a suite of oliv-
ine crystals in the basalt, with olivine intratelluric phe-
nocrysts found even in the cinder crust of the flow [35].
The reasons for the underestimates in the contents of
LREE and some overestimates in the contents of HREE
are the differences between their olivine–melt partition
coefficients.

Thus, the similarities between the major-element
and REE compositions is additional evidence that the
pluton is comagmatic with the Vetreny Belt Formation
and that the simulations presented above are plausible.

CONCLUSIONS

In the end of this publication, we present the princi-
pal conclusions that follow from the materials pre-
sented above.

(1) The marginal series of the pluton comprises two
types of vertical sections. A type-I section was exposed
in the Aganozero block and the most eroded part of the
Shalozero block. A type-II section was revealed in less

eroded parts of the Shalozero block. Because of this,
the rock successions of type I were interpreted as sec-
tions of the near-bottom parts of the marginal series,
and the type-II sections were thought to correspond to
the rocks of the flank facies.

(2) For the time of magma emplacement, the com-
position of the intratelluric phenocrysts was determined
as olivine Fo87.

(3) The application of geochemical thermometry to
the marginal-series rocks of the pluton allowed us to
evaluate the composition and temperature of the paren-
tal melt (liquid constituent of the parental magma).
These estimates are 1303 ± 18°ë and 1323 ± 26°ë for
samples from the Aganozero and Shalozero blocks,
respectively.

(4) The comparison of earlier evaluations for the
weighted mean composition of the intrusion with the
results of our simulations led us to conclude that they
inadequately reflect the structure of the mafic part of the
pluton and provide inaccurate estimates for the volume
of the olivine cumulate zone.

(5) The major-element and REE compositions of the
parental melt of the Burakovo–Aganozero pluton was
determined to be close to the composition of volcanics
from the Vetreny belt Formation. This provides addi-
tional argument for their comagmatic character.
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