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INTRODUCTION

The results of study of the Skaergaard intrusion sig-
nificantly advanced the igneous petrology. For many
petrologists, this intrusion is a kind of a natural labora-
tory and a classical example of perfect fractionation of
basaltic magma under the closed conditions. Excellent
exposure, weak weathering degree, detailed sampling,
and distinct geologic relationships between the main
structural units of the intrusion make it an appropriate
object for development and testing of various petro-
logic concepts and approaches. That is why the meth-
ods of interpretation of the chemical composition and
structure of rocks first tried for the Skaergaard intrusion
more than 60 years ago are the important instruments in
studies of large layered complexes and differentiated
sills.

In the late 1930s, Wager and Deer proposed a simple
graphic procedure for estimating the evolution of the
chemical composition of the Skaergaard magma during
the intrusive magma chamber differentiation (Wager
and Deer, 1939; Wager, 1960). This approach was

based on three premises: (1) the parental magma is
devoid of crystal phases, (2) the volumes of the parental
magma derivatives are proportional to the thicknesses
of the corresponding zones of the Layered Series in the
central part of the intrusion, and (3) the composition of
the Skaergaard magma is approximated by the sample
EG4507 from the Marginal Border Series.

According to these data (Wager and Brown, 1967),
the compositional series calculated for system crystal-
linity (

 

F

 

) between 0 and 88% composes a monotonous
trend with increasing total iron (FeO*) approximately
from 9.5 to 18 wt % with SiO

 

2

 

 decrease from 48 to
47 wt %. The final crystallization stages are character-
ized by a small enrichment in FeO* with SiO

 

2

 

 increase
up to 50 wt %, which is followed by a decrease of the
iron oxide concentrations and the formation of unusual
ferroandesite compositions: at 

 

F

 

 = 99.3%, FeO* and
SiO

 

2

 

 concentrations in the model differentiates are 18.5
and 55.0 wt %, respectively (Fig. 1). The calculated
trend became a standard for the tholeiitic magma evo-
lution with the maximum enrichment in iron and was
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Abstract

 

—Using the COMAGMAT-3.65 (2000) program, we modeled the equilibrium crystallization of melts
that correspond to the 65 rock compositions representing the main zones of the Layered Series of the Skaer-
gaard intrusion. The computation at 

 

P

 

 = 1 kbar and the conditions closed with respect to oxygen allowed us to
estimate the intervals of temperatures (1145–1085

 

°

 

C) and oxygen fugacities (from QFM + 1 to 1.5 log units in
the Lower Zone to QFM and even lower in the Upper Zone) typical of magmas, from which the Skaergaard
cumulates have crystallized. The compositions of the residual (intercumulus) melts were also calculated. They
are characterized by strong enrichment in FeO* (up to ~18 wt %) and TiO

 

2

 

 (up to ~5.5 wt %) with insignificant
variations of SiO

 

2

 

 contents (48–50 wt %). These compositions plotted in the OLIV–CPX–QTZ diagram indi-
cate that the major part of the Layered Series crystallized within the stability field of the 

 

Ol–Pl–Cpx

 

 cotectic
and Fe–Ti oxides. Some small differences are found in the compositions of the intercumulus melts for the
LZa/LZb and LZc/MZ/UZa intervals, which cannot be explained only by fractional crystallization. These dif-
ferences are within the computation accuracy at temperatures of about 1100

 

°

 

C. However, they may be caused
by the infiltration processes, including migration and re-equilibration of interstitial liquid. The compositions
obtained by L.R. Wager using the mass-balance calculations are located in this diagram too far from the exper-
imental line of the 

 

Ol–Pl–Cpx

 

 equilibrium to be a real approximation for the low-pressure evolution of the
Skaergaard magma. The main problem of genetic interpretation of the Skaergaard intrusion is the misbalance
between the weighted average composition of the intrusion and the parental magma composition. The TiO

 

2

 

 and
P

 

2

 

O

 

5

 

 misbalance is most pronounced: the concentrations of these components are several times higher than
those in any proposed parental magma. These discrepancies could partially be related to heterogeneity of the
Skaergaard magma, which entrained large amount of 

 

Ol

 

 and 

 

Pl

 

 crystals to the intrusive magma chamber. How-
ever, we believe that the significant volume of ilmenite–magnetite gabbro could not originate without the for-
mation of complementary more silicic material, even if some amount of troctolite cumulates is suggested to
exist at a depth.
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expressed in the compositions of some dikes associated
with the Skaergaard intrusion (Brooks and Nielsen,
1978, 1990). This trend was repeated by mass-balance
calculations for the Kiglapait intrusion in Labrador
(Morse, 1981).

The further studies revealed some weak points in the
Wager’s approach. Firstly, the intrusion of the over-
heated homogenous melt into the chamber is hardly
possible from the physical viewpoint. The calculations
of the intrusion dynamics under the nonisothermal con-
ditions demonstrate that the basaltic magma filling the
funnel-shaped chambers can contain from 10–15 to
40% crystal phases in relation to the rate of magma
influx and cooling degree (Sharapov 

 

et al.

 

, 1997). Sec-
ondly, the mass balance during the graphical recon-
structions required the assumption that a significant
part of the intrusion is not exposed, so-called Hidden
Layered Series (Wager, 1960); however, it is not veri-
fied by the geophysical data (Blank and Gettings,
1973). Finally, there are some reasons to believe that
the chilled gabbro EG4507 was contaminated by host
rocks and cannot be used as a model for the initial melt
(McBirney, 1975; Hoover, 1989).

Moreover, the exclusion of the Upper and Border
Marginal Series from the calculation and using only the
volumes of the rocks of the Layered Series could intro-
duce some additional errors, because the volumetric
proportions of the three main units of the Skaergaard
intrusion are comparable (McBirney, 1996). These

observations require a cautious consideration of the
estimates made by Wager and its colleagues, but are not
in conflict with the probable magma evolution of the
Skaergaard intrusion to the rocks with high iron con-
tents. It is obvious that revealing the trends of composi-
tional evolution of magmatic melts should not only
meet the mass-balance condition, but also be consistent
with the principles of phase equilibria and crystalliza-
tion laws for the basaltic systems, if the element parti-
tioning in the melt–crystal system was assumed to be
the main factor of magma fractionation. In this context,
the classical evolutionary trend of the Skaergaard
magma seems to be controversial (Fig. 1).

Hunter and Sparks (1987) noted that the trend with
strong enrichment in iron at monotonous decrease of
SiO

 

2

 

 contents is inconsistent with the estimated compo-
sition of the parental Skaergaard magma (Wager, 1960;
Wager and Brown, 1967). This concerns both the iron
enrichment degree and the trend with the SiO

 

2

 

decrease, which does not correspond to 44–46 wt %
SiO

 

2

 

 in the crystallization products of the gabbro asso-
ciation, while the sample EG4507 contains >48 wt %
SiO

 

2

 

. Another inconsistency with the experimental data
is that the calculated bend of the evolutionary trend and
the transition to the SiO

 

2

 

 increase in the residual liquid
do not coincide with the onset of the titanomagnetite
crystallization. The latter early appears in the succes-
sion of the rocks of the Layered Series, at the stage of
SiO

 

2

 

 depletion in the model differentiates and monoto-
nous iron enrichment (Wager and Brown, 1967). It was
suggested that the differentiation of the Skaergaard
magma actually exemplifies the evolution of the tholei-
itic magma from ferrobasalt to basaltic andesite and
icelandite (ferroandesite) typical of the volcanic series.
The main difference between the actual chemical evo-
lution of the Skaergaard magma and the evolution of
the typical tholeiitic series is the elevated, but not
anomalous, degree of iron enrichment caused by
reduced conditions in the magma chamber (Hunter and
Sparks, 1987). This consideration was verified by
mass-balance calculations based on the method of sub-
traction of the gabbroic components from the composi-
tion of the chilled gabbro KT-39 (Fig. 1, Table 1),
which is believed to better approximate the composi-
tion of the initial magma of the Skaergaard intrusion
(Hoover, 1989).

The new interpretation has not met a positive
response among the petrologists, who mapped the rock
relationships of the intrusion (McBirney and Naslund,
1990; Brooks and Nielsen, 1990). It was generally
because of the Hunter and Sparks’s calculations pro-
duced large amounts of intermediate and silicic deriva-
tives, which contradicted the comprehensive data on
the structure of the Skaergaard intrusion. It is worthy
noting that the trend of the gradual enrichment in FeO*
is consistent with the plagioclase compositions, which
show monotonous iron enrichment upsection the Lay-
ered Series (Tegner, 1997). High iron enrichment in the
residual magmas of the Skaergaard intrusion is indi-
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Fig. 1.

 

 Trends of the Skaergaard magma differentiation.
Natural rock trends are based on the results of mass-balance
calculations for individual zones of the Layered Series
(Wager and Brown, 1967; Hunter and Sparks, 1987): HZ,
Hidden Zone (after 35% crystallization of the parental
magma); LZ, Lower Zone (76%); MZ, Middle Zone
(88.2%). The Upper Zone comprises three subzones: UZa
(95.7%), UZb (98.2%), and UZc (99.3%) Crystallization
trends shown by arrows are obtained by modeling using the
COMAGMAT-3.5 program at 

 

P 

 

= 1 atm and redox condi-
tion of the QFM buffer (Ariskin, 1999). TM is the initial
composition at 1165

 

°

 

C calculated by geochemical ther-
mometry of contact rocks from the Marginal Border Series
(Table 1); EG4507 and KT-39 are the chilled gabbro sam-
ples (Wager and Brown, 1967; Hoover, 1989).
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rectly justified by the occurrence of granophyre segre-
gations composing up to 15% of the rocks of the Sand-
wich Horizon. According to the experimental and
geochemical data, granophyres could be produced by
liquid immiscibility of basic magma highly enriched in
FeO* (McBirney and Nakamura, 1973; McBirney,
1975).

However, the opponents of this new interpretation
did not solve the problem of inconsistency between the
classical trend proposed by Wager and the data on
phase equilibria in the ferrobasaltic systems (Hunter
and Sparks, 1990; Ariskin, 1998). Moreover, the con-
clusions of Hunter and Sparks (1987) agreed with the
main results of computer modeling of fractional crys-
tallization of the Skaergaard magma (Ariskin 

 

et al.

 

,
1987; Toplis and Carroll, 1996; Ariskin, 1999).

 

Modeling of Fractional Crystallization

 

The first calculations of fractionation of the EG4507
composition were performed using the TOLEMAG
program (Ariskin 

 

et al.

 

, 1987), preceding the COMAG-
MAT computer model (Ariskin 

 

et al.

 

, 1993; Ariskin and
Barmina, 2000). The calculations for the systems
closed and open (IW–QFM) with respect to oxygen
were carried out for 1 atm pressure and dry conditions.
These calculations adequately reproduced the cumulate
sequence in the Layered Series: 

 

Ol + Pl

 

  

 

Ol + Pl +
Aug  Ol + Pl + Aug + Mt 

 

±

 

 Pig

 

, except for 

 

Ilm

 

,
which appeared only under the most reduced, IW buffer
conditions. However, regardless of the redox condi-
tions, all of the model trends showed significant enrich-
ment of melt in SiO

 

2

 

 at the initial crystallization stage

 

of the 

 

Ol + Pl

 

 assemblage approximately up to 50 wt %
SiO

 

2

 

, i. e., up to the inflexion point corresponding to the
onset of the augite crystallization. Further fractionation
resulted in some depletion of melt in SiO

 

2

 

 and its
enrichment in iron (up to 15–18 wt % FeO*), which ter-
minated by the appearance of Fe and Ti oxides on the
liquidus. The magnetite (

 

±

 

Ilm

 

) separation was accom-
panied by the formation of ferroandesites close to ice-
landites of Thingmuli volcano (Carmichael, 1964).
Similar results were obtained later by using a semiem-
pirical model based on the experimentally studied
phase relations for a synthetic starting material, which
approximated the composition of a dike comagmatic to
the Skaergaard intrusion (Toplis and Carroll, 1995,
1996).

The calculation performed with a modified version
of the program, COMAGMAT-3.5 (Ariskin, 1999)
using more realistic models of 

 

Mt

 

 and 

 

Ilm

 

 crystalliza-
tion (Ariskin and Barmina, 1999), justified our previous
results, i. e., no of the model evolutionary lines repro-
duces the Wager’s trend (Fig. 1). It was found again that
the magnetite crystallization in the systems buffered
with respect to oxygen lead to strong depletion of melt
in iron and its enrichment in SiO

 

2

 

, while FeO* contents
slightly decrease in the closed systems. More detailed
consideration of these differences can be found in the
corresponding sections of the book (Ariskin and
Barmina, 2000). Let us make the main conclusions of
the computer modeling of the fractional crystallization
of the Skaergaard magma:

(1) The results of our calculations indicate a rather
insignificant and short-term depletion of the residual
melts in SiO

 

2

 

 after the appearance of high-Ca clinopy-

 

Table 1. 

 

 Compositions of chilled gabbro and initial compositions for the rocks of the Marginal Border Series compared to
the weighted average composition of the Skaergaard intrusion

Oxides
Chilled gabbro of the Marginal Border Series Compositions of the initial intercumulus melts Average composition 

of the intrusionEG4507 KT-39 EC-22 TM

SiO

 

2

 

48.58 50.46 51.30 49.94 46.26

TiO

 

2

 

1.18 2.70 1.61 1.68 4.22

Al

 

2

 

O

 

3

 

17.40 13.41 12.99 12.93 12.40

FeO* 9.73 12.96 13.55 13.22 17.26

MnO 0.16 0.22 0.26 0.19 0.27

MgO 8.71 6.71 6.13 6.89 6.29

CaO 11.50 10.34 11.15 12.38 10.07

Na

 

2

 

O 2.39 2.41 2.37 2.37 2.40

K

 

2

 

O 0.25 0.57 0.28 0.26 0.36

P

 

2

 

O

 

5

 

0.10 0.22 0.09 0.15 0.45

 

Note: Samples from the Marginal Border Series: EG4507 (Wager and Brown, 1967), KT-39 (Hoover, 1989). Initial melts: EC-22 is experimental
glass obtained by melting of a contact rock sample at 1160

 

°

 

C under the QFM buffer conditions (Hoover, 1989); TM is average of six model
liquids by the geochemical thermometry data for contact cumulates at 1165

 

°

 

C (Ariskin, 1999). Weighted average composition of the intru-
sion is calculated by A. McBirney (personal communication) and is based on the average compositions of the Layered Series (LS), Upper
Border Series (UBS), and Marginal Border Series (MBS) with their volume proportions assumed to be LS/UBS/MBS = 50/20/30. All com-
positions are normalized to 100%.
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roxene at the crystallization stage of the 

 

Ol–Pl–Aug

 

assemblage.
(2) The 

 

Mt 

 

separation causes SiO

 

2

 

 accumulation in
melt in the systems both open and closed with respect
to oxygen.

(3) The highest degree of iron enrichment in the
residual liquids ranges from 18 to 20 wt % for different
initial melt compositions and does not exceed 22 wt %
FeO*.

 

The Experimental Determination of the Trapped Melt 
Composition

 

The above examples of calculation of lines of the
Skaergaard magma fractional crystallization belong to
the methods of direct modeling of the geochemical pro-
cesses. These methods require presetting some initial
composition and possible 

 

P

 

–

 

T

 

–

 

 conditions of frac-
tionation of a parental melt. As an alternative or, more
precisely, as the amendment and verification criterion
for these approaches, one can use some other methods
of genetic interpretation solving the reverse petrologic–
geochemical problems. When applied to the problems
related to the layered intrusions, they are based on the
suggestion that the interstices among the cumulus min-
erals or primocrysts are always filled with trapped liq-
uid. The compositions of this liquid can approximate
the evolution of the main magma volume. This sugges-
tion assumes that the system was completely closed
after the cumulus formation, i.e., the migration or re-
equilibration of the interstitial liquid do not occur.
Properly speaking, this condition should be proved for
each sample. However, it is also possible that the bulk
rock composition actually is a record of proportions
and chemistry not only of the cumulative phases, but
also of the 

 

initial

 

 intergranular liquid. There are the
experimental and numerical methods for estimating its
composition.

The experimental approach consists of partial melt-
ing of rocks by their exposure to the above-solidus tem-
peratures and subsequent study of the glass composi-
tions in the interstices of the relict mineral grains
assumed to be primary mineral crystals. McBirney and
Nakamura (1973) performed a series of such experi-
ments with gabbroids from the main zones of the Lay-
ered Series of the Skaergaard intrusion. They found
that, at temperatures <1150

 

°

 

C and redox conditions
corresponding to the WM–QFM buffers, the residual
melts are strongly enriched in iron and depleted in SiO

 

2

 

(McBirney and Naslund, 1990), i. e., the main features
of the Wager’s trend was reproduced. Some additional
experiments were carried out with the contact gabbro
samples from the Marginal Border Series (Hoover,
1989). The glasses obtained by the melting of these
least evolved rocks at 1160–1180

 

°

 

C under the QFM
buffer conditions had notably higher SiO

 

2

 

 and lower
FeO* contents as compared to the residual melts in
experiments with the rocks of the Layered Series

f O2

 

(Fig. 2). According to our data, these compositional
differences can be partly related to temperature differ-
ences during experimental melting (Ariskin, 1999).

The latter result exemplifies the main difficulties of
the experimental approach: without knowledge of the
temperature of equilibrium between the primary crys-
tals and melt, the researcher risks to obtain during the
interpretation of the experimental data the composi-
tions that significantly deviate from the initial charac-
teristics. This is most probable during the consideration
of multiphase magnetite-bearing assemblages at a melt-
ing degree below 50%, when long run duration is nec-
essary to approach the equilibrium in the melt–crystal
system and between Fe

 

3+

 

 and Fe

 

2+

 

 in the liquid phase.
However, the magnetite–ilmenite gabbroids were the
main objects in the study of McBirney and Nakamura
(1973).

Some examples of solution of the reverse problem
for the Skaergaard rocks using the methods of com-
puter modeling of phase equilibria in the basaltic sys-
tem will be considered below. This approach called the
“method of geochemical thermometry” (Frenkel’ 

 

et al.

 

,
1987) cannot offer an alternative to the experimental
studies and has certain application limits. However, it
allows a reliable estimation of temperatures of the ini-
tial crystal + melt mixtures and reduces the range of
probable compositions of the trapped liquids.

GEOCHEMICAL THERMOMETRY
OF THE SKAERGAARD ROCKS

The thermodynamic parameters of the intrusive
rock formation include pressure, temperature, redox
conditions, initial composition of the trapped liquids,
compositions of primary crystals, and relative propor-
tions of cumulus phases and intergranular liquid. If the
pressure and redox conditions are known (estimated by
independent methods), the rest of the above parameters
can be determined by solving a reverse problem using
a modeling of primary crystal–melt equilibria for indi-
vidual samples or rock groups with similar composi-
tions of interstitial liquids. These calculations are car-
ried out with a COMAGMAT computer model in a cer-
tain sequence depending on the study objective
(Ariskin and Barmina, 2000). The study of the origin of
the intrusive basic rocks is typically aimed at estimating
the composition and crystallinity of the initial magma,
the proportions of cumulus minerals at various stages
of differentiation (or within the neighboring rhythms),
and some other parameters related to the dynamics of
the magma chamber crystallization. Regardless of the
petrologic goals, the calculation is subdivided into sev-
eral stages: (1) selection of samples for calculations,
(2) numerical experiments on equilibrium crystalliza-
tion of melts approximated by the rock compositions,
(3) derivation of the temperature–concentration depen-
dencies for the model liquids, and (4) search for the
region of intersection of the evolutionary lines, which
corresponds to the temperature of primary equilibrium
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Fig. 2. 

 

Results of experimental study of the intercumulus melt composition in the Skaergaard rocks and data of geochemical thermometry of contact cumulates from the Marginal
Border Series.
Results of quenching experiments for the rocks of the Marginal Border Series (Hoover, 1989) and the Lower Zone of the Layered Series (McBirney and Nakamura, 1973; McBirney
and Naslund, 1990). Lines represent the trajectories of equilibrium crystallization of melts for the chilled gabbro EG4507 and samples UT-04, UT-08, EC-10, MEO-10, and KT-47
calculated by the program COMAGMAT-3.5 (Ariskin, 1999). Temperature of 1165 

 

±

 

 10

 

°

 

C was assumed to be the initial temperature for the Skaergaard magma.
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between melt and crystals and to the intergranular melt
composition. These procedures were termed
“geochemical thermometry” emphasizing the primary
importance of the temperature estimation (Frenkel’

 

et al.

 

, 1987). 
A series of previous publications was devoted to the

reconstruction of the temperature–composition depen-
dencies and phase characteristics of the initial magmas
for the low-evolved traps of the Siberian Platform
(Frenkel’ 

 

et al.

 

, 1988; Ariskin and Barmina, 2000), the
eastern Kamchatka sills (Barmina 

 

et al.

 

, 1989), the Par-
tridge River and Talnakh intrusions (Chalokwu 

 

et al.

 

,
1993; Krivolutskaya 

 

et al.

 

, 2001), and several large
intrusions, namely, Skaergaard, Kiglapait, and Dovyren
(Ariskin, 1999; Ariskin et al., 2002; Barmina and
Ariskin, 2002). In this paper, we consider the results of
the thermodynamic calculations aimed at the determi-
nation of the chemical evolution of residual melts dur-
ing the Skaergaard magma chamber crystallization.

Method Description

The method of geochemical thermometry of rocks
along the vertical section of a differentiated igneous
body and estimation of the compositional evolution of
the initial magma during its fractionation were first
tested for the case of the Vel’minskii dolerite sill (Fren-
kel’ et al., 1987; Barmina et al., 1988). Our approach in
the present study is based on the hypothesis that,
regardless of the accepted differentiation mechanism
(directional crystallization or crystal settling), the
major rock masses form from floor upward, which sug-
gests the directed, regular variations in the composi-
tions of melt and minerals crystallizing from the main
magma volume. As a consequence, for each rock, the
average composition of the overlying part of the intru-
sion corresponds to the bulk composition of the crystal
+ melt mixture (i. e., magma), from which this rock has
crystallized. The differences between the compositions
of rock and residual magma at each level can be related
with variations in relative proportions of minerals and
liquid, rather than their compositions. As it follows
from the previous sections, such a data set is a perfect
object for geochemical thermometry.

The procedure comprises in this case the numerical
modeling of the trajectories for equilibrium crystalliza-
tion of a pair of initial compositions. One of them cor-
responds to the bulk rock composition at this level,
while the other, to the weighted average composition of
the overlying part of the intrusion. The intersection
point of these trajectories in the composition–tempera-
ture space determines the conditions of the rock forma-
tion, phase composition of the magma, and some chem-
ical features of the melt, from which the minerals of this
rock have crystallized. As applied to the relatively thin
sills, this approach was found to be highly informative
and easy in use (Frenkel’ et al., 1988; Ariskin and
Barmina, 2000). Unfortunately, this approach cannot
be used for large intrusions, because most of the lay-

ered intrusions have a complex lateral structure, and the
data on the typical and representative sections cannot
be extrapolated to the whole volume of the intrusion.

There is a version of geochemical thermometry that
can be used without the data on the bulk composition of
the magma, from which the rock has crystallized. Sev-
eral compositionally different samples characterizing a
rather thin interval of the vertical section or a key hori-
zon can be used for calculations. It could be suggested
that these bulk compositions “record” the information
on the composition of the same residual (trapped) liq-
uid and equilibrium mineral assemblage. Then, the
search for the region of the trajectory intersection
becomes reasonable, and the composition of the resid-
ual melt within this interval (horizon) can be calculated
as the average of several compositions of model liquids
at the specified temperature of the initial equilibrium. A
single difference (and drawback) of this version is that
the phase composition of the residual magma (the pro-
portions of crystals at various differentiation stages)
cannot be determined, because of the absence of model
trajectory for the bulk composition of this magma.
Thus, for the temperature calculation along a given ver-
tical section (no matter, real or generalized) one should
first classify the available analyses into several groups,
for which similar compositions of residual liquids can
be implied. The data on the Skaergaard intrusion can be
reliably subdivided into such groups.

The Intrusion Structure and Sample Selection

The Skaergaard layered intrusion of basic rocks
~6 × 11 km in the map view is situated on the eastern
coast of Greenland (Fig. 3). The intrusion forms a cube-
shaped funnel tilted to the south and has an exposed
thickness of about 3.5 km. A part of the intrusion is not
exposed. It is the so-called Hidden Layered Series,
which probably does not exceed 10–15% of the intru-
sion volume (McBirney, 1989). The main units of the
Skaergaard intrusion (Fig. 4) are the Layered Series
(LS) and the overlying Upper Border Series (UBS).
Their volume proportion is about 2 : 1 (Wager and
Deer, 1939). The Marginal Border Series (MBS) rims
the intrusion along its contacts with host rocks and also
is an important structural unit (Fig. 3). The Layered
Series is a rock sequence formed upward from the floor
of the intrusive magma chamber. It differs structurally
and lithologically from the MBS and UBS, which crys-
tallized inward the intrusion from its walls and roof.
The upper boundary of the Layered Series corresponds
to its contact with the Upper Border Series along a cer-
tain level known as the Sandwich Horizon (SH) (Wager
and Deer, 1939). It is easily mapped by the abrupt tran-
sition from mesocratic ferrodiorites of the Layered
Series to more felsic rocks of the UBS (McBirney,
1989).

The scheme of subdivision of the Layered Series
into zones differing in cumulus mineralogy is based on
the Wager and Brown’s nomenclature (Wager and
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Brown, 1967). The zones are shown in Fig. 4 according
to (McBirney, 1996). The Layered Series is subdivided
into the Lower (LZ), Middle (MZ), and Upper (UZ)
zones. Their contacts are determined by disappearance
of cumulate olivine at the base of the Middle Zone and
its reappearance in the rocks of the Upper Zone. Actu-
ally, Ol occurs in the rocks of the MZ as rare grains and
thin reaction rims between pyroxenes and Fe–Ti
oxides. This observation is important for interpretation
of the computer modeling results. The Lower Zone of
the Layered Series is divided into three subzones (LZa,
LZb, and LZc) by poikilitic pyroxene texture in the LZa
and by the increase of oxide content (Ilm + Mt) at the
base of the LZc. The Upper Zone also consists of three
subzones (UZa, UZb, and UZc) distinguished by abun-

dant apatite in the UZb and mosaic inverted ferrobusta-
mite in the UZc. The inverted Pig occurs in small
amount in the Upper Zone up to the middle of the UZa.
The upper part of the Upper Zone includes interstitial
granophyre.

Sample selection. Sixty five rock samples repre-
senting five zones from the LZa to UZa (Fig. 4) were
selected for geochemical thermometry. The sample
location and their geochemical features are given in
(McBirney, 1998). A single modification concerns sam-
ple LB-238, which is affiliated with the LZa, rather than
with the LZb. The most differentiated rocks of the UZb,
UZc, and SH are excluded from our calculation,
because the apatite crystallization does not considered

Fig. 3. A scheme of geologic relationships between the rocks of the Marginal Border Series and the main structural units of the
Skaergaard intrusion, after (McBirney, 1996).
(1) Precambrian gneisses; (2) Tertiary basalts; (3) individual intrusive bodies; (4) peridotite; (5) sedimentary rocks; (6) glaciers and
snow. Skaergaard intrusion: (7) Marginal Border Series; (8–10) Layered Series with the Lower (8), Middle (9), and Upper (10) zo-
nes; (11) Upper Border Series.
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yet in our model. Moreover, five average compositions
of the main units of the Layered Series and their five
equivalents from the Marginal Border Series (Table 2)
were used for testing and controlling calculations. The
data previously obtained in geochemical thermometry
of six contact rocks from the Marginal Border Series
(Ariskin, 1999; Ariskin and Barmina, 2000) were
involved for interpretation of the computer modeling
results.

Crystallization Conditions and Preliminary 
Calculations

Estimation of intervals of the intensive parameters
during crystallization and evolution of the Skaergaard
magma are important for further calculations. The rela-
tionships of silica polymorphs and ferrous pyroxenes in
the rocks of the Sandwich Horizon gave the crystalliza-
tion pressure (600 ± 100 bar) and temperature (970 ±
20°C) at this level (Lindsley et al., 1969). According to
the density of the overlying gabbroids and basalts, these
conditions correspond to the depth of 2 km for the
Sandwich Horizon and 4.5–3.0 km from the surface for
the lower parts of the LZa and UZa horizons (McBir-
ney, 1996). This means that the Lower Zone of the Lay-

ered Series began to crystallize at about 1.5 kbar, while
the boundary between the Middle and Upper zones cor-
responds to pressures of about 0.9 kbar.

The estimation of the redox conditions of the Skaer-
gaard magma crystallization is based on the analysis of
the mineral equilibria (Lindsley et al., 1969; Williams,
1971; Morse et al., 1980; Frost et al., 1988; Frost and
Lindsley, 1992) and the data of electrochemical mea-
surements (Sato and Valenza, 1980; Kersting et al.,
1989). The thermodynamic calculations show similar
results, according to which the oxygen fugacity at the
base of the LZa subzone was some higher than QFM
(Williams, 1971; Morse et al., 1980; Frost and Linds-
ley, 1992) and gradually decreased to the Middle Zone.
Within the Upper Zone, the  strongly decreased up

to the values corresponding to QFM – 2 in the rocks of
the Sandwich Horizon (Frost et al., 1988). These esti-
mations do not contradict the phase relations in the
rocks of the Layered Series for the interval of WM–
QFM buffers (McBirney and Nakamura, 1973; McBir-
ney and Naslund, 1990). The measurements of the
intrinsic oxygen fugacity in the rocks indicate higher
fugacity values covering the interval from about IW–
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WM (Sato and Valenza, 1980) to QFM + 0.5 to 1.5 log-
arithmic units (Kersting et al., 1989).

Based on the mineral compositions in the Ol–Pig–
Mt–Ilm assemblages from the LZc, MZ, and UZa, Wil-
liams (1971) calculated the temperatures of “frozen”
equilibria within the interval of 1150–1050°C. The
highest temperatures are typical of the rocks of the
Lower Zone. These values are consistent with the pre-
vious estimates for the Sandwich Horizon (970°C) and

correspond to the temperature range of experimental
melting (1150–1002°C), which yielded the glasses
approximating the residual melts for the rocks of the
Layered Series (McBirney and Naslund, 1990). The
experimental results for the chilled gabbro KT-39
(Hoover, 1989) and data on geochemical thermometry
of the contact rocks (Ariskin, 1999) indicate that the
highest temperature of the Skaergaard magma crystal-
lization did not exceed 1165°C, which corresponds to
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Calculation of equilibrium crystallization was performed using the COMAGMAT-3.65 program at P = 1 kbar, 0.1 wt % H2O in the
initial system, and redox conditions of the QFM buffer.
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the olivine and plagioclase crystallization at the liqui-
dus. The temperature values obtained by bimineral
equilibria (oxides, pyroxene) are too high, probably
because of the subsolidus re-equilibration (Jang and
Naslund, 2001).

Thus, the petrologic studies allowed the estimation of
the whole range of intensive parameters of the Skaer-
gaard magma crystallization. Its fractionation began at
about 1.5 kbar and ~1165°C under the QFM buffer con-
ditions and proceeded with decreasing pressure, temper-
ature, and oxygen fugacity (McBirney, 1996).

Modeling of Phase Equilibria for the Average 
Compositions

The reliability of the further temperature calcula-
tions can be verified and some mineralogic features of
the Skaergaard rocks can be revealed by computer
modeling of crystallization of the melts corresponding
to the average compositions of the main zones of the
Layered Series (Figs. 5, 6). The calculations were per-
formed at P = 1 kbar for the systems closed and open
(from QFM + 1 to QFM – 2) with respect to oxygen.
The water content in the system was accepted to be
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Fe2+) ratio of 0.15 in melt.
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0.1 wt %. A new COMAGMAT model (version 3.65,
2000) was used. It was calibrated for the iron-rich sys-
tems with liquidus temperatures at about 1100°C.1 

Figure 5 shows the results of calculation of equilib-
rium crystallization under the conditions of the QFM
buffer for average compositions of the five subzones of
the Layered Series (LZa, LZb, LZc, MZ, and UZa) and
their equivalents from the Marginal Border Series
(LZa*, LZb*, LZc*, MZ*, and UZa*) (Table 2). The
calculations reached the 80% crystallinity of the system
(or 20% interstitial liquid). The data demonstrate some
common features and certain differences. In general,
the sequences of mineral crystallization are consistent
in the rocks of the compared horizons, which justifies
the formation of both compositional groups from the
same magma. For example, a small field of single Ol
crystallization is observed for the LZa and LZb compo-
sitions, which is followed by Pl and Aug crystallization.
The field of clinopyroxene crystallization significantly

1 The main problems in application of the COMAGMAT-3.5 pro-
gram (Ariskin and Barmina, 1999) to the rocks of the Layered
Series are related to low temperatures of mineral assemblages in
the LZc, MZ, and UZa, typically ~1115–1080°C (McBirney,
1996). These temperatures are significantly lower than the exper-
imental temperatures of 1120–1350°C used in the model for cali-
bration of equations for equilibria of Ol, Pl, and pyroxenes. As a
result, the calculations by means of the COMAGMAT-3.5 pro-
gram led to a shift of phase boundaries at temperatures below
1100°C and, consequently, to an unreasonable expansion of the
Aug stability field at the expense of the Pl and Pig fields. That is
why, we have revised and enlarged the experimental database to
increase the amount of experiments at temperatures ≤1100°C.
This work and corresponding re-equilibration was carried out
using the INFOREX database (Ariskin and Barmina, 2000),
while new mineral–melt geothermometers for mafic minerals and
plagioclase composed the empirical basis for the COMAGMAT-
3.65 model. Testing of this program using the data of independent
experiments increased insignificantly the accuracy of the temper-
ature calculations, while the Pl composition and phase relations
between Aug and Pig became much more realistic.

expands in the LZb rocks, which correlates with crys-
tallization of abundant granular augite. The LZc trajec-
tories show early Ilm and Mt crystallization, which is
consistent with the mineralogic composition of rocks in
this zone (Fig. 4). Similar relationships are found for
the rocks of the Middle and Upper zones; however, oli-
vine completely dissolves here by reaction with resid-
ual liquid.

The pigeonite crystallization also has some specific
features. This mineral crystallizes earlier in the rocks of
the Marginal Border Series than in the Layered Series;
its early crystallization is accompanied by early disso-
lution of olivine. This correlates with higher SiO2 con-
tents in the MBS (Table 2) and could indicate some
small, but principal, differences between the composi-
tions of the interstitial materials in the rocks of the Mar-
ginal Border Series and Layered Series (Ariskin, 1999).
Apparently, these features explain the lower tempera-
tures of the MBS mineral assemblages at a high crystal-
linity of average compositions (Fig. 5). As to the gab-
broids enriched in oxides, ilmenite and magnetite begin
to crystallize almost simultaneously in both rock
groups (from LZc to UZa and from LZc* to UZa*),
although Ilm begins to crystallize some earlier than Mt
in the Layered Series. Thus, the results of calculation
for the QFM conditions (Fig. 5) are compatible with the
general scheme of the intrusion structure. The model Ol
behavior in the rocks of the Upper Zone is an exception.

A complete dissolution of Ol at the final stages sug-
gests that this mineral must be absent within the Middle
Zone and in the more evolved rocks of the Upper Zone.
Meanwhile, the reappearance of olivine is the main pet-
rographic criterion for separation of the MZ from the
UZa (Wager and Deer, 1939; McBirney, 1989, 1996).
In order to avoid the contradiction within the frame of
the crystallization mechanisms, we performed a series
of additional calculations modeling crystallization of

Table 2.  Average compositions of the main zones of the Layered Series and their equivalents from the Marginal Border Series
(McBirney, 1996)

Oxides
LS MBS LS MBS LS MBS LS MBS LS MBS

LZa LZa* LZb LZb* LZc LZc* MZ MZ* UZa UZa*

SiO2 48.12 49.43 48.84 50.30 41.10 44.86 42.79 43.46 43.07 44.33

TiO2 1.35 1.00 1.44 1.08 6.92 4.91 6.79 5.44 5.67 6.24

Al2O3 16.81 13.71 12.55 14.13 11.02 11.35 11.53 12.48 11.17 10.05

FeO* 11.13 11.87 12.84 11.83 21.10 19.02 20.00 20.51 22.52 21.47

MnO 0.16 0.19 0.21 0.18 0.26 0.26 0.26 0.23 0.31 0.29

MgO 9.42 10.77 10.13 9.42 7.61 6.60 6.24 5.64 5.62 5.57

CaO 10.11 10.76 11.57 10.89 9.77 10.59 9.87 9.54 8.62 9.39

Na2O 2.52 1.93 2.13 1.88 1.97 2.03 2.23 2.24 2.55 2.08

K2O 0.27 0.25 0.20 0.22 0.20 0.26 0.21 0.35 0.26 0.34

P2O5 0.11 0.08 0.09 0.07 0.05 0.13 0.08 0.12 0.22 0.24

Note: LS, Layered Series; MBS, Marginal Border Series. All compositions are normalized to 100 wt %.
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the average compositions of zones of the Layered
Series under the conditions closed with respect to oxy-
gen. The crystallization trajectories were calculated at
P = 1 kbar, 0.1 wt % water, and various ferric to ferrous
iron ratios in the system: 0.1 ≤ FE3# ≤ 0.25, where
FE3# = Fe3+/(Fe3+ + Fe2+). The main results are shown
in Fig. 6. They comprise the analysis of variations of
mineral proportions during the closed system crystalli-
zation as compared to the data calculated at the QFM
buffer conditions. The proportion of mineral phases is
shown in these diagrams as a function of the residual
liquid amount (or system crystallinity).

Proportions of Olivine and Oxides

The modeling results for the closed system show a
significant expansion of the Ol stability field. For exam-
ple, 4–10% Ol crystallizes at the liquidus in the rock of
the LZc and UZa up to the system crystallinity of about
80% (Fig. 6). Such a behavior is related to the reduction
of the Pig crystallization field and correlates with a
decrease of total oxide content as compared to the data
for the QFM buffered system. Thus, the decrease of the
oxide proportion in the closed system results in slower
SiO2 enrichment in the melt. This effect reduces the
field of pigeonite crystallization and hampers complete
dissolution of olivine. Thus, the problem of “disappear-
ance” and “reappearance” of Ol in the crystallization
sequence is attributed to the peritectic reaction of the
following type: Ol + l  Aug (±Pig) + Mt (±Ilm) ± Pl.
We observed such relationships in the computer model-
ing results since the middle 1980s. We considered them
to be artifacts related to the imperfect model of magne-
tite crystallization (Ariskin et al., 1987). The calcula-
tions based on new, more precise geothermometers for
Ilm and Mt (Ariskin and Barmina, 1999) indicate that
this peritectic reaction actually occurs in the ferrobasal-
tic systems. The reaction relationships among olivine,
pyroxenes, and Fe–Ti oxides are observed in thin sec-
tions of the rocks of the Skaergaard intrusion (McBir-
ney, 1996).

It is also interesting that the Pig field is notably
wider for the UZa composition than for the UZc com-
position (Fig. 6). This correlates with elevated SiO2
contents in the rocks of the Upper Border Series (com-
pare average SiO2 contents of ~43.1 and 41.1 wt %,
Table 2), in spite of the systematically higher total iron
contents in these rocks (~22.5 wt % FeO* against
21.1 wt % in the UZc). This fact may indicate that the
trapped melt in the rocks of the Upper Border Series
had higher silica activity as compared to the rocks of
the Lower Zone of the Layered Series. This preliminary
result does not agree with the Wager’s trend (Fig. 1), but
is verified by later results of the thermometric calcula-
tions. However, it should be taken into account that the
observed appearance of Ol in the rocks of the UZa is
accompanied by Pig disappearance at the same level as
a result of the increasing amount of the interstitial gra-
nophyre (McBirney, 1996).

The obtained data on proportions of Fe–Ti oxides
are also very important. The calculations with the
COMAGMAT-3.65 program show that the amount of
Mt crystallizing in the closed system is about two thirds
of the Mt amount crystallizing under the conditions
buffered with respect to oxygen. This phenomenon was
demonstrated in experiments (Osborn, 1959; Presnall,
1966) and verified by modeling of phase equilibria
(Ghiorso and Carmichael, 1985; Ariskin et al., 1987;
Toplis and Carroll, 1996; Ariskin and Barmina, 2000).
New data concern the ilmenite crystallization. In the
closed system, the Ilm proportion and its ratio to Mt
increase (Fig. 6). Thus, we could imply that the Skaer-
gaard magma crystallized as a closed system, because
the ilmenite predominates over magnetite in the rocks
of the Layered Series (McBirney, 1989). The nearly
coeval crystallization of Ilm and Mt obtained in our cal-
culations is consistent with experimental data (Snyder
et al., 1993). These authors demonstrated that the
ilmenite crystallization in the closed system decreases
the FeO concentration in the liquid, thus increasing the
Fe3+/Fe2+ ratio and stabilizing the occurrence of the iron
oxides. In contrast, the Mt crystallization decreases the
Fe2O3 concentration and increases the reduction degree
of the melt. As a result, the composition migrates to the
field of Ilm stability. Thus, mutually compensating
effects of crystallization of different Fe–Ti oxides oper-
ate in the iron- and titanium-rich systems (including the
Skaergaard melts). These effects are expressed in a con-
vergence of stability fields of these minerals at nearly
equal temperatures of their appearance.

Some Conclusions

The modeling of equilibrium crystallization of the
initial compositions corresponding to the average com-
positions of the main zones of the Layered Series and
the Marginal Border Series demonstrated that the ver-
sion 3.65 of the COMAGMAT computer model allows
us to predict the phase equilibria in the Skaergaard
rocks, including complex relationships among the
residual melt, Ol, Aug, Pig, Ilm, and Mt. It is found that
the equilibrium proportions of silicate minerals and Fe–
Ti oxides strongly depend on the redox conditions
determining the direction of the residual liquid evolu-
tion.

The early Mt crystallization and high contents of
iron oxides in the crystal phases are expected for the
Skaergaard rocks at elevated oxygen fugacity (>QFM).
These processes cause the SiO2 enrichment and com-
plementary FeO* depletion in melt. The SiO2 increase
leads to peritectic dissolution of Ol within the field of
high-Ca pyroxene and magnetite crystallization. The Ol
dissolution is accelerated by Pig appearance. The
expansion of the Pig stability field is a typical feature of
phase evolution of the ferrobasaltic systems during the
oxide crystallization and is accompanied by increase of
silica activity and deceleration of the Mg/(Mg + Fe)
decrease in the liquid. The early olivine can be com-
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pletely dissolved at the final crystallization stages,
which is exemplified by the rock compositions in the
Middle and Upper zones of the Layered Series (Fig. 5).
At the oxygen fugacities of the QFM buffer and lower
values, Ilm can crystallize earlier than Mt, and SiO2
accumulation becomes less significant. In this case, Pig
crystallizes some later, and the field of Ol stability
within the interval of peritectic reaction increases.

The Ol and Pig proportions during crystallization of
the systems closed with respect to oxygen depend on
the oxidation degree, which can be related with the evo-
lution of the Fe3+/(Fe3+ + Fe2+) ratio in melt. High FE3#
values stabilize Pig, because of the larger amount of the
crystallizing Mt and higher degree of SiO2 enrichment.
The removal of Fe2O3 with magnetite is accompanied
by the melt reduction and expansion of the ilmenite sta-
bility field (Fig. 6). The main effect of the closed sys-
tem is expressed in a decrease of total proportion of
oxides among the crystallizing phases at a moderate
SiO2 increase and FeO* decrease in the residual liquid.

The results of modeling of the phase equilibria indi-
cate that the domination of Ilm over Mt typical of the
LZc rocks can occur only in the closed system. The
conditions closed with respect to oxygen (or open with
respect to a reducing agent; see below) should be also
suggested for the rocks of the Upper Zone of the Lay-
ered Series, because these conditions can stabilize Ol
and preserve it from complete dissolution at the final
stages of the rock crystallization. Note, however, that
these conclusions are valid only for the oxidized rocks
(Fig. 6) with initial FE3# = 0.15, which corresponds to
the oxygen fugacity slightly below the NNO buffer
value. According to the above data, the rocks of the
Skaergaard intrusion had a rather low oxidation degree
of the residual melt, and Ol can be stabilized relative to
Pig at the later crystallization stages.

Modeling of the Formation Conditions for the Rocks 
of the Layered Series

Unlike the calculations for some other intrusive
bodies (Frenkel’ et al., 1988; Chalokwu et al., 1993;
Krivolutskaya et al., 2001; Barmina and Ariskin, 2002;
Ariskin et al., 2002), the oxygen fugacity has not been
preset in the geochemical thermometry of the layered
rocks of the Skaergaard intrusion. The calculations by
the COMAGMAT 3.65 program used the observed FeO
and Fe2O3 concentrations and calculated FE3# values
for each sample (the data were graciously provided by
Prof. A. McBirney, Oregon University, USA). This sug-
gests an ideally closed system and probable overesti-
mation of the iron oxidation degree due to the rock
weathering. However, the samples are fresh and devoid
of distinct evidence of secondary alteration (McBirney,
1998). Such an approach allows the oxygen fugacity
estimation in the initial melt by the solution of a reverse
problem, i. e., calculation of the  values at known
temperature and the residual melt composition

f O2

(Nikolaev et al., 1996). Summarizing the data for indi-
vidual zones of the Layered Series, we can trace the
general evolution of the oxygen fugacity during the
Skaergaard magma differentiation. Thus, the geochem-
ical thermometry was applied to 65 initial compositions
with a given FE3# ratio for each rock. Each studied
zone was characterized by several samples: n = 8 for
LZa, n = 16 for LZb, n = 11 for LZc, n = 20 for MZ, and
n = 10 for UZa. The pressure differences between these
zones do not exceed 0.6 kbar (see above) and do not
notably effect the calculation accuracy under the iso-
baric conditions at P = 1 kbar and primary magmatic
water concentration of 0.1 wt %. The crystallization
increment was 1 mol %. The calculations were stopped,
when the system crystallinity of 75–80% had been
reached.

The LZa subzone. A wide range of liquidus temper-
atures was found within the field of Ol crystallization
by computer modeling for five initial compositions
with MgO > 9.5 wt %. Olivine was followed by Pl and
Aug and, then, by Mt and Pig. These relationships can
be presented by the following sequence: Ol (1322–
1258°ë)  Pl (1237–1193°ë)  Aug ± Mt
(1140–1110°ë)  Pig (1125–1110°ë). Early Pl and
Aug crystallization was observed in the Ca richest sam-
ple LB-238 (~12.6 wt % CaO): Pl (1230°ë)  Ol
(1196°ë)  Aug (1181°ë)  Mt + Pig (1120–
1110°ë), while sample LA-753 demonstrated the sub-
cotectic relationships: Ol + Pl (1210–1200°ë)  Aug
(1153°ë)  Mt + Pig (1125–1115°ë). The Ilm crys-
tallization (fractions of percent) was observed in three
cases at <1110°C. Titanomagnetite was first to crystal-
lize at 1190°C only in one sample LA-347 enriched in
oxides (5.8 wt % TiO2 and 18.3 wt % FeO*). Except for
the samples LA-347 and LA-753, the calculated lines
of descent form a single group of six cotectics closely
converging within the temperature range of 1140–
1150°C. This fact allows us to consider the primary
assemblages of these rocks as mechanical mixtures of
olivine and plagioclase crystals with interstitial liquid.
The average composition of this cluster at 1145°C is
given in Table 3 and shown in Fig. 7 together with the
calculation data for the LZb subzone. The average com-
positions of Ol and Pl for six samples at 1145°C are
Fo74.9 ± 1.5 and An66.3 ± 1.9. The An content in plagioclase
is generally consistent with the natural compositions
(Fig. 4). The model Ol composition is by about 7 mol %
more magnesian than the natural compositions. How-
ever, this discrepancy cannot be attributed to the calcu-
lation errors of the COMAGMAT program, which cal-
culates the Ol compositions with an accuracy of to 1–
2% Fo (Ariskin and Barmina, 2000). It is more proba-
ble that the elevated iron proportion in the natural min-
eral is caused by re-equilibration of primary Ol crystals
by their reaction with the FeO-rich residual melt.

As was reported above, the calculation by this pro-
gram allows one to estimate the evolution of the intrin-
sic oxygen fugacity in the melt. This evolution is
caused by changes in the Fe3+/Fe2+ ratio in the residual
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liquid during the crystallization of mafic silicate miner-
als and oxides. The log  values are estimated for
each temperature using the parameters from (Sack et al.,
1980) with an accuracy of about ±1 (Nikolaev et al.,
1996). The model T–log  trajectories for the ideally
closed systems should intersect, like in the tempera-
ture–concentration diagrams (Fig. 2). Then, the average
log  values for several trajectories at a known tem-
perature of the primary equilibrium characterizes the
redox conditions, at which the initial cumulus mineral
assemblage has formed. Our calculation gave log  =
–7.5 ± 0.6 for the rocks of the LZa at 1145°C. This
value is about 1.5 logarithmic units higher than the
QFM buffer value and is consistent with the measured
values (Kersting et al., 1989). This result is shown in
Fig. 7 together with estimate for the rocks of the over-
lying horizon.

The LZb subzone. Three main types of model
sequences are determined for this subzone. Four compo-
sitions showed the sequence of Ol (1370–1240°ë) 
Pl (1220–1170°ë)  Aug ± Mt (1160–1110°ë) 
Pig (<1130°ë). In five cases, Aug appeared at 1200–
1170°C together with Ol or closely after it. Plagioclase
was the first mineral to crystallize at 1250–1190°C in
seven samples. Titanomagnetite typically was fourth to
crystallize, and Pig and Ilm were found only at the later
stages at temperatures below ~1120 and 1100°C,
respectively. These calculations are consistent with pet-
rologic observations indicating changes in textural fea-
tures and abundance of augite in the LZb and do not
contradict the conclusion that Aug crystallized and
accumulated there as the third cotectic phase, together
with Ol and Pl (Wager and Brown, 1967; McBirney,
1989). The evolutionary lines of the melt compositions
form a distinct convergence at temperatures below
1140°C: the most dense cluster of the intersecting tra-
jectories roughly corresponds to 1125 ± 5°C (Fig. 7,
Table 3). The calculated average compositions of min-
erals at this temperature are An61.9 ± 2.1 and Fo72.1 ± 2.1.
The plagioclase composition is similar to the natural
data within the frames of the applied model for the Pl–
liquid equilibrium (Ariskin and Barmina, 2000). The
composition of model Ol even more strongly deviates
from the natural composition (by 12–16 mol % Fo). We
believe that this deviation is related to decreasing con-
tent of modal Ol and increasing degree of its subsolidus
re-equilibration. The calculated Aug composition is
also more magnesian, but the deviation from the natural
composition is not so large (Fig. 4, Table 3). The aver-
age oxygen fugacity during the formation of the LZb
rocks was estimated at log  = –7.4 ± 0.7 (Fig. 7).

The LZc subzone. As compared to the rocks of the
LZa and LZb, the modeling of crystallization of the
LZc rock compositions gave an even larger diversity in
the sequences of mineral crystallization. This is related
to a larger abundance of oxides. For example, Ilm and

f O2

f O2

f O2

f O2

f O2

Mt were first to crystallize at 1270–1170°C in six cases.
The sequence of crystallization of the silicate phases
varied (Ol  Pl  Aug + Pig or Ol  Aug +
Pig  Pl) and pyroxenes have never been observed at
temperatures >1110°C. This temperature is accepted to
be the highest stability limit of the primary assemblage
of Ol + Pl + Aug + Mt + Ilm. Olivine crystallized
before the other minerals in three cases, plagioclase
was first to crystallize in one case (at 1203°C), and a
subcotectic assemblage of Ol + Pl is found at 1157°C
for one sample. These data verify the conclusion that
Fe–Ti oxides are primary cumulus phases in the LZc
(Wager and Brown, 1967). The estimation of the
trapped liquid compositions for these rocks is more real
when the crystallization sequence and Mt and Ilm pro-
portions determining the SiO2 and FeO* covariations in
the residual melt are correctly predicted. The modal
mineralogy, including Fe–Ti oxides, was previously
determined for all of the eleven magnetite–ilmenite
gabbro samples from LZc (McBirney, 1998). Some of
these data are compared with the results of thermomet-
ric calculations in Table 4. It is seen that the COMAG-
MAT-3.65 model rather correctly predicts the bulk pro-
portions of magnetite and ilmenite after the model rock
crystallization. This fact substantiates the reliability of
the calculated lines of the residual melt evolution
(Fig. 8).

The model trajectories of the LZc rocks form an
intersection at about 1100°C. The corresponding melts
are slightly depleted in SiO2 and enriched in TiO2 and
FeO* as compared to the interstitial liquid for the
underlying LZb (compare their average compositions
from Table 3). Note that the Al2O3 and MgO concentra-
tions in the LZc melts continue to decrease due to the
fractionation laws, while a notable increase of CaO
concentrations is observed. This behavior can hardly be
interpreted within the model of fractional crystalliza-
tion with simultaneous separation of plagioclase and
high-Ca pyroxene. Possible explanation of this fact will
be presented below. Note that the CaO content
decreases within the uncertainty interval of the
geochemical thermometry (see standard deviations for
CaO concentrations in melt in Table 3). The initial com-
positions of Ol, Pl, and pyroxenes in equilibrium with
the LZc melt correspond to general tendency of deple-
tion in refractory components upsection the intrusive
chamber. The model compositions of Ilm and Mt are
shown in Table 3 as FeTiO3 and Fe2TiO4 activities cal-
culated by the method of (Stormer, 1983). These com-
positions correspond to the nearly stoichiometric
ilmenite and titanomagnetite with moderate iron con-
tent, which are consistent with the shift of the redox
conditions of the primary equilibrium to lower oxygen
fugacities (QFM, Fig. 8).

The Middle Zone. Twenty samples are used for
geochemical thermometry of the Middle Zone (McBir-
ney, 1998). The variations of the initial compositions
and oxidation degrees of the rocks determine various
crystallization sequences, where six minerals (Ol, Pl,
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Fig. 7. Results of geochemical thermometry of the LZb zone.
Thin lines correspond to the trajectories of equilibrium crystallization calculated for the conditions closed with respect to oxygen. The temperature of 1125 ± 5°C is assumed to be
the temperature of the primary Ol–Pl–Aug assemblage in equilibrium with intercumulus melt (see Table 3). Thick line represents the modeling results for the average composition
of the LZb rocks (Table 2) under the QFM buffer conditions (Fig. 5). Compositions of the initial melts for the rocks of the Marginal Border Series (MBS) and LZa are shown for
comparison.
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Aug, Pig, Ilm, and Mt) compose various crystallization
series or replace each other within a narrow tempera-
ture interval, actually within the accuracy of the
COMAGMAT model (10–15°C). The most interesting
result is that all of the samples devoid of modal olivine
show Ol occurrence as a liquidus phase at the early and
middle crystallization stages. Normally about 3–5 wt %
of this mineral existed up to the system crystallinity of
about 30%. Its proportion was up to 8–10 wt % in some
cases. However, at 50–70% crystallinity, olivine was
completely dissolved in reactions with pyroxene,
oxides, and melt. Olivine was first to crystallize in eight
cases at 1190–1160°C. The Fe–Ti oxides were first to
crystallize also in eight cases. Four initial compositions

were slightly oversaturated in plagioclase at 1210–
1160°C. Augite was found at temperatures >1105°C in
two cases, while pigeonite always crystallized at tem-
peratures <1100°C. It is important that the low-Ca
pyroxene appears at about 20–40% system crystallinity.
This is consistent with the occurrence of this mineral
among the primary cumulus phases, according to the
petrographic subdivision of the Layered Series (Fig. 4).
However, the main Pig volume (inverted at the later
stages) probably formed by peritectic replacement of
olivine.

The convergence of model trajectories of the MZ
rock crystallization is as distinct as for the LZc rocks.
The most dense clusters occur below 1100°C. The

Table 3.  Thermodynamic parameters of the initial intercumulus melts and compositions of the primary cumulus minerals cal-
culated for the main zones of the Layered Series

Components

LZa (n = 6)* LZb (n = 14) LZc (n = 9) MZ (n = 17) UZa (n = 8)

1145** 
−7.5 ± 0.6***

1125 
–7.4 ± 0.7

1100 
–8.9 ± 0.4

1090 
–9.8 ± 0.4

1085 
–10.3 ± 0.6

Compositions of the intercumulus liquids, wt %

SiO2 49.26 ± 0.76 50.06 ± 1.25 48.04 ± 1.49 49.05 ± 0.86 50.31 ± 1.05

TiO2 2.50 ± 0.58 2.83 ± 0.76 5.50 ± 0.63 5.25 ± 0.40 4.68 ± 0.24

Al2O3 12.74 ± 0.23 11.97 ± 0.77 10.26 ± 0.92 10.35 ± 0.90 11.05 ± 0.31

FeO 14.84 ± 0.81 15.73 ± 0.72 17.05 ± 0.73 17.50 ± 0.55 17.31 ± 0.58

MnO 0.20 ± 0.01 0.21 ± 0.04 0.22 ± 0.04 0.23 ± 0.04 0.24 ± 0.02

MgO 6.29 ± 0.23 5.56 ± 0.32 4.82 ± 0.26 4.00 ± 0.18 3.35 ± 0.19

CaO 11.02 ± 0.54 10.27 ± 0.59 11.00 ± 1.16 10.20 ± 0.78 9.01 ± 0.50

Na2O 2.59 ± 0.32 2.73 ± 0.34 2.57 ± 0.34 2.80 ± 0.40 3.40 ± 0.29

K2O 0.39 ± 0.07 0.42 ± 0.22 0.38 ± 0.17 0.39 ± 0.16 0.49 ± 0.14

P2O5 0.17 ± 0.06 0.22 ± 0.12 0.15 ± 0.06 0.21 ± 0.15 0.17 ± 0.06

Compositions of the equilibrium cumulus minerals, mol %

Ol Fo (74.9 ± 1.5) Fo (72.1 ± 2.1) Fo (64.0 ± 1.5) See note Fo (52.5 ± 2.5)

Pl An (66.3 ± 1.9) An (61.9 ± 2.1) An  (57.4 ± 2.1) An (54.2 ± 2.9) An   (48.0 ± 3.1)

En  (47.0 ± 1.4) En  (42.2 ± 1.8) En (39.5 ± 1.1) En   (38.0 ± 1.9)

Aug Fs  (13.6 ± 1.3) Fs  (16.8 ± 0.6) Fs (20.2 ± 0.7) Fs   (22.6 ± 1.0)

Wo (39.4 ± 0.9) Wo (41.0 ± 1.7) Wo (40.5 ± 1.0) Wo (39.4 ± 1.2)

En (54.3 ± 1.4) En  (51.4 ± 1.6)

Pig See note Fs (34.1 ± 1.5) Fs   (37.7 ± 1.4)

Wo (11.6 ± 0.7) Wo (10.9 ± 0.3)

Ilm Il   (91.4 ± 3.9) Il    (93.8 ± 2.8) Il   (93.7 ± 2.5)

Mt Ulv (54.0 ± 6.6) Ulv (72.3 ± 4.9) Ulv (81.4 ± 6.7)

Note: All compositions are average compositions (±1σ) calculated at the point of the closest convergence and intersection of model trajec-
tories, see Figs. 7 and 8. Pig existed in four cases in the LZc among the primary cumulus phases (En59.1 ± 0.9 Fs29.2 ± 0.3Wo11.7 ± 0.9);
2–3 wt % Ol occurred in five cases in the MZ (Fo56.6 ± 1.4). Il and Ulv values characterize the FeTiO3 and Fe2TiO4 activities calculated
by equation from (Stormer, 1983).
* Zone or subzone; ** temperature, °C; *** .f O2

log
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problem is that the parallelism of the evolutionary lines
for the multiphase assemblages at low temperatures
precludes a precise determination of temperature and
composition of the residual melt. We assume 1090°C to
be the temperature of initial equilibrium, at which the
model Pl composition (as a phase subjected to subsoli-
dus re-equilibration at a lowest degree) is close to the
natural compositions. The average composition of the
trapped liquid calculated for 1090°C is shown in Fig. 8
and included in Table 3. As compared with the LZc
composition, this melt is some richer in silica, iron, and
alkalis and is complementarily depleted in TiO2, MgO,
and CaO. Note, that the TiO2 decrease in melt may be
related to Ilm and Mt separation in almost equal
amounts. The model Pl composition (An54.2 ± 2.9) is
close to the natural compositions (~An51). The calcu-
lated pyroxene compositions are still more magnesian
(Table 4). Ilmenite is still richer in FeTiO3 at signifi-
cantly higher ulvöspinel activity in titanomagnetite
(Ulv72 in MZ against Ulv54 in LZc). This corresponds to
a rapid decrease of the oxygen fugacity up to the log

 values below the QFM buffer (Table 3, Fig. 8),
which is consistent with estimates obtained during the
independent studies (Williams, 1971; Morse et al.,
1980; Frost and Lindsley, 1992; McBirney, 1996).

The UZa subzone. The calculations of phase equi-
libria for ten UZa rocks yielded the lowest cotectic tem-
peratures for the studied part of the Layered Series. No
compositions with liquidus temperatures above 1200°C
were found. The model crystallization sequences are
similar to those calculated for the MZ. They begin with
a short-term crystallization of single olivine or crystal-
lization of the Ol + Pl ± oxides cotectic. Two samples
with the highest FeO* contents (35 and 46 wt %)
yielded the anomalously wide field of magnetite crys-
tallization and were excluded from further consider-
ation. Pyroxenes crystallized almost simultaneously at
temperatures below 1100°C. The Pig stability field
slightly decreased relative to the MZ rocks, which
resulted in some increasing amount of modal olivine.
The evolutionary lines of melts for the UZa form a
dense cluster within the interval of 1090–1080°C. The
average composition of this residual liquid at 1085°C
has slightly elevated SiO2 and FeO* concentrations
(Table 3, Fig. 8). This melt can be considered as the
most evolved derivative with the lowest MgO and CaO
contents and elevated alkalinity. A slightly lower phos-
phorus concentration correlates with low P2O5 contents
in the UZa rocks, which rarely exceed 0.1 wt %
(McBirney, 1998). It is possible, however, that the
assumed initial temperature of 1085°C is overestimated
by 5–10°C, i. e., the density of the primary cumulus is
somewhat underestimated, because of strong depen-
dence of system crystallinity on temperature for the
anchieutectic compositions. The decrease of tempera-
ture and amount of the trapped liquid should lead to ele-
vated P2O5 concentrations in the residual melt, which
are more consistent with the occurrence of abundant

f O2

cumulus apatite in the overlying UZb (Fig. 4). The
compositions of minerals of the initial six-phase assem-
blage continue the trend of depletion in refractory com-
ponents from the underlying horizons (Table 3). Anor-
thite content in the model plagioclase (An48.0 ± 3.1) corre-
sponds to the natural one (An46), while the olivine
composition is much more magnesian (Fo52.5 ± 2.5
against Fo40). The calculated composition of Ca-pyrox-
ene is 4–5 mol % richer in Wo as compared to the natu-
ral compositions, which is related to imperfect model
of the augite solid solution in the COMAGMAT pro-
gram. The ilmenite composition does not change, while
magnetite has high Fe2TiO4 activity (0.81 ± 0.7) and
actually moves to the ulvöspinel stability field. This is
consistent with the tendency of rapid decrease of the
oxygen fugacity in the lower part of the Upper Zone,
log  = –10.3 ± 0.6 according to calculation for a
closed system (Table 3, Fig. 8).

DISCUSSION

The geochemical thermometry data for the rocks of
the Layered Series of the Skaergaard intrusion present
a possible temperature interval of the melt trapped in
intercumulus: about 60°C with variations of the initial
temperatures from 1145 ± 10°C in the LZa to 1085 ±
10°C in the UZa. The interval of oxygen fugacity pre-
determined by the bulk composition of the residual liq-
uid corresponds to log  decrease from the values
exceeding QFM by 1–1.5 units in the LZa/LZb rocks to
the QFM and lower values upsection from LZc. These
parameters are consistent with data of other researchers
(Lindsley et al., 1969; Williams, 1971; Morse et al.,
1980; Frost et al., 1988; Kersting et al., 1989; Frost and
Lindsley, 1992). The main result of the calculation con-
sists in the estimation of the residual melt composi-
tions, which can compose the general trend of the
Skaergaard magma evolution (Table 3). This liquids
show a strong enrichment in FeO* (up to ~18 wt %) and
TiO2 (up to ~5.5 wt %), and the corresponding trend is
similar to the trend of evolution of the iron- and tita-
nium-rich tholeiitic magmas, so-called Fe–Ti basalts
(Brooks et al., 1991). Such an interpretation is possible,
but should be correlated with data on melts of rocks of
the Marginal Border Series (Ariskin and Barmina,
2000) corresponding to the ordinary tholeiitic basalts
(Table 1).

The results of geochemical thermometry do not sup-
port the conclusion (Wager and Brown, 1967) of the
monotonous and long-term depletion of the residual
melts in SiO2 from the lower parts of the Lower Zone.
Contrariwise, they demonstrate a slight increase of sil-
ica contents within the LZa (Fig. 7), which is consistent
with experimental data on crystallization of the Ol–Pl
assemblage in the tholeiitic systems (Grove and Baker,
1984; Ariskin and Barmina, 2000). The silica content in
melt begin to decrease during the formation of the LZb

f O2

f O2
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Fig. 8. Results of geochemical thermometry of the LZc subzone.
Thin lines correspond to the trajectories of equilibrium crystallization calculated for the conditions closed with respect to oxygen. The temperature of 1100 ± 5°C is assumed to be
the temperature of the primary Ol–Pl–Aug–Ilm–Mt assemblage in equilibrium with intercumulus melt (see Table 3). Thick line represents the modeling results for the average
composition of the LZc rocks (Table 2) under the QFM buffer conditions (Fig. 5). Compositions of the initial melts trapped in the rocks of the Marginal Border Series (MBS), as
well as of the underlying and overlying horizons, are shown for comparison.
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rocks due to separation of Ol + Pl + Aug assemblage,
which leads to the relative low SiO2 content for the
melts of the overlying LZc rocks (Fig. 8, Table 3).
However, this trend is rapidly changed by the trend of
SiO2 enrichment in intercumulus of the overlying hori-
zons (in spite of the lower bulk silica contents in the
rocks). The silica enrichment there is related to crystal-
lization of abundant magnetite and ilmenite (Ol + Pl +
Aug + oxides ± Pig). It is worth noting that the SiO2
enrichment determined in the rocks from LZb to UZa is
not as significant as it could be expected during the Mt
crystallization in the systems with buffered  values.
This correlates with insignificant FeO* variations
(Table 3) that can be considered as evidence of the
Skaergaard magma evolution under the conditions
closed with respect to oxygen (Osborn, 1959; Presnall,
1966; Toplis and Carroll, 1996).

Note that the extraordinary decrease of the oxygen
fugacity almost by three orders of magnitude in loga-
rithmic units was observed within the temperature
interval of 60°C (Table 3). This decrease cannot be
accounted for only by evolution of the residual melts in
the closed system. It is very strong and requires a partial
openness of the system at the later stages of the intru-
sive chamber crystallization. However, such an oxygen
fugacity cannot be maintained by any mineral buffer.
These fugacity values could be caused by the influence
of some reducing agent or fluid (probably, hydrogen-
bearing), whose origin is a problem worthy of further
studies.

Possible Evidence of Compositional Convection

The most serious disagreement in the thermometric
data is a distinct compositional gap between the melts
of the LZa/LZb rocks and the melts representing the
gabbroids rich in Fe–Ti oxides (from LZc to UZa)
(Table 3). This is expressed in an abrupt “return” to the
previous CaO and SiO2 concentrations (Fig. 8), which
can hardly be explained by the fractional crystallization
of the parental magma. This disagreement could be
ascribed to uncertainties in calculation by the
COMAGMAT program and insufficient resolution of
the method at low temperatures. Note, however, that the
TiO2 contents increase almost twice in the trapped liq-
uid with the transition from LZb to LZc rocks. Such
variations are much larger than the uncertainties of the
used computer model (Ariskin and Barmina, 2000). In
order to explain this fact based on the crystallization
schemes we should assume a 40–50% crystallinity of
the system and efficient redistribution of the strongly
fractionated intercumulus liquids over the intrusive
magma chamber. These speculations lead to the conclu-
sion of the possible compositional convection in the ini-
tial mush of crystals and melt. This convection could be
expressed in squeezing out and migration of interstitial
liquid during the cumulus compaction and adcumulus
growth of the primary crystals (Tait and Jaupart, 1992,

f O2

1996). Thus, the compositional gap attains a genetic
meaning. It can be a geochemical indicator of the con-
vection onset in the cumulus.

Artifact of the Wager’s Calculations

The considered differences of the intercumulus
melts become more contrasting, when their composi-
tions are plotted in the OLIV–CPX–QTZ diagram pro-
posed for interpretation of the low-pressure tholeiitic
series (Fig. 9). This diagram was drawn using a large
amount of experimental data for natural samples at an
atmospheric pressure (Grove and Baker, 1984; Tormey
et al., 1987; Grove et al., 1993). It demonstrates the
well documented olivine–pyroxene phase boundaries
corresponding to natural cotectics within the region of
saturation in mafic minerals and plagioclase. This dia-
gram shows the data points for six compositions calcu-
lated with geochemical thermometry including the ini-
tial composition TM of the contact rocks (Ariskin,
1999), as well as for a series of Skaergaard differenti-
ates obtained by mass-balance calculations (Wager,
1960; Wager and Brown, 1967). It is obvious that the
classical Wager’s trend does not correspond to the
experimental phase relations. Except for one point, the
compositions are plotted within the Ol–Pl crystalliza-
tion field and far away from the phase boundary corre-
sponding to the appearance of high-Ca pyroxene. How-
ever, Aug occurs over the section as a main cumulus

1100 (LZc)

1090 (MZ)

1085 (UZa)

1125 (UZb)

1145
 (LZa)

CPX

QTZOLIV

Ol

Aug

Pig

Opx

(Wager and Brown, 1967)

Geochemical

thermometry results

TM

Fig. 9. Compositions of the residual melts by data of
geochemical thermometry and classical series of the Skaer-
gaard magma differentiates (Wager and Brown, 1967).
Model liquids are the initial composition for the rocks of the
Marginal Border Series (TM, Table 1) and five composi-
tions characterizing the intercumulus liquids in the main
zones of the Layered Series (Table 3). The method of projec-
tion onto the OLIV–CPX–QTZ diagram (Grove and Baker,
1984; Tormey et al., 1987) was modified in (Grove, 1993).
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mineral from the middle part of the Lower Zone
(Fig. 4). Only one composition of these differentiates
falls within the real field of the Ol–Pl–Aug–Pig assem-
blage, because it is almost identical to the rocks of the
Sandwich Horizon, which is considered to correspond
to the final compositions of the residual liquid (Wager
and Brown, 1967). The above consideration lead us to
the conclusion that the classical trend with a strong
FeO* enrichment and decreasing SiO2 contents based
on the relative proportions of the main structural units
of the Layered Series (Fig. 1) is an artifact of the mass-
balance calculations.

As to the data of geochemical thermometry, the first
three highest temperature compositions (1165–
1125°C) are confined precisely to the Ol–Aug boundary
and form an evolutionary line directed to the pigeonite
crystallization field. This trend corresponds to the early
stages of the Skaergaard magma crystallization and is
similar to the normal trend of the tholeiitic magma evo-
lution (Ariskin et al., 1987; Hunter and Sparks, 1987;
Toplis and Carroll, 1996). The low-temperature melts
of the LZc, MZ, and UZa rocks were found to be nota-
bly richer in normative diopside and form a series
located above the Ol–Aug–Pig peritectic point. This

 
Table 4.  A comparison of Fe–Ti oxide proportions in the LZc by data of modal analysis and results of calculations using the
COMAGMAT program for the system closed with respect to oxygen

Sample LC-67 LC-342 LC-406 LC-534 LC-605 LC-727

Petrologic observations

Bulk rock composition, wt %

TiO2 4.82 12.84 6.71 0.98 2.96 9.52

FeO 15.56 20.34 12.30 11.10 10.78 18.67

Fe2O3 5.63 10.31 4.80 1.41 4.21 11.46

Normative contents of Fe–Ti oxides, wt %

Ilm 8.58 12.77 6.62 5.63 18.10 17.93

Mt 11.33 6.97 5.33 6.11 16.63 7.59

Modal contents of Fe–Ti oxides, wt %

Ilm 4.5 23.1 12.7 0.9 3.5 13.0

Mt 13.5 8.2 4.0 2.2 5.2 23.7

Results of the computer modeling

Phase relations, wt %

System crystallinity, % 76.3 51.3 77.1 76.1 81.0 84.7

Ilm 2.6 21.2 9.5 0.0 1.4 14.5

Mt 12.3 8.9 7.0 1.0 6.7 21.9

Melt 23.7 48.7 22.9 23.9 19.0 15.3

Composition of the residual melt, wt %

TiO2 4.27 3.76 3.95 2.63 3.02 2.40

FeO 14.32 13.59 13.42 13.07 8.14 6.03

Fe2O3 3.10 4.62 2.76 3.86 3.57 2.31

Normative oxides in the residual melt, wt %

Ilm 8.11 7.14 7.50 4.99 5.74 4.56

Mt 4.49 6.70 4.00 5.60 5.18 3.35

Bulk Fe–Ti oxide contents in the model rocks, wt %

Ilm 4.5 24.7 11.2 1.2 2.5 15.2

Mt 13.4 12.2 7.9 2.3 7.7 22.4

Note: Normative contents of ilmenite and magnetite are calculated as pure components FeTiO3 and F3O4 (CIPW). Modal mineral contents
are determined by regression technique based on the bulk rock compositions and real mineral compositions (McBirney, 1998). Bulk
Fe–Ti oxide contents in the model rocks were obtained as sums of the calculated phase proportions and normative contents of FeTiO3
and Fe3O4 in the residual melts (multiplied by the melt fraction) at a given system crystallinity.
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deviation from the phase boundaries is partly related to
a strong enrichment in TiO2 and the plotting technique
on the OLIV–CPX–QTZ diagram, which is constructed
by the data for the low-titanium systems (Grove, 1993).
Nevertheless, a set of petrochemical differences (Table 3)
and specific phase features (Fig. 9) indicate that the
composition of the trapped liquid for the rocks enriched
in Fe–Ti oxides deviates from the trends expected for
the homogenous fractionation of the initial melt. Thus,
these compositions also show some evidence of the
superimposed processes or the processes complemen-
tary to the simple fractional crystallization. We could
speculate that the infiltration of the intergranular liquid
accompanied by some re-equilibration by the reaction
with cumulus magnetite or ilmenite was the main factor
of formation of the observed features of the residual
melt composition.

The Problem of the Component Misbalance

The above consideration has raised one other issue,
which was first discussed by Wager (1960). This is the
inconsistence between the bulk composition of the
Skaergaard intrusion and the possible initial magma
composition. The calculation of the weighted average
composition of the intrusion is complicated by the
absence of precise data on volume proportions of the
Layered, Upper Border, and Marginal Border series,
but it is possible if the proportions are varied within cer-
tain reasonable limits. It is believed that the Layered
Series comprises ~40–50% of the Skaergaard intrusion
rocks, and the UBS and MBS proportions are nearly
equal. This assumptions allow estimation of the bulk
composition of the intrusion (A. McBirney, personal
communication). One of these model compositions are
given in Table 1, where it is compared with composi-
tions of chilled gabbro and initial liquids. It is obvious
that the observed average TiO2 and P2O5 contents are
several times higher than those in any proposed paren-
tal magma. The intrusion is by about 3 wt % lower in
silica and is richer in iron. This result does not seem
extraordinary, because the Mt–Ilm cumulates dominate
the studied part of the Layered Series (Fig. 3). The
closeness of the system suggests two explanations for
these discrepancies. The first one is based on the
assumption that the whole section (unavailable to direct
observation) of the Layered Series contains more silica
and less iron and titanium oxides. This requires the
existence of the Hidden Layered Series composing no
less than 65% of the whole section (Wager, 1960;
Wager and Brown, 1967). Another interpretation postu-
lates the formation of relatively acid differentiates, the
main part of which was removed by erosion of the
Upper Border Series (Hunter and Sparks, 1987).

The results of our calculations demonstrate that the
compositional differences between the melts entrapped
in the contact rocks (TM, Table 1) and gabbroids of the
Lower Zone (LZa, Table 3) are small. In this case the
Hidden Layered Series is not necessary, if the initial

magma was homogenous. If the parental magma was
heterogeneous and entrained into the intrusive chamber
>40–50% crystals (Ol + Pl) equilibrated with the TM-
type melt (Ariskin, 1999), then the complementary vol-
ume of troctolite cumulates should be suggested to
exist at a depth, in spite of the data indicating the
absence of any thick hidden zone (Blank and Gettings,
1973; McBirney, 1975).

Thus, the problem of general compositional misbal-
ance of the Skaergaard intrusion is the geologic, rather
than petrologic problem. Let us note in this context that
the rocks similar to the Mt–Ilm cumulates of the Skaer-
gaard intrusion compose ~10% of the Layered Series of
the Kiglapait intrusion. This intrusion is about 9 km
thick and is composed of about 85% troctolites (Morse,
1981). The data on geochemical thermometry of the
contact rocks of this intrusion and weighted average
composition of the Layered Series indicate that the
Kiglapait magma was heterogeneous containing about
25% intratelluric Ol and Pl crystals (Barmina and
Ariskin, 2002). Like in the Skaergaard intrusion, only
relics of the Upper Border Series occur in the Kiglapait
intrusion. The results of the thermometric calculations
for the rocks of the lower horizons yield the melts that
are notably poorer in TiO2 and P2O5 than the liquid cal-
culated using the composition of the Layered Series.

These observations also raise the question on the
possibility and scale of occurrence of the intermediate
and acid differentiates in the Skaergaard intrusion. The
laws of phase equilibria suggest an inevitable silica
enrichment in the residual magmas during crystalliza-
tion of the Fe–Ti oxides. However, the geologic data do
not verify the existence of comparable amount of more
siliceous rocks. This contradiction occurs together with
the general misbalance in the FeO* and SiO2 distribu-
tion (see above). The existence of the silica-rich differ-
entiates cannot be proved or disproved in this case. Two
facts seem important in this context. First, the Upper
Zone of the Layered Series and the Upper Border Series
typically includes the segregational veins and pockets
of granophyres containing from 55 to 70 wt % SiO2
(McBirney, 1989). Second, the appearance of Pig in the
crystallization sequence indicates an elevated silica
activity in liquid. Together with the data on modeling of
the crystallization trajectories for individual rocks
(Figs. 7, 8), this is a serious argument for the former
existence of the relatively acid residual melts (>50%
SiO2), which could be trapped in situ as the intercumu-
lus liquid. It is possible that some portions of this low-
density interstitial liquid could migrate to the overlying
horizons and undergo further fractionation up to the
complete removal of Mg from the melt, as it is observed
in the Sandwich Horizon. However, this suggestion
does not solve the general misbalance problem.

CONCLUSION

The calculations using the geochemical thermome-
try for the rocks of the Layered Series of the Skaergaard



516

PETROLOGY      Vol. 10      No. 6      2002

ARISKIN

intrusion are the first attempts of comprehensive
genetic interpretation of the structure of this intrusion
based on computer modeling of the primary phase equi-
libria. The present results are preliminary in many
respects, and most estimates strongly depend on the
precision of the applied COMAGMAT model. The
experience of such calculations shows that, even
though the error in estimation of the equilibrium tem-
perature is ±10°C, it is difficult to obtain a univocal
solution for the assemblages comprising five–six min-
eral phases and melt. Nevertheless, the obtained values
of temperature, intrinsic oxygen fugacity, and element
concentrations in the residual liquids (Table 3) are in
good agreement with data of petrologic observations
and independent thermodynamic calculations and are
consistent with the general scheme of the Layered
Series structure. Thus, the geochemical thermometry is
the most self-consistent method for interpretation of the
intrusive basic rock crystallization. This method is
devoid of many drawbacks, which are typical of the
simple mass-balance calculations. This statement is
illustrated by inconsistence of the classical Wager’s
trend to the crystallization laws of the ferrobasaltic sys-
tems (Figs. 1, 9). This series of the Skaergaard melts
(reported and cited in many petrologic and educational
publications) should be considered as a rather rough
approximation of the natural evolutionary line, which
only demonstrates the general features of the basaltic
magma fractionation (MgO decrease, FeO* and P2O5
increase, etc.). This conclusion is no detraction from
Wager and his colleagues’ merits, who made a great
contribution to understanding the intrusive magma
chamber differentiation. The modern knowledge of the
natural phase relationships and development of model-
ing of the phase equilibria allowed us to extend the
potentials of their approaches and introduce more phys-
icochemical meaning into the final results.
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