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Compositional Variation in Olivine in the Skaergaard Intrusion
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Abstract: Olivine from the Layered Series (LS), Upper Border Series (UBS), and Marginal Border Series
(MBS) of the Skaergaard intrusion was analyzed to examine compositional variation. In general, olivine
from all three series shows similar trends in major elements with differentiation: FeO* (total iron as FeO*),
TiO,, and MnO in the olivine, progressively increase, MgO and SiO, progressively decrease, and Na,O,
K,O, ALO,, Ca0, and P,0; remain unchanged at low abundances. No abrupt changes in the trends of
major components in Skaergaard olivine are observed. The systematic compositional variations in
Skaergaard olivine during differentiation preclude the possibility of any injection of new magma into the
chamber during differentiation. Abrupt change in MnO, however, is observed in Skaergaard olivine during
differentiation. MnO in Skaergaard olivine steadily increases with differentiation from LZ to UZc and then
decreases in UZc of the LS and its equivalents of the MBS and UBS. The decrease of MnO in Skaergaard
olivine during the final stage of differentiation is attributable to the abrupt and extensive appearance of
ferrobustamite as a liquidus phase.
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Introduction ered the type example of a strongly fractionated,

layered intrusion, and a classic example of an igne-

The Skaergaard intrusion of East Greenland is one ous body that has undergone extensive in situ igne-
of the most intensely studied igneous bodies in the ous differentiation. The Skaergaard, therefore, is one
world. Since its first description (Wager and Deer, of the best examples in the world to study how lig-
1939; Wager and Brown, 1967), it is widely consid- uids and coexisting mineral phases change as the
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differentiation of magma proceeds. Although the
Skaergaard intrusion has been the subject of an
extensive amount of publication, there is still debate
about some of the most basic conclusions drawn by
Wager and his coworkers (Wager and Deer, 1939;
Wager and Brown, 1967), including: (1) the compo-
sitional trend of differentiation of the Skaergaard
magma (Hunter and Sparks, 1987, 1990; McBimey
and Naslund, 1990; Morse, 1990; Brooks and
Nielsen, 1990; Toplis and Carroll, 1995, 1996;
Loucks, 1996; Tegner, 1997, in review); (2) whether
the intrusion remained as a open or closed system
during differentiation (Hunter and Sparks, 1987,
1990; Stewart and DePaolo, 1990; McBimey, in
review; Tegner, in review); (3) whether the magma
convected during crystallization or was stagnant once
crystallization started (Marsh, 1988, 1989; Huppert
and Sparks, 1984); and (4) the temperature of crys-
tallization during the solidification of the intrusion
(Lindsley et al., 1969; Williams, 1971; Morse et al.,
1980; Naslund, 1984; Lindsley, 1983; McBirney and
Naslund, 1990).

Part of the reason for the continuing debate about
some of the most basic features of the Skaergaard
crystallization history is the inherent nature of the
rocks, which are mixtures of early formed minerals
and trapped melt. The importance of compositional
variations of individual mineral phases for under-
standing the differentiation history of the Skaergaard
intrusion has been recognized (Wager and Mitchell,
1951; McBirney, 1989, 1998; Jang and Naslund,
2001). Although a number of studies included analy-
ses of one of the major mineral phases in the
intrusion, olivine (Deer and Wager, 1939; Wager and
Deer, 1939; Wager and Mitchell, 1951; Wager and
Brown, 1967, Paster et al., 1974; Nwe, 1976,
Naslund, 1984; Hoover, 1989a; McBirmey, 1989,
1998; Tegner, in review), no previous study has sys-
tematically examined compositional variations in
Skaergaard olivine.

In order to make comparisons between the floor,
walls, and roof sequences, and to evaluate composi-
tional variations, Skaergaard olivine has been exam-
ined using eclection microprobe analyses of samples
from the Layered Series, the Marginal Border Series,
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and the Upper Border Series of the intrusion. The
major purposes of this study are to acquire reli-
able, systematic, geochemical data on Skaergaard oli-
vine, over the entire range of crystallization, and to
delineate how geochemical compositions in olivine
change as the differentiation of Skaergaard magma
proceeds.

Geology

The geology of the Skaergaard intrusion was first
described by its discoverer, L. R. Wager and his
coworkers (Wager and Deer, 1939; Wager and
Brown, 1967) who outlined the general field rela-
tionships, mineralogical variations, and geochemical
trends. Expeditions to the intrusion by later workers
broadened and deepened the understanding of the
intrusion and its relationship with regional igneous
activities (McBimey, 1975, 1989; Naslund, 1984;
Nielsen, 1978; Brooks and Nielsen, 1978; Hoover,
1989a, 1989b; Hirschmann et al, 1997, Tegner et
al., 1998; and numerous others). Details about the
general geology of the intrusion are available in
these references.

The Skaergaard intrusion can be divided into three
main units: a Layered Series (LS), which accumu-
lated on the floor of the magma chamber, a Mar-
ginal Border Series (MBS), which crystallized along
the sides of the chamber; and an Upper Border
Series (UBS), which crystallized against the roof of
the chamber (Wager and Brown, 1967; Naslund,
1984; Hoover, 1989a). The Layered Series is subdi-
vided into Lower, Middle, and Upper Zones based
on the disappearance and subsequent reappearance of
olivine as a primary phase (i.e., the Middle Zone is
generally olivine free). Further divisions of the
Lower Zone into a, b, and ¢ are based on the first
appearances of subhedral clinopyroxene and abun-
dant magnetite. The Upper Zone is similarly subdi-
vided by the first appearances of apatite and
ferrobustamite as primary minerals. The final unit of
the intrusion, the Sandwich Horizon (SH), crystal-
lized from the residual magma trapped between the
upward crystallizing LS and the downward crystalliz-
ing UBS. The subdivisions of the Marginal Border
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Series and the Upper Border Series are similar to
those of the Layered Series, but more compressed.
Although their mineral sequences differ in minor
ways, the Layered Series, Upper Border Series, and
Marginal Border Series all show similar trends of
magma differentiation (Naslund, 1984; Hoover, 1989a;
McBirey, 1989).

Petrographic studies of the Layered Series (LS),
Marginal Border Series (MBS), and Upper Border
Series (UBS) show that all three have followed sim-
ilar sequences of crystallization. In general, the LS
have better developed layering and wider ranges of
modal abundances than the MBS or UBS, but min-
eral trends are similar in all three units. One major
petrographic difference between and LS and UBS
rocks is the apparent higher percentage of trapped
melt in the UBS, which has crystallized as myrme-
kite, microgranite, and interstitial granophyre.

Olivine is one of the major cumulus phases in
the Lower and Upper Zones of the LS and their
equivalents in the UBS and MBS. Olivine is rarely
found in the MZ of the LS or in its equivalents in
the UBS and MBS, except as reaction rims between
pyroxene and magnetite. Skaergaard olivine shows
extreme compositional variation with fractionation
from about Fo66 in LZa to Fo0 in the SH of the
LS, from Fo57 in UBZ? to Fo0 in UBZ? in the
UBS, and from Fo74 in MBSt to Foi3 in UZb
equivalent rocks of the MBS (Wager and Brown,
1967; Nwe, 1976; Naslund, 1984; McBirney, 1989;
Hoover, 1989a; Tegner, in review).

Olivine in the Lower Zone of the LS and its
equivalents in the MBS is present as subhedral to
euhedral primocryst, ranges from 0.2 to 5mm in
length, and makes up from O to 10 % by mode.
Olivine in Upper Zone of the LS and its equivalent
in the MBS is present as subhedral to euhedral pri-
mocryst ranges from 0.2 to 5mm in length, and
makes up from O to 20% by mode. Olivine in the
UBS occurs as subhedral to poikilitic grains up to
15mm across and makes up 30% or serpentine and
opaque oxide pseudomorphs of olivine by volume of
some samples, but in most samples make up less
than 5% of the mode. Iron-rich olivines in many
LS, MBS, and UBS samples contain fine exsolu-

tion lamellae of magnetite. In some UBS samples
olivine is partly altered to ilvaite (Naslund et al.,
1983).

Geochmistry

Geochemical compositions of olivine from all three
series and additional olivines that occur as reaction
rims or as rare discrete grains in the Middle Zone
of the LS and equivalents of the MBS and UBS
were also analyzed using a JEOL 8900 electron
microprobe in the Department of Geological Sciences
at Binghamton University (Table 1). Operating condi-
tions were 15 kv accelerating voltage, 15 nA sample
current, and 1-3 micrometers beam diameter. The
Bence-Albee method (1968) was used for ZAF
matrix corrections. For each sample at least 9 points
(3 points in three different olivine grains) were ana-
lyzed.

In general, major elements in olivine from the
LS, UBS, and MBS show similar trends. FeO*
(total iron as FeO¥), TiO,, and MnO in the olivine,
progressively increase, and MgO and SiO, progres-
sively decrease, with differentiation. Na,O, KO,
ALO,, Ca0, and P,0, do not appear to change sys-
tematically and remain low during differentiation
(Fig. 1). The general trend reported by previous
studies from limited mineral separate data (Deer and
Wager, 1939; Wager and Deer, 1939; Wager and
Mitchell, 1951) and microprobe analysis (Nwe, 1976;
Naslund, 1984; Hoover, 1989a; McBirney, 1989,
1998; Tegner, in review) is confirmed by this study.

The MgO content linearly decreases from 40%
MgO in the least differentiated samples, to almost
0% MgO in the most differentiated samples, while
FeO* systematically increases with differentiation,
from 30 percent FeO* in the least differentiated
samples to near 70 percent FeO* in the most differ-
entiated samples. MnO in Skaergaard olivine steadily
increases with differentiation from 02% in Lower
Zone to almost 2% in UZc of the LS and its
equivalents in the MBS and UBS, and then rapidly
decreases with differentiation during the final few %
of crystallization. The decrease in MnO may be
related to the change from ferrohedenbergite to fer-
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Table 1. Major element analyses of of olivine of the Skaergaard intrusion.

Zone X1% Fo# SiO, TiO, ALO, FeO* MnO MgO CaO  Na,0  Total
KG-783 LZa 36 60 3613 0.02 0.01 3410 050 2864  0.04 0.01 99.45
KG-782 LZb 37 58 3599 003 0.01 3516 046 2777 006 002 9948
KG-781 LZb 42 56 3582 0.02 0.01 3710 050 2702 003 001  100.51
KG-776  LZc 52 54 3559 005 001 3867 049 2571 0.06 0.00  100.58
KG-797 MZ 54 53 3529 0.03 0.01 3902 052 2509 006 001  100.05
KG-813 MZ 54 45 3482 005 001 4419 062 2047 004 001 100.20
KG-815 MZ 54 56 3566  0.06 0.01 36.58 045 2627 005 002  99.10
KG-7718 MZ 54 53 3532 003 <001 3912 053 2465 003 0.01 99.69
KG-899 MZ 54 52 3535  0.04 002 4014 057 2422 013 <001 10047
KG-772 MZ 72 38 3348 005 001 4844 075 1667  0.07 0.01 99.47
KG-773 MZ 72 38 3362 005 001 4819 076 1683 017 <001 99.64
KG-769 MZ 72 42 3400  0.04 0.01 4570  0.66 1870 009 <001 9920
KG-908 UZa 75 39 3383  0.04 001 4787 075 1740  0.08 0.0t 99.98
KG-830 UZa 81 35 3302 005 001 5007 074 1540  0.15 0.01 99.44
KG-831 UZb 82 28 3272 005 <001 5379 086 1176~ 025 002 9945
KG-832 UZb 86 22 3194 008 <001 5671 1.02 9.05 021 002 99.02
KG-833 UZb 86 20 3173 005 0.01 58.47 1.00 8.10 0.09 0.01 99.46
KG-834 UZb 90 13 3121 0.10 0.01 61.33 1.12 534 0.03 002  99.16
KG-835 UZe 94 2 3054 008 <001 6578 1.98 0.59 0.02 002  99.01
KG-836 UZc 99 0 3043 006 <001 6659 1.37 0.19 0.34 002 9899
KG-837 SH .100 0 3036 008 <001 6811 0.83 0.01 0.05 0.01 99.46
KG-107 UBZt 15 58 3540 003 <001 3562 031 2776 006 <001  99.38
KG-110 UBZa 37 54 3505 003 0.01 3829 058 2551 0.14 <001  99.62
KG-757 UBZa 76 24 3233 004 0.01 55.51 097 9.95 0.20 002 9901
KG-765 UBZy 97 0 3049  0.09 0.01 67.04 083 0.11 0.50 004  99.09
KG-806 MBSt 15 58 36.21 002 <001 3556 050 2783 010 <001 10023
KG-804 LZb* 39 58 3586  0.04 0.01 3531 046 2782 012 0.01 99.62
KG-803 LZc* 50 50 35.21 003 <001 4125 058 2335 014 001 10057
KG-802 MZ* 63 42 3424 002 <001 4596 064 1897  0.11 0.01 99.94
KG-800 UZb* 87 13 3164 006 <001 6205 113 5.08 0.24 001  100.21

X1%-Crystallization percent calculated from stratigraphic thickness assuming 0% crystallization at the chilled margin, 30% at the bot-
tom of L.Za of the LS and equivalents in the UBS and MBS, and 100% at the SH.

FeO*-FeO* as total iron.
Fo#-mole percent of forsterite.

robustamite at the UZb/UZc boundary (Wager and
Brown, 1967; Naslund, 1984; Jang, 1999; Tegner, in
The SiO,
shows a steady but small decrease with differentia-
tion in the LS, UBS, and MBS as a result of the
change from forsteritic to fayalitic olivine.

review). content in Skaergaard olivine

Any significant variations in intensive parameters
or magma composition during differentiation should
be recorded as compositional changes in the crystal-
lizing olivine. Except for MnO in UZc no abrupt
changes are observed in the trends of the major
components of Skaergaard olivine during differentia-
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tion of the intrusion. The systematic variation of
major elements in Skaergaard olivine suggests that
a closed in terms of

the intrusion was system

magma recharge throughout its crystallization history.

Disscussion

Possibility of introduction of new magma

Since the original interpretation of the Skaergaard
intrusion (Wager and Deer 1939), it has been con-
sidered situ,
the

to be an example of extreme, in

closed-system crystallization. Recently, however,
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Fig. 1. Compositional variation of Skaergaard olivine plotted against mole percent of forsterite (Fo#). Layered Series
(LS)-open squares (this study by microprobe analyses), shaded squares (Tegner, in review), triangles (Nwe, 1976), and
x's (Wager and Mitchell, 1951); Upper Border Series (UBS)-open diamonds (this study by microprobe analyses), and
shaded diamonds (Naslund, 1984); Marginal Border Series (MBS)-open circles (this study by microprobe analyses),

shaded circles (Hoover, 1989a). Mn#=Mn/(Mg+Fe+Mn).
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closed-system model has been challenged. Using the-
oretical mass balance calculations, Hunter and Sparks
(1987, 1990) suggested that the Sandwich Horizon,
does not represent the final Skaergaard liquid, but
rather is a cumulate from a rhyolitic liquid that was
erupted from the chamber. In addition, isotopic mod-
eling of the Skaergaard intrusion (Stewart and DePa-
olo 1990) suggested that variations of isotopic ratios
of Sr and Nd were caused by replenishment of new
magmas into the Skaergaard chamber either continu-
ously or in pulses over the history of crystallization.

Any large injections of new magfna or dis-
charges of magma through volcanic eruption as sug-
gested by Stewart and DePaolo (1990) and Hunter
and Sparks (1987, 1990) would be expected to pro-
duce petrological or field evidence, mineralogical
interruptions, and/or geochemical spikes.

Drawing on their detailed field studies, McBimey
and Naslund (1990) suggested that there is no evi-
dence that a large mass of rhyolitic magma could
precipitate the SH, and then erupt from the cham-
ber. Experimentally determined Skaergaard liquids
(McBimey and Naslund, 1990) suggest that low-SiO,
trapped liquids are in equilibrium with the observed
cumulate mineralogy through the SH, and that the
proposed rhyolitic liquid is unnecessary to explain
the Upper Zone and SH rocks. The many fold
increases in excluded trace elements in Skaergaard
whole rock samples, and plagioclase and pyroxene,
and olivine during the final stages of crystallization
indicate that any removal of magma during the final
stage of crystallization must have been volumetrically
very small (<1%).

Except for the phase change induced abrupt com-
positional changes in pyroxene at the UZb/c bound-
ary (Jang, 1999; Tegner, in review), plagioclase,
olivine, pyroxene, and ilmenite in the Skaergaard
intrusion show very systematic continuous composi-
tional changes with differentiation. Abrupt composi-
tional changes in whole rock samples are attributed
to modal variation of specific minerals, for exam-
ple, Ni to olivine, Cr to pyroxene, V to magnetite,
Ti to ilmenite, and P to apatite.

Recent isotopic studies of the intrusion (McBir-
ney and Creaser, 2003; Tegner, in review) suggest
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that isotopic ratios of Sr and Nd provide no evi-
dence that a large batch of magma entered the
chamber after its initial filling, and that the different
isotopic ratios of many closely associated rocks seem
to be related to their lithologic character.

Differentiation trend of the Skaergaard magma

Since the pioneering work on the trend of the
Skaergaard magma by Wager and his coworkers
(Wager and Deer, 1939; Wager, 1960; Wager and
Brown, 1967), extreme iron-enrichment with no sil-
ica-enrichment until a very late stage of magma dif-
ferentiation has been regarded as the typical example
of iron-enrichment differentiation of basaltic magma
at shallow levels in the crust. Recently, however,
Hunter and Sparks (1987, 1990) proposed that the
Skaergaard magma evolved on a trend of pro-
nounced = silica-enrichment after cumulus magnetite
appeared at the top of the Lower Zone. Since the
proposal by Hunter and Sparks (1987), opinions on
the differentiation trend of the intrusion are divided
into two different groups with many different ideas
to approach the problem. Ideas used in favor of sil-
ica-enrichment trend include mass balance calcula-
tion based on magnetite crystallization (Hunter and
Sparks, 1987, 1990), mineral-restoration technique
(Loucks, 1996), and experimental work (Toplis and
Carrol, 1995). Ideas used in favor of iron-enrichment
trend include partial melting of the cumulates
(McBimey and Nakamura, 1974; McBimey, 1975;
McBirmey and Naslund, 1990), relationship of olivine
and silica activity (Irvine, 1976; Morse er al., 1980,
Morse, 1990), the composition of contemporaneous
dykes (Brooks and Nielsen, 1978b; Brooks and
Nielsen, 1990), poly-mineralic melt inclusions (Hang-
hoj et al., 1995), iron in plagioclase (Tegner, 1997,
McBirney, 1998), Mn/Fe in augite (Tegner, in
review), and timing of magnetite crystallization (Jang
et al., 2001).

Although Jlateral variations in mineral composi-
tions have been reported in the LS (McBirney,
1975, 1989) and in the UBS (Douglas, 1961,
Naslund, 1977, 1984), the changes in mineral com-
position with differentiation in the Skaergaard are
generally consistent between the two series. Valu-
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able information on the trend of the Skaergaard
magma can be inferred from the sequence of
appearances and disappearances of primocrysts in the
stratigraphic section of the Skaergaard intrusion, and
in the compositional variation of the solid-solution
series whose compositions systematically vary in
accordance with evolving contemporaneous magma
(Naslund, 1980). In general, there are no prominent
differences in the compositional trend of olivine pri-
mocryst solid-solution between the LS, MBS, and
UBS, which implies that the composition of the
Skaergaard magma was similar at the floor, walls,
and roof of the intrusion. The sequence of olivine
primocryst puts a limit on the range of liquid com-
position and the trend of magma differentiation.
Reappearance of olivine as liquidus phase at top of
Middle Zone and remains as equilibrium phase to
the end of differentiation indicates that the activity
of silica in Skaergaard magma probably remained
low during differentiation (Morse, 1990; Tegner, in
review). Although the extreme compositional change
of Skaergaard olivine up to pure fayalite at final
stages of differentiation can put limits on final melt
to volumes, it can not tell if the intrusion follow
Fe-enrichment or Si-enrichment trend.

Origin of MnO trend

MnO in Skaergaard olivine steadily increases from
0.2% in the least differentiated samples up to 2% in
UZc of the LS and its equivalents of the MBS and
UBS, and then abruptly decreases with differentia-
tion. A similar MnO tend is observed in whole
rock samples and in other mineral phases as well
(Vincent and Phillips, 1954; Wager and Brown,
1967; Jang, 1999; Tegner, in review). MnO in
Skaergaard pyroxene steadily increases from 0.3 to
05% with differentiation in UZc of the LS and
equivalents of the MBS and UBS it abruptly
increases up to 1.2%, and then decrease with further
differentiation (Wager and Brown, 1967; Jang, 1999).
The abrupt increase of MnO in pyroxene coincides
with a phase change from ferrohedenbergite to ferro-
bustamite. In addition to the phase change, a signifi-
cant increase in the modal percentage of pyroxene is
observed at the UZb/UZc boundary (Wager and

Brown, 1967; Jang, 1999). The decrease of MnO in
Skaergaard olivine during the final stage of differen-
tiation is probably attributable to the abrupt and
extensive crystallization of ferrobustamite, which has
a high KDMn and causes a depletion of MnO in
the magma. During the final stages of differentiation,
Mn acted as a compatible element (Tegner, in

review).

Conclusions

The composition of Skaergaard olivine changes
systematically with differentiation of the Skaergaard
intrusion. Similar compositional variation trends are
observed in the olivine from the LS, UBS, and
MBS. Systematic compositional variations of Skaer-
gaard olivine during differentiation exclude the possi-
bility of major injections into or discharges from the
Skaergaard magma chamber. MnO in Skaergaard oli-
vine steadily increases with differentiation from LZ
to UZc and then decreases in UZc of the LS and
its equivalents of the MBS and UBS. Similar
decreases in MnO are observed in whole rock sam-
ples and in other mineral phases as well. MnO in
Skaergaard pyroxene increases with differentiation
from 03% to 0.5%, and then abruptly increases in
UZc to 1.2%. The increase of MnO has been attrib-
uted to a phase change from ferrohedenbergite to
ferrobustamite (Jang, 1999; Tegner, in review). A
significant increase in modal pyroxene is also
observed at the UZb/UZc boundary (Wager and
Brown, 1967; Jang, 1999). The decrcase of MnO in
Skaergaard olivine during the final stage of differen-
tiation is attributable to the abrupt and extensive
appearance of ferrobustamite as a liquidus phase.

Acknowledgments

The author wishes to thank H. R Naslund for
stimulus discussions, C. Tegner for access to unpub-
lished materials, and Mr. Bill Blackburn for his help
with Electron microprobe analyses. This work was
supported grant R05-2003-000-10783-0 from the
Basic Research Program of the Korea Science &
Engineering Foundation to YDJ. Critical reviews by

J. Petrol. Soc. Korea



Compositional Variation in Olivine in the Skaergaard Intrusion 117

Prof. Sangkoo Hwang and Prof. Joongwook Kim
greatly improved the manuscript.

References

Bence, A.E. and Albee, A.L., 1968, Empirical correction
factors for the electron microanalysis of silicate oxides, J.
Geol. 76, 382-403.

Brooks, C.K. and Nielson, TED., 1978, Early stages in the
differentiation of the Skaergaard magma as revealed by a
closely related suite of dike rocks, Lithos 11, 1-11.

Brooks, C.K. and Nielson, T.ED., 1990, The differentiation
of the Skaergaard intrusion, Contrib. Mineral. Petrol. 104,
244-247.

Buddington, A.F. and Lindsley, D.H., 1964, Iron-Titanium
oxide minerals and synthetic equivalents, J. Petrol. 5,
310-357.

Deer, W.A. and Wager, L.R., 1939, Olivines from the Skaer-
gaard intrusion, Kangerdlugssuag, East Greenland, Am.
Mineral. 24, 18-25.

Douglas, J.A.V,, 1961, A Further Petrological and Chemical
Investigation of the Upper Part of the Skaergaard Intru-
sion, East Greenland, Ph.D. Thesis, University of Oxford,
England.

Hirschmann, M.M., Renne, PR., and McBimey, AR., 1997,
“ArPAr dating of the Skaergaard intrusion, Earth Planet.
Sci. Let. 146, 645-658.

Hoover, J.D., 1989a, Petrology of the Marginal Border
Series of the Skaergaard intrusion, J. Petrol. 30, 399-439.

Hoover, J1.D., 1989b, The chilled marginal gabbro and other
contact rocks of the Skaergaard intrusion, J. Petrol. 30,
441-476.

Hunter, R.H. and Sparks, R.S.J., 1987, The differentiation of
the Skaergaard intrusion, Contrib. Mineral. Petrol. 95,
451-461.

Hunter, R.H. and Sparks, R.S.J., 1990, A reply to comments
on The differentiation of the Skaergaard intrusion, Con-
trib. Mineral. Petrol. 104: 248-254.

Huppert, HE. and Sparks, R.S.J., 1984, Double-diffusive
convection due to crystallization in magmas, Ann. Rev.
Earth Planet. Sci. 12, 11-37.

Jang, Y.D., 1999, Petrological, Geochemical, and Mineralog-
ical Variations in the Skaergaard Intrusion, East Green-
land, 219 pp., Ph.D. Thesis, State University of New
York at Binghamton, USA.

Jang, Y.D., and Naslund, H.R., 2001, Major and trace ele-
ment composition of Skaergaard plagioclase; Geochemi-
cal evidence for changes in magma dynamics during the
final stage of crystallization of the Skaergaard intrusion.
Contrib. Mineral. Petrol. 140, 441-457.

Jang, Y.D., Naslund, HR., and McBimey, A.R., 2001, The
differentiation trend of Skaergaard intrusion and the tim-

Vol. 12, No. 3, 2003

ing of magnetite crystallization: Iron enrichment revisited.
Earth Planet. Sci. Let. 189, 189-196.

Lindsley, D.H., 1983, Pyroxene thermometry, Am. Mineral.
69, 477-493.

Lindsley, D.H., Brown, G.M., and Muir, L.D., 1969, Condi-
tions of the ferrowollastonite-ferrohedenbergite inversion
in the Skaergaard intrusion, East Greenland, Mineral. Soc.
Am. Spec. Paper 2, 193-201.

Loucks, PR., 1996, Restoration of the elemental and stable-
isotopic compositions of diffusionally altered minerals in
slowly cooled rocks, Contrib. Mineral. Petrol. 124, 346-
358.

Marsh, B.D., 1988, Crystal capture, sorting, and retention in
convecting magma, Geol. Soc. Am. Bull. 100, 1720-1237.

Marsh, B.D., 1989, Magma chambers, Ann. Rev. Earth
Planet. Sci. 17, 439-474.

McBimey, A.R., 1975, Differentiation of the Skaergaard
intrusion, Nature (London) 253, 691-694.

McBimey, AR., 1989, The Skaergaard layered series: Part
I. Structure and average compositions, J. Petrol. 30, 363-
397.

McBimey, A.R., 1995, Mechanisms of differentiation of lay-
ered intrusions: Evidence from the Skaergaard intrusion,
J. Geol. Soc. London 152, 421-435.

McBimey, AR., 1996, The Skaergaard intrusion. In: Lay-
ered Intrusion, R.G. Cawthorn ed., pp. 147-180, Elsevier
Science, Amsterdam, 1996.

McBimey, A.R., and Creaser, R.A., 2003, The Skaergaard
layered series: Part VIL. Sr and Nd isotopes, J. Petrol. 44,
757-771.

McBimmey, A.R., and Naslund, HR, 1990, The differentia-
tion of the Skaergaard intrusion, Contrib. Mineral. Petrol.
104, 235-247.

Morse, S.A., 1990, The differentiation of the Skaergaard
intrusion, Contrib. Mineral. Petrol. 104, 240-244.

Morse, S.A., Lindsley, D.H., and Williams, R.J., 1980, Con-
cerning intensive parameters in the Skaergaard intrusion,
Am. J. Sci. 280A, 159-170.

Naslund, H.R, 1977, Mineralogical variations in the upper
part of the Skaergaard intrusion, East Greenland Carnegie
Inst. Wash. Yb. 76, 407-410.

Naslund, H.R, 1980, Part 1. Petrology of the Upper Border
Group of the Skaergaard intrusion, East Greenland; and
Part II. An experimental study of liquid immiscibility in
iron-bearing silicate melts, 347 pp., Ph.D. Thesis, Univer-
sity of Oregon, USA.

Naslund, H.R, 1984, Petrology of the Upper Border Series
of the Skaergaard intrusion, J. Petrol. 25, 185-212.

Naslund, H.R, Hughes, J. M., and Bimie, R.W., 1983, Tlvaite,
an alteration product replacing olivine in the Skaergaard
intrusion, Am. Mineral. 68, 1004-1008.

Nwe, YY., 1976, Electron-probe studies of the earlier
pyroxenes and olivines from the Skaergaard intrusion,



118 Yun-Deuk Jang

East Greenland, Contrib. Mineral. Petrol. 55, 105-126.

Stewart, B.W. and DePaolo, D.J., 1990, Isotopic studies of
processes in mafic magma chambers: Part 2. The Skaer-
gaard intrusion, East Greenland, Contrib. Mineral. Petrol.
110, 139-153.

Tegner, C., 1997, Iron in plagioclase as a monitor of the
differentiation of the Skaergaard intrusion, Contrib. Min-
eral. Petrol. 128, 45-51.

Tegner, C., The differentiation trends of iron and manga-
nese-rich olivine and pyroxene in the Skaergaard intru-
sion, J. Petrol. in review.

Toplis, M.J. and Carrol, M.R, 1995, An experimental study
of the influence of Oxygen fugacity on Fe-Ti oxide sta-
bility, phase relations, and mineral-melt equilibria in
ferro-basaltic systems, J. Petrol. 36, 1137-1170.

Toplis, M.J. and Carrol, M.R, 1996, Differentiation of ferro-
basaltic magmas under conditions open and closed to
Oxygen: Implications for the Skaergaard intrusion and
other natural systems. J. Petrol. 37, 837-858.

Vincent, E.A. and Phillips,R., 1954, Iron-Titanium oxide
minerals in layered gabbros of the Skaergaard intrusion,
East Greenland: Part I. Chemistry and ore-microscopy.
Geochim. Cosmochim. Acta 6, 1-26.

Wager, L.R. and Deer, W.A,, 1939, Geological investigations
in East Greenland: Part IIl. The petrology of the Skaer-
gaard intrusion, Kangerdlugssuaq, East Greenland, Medd.
Om. Groenland 105, 1-352, (re-issued 1962).

Wager, L.R. and Brown, G.M., 1967, Layered Igneous
Rocks, 588pp., W H Freeman and Co., San Francisco.
Wager, LR. and Mitchell, R.L., 1951, The distribution of
trace elements during strong fractionation of basic
magma-A further study of the Skaergaard intrusion East

Greenland, Geochim. Cosmochim. Acta 1, 129-208.

Williams, RJ., 1971, Reaction constants in the system Fe-
MgO-Si0,-O,: Intensive parameters in the Skaergaard
intrusion, East Greenland, Am. J. Sci. 271, 132-146.

(20034 78 148 F==; 20034 8H 119 xE)

J. Petrol. Soc. Korea



