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Abstract The anorthite content of plagioclase grains
(Xan) in 12 rocks from the layered series of the
Skaergaard intrusion has been studied by electron
microprobe (typically ~30 core and ~70 rim analyses
per thin section). Mean core compositions vary continu-
ously from Angg at the base of the layered series (LZa)
to Ans;_3p at the top. On the other hand, crystal rims are
of approximately constant composition (Ansg. ;) from
the LZa to the lower Middle Zone (MZ). Above the MZ,
core and rim compositions generally overlap. Profiles
across individual plagioclase grains from the lower zone
show that most crystals have an external zone buffered at
Xan ~50 = 1. The simplest explanation for these fea-
tures is that during postcumulus crystallization in the
lower zone, interstitial liquids passed through a density
maximum. This interpretation is consistent with proposed
liquid lines of descent that predict silica enrichment of
the liquid associated with the appearance of cumulus
magnetite.
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Introduction

The Skaergaard intrusion, East Greenland, is widely con-
sidered a case study for basaltic plutonism. Indeed, over the
years, study of the Skaergaard has had a profound influence
on our understanding of the physical and chemical pro-
cesses taking place in mafic magma chambers (e.g., Wager
and Deer 1939; Wager 1960, 1963; Wager et al. 1960;
Wager and Brown 1968; McBirney and Noyes 1979; Irvine
et al. 1998). However, despite intense study some funda-
mental aspects of the petrogenesis of the Skaergaard rocks
continue to be the source of controversy, in particular the
link between rock texture and magmatic processes
(McBirney and Hunter 1995; Grant and Chalokwu 1998;
Morse 1998), and the compositional evolution of the liquid
during crystallization (Hunter and Sparks 1987, 1990;
McBirney and Naslund 1990; Brooks and Nielsen 1990;
Morse 1990; Tegner 1997). These controversies, concern-
ing one of the most studied mafic layered intrusions in the
world, highlight the fact that much remains to be learned
about the workings of medium- to large-sized magma
chambers in general. The question of the evolution of liquid
composition is particularly important as the physical prop-
erties of the liquid phase (density, viscosity) will have a
direct influence on the direction and rate of relative move-
ments of solids and liquids during crystallization. On the
other hand this reasoning implies that the modal propor-
tions, textures, and geochemical characteristics of the rocks
as we see them today may potentially provide insights into
the physical and chemical evolution of the liquid during
differentiation. With this idea in mind we have initiated a
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detailed re-examination of the rocks from the Skaergaard
with the aim of constraining the relative movements of
crystals and liquids during solidification, and by inference
the liquid line of descent, of this classic magma chamber.

The focus of our attention in this paper is the fate of
interstitial liquids throughout the intrusion. This is because
in a partially crystalline material consisting of accumulated
crystals and an interstitial liquid, the texture and geo-
chemistry of the final rock will critically depend on how
the interstitial liquid is eliminated during cooling. This
liquid could be consumed by in-situ crystallization in a
closed system, expulsed by compaction, or buffered by
some form of diffusional/convectional exchange, each of
these possibilities having different implications for the
evolution of the liquid.

Of all the potential markers of magmatic differentiation,
we have chosen to study the major-element chemistry of
plagioclase. Plagioclase is a particularly suitable marker of
crystallization over a wide range of length scales because:
(1) it is a ubiquitous phase throughout the Skaergaard
(Wager and Brown 1968; Maalge 1976; Naslund 1984;
Hoover 1989; McBirney 1989; Jang and Naslund 2001) (2)
its main compositional variation involves coupled chemical
substitution of (Na, K) Si for CaAl, the interdiffusion of
which is so slow that the original compositional profiles
may be preserved on a scale of <~5 pm, considerably
smaller than the typical size of individual plagioclase
grains (Morse 1984; Smith and Brown 1988, Fig. 17.25);
(3) it is the only major mineral, besides olivine, which
shows no microscopic exsolution; (4) its triclinic symmetry
has the consequence that zoning can be well seen optically,
so that suitable areas for detailed study are easily selected
from standard thin sections.

Previous studies of plagioclase in the Skaergaard intru-
sion have shown the existence of generally homogeneous
crystal cores thought to have crystallized early from a large
volume of liquid, overgrown by often zoned postcumulus
rims, interpreted to have crystallized in situ from a
restricted volume of intercumulus liquid (e.g., Wager et al.
1960; Maalge 1976). To extend these previous studies and
to constrain the cumulus and early postcumulus processes
in the Skaergaard intrusion, we have characterised in detail
rim compositions of plagioclase throughout the ~2,500 m
of the layered series (LS), and measured zoning profiles in
individual plagioclase grains from the lower zone. Based
upon these results we quantify the extent of the local liquid
line of descent as a function of stratigraphic height, and
discuss the implications of these results for the behaviour
and properties of the intercumulus liquid. Detailed con-
sideration of the most extreme overgrowths and their
spatial distribution throughout the Skaergaard magma
chamber will be the object of a companion paper (W.L.
Brown and M.J. Toplis, in preparation).
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The Skaergaard intrusion

The Skaergaard intrusion has been described many times in
the literature and a summary of only the most salient fea-
tures is presented here. For a more detailed description the
reader is referred to Wager and Brown (1968) and
McBirney (1996a). The intrusion (Fig. 1) is roughly oval in
shape (~11 by ~8 km and ~4-5 km thick), and thought
to be fault-bounded (Irvine et al. 1998; Nielsen 2004). It is
divided structurally into a generally steep marginal border
series (MBS) which crystallized inwards from the walls,
inside of which are found a gently dipping LS which
crystallized upwards from the unexposed floor and a gently
dipping upper border series (UBS) which crystallized
downwards from the roof, now mainly eroded. Rocks in the
LS generally show well-developed layering and igneous

Fig. 1 Simplified geological map of the Skaergaard intrusion (mod-
ified after Irvine et al. 1998) showing the Marginal Border Series
(MBS), the Upper Border Series (UBS), and the different subzones of
the layered series (Lza—c, MZ and Uza—c). The Uttental Sound (US)
and sea are indicated as convenient references. The inferred position
of the Sandwich Horizon (SH) is shown by a thick line between UZc
and the equivalent rocks in the UBS to the W and N of Basistoppen.
Rocks closest to the southern contact are shown belonging to the UBS
although there is evidence of a discontinuity which would suggest that
they should be included in the MBS (cf. Naslund 1984 and the
geological map of McBirney 1996a, b). The later Basistoppen Sheet
(BaS) in the S and Vandfaldsdalen Macrodyke (VM) in the NE are
also shown. Geological relationships in the S and SE are obscure, as
shown by a qguestion mark. The positions of the specimens studied are
shown by a dot and a number
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lamination which dip gently to the SSE at 15°-25° (Wager
and Deer 1939; Wager and Brown 1968; McBirney 1996b;
Nielsen 2004), so that over 3.5 km thickness of layered
rocks is seen.

Each Series shows a succession of cumulus minerals
which appear in the same order and show similar cryptic
variation from the outside to the centre of the intrusion
(Wager 1960; Wager and Brown 1968; Maalge 1976;
Naslund 1984; Hoover 1989; McBirney 1989, 1996a;
Irvine et al. 1998; Jang and Naslund 2001). These obser-
vations have been taken as evidence that the cumulus part
in all three Series arose by fractional crystallization of a
single pulse of magma, essentially along a single liquid line
of descent (LLD), although there is some isotopic evidence
for a second input of magma in the lower zone (Stewart and
DePaolo 1990). All three Series have been divided into a
number of similar (sub)zones. The LS was divided into a
lower zone (LZ), a middle zone (MZ) and an upper zone
(UZ) on the basis of the presence of cumulus olivine in the
LZ and UZ and its absence in the MZ (Wager 1960); the
MBS and UBS were similarly divided, but use was also
made of the composition of the plagioclase (Wager 1960;
Wager and Brown 1968; Naslund 1984; Hoover 1989). The
main zones in the LS were further subdivided into subz-
ones (Wager 1960) on the basis of the absence of cumulus
augite (LZa), the successive appearances of cumulus augite
(LZb), magnetite (LZc), apatite (UZb) and ferrobustamite
inverted to hedenbergite (UZc). Some of these zone
boundaries are extremely sharp and visible in the field,
such as the sudden appearance of layers with cumulus
magnetite at the base of LZc or cumulus apatite at that of
UZb.

In terms of petrology, plagioclase is by far the most
wide-spread and abundant cumulus mineral in rocks of
the Skaergaard intrusion (Wager and Brown 1968; Maa-
lge 1976; Naslund 1984; Hoover 1989; McBirney 1989,
1996a; Tegner 1997; Irvine et al. 1998; Jang and Naslund
2001), and was the first mineral to crystallize, along with
olivine where present, in almost all rocks (Maalge 1976).
The average layered rocks in the lower zone of the LS are
leucocratic olivine gabbros (frequently olivine pigeonite
gabbros or gabbronorites), but more extreme leuco or
mela varieties are not uncommon. Rocks in the MZ are
olivine-free and change from pigeonite gabbro(norite) to
pigeonite augite (mela)diorite, whereas the rocks in the
UZ are (quartz) olivine ferroaugite (mela)diorites.
Pigeonite as such no longer exists in rocks from the LZa
to UZa of the LS, but has inverted to orthopyroxene with
exsolved augite (Wager and Brown 1968). The gab-
bro(norite)s of the LZa,b are (poikilitic) orthocumulates,
whereas the (gabbro)diorites of LZc, MZ and UZ are
ad- to meso-cumulates (Wager et al. 1960; Wager and
Brown 1968; Morse 1998).

Choice of specimens and methods of study

Thin sections of ~ 65 rocks from the LS were first exam-
ined optically to select those for more detailed study, in
which the plagioclase was especially fresh, transparent and
suitable for electron microprobe analysis. Most thin sec-
tions were orientated perpendicular to the layering and the
igneous lamination. The latter is defined by the {010} faces
of the plagioclase crystals, so that most of the plagioclase—
plagioclase contacts are along (010) or close to it. On the
basis of this preliminary study 12 polished thin sections
were selected for detailed study, covering all sub-zones of
the layered series (outcrops as shown on Fig. 1). All of the
selected samples are typical unlayered rocks, exotic sam-
ples such as rare replacive rocks (McBirney and
Sonnenthal 1990; McBirney and Hunter 1995; Irvine et al.
1998) not being considered suitable. The stratigraphic
heights of the specimens studied were calculated from their
position relative to the subzone boundaries and the layering
using the stratigraphic section of Wager and Brown (1968)
as a reference. The relative positions in the section are
probably precise to 25 m, but the absolute uncertainty in
reported height may be up to 100 m, given the spread in
reported thickness of individual sub-zones (e.g., Nielsen
2004). The selected thin sections were examined optically
and by Scanning Electron Microscopy (SEM) to select the
best areas for electron microprobe analysis. Electron
microprobe analyses were made using a Cameca SX50
operating under normal working conditions of 15 kV and
10 nA. Natural mineral standards were used for calibration
and counting times were typically 10 s. Errors in the cal-
culated An contents of plagioclase expressed as mol% are
approximately 1-2 mol%.

Results
Optical microscopy
Inter- and intra-crystalline textures of plagioclase

Plagioclase occurs usually as fairly large crystals, typically
several millimetres in length, which decrease in modal
proportion from the LZ towards the UZ. The crystals are
tabular, subhedral on {010}, and generally define a well-
developed igneous lamination. Multiple plagioclase/pla-
gioclase contacts (self-contacts) are common in the LZ in
which plagioclase is the most abundant mineral, whereas in
the UZ plagioclase tends to form an open touching frame-
work in which triple and higher contacts are rarer.
Plagioclase contacts show no sign of textural equilibration
(cf. Hunter 1996, Fig. 9D), so that we infer that the com-
positions measured near plagioclase rims have suffered little

@ Springer



332

Contrib Mineral Petrol (2008) 155:329-340

modification; this is further supported by the observation
that disequilibrium occurs on a small scale in the normal
layered rocks of the LS, as illustrated by the fact that quartz
frequently occurs in small pockets of low-temperature
overgrowths less than 1 mm from moderately Mg-rich
olivine (Wager and Brown 1968; W.L. Brown and M.J.
Toplis, in preparation). In some rocks from the LZa pla-
gioclase of two distinct sizes occurs, the larger crystals
being tabular and discrete, whereas the smaller ones may
touch each other at quite high angles to (010) and may
occasionally interpenetrate. Where poikilitic augite is
abundant it may enclose small partly discrete plagioclase
crystals; most such rocks contain too much augite to be pure
orthocumulates and a large proportion of it may have a
heteradcumulate-like origin (Morse 1998; see also McBir-
ney and Hunter 1995, Fig. 2; Henderson 1970). Nielsen
(2004, p. 523) stated that “the last formed gabbros [mela-
diorites in reality] in the LS (UZc) are often interpreted as
cumulates, but their texture is often more like granulite-
facies rocks, showing corona textures and significant
amounts of trapped granophyric melt”. We examined five
rocks from the UZc and could see no evidence of corona
textures nor of re-equilibration, plagioclase/plagioclase
grain boundaries being often sutured and the inverted
ferrobustamite showing a highly complex irregular poly-
crystalline texture (cf. Wager and Brown 1968, Fig. 20b).
On the other hand thin coronas of olivine between Fe-Ti
oxides and augite are frequent in LZc and MZ rocks (cf.
Wager and Brown 1968, Figs. 41, 42) and the grain
boundaries of augite and inverted pigeonite have adjusted
on a microscopic scale to the exsolution microtexture.

In terms of evidence for plastic deformation under the
optical microscope, we note that glide twins in plagioclase
are common in LZc to UZa, less frequent in LZb and UZb
and rare in LZa and UZc. Bent crystals are less frequent
and have a more restricted range from LZb to UZb, being
most common in LZc to UZa. Crystals with misorientated
subgrains are not frequent, even in the MZ, and are seen
only where the crystals are particularly long and thin, often
occurring at prominent contacts with large ferromagnesian
minerals. Weakly plastically deformed plagioclase thus
occurs in typical (poikilitic) orthocumulates from the LZ
through nearly perfect adcumulates of the MZ to imperfect
ad- to mesocumulates of the UZ.

Cumulus and postcumulus zoning patterns

Our own observations under the optical microscope, com-
plemented by those described in the literature, show that the
plagioclase crystals consist of a central core of nearly
homogeneous composition and a rim, which may show
weak to strong normal zoning to more Ab-rich compositions
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(Wager and Brown 1968), although reverse zoning may be
present inside the normal rims in plagioclases from the LZa
(Maalge 1976). The cumulus cores have a nearly constant
composition in a given layer and also in adjacent layers; for
example, Jang and Naslund (2001) obtained a composition
of Anyg77 + 135 for plagioclase separates from six adcu-
mulate samples at a stratigraphic height of ~860 m in the
lower MZ along a 6 km traverse from Kraemer Island to
near Uttental Plateau and Anys 3, + 1.14 for three samples at
~ 1,500 m from the upper MZ. The cumulus cores are
largely unzoned except at the very base of the intrusion
(Maalge 1976) and at the top of the roof zone (Naslund
1984). In these cases, complex cores occur, consisting of
two optically distinct areas which may differ in An content
by a few mol% (well seen in specimen PSK7 from near the
lowest exposures of LZa). The cumulus cores form a sig-
nificant volume proportion of the plagioclase crystals, in the
range 50-95%, the proportion being lower in (poikilitic)
orthocumulates of the LZa,b than in ad- and meso-cumu-
lates of LZc, MZ and UZ (Wager et al. 1960; Wager 1963;
Wager and Brown 1968; Henderson 1970; Paster et al.
1974; Maalge 1976). Optically, the more Ab-rich rim varies
greatly in thickness, and may in certain cases be absent (see
below). The more Ab-rich rims are thickest in the (poiki-
litic) orthocumulates from the LZa and LZb (PSK7 and
PSK8), but become progressively thinner and closer in
composition to the core from LZa to LZb (PSK16); they are
generally absent in LZc (PSK15), MZ and UZa, with some
exceptions near the Triple Group at the top of the MZ where
postcumulus olivine (Andersen et al. 1998) and quartz
(Wager and Brown 1968) may occasionally occur.

Electron microprobe analyses
Core compositions

For each thin section an average of ~ 30 plagioclase cores
have been analysed. Histograms of the distribution of core
compositions for each sample show that anorthite content
shows a broadly symmetric distribution around a well
defined maximum in the mode (Fig. 2). In general 50% of
the compositions lie within +1(to 2) mol% and 90% within
+2 to 3 mol% of the mean (Table 1). This degree of var-
iability is barely greater than the analytical errors
associated with each individual analysis (1-2 mol%) and is
of a comparable magnitude to that reported by Tegner
(1997) for 38 samples from the top of the MZ to UZc. The
one exception is sample PSK7 (the stratigraphically lowest
rock considered here) in which plagioclase cores have a
wider distribution of composition (Fig. 2; Table 1). How-
ever, as noted above, this specimen shows optically
complex cores with areas of two different compositions
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Fig. 2 Histograms for six
specimens from the LS as a 20 [ PSK15 (LZe)
function of mol% An; cumulus
core compositions are shown in
white, plagioclase/plagioclase
rim contact compositions in
black, and where they overlap,
in grey
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which were not separately studied, the probe spots having
been selected using the back-scattered electron imaging
mode of the electron microprobe under which conditions,
small compositional differences are not easily visible. We
also note that Parsons and Lee (personal communication)
made 2040 microprobe analyses per sample of plagio-
clase cores for the PSK specimens. Those results indicate a
one standard deviation of £An; o_,, except for PSK7 and
PSKS8 for which the standard deviation was *Anjz¢ 4, in
excellent agreement with the findings of this study.

When plagioclase core compositions are plotted as a
function of stratigraphic height, a linear dependence of X,
on height may be fitted to the data if the whole range of
observed core compositions in each rock is considered
(Fig. 3). This first order fit to the data implies an average
change of —1.2 X, per 100 m of stratigraphy, or 80 m of
stratigraphy per mol.% An. In other words an observed
range in core compositions of +2 mol% An corresponds to
a fictive difference in stratigraphic height of almost
+200 m. However, in detail, if only the mean values of
core composition are considered there is clear evidence that
the variation of X,, with height is non-linear, variation
being smaller across the MZ compared to the LZ and UZ

-
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(Fig. 3), corroborating a similar conclusion reached by
Maalge (1976).

Rim compositions

For each thin section an average of ~ 70 plagioclase rims
have been analysed, measurements being made approxi-
mately 5 pm from the edge of the crystal. Histograms of
these compositions show that in samples from LZb to MZ
the range of X, is narrower than in rocks from LZa, UZb
and UZc (Fig. 2; Table 1). Indeed, the histograms of rims
for specimens from the LZc and MZ are generally as
narrow as, or narrower than, those of the cumulus cores. On
the other hand, samples from the LZa, UZb and especially
UZc have numerous outliers of significantly lower An
content than the mean (Fig. 2; Table 1), found to be
associated with pockets of lower-temperature granophyric
material. Nevertheless, histograms of the compositions of
plagioclase rims show a well-defined peak in the mode, in
particular for rocks from the LZ and MZ (Fig. 2). Some-
what surprisingly, for almost all the specimens from the
LZ, the composition of the mode (and to a lesser extent the
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Table 1 Summary of the

plagioclase compositions in Sample name  (Sub) Zone Height (m) n 90+ 50+ Mean 50- 90—

each rock smdied PSK?7 Lza 120 Cores 34 650 624 613 597 55.1

All rims 77 623 539 S5I1.1 49.3 450

Self-contacts 45 61.7 51.1 497 48.6 443

PSK8 LZa/b 250 Cores 31 642 625 614 60.6 58.0

All rims 77 635 56.0 542 529 509

Self-contacts 22 542 51.6 509 499 454

BM30 LZb 460 Cores 31 58.6 575 57.1 56.8 524

All rims 71 57.3 552 53.7 52.6 50.6

Self-contacts 21 56.5 54.8 53.0 524  50.0

PSK16 LZb 650 Cores 31 549 535 526 52.0 509

All rims 76 535 522 507 494 468

Self-contacts 45 53.0 51.6 506 49.0 46.7

PSK15 LZc 750 Cores 32 53.0 51.8 50.9 499 48.0

All rims 74 524 514 50.5 49.6 483

Self-contacts 24 52.0 509 50.2 49.1 483

PSK13 MZ 900 Cores 32 522 50.8 50.2 49.1 46.8

All rims 75 51.6 50.3 49.3 48.6 46.5

Self-contacts 35 51.6 500 489 479 430

PSK11 MZ 1,150 Cores 26 512 507 494 474 442

All rims 50 49.8 472 454 44,1 428

MZ58 MZ 1,500 Cores 29 49.1 48.1 47.0 444 425

All rims 106 475 464 447 437 41.0

PSK44 UZa 1,650 Cores 27 449 441 434 428 414

All rims 75 438 42.6 409 394 369

PSK39 UZb 1,900 Cores 31 41.1 396 38.6 379 372

All rims 58 422 400 393 380 315

About 90% of measurements UB323 Uzb 2,275 Cores 31 379 368 360 354 333
centred on the mean occur .

between the bounds 904 and All rims 54 373 365 354 338 234

90—, while 50% of PSK47 UZc 2,350 Cores 33 377 350 347 33.7 322

measurements occur between All rims 58 36.7 35.1 340 33.0 276

the bounds 50+ and 50—

corresponding mean; Table 1) has a constant composition
of Ansg . | (see Fig. 2). Furthermore, if only the sub-set of
analyses which concern plagioclase self-contacts (plagio-
clase in contact with another plagioclase) are considered, it
is found that the constant nature of rim composition
throughout the LZ is even more pronounced (Table I;
Fig. 4). For example, in PSK7 from the base of the LZ,
plagioclase—plagioclase contacts have an extremely sharp
peak in the mode at a composition Anyg_s9, While plagio-
clase rims in contact with other minerals (olivine and
pyroxene) are on average richer in anorthite component,
the most abundant rims having a composition Anss_s4
(illustrated in Fig. 5). Another point of note is that the most
evolved rims in contact with olivine or pyroxene reach
compositions no lower than Anyg_so (Fig. 5). These dif-
ferences are observed in the other rocks of LZa and LZb,
and confirmed by compositional profiles across individual
grains, as presented below. On the other hand, in and above
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the LZc, no significant difference between the mean
composition of plagioclase self-contacts and that of the
complete data set can be discerned (Table 1).

When the range and mean compositions of plagioclase
self-contacts are plotted as a function of stratigraphic
height (Fig. 4), a clear non-linearity is present, with a break
in slope near the top of the LZc. This is even more apparent
in a plot of mean core and rim compositions (Fig. 6) in
which the convergence at Ans - | at the top of the LZc can
be clearly seen. Furthermore, this plot confirms and
quantifies the petrographic observation that zoning is more
extensive in the LZa and that the difference between core
and rim compositions decreases with increasing strati-
graphic height throughout the LZ. As an aside, we note that
in the LZ, compositions of plagioclase separates deter-
mined by Jang and Naslund (2001) generally plot between
our mean core and rim compositions, suggesting that those
authors analysed something close to the bulk plagioclase
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Fig. 3 Cumulus core compositions as a function of stratigraphic
height. For each rock the mean is indicated by a solid vertical line.
The box contains the 90% of the data closest to the mean and the two
dashed lines represent the range of composition containing the 50%
of the data closest to the mean

R B LA I B e B
2400 UZc -
2200 [~ —

UZb
2000 o s o
+ A
1800 [ P -

- UZa

g 1600 e 7]

= + Ol o s

& 1400 - .

Q

=

'.E 1200 - -

% MZ 111

5 1000 -

= -0l _

Z 800 TZe] ., oo

+Mt e E ]
600 -
LZb
400 — -
+A e s
200 e -
LZa  — - —
0 n Il Il Il P Il Il Il

70 65 60 55 50 45 40 35 30
% An

Fig. 4 Plagioclase self-contact compositions of as a function of
stratigraphic height. For each rock the mean is indicated by a solid
vertical line. The box contains the 90% of the data closest to the mean
and the two dashed lines represent the range of composition
containing the 50% of the data closest to the mean

different types of contact are stacked and not overlapped

composition. Analysis of bulk plagioclase composition by
Jang and Naslund (2001) can also explain the excellent
agreement between the two studies in the MZ and UZa
(Fig. 6) where plagioclase crystals are not significantly
zoned, and the observed offset to lower X ,, in the UZb and
UZc, resulting from the increasing abundance of evolved
overgrowths (e.g., Fig. 2).

Zoning profiles in the lower zone

To complement the information provided by single mea-
surements at crystal edges, we have also measured core-rim
profiles in the zoned grains of the lower zone. For this
purpose optical microscopy was used to select grains ori-
ented perpendicular to {010}, which were then analysed by
electron microprobe. Profiles were generally measured
from one edge to another along a straight line. Between 20
and 50 points were analysed per profile, the distance
between individual analyses varying from 8 to 100 pm.
Several types of zoning patterns are found as illustrated
in Fig. 7. For certain grains, the central plateau of cumulus
composition is in direct contact with the adjacent phase
with no zoning of X,, (e.g., Fig. 7a). However, this situ-
ation is relatively rare and generally limited to plagioclase
grains in contact with olivine (in LZa) or pyroxene (in
LZb). Only one profile of a plagioclase in contact with an
Fe-Ti oxide was made in the LZa and in this case the
plagioclase is zoned, the X4, at the contact with the oxide
being Ansq (Fig. 7b). Compositional profiles towards pla-
gioclase self-contacts are always zoned and typically reach
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Fig. 6 Comparison of the mean core and rim compositions as a
function of stratigraphic height. Filled circles are data for cores and
open circles are data for self-contact rims. The solid and dashed lines
are guides for the eyes and represent the variation of core and rim
composition, respectively. Stars indicate the data of Jang and Naslund
(2001), as discussed in more detail in the text

Ansg at the rim (Fig. 7a—c), consistent with the results
presented above. An identical finding was made by Shi-
mizu (1978) who measured a single profile across a
plagioclase grain from the LZb using the ion microprobe.
However, we find that the majority of profiles towards a
plagioclase—plagioclase contact consist of three discrete
sections; a central zone of cumulus composition, a rela-
tively narrow zone of decreasing X, and an external zone,
of variable width, over which X4, has a constant value
(Figs. 7c, 8). Considering data for grains throughout the
lower zone (Fig. 8) we can confirm that the Xy, of core
composition decreases with increasing stratigraphic height,
and that the compositions of plagioclase self-contacts are
approximately independent of stratigraphy. However, we
highlight the fact that plagioclase crystals typically show
an extensive external zone, of variable width, which is
buffered at a composition of Ansg. | (Fig. 8), a feature
which could not be inferred from the histograms of indi-
vidual analyses at plagioclase grain edges.

Discussion
The variation of plagioclase core composition as a function

of stratigraphic height has been described many times in
the literature (e.g., Wager 1960) and from this point of

@ Springer

view the data presented here provide no fundamental new
insights into the cumulus trend, merely supporting the
hypothesis of fractional crystallization of a single pulse of
magma. On the other hand, the systematic and character-
istic variations of rim compositions and zoning profiles, in
particular in the lower zone, have received much less
attention, and no petrogenetic model has been proposed to
explain them. In the following discussion we will interpret
these features in terms of local magmatic processes
occurring during crystallization of the intercumulus liquid,
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assuming that X,, is an unperturbed marker of local dif-
ferentiation, as discussed above.

First of all, we note that if intercumulus liquids in the
crystallizing front were always immobile, such that crys-
tallization took place in situ without exchange of matter
with overlying or underlying liquids, then overgrowths on
cumulus plagioclase grains throughout the intrusion should
systematically reach compositions approaching pure albite.
This is because, in the absence of adcumulus growth
mechanisms, the products of the whole liquid line of des-
cent should be present in all rocks, a situation frequently
encountered in small to medium-sized sills (e.g., Hender-
son and Gibb 1983; Gibb and Henderson 1996). This is
clearly not true of any of the samples studied here, and
particularly so for rocks of the MZ and UZa which show no
compositionally distinct overgrowth zones whatsoever. In
this case it is clear that some mechanism must have existed
for expulsion of the intercumulus liquid from the frame-
work (compaction), and/or for efficient convectional/
diffusional exchange with the overlying main liquid. Fur-
thermore, if one considers the zoning patterns in rocks of
the lower zone, it would appear that mobility or elimination
of the intercumulus liquid was preceded by a period of
in-situ crystallization.

Based upon the rocks of the MZ and UZ alone it is
difficult to distinguish between the different hypotheses for
elimination of postcumulus liquid. In other large layered
intrusions such as the Stillwater complex, compaction has
been proposed as the dominant mechanism of liquid
extraction (e.g., Meurer and Boudreau 1998; Meurer and
Meurer 2006). However, we note that if compaction were
the only mechanism of expulsion of gravitationally stable

distance (microns)

intercumulus liquids in the Skaergaard, it is difficult to
rationalize why this process would have been most efficient
at intermediate stratigraphic levels, given that compaction
is qualitatively favoured by increasing thickness and
weight of the overlying layers. Furthermore, in the lower
zone, compaction alone is difficult to reconcile with the
fact that the inferred onset of liquid mobility occurs at the
same point along the liquid line of descent for rocks from
different stratigraphic levels (Fig. 6). In addition, com-
paction cannot explain the external zones of constant
composition observed along profiles on the majority of
plagioclase self-contacts (Fig. 8).

Alternatively, diffusional exchange with the overlying
main liquid may potentially give rise to buffering of pla-
gioclase composition. In this case, sedimentation rate of
crystals will be a key parameter, low rates favouring buf-
fering of crystal composition, higher rates favouring the
production of zoned crystals typical of orthocumulates
(Morse 1986). Indeed, at first glance, the systematic
decrease in the core to rim variability of plagioclase
composition with increasing stratigraphic height in the
lower zone (i.e., Fig. 6) may be interpreted in terms of a
gradual decrease in sedimentation rate as crystallization of
the main magma proceeds. However, diffusional exchange
is most efficient at high temperature, making this process
an unlikely candidate to explain the constant composition
of the external part of plagioclase grains (Fig. 8). Indeed,
our observations imply that the interstitial liquid compo-
sition was buffered at lower temperature, after a period of
in-situ crystallization. The only other plausible mechanism
for elimination of interstitial liquid is through convectional
exchange, resulting from gravitational instability. On the
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floor of a crystallizing magma chamber such convectional
exchange will occur if the density of the more evolved
interstitial liquid is less than that of the overlying more
primitive liquid. Given that temperature alone will tend to
stabilise the cooler interstitial liquid, an unstable configu-
ration must be the result of the influence of liquid
composition on density. For this reason, this process is
commonly referred to as compositional convection, and it
has been proposed as a potential mechanism for efficient
adcumulus growth (e.g., Morse 1969, 1986; Tait et al.
1984; Tait and Jaupart 1996).

Although compositional convection alone cannot
explain the characteristics of plagioclase from the lower
zone of the Skaergaard, a period of in-situ crystallization
followed by the onset of compositional convection can
qualitatively account for our observations in this part of the
intrusion. Such behaviour would require a transition from a
trend of increasing liquid density during cooling (giving
rise to in-situ crystallization), to one of decreasing liquid
density (provoking convection). In other words, this would
imply that liquids passed through a density maximum
along the liquid line of descent. Given that the local liquid
line of descent during interstitial crystallization should be
similar at all levels of the intrusion, the density maximum
should occur at approximately the same point along the
differentiation trend, independently of stratigraphic height.
This scenario therefore provides an elegant explanation for
the observation that the inferred onset of liquid mobility
systematically occurs when the local liquid was in equi-
librium with a plagioclase of approximately constant
composition (Fig. 6). Furthermore, consumption of post-
cumulus liquid by convectional exchange can also explain
the presence of buffered overgrowths on plagioclase rims
(Fig. 8).

Before considering the implications of this scenario for
the compositional evolution of the liquid, we note that
compositional convection also requires that permeability is
sufficiently high for exchange to occur, and that the time-
scale of exchange (a function of density differences and
liquid viscosity) is rapid relative to diffusive exchange and
cooling. At the base of a basaltic magma chamber such as
the Skaergaard, liquid viscosities are relatively low and
porosities and permeabilities are initially high, in particular
if an open touching framework of plagioclase exists (i.e.,
Philpotts et al. 1999; Jerram et al. 2003). Compositional
convection can therefore be efficient in the LZ, although
high local values of sedimentation rate may hinder the
development of this process and lead to some dispersion in
plagioclase rim composition. Furthermore, during the final
stages of cooling a permeability threshold may be reached,
leading to local patches of plagioclase of low Xa,. The
presence of evolved outliers (Figs. 2, 5), which decrease in
abundance with increasing stratigraphic height in the LZ,
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and the fact that an incompatible element-rich component
would appear to be present in the lower part of the LZ
(Paster et al. 1974; Jang and Naslund 2001) are consistent
with the existence of a population of evolved melt pockets
trapped by a permeability threshold. At the top of the UZ
the increasing abundance of albite-rich outliers (Fig. 2)
may be explained in terms of increasing viscosity of the
liquid due to temperature and/or compositional effects,
which will drastically reduce the time-scale of convectional
exchange.

One other point of interest is the observation that in
rocks of the LZa the compositions of plagioclase rims in
contact with minerals other than plagioclase and Fe-Ti
oxides are statistically richer in anorthite component than
plagioclase self-contacts (e.g., Figs. 6, 7). Furthermore, no
plagioclase more evolved than Ansy is in contact with
minerals other than plagioclase (Fig. 6) implying that
residual melt pockets trapped by permeability only occur
between plagioclase grains (i.e., melt in contact with mafic
minerals is completely eliminated by compositional con-
vection). Both of these observations suggest that liquid—
plagioclase contacts are energetically favourable compared
to liquid-olivine or liquid—pyroxene contacts. Indeed,
melt—solid dihedral angles are lower for melt—plagioclase—
plagioclase contacts compared to melt—olivine—olivine or
melt—pyroxene—pyroxene contacts (Holness 2006) provid-
ing independent evidence in favour of this hypothesis.

Returning to the question of the compositional evolution
of the liquid, we have calculated the variation in density
along the various liquid lines of descent proposed in the
literature. At one extreme, the LLD characterised by
increasing iron and decreasing silica proposed by McBirney
and Naslund (1990) shows a continuous increase in density
from the base to the top of the layered series (Fig. 9),
behaviour which is incompatible with the observed varia-
tions of plagioclase composition presented here.
Alternatively, the liquid lines of descent proposed by Teg-
ner (1997) and Wager (1960) do pass through a density
maximum, but at a stratigraphic level well above the base of
the MZ (Fig. 9). In these cases too, the calculated evolution
of liquid density is difficult to reconcile with our observa-
tions. On the other hand, liquid lines of descent
characterised by silica enrichment associated with the
appearance of cumulus magnetite (Hunter and Sparks 1987,
Toplis and Carroll 1995; 1996) are calculated to experience
a density maximum near the top of the lower zone (Fig. 9),
in excellent first-order agreement with our observations. If
the core-rim variations of plagioclase composition are
indeed controlled by a density overturn in the liquid caused
by saturation of Fe—Ti oxides then evidence for those oxides
should be found in rocks of the lower zones a and b. Our
own petrographic observations and those of Wager and
Brown (1968; Table 5) show that oxide proportions are
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Fig. 9 Densities of liquids proposed for the Skaergaard Intrusion
(calculated using Lange and Carmichael 1990, employing tempera-
tures proposed by McBirney and Naslund 1990) plotted as a function
of approximate stratigraphic height (using Wager and Brown 1968).
Solid squares (McBirney and Naslund 1990) are liquids from
McBirney and Naslund (1990); solid triangles are liquids from
Tegner (1997); solid diamonds (Wager and Brown 1968) are liquids
from Wager and Brown (1968); open diamonds (Hunter and Sparks
1987) are liquids calculated from a parental melt with 50 wt% SiO,
by Hunter and Sparks (1987); open circles (Toplis and Carroll 1995)
are experimental data of Toplis and Carroll (1995) for experiments
along the FMQ buffer. These latter data have been placed using phase
appearance and changes in X,, as a guide to equivalent stratigraphic
height

typically 1-2 vol% in this part of the intrusion. Assuming
that these rocks are composed of ~35% ‘interstitial liquid’
(Wager 1960), that ~50% of this liquid must crystallize to
reach oxide saturation (using relative sub-zone sizes from
Nielsen 2004), that the cotectic proportion of oxides is a
generous 20% by mass once saturation is reached (Toplis
and Carroll 1995), and that a mass to volume correction
factor of 3/5 for the oxides is necessary, an oxide proportion
of ~2 vol% is calculated, in good agreement with petro-
graphic observation. However, in detail, it is of note that the
density maximum of experimentally produced liquids
(Toplis and Carroll 1995) occurs concurrently with the first
appearance of magnetite, whereas the convergence of pla-
gioclase core and rim compositions described here clearly
occurs towards the top of the LZc rather than at its base
(Fig. 6). One possibility for this offset is that a sufficient
density difference must be built up to drive compositional
convection, thus displacing the onset of liquid movement to
stratigraphic levels slightly higher than the first appearance
of cumulus magnetite. Alternatively, the base of the LZc
may not represent saturation of the liquid in cumulus
magnetite, a suggestion made by Jang et al. (2001) based
upon the variation of vanadium in augite throughout the LS
of the intrusion. In either case, a maximum in liquid density
can be related to magnetite saturation, resulting in compo-
sitional convection and efficient adcumulus growth in the
MZ.

Conclusions

Detailed study of plagioclase compositions of rocks
throughout the layered series of the Skaergaard intrusion
shows that although core compositions vary continuously
from the base of the lower zone to the top of Upper Zone,
rim compositions shows little variation throughout the
lower portion of the intrusion, having a value of Ansg . |
from the LZa to the lower MZ. Above the upper LZc where
core and rim compositions converge, X, of rim compo-
sitions decreases with height, generally overlapping the
corresponding core compositions. Furthermore, composi-
tional profiles across individual plagioclase grains in
samples from the lower zone show that the majority of
grains in contact with another plagioclase crystal show an
external zone of variable width over which X4, has a
constant value of ~50 =+ 1. In this part of the intrusion the
variations of plagioclase composition are consistent with a
period of in-situ growth from an immobile intercumulus
liquid, followed by a period during which the remaining
liquid was replaced and buffered at constant composition.
The simplest scenario capable of explaining all of the
observed features is that during postcumulus crystallization
in the lower zone, interstitial liquids reached a density
maximum shortly after local saturation in magnetite,
leading to compositional convection once an Fe—Ti oxide
had appeared on the local liquidus. This scenario can
explain the transition from orthocumulate textures in the
LZa to adcumulate textures in the MZ. Although the data
presented here cannot be used directly to identify the
compositions of the Skaergaard liquids, the existence of a
density maximum implied by our observations provides an
important constraint which may be used to assess the
validity of independently determined liquid lines of
descent.
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