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New compositional profiles across plagioclase grains from the

Layered Series (LS), Marginal Border Series (MBS) and Upper

Border Series (UBS) of the Skaergaard intrusion are used to under-

stand the mechanisms of cumulate rock solidification and the fate of

the interstitial liquid. The data show that plagioclase crystals dis-

play three types of compositional profile over the whole intrusion, as

follows. (1) Grains with normal zoning, which dominate the MBS

and UBS.These are interpreted as having formed at the top of a crys-

tal mush and then buried in the cumulate pile. Crystallization of

the interstitial melt resulted in liquid differentiation and produced

normally zoned rims on plagioclase cores. (2) Unzoned crystals,

which dominate the upper part of the LS, also crystallized at the top

of the mush and were then buried in mush with a low interstitial

liquid fraction or one experiencing convective movements that kept

the liquid to a constant composition. (3) Crystals with a mantle of

decreasing An content followed by a rim of constant composition.

Grains showing this complex zoning mostly occur in the lower parts

of the LS. Depending on the stratigraphic position within the intru-

sion, the composition of the rim can be An56, An51 or An40. In the

main magma body, these compositions (An contents) correspond to

those of plagioclase primocrysts (e.g. cores) at the appearance of cu-

mulus clinopyroxene (An56), Fe^Ti oxides (An51) and apatite

(An40). Compositional buffering of plagioclase rims is interpreted

as being a consequence of enhanced release of latent heat of crystal-

lization at the appearance of new interstitial phases in the crystal

mush.When a new phase saturates, the latent heat contribution to

the global enthalpy budget of the system becomes sufficiently high to

keep the interstitial melt at its liquidus temperature for a period of

time that could exceed thousands of years. Under these conditions,

equilibrium, adcumulus growth together with diffusion and possibly

advection of chemical components result in the formation of plagio-

clase rims of constant composition (An content). Efficient thermal

buffering of the mush liquid depends on the porosity (i.e. fraction of

liquid within the mush) and the degree of compositional homogeneity

of the mush. In a heterogeneous and highly porous mush, saturation

of the new phase occurs in the coldest part of the mush and the

enhanced latent heat release at the saturation of this phase is quickly

dissipated to the whole volume of liquid, including the warmest part

that is not yet saturated in a new phase. As a consequence, no thermal

buffering occurs and interstitial crystallization produces grains with

normal zoning. The distribution of the various types of plagioclase

grains throughout the Skaergaard intrusion can therefore be used to

infer the spatial variability in the physical properties of the crystal

mush, such as the residual porosity, both at an intrusion-wide scale

and at a millimetre- to centimetre-scale.
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cumulate; layered intrusion; Skaergaard

I NTRODUCTION
Formation of cumulate rocks starts with the nucleation and
growth of liquidus crystals (primocrysts), which are then
captured in a crystal mush. When a new phase saturates
in the mush liquid, it may form only a few nuclei on
which further growth results in the formation of large poi-
kilitic grains locally enclosing the primocrysts. In gabbroic
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rocks this is especially evident for pyroxenes (clinopyrox-
ene and orthopyroxene) and for Fe^Ti oxides (Wager
et al., 1960; McBirney & Hunter, 1995; Holness et al., 2007;
Namur et al., 2010). Depending on the amount of
interstitial material in cumulate rocks, cumulates may be
classified into three end-member types: adcumulate with
less than 7% of interstitial material, mesocumulate with
7^25% of interstitial material and orthocumulate with
425% of interstitial material (Wager et al., 1960). The ini-
tial porosity of a cumulate rock is estimated to be in the
range 40^60 vol. % (Irvine, 1980; Shirley, 1986; Philpotts
et al., 1998; Jerram et al., 2003), which is significantly
higher than the proportion calculated from the bulk chem-
istry of the interstitial material in most cumulates (e.g.
Tegner et al., 2009; Namur & Charlier, 2012). It is therefore
evident that at least some interstitial liquid is mobile
during the solidification of the crystal mush. Estimating
the physical behaviour (i.e. mobility) of the interstitial
melt upon cooling is, however, hampered by the lack of ac-
curate constraints on some fundamental physical proper-
ties of the crystal matrix (e.g. viscosity), the thickness of
the crystal mush and the rate of crystal accumulation at
the top of the crystal mush (Kerr & Tait, 1986; Namur &
Charlier, 2012).
Away to place constraints on thebehaviour of the intersti-

tial liquid within the crystal mush is to investigate the com-
position of the interstitial phases in cumulate rocks.
However, very little consideration has been given to such
interstitial phases in the past (e.g. Meurer & Claeson, 2002;
Toplis et al., 2008; Humphreys, 2009, 2011; Holness et al.,
2011; Namur &Charlier, 2012), probably because they gener-
ally equilibrate quickly with the continuously evolving inter-
stitial melt. Their composition therefore does not help in
deciphering the entire evolution of the melt. However,
better constraints can be obtained from chemical zoning in
plagioclase as this is not significantly altered by subsolidus
diffusion on the time-scale of solidification, at least for the
CaAl-NaSi exchange (e.g. An-content; Grove et al.,1984).
If the mush liquid follows the same differentiation path

as that of the main magma body (Meurer & Claeson,
2002), intra-grain chemical variations will be identical to
those observed in primocryst cores from the level of primo-
cryst accumulation to the top of the cumulate pile
(Humphreys, 2009, 2011). However, processes such as phys-
ical compaction of the crystal mush (McKenzie, 1984,
2011; Tegner et al., 2009), compositionally driven convection
(Tait et al., 1984; Toplis et al., 2008) or separation of Fe-rich
and Si-rich immiscible melts (Holness et al., 2011;
Humphreys, 2011) may also affect the composition, abun-
dance, and evolution of interstitial mush liquid. Such pro-
cesses involving the migration of interstitial liquid may
produce grains with normal or reverse zoning in meso- to
orthocumulates, or unzoned grains in adcumulates (Toplis
et al., 2008; Humphreys, 2009; Morse, 2012).

In this study, we present a new and comprehensive set of
plagioclasemajor element compositions in Skaergaard sam-
ples from the floor, roof and wall cumulates.These samples
are characterized by various liquidus assemblages and a
range of crystallized interstitial liquid fractions.We describe
three types of plagioclase grains: normally zoned, unzoned
and with rims buffered to constant anorthite compositions.
Plagioclase grains with normal zoning are interpreted as re-
sulting from normal differentiation of the interstitial melt
[i.e. orthocumulus growth according to the model ofWager
et al. (1960)] and unzoned plagioclase grains are interpreted
as having formed in a crystal mush depleted in mush liquid
or during convective movements of liquid [i.e. they corres-
pond to adcumulus growth according to the model of
Wager et al. (1960)]. However, the growth of rims buffered
to a constant composition in the third type of plagioclase
grains cannot be explained by these processes.We demon-
strate that the previously neglected process of thermal buf-
fering, caused by peaks in latent heat released by the
crystallization of new liquidus phases (Holness et al., 2007;
Morse, 2011), is critically important in controlling the solidi-
fication of the crystal mush. Thermal buffering, coupled
with chemical diffusion of chemical species in the liquid
phase, results in efficient adcumulus growth of thick rims of
constant composition on plagioclase primocrysts. Our
novel observations link compositional zoning in plagioclase
grains to the enthalpy budget of fractionating magma in a
layered intrusion, providing a link between the products of
crystallization and the evolution of the physical properties
of the mushy layer during solidification.
Themineral zoningpatternswedescribearealso observed

in other layered intrusions (Meurer & Boudreau, 1996;
Namur&Charlier, 2012) and in crystal mush fragments car-
ried by erupted lavas (Hansen & Gronvold, 2000; Costa
et al., 2012), indicating that the thermal buffering process
may be of general significance during solidification of any
crystal mush, andmay have important general implications
for reconstructing fractionation and differentiation paths in
mushes andmagmachambers.

THE SKAERGAARD LAYERED
INTRUSION
The Eocene Skaergaard intrusion of East Greenland occu-
pies a box-shaped, fault-bounded chamber, approximately
8 km�11km� 4 km (Nielsen, 2004), at the contact be-
tween Precambrian gneisses and a thick overlying se-
quence of Eocene plateau lavas (Fig. 1a). The intrusion is
divided into three main units: the Layered Series (LS),
which crystallized on the floor, the Upper Border Series
(UBS), which crystallized from the roof, and the
Marginal Border Series (MBS), which grew inwards from
the vertical walls (Fig. 1b). The Skaergaard intrusion crys-
tallized from a single, homogeneous, convecting magma

JOURNAL OF PETROLOGY VOLUME 55 NUMBER 7 JULY 2014

1390

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/55/7/1389/1517930 by guest on 12 February 2024



body and the three series (LS, MBS, US) crystallized sim-
ultaneously. These series follow roughly parallel trends of
differentiation into the centre of the intrusion, converging
at the Sandwich Horizon (Wager & Deer, 1939; Hoover,
1989a; Salmonsen & Tegner, 2013). This is confirmed by
the identical An content of plagioclase at the appearance
of any cumulus phase in the three series (Hoover, 1989a;

Thy et al., 2009a; Salmonsen & Tegner, 2013). The compos-
ition of other phases such as olivine and clinopyroxene
cannot so easily be used to compare the three series be-
cause these minerals equilibrate rapidly with the intersti-
tial melt.
The stratigraphy of the Layered Series is subdivided,

based on changes in the primocryst assemblage, into
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Fig. 1. (a) Simplified geological map of the Skaergaard intrusion showing the locations of the sampling traverses (SP, Skaergaard Peninsula;
SMP, Skaergaard Mini-Peninsula; KR-01, KR-02, KR-03, Kraemer Island) and drill cores investigated for this study. LZ, Lower Zone; MZ,
Middle Zone; UZ, Upper Zone; MBS, Marginal Border Series; UBS, Upper Border Series. Map in the upper right corner shows the location
of the map area in Greenland. (b) Schematic cross-section of the Skaergaard intrusion modified fromWager & Brown (1968) showing the spa-
tial relationships between the Layered Series, Upper Border Series and Marginal Border Series. Subdivisions of each series and sequence of crys-
tallization in the Layered Series are also shown. *, Notation of the zones and sub-zones of the MBS; ‘, notation of the zones and sub-zones of
the UBS.
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plagioclaseþ olivine (Hidden Zone, HZ and Lower Zone
A, LZa); plagþolþaugite (LZb); plagþolþaugþFe^
Ti oxides (LZc); plagþaugþox (þ pigeonite immedi-
ately afterwards; Middle Zone, MZ); plagþolþaugþox
(Upper Zone A, UZa); plagþolþaugþoxþ apatite
(UZb); plagþolþaugþoxþ apþ ferro-hedenbergite (in-
verted from b-ferrobustamite; UZc), where plag is plagio-
clase, ol is olivine, aug is augite, ox is Fe^Ti oxides, ap is
apatite (Fig. 1b). Continuous fractional crystallization is
also recorded by the compositions of the primocryst min-
erals, which change systematically with increasing strati-
graphic height (plagioclase: An72^29, Maaloe, 1976; Tegner,
1997; Jang & Naslund, 2001; Tegner & Cawthorn, 2010;
Morse, 2012; olivine: Fo70^0; clinopyroxene Mg#77^0;
Wager & Brown,1968; McBirney, 1989; Thy et al., 2009a).
The Marginal Border Series is subdivided in an analo-

gous manner into HZ*, LZa*, LZb*, LZc*, MZ*, UZa*
and UZb* (Hoover, 1989a), as is the Upper Border Series
(LZa’, LZb’, LZc’, MZ’, UZa’, UZb’ and UZc’; Salmonsen
& Tegner, 2013). Again, primocryst compositions evolve
continuously within this stratigraphic framework (e.g.
Naslund, 1984; Hoover, 1989a; Salmonsen & Tegner, 2013).
Primocrysts are generally slightly more primitive at the
outer margins of the MBS than at the base of the LS (e.g.
Fo74, cpx-Mg#80), but are more Fe-rich in general
(Hoover, 1989a). Bulk-rock incompatible element concen-
trations (e.g. P, Rb, U) suggest that the proportion of soli-
dified trapped interstitial mush liquid was higher in the
UBS (430% in most zones; see below) and MBS (430%
in most zones) than in the corresponding sub-zones of the
LS, especially after the appearance of cumulus Fe^Ti
oxides (510%; Wager & Brown, 1968; Hoover, 1989a;
Tegner et al., 2009, 2011; Namur et al., 2013). This may be
attributed to minimal compaction at the vertical walls
and roof compared with the floor of the intrusion (Tegner
et al., 2009, 2011).

SAMPL ING AND ANALYTICAL
METHODS
Samples
Samples used in this study include suites collected during
three field seasons (2000, 2008 and 2011) and material
from drill cores. The chosen suite of samples covers most
of the stratigraphic units of the Layered Series (48 sam-
ples), the Marginal Border Series (15 samples) and the
Upper Border Series (four samples; see Fig. 1 for locations
and Supplementary Dataset 1 for details; supplementary
data are available for downloading at http://www.pet
rology.oxfordjournals.org).

Analytical methods
Plagioclase compositions were obtained with a Cameca
SX-100 electron microprobe (EPMA) at the University of

Cambridge (Supplementary Datasets 2^4). Some data
were acquired as single points, but most were acquired as
single 30^1831 mm long traverses either from one crystal
margin to another (rim^core^rim) or, more frequently,
from core to rim along a straight line, with 4^80 single
points, spaced at 5^61 mm, in each profile. This dataset
totals more than 9640 microprobe analyses. Peak counting
times were 20 s for major elements and 40 s for minor elem-
ents. Most data were acquired with a 15 kV and 10 nA
beam with a spot size of 1 mm. Some profiles were also per-
formed with a 25 kV and 100 nA beam to obtain accurate
data for minor elements. Analyses that had a total outside
the range 98·5^101wt % were excluded. The following
standards were used for Ka X-ray line calibration: diop-
side for Si and Ca; periclase for Mg; rutile for Ti; corun-
dum for Al; fayalite for Fe; jadeite for Na; K-feldspar for
K. Raw data were corrected with the CATZAF software.

SELECT ING AND F ITT ING
PLAGIOCLASE PROF ILES
Three types of plagioclase core^rim compositional profiles
have been reported from the Skaergaard intrusion
(Maaloe, 1976; Toplis et al., 2008; Humphreys, 2009, 2011;
Morse, 2012), as follows.

(1) Cores surrounded by a mantle of decreasing anorthite
content [An, with An¼Ca/(CaþNa) in molar frac-
tions] followed by a rim of constant composition
(Figs 2a, b and 3a). They are mostly found in meso-
to orthocumulates of the Lower Zone of the Layered
Series (Toplis et al., 2008). Some grains, however,
show a slight decrease in An content in the external
(outer) part of the rim (Toplis et al., 2008;
Humphreys, 2009).

(2) Cores surrounded by rims of continuously decreasing
An content (Figs 2c^e and 3a) in the Layered Series
(Maaloe, 1976; Humphreys, 2009, 2011) and in the
Marginal Border Series (Humphreys, 2011).

(3) Unzoned plagioclase grains (Figs 2f and 3a) in the
Middle and Upper Zones of the Layered Series
(Maaloe, 1976; Toplis et al., 2008).

Reverse zoning has also been reported in plagioclase
from the Layered Series and has been attributed to crystal-
lization in supercooled conditions (Maaloe,1976), to a pro-
cess of compaction-driven dissolution and reprecipitation
(Humphreys, 2009) or to crystallization from an Fe-rich
immiscible melt (Humphreys, 2011). It is worth noting that
reverse zoning has not been observed in the plagioclase
compositional profiles acquired in this study, which indi-
cates that this type of zoning might be rather uncommon
in the Skaergaard intrusion and potentially confined to
the margins of pockets of Fe-rich liquid.
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Most profiles were acquired from plagioclase grains in
contact with another plagioclase grain because it has been
suggested that the most evolved compositions may occur
at plagioclase^plagioclase contacts (Toplis et al., 2008).
However, several profiles were also acquired from plagio-
clase grains in contact with other phases (olivine, clinopyr-
oxene, magnetite, ilmenite). We did not observe any
obvious compositional contrast in plagioclase rim compos-
itions as a function of the adjacent phase. However, we
note that Humphreys (2011) observed that the compos-
itional profiles in plagioclase may change as a function of
the modal mineralogy (e.g. proportion of Fe^Ti oxides vs
pyroxenes) and texture (e.g. degree of igneous lamination)
of the gabbros in the Skaergaard MZ.
We adopted a mathematical approach to describe and

determine the relative size, which may be dependent on
the cutting geometry, and composition of the different

zones (Fig. 3b).We fitted an error function to each plagio-
clase profile (An vs distance), starting from a standard
error function that could be elongated along the y-axis
(An content) and the x-axis (distance), and rotated by
1808. This function, here called ERFAn, was calculated
using the equation

ERFAn ¼ a erf bþ x=2ð Þ½ � þ c ð1Þ

where a, b and c are constant parameters to be regressed
and x is the length (i.e. distance in mm) of the profile. The
parameters a, b and c were regressed iteratively by mini-
mizing the chi-squared (w2) value of the distribution with
the maximum expected analytical error of the electron
microprobe, here considered as being 1% An, and chan-
ging the parameters a, b and c to increase the quality of
the fit. Simulations were stopped when (1) the lowest pos-
sible value of w2 was reached or (2) after 10 000 iterations.
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To identify the zones (core, mantle, rim) of the An^
distance profiles (Fig. 3c) we used the minimum values of
the third derivative of ERFAn (d3An/dx3). This allows us
to define the three types of profiles described above
(Fig. 3, Table 1): (1) Type I profile [two minima in (d3An/
dx3)] with a core of constant composition followed by a
mantle of decreasing or increasing An content and a rim
of constant composition; (2) Type II profile [one minimum
in (d3An/dx3)] with a core of constant composition fol-
lowed by a rim of decreasing or increasing An content;
there is no mantle in this type of zoning profile; (3) Type
III [no minima in (d3An/dx3)] profile with no zoning;
there is neither a mantle nor rim in this type of zoning pro-
file. Profiles were also considered as unzoned when the dif-
ference between the highest and lowest An values of
ERFAn is lower than 2% An.
The global distribution of An content in each sample

was assessed using two types of histogram using (1) the
Kernel density distribution and (2) a Gaussian mixture
model (Rudge, 2008; see Appendix for details on the calcu-
lation procedure). The two types of histograms were
found to give similar results.

PLAGIOCLASE COMPOSIT ION
Layered Series
Plagioclase primocryst (core) compositions (Fig. 4a) in the
LS evolve from c. An70Or1·0 at the base of LZa to c.
An35Or3·5 at the top of UZb, in agreement with previous
studies (Wager & Brown, 1968; McBirney, 1989;
Humphreys, 2011).
Type I,Type II andType III compositional profiles were

identified in plagioclase crystals from the LS (Fig. 5;
Table 1). Single grains are generally characterized by a
single type of zoning profile (Type I, II or III), although
Type I and Type II are locally observed on different faces
of the same crystal. Most samples contain plagioclase crys-
tals of different types (Type I, II and III; Fig. 5; Table 2),
but a single type generally dominates within each sample.
Quantifying the relative proportions of the three types is
not straightforward and cannot be done accurately

without a detailed analysis or chemical mapping on the
scale of an entire thin section. The results of an attempt to
do this are shown in Fig. 5. We used high-resolution
images of a subset of samples to produce a map of all
plagioclase grains in each thin section.We then identified,
using an optical microscope, the grains belonging to each
type of profile (Type I, II and III) and used the software
ImageJ to calculate the best-fit ellipses for each grain and
estimate the relative proportion (vol. %) of each type of
zoning profile. For all other samples, we report only the
number of grains of each type analysed for this study
(Table 2). Although we performed a detailed petrographic
investigation of all the samples, the relative proportions of
the three types of grains (Type I, II or III) that we mea-
sured may not be fully representative of their actual distri-
bution in each sample.
Type I profiles (Tables 1 and 2) are very abundant from

LZa to LZb, where they dominate the distribution of
zoning types (See Figs 5 and 6 and the sketch in Fig. 2).
Type I profiles are also common from MZ to the lower
part of UZa (core 4An42), but they were not observed
either in LZc or in samples from the upper part of UZa
(core5An42) to UZb (Fig. 6). Whereas the An content of
the plagioclase cores decreases upwards in the stratig-
raphy, rim compositions fall into distinct and well-defined
groups within the LS (Figs 7a^c, 8a^c and 9). In LZa sam-
ples, the rims have a constant composition of An54^58
(mode An56; mean An57·0; n¼ 608; where n is the number
of analyzed points) regardless of the stratigraphic position
of the sample (Fig. 9), whereas the rims have a constant
composition of An49^53 (mode An50; mean An50·8;
n¼ 305) in LZb and An40^43 (mode An41; mean An41·4;
n¼ 294) from MZ to the lower part of UZa (core4An42;
Fig. 9). The global distribution of the An content in these
samples (i.e. the distribution of all analysed compositions)
is highly bimodal, with the first mode corresponding
to the core composition and the second mode correspond-
ing to the composition of the rim (Fig. 8a^c). In some
grains, the outer part of the rim may, however, show a de-
crease in An content (see also fig. 5 in Humphreys, 2009).
In some samples from LZa, Type I grains have two

Table 1: Types of plagioclase profiles observed in Skaergaard

Type of profile Third derivative Core Mantle Rim Layered* Marginal Border Upper Border

ERF function Series Border Series

Type I 2 minima Constant An Decreasing An Constant An LZa–LZb and MZ–UZa LZa*–LZc* LZa’ and MZ’–UZa’

Type II 1 minima Constant An – Decreasing An LZa–LZb and MZ–UZb LZa*–UZb* LZb’ and MZ’–UZa’

Type III 0 minima or �An52 Constant An – – LZc–UZb LZa* –

*Units where the various types of zoning profiles are highly abundant.
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clearly separate rims of constant composition. Such grains
have a distinct core surrounded by an inner mantle of
decreasing An content, an inner rim of An55^58, a second
mantle and then an outer rim of An50^51 (Fig. 10). It
should also be noted that, in contrast to Ca and Na (i.e.

An content), the concentration of some minor elements,
such as Ti and to a lesser extent Fe, continuously changes
(generally decreases outwards or first increases and then
decreases) within the rims of Type I grains (Humphreys,
2009, 2011).
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Fig. 4. Orthoclase (Or) vs anorthite (An) content in plagioclase cores from (a) the Layered Series and (b) the Marginal Border Series.
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458218 - LZa - F:0.68 - n:793
Type I: 81.6%; Type II: 9.7%;

Type III: 8.7%

118601 - LZa/LZb - F:0.67 - n:131
Type I: 67.2%; Type II: 16.7%;

Type III: 16.1%

458224 - LZb - F:0.67 - n:354
Type I: 70.2%; Type II: 13.3%;

Type III: 16.5%

SKG11-40 - LZc - F:0.36 - n:149
Type II: 18.4%;
Type III: 81.6%

90-10-453.7 - MZ - F:0.25 - n:138
Type I: 19.6%; Type II: 10.7%;

Type III: 69.7%

90-22-824.2 - UZa - F:0.06 - n:139
Type I: 26.5%; Type II: 16.2%;

Type III: 57.3%

90-22-67.6 - UZb - F:0.02 - n:139
Type II: 69.1%;
Type III: 30.9%

Optically zoned with rim of constant composition
e.g. Type I

Optically zoned, no rim of constant composition
e.g. Type II

Optically unzoned
e.g. Type III

Fig. 5. Digitized texture maps of plagioclase crystals for selected samples of the Skaergaard Layered Series. Three types of plagioclase crystals
with contrasted zoning types are shown; their relative proportions were determined using ImageJ software (see text for details). n, number of
crystals; F, fraction of residual melt.
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The orthoclase content in compositional profiles from
Type I plagioclase grains evolves in the opposite way to
the An content (Fig. 11a), but the width of the rim with
constant Or content may locally be different from that of
the An rim. This difference may result from faster subsoli-
dus diffusion of K:Na compared with Ca:Na, especially in
plagioclase with low An content (Giletti & Shanahan,
1997).
Type II plagioclase grains (Fig. 7d and e) are observed

from LZa to LZb and from MZ to UZb (Fig. 6; Table 2).
The most evolved composition of the rims (i.e. the average
of the outermost three measurements) changes signifi-
cantly from one zone to another in the LS. It is generally

in the range An55^58 (mean An56·4; n¼11; Table 2; Fig. 6)
in LZa, from An48 to An51 (mean An50·3; n¼ 9; Fig. 5e) in
LZb and from An40 to An41 (mean An40·8; n¼ 7) from
MZ to the lower part of UZa (core 4An42). It is worth
noting that these compositions are identical to the compos-
itions of the rims observed in Type I grains (Fig. 6). From
the top of UZa (core5An42) to UZb, the most external
values from the various profiles span a very large range
from An42 to An5 (mean An29·2; n¼ 63; Fig. 6; Table 2).
The global distribution of the plagioclase An content in
single samples is unimodal (generally with a long negative
tail), or slightly bimodal when Type II and Type I grains
coexist in the same sample (Fig. 8d and e). The orthoclase
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Fig. 6. Plagioclase compositional variations in the Skaergaard Layered Series and Marginal Border Series. (a) Stratigraphic distribution of the
types of zoning profile (Type I, II and III) in the Layered Series. Continuous lines, highly abundant; dashed lines, locally present. (b) Mode
(symbol) and range of core compositions in single samples from the Layered Series. (See text for details on the procedure to discriminate be-
tween core, mantle and rim.) Data are symbol- and shading-coded as a function of the dominant type of zoning profile (Type I, II and III) in
each sample. (c) Mode and range of rim (or mantleþ rim) compositions in the Layered Series. (d) Stratigraphic distribution of the types of
zoning profiles (Type I, II and III) in the Marginal Border Series. (e) Mode (symbol) and range of core compositions in single samples from
the Marginal Border Series. (f) Mode and range of rim (or mantleþ rim) compositions in the Marginal Border Series. Diamonds are single
microprobe analyses from Humphreys (2011).
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Fig. 8. Global distribution (density probability function) of An content in selected samples from the Layered Series (see representative com-
positional profiles for the same sample in Fig. 7). For simplicity, the density function can be understood as the relative proportion of each com-
position (0^1) calculated from the number of observations (n). Reported data include compositions from the cores, the mantles (if present)
and the rims. The global distribution has been calculated in two ways: a Kernel density distribution and a mixture of Gaussian curves (see
Appendix for details on the calculation procedure). These two ways to represent the global distributions are more statistically robust than
simple histograms for which the size of the bins has to be selected arbitrarily. (a^c) Samples dominated by grains withType I compositional pro-
files. The well-defined bimodal distribution, with the first mode corresponding to the core compositions and the second mode corresponding
to the rim compositions, should be noted. (d, e) Samples dominated byType II compositional profiles. It should be noted that the global distri-
bution of An is unimodal (possibly with a long negative tail) or slightly bimodal (whenType I andType II profiles coexist in a given sample).
(f) Sample dominated byType III compositional profiles. The unimodal distribution of An should be noted.
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content inType II plagioclase grains evolves in the oppos-
ite direction to the An content (Fig. 11b), but starts to de-
crease when the plagioclase An content becomes lower
than 22^25.
Unzoned (�An lower than 2%) Type III plagioclase

grains are mostly found from LZc to UZb (Table 1; Figs 6
and 7f). They show a unimodal distribution of plagioclase
An contents and minor variation in Or content (Fig. 8f).

Marginal Border Series
Plagioclase core compositions in the MBS evolve continu-
ously from c. An70 and Or1 in LZa* to c. An35 and Or3 in
UZb*, in a similar way to plagioclase in the LS (Fig. 4b).
The MBS is dominated by Type II plagioclase grains

(Tables 1 and 2; Fig. 6). In these samples, the core compos-
ition continuously evolves as a function of the stratigraphic
position (Fig. 6), whereas the rims of single grains show
normal zoning (e.g. decreasing An content; Fig. 12a). The
outermost edge of the rims spans a very large range of
compositions: An29^69 (mean An50; n¼17) in LZa*
(Fig. 6), An3^60 (mean An36; n¼ 42) in LZb*, An18^46
(mean An37; n¼ 21) in the interval between LZc* and the
lower part of UZa*, and An2^40 (mean An23; n¼12) in
the upper part of UZa* and UZb*. The global distribu-
tion of An content in these samples is generally unimodal
(Fig. 12b).
Type I plagioclase grains have been observed in three

samples from the external part of the MBS (two samples
in LZa* and one sample in LZb*; Tables 1 and 2). Similar
toType I plagioclase in the LS, they have a rim with a con-
stant composition of An55^58 (mean An57·5; mode An57;
n¼100; Figs 9 and 12c, d) in LZa* and An49^52 (mean
An50·2; mode An50; n¼ 42) in LZb* (Figs 6 and 12e, f).

These values are identical to those of rims of the Type I
grains in the LS (LZa and LZb).
Type III (unzoned) plagioclase grains are a very minor

feature in the MBS and we measured only a single
unzoned grain in SP-20 (MZ*; An43^45; Or2·8^3·1).

Upper Border Series
Plagioclase core compositions in the UBS evolve continu-
ously from c. An67 and Or1 in LZa’ to c. An45 and Or3 in
UZa’ (Table 2). The UBS is dominated byType I andType
II plagioclase grains (Tables 1 and 2). We did not observe
anyType III plagioclase grains.
Type I plagioclase grains were observed in LZa’, MZ’

and in the lower part of UZa’ (core4An42). The rim has
composition An55^57 (mean An56·5; mode An56; n¼ 23) in
LZa’ and An39^41 (mean An40·3; mode An40; n¼ 43) in
MZ’ and UZa’, identical to the values observed in the LS
and MBS (Fig. 9).
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Fig. 9. Composition of rims of Type I grains as a function of
stratigraphic position (fraction of remaining liquid; Nielsen, 2004).
Error bars correspond to the compositional range of rims observed
in single samples. Ranges of core compositions are shown for
reference.
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Type II plagioclase grains were observed in LZb’, MZ’
and UZa’. The outermost edge of the rims spans a large
range of compositions from An24 to An43 (mean An34;
n¼ 5) in LZb’ and An3 to An38 (mean An28; n¼ 8) in the
interval between MZ’and the lower part of UZa’.

Summary of the key compositional
observations in plagioclase profiles
Three main types of plagioclase compositional profiles are
observed in the Skaergaard intrusion. Type I grains show
a core of constant composition, surrounded by a mantle of
decreasing An content and a rim of constant composition.
They are abundant in the Layered Series LZa and LZb,
and are also common in MZ and UZa. They are absent

from LZc and UZb.The core composition evolves continu-
ously as a function of the stratigraphic position but the
rims show only three compositions: An56�2 in LZa (and
equivalent units in the MBS and UBS), An51�1 in LZb
and An41�1 in MZ^UZa (Fig. 13). Type II grains also have
a core of constant composition surrounded by a rim of
decreasing An content. In most of the LS (LZa^LZb), the
rims show relatively restricted ranges of compositions and
generally do not evolve to An contents lower than those
observed in the rims of Type I grains (Fig. 13). In contrast,
in UZa as well as in the MBS and UBS, Type II grains
are very abundant and the rims locally show very evolved
compositions down to An5^10 (Fig. 13). Type III grains are
mostly observed in the LS from LZc to UZb and are
unzoned.
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MECHANISMS OF CRYSTAL MUSH
SOL IDI F ICAT ION: INS IGHTS
FROM PLAGIOCLASE
Solidification of the Skaergaard intrusion involved highly
effective fractional crystallization of an original ferrobasal-
tic magma (Hoover,1989b; Nielsen, 2004).This is indicated
by the continuous evolution of primocryst compositions
throughout the stratigraphy, and the close match between
the roof, sidewall and floor cumulate series (e.g. Wager &
Brown, 1968; Naslund, 1984; Hoover, 1989a; McBirney,
1989; Salmonsen & Tegner, 2013; Fig. 4). However, the pre-
cise liquid line of descent of the magma in the chamber is
still poorly understood (e.g. Hunter & Sparks, 1987;
McBirney & Naslund, 1990; Toplis & Carroll, 1996; Thy
et al., 2009a; Tegner & Cawthorn, 2010). Large plagioclase
cores of constant composition are envisaged as being
formed at the top of the crystal mush (i.e. the interface be-
tween the mush and the main magma body; McBirney &
Noyes, 1979) where strong liquid convection allows the
compatible elements to be brought to the crystal^liquid
interface whereas the incompatible elements are removed
(Morse, 1986, 2008a). The activation energy barrier that
has to be overcome for the nuclei to grow and reach a crit-
ical size (i.e. leading to the appearance of a new crystal)
is relatively small given the presence of pre-existing sur-
faces for nucleation. Crystal growth is also efficient, even

at relatively low degrees of undercooling (Brandeis &
Jaupart, 1986; Pupier et al., 2008).
The evolution of the interstitial liquid within the crystal

mush is much less well understood than the evolution of
the liquid in the main magma body. When the crystal is
buried in the crystal mush owing to the overlying accumu-
lation of new crystals, differentiation and crystallization of
the interstitial liquid should result in continuous normal
zoning in the outer parts of plagioclase primocrysts,
matching their intrusion-scale stratigraphic variation.
Although clinopyroxene and olivine should show equiva-
lent variations, these are subject to more rapid diffusive
equilibration and hence do not provide such a useful
record in the final solidified cumulate.
Mush processes that disrupt fractional crystallization

(e.g. infiltration metasomatism, replenishment of intersti-
tial liquid during convection, or fluid flow and dissol-
ution^reprecipitation caused by compaction) disturb this
continuous chemical evolution and could potentially pro-
duce rocks with normal zoning that do not match the liqui-
dus trend observed in crystal cores, or grains with reverse
zoning or, in the extreme, adcumulate rocks with essen-
tially unzoned mineral grains. Some of the plagioclase
compositional profiles that we observe in the Skaergaard
intrusion clearly deviate from the continuous chemical
evolution expected for simple crystallization of a continu-
ously evolving melt, and therefore show that more
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complicated processes must have occurred during the so-
lidification of the interstitial liquid. In particular, we need
to account for the formation of wide rims of constant com-
position in Type I grains. It is also crucial to explain why
these crystals are more common in the lower parts of the
LS, and less common in the UBS and the MBS.
Importantly, we must also explain why the rim compos-
ition of Type I plagioclase grains is buffered to An56�2 in
LZa (þ LZa* and LZa’) independently of the strati-
graphic position (Fig. 9), An51�1 in LZb (þ LZb* and
LZb’) and An41�1 from LZc to the lower part of UZa
(þ LZc*^UZa* and LZc’^UZa’). It is also of interest to
note that the evolution of some minor elements in intersti-
tial plagioclase starts to diverge to that observed in plagio-
clase cores when the An-content reaches An56�2 (see
fig. 9 in Humphreys, 2011).
A critical observation is that the rim compositions of

Type I grains (An56�2; An51�1; An41�1) do not show
random patterns but correspond to significant points in
the fractionation path of the bulk magma. In detail,
An56�2 is the same within error as the core plagioclase
composition at the first appearance of primocryst clinopyr-
oxene in the LS (An56^59; McBirney, 1989), MBS (An57^59;
Hoover, 1989a; Namur et al., 2013) and UBS (An57^59;
Salmonsen & Tegner, 2013). Additionally, An51�1 corres-
ponds to the plagioclase primocryst composition at the
first appearance of Fe^Ti oxides in the three series (An50^
52) and An41�1 corresponds to that of the first appearance
of cumulus apatite (An40^41).
Detailed examination of Ti zoning in interstitial plagio-

clase shows that new interstitial phases saturate in the
mush liquid at an An content similar to that for the ap-
pearance of new primocryst phases in the main magma
body (Humphreys, 2009). Our new data therefore suggest
that the interstitial plagioclase major element composition
can locally become buffered each time the interstitial melt
adds a new phase to its liquidus assemblage.

ORIGIN OF COMPOSIT IONAL
BUFFER ING OF PLAGIOCLASE
R IMS
Based on the primary controls on plagioclase composition,
there are several possible causes for the compositional buf-
fering (An content) of rims in Type I plagioclase. These
include maintaining the interstitial melt to a constant com-
position or changing pH2O, pressure or temperature in
the crystal mush.
Despite the control of pressure on plagioclase compos-

ition (Longhi et al., 1993; Putirka, 2005) we rule out signifi-
cant pressure changes during crystallization of the
Skaergaard intrusion because the confining pressure chan-
ged only slowly during solidification, owing to progressive
burial caused by the continuous contemporaneous

eruption of flood basalts (Larsen & Tegner, 2006).
Increasing the pH2O in the magma increases the An con-
tent of equilibrium plagioclase (e.g. Panjasawatwong et al.,
1995; Putirka, 2005). However, the production of plagio-
clase rims of constant composition would require pH2O to
increase in such a way that it would exactly counteract
the evolution of liquid composition owing to crystallization
(i.e. the formation of overgrowths on existing phases and
the crystallization of new interstitial crystals). An incom-
mensurately larger increase in pH2O at any time would
result in the formation of reverse rims on plagioclase
cores. Such a progressive increase in pH2O is not sup-
ported by any petrographic (e.g. presence of hydrous
phases) or geochemical (Humphreys, 2011) evidence, and
is also inconsistent with the presence of rims with multiple
buffered components in some samples (Fig. 10). We there-
fore conclude that the most likely cause of the crystalliza-
tion of constant compositon plagioclase rims is the
buffering of the composition of the interstitial melt. This
could occur via interstitial liquid mobility or progressive
crystal dissolution, or by changes in the thermal regime of
crystal mush solidification without addition of any new
melt component.

Interstitial liquid mobility
An important matter of debate concerning the crystalliza-
tion of layered intrusions concerns the mobility of the
interstitial liquid within the crystal mush. If interstitial
liquid cannot be removed from the mush, in situ crystalliza-
tion of new interstitial phases (e.g. K-feldspar, apatite, bio-
tite and zircon) will result, incorporating incompatible
elements in the evolving liquid consistent with a high
‘trapped liquid’ fraction (e.g. Tegner et al., 2009). In con-
trast, if liquid can be physically removed from the mush
by compaction (Tegner et al., 2009; McKenzie, 2011), or if
rejected components can be efficiently removed from the
sites of crystallization by convective flow (e.g. Toplis et al.,
2008), adcumulates with low trapped liquid contents can
result. Detailed grain-size distribution analysis of cumulate
rocks could potentially help to constrain whether adcumu-
lates mostly form as a result of compaction or convective
flow (Higgins, 1998). Silicate liquid immiscibility in the
crystal mush has also been proposed as a physical mechan-
ism for changing the interstitial liquid composition, by
preferential loss of the low-density Si-rich conjugate
(Holness et al., 2011).
Compaction of the crystal mush should result in up-

wards liquid migration, bringing an evolved liquid into
contact with overlying crystals that are in equilibrium
with more primitive compositions (Irvine, 1980;
Humphreys, 2011). This process may have a strong influ-
ence on mineral compositions (Irvine, 1980). For the
Skaergaard LS, this process should amplify any normal
zoning, but it cannot account for the compositional buffer-
ing that we see in Type I grains. Moreover, compaction
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cannot have been operative either at the roof of the magma
chamber (UBS) or on the walls (MBS), where Type I
plagioclase grains are also locally present.
Toplis et al. (2008) proposed that compositional convec-

tion played an important role in the Skaergaard floor cu-
mulates, beginning when the mush liquid became
saturated in magnetite. After this point on the liquid line
of descent, progressive fractionation results in decreasing
liquid density, thus causing gravitational instability within
the mush and overturn of the interstitial liquid.
Compositional convection exchanges more evolved inter-
stitial liquid with less evolved liquid from the main
magma body (or the upper part of the mush), and can
therefore keep the melt to a constant composition; we call
this ‘chemical buffering’. This process has been suggested
as acting to buffer the plagioclase rims to An51 in cumulate
rocks without liquidus Fe^Ti oxides (LZa and LZb), and
to produce unzoned grains in cumulates with cumulus Fe^
Ti oxides (LZc^UZc; Toplis et al., 2008). Although we
agree that compositional convection could lead to effective
chemical buffering of the interstitial liquid composition at
the saturation of Fe^Ti oxides, and so may have contribu-
ted to the formation of some Type I grains in the
Skaergaard intrusion, it cannot explain the chemical vari-
ability that we observe. This is because saturation of the
liquid in interstitial clinopyroxene (at �An56^58) does not
change the liquid density significantly and there is there-
fore no driving force for compositional convection in LZa.
Although Toplis et al. (2008) did not describe any grains
with rims buffered at An56�2, our study shows that they
are actually a major component of rocks from LZa and
equivalent units in the MBS and UBS (Fig. 6;
Humphreys, 2011). Furthermore, it has been shown by
Humphreys (2011) that the concentration of minor elem-
ents such as Ti continuously changes within the rims of
Type I grains. Effective compositional convection should,
however, result in a buffered concentration of any element
in the plagioclase rims (Tait et al., 1984).
A further argument against compositional convection is

that it is a gravity-driven process that cannot produce the
same results simultaneously on the roof, floor and walls of
the magma chamber, as observed in the plagioclase data
from the LS, MBS and UBS. Although Type I grains are
more common in the LS, they are also present in the wall-
rocks (MBS) and at the roof (UBS) of the magma
chamber.
It has recently been shown that the interstitial liquid in

the Skaergaard crystal mush became immiscible during
progressive fractionation (Holness et al., 2011). The coexist-
ence of immiscible conjugate liquids is recorded by the
presence of two types of late-stage interstitial intergrowths:
those containing quartz and K-feldspar are interpreted as
forming from the Si-rich immiscible melt, whereas those
rich in Fe^Ti oxides, apatite and pyroxene are interpreted

as forming from the Fe-rich immiscible melt (Holness
et al., 2011; Humphreys, 2011). When the two immiscible li-
quids are in thermodynamic equilibrium, both should
crystallize the same plagioclase composition which should
then evolve with further differentiation and form normally
zoned plagioclase rims. When the two immiscible liquids
are sufficiently separated that they lose chemical commu-
nication they crystallize plagioclase of a distinctly different
composition (Humphreys, 2011). The rims of plagioclase
grains forming the walls of Si-rich melt pockets have
normal zoning, whereas those forming the walls of Fe-rich
melt pockets have a constant composition or even reverse
zoning (Humphreys, 2011). The development of two immis-
cible conjugate liquids, followed by relative movement
and/or separation, is therefore not a viable mechanism to
produce plagioclase rims of constant composition, unless
the relative proportion of the two melts is continuously
changing with differentiation. However, there is no reason
to suspect that a change in the relative proportion of the
two melts would buffer the plagioclase composition to
three specific values (An56�2, An51�1 and An41�1). In add-
ition, the residual porosity in rocks from the lower part of
the intrusion (HZ^LZa) is likely to have been very low at
the onset of immiscibility (510 vol. %; Humphreys, 2011),
and immiscible melts are therefore unlikely to produce
the large rims (up to 800 mm wide) of constant compos-
ition observed in Type I plagioclase grains, which must
have started to form at higher porosity (see below).

Dissolution^reprecipitation in the
crystal mush
At low undercoolings, the grain-size distribution of a poly-
disperse suspension within a liquid evolves under the influ-
ence of interfacial energies. The higher free energy of
small crystals relative to larger crystals means that the
large grains grow at the expense of the smaller. The size
effect on solubility equates to an effective superheating of
the smaller crystals (Cabane et al., 2005; Simakin &
Bindeman, 2008). This is described by the classical theory
of Ostwald ripening (Lifshitz & Slyozov,1961).This process
has negligible effect if the crystals are widely separated,
particularly for grains larger than a few microns, but
occurs at a greater rate when the crystals are touching, as
grains may coalesce (Means & Park, 1994; Pupier et al.,
2008; Schiavi et al., 2009) or if there is thermal cycling
(Simakin & Bindeman, 2008; Mills et al., 2011; Mills &
Glazner, 2013). Loss of small grains may also occur by pref-
erential dissolution caused by stress resulting from the pres-
sure of overlying material in the crystal pile (Higgins,
2002; Boorman et al., 2004; Schmidt et al., 2012).
Dissolution of small plagioclase grains can feed the
growth of larger grains, with the potential to produce
compositionally buffered rims and significantly change
the original crystal-size distribution (Pupier et al., 2008).
An important argument against this being a significant
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process for the formation of the bufferedType I rims in the
Skaergaard intrusion is that if dissolution results from the
stress at the interface between crystals, there is no reason
to suspect that dissolution would preferentially occur
when the plagioclase An content reaches An56�2, An51�1
or An41�1.
Interface-coupled dissolution of grain boundaries and

precipitation of a new phase through the circulation of a
fluid phase was recently proposed as a mechanism to pro-
duce large plagioclase rims of constant composition
(An64) by dissolution of large crystals (An80) in metamor-
phosed leucograbbro (Svahnberg & Piazolo, 2013). Fluid
circulation results in a reaction front migrating into the
high-An plagioclase crystals (Svahnberg & Piazolo, 2013)
replacing them with a low-An plagioclase, therefore form-
ing a rim around partially resorbed plagioclase grains.
However, no clear petrographic or geochemical evidence
has been reported for a pervasive and intrusion-wide fluid
phase at Skaergaard. Furthermore the buffering at
An56�2, An51�1 or An41�1 would apparently require the
percolation of three different fluids. We consider this pro-
cess highly unlikely, especially in the lower part of the LS
where the liquids are far too primitive to exsolve a free
fluid phase.

Latent heat buffering in a crystal mush
Overproduction of mineral phases during the crystallization
of a basaltic melt

The equilibrium proportions of the various liquidus phases
of a magma at a given pressure and temperature are fixed
by the thermodynamic properties of the system. However,
many examples from layered intrusions show that when a
new cumulus phase appears its mode is initially higher
than expected from cotectic relationships (Morse, 1979a;
Wiebe & Snyder, 1993; Tegner et al., 2009; Namur et al.,

2010; Table 3), declining to the expected cotectic proportion
within a short stratigraphic distance. This overproduction
of a given phase was described by Morse (1979b, 2011) and
may be attributed to the supersaturation of the relevant
mineral component in the melt, which results in crystal-
lization on metastable extensions of field boundaries
(Morse, 1979b). This oversaturation of a new phase may
also occur during crystallization from the interstitial melt
(Morse, 2011).
Thermodynamic calculations reveal that the crystal

productivity [x/T; where x is the amount of crystallization
(g) for a given incremental change in temperature (T);
e.g. 18C] at the appearance of a new phase might be up to
10 times higher than under ‘normal’ conditions (Ghiorso,
1997; Holness et al., 2007, 2009a; Morse, 2011).
Crystallization of minerals from a silicate melt is respon-
sible for the release of latent heat of crystallization
(�Hfus), which together with the heat lost through the
walls and roof of the magma chamber controls the thermal
state of the system and its global cooling rate. Increasing
x/T at the appearance of a new phase may therefore
result in a non-linear evolution of �Hfus as a function of
temperature (Ghiorso, 1997; Holness et al., 2007, 2013).
Such a non-linear evolution of �Hfus with temperature
was observed by Lange et al. (1994) during the melting of
basalt and ugandite. Results from this study therefore also
point to a non-linear evolution of �Hfus during the crystal-
lization of a basaltic melt.
In layered intrusions, this process may contribute to

keeping the top of the crystal mush close to the liquidus
temperature for extended periods (see below). Morse
(2011) suggested that this thermal buffering effect contrib-
utes to the textural maturation of cumulate rocks.
Thermal buffering owing to enhanced release of latent
heat at the saturation of a new phase is therefore

Table 3: Mineral mode at the appearance of cumulus phases in layered intrusions

Augite Fe–Ti oxides Apatite

Appearance

F/H

Oversaturation

mode

Average

mode

Appearance

F/H

Oversaturation

mode

Average

mode

Appearance

F/H

Oversaturation

mode

Average

mode

Skaergaard1 0·668/175 27� 2 24� 2 0·385/742 39� 5 24� 4 0·097/1620 7·3� 1·3 4·4� 0·7

Sept Iles2 0·72/-3375 29� 2 23� 3 0·86/–3680 34� 8 22� 6 0·52/–2575 7·2� 0·5 4·6� 1·2

Kiglapait3 �0·16/– 40–60 20–30 �0·08/– 10–40 5–10 �0·05/– 8–12 1–5

Newark Island4 –/1000 25–30 15–20 –/1300 16–25 8–10 –/2500 8·5 1

1Tegner et al. (2009).
2Namur et al. (2010).
3Morse (1979a).
4Wiebe & Snyder (1993).
F, fraction of residual melt; H, stratigraphic height (m).
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considered as an explanation for the stepwise evolution of
clinopyroxene^plagioclase^plagioclase dihedral angles
(�cpp) at the appearance of clinopyroxene, Fe^Ti oxides
and apatite in fractionated layered intrusions (e.g.
Skaergaard, Bushveld and Sept Iles; Holness et al., 2007,
2013). Enhanced release of latent heat at the appearance
of a new phase, as opposed to a uniform distribution of
latent heat across the liquidus^solidus interval (Ghiorso,
1991), is also thought to be an efficient process acting to
thermally homogenize large silicic magma chambers
(Huber et al., 2009) and thick lava flows (Settle, 1979).

Modelling the crystal productivity and latent heat production
in basalt

As illustrated above, the saturation of new phases in a bas-
altic melt has the potential to significantly change the tem-
perature derivative of �Hfus and therefore to exert a
primary control on the cooling rate of a magma body.We
used thermodynamic modelling to put quantitative con-
straints on the �Hfus vs T path of a Skaergaard-related
magma and use these results to discuss the cooling rate of
a gabbroic crystal mush.
We used the most recent alphaMELTS calibration of the

MELTS thermodynamic calculator (Ghiorso & Sack,
1995; Smith & Asimov, 2005) to calculate the thermo-
dynamic properties of some representative basaltic and fer-
robasaltic melts and to evaluate the heat budget of
crystallizing basaltic magma in a shallow magma chamber
such as the Skaergaard intrusion. We used a primitive
mid-ocean ridge basalt (MORB) composition (Ghiorso,
1997) and four possible compositions of the Skaergaard
parental magma (Toplis & Carroll, 1996; Nielsen, 2004;
Thy et al., 2009a; Tegner & Cawthorn, 2010; Table 4).
Calculations were performed to simulate a process of frac-
tional crystallization at 1kbar along the quartz^fayalite^
magnetite (QFM) oxygen fugacity buffer. Calculated
liquid lines of descent of these melts are shown in Fig. 14a.
The accuracy of MELTS was assessed by comparing pre-
dicted liquid lines of descent for various ferrobasaltic prov-
inces with published suites of whole-rock compositions
(Fig. 14b).We also compared MELTS predictions for min-
eral compositions and cotectic proportions with rocks
from the Skaergaard intrusion as well as theoretical
models (Thy et al., 2009a) and experimental results
(Toplis & Carroll, 1995), and found that MELTS predicts
these parameters reasonably accurately (Table 4).
Crystallization of basaltic melts results in peaks in crys-

tal productivity at the appearance of each cumulus phase
(Fig. 15; Table 4). This enhanced production of crystals at
the saturation of a new phase is due to the liquidus slope
flattening temporarily when the new phase appears on
the liquidus (Wyllie, 1963; Morse, 2011). The increasing
crystal productivity results in an increasing production of
latent heat of crystallization [(�Hfus/�T; J g�1 K�1;
Ghiorso, 1997; Morse, 2011; Holness et al., 2013; Fig. 15],

which we calculated following Ghiorso & Carmichael
(1985) and Lange et al. (1994):

�Hf us ¼ ðHTþ�T Þ ��TCp ð2Þ

where H is enthalpy (J g�1),T is temperature (K) and Cp is
the specific heat (J g�1 K�1). The temperature derivative
of �Hfus generally decreases withT (or F; fraction of re-
maining melt in the magma chamber) at a rate dependent
on the stable liquidus assemblage. This trend is punctuated
by significant jumps in �Hfus/�T at the appearance of a
new liquidus phase. The intensity of this jump mostly de-
pends on the thermodynamic properties (e.g. enthalpy of
fusion) and the cotectic proportion of the phase that starts
crystallizing.

Implications for crystal mush cooling

When compared with the total enthalpy budget of the
system, the latent heat of crystallization represents c. 80%
of the heat budget during most of the magmatic history
(Holness et al., 2007, 2009a; Morse, 2011). The appearance
of a new cumulus phase, however, increases the latent
heat contribution to the total heat budget of the system.
This therefore has the potential to decrease the global cool-
ing rate of the magma because most of the heat dissipated
through the country-rocks is latent heat (Cashman, 1993;
Dunbar et al., 1995; Higgins, 1998; Morse, 2011). For con-
venience, we can define the specific cooling rate as the in-
verse of the crystal productivity (T/x). It is evident from
Fig. 15 (upper panels) that the cooling rate diminishes dis-
continuously at the appearance of a new phase on the
liquidus. The specific cooling of the bulk magma chamber
could therefore approach zero during the peaks of crystal
productivity (Morse, 2011). In a large, homogeneous, con-
vecting magma chamber such as Skaergaard, the
enhanced latent heat production presumably does not
play any significant role in the global cooling of the bulk
magma chamber. This is because crystallization domin-
antly occurs in slightly undercooled boundary layers
against the walls (Brandeis et al., 1984; Worster et al., 1990;
Morse, 2008a), while the bulk magma body is above the
liquidus temperature (McBirney & Noyes, 1979; Brandeis
& Jaupart, 1986; Morse, 1986, 2008a). At any stage of crys-
tallization the volume of crystals produced is relatively
small compared with the volume of liquid in the magma
chamber and the extra latent heat is quickly dissipated
within the whole convecting magma body and cannot
therefore counteract the heat lost through the country
rocks (see below).
In contrast, enhanced release of latent heat might play

an important role for the comparatively smaller volume
of magma within and immediately adjacent to the crystal
mush and potentially maintain it under near-isothermal
conditions (Brandeis et al., 1984; Higgins, 1998; Holness
et al., 2007; Morse, 2011). We used the MELTS results
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presented above to estimate how the crystallization of a
new phase influences the thermal regime of a crystal
mush. Calculations are based on three important assump-
tions, as follows.

(1) The mush liquid is cooling by losing enthalpy through
the country-rocks at a constant rate (e.g. Morse, 1986;
Spera & Bohrson, 2001). If the latent heat of crystal-
lization stays constant, the thermal evolution of the
magma body can therefore be expressed as a constant
cooling rate, R (8C a�1), which we estimated to be in
the range 0·01^0·0018C a�1 (Kuritani et al., 2007;
Morse, 2011).

(2) The whole volume of interstitial liquid becomes satu-
rated in the new phase exactly at the same time, so
the latent heat of crystallization is homogeneously dis-
tributed within the liquid mass.

(3) We consider a temperature range of 1908C between
the liquidus temperature and the solidus temperature
(e.g. 1170^9808C; Toplis & Carroll, 1995; Thy et al.,
2009b; Charlier & Grove, 2012).

Based on these assumptions and considering a crystal
mush initially made up of liquid (40 vol. %) þ plagioclase
and olivine, we can use the thermodynamic data predicted
by MELTS (e.g. enthalpy of fusion of the parental basalt;
�1�106 J kg�1; specific heat �1·3�103 J kg�1K�1) and
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Fig. 14. (a) MELTS predicted liquid lines of descent for a MORB
starting composition (Ghiorso, 1997) and various Skaergaard-like
magma compositions (Toplis & Carroll, 1996; Nielsen, 2004; Thy
et al., 2009a; Tegner & Cawthorn, 2010). MELTS calculations were
performed at 1kbar and QFM conditions. (b) Comparison between
MELTS calculated liquid lines of descent for some ferrobasaltic prov-
inces [Galapagos; Thingmuli; Snake River Plain (SRP)] and bulk-
rock compositions of erupted lavas. A comparison between liquids
predicted by MELTS and experimental liquids for a Skaergaard-like
magma (Toplis & Carroll, 1995) is also shown. Bulk-rock data are
from Carmichael (1964), Byerly et al. (1976) and Andrews et al. (2008).

1000 1040 1080 1120 1160 1200

0.5

1.0

1.5

C
ry

st
. p

ro
du

ct
./Δ

T
(g

/º
C

)

Temperature (˚C)

Plag

OlCpx

FeTi
ox

Ap

100

101

La
te

nt
 h

ea
t 

of
 fu

si
on

/Δ
T

((
J/

g)
/º

C
)

Plag

OlCpx
FeTi
ox

Ap

Primitive MORB
Ghiorso (1997)

1

2

3

4

5

6

1000 1020 1040 1060 1080 1100 1120 1140 1160

101

102

Temperature (˚C)

Skaergaard
Toplis et al. (1996)

Plag, Ol

Cpx

FeTi
ox

Ap

Ap

FeTi
ox Cpx

C
ry

st
. p

ro
du

ct
./Δ

T
(g

/º
C

)

La
te

nt
 h

ea
t 

of
 fu

si
on

/Δ
T

((
J/

g)
/º

C
)

Fig. 15. Diagrams showing the evolution of crystal productivity
(amount of crystallization for a given incremental change in tempera-
ture; 18C) and the latent heat of crystallization (normalized to the
mass of remaining magma) as a function of temperature (i.e. progres-
sive fractionation of the starting liquid compositions). Results are
shown for a primitive MORB starting composition (Ghiorso, 1997)
and a Skaergaard-related magma (Toplis & Carroll, 1996). Results on
other Skaergaard-related magmas are given in Table 4 (Nielsen,
2004; Thy et al., 2009a; Tegner & Cawthorn, 2010). It should be noted
that the crystal productivity and latent heat curves show well-defined
spikes at the appearance of each successive phase. Plag, plagioclase;
Ol, olivine; Cpx, clinopyroxene; FeTi ox, Fe^Ti oxides; Ap, apatite.
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equation (2) to calculate that the mushy layer must con-
ductively lose �10 000 J kg�1 to the country-rocks to be
cooled by 18C. Depending on the estimated cooling rate
(e.g. 0·001^0·018C a�1; Morse, 2011), we can therefore calcu-
late that the jumps in the latent heat output at the appear-
ance of a new phase (Fig. 15) can maintain the mush
liquid at near-isothermal conditions for times in the range
of 42^420 years at the appearance of interstitial clinopyr-
oxene, 220^2200 years at the appearance of Fe^Ti oxides
and 4^40 years at the appearance of apatite (Fig. 16a).
These values are lower by a factor of 2 than those sug-
gested by Morse (2011), who used the cotectic proportions
and thermodynamic properties of a liquid which is signifi-
cantly different to the Skaergaard parent magma.

Adcumulus growth in the crystal mush

The calculations presented above indicate that the mush
liquid may stay at near-isothermal conditions (very low
cooling rate) temperature at several points during its so-
lidification owing to episodes of enhanced release of latent
heat at the saturation of each new phase. However, the
more fully solidified cumulates far from the solidification
front continue to lose heat by conduction through the
walls, roof and floor of the magma chamber. This provides
a driving force for further crystallization in the crystal
mush, even at a low degree of undercooling (Morse,
2008a, 2011). The thermodynamic force for crystallization
is, however, small and solidification mostly occurs through
crystal growth on existing grains (i.e. formation of rims)
with a very minor formation of new grains (Brandeis
et al., 1984; Pupier et al., 2008). Considering a typical
growth rate for plagioclase (e.g. 10�11^10�12 cm s�1;
Cashman, 1993; Pupier et al., 2008), we calculated that
plagioclase rims (i.e. overgrowths) ranging in size from c.
10 to 1000 mm may form on the time-scales we have estab-
lished for the periods of isothermal conditions (Fig. 16b).
However, their constant composition still needs to be
discussed.
The local enhanced release of latent heat (Fig. 17a) at

the saturation of a new interstitial phase is capable of ther-
mally buffering the interstitial melt (Fig. 17b) but also has
two additional effects, as follows.
It progressively decreases the degree of undercooling,

which tends to zero (Fig. 17c; Hort & Spohn, 1991a).
Reducing the degree of undercooling (Brandeis &
Jaupart, 1986; Higgins, 1998; Couch et al., 2003) diminishes
the extent of disequilibrium between the liquid and asso-
ciated plagioclase (Hort & Spohn, 1991a, 1991b), which po-
tentially increases the An content of plagioclase growing
from any given liquid composition (Loomis, 1982; Muncill
& Lasaga, 1987). We used thermodynamic modelling of
plagioclase^liquid equilibrium [equation (28) of Namur
et al. (2012)] to calculate the effect of changing the extent
of undercooling (up to 208C in increments of 18C) on the
plagioclase composition in equilibrium with the

Skaergaard parental magma. This analysis reveals that
the plagioclase composition changes by 0·1% An
when the amount of undercooling is decreased by 18C.
It therefore acts in an opposite way to differentiation,
and so might contribute, at least in part, to maintaining
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Fig. 16. (a) Estimation of the time spent at isothermal (or near-iso-
thermal) conditions for a given volume of magma when it becomes
saturated in a new cumulus phase. We calculated the evolution of
melt temperature as a function of time (�H/�T) and considered a
liquid density of 2·75 g cm�3.We assumed that the system is losing en-
thalpy to the country-rocks at a continuous rate (�H/�t is constant).
This rate was calculated using the global enthalpy of the system (cal-
culated from MELTS; see Table 4) and cooling rates suggested by
Morse (2011) for the Skaergaard magma chamber (0·001^0·018C a�1).
This diagram shows the period of time during which the whole
system (i.e. homogeneous nucleation and crystal growth in the whole
magma body) or the top of the crystal mush (i.e. in situ crystalliza-
tion) may stay under near-isothermal conditions at the appearance
of clinopyroxene, Fe^Ti oxides and apatite. Lines (including the
dashed lines) show the results with the average value of latent heat of
crystallization at the saturation of a new phase calculated from
MELTS data using the parental melts listed in Table 4. Grey fields
represent the range of years spent at isothermal conditions calculated
using lowest and highest values of latent heat of crystallization calcu-
lated from MELTS data using the parental melts listed in Table 4.
(b) Size of the crystals that may be reached by crystal growth under
near-isothermal conditions at the appearance of clinopyroxene, Fe^
Ti oxides and apatite. Crystal growth rate is from Cashman (1993).
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a constant plagioclase composition (Chistyakova &
Latypov, 2012).
It allows near-equilibrium, adcumulus, crystal growth

(Wager et al., 1960; Morse, 1986, 2008a; Hort & Spohn,
1991a). Where equilibrium is maintained between the
growing crystals and the liquid, adcumulus growth can
occur with the potential to produce rims of constant com-
position such as those observed in the Skaergaard intrusion
(Morse, 2008a). Crystal growth, however, depletes the
melt in elements compatible in plagioclase, whereas incom-
patible elements are enriched. This results in the formation
of a compositional boundary layer around the crystals
(Albare' de & Bottinga, 1972) that needs to be erased to
keep a liquid of constant composition at the crystal^liquid
interface. Following Morse (2011), this can be achieved by
diffusion alone as long as the accumulation rate at the top
of the crystal mush is lower than 4^6 cma�1. A higher ac-
cumulation rate would hamper the connection between
the mush liquid and the main magma body. For the
Skaergaard intrusion the estimated range of crystal accu-
mulation rates is 1^4 cma�1 (Morse, 2011), indicating that
diffusion is fast enough the keep the crystal^liquid inter-
face at a constant composition when the mush liquid is iso-
thermal. This is confirmed by the very high diffusivity of
Naþ (c. 1�10�9m2 s�1), and diffusion of Ca2þ is also rela-
tively fast (c. 1�10�11m2 s�1) and similar to, or slightly
faster than, that of other major elements (Supplementary
Dataset 5). Short length-scale convection owing to Na dif-
fusion (Bindeman & Davis, 1999) may also contribute to
maintaining a constant composition liquid at the interface
with plagioclase crystals and may therefore contribute to
the extent of adcumulus growth (Morse, 2008a, 2011).

Summary of the crystallization history ofType I plagioclase
grains

Crystallization of Type I plagioclase grains starts by nucle-
ation and crystal growth at the interface between the
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Fig. 17. Schematic illustration of the thermal history of an LZa crys-
tal mush (at the appearance of interstitial clinopyroxene). An initial
mush porosity of 0·6 is assumed (see Jerram et al., 2003) and we con-
sider that the mush liquid fraction decreases only owing to crystalliza-
tion of interstitial phases and formation of mineral overgrowths (e.g.
no liquid is expelled by crystal mush compaction). We also consider
that the composition of the interstitial liquid is not altered by compos-
itional convection or any other process. The part of the mush on the
right side (F¼ 0·6^0·5) contains cumulus olivine and plagioclase and
the interstitial liquid crystallizes plagioclase and olivine, whereas the
mush on the left side (F¼ 0·5^0·45) contains cumulus olivine and
plagioclase and the interstitial liquid crystallizes plagioclase, olivine
and clinopyroxene.We assume that the liquid within the mush has ini-
tially (F¼ 0·6) the composition of the Skaergaard parent magma
and has a liquidus temperature of 11658C. The mush liquid is con-
sidered to follow the same differentiation path as the main magma

Fig. 17 Continued
body (Humphreys, 2009). Following the results of MELTS calcula-
tions (see Table 4), clinopyroxene therefore starts crystallizing as an
interstitial phase at 11408C when the mush porosity is 0·5. (a)
Change in total enthalpy of fusion per 8C as a function of the mush
liquid fraction. It should be noted that the latent heat of crystalliza-
tion is significantly higher in that part of the mush that contains inter-
stitial clinopyroxene than in the mush with plagioclase and olivine
only.These values of latent heat of crystallization should be compared
with those inTable 4 for additional information. (b) Change of melt
liquidus temperature with depth (or decreasing liquid fraction) in
the mush. It should be noted that the liquid in the mush containing
interstitial clinopyroxene is buffered to its liquidus temperature. (c)
Schematic representation of the change of the degree of undercooling.
Undercooling progressively decreases with time in the mush contain-
ing clinopyroxene. Results of changing the degree of undercooling on
equilibrium plagioclase composition are schematically shown in the
albite^anorthite loop (inset). The dotted trajectory shows the equilib-
rium plagioclase composition (no undercooling) and the dashed tra-
jectory shows the plagioclase composition produced from the same
melt with an undercooling of c. 108C.
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crystal mush and the main magma body, where the liquid
is at the liquidus temperature or slightly undercooled
(Fig. 18a). This first step results in the formation of a large
core of constant composition (e.g. An70; t1 in Fig. 18b).

The crystal is then progressively buried in the developing
mushy layer in which the liquid is initially saturated in
the same phases as those crystallizing from the main
magma body (i.e. olivine and plagioclase; t2 in Fig. 18b).
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Fig. 18. Structure of the plagioclase, olivine and liquid crystal mush at the appearance of interstitial clinopyroxene and its effect on plagioclase
crystallization history. (a) The schematic diagram on the left represents a subsection from the bottom of the magma chamber. From base to
top it shows a first layer representing the upper part of the fully crystallized cumulate pile with cumulus plagioclase and olivineþ interstitial
clinopyroxene, then the crystal mush (liquidþcrystals) and finally the lowermost part of the convecting main magma body (above the
magma^mush interface). The relative thicknesses of the various units have no significance and were chosen to focus on the crystal mush. The
liquid within the mush is evolving in composition downwards so that the liquid in the lower part is saturated in olivine, plagioclase and clino-
pyroxene, whereas the liquid in the upper part is saturated in olivine and plagioclase only.The liquid temperature within the mush increases up-
wards. FollowingWorster (1997) and Morse (2008a) the temperature of the liquid within the main magma body is slightly above the liquidus
so that no nucleation and crystal growth occur within the main magma body. The porosity within the mush decreases downwards (for simpli-
city this decrease is considered as evolving linearly with depth) owing to crystallization of interstitial phases and overgrowth on cumulus
phases. The latent heat release is higher in the lower part of the mush than in the upper part, which results in maintaining the liquid in the
lower part of the mush at its liquidus temperature (see text for details). (b) Crystallization history of a plagioclase grain located within the
lower part of the mush and representation on the compositional path of plagioclase on the albite^anorthite loop. At t1, (i) initial nucleation
(owing to slight undercooling) occurs at the top of the mush; (ii) the plagioclase composition in equilibrium with the melt is An70; (iii) crystal
growth produces a large plagioclase crystal of constant composition (An70). At t2, (i) the plagioclase crystal is buried within a mush containing
a liquid saturated in olivine and plagioclase. The dotted arrow represents the evolution of plagioclase burial depth within the mush through
time (ii^iii). Differentiation of the mush liquid results in the formation of a plagioclase mantle with decreasing An content (An70^58). At t3, (i)
the plagioclase crystal is at the bottom of the mush, which contains a liquid saturated in olivine, plagioclase and clinopyroxene and which
stays under isothermal conditions for an extended period of time (possibly41000 years; see text for explanation); (ii, iii) equilibrium crystalliza-
tion under isothermal conditions produces a rim of constant composition (An58).
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At this stage, differentiation and crystallization of the
interstitial melt produces rims of decreasing An content
around the crystal cores (e.g. An70^58) owing to changes
in melt composition and decreasing temperature. When
the mush liquid becomes sufficiently evolved, it may start
crystallizing a new phase (e.g. clinopyroxene; t3 in
Fig. 18b). The enhanced release of latent heat associated
with the appearance of the new phase maintains, at least
locally, the mush liquid under isothermal conditions, and
diffusion of chemical species maintains a constant liquid
composition at the crystal^liquid interface. This step pro-
duces rims of constant composition (e.g. An58) on the
plagioclase crystals. If the process goes to completion, the
residual porosity goes to zero isothermally.

PLAGIOCLASE ZONING IN THE
SKAERGAARD INTRUSION
Influence of mush liquid fraction
Thermal buffering of the mush is envisaged as an efficient
way to produce adcumulus growth, which can produce
the rims of constant composition that we see in Type I
grains. On the other hand, simple crystallization of a melt
with continuously evolving composition is capable of pro-
ducing the rims with normal zoning observed in Type II
grains, whereas compaction of the mush (Tegner et al.,
2009) or efficient compositional convection can account
for the formation of the unzoned Type III grains. As illu-
strated in Fig. 6, each type of plagioclase grain (Type I,
Type II andType III) has its own stratigraphic distribution
in the Skaergaard intrusion.Type I grains are mostly abun-
dant in the lower part of the LS, but are present up to
UZa, whereas Type III grains dominate the upper part of
the LS. Type II grains are mostly observed in the MBS
and UBS. These three series show the same succession of
cumulate rocks but have contrasted interstitial liquid frac-
tions (Fig. 19). The Appendix gives the details of the calcu-
lation procedure [see Table 2 and Tegner et al. (2009),
Namur et al. (2013) and Salmonsen & Tegner (2013) for de-
tails of the bulk-rock compositions and analytical meth-
ods]. The contrasted stratigraphic distribution of the
different types of plagioclase grains, together with the
variable interstitial liquid fractions in the different series
of the Skaergaard intrusion, suggests that this parameter
may exert a primary control on the dominant type of
plagioclase zoning in each sample. This may originate
from (1) the potential control of the liquid fraction on the
degree of supersaturation of any mineral component in
the melt and therefore the temperature derivative evolu-
tion of �Hfus upon solidification (Morse, 1979b, 2011) or
(2) the control of the liquid fraction (i.e. porosity) on the
degree of liquid mobility and the efficiency of heat advec-
tion in the crystal mush (McKenzie, 1984; Tait et al., 1984;
Huber et al., 2009; Namur & Charlier, 2012).

We consider a magma chamber developing mushy crys-
tal layers on its margins (Fig. 20a). As above, we consider
that the system needs to lose c. 10 000 J kg�1 of magma to
cool the mush liquid temperature by 18C.This is illustrated
in a simple system saturated in two phases (e.g. plagioclase
and olivine). At t1 in Fig. 20b, no crystallization occurs. At
t2, crystallization of interstitial olivine and plagioclase has
occurred and the system has cooled slightly (e.g. 18C).We
now consider two cases when a new interstitial phase ap-
pears on the liquidus, as follows.

(1) The new phase (e.g. clinopyroxene) saturates in the
whole volume of mush liquid. As discussed above, the
saturation of a new phase produces a significant in-
crease in the latent heat of crystallization. We used
MELTS to investigate whether or not the fraction of
liquid in the mush exerts a primary control on the
heat release in the system (Supplementary Dataset 6).
We ran calculations (1400^10008C; 1kbar) on nine
MORB (or residual liquids from MORB) starting
compositions (Ghiorso, 1997; Kamenetsky et al., 2000)
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Fig. 19. Calculated average (filled black circle) and range (vertical
lines) of the interstitial liquid fraction in rocks from each zone of the
Layered Series, Upper Border Series and Marginal Border Series.
Calculations are based on whole-rock P2O5 content and cannot there-
fore be performed for the zones containing cumulus apatite (UZb
and UZc). Grey diamonds represent the interstitial liquid fraction in
single samples from the Layered Series (see Tegner et al., 2009). Bulk-
rock analyses are from Tegner et al. (2009), Namur et al. (2013),
Salmonsen & Tegner (2013) and unpublished MBS data from the sec-
tions KR-01 and KR-03 (see Fig. 1). (See the Appendix for details on
the calculation procedure.)
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mush and compositional convection may or may not occur, depending on the physical properties of the crystal mush and the stable liquidus as-
semblage. Thermal convection is thought to occur within the main magma body and could also occur within the crystal mush. FBL, floor
boundary layer; RBL, roof boundary layer. (b) Snapshot of the thermal regime of the crystal mush before the crystallization of interstitial
phases (t1) and after the crystallization of interstitial phases (t2). The heat lost through the country-rocks needed to cool the system is shown,
as is the specific heat of the magma. At t2, the latent heat of crystallization released by the crystallization of the interstitial crystals is not suffi-
cient to thermally buffer the system, which therefore keeps cooling (see the temperature distribution at the bottom of the panel). (c) Thermal
effect of the appearance of a new phase. The enhanced release of latent heat at the appearance of the new phase thermally buffers the system
and the temperature of the mush liquid at t2 is identical to that at t1. (d) The crystallization of the new interstitial phase occurs at the bottom
of the mush and the heat is quickly dissipated to the whole volume of magma (probably as a result of heat advection and heat conduction).
The global latent heat of crystallization in the whole volume of magma is not sufficient to keep the system at a constant temperature, but the
temperature drop between t1 and t2 might be lower than in (b) (dotted horizontal line).
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and observed that the appearance of magnetite occurs
at a liquid fraction ranging from F¼ 0·92 (11208C) to
F¼ 0·14 (10658C; Supplementary Dataset 6). For each
composition, our calculations showed an increase in
the contribution of latent heat of crystallization to the
enthalpy budget at the saturation of magnetite.
However, �Hfus/�T values per gram of magma are
almost identical in all calculations (Supplementary
Dataset 6). This suggests that the proportion of liquid
in the mush has presumably no influence on the cotec-
tic proportion of any phase and therefore on the ther-
mal regime of the mush liquid, as long as the whole
volume of liquid becomes simultaneously saturated in
this phase. This indicates that the degree of supersat-
uration of a mineral component in the melt just
before this mineral starts crystallizing is not strongly
dependent on the melt fraction (Morse, 1979b).When
the new phase saturates, most of the heat extracted is
latent heat (Morse, 2011) and the liquid may therefore
stay at near-isothermal conditions (compare t2 in
Fig. 20b and t2 in Fig. 20c) for tens to thousands of
years (Fig. 16) regardless of the interstitial liquid frac-
tion. It is therefore capable of crystallizing plagioclase
of constant composition as long as diffusion (see
above) can bring the compatible elements towards
the crystal^liquid interface.

(2) In a more realistic scenario, the saturation of the new
phase does not occur simultaneously everywhere in the
mush liquid. Instead, themush liquid iscompositionally
and thermally zoned and saturation of the new phase
occurs first in the coldest part of the boundary layer. In
this case, the enhanced release of latent heat occurs in
only the lower part of the mushbut the energy released
is dissipated in thewhole body of the liquid. Depending
on the crystal mush thickness (Holness et al., 2007) the
extra heat released as the interstitial liquid becomes
saturated in a new phase may not be sufficient to main-
tain an isothermal mush if the rate of heat loss through
the intrusion margins exceeds the rate of production of
latent heatof crystallization (Fig.20d).

Dissipating the latent heat within the entire volume of
mush liquid requires an efficient process of heat transfer.
A high porosity allows heat transfer through thermally
induced liquid convection (Brandeis & Marsh, 1990;
Worster, 1991), whereas a low porosity allows heat transfer
only through diffusion. In a plutonic setting it has been
shown that temperature buffering owing to latent heat re-
lease at the eutectic point is c. 1000 times faster at high por-
osity (440%) than at low porosity (Huber et al., 2009),
presumably because of the relatively low heat diffusivity
in both crystals (10�6^10�7m2 s�1; Xu et al., 2004;
Branlund & Hofmeister, 2012; Hofmeister, 2012) and liquid
(10�7m2 s�1; Huppert & Sparks, 1988). Other experiments

have shown that the transition between conduction-domi-
nated and advection-dominated heat transfer occurs at
porosities of 10^15% (Lima et al., 2005). This is consistent
with numerical simulations by Cheadle et al. (2004) show-
ing that the permeability of a crystal mush significantly
drops when the porosity is reduced below 15^20%.We sug-
gest that efficient thermal and compositional buffering of
the mush liquid is most likely to be effective when the
mush porosity is lower than 15^20%. At higher porosity,
the latent heat is dissipated to the whole volume of mush
liquid too quickly to have a significant effect on its cooling
rate (e.g. the global latent hear cannot counteract the heat
lost though the walls) and therefore on equilibrium plagio-
clase composition.

Heterogeneous porosity distribution in the
Skaergaard mush
In the previous section, we have suggested that whether or
not plagioclase grains develop a rim of constant compos-
ition at the appearance of a new phase mainly depends on
the porosity of the crystal mush when this phase appears.
Our sample set includes those dominated by grains with
buffered rims (Type I), whereas others are dominated by
grains with normal zoning (Type II) or unzoned grains
(Type III). This indicates that the porosity distribution
was probably heterogeneous in the Skaergaard crystal
mush during solidification. Heterogeneous porosity within
the crystal mush could partly result from a change of the
crystal mush thickness with differentiation (e.g. Holness
et al., 2007, 2009b; Holness, 2012; Namur et al., 2013) or
from contrasted crystal mush thicknesses in the various
series (LS, MBS and UBS) of the intrusion. Changing the
crystal mush thickness would, in order to have an effect,
have to change the volume of liquid affected by the satur-
ation of a new interstitial phase (Fig. 20), and therefore
the thermal history of the crystal mush. Below, we discuss
the porosity conditions under which the three types of
plagioclase grains may have formed.

Compositionally buffered (Type I) grains

Type I grains must develop in a crystal mush with suffi-
cient porosity to allow the crystallization of large (up to
800mm) rims of constant composition at the saturation of
a new cumulus phase (Fig. 21a; grain 1). However, as dis-
cussed above, the porosity cannot be much higher than
15^20% because a very large, interconnected, porosity
would allow efficient thermal advection within the crystal
mush and would therefore annihilate any thermal effect
associated with the saturation of a new phase in the mush
liquid. Type I plagioclase grains are especially abundant
in the lower part of the LS (LZa^LZb). The proportion of
solidified interstitial melt in these rocks is in the range 20^
40%, which we can consider as a first-order estimate of
the initial porosity (Fig. 19). This value is lower than poros-
ity estimates based on numerical simulation (e.g. 60%;
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Fig. 21. Schematic representation of a Skaergaard crystal mush and the effect of the liquid fraction on plagioclase compositional profiles. This
series of diagrams shows a snapshot of a subsection (lowest and coldest, part) of the mush before (t1) the saturation of a new phase (clinopyrox-
ene or Fe^Ti oxides) and after (t2) the saturation of the new phase. (a) LZa (plagioclase^olivineþ interstitial clinopyroxene) crystal mush
with moderate porosity. Saturation of interstitial clinopyroxene results in efficient thermal buffering of the mush liquid. Plagioclase grains sur-
rounded by liquid will develop a thin mantle of decreasing An content and large rims of constant composition (see grain 1). Grains in contact
cannot grow further and do not develop these rims (they may or may not develop a mantle; see grain 2).The dashed line represents the limit be-
tween the core and the mantle of decreasing An content, whereas the dotted line represents the limit between the mantle and the rim of constant
composition. (b) LZa crystal mush with high porosity (430%). Owing to heat advection, the saturation of interstitial clinopyroxene does not
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Jerram et al., 2003), indicating that the lower zone of the LS
may have been rapidly compacted during solidification
(Tegner et al., 2009). Saturation of clinopyroxene and Fe^
Ti oxides occurs when the proportion of residual melt (F)
in the magma chamber is c. 0·7 and 0·5 respectively
(Nielsen, 2004). Considering that interstitial phases satur-
ate in the mush liquid at a stage of liquid evolution similar
to that at the appearance of cumulus phases in the main
magma body (Humphreys, 2009), we can calculate that
the porosity was in the range 12^24 vol. % at the satur-
ation of interstitial clinopyroxene and 10^20 vol. % at the
saturation of interstitial magnetite. These values indicate
that Type I grains in LZa^LZb samples probably formed
in a mush with a porosity close to the maximum value at
whichType I grains are likely to form.

Normally zoned (Type II) plagioclase grains

Type II plagioclase grains are generally a minor compo-
nent in rocks dominated by Type I grains (e.g. in LZa^
LZb) but form a major component in the upper part of
the LS (UZb), in the MBS and in UBS.
Where associated withType I plagioclase grains (e.g. in

LZa^LZb), the most evolved composition of the rims of
Type II grains is often identical to the composition of buf-
fered rims in Type I grains. There is, however, some vari-
ability and grains with more An-rich rims also occur. The
absence of rims of constant composition on some grains is
most likely to result from impingement of adjacent grains
before the process of latent heat buffering actually starts
(Fig. 21a; grain 2).
Where Type II plagioclase grains dominate the plagio-

clase population (i.e. UZb, MBS, UBS), the rims have a
compositional range locally exceeding 40% An and ap-
proach a pure albite endmember in some samples.We sug-
gest that efficient latent heat buffering did not occur (or
did not last for a long period of time) in most parts of the
MBS and UBS crystal mush because of the large fraction
of interstitial melt. For the non-compacting MBS and
UBS, assuming an initial porosity of 0·6, we calculate that
clinopyroxene and Fe^Ti oxides will appear in the lowest
stratigraphic part of the MBS and UBS when the mush
liquid fraction is higher than 25^40 vol. %. This relatively
high porosity is likely to have resulted in efficient thermal
advection, hampering any latent heat buffering in this
part of the mush (Huber et al., 2009). The rims of Type II

grains were thus presumably formed by simple crystalliza-
tion from a continuously evolving melt, with no extensive
period of plagioclase growth at constant composition
(Fig. 21b). Plagioclase rims with the most evolved compos-
itions might also have been produced by the crystallization
of a late-stage Si-rich immiscible melt (Humphreys, 2011).

Unzoned (Type III) plagioclase grains

Unzoned grains are the dominant type of grains in LZc
and are very common from MZ to the top of the LS. The
presence of unzoned grains may imply that after the initial
stage of crystal core formation at the magma^mush inter-
face, consequent progressive burial of the crystals was asso-
ciated with a very low fraction of interstitial liquid,
perhaps as a consequence of gravitationally driven com-
paction (Fig. 21c; Tegner et al., 2009; McKenzie, 2011).
Alternatively, the absence of zoning might point to effect-
ive compositional convection in the interstitial liquid
(Fig. 21d; Toplis et al., 2008). In any case, the presence of
abundant Type III grains in Skaergaard confirms that the
mush liquid was mobile, at least locally. Unzoned (Type
III) grains are closely associated with zoned grains (Type
I orType II) in many samples of the Skaergaard, and espe-
cially from MZ to UZb of the LS. This suggests that the
mush porosity may have been heterogeneous even at a
millimetre to centimetre scale (or even less). As suggested
byToplis et al. (2008), this may indicate that compositional
convection (or compaction) is not an efficient mechanism
for expelling or exchanging the interstitial melt.

CONCLUSIONS
Our examination of plagioclase from the Layered Series,
Marginal Series and Upper Border Series of the
Skaergaard intrusion allows us to identify three types of
compositional profile, as follows.

(1) Type I grains with a core of constant An content, sur-
rounded by a mantle of decreasing An and a rim of
constant An content. These are especially common in
the Layered Series. Only three compositions of rims
are observed (An56, An51 and An41), each of them
having a well-defined stratigraphic distribution.

(2) Type II grains with a core of constant composition
and a rim of decreasing An.

(3) UnzonedType III plagioclase grains.

Fig. 21Continued
provide sufficient release of latent heat to thermally buffer the mush liquid (see Fig. 20d). Plagioclase rims will develop normal zoning. The
dashed line represents the boundary between the core and the rim of decreasing An content. (c) LZa crystal mush with very low porosity.
Saturation of clinopyroxene results in efficient thermal buffering but the porosity is almost closed when clinopyroxene appears. Plagioclase
grains cannot grow further and are mostly unzoned (they develop only a very thin rim of decreasing An content; dashed line). (d) LZc (plagio-
clase^olivine^clinopyroxene^Fe^Ti oxides) crystal mush with convective exchange between the mush liquid and the main magma body (not
represented). Convective exchange brings compatible elements to the crystallization sites and removes incompatible elements, resulting in the
crystallization of unzoned plagioclase. The dashed line represent the limit between the core, which crystallized at the top of the mush, and the
rim, which crystallized in the crystal mush (see text for details). It should be noted that core and rim have the same composition.
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Type III grains can be related either to a low fraction of
interstitial melt (Tegner et al., 2009) or to compositional
convection within the mush (Toplis et al., 2008), whereas
Type II grains with normal zoning can be interpreted as a
consequence of in situ crystallization during simple differ-
entiation. In contrast, Type I grains cannot be explained
by these processes.
Mobility of the interstitial liquid owing to either compac-

tion of the crystal mush (Tegner et al., 2009;McKenzie,2011)
or gravitationally driven phase separation of immiscible li-
quids (Holness et al., 2011; Humphreys, 2011) cannot be re-
sponsible for the formation of Type I plagioclase grains in
Skaergaard.They also cannot be accounted for by either se-
lective mineral dissolution in the crystal mush (Higgins,
1998) or grain boundary reorganization (Svahnberg &
Piazolo, 2013). Compositional convection within the crystal
mush may have contributed to some extent to the formation
of constant composition rims, but this process alone cannot
explain all the compositional features that we see inType I
grains and their presence in all three series of the
Skaergaard intrusion. Instead, we suggest that the rims
were buffered to a constant composition as a result of ex-
tended periods of near-isothermal adcumulus
crystallization.
Saturation of the mush liquid in a new phase results in a

temporary overproduction of this phase. During this
period of overproduction, the release of latent heat of crys-
tallization is sufficiently high to keep the mush liquid at
its liquidus temperature for a period of time that may
range from tens to thousands of years. Diffusion of chem-
ical species in the melt towards and away from the melt^
crystal interface is likely to be sufficiently rapid to main-
tain the liquid at a constant composition. Adcumulus crys-
tallization of plagioclase under these conditions can
account for the formation of the large rims of constant
composition that distinguish Type I grains. This also ex-
plains why only three rim compositions are observed
(An56�2, An51�1 and An41�1)çthese compositions corres-
pond the An content of plagioclase primocrysts at the first
appearance of clinopyroxene, Fe^Ti oxides and apatite,
respectively.
The porosity of the crystal mush at the point of satur-

ation of the new phase exerts a primary control on the effi-
ciency of the latent heat buffering process. Where the
porosity is sufficiently high to permit efficient heat advec-
tion (e.g.415^20 vol. %), the extra latent heat liberated is
quickly dissipated. As a consequence, the global latent
heat of crystallization cannot counterbalance the heat lost
through the walls of the magma chamber and the crystal
mush keeps cooling. Crystallization in this context results
in the formation of plagioclase overgrowths with normal
zoning (Type II grains).
The presence of various types of plagioclase grains in

Skaergaard indicates that the porosity of the crystal mush

was highly heterogeneous not only on large length scales
but also on the scale of a single thin section. The presence
of unzoned Type III grains confirms that the mush liquid
was, at least locally, highly mobile during the crystal
mush solidification process.
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APPENDIX
Density distribution of plagioclase
composition
FollowingRudge(2008)andThompson&Maclennan(2013),
the shape of the global distribution of plagioclase composi-
tions (An%) in each sample was assessed in two ways that
aremore statistically rigorous than simplehistograms.

(1) We used the Kernel density distribution (KDE;
Silverman, 1986), a non-parametric method that
allows estimating the probability density function
(e.g. likely distribution of a random variable) of a
variable (here An%). KDE is generated by summa-
tion of Gaussian functions, with standard deviation
equal to the bandwidth and placed at every point in
the dataset. We used an automated bandwidth calcu-
lating method (Sheather & Jones, 1991; Rudge, 2008).
KDEs were calculated with the ‘density’ function of
the ‘R’ statistical software package and compared
with KDE calculated with the ‘ksdensity’ Statistics
toolbook of Matlab. When the calculated bandwidth
is lower than the analytical error (here defined as 1%
An), we used bandwidths of 1·0.We assessed the physi-
cal significance of computed distributions using the
SiZer method (Significant Zero crossings of the deri-
vative; Chaudhuri & Marron, 1999; Rudge, 2008),
which investigates how the KDE evolves with varying
bandwidths and highlights peaks and troughs in the
distribution based on the identification of regions
with significant gradients. SiZer maps were calculated
with the ‘feature’ package of ‘R’ (Duong et al., 2008).

(2) We used Gaussian Mixture Modeling (GMM) based
on the assumption that the true distribution can be
defined as a series of normal distributions (Fraley &
Raftery, 2002). Each component defines a peak in the
distribution and adding these components together
approximates the overall distribution. GMM model-
ing was performed with the ‘mclust’ package of ‘R’
(Fraley & Raftery, 2002).

Calculation of interstitial liquid fraction in
cumulate rocks
The whole-rock composition of a cumulate sample is deter-
mined by the relative contributions of the crystallized inter-
cumulus liquid and that of the cumulus crystal matrix. For
an element i, it canbe expressedby the followingequation:

cWR
i ¼ XILc

Liq
i þ

X
Xjc

j
i ðA1Þ

with
X

Xj ¼ 1� XIL ðA2Þ

where XIL is the interstitial liquid fraction, cLiqi is the con-
centration of element i in the liquid, Xj is the modal frac-
tion of the cumulus phase j in the cumulate and c

j
i is the

concentration of element i in phase j.
Following equation (A2), the proportion of intercumulus

liquid (XIL) can be determined using the concentration
of an element i in the whole-rock (cWR) when the concen-
tration of i in the equilibrium melt (cLiq) and in the crystal
matrix (

P
Xjc

j
i) are estimated.The proportions of the var-

ious cumulus phases are, however, initially unknown and
cannot be directly estimated from the bulk modal propor-
tions owing to the presence of intercumulus material.
We have thus determined the relative proportions of the
intercumulus liquid and the different cumulus phases by
least-squares linear regression of equation (A1). The bulk-
rock composition (cWR) of each sample, the equilibrium
liquid composition (cLiq) and the compositions of the
cumulus phases (cj), were used as input data. Mineral com-
positions used in equation (A1) were calculated for P
using the liquid composition and appropriate partition
coefficients.
The evolution of the P2O5 content in the liquid was cal-

culated at each stage of fractionation using the Rayleigh
fractionation model:

c
Liq
i ¼ c

Liq
i,0 f

ðDBulk
i
�1Þ ðA3Þ

where cLiqi is the concentration of element i in the liquid at
each step, c

Liq
i,0 is the concentration of element i in the

liquid before each step, f is the mass fraction of each step
relative to the mass of magma remaining in the chamber
(F), and DBulk

i is the bulk partition coefficient of element i
between the liquid and the crystal mush.
As a first approximation (iteration 1), the evolution of

the liquid trace element content (cLiqi ) was calculated
using equation (A3) by simulating perfect adcumulus
growth. Using the calculated c

Liq
i curve with differentia-

tion, XIL values were determined by least-squares regres-
sion of equation (A1) for each sample. Then, a second
set of calculations of cLiq (iteration 2) was performed by
incorporating the effect of the intercumulus melt (XIL cal-
culated from iteration 1) and assuming that its
composition equals that of the main magma body; that is,
the partition coefficients equal unity. A second series of
XIL values was then calculated by least-squares regression
of equation (A1).

NAMUR et al. SKAERGAARD CRYSTAL MUSH

1427

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/55/7/1389/1517930 by guest on 12 February 2024




