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Linking P-T path with development of discontinuous phosphorus

zoning in garnet during high-temperature metamorphism
— an example from Liitzow-Holm Complex, East Antarctica
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Garnet porphyroblasts contained in the garnet-sillimanite gneiss from the Liitzow-Holm Complex at Skal-
levikshalsen, East Antarctica, have a phosphorus-poor core and phosphorus-rich rim. The core/rim boundary of
the phosphorus zoning is discontinuous. The irregular shape of this core/rim boundary together with the pres-
sure difference between the core and the rim inferred from the difference in aluminosilicate inclusions (kyanite
in the core and sillimanite in the rim) suggests that this is the resorption/reprecipitation boundary. The differ-
ence between phosphorus concentrations in the garnet core and rim is accompanied by a change in phosphate
inclusions in the garnet. Apatite and monazite are included in the phosphorus-poor garnet core, whereas mona-
zite alone is included in the phosphorus-rich garnet rim. Utilizing the core/rim boundary as a contemporaneous
surface when comparing different garnet grains, the timing of the discontinuous phosphorus-zoning formation
(and thus, the garnet resorption) and change in the phosphate assemblage can be correlated to the pressure-tem-
perature path of the garnet-sillimanite gneiss. The phosphorus-poor core of the garnet mainly formed during the
prograde stage in the kyanite to sillimanite stability fields under which apatite probably buffered the phospho-
rus-content of garnet, and the phosphorus-rich garnet rim possibly crystallized from the melt at the retrograde
stage near the vapor saturated solidus under which monazite alone (without apatite) probably did not buffer the
phosphorus-content of garnet. Garnet resorption occurred during the decompression stage between these two
garnet growth stages.
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INTRODUCTION

In high-temperature metamorphic rocks, chemical zoning
of garnet in terms of major elements such as Ca, Fe, Mg,
and Mn is often obscured by the diffusion under high-
temperature conditions (e.g., Hiroi et al., 1995). However,
it is well known that some minor elements like phospho-
rus commonly preserve chemical zoning with a non-dif-
fusive nature even in the high-temperature metamorphic
rocks (Hiroi and Ellis, 1994; Spear and Kohn, 1996; Hi-
roi, 1997; Hiroi et al., 1997;Chernoff and Carlson, 1999;
Yang and Rivers, 2002; Yoshimura et al., 2004). Their
zoning pattern is best observed under X-ray elemental
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mapping and it is characterized by a drastic, discontinu-
ous change in their concentration within garnet (for ex-
amples of such zoning, see Hiroi et al., 1997; Chernoff
and Carlson, 1999; Yang and Rivers, 2002; Yoshimura et
al., 2004; Kawakami et al., 2008). Zoning in minor ele-
ments that is not affected by the diffusion in garnet is im-
portant because it can represent the contemporaneous sur-
face (cf., Chernoff and Carlson, 1999) and contain con-
siderable information about the reaction history that the
rock has experienced (Spear and Pyle, 2002) even if the
major element zoning in garnet is obscured by the later
diffusion.

In order to elicit such information and to understand
their formation mechanism, it is convenient to utilize rel-
ict mineral inclusions preserved in garnet. Minerals like
aluminosilicates are useful in constraining the P-T path,
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and zircon, monazite, and apatite inclusions may con-
strain the age of garnet growth. Therefore, the pressure-
temperature-time (P-7-f) path can be potentially correlat-
ed with the event that formed the chemical zoning of
minor elements in garnet, and finally, with the duration
and rate of tectono-metamorphism (Kelsey et al., 2008).
Furthermore, if the formation mechanism of the minor el-
ement zoning can be correlated with the presence or ab-
sence of melt, we can constrain the change in the physical
properties of the metamorphic rocks in the deep crust as a
function of their P-T-¢ evolution.

Discontinuous, stepwise chemical zoning of phos-
phorus that is often preserved in garnet from the high-
temperature metamorphic rocks has been considered to
have formed through partial melting (Hiroi et al., 1997).
Hiroi (1997) concluded that the stepwise increase in phos-
phorus in the garnet rim was attributable to the change
from the phosphate-undersaturated condition under which
the garnet core grew in the presence of melt and the ab-
sence of phosphates to the phosphate-saturated condition
under which the garnet rim grew during the melt crystalli-
zation in the presence of phosphates. However, our exam-
ple is different from the case of Hiroi (1997) because
phosphates are included in both the core and the rim.
Therefore, there should exist some different aspects in the
mechanism of discontinuous, stepwise phosphorus-zon-
ing formation.

gneiss

In this study, the systematic correlation between the
change in the phosphate assemblage and phosphorus zon-
ing in garnet that is observed in the garnet-sillimanite
from the Liitzow-Holm Complex at Skal-
levikshalsen, East Antarctica, is described, and the forma-
tion mechanism of phosphorus zoning of garnet in the
studied sample, especially the possible occurrence of the

phosphorus-buffer reaction, is discussed.

The LHC is a Cambrian orogenic belt bounded by the
Late Proterozoic to Cambrian Rayner Complex to the east
and by the Late Proterozoic to Early Palacozoic Yamato-
Belgica Complex to the west (Shiraishi et al., 1992, 1994,
2003) (Fig. 1). For a detailed summary of the surrounding
Complexes, see Satish-Kumar et al. (2008). The LHC is
composed of high-grade metamorphic rocks such as
mainly pelitic-psammitic gneisses and mafic to intermedi-
ate gneisses, along with a subordinate amount of ultra-
mafic lenses, marble, and calc-silicate rocks. Felsic peg-
matitic dykes discordantly intrude into these metamorphic
rocks. The metamorphic grade of the complex progres-
sively changes from upper amphibolite facies on the
Prince Olav Coast to granulite facies in the Liitzow-Holm
Bay (Hiroi et al., 1991) (Fig. 1). A “thermal axis” of the
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Figure 1. Simplified metamorphic zone map of the Liitzow-Holm Complex (after Hiroi et al., 1991) and the geological map of Skallevikshalsen

showing the sample locality (after Yoshida et al., 1976).
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Figure 2. Summary of the P-T conditions estimated by previous
studies and inferred P-T path (thick broken line and arrow, re-
spectively) of the Skallevikshalsen rocks (after Kawakami and
Motoyoshi, 2004; Satish-Kumar et al., 2006). The P-T estimates
for adjacent Skallen areas (several kilometers away from Skal-
levikshalsen) are also shown. The P-T7 estimates and reaction
lines shown in Figure 2 are as follows. (1) Reaction line of stau-
rolite = garnet + kyanite + hercynite + H,O (dark grey area; Hiroi
et al., 1994). (2) Aluminosilicate diagram of Pattison (1992), in-
dicated by a thick solid line. (3) Melting reaction curves in the
NaKFMASH system (thin solid lines and thin dotted lines) cited
from Spear et al. (1999). Thin dotted lines with italic mineral ab-
breviations indicate contours of X, = 0.70 in garnet for selected
divariant assemblages. Quartz and albite are excess phases. See
the text for a detailed explanation of reactions 3a-3e. Note that
the value of Xp, for the whole-rock garnet-sillimanite gneiss is
0.70, and that for the garnet is 0.67-0.70 (Kawakami and Moto-
yoshi, 2004). (4) Peak metamorphic temperature of 848 + 55 °C
from Skallen (arrow; Satish-Kumar and Wada, 2000). (5) Peak
P-T estimate from Skallevikshalsen (lateral striped area; Yoshi-
mura et al., 2004). (6) Retrograde P-T estimate from Skallen
(light grey plaid area; Ikeda, 2004). (7) Reaction line of garnet +
sillimanite = spinel + quartz with the effect of ZnO in spinel be-
ing considered (grey lines; Kawakami and Motoyoshi, 2004).

maximum peak temperature is estimated to lie at the
southern Liitzow-Holm Bay, around Rundvagshetta (Mo-
toyoshi, 1986). Ultrahigh-temperature (UHT) metamor-
phism at approximately 1000 °C and 1.1 GPa, and subse-
quent isothermal decompression are reported from
Rundvagshetta (Kawasaki et al., 1993; Ishikawa et al.,
1994; Motoyoshi and Ishikawa, 1997). In addition to the
orthopyroxene + sillimanite = quartz assemblage in the
rock matrix (Motoyoshi and Ishikawa, 1997), the sapphi-
rine + quartz assemblage is also found as an inclusion in
garnet (Yoshimura et al., 2008) to indicate the UHT con-
dition in Rundvagshetta. The complex is deduced to have

experienced a typical “clockwise” P-T path (Fig. 2), evi-
denced by the presence of prograde kyanite and staurolite
as relict inclusions in garnet or plagioclase (Hiroi et al.,
1983a, 1983b; Motoyoshi, 1986; Kawakami and Motoyo-
shi, 2004; Satish-Kumar et al., 2006) and by the reaction
textures in ultramafic rocks (Hiroi et al., 1986). The rocks
in the Prince Olav Coast experienced the reaction stauro-
lite = garnet + aluminosilicate + spinel + H,O in the silli-
manite stability field whereas those in the Liitzow-Holm
Bay experienced the reaction in the kyanite stability field
(reaction 1 in Fig. 2, Hiroi et al., 1983a, 1983b, 1991).
The progressive change in the metamorphic grade from
the upper amphibolite facies to the UHT condition led
previous researchers to use this complex when comparing
the differences between metamorphic evolution in the
high-temperature and the UHT regions found in the same
complex (e.g., Kawakami et al., 2006).

Skallevikshalsen lies on the eastern coast of the Liit-
zow-Holm Bay, approximately 30 km northeast of Rund-
vagshetta (Fig. 1). Skallevikshalsen is underlain by well-
layered metamorphic rocks including orthopyroxene-
hornblende brown gneiss, garnet-bearing felsic gneisses
(garnet-biotite gneiss and garnet-sillimanite gneiss), mar-
ble, skarn, metamafic rocks including garnet-two pyrox-
ene gneiss, and subordinate amounts of granitic pegma-
tites (Fig. 1). Orthopyroxene-hornblende brown gneiss is
the most common lithology. The garnet-two pyroxene
gneiss is commonly boudinaged, and leucosome is devel-
oped at the interboudin partitions between and within the
granulite lens, indicating the occurrence of partial melt-
ing. All lithologies except granitic pegmatites are strongly
deformed. At least two timings of deformation can be rec-
ognized from the fold interference patterns; an isoclinal
fold with the fold axis trending NE-SW and the axial
plane almost parallel to the chemical banding of surround-
ing rocks, and a tight to open fold with the fold axis trend-
ing NE-SW and a steeply dipping axial plane (Kawakami
and Ikeda, 2004). The garnet-sillimanite gneiss is interca-
lated with metamafic rocks and locally contains lenses of
garnet-two pyroxene gneiss.

Using several geothermometers and geobarometers,
Yoshimura et al. (2004) estimated the peak metamorphic
conditions of Skallevikshalsen to be 770-940 °C and
0.65-1.2 GPa for the garnet-biotite gneiss, and 780-960
°C and 0.60-1.1 GPa for the garnet-two pyroxene gneiss
(Fig. 2). Based on the P-T conditions that permit partial
melting of the typical pelitic rocks, migmatitic appearance
of the garnet-biotite gneiss, and occurrence of euhedral
feldspar and quartz inclusions in the garnets in them, they
concluded that this lithology experienced partial melting.
They also considered that partial melting also occurred in
the garnet-sillimanite gneiss and this rock type is likely to
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be the restitic product of partial melting based on the BaO
content in K-feldspar and P,Os and Y,O; contents in gar-
net (Yoshimura et al., 2004). Dunkley (2007) carried out
U-Pb SHRIMP dating of zircon from Skallevikshalsen,
and reported spread ages of 630-500 Ma.

ANALYTICAL METHODS

The X-ray mapping of the garnet grains were obtained
using a JEOL JXA8800M at the National Institute of Po-
lar Research (NIPR); JEOL JXA-8800R superprobe at the
Institute of Geology and Geoinformation, National Insti-
tute of Advanced Industrial Science and Technology
(AIST); and JEOL JXA-8105 superprobe at Kyoto Uni-
versity. The analytical conditions for X-ray mapping were
an acceleration voltage of 15.0 kV and a probe current of
400-800 nA with a focused beam to defocused beam hav-
ing a diameter of up to 5 um. Inclusion minerals were
identified using a Hitachi S3500H scanning electron mi-
croscope equipped with EDAX X-ray analytical system
at Kyoto University. Aluminosilicates were identified by
Raman spectroscopy at NIPR (JASCO NRS 1000) and
Kyoto University (JASCO NRS 3100). Minerals were
quantitatively analyzed using a JEOL JXA-8105 super-
probe at Kyoto University. The analytical conditions were
an acceleration voltage of 15.0 kV and a probe current of
10 nA with a probe diameter of 3 pm. The counting time
for the peak and backgrounds were 30 s and 15 s for
phosphorus and yttrium, respectively, and 10 s and 5 s for

“—'island'

Accessory <& Monazite
minerals

other elements. Natural and synthetic minerals were used
as standards, and ZAF correction was applied. The detec-
tion limit for P,Os was approximately 160 ppm (1o level).

SAMPLE DESCRIPTION

The sample used in this study (sample No.
TK2002011804) is a garnet-sillimanite gneiss that mainly
consists of garnet (diameter: approximately 5 mm), silli-
manite, K-feldspar, plagioclase, and quartz with minor
amounts of zircon and monazite. The rock matrix contains
no hydrous mineral except for local retrograde biotite.
Apeatite is very rare in the rock matrix. XRF analyses sug-
gests that the sample contains 0.07 wt% whole-rock P,Os
(Kawakami and Motoyoshi, 2004). This sample is the
same lithology as the garnet-sillimanite gneiss studied by
Yoshimura et al. (2004).

Garnet grains from one hand specimen were used in
this study because the use of different hand specimens
may cause a variation in the whole-rock composition, dif-
ference in the mineral assemblage, and difference in the
modal amount of minerals contained in it. This variation
may affect the behavior of phosphates and phosphorus
during metamorphism, making it difficult to compare the
timing of phosphorus-zoning formation in different garnet
grains. Using samples from the same hand specimen min-
imizes such an effect.

The garnet-sillimanite gneiss used in this study af-
fords an advantage for estimating the P-T path in that it

Figure 3. (a) and (b) X-ray elemental
maps of garnet A in terms of phos-
phorus, showing the distribution of
major inclusion minerals and acces-
sory minerals (apatite, monazite,
and zircon). The core includes stau-
rolite, biotite, quartz, apatite, mona-
zite (up to 24 pm, the size of mona-
zite is that of the long axis here-
after), and fine-grained zircon, where-
as the rim includes sillimanite needles
and coarse-grained zircon. Note the
difference in accessory phases present
in the garnet core and in the rim and
the rock matrix. No phosphate is in-
cluded in the phosphorus-rich rim.
Coarse-grained zircon and coarse-
grained monazite (53 pm) are pres-
ent in the rock matrix next to garnet.
K-feldspar is included at the bound-
ary of the core and rim. The phos-
phorus-poor core in this garnet grain
has a patchy phosphorus-rich “is-
land” in which kyanite is included.
(c) X-ray elemental map of Ca. (d)
X-ray elemental map of Mg. (e)
X-ray elemental map of Y. Y con-
tent is high in the core.
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Figure 4. (a) and (b) X-ray elemental
maps of garnet B in terms of Ca
and phosphorus. The core includes
staurolite, biotite, quartz, rutile, spi-
nel + quartz + biotite, albitic pla-
gioclase + biotite + rutile, prismatic
sillimanite, apatite, fine-grained
monazite (up to 37 pm), and fine-
grained zircon, whereas the rim in-
cludes sillimanite needles, quartz,
and coarse-grained monazite (59
um). Coarse-grained monazite (105
um) is also present in the rock ma-
trix. The inconsistency between
sharp phosphorus-zoning and grad-
ual major element zoning is partic-
ularly clear around the coarse-
grained prismatic sillimanite in-
clusion where an embayment of a
Ca-poor part is developed continu-
ously from the rim. (c) X-ray ele-
mental map of Mg. (d) X-ray ele-
mental map of Y.

Figure 5. (a) and (b) X-ray elemental
maps of garnet C in terms of Ca
and phosphorus. The core includes
kyanite, plagioclase, rutile, multi-
phase inclusion of kyanite + spinel
+ biotite (possibly after staurolite),
staurolite, quartz, apatite, fine-
grained monazite, and fine-grained
zircon. The rim includes sillimanite
needles, K-feldspar, quartz, and
coarse-grained monazite (103 pm)
and zircon. In the rock matrix near
the garnet, coarse-grained zircon
grains occur. (¢) X-ray elemental
map of Mg. (d) X-ray elemental
map of Y. No Y zoning is recog-
nized in this grain.
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includes many relic inclusions in the garnet porphyro-
blasts (Figs. 3-7). The garnet grains have sharp zoning in
phosphorus, and the core and rim parts of the garnet are
defined using the zoning in phosphorus, that is, phospho-
rus-poor core and phosphorus-rich rim. The garnet core
includes biotite, staurolite, kyanite, kyanite + spinel + bio-
tite association (possibly after staurolite), prismatic silli-
manite, spinel + quartz association, plagioclase, quartz,
rutile, fine-grained zircon, apatite, and fine-grained mon-
azite (up to 52 um), whereas the rim includes sillimanite
needles, plagioclase, K-feldspar, quartz, coarse-grained
zircon, and coarse-grained monazite (up to 147 um).
K-feldspar is included in the rim or at the boundary be-
tween the core and the rim (Figs. 3 and 5). Prismatic silli-
manite in the core (Fig. 4) is rare; however, it is found in
the garnet grain that includes spinel + quartz assemblage.
This grain only exhibits the outermost core part and the
rim because the thin section is off the center of this garnet
grain. Some garnet cores have a patchy phosphorus-rich
“island” in which kyanite (Fig. 3) or an aggregate of mus-
covite + quartz + chlorite (Fig. 7f) are included.

As described above, the phosphorus-poor core in-
cludes two types of phosphates, i.e., apatite and monazite,
although the phosphorus-rich rim includes only monazite.
The enlargement of the core/rim boundary represented by
the elemental mapping of phosphorus is shown in Figure
7c. As is evident from this map, the rim part is not homo-
geneous in terms of phosphorus concentration, and in-

Figure 6. (a) and (b) X-ray elemental
maps of garnet D in terms of Ca
and phosphorus. The garnet core in-
cludes biotite, plagioclase, quartz,
rutile, spinel, kyanite, prismatic sil-
limanite, apatite, fine-grained zir-
con, and coarse-grained monazite.
The rim includes sillimanite needles
and quartz. Locally, a sillimanite
needle is included at the boundary
between the core and the rim, cut-
ting the sharp phosphorus zoning.
Coarse-grained monazite occurs in
the rock matrix near the garnet. The
Ca concentration is low at the gar-
net rim where sillimanite is includ-
ed. (¢) X-ray elemental map of Mg.
The Mg-content is higher in the
rim. (d) X-ray elemental map of Y.
Y content is slightly high in the
core.

stead exhibits oscillatory-like zoning. The P,Os concen-
tration of the phosphorus-rich rim and “island” ranges
from below the detection limit up to 1040 ppm (312 ppm
on average). On the other hand, most of the core is below
the detection limit of phosphorus, except for the local
high-phosphorus patches. Representative analyses of gar-
net are listed in Table 1.

The core of the garnet is commonly Cr-poor and
Y-rich, and the rim is Cr-rich and Y-poor (e.g., Fig. 3). In
some garnet grains, zoning in Y is very weak and difficult
to identify (e.g., Fig. 4). Weak zoning in Cr and Y are, if
present, correlated with phosphorus zoning although the
core/rim boundary is not as sharp as that of phosphorus.
Chemical zoning in terms of Ca, Mg (e.g., Fig. 3), and Fe
are gradual and locally oblique to the chemical zoning by
phosphorus. The Ca concentration is low at the garnet rim
where sillimanite needles are included.

DISCUSSION

Interpretation of chemical zoning preserved in studied
garnet

The phosphorus zoning of garnet is discontinuous and
sharp, and therefore, it is almost unaffected by the diffu-
sion. This is probably because the incorporation of phos-
phorus into garnet is the coupling substitution likely to be
2Si = AIP, and thus, the intracrystal diffusion of phospho-
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rus is sluggish (London, 1997). Because the studied gar-
net grains are from the same hand specimen, the core/rim
boundary defined by the discontinuous, stepwise phos-
phorus zoning is not largely controlled by the variation in
local whole-rock composition. Rather, a systematic change
in the phosphate inclusions in garnet and correlation with
phosphorus zoning suggest that the phosphorus zoning
can be attributed to a phosphate-bearing reaction and that
it represents the contemporaneous surface, at least within
the hand specimen scale (cf., Chernoff and Carlson,
1999).

On the other hand, chemical zoning of the garnet in
terms of Ca, Mg, and Fe do not preserve the idiomorphic
shape of garnet and are not even concordant with the zon-
ing by phosphorus. Therefore, it is apparent that zoning in
major elements does not record information about the
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Figure 7. (a) and (b) X-ray elemental
maps of garnet E in terms of Ca and
phosphorus. The garnet includes an
aggregate of kyanite + spinel + bio-
tite + staurolite (Fig. 2d of Kawa-
kami and Motoyoshi, 2004), stauro-
lite, biotite, quartz, muscovite +
quartz intergrowth, fine-grained
monazite (up to 52 um), apatite,
and zircon. The rim includes silli-
manite needles and quartz. Coarser-
grained monazite (147 um) and zir-
con than those included in the
garnet are present in the matrix near
the garnet. The phosphorus-rich “is-
land” including muscovite + quartz
intergrowth is present in the core of
this garnet. (c) Enlargement of the
boxed part of Figure 7b. Note the
oscillatory-like zoning of phospho-
rus in the garnet rim. (d) X-ray ele-
mental map of Mg. (e) X-ray ele-
mental map of Y. Y content is
slightly high in the core. (f) Back-
scattered electron image of faceted
inclusion of muscovite + quartz (+
chlorite) intergrowth included in the
phosphorus-rich “island.” Chlorite
is developed along cracks radiating
from the inclusion and also between
the garnet and the muscovite +
quartz intergrowth. Therefore, it is
likely a retrograde reaction product
between the garnet and the inclu-
sion.
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prograde stage when the garnet core grew. It is strongly
affected by the diffusion during high-temperature meta-
morphism. Taking into account the fact that the concen-
tration of Ca is concordant with the distribution of silli-
manite inclusions in the garnet core and rim (Figs. 3-7),
the Ca zoning has been likely modified during the retro-
grade stage, recording information after garnet rim forma-
tion in the sillimanite stability field.

The shape of the core/rim boundary defined by the
sharp phosphorus zoning reported from the garnet-silli-
manite gneiss is generally irregularly shaped and not
euhedral (e.g., Hiroi et al., 1997; Yoshimura et al., 2004).
Furthermore, the formation conditions of the phosphorus-
rich rim and the phosphorus-poor core differ consider-
ably, especially in terms of the pressure condition, as sug-
gested from the different aluminosilicate inclusions.
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Table 1. Representative analyses of garnet in sample
TK2002011804

Sample 011804c 011804c 011804c 011804c
Grtcore Grtcore Grtisland Grt rim
Analyses 081021ka 081021ka 081014ka 081021ka
number wa0l-11  wa0l1-9 wa0l1-3 wa01-5
SiO, 39.32 39.15 39.62 39.18
AlLO; 22.51 22.60 22.56 22.20
Cr,04 0.01 n.d. 0.04 0.07
FeO 28.86 29.52 28.96 30.46
MnO 0.35 0.34 0.36 0.38
MgO 8.57 8.35 8.30 8.38
CaO 1.47 1.55 1.85 1.11
P,0s n.d. 0.03 0.11 0.07
Y,0;3 0.03 0.01 0.08 n.d.
Total (wt%) 101.1 101.5 101.8 101.8
Number of O 12 12 12 12
Si 3.002 2.986 3.007 2.991
Al 2.025 2.031 2.017 1.997
Cr 0.001 n.d. 0.003 0.004
Fe 1.842 1.882 1.838 1.944
Mn 0.022 0.022 0.023 0.025
Mg 0.974 0.949 0.938 0.953
Ca 0.120 0.126 0.150 0.091
P n.d. 0.001 0.003 0.002
Y 0.001 0.001 0.004 n.d.
Total cation 7.986 7.998 7.983 8.009
Mg/(Fe+Mg) 0.35 0.34 0.34 0.33

n.d., not detected.

Therefore, in the garnet-sillimanite gneiss from Skal-
levikshalsen, garnet was partially resorped between the
core-formation stage and the rim formation stage. The ir-
regularly shaped core/rim boundary defined by the dis-
continuous phosphorus zoning represents the resorption/
reprecipitation boundary of the garnet.

Timing of discontinuous phosphorus-zoning formation
in garnet - correlation with P-T path

In this section, we discuss the timing of discontinuous
phosphorus-zoning formation correlated with the P-T
path. In particular, the reaction sequence is explained in
detail because it is important to constrain the timing of
garnet growth during the P-T evolution in order to under-
stand the formation mechanism of phosphorus zoning.
Figure 8 illustrates the textural development of the garnet.

The presence of biotite as an inclusion in the garnet
core indicates that the garnet-sillimanite gneiss originally
contained biotite in the matrix during prograde metamor-
phism. The presence of kyanite and staurolite inclusions
in the garnet core suggests that garnet core growth oc-
curred under the kyanite stability field. Yoshimura et al.
(2004) implied that partial melting of biotite-bearing fel-
sic gneiss in Skallevikshalsen occurred during high-7

metamorphism. Combining this information suggests that
the reaction for the garnet core growth is presumably a
continuous reaction:

Bt + Als (Ky) + Qtz = Grt + Kfs + L (3a).

The bracketed numbers following the reaction equations
such as (3a) correspond to the numbers for the reaction
lines shown in Figures 2 and 8. Because muscovite is not
commonly found as an inclusion in garnet, the reaction:

Bt + Ky = Grt + Ms (3b)

is not likely to be responsible for the garnet growth (Figs.
2 and 8). Sillimanite inclusions in the outermost core of
the garnet suggest that the continuous reaction:

Bt + Als (Sil) + Qtz=Grt + Kfs + L (3a)

also occurred in the sillimanite stability field (Fig. 8). It is
likely that the attainment of the peak metamorphic condi-
tion determined by Yoshimura et al. (2004) followed by
crossing or not crossing the NaKFMASH univariant reac-
tion (in the presence of albite):

Bt + Grt + Qtz = Opx + Sil + Kfs + L (c)

although the whole-rock composition of the garnet-silli-
manite gneiss (more Fe-rich than the Als-Grt tie line)
only permitted the assemblage of Grt + Sil + Kfs + L,
which is concordant with the matrix mineral assemblage
presently observed in the garnet-sillimanite gneiss. After
the attainment of the peak metamorphic condition, the
rock probably experienced decompression and crossed the
reaction:

Grt + Sil = gahnitic Spl + Qtz 7

to produce Spl + Qtz (Kawakami and Motoyoshi, 2004).
Incomplete back reaction of this reaction could form an
inclusion of this assemblage in the garnet outermost core
(Fig. 8). Further decompression with temperature de-
crease possibly occurred above the reaction line:

Grt + Sil + L= Crd + Kfs + Qtz (3d)

for X&" = 0.70 so that cordierite was not formed, because
the X, value of the whole-rock sample is 0.70 (Kawaka-
mi and Motoyoshi, 2004) and that of the garnet is similar
(XF" = 0.67-0.70). After entering the P-T field above the
NaKFMASH univariant reaction (in the presence of al-
bite):
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Bt + Sil + Qtz = Grt + Crd + Kfs +L (3e) to crystallize garnet at the vapor saturated solidus (Grant,

back reaction of reaction (3a) probably resorped the gar-
net. Resorption of the phosphorus-poor garnet core oc-
curred at this stage (Fig. 8). The variation of the alumino-
silicate species included in the outermost core part of the
garnet (Figs. 3-7) would have resulted from the difference
in the extent of garnet core resorption. The decrease in
pressure and temperature accompanied by garnet resorp-
tion continued until the P-T condition reached the vapor
saturated solidus. Although the reaction line is not shown
in Figure 2, the decrease in P(H,O) possibly stabilized a
reaction like:

Bt+Sil + Qtz + Grt + Kfs + V=L

1985). The sillimanite-bearing rim of the garnet has to
grow after gahnitic spinel + quartz formation, and no con-
tinuous reaction can grow garnet after the attainment of
gahnitic spinel + quartz coexistence until the P-T path en-
counters the vapor saturated solidus. Therefore, it is quite
likely that the P(H,O) was low in the garnet-sillimanite
gneiss when it finally crystallized at the vapor saturated
solidus and the garnet rim including sillimanite needles
was formed there. The phosphorus-rich rim probably
formed at this stage (Fig. 8).

Possible origin of phosphorus-rich “island” in garnet
core

The possible formation mechanism of “islands” in the
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garnets shown in Figures 3 and 7 is discussed in this sec-
tion, using the stepwise zoning of phosphorus as a con-
temporaneous surface. The “island” part could be a restit-
ic garnet older than most garnet parts. Although this is
possible, it cannot be proved or disproved conclusively at
the present stage, and thus, it is not discussed here.

Another option is that the “island” part grew simul-
taneously with the phosphorus-rich garnet rim, as the
phosphorus concentration in the “island” and the rim is
quite similar (Figs. 3 and 7). In other words, this idea as-
sumes that the phosphorus-rich “island” is the overgrown
part after resorption and the phosphorus-rich garnet rim is
three dimensionally connected with the “island.” One ob-
servation that might contradict this possibility is the oc-
currence of kyanite as an inclusion in the “island.” It is
known from metamorphic zone mapping studies that pris-
matic kyanite tends to metastably survive in the silliman-
ite stability field without transforming to sillimanite, and
new sillimanite needles nucleate elsewhere instead (e.g.,
Nagel et al., 2002). Therefore, it is likely that kyanite
crystal in the “island” was once exposed to the rock-ma-
trix when the garnet was resorped, and it survived meta-
stably to be re-included in the phosphorus-rich rim of the
garnet that overgrew the resorped core (Fig. 8). The dis-
tance of the kyanite from the resorption/recrystallization
boundary is small, and this supports the hypothesis that
kyanite in the “island” was only shortly exposed to the
matrix environment to escape from its transformation to
sillimanite.

The outline of the intergrowth of muscovite + quartz
(+ chlorite) included in the garnet “island” shown in Fig-
ure 7 is faceted. Chlorite is developed only between the
garnet and the muscovite + quartz intergrowth, and prob-
ably a secondary product. If the “island” formation (garnet
rim crystallization) occurred at the vapor saturated soli-
dus, this would imply that melt crystallization occurred in
the muscovite + quartz stability field. The presence of
these types of “islands” in the midst of the garnet porphy-
roblasts requires further study.

Systematic change of phosphate inclusion assemblage
and correlation with phosphorus zoning in garnet

In the Skallevikshalsen sample, the phosphate assemblage
changes from apatite + monazite in the garnet core to
monazite alone in the garnet rim, as described above. It is
important to note that this change is accompanied by the
discontinuous change in the phosphorus concentration in
the garnet. The discontinuous increase in the phosphorus
concentration in the garnet rim is often observed in high-
temperature metamorphic rocks accompanying partial
melting, and the correlation with the phosphate assem-

blage included in the garnet, as reported in this study, has
actually been observed worldwide (Hiroi and Ellis, 1994;
Hiroi, 1997; Hiroi et al., 1997; Yang and Rivers, 2002;
Kawakami and Motoyoshi, 2004; Kawakami et al., 2008).
However, the generalization of the phosphorus zoning
correlated with the change in phosphate assemblage in-
cluded in garnet cannot be easily carried out at the present
stage because of the lack of the detailed case studies on
this problem.

Yang and Rivers (2002) found that the garnet that
coexists with apatite has smooth phosphorus zoning, and
the phosphorus-content in garnet decreased systematical-
ly as the metamorphic grade increased from the garnet
zone to the migmatite zone in Gagnon terrane, western
Labrador. They considered that this systematic variation
in phosphorus abundance with metamorphic grade and
the smooth phosphorus zoning with no breaks imply that
the activity of the phosphorus component in garnet was
buffered by phase equilibria involving apatite and silicates
(Yang and Rivers, 2002). Based on the similarity of phos-
phorus content in the studied garnet with that in other lo-
calities where similar peak metamorphic temperatures and
different pressures are estimated, Yang and Rivers (2002)
concluded that the phosphorus zoning of garnet that coex-
isted with apatite was mainly controlled by the change in
temperature rather than that in pressure. The example of
Yang and Rivers (2002) is mainly a subsolidus one. In the
melt-bearing system, on the other hand, London et al.
(1999) argue that silicate-phosphate equilibria are suffi-
ciently numerous and diverse that the phosphorus content
of magmas should normally be buffered by crystal-melt
reactions. In the case of the garnet-sillimanite gneiss from
Skallevikshalsen, partial melting would have occurred at
the garnet-core formation stage (Fig. 2), and the presence
of apatite and monazite inclusions in the garnet core sug-
gests that phosphates might have buffered the phosphorus
content of the melt through the reaction with silicates. For
the melt to be saturated in apatite, because the solubility
of the apatite is the activity product of all of its compo-
nents, [aCa]’[aP]'[@OH] has to be above the apatite satu-
ration value. Consequently, the phosphorus content of the
melt at saturation in any one of the crystalline phases will
vary with the activities of other components (London et
al., 1999) such as aCa. The addition of Ca (e.g., anorthite)
will reduce the phosphorus content of the melt required to
maintain apatite saturation (Wolf and London, 1994; Lon-
don et al., 1999). Therefore, a reaction such as the one
that follows might be important for the buffer of phospho-
rus content in the melt and other phases (four phases in
the CaO-Al,0;-Si0,-P;OgH system), where (m) denotes
the component in the melt.
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Ca;ALSi;0,, + ALOs(m) + SiO,(m) + P,05(m)

Grossular Melt
+ Hzo(m) = Cas(PO4)3OH + CaAIQSizog
Apatite Anorthite

Other phosphorus-bearing phases like K-feldspar may
also play an important role in buffering the phosphorus
content in the melt and other phases. The silicate-phos-
phate equilibria are numerous and diverse (London et al.,
1999), and therefore, it is difficult to specify the buffering
reaction that actually worked in the Skallevikshalsen
sample. However, Yang and Rivers (2002) showed that
the phosphorus-content of garnet would be a function of
temperature under the coexistence of apatite. Therefore, it
is likely that the oscillatory-like zoning of phosphorus
content in the garnet rim of the Skallevikshalsen sample
(Fig. 7c) is the result of apatite disappearance when the
garnet rim grew. That is, the oscillatory-like zoning of
phosphorus content at the garnet rim (Fig. 7c) implies that
phosphorus content was not buffered at the garnet rim
growth stage.

The disappearance of apatite was probably caused by
an increase in the melt formed through the biotite-con-
suming melting reactions such as reaction (3a) in the
course of prograde metamorphism. This is possible if we
accept the low whole-rock phosphorus-content of the
garnet-sillimanite gneiss (Kawakami and Motoyoshi,
2004) to be an original characteristic of the protolith, be-
cause with such a characteristic, the partial melt formed in
the garnet-sillimanite gneiss could become undersaturated
in apatite under relatively low degree of partial melting
and all the apatite can be consumed to finally form apa-
tite-undersaturated melt. On the other hand, if we consid-
er that the low whole-rock phosphorus-content represents
the result of significant extraction of phosphorus-bearing
melt from the originally phosphorus-rich garnet-silliman-
ite gneiss (e.g., Yoshimura et al., 2004), the disappearance
of apatite by an increase in the melt remains possible, al-
though the degree of melting has to be high.

On the crystallization of the partial melt, the crystal-
lization of plagioclase probably lowered aCa in the melt
and hindered the crystallization of apatite (London et al.,
1999). This is probably why the garnet rim of the Skal-
levikshalsen sample does not include apatite. It is likely
that monazite did not play an important role in buffering
the phosphorus content in the Skallevikshalsen sample.
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