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We investigated the fluid flow and elemental transport from a granitic body to the middle crust by determining the trace element
compositions of garnet in pegmatites related to a quartz diorite intrusion and metamorphic rocks on Kinkasan Island, northeast
Japan. Garnet in the pegmatites and biotite schists is characterized by spessartine– (Sps–) almandine- (Alm-) rich compositions of
Sps14–69Alm22–70Prp2–14Grs1–13 and Sps16–30Alm54–66Prp9–16Grs3–6, respectively. A garnetite pod in the metamorphic unit has
grossular- (Grs-) rich compositions (Sps1–4Alm8–11Prp0.1–0.4Grs80–87Adr3–4). The peak temperature (T) and pressure (P)
conditions of the biotite schist during contact metamorphism were 600–650°C and 0.27–0.41GPa, respectively. The primary
fluid inclusions in quartz crystals within the pegmatites hosted by the quartz diorite and hosted by the metamorphic rocks
have a wide range of homogenization temperatures (200–380°C). These correspond to the trapping temperature of 500–700°C,
assuming a salinity of 4 wt.% NaClequivalent at pressure of the crystallization of the quartz diorite. Chondrite-normalized rare
earth element (REE) patterns of garnets in the pegmatites in the quartz diorite and metamorphic unit are generally
characterized by enrichment of heavy REEs and negative Eu anomalies with the REE contents in the schists which are
systematically lower than in the pegmatites. However, garnet in the biotite schists close to the pegmatites has similar REE
contents to garnet in the adjacent pegmatites. These geochemical features suggest that garnet in the biotite schists grew in
response to fluid infiltration from the pegmatites. Besides, the Grs-rich garnet in the garnetite pod and its host quartz schist
have flat heavy REE patterns and no Eu anomalies, which probably reflect a metasomatic process related to plagioclase
replacement that produced Ca-Al-rich fluids. Our results suggest that the infiltration of pegmatitic fluids enhances elemental
transport and metamorphic reactions in the middle crust.

1. Introduction

Intrusion and solidification of hydrous magma is thought to
be one of the most effective mechanisms for introducing
aqueous fluids into the middle to upper crust of volcanic
regions [1–3]. The emplacement and solidification of gra-
nitic bodies in the middle crust contributes to the formation
of hydrothermal ore deposits [4, 5] and geothermal reser-
voirs with supercritical conditions [6, 7]. The late stages of
solidification of hydrous magma often produce pegmatites,
which record elemental as well as heat transfer [8–11]. How-
ever, the extent of element transfer from granitic pegmatites
into adjacent crustal rocks is still poorly constrained. It is

also unclear whether pegmatitic fluids affect contact meta-
morphism and vice versa.

Garnet is a common mineral in metamorphic rocks, and
its growth zoning has been used to constrain pressure–
temperature paths during regional metamorphism [12–15]
and temperature–time paths during cooling and heating
during contact metamorphism [16, 17]. The major and trace
element contents of garnet can also provide information on
fluid chemistry during metamorphism [18–20]. In the mid-
dle crust near plutons, garnet typically occurs not only in
metamorphic rocks that formed during contact metamor-
phism but also in granitic pegmatites [21, 22]. Therefore, a
comparison of garnet compositions in pegmatitic and
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metamorphic rocks might provide key information regard-
ing fluid compositions and elemental transport from plu-
tonic rocks into the crust. However, there have been no
previous studies that have directly compared the major and
trace element compositions of garnet in pegmatites and sur-
rounding metamorphic rocks.

Kinkasan Island in northeast Japan consists mainly of
granodiorite and quartz diorite, abundant pegmatite dikes,
and a minor metamorphic unit in contact with the plutons
[23]. In a previous study [24], we showed that intensive feld-
spar replacement was induced by the sequential infiltration
of Na- and K-rich fluids from the pegmatites into the meta-
morphic rocks under subsolidus conditions and that nano-
to microscale porosity was generated within the altered
feldspar grains. However, the trace element compositions
of the pegmatitic fluids and processes of fluid migration into
the metamorphic rocks are poorly constrained.

In this study, we investigated the compositional zoning
and trace element chemistry of coeval garnets in pegmatites
and surrounding metamorphic rocks on Kinkasan Island.
Based on conventional geothermometry and a fluid inclu-
sion study, we constrained the P–T conditions of fluid
infiltration and garnet growth in the pegmatites and meta-
morphic rocks. We then compared the trace element com-
positions of garnets in the pegmatites and metamorphic
rocks, and we discuss the fluid transport and/or element
fractionation during cooling of the midcrustal pluton.

2. Geological Setting and Samples

Kinkasan Island is 3:5 × 6:0 km in size and is located on the
eastern coast of northeast Japan. The island is part of the
South Kitakami Belt [25–27], which comprises granitoid
and metamorphic basement rocks of Cambrian–Ordovician
age and epicontinental sedimentary rocks of Silurian to
Early Cretaceous age [28–30]. These sedimentary rocks in
the South Kitakami Belt were strongly folded, faulted, and
weakly metamorphosed during the Early Cretaceous
Oshima Orogeny [31] and then intruded by granitic magma
during the Early Cretaceous [25]. Kinkasan Island consists
mainly of Early Cretaceous quartz diorite and granodiorite
(Figure 1(a)) and a metamorphic unit that crops out along
the northwestern coast at a contact with the quartz diorite
(Figure 1(b)). The metamorphic unit is largely below sea
level but is exposed as narrow outcrops. The metamorphic
unit is not continuous across to Oshika Peninsula, which is
located on the opposite side of Kinkasan Island [32]. Zircon
U–Pb ages of the intrusions on Kinkasan Island are 121 ±
2Ma for the central biotite–hornblende tonalite, 122 ± 2
Ma for the marginal granodiorite, and 128 ± 2Ma for the
biotite–hornblende tonalite dike [33]. Biotite K–Ar ages of
the granitoids are 122 and 112Ma for the western and east-
ern parts of Kinkasan Island [34], respectively, but there are
no age data for the metamorphic unit. However, in the
Hitachi metamorphic unit as a part of South Kitakami Belt
[25], the age of metamorphism was determined based on
mica K–Ar dating which yielded 120–105Ma and occurred
due to granite emplacement [35].

Along the northwestern coast of Kinkasan Island, schis-
tose hornblende–biotite-bearing quartz diorite (Qz diorite)
is exposed in the northern and southern parts of the meta-
morphic unit (Figure 1(b)). The quartz diorite contains a
weak foliation that is defined by the alignment of horn-
blende [24] with a common strike of N10°–20°E and dips
50°–80° to the west, which is largely concordant with the
foliation of the metamorphic rocks [23, 32]. Based on horn-
blende–plagioclase geothermometry and Al-in-hornblende
geobarometry, the P–T conditions of crystallization of the
plutonic body were estimated to be 670–760°C and 0.30–
0.45GPa [24, 32]. The quartz diorite is cut by abundant peg-
matite dikes with widths of 5–40 cm, which dominantly
strike NE–SW. The thick pegmatites (>10 cm width) consist
mainly of quartz, plagioclase, K-feldspar, and biotite, along
with accessory garnet, ilmenite, magnetite, and zircon. These
pegmatites hosted by the Qz diorite have sharp boundaries
with their host rocks and are typically cut by thin (~1 cm
width) aplite veins.

The metamorphic unit consists mainly of biotite (Bt)
schist with intercalations of clinopyroxene (Cpx) schist,
amphibole (Amp) schist, quartz schist, and garnet schists
[23, 24, 30, 36]. The foliation in the schists strikes NE–SW
and dips 70°–90° to the west. By applying garnet-biotite ther-
mometry and garnet-plagioclase-sillimanite-quartz geobaro-
metry, Endo et al. [32] estimated the P-T conditions of the
biotite schists to be 580–650°C and 0.20–0.37GPa. The crys-
tallization pressure of the plutonic body is similar to or
slightly higher than the pressure estimated from surround-
ing metamorphic rocks, suggesting that contact metamor-
phism occurred in response to the granitoid intrusion into
the relatively shallow crust [32]. Pegmatites and aplites occur
extensively in the metamorphic unit near the contact with
the Qz diorite. Infiltration of pegmatitic fluids into the meta-
morphic rocks is occasionally marked by millimeter-scale
reaction zones around the pegmatites and myrmekite [24].
Based on petrological analyses of the reaction zone within
the Cpx schists using hornblende–plagioclase geothermome-
try, and analyses of the replacement of plagioclase in an
amphibole schist by two-feldspar thermometry, Nurdiana
et al. [24] showed that the pegmatitic fluids caused extensive
metamorphism and hydrothermal alteration around the
intrusion. The fluid compositions changed from Na-rich
during the initial solidification stage at 640–730°C to K-
rich during cooling of the plutonic body to 400–570°C [24].

2.1. Sample Descriptions. Major and trace element composi-
tions of garnet were determined for seven garnet-bearing
samples; three pegmatites, and four metamorphic rock sam-
ples. Total sample is seven which consist of three pegmatites
and four metamorphic rock samples. The sampling localities
are shown in Figure 1. The pegmatite samples include those
hosted by Qz diorite (sample PgD; Figure 2(a)), Cpx schist
(sample PgC; Figure 2(b)), and Bt schist (sample PgB;
Figure 2(c)). The metamorphic rocks analyzed in this study
are two Bt schists (samples BSa and BSb), a quartz schist
(Qz schist; sample QS), and a garnetite pod adjacent to the
quartz schist (sample POD; Figure 2(d)). The mineral
assemblages of the samples are listed in Table 1. Some biotite
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schist samples contain isolated garnet grains (~0.5mm; 1
area%; sample BSa), and sample BSb contains abundant gar-
net of variable sizes (0.05–1mm; 8 area%). The pegmatite
veins hosted by the Bt schist (sample PgB) are parallel to
the schistosity (Figure 2(c)). The garnetite pod is enclosed
by quartz schist (Figure 2(d)).

3. Methods

Major and some trace elements (Y and Ti) were analyzed
with an electron probe microanalyzer (EPMA; JEOL JXA-
8200) at Tohoku University, Tohoku, Japan. The accelerat-

ing voltage was 15 kV, and the beam current was 12 nA for
quantitative analyses and 120 nA for elemental mapping.
Trace element mapping of garnet was carried out with an
accelerating voltage of 25 kV and beam current of 490 nA.
The dwell time for the major and trace element mapping
was 30ms. The following minerals were used as major ele-
ment standards: wollastonite (SiO2 and CaO), corundum
(Al2O3), hematite (FeO), periclase (MgO), manganosite
(MnO), albite (Na2O), K-feldspar (K2O), and rutile (TiO2).
Hereafter, the compositions of garnet are denoted by the
mole percent of spessartine (Sps), almandine (Alm)+pyrope
(Prp), grossular (Grs), and andradite (Adr) in the format of
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Figure 1: (a) Simplified geological map of Kinkasan Island (modified after Kobayashi [62]). The open rectangle indicates the study area. (b)
Map of the metamorphic unit and quartz diorite along the northwestern coastline of Kinkasan Island (modified after Inoki et al. [23] and
Nurdiana et al. [24]), showing the sampling locations. PgD: Qz diorite-hosted pegmatite; PgC: Cpx schist-hosted pegmatite; PgB: Bt schist-
hosted pegmatite; BS: Bt schist; QS: Qz schist; POD: garnetite pod.
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Figure 2: Outcrop photographs of (a) pegmatites in quartz diorite (PgD), (b) a pegmatite (PgC) intruded into mafic schist marked by a
reaction zone at the pegmatite border, (c) pegmatites intruded subparallel to the foliation in schist, and (d) a garnetite pod (POD) in
quartz schist (QS). PgD: Qz diorite-hosted pegmatite; PgC: Cpx schist-hosted pegmatite; PgB: Bt schist-hosted pegmatite; BS: Bt schist;
QS: Qz schist; POD: garnetite pod.

Table 1: Mineral assemblages and modal abundances (area%) of all sample groups from Kinkasan Island.

No. Sample Mineral assemblage Qz Pl Kfs Bt Grt dgarnet (mm) xgarnet (cm) Minor minerals

Pegmatites

1 PgD Kfs-Qz-Pl-Bt 30 28 40 1 0.3–1 1–5 Mag-Zrn-Ilm

2 PgB Kfs-Qz-Pl-Bt-Grt 20 15 53 8 2 1–1.2 0.25–1.5 Ms-Chl-Ser-Ap-Zrn-(Mnz-Ce)

3 PgC Pl-Qz-Kfs-Grt 45 37 15 2 0.8–1.2 0.5–5 Mag

Biotite schists

4 BSa Pl-Qz-Bt-Grt 25 40 33 1 ~0.5 ~1 Ap-(Mnz-Ce)-Zrn

5 BSb Qz-Bt-Pl-Grt 60 12 16 8 0.05–1 >100 Ms-Chl-Kln

Garnetite pod and adjacent quartz schist

6 QS Qz-Bt-Grt-Pl 85 1 7 7 0.1–0.3 >100 Ap

7 POD Grt-Qz 1 98 20–30 >100 Mag

d: grain or pod size of garnet; x: the distance of garnet to the closest contact of pegmatite dike-schist. Abbreviations: Qz: quartz; Pl: plagioclase; Kfs: K-feldspar;
Bt: biotite; Grt: garnet; Mag: magnetite; Ms: muscovite; Chl: chlorite; Ser: sericite; Kln: kaolinite; Zrn: zircon; Ilm: ilmenite; Ap: apatite; Mnz-Ce: monazite-Ce.
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Sps60Alm+Prp33Grs5Adr2. The andradite component was
only found in garnet from the sample POD. The end-
member garnet components, including ferric iron, were cal-
culated based on Locock [37]. The modal abundances of the
minerals were taken to be the area percentage of each min-
eral and were determined based on analyses of the back-
scattered electron (BSE) images using ImageJ software.

Trace element contents in garnet were determined by
laser ablation–inductively coupled plasma–mass spectrom-
etry (LA–ICP–MS) at Tohoku University, using a Perki-
nElmer ELAN ICP–MS system coupled to a Photon
Machines/CETAC Analyte Excite 193nm excimer LA sys-
tem. Single-spot LA was conducted on all samples, which
involved 120 laser shots at a pulse energy of 9.45 J/cm2,
with a laser repetition rate of 10Hz and laser beam diam-
eter of 50μm. Helium was used as the carrier gas. 29Si was
used as the internal standard, and the NIST 612 glass was
used as an external standard. The reference values of NIST
612 were taken from Jochum et al. [38]. A total of 40 trace
elements were analyzed, and the data were screened for
inclusions. Trace element data were normalized to the
chondritic values of Taylor and McLennan [39].

Fluid inclusion microthermometry in quartz was con-
ducted on doubly polished thick sections. The homogeniza-
tion temperatures (Th) and ice melting temperatures were
determined with a heating–cooling stage (Linkam THMS
600) at Tohoku University. A synthetic quartz inclusion
was used for calibration. The precision of the homogeniza-
tion temperatures is ±1°C. The stage is observed with an
Olympus DP74 microscope with 40x and 100x magnifica-
tion. The homogenization temperatures were measured in
quartz from pegmatite samples PgD, PgC, and PgB. The iso-
chore calculation was based on the H2O–NaCl isochore of
Bodnar [40]. The density of saline fluid was calculated fol-
lowing the equation of state proposed by Zhang and Frantz
[41] using BULK software [42].

4. Petrography and Mineral Compositions

Representative chemical compositions of plagioclase, biotite,
and garnet are listed in Table 2. Figure 3 shows the mineral-
ogy of representative samples. The chemical compositions of
plagioclase and biotite are plotted in Figure 4. The cations in
biotite were allocated to sites based on the method of Rieder
et al. [43].

4.1. Pegmatites. The mineralogy of the pegmatites (and
aplites) is variable which typically consists of elongated,
coarse-grained plagioclase, quartz, K-feldspar, and minor
biotite, garnet (Grt), magnetite (Mag), ilmenite (Ilm), zircon
(Zrn), and monazite-(Ce) (Mnz-Ce; Figure 3(a)). In the peg-
matite hosted by the quartz diorite (sample PgD), the modal
abundance of plagioclase was 28 area%, quartz was 30
area%, and that of K-feldspar was 40 area%. Sample PgB
has 15 area% plagioclase, 20 area% quartz, and 53 area%
K-feldspar. Sample PgC has 37 area% plagioclase, 45 area%
quartz, and 15 area% K-feldspar. The pegmatites have typi-
cal aplitic, graphic, and/or blocky textures, with grain sizes
of 1–50mm depending on pegmatite thickness. The anor-

thite (An) contents of plagioclase vary between the samples
and are An9–16 in sample PgD, An27–55 in sample PgC, and
An15–29 in sample PgB (Figure 4(a)). Plagioclase is generally
zoned, with decreasing An contents from core to rim. Pla-
gioclase grains in samples PgD and PgB have been partly
replaced by albite with a composition of An0–1Ab99–100
[24]. Biotite in pegmatites has a wide range in compositions
(Figure 4(b)), with XMg (Mg/½Mg + Fetot�) of 0.78–0.81 per
formula unit (p.f.u.; O = 11 atoms), 0.51–0.62 p.f.u., and
0.58–0.60 p.f.u., respectively, for PgD, PgC, and PgB. Al
occupancy in the tetrahedral site (Al [T]) is 0.63–0.78 p.f.u.
for PgD, 1.31–1.56 p.f.u. for PgC, and 1.34–1.61 p.f.u. for
PgB, while Ti is ~0.002 p.f.u., 0.22–0.13 p.f.u., and 0.002–
0.20 p.f.u., respectively, for PgD, PgC, and PgB. Garnet
occurs as subhedral or euhedral grains that are 0.3–1.2mm
in size (Figure 3(b)). The garnets are generally clustered in
the center of the thick pegmatite dikes (Figure 3(a)). Some
garnet contains inclusions of quartz. In sample PgB, garnet
occurs in a biotite-rich layer with secondary chlorite (Chl)
and sericite (Ser).

4.2. Biotite Schists. The biotite schists consist of quartz (25
area%–60 area%), plagioclase (12 area%–40 area%), biotite
(16 area%–33 area%), and lesser K-feldspar, muscovite,
chlorite, garnet, and apatite. Plagioclase compositions vary
from An26–41 (Figure 4(a)), with increasing An contents
from core to rim. Secondary plagioclase (albite) occurs along
the plagioclase rims. Biotite has a rather homogeneous com-
position, with XMg = 0:60 – 0:70, Al ½T� = 1:35 – 1:63 p:f :u:,
and Ti = 0:03 – 0:15 p:f :u: (Figure 4(b)). Garnet occurs as
euhedral grains that are 0.05–1mm (average = 0:5mm) in
size and is commonly found in biotite-rich layers. One sam-
ple of biotite schist (BSa), collected from the contact with a
pegmatite, contains relatively large garnet grains that are
~0.5mm in size (Figures 2(c), 5(e), and 6(d)), and garnet
occurs preferentially in a zone that is >10mm from the con-
tact. The other sample of biotite schist (BSb) contains abun-
dant garnet grains (0.05–1mm) and was collected >1m
from a pegmatite (Figures 3(c) and 3(d)). Apatite is 0.05–
0.2mm in size and occurs uniformly in the Bt schists.

4.3. Garnetite Pod and Adjacent Quartz Schist. The Qz schist
sample (QS) consists mainly of quartz (85 area%), biotite (7
area%), and garnet (7 area%) and lacks plagioclase. Biotite
occurs as platy grains that are 0.1–0.3mm in size and
typically occurs on garnet rims. The biotite composition is
XMg = 0:54 – 0:58, Al ½T� = 0:91 – 1:43 p:f :u:, and Ti = 0:05
– 0:13 p:f :u: (Figure 4(b)). Apatite inclusions are abundant
in garnet cores. The garnetite pod (sample POD) is 20–
30 cm long and surrounded by Qz schist (Figure 2(d)). The
sample POD consists almost entirely of garnet (>98%) and
minor quartz and magnetite (Figures 3(e) and 3(f)).

5. Major Element Compositions of Garnet

Representative major element compositions of garnet and
other minerals are listed in Table 2 and shown in Figures 5
and 6.
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Garnet in the pegmatite samples (PgD, PgC, and PgB) is
typically enriched in Sps (14–69mol%) and Alm (22–
70mol%) and contains minor amounts of Prp (2–14mol%)
and Grs (1–13mol%). Garnet in the quartz diorite-hosted
pegmatites (sample PgD) has a Sps-rich composition
(Sps57–69) and subordinate Alm component (Alm22–30),
while garnet in the Cpx schist-hosted pegmatites (sample
PgC) has moderate Sps (38–48mol%) and Alm+Prp con-
tents (48–58mol%; Alm44–54 and Prp2–4) (Figure 5(a)). Gar-
net in samples PgD and PgC exhibits zoning characterized
by decreasing Sps and increasing Alm and Grs contents

from core to rim (Figures 5(b) and 5(c) and Figures 6(a)
and 6(b)). Garnet in the Bt schist-hosted pegmatites (sample
PgB) is Alm+Prp-rich (Alm65–70 and Prp9–14), with a slight
increase in Mn contents at the garnet rims. Prp contents
exhibit an abrupt decrease at the rims, and the Grs contents
are irregularly zoned (Figures 5(a) and 5(d) and Figure 6(c)).

Garnet in the Bt and Qz schists is mostly enriched in
Alm+Prp and contains minor Sps. Garnet in the Bt schist
(BS) has a dominant Alm+Prp composition (66–80;
Alm54–66 and Prp9–16) but exhibits an abrupt increase in
Mn and decrease in Mg–Fe contents at garnet rims

Table 2: The representative composition of garnet, biotite, and plagioclase in Kinkasan Island.

Garnet in pegmatites Garnet in schists Biotite Plagioclase

Host rock Qz dioritea Cpx schista Bt schista Bt schist Qz schist
Garnetite

pod
Pegmatite in
Bt schist

Bt schist
Pegmatite in
Bt schist

Bt schist

Sample PgD PgC PgB BS QS POD PgB BS PgB BS

SiO2 36.26 36.6 37.44 37.49 37.6 39.44 35.61 35.4 62.2 61.51

TiO2 0.56 0.22 0.03 b.d.l. 0.03 0.14 2.42 3.07 b.d.l. 0.05

Al2O3 19.15 20.73 21.63 22.11 21.19 21.57 19.27 19.82 23.72 24.51

FeO 10.27 20.28 30.35 28.49 27.38 5.89 19.95 17.72 0.04 0.03

MnO 29.75 19.99 7.63 6.77 8.06 0.75 0.45 0.32 b.d.l. b.d.l.

MgO 0.92 0.54 2.97 3.68 1.72 0.05 7.93 9.94 0.04 0.02

CaO 2.46 1.69 0.29 1.4 4 32.35 0.07 b.d.l. 4.59 5.45

Na2O 0.05 0.02 b.d.l. 0.03 0.01 b.d.l. 0.07 0.11 8.39 7.97

K2O b.d.l.b b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 10.24 10.48 0.18 0.29

Total 99.42 100.07 100.35 99.97 99.99 100.2 96.01 96.86 99.34 99.84

Cation per 12 oxygens 11 oxygens 8 oxygens

Si4+ 3 2.99 3 2.99 3.02 3 2.71 2.65 2.77 2.73

Ti4+ 0.04 0.01 0 — 0 0.01 0.14 0.17 — —

Al3+ 1.86 2 2.04 2.07 2.01 1.94 1.73 1.75 1.25 1.28

Fe2+ 0.6 1.39 2.03 1.9 1.84 0.32 1.27 1.11 — —

Fe3+c 0.12 0 0 0 0 0.06 — —

Mn2+ 2.08 1.38 0.52 0.46 0.55 0.05 0.03 0.02 — —

Mg2+ 0.11 0.07 0.35 0.44 0.21 0.01 0.9 1.11 — —

Ca2+ 0.22 0.15 0.02 0.12 0.34 2.64 0.01 — 0.22 0.26

Na+ — — — — — — 0.01 0.02 0.72 0.69

K+ — — — — — — 0.99 1 0.01 0.02

Total 8.03 7.99 7.98 7.98 7.97 8.02 7.79 7.83 4.97 4.98

XPrp 0.04 0.02 0.12 0.14 0.07 0

XAlm 0.21 0.46 0.66 0.61 0.61 0.11

XSps 0.73 0.46 0.17 0.15 0.18 0.02

XGrs 0 0.05 0.05 0.01 0.14 0.86

XAdr 0.02 0.01

XAl,Bt
d 0.16 0.14

An 22.96 26.95

Ab 75.97 71.35

Or 1.08 1.7

P (GPa)e 0.20-0.39 0.27-0.41

T (°C)e 630-660 600-650
aPegmatite dike host rock. bb.d.l.: below detection limit. cFe3+ of garnet was calculated on the basis of 12 oxygens following Locock [37].
dXAl,Bt = AlVI/ðFe2+ +Mg + AlVI + TiÞ. eP-T estimates based on GB-GBPQ [44, 45].
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(Figures 5(a) and 5(e) and Figure 6(d)). Garnet in the Qz
schist (sample QS) has an Alm+Prp content of 69–
73mol% (Alm62–66 and Prp6–8) with Grs9–13 (Figure 5(a)).
The garnet in the Qz schist exhibits irregular zoning

of Grs, with high-Grs regions being close to apatite
(Figures 5(f) and 6(e)).

In contrast to the Bt and Qz schists, the garnet in the
garnetite pod has high Ca contents (Figure 5(a)). Garnet in
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Figure 3: Hand specimen photographs and photomicrographs (plane-polarized light) of typical garnet in samples of (a, b) pegmatite (PgD)
and (c, d) biotite schist (BS). (e) Hand specimen photograph of a garnetite pod (POD) and (f) back-scattered electron (BSE) image of
irregular elemental zoning in a POD. White to dark gray shading indicates the intensity of the back-scattered electrons from high to low.
Bt: biotite; Grt: garnet; Pl: plagioclase; Qz: quartz; PgD: Qz diorite-hosted pegmatite; PgC: Cpx schist-hosted pegmatite; PgB: Bt schist-
hosted pegmatite; BS: Bt schist; QS: Qz schist; POD: garnetite pod.
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the garnetite pod (sample POD) is primarily Grs (80–
87mol%), with negligible Prp (Figure 5(a)) and Adr (3–
4mol%), as revealed by the depletion of Al [T]. The garnet
in the sample POD exhibits irregular zoning of Al, Ca, and
Fe (Figures 3(f), 5(g), and 6(f)).

6. Trace Element Compositions of Garnet

Representative trace element (including rare earth element
[REE]) data are shown in Figure 7 and listed in Table S1
(Supplementary Material). The terms light and heavy REEs
refer to the elements La–Sm and Gd–Lu, respectively. The

chondrite-normalized REE patterns of garnet are shown
in Figures 7(a)–7(f), and the multitrace element pattern
is shown in Figure S1 (Supplementary Material). The
variations of the REE patterns are evident from plots of
Eu anomalies (Eu/Eu∗) versus total REE contents (ΣREE)
(Figure 7(g)), Sm versus Gd (Figure 7(h)), Y versus Σ
REE (Figure 7(i)), and Y versus Ti (Figure 7(j)).

6.1. Rare Earth Elements. Garnets in the pegmatites
(Figures 7(a)–7(c)) and Bt schist (Figure 7(d)) are depleted
in light REEs and enriched in heavy REEs. In contrast, the
garnets in the quartz schist (Figure 7(e)) and garnetite pod
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Figure 4: Compositions of plagioclase and biotite in the studied samples. (a) Ternary diagram of feldspar composition in pegmatite and
biotite schist. (b) Al contents in the tetrahedral site and XMg values (XMg =Mg/½Mg + FetotÞ�) of biotite in schist (per formula unit [p.f.u.];
O = 11 atoms). Ab: albite; An: anorthite; Or: orthoclase; PgD: Qz diorite-hosted pegmatite; PgC: Cpx schist-hosted pegmatite; PgB: Bt
schist-hosted pegmatite; BS: Bt schist; QS: Qz schist; POD: garnetite pod.
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Figure 5: Continued.
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(Figure 7(f)) are depleted in light REEs and have flat or
slightly decreasing heavy REE patterns. Garnet ΣREE con-
tents are high in the pegmatite samples and lower in the Bt
and Qz schists (Figures 7(g) and 7(i)). The garnet ΣREE
contents are highest in sample PgD (514–2770 ppm) and
lower in samples PgC (103–2455 ppm) and PgB (260–
1809 ppm; Table S1). The garnets in the schists and
garnetite pod have lower ΣREE contents of 67–740, 107–
284, and 18–40ppm in samples BS, QS, and POD,
respectively (Figures 7(g) and 7(i); Table S1).

All the garnets, apart from those in the garnetite pod,
have negative Eu anomalies (Eu/Eu∗ < 1; Figure 7(g)), which
decrease from the garnet in the pegmatites to that in the
schists. Garnet in sample PgC has the largest negative Eu
anomalies. Garnet in the garnetite pod has slightly positive
Eu anomalies (Eu/Eu∗ > 1). The Sm andGd contents of garnet
are higher in the pegmatites than in the schists (Figure 7(h)),
and thus, the garnet in the Bt schists exhibits higher REE frac-
tionation than that in the pegmatites (Figure 7(h)). The ΣREE
contents are strongly positively correlated with Y contents
(Figure 7(i)). Garnet in the schist has low contents of heavy
REEs, which are almost two orders of magnitude lower than
the garnets in the pegmatites (Figures 7(a)–7(e) and 7(i)).

In some samples, the heavy REE contents in the garnets
(or ΣREE contents) vary from core to rim. Garnet cores in
samples PgD and PgC are enriched in heavy REEs
(Figures 7(a) and 7(b)). Garnet in sample PgB shows
increasing heavy REE contents in the Grs-rich region of
irregular zoning (Figure 6(c)). The garnet with concentric
zoning in the Bt schist sample (BSa) exhibits decreasing
heavy REE contents from core to rim. However, garnet in
sample BSb has relatively uniform heavy REE contents.
The heavy REE contents of garnet in sample BSa are gener-
ally higher than those of garnet in sample BSb (Figure 7(i)).
REE contents of garnet rims in sample PgB overlap with

those of rims and cores in sample BSa (Figure 7(i)). Garnet
in sample BSb has heavy REE contents that overlap with
those of rims in samples PgB and QS (Figure 7(i)). Garnet
in sample POD has higher contents of heavy REEs in high-
Ti parts of the garnet grains (Figure 6(f)).

6.2. Other Trace Elements. Yttrium and Ti contents in the
garnets are variable, and some garnets exhibit clear zonation
(Figure 6). The garnet Y contents are correlated with REE
abundances (Figure 7(i)) and are higher in the pegmatites
than in the schists and garnetite pod. The highest Y contents
are in garnets in samples PgD (1335–4650ppm) and PgC
(146–4850 ppm; Table S1), and garnets in sample PgC
exhibit more heterogeneous Y zoning as compared with
those in sample PgD. Garnet in the Bt-schist-hosted
pegmatite (sample PgB) has lower Y contents of 577–
2180 ppm. The pegmatite-hosting Bt schist (sample BS) has
higher Y contents of 137–1160 ppm than the other schists
(82–341 and 15–52ppm for samples QS and POD,
respectively; Table S1). Yttrium and Ti contents of the
garnets exhibit a positive correlation, except for the garnetite
pod that has lower Y and higher Ti contents as compared
with its surrounding rock (sample QS) (Figure 7(j)).

Garnet in the pegmatites exhibits distinct zonation of Y
and Ti. Garnet in sample PgD exhibits a marked decrease
in Ti and Y contents at the rims (Figure 6(a)) and high-Ti
sector zoning throughout the grains (Figure 6(a)). The
garnets in sample PgC exhibit concentric oscillatory zoning
of Ti and distinct sector zoning of Y (Figure 6(b)). Garnet
in sample PgB exhibits slight zoning, particularly for Ti
(Figure 6(c)), which is similar to the Ca zoning
(Figure 6(c)). Garnet in the Bt schist has uniform Ti and Y
contents, with some Y-rich areas in parts of the garnet rims
(Figure 6(d)). Garnets in the sample POD exhibit irregular
compositional zoning, particularly in Ti (Figure 6(f)).
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Figure 5: (a) Ternary diagram of garnet compositions in the pegmatites and schists. (b–g) Garnet end-member compositions (atoms per
formula unit [apfu]) of the garnet profiles shown in Figure 6: (b) A–B in PgD, (c) C–D in PgC, (d) E–F in PgB, (e) G–H in BSa, (f) I–J
in QS, and (g) K–L in POD. Note that the x-axis scale varies in each diagram.
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7. P–T Conditions of Pegmatite Formation
and Metamorphism

To estimate the P–T conditions of garnet growth in the Bt
schist, Qz schist, and pegmatites, Grt–Bt (GB) geothermo-
metry [44] and Grt–Bt–Pl–Qz (GBPQ) geobarometry [45]
were applied. The GB and GBPQ thermobarometers were
calibrated for metamorphic pelites [44, 45], and caution is
required when applying these to (meta-)igneous rocks [46].
In this study, the Bt and Qz schists are metamorphic in ori-
gin, whereas the mineral assemblages in the pegmatites were
formed during crystallization in a magmatic–hydrothermal
system. Given that the GBPQ geobarometer requires plagio-
clase compositions of XAn > 0:17, garnet compositions of
XGrs > 0:03, and biotite compositions of XAl,Bt ðAlVI/½Fe2+ +
Mg + AlVI + Ti�Þ > 0:03, its application was limited to the
Bt schists (samples BSa and BSb) and the one pegmatite
hosted by a Bt schist (sample PgB). PgB is not metamorphic
in origin, but the chemical compositions of its minerals are
similar to those of minerals in metamorphic rocks (i.e., Bt
schists; Figure 4; Table 1), which allows GB and GBPQ ther-
mobarometry to be used. Based on microstructural observa-
tions, we assumed that the garnet cores were in equilibrium
with plagioclase and biotite cores (Table 2). A range of esti-
mated P–T conditions was obtained due to the choice of
mineral pairs within single samples. The estimated P–T con-
ditions are 630–660°C at 0.20–0.39GPa for the pegmatite
sample PgB and 600–650°C at 0.27–0.41GPa for the Bt schist
(Figure 8(c)). These P–T conditions are slightly lower in tem-
perature than for the crystallization of the quartz diorite (670–
760°C) but are similar in pressure (0.30–0.45GPa; [24]).

8. Fluid Inclusion Analyses

Fluid inclusions were analyzed in quartz grains from the
pegmatite samples. Primary and secondary two-phase aque-
ous fluid inclusions occur in quartz grains. In all the pegma-
tite samples, primary fluid inclusions are rare as compared

with the abundant secondary fluid inclusions (Figure 8(a))
and show rectangular, elongate, or irregular shapes. The size
of the fluid inclusions ranges from 0.5 to 4.5μm (average =
2:0 ± 0:8 μm; Figure 8(a)). Assuming the area is equivalent
to the volume proportion of the inclusion, the volume frac-
tion of vapor is 12–15%. The homogenization temperatures
of 31 fluid inclusions in pegmatites hosted by the Qz-
diorite (sample PgD) are 205–360°C for primary fluid inclu-
sions and 135–270°C for secondary fluid inclusions. The
primary fluid inclusions in samples PgC and PgB have
homogenization temperatures of 252–376°C and 236–
288°C, respectively, and 138–216°C for secondary fluid
inclusions in sample PgB (Figure 8(b)). The primary and sec-
ondary inclusions in the pegmatites have homogenization
temperatures of 205–376°C and 135–270°C, respectively.
Due to the small size of the fluid inclusions, the ice melting
temperatures were only measured for sample PgB. The aver-
age ice-melting temperature is −2.4°C, which corresponds to
a low salinity of ~4wt.% NaClequivalent [47]. The density of
the primary inclusions varies between 0.57 and 0.89 g/cm3.

The isochore ranges of the primary and secondary fluid
inclusions are shown in Figure 8(c), which assumes a salinity
of 4wt.% NaClequivalent. Assuming the pressure was 0.30–
0.45GPa and the same as for the quartz diorite [24], the
temperatures of fluid trapping within the pegmatites hosted
by the Qz diorite, Cpx schist, and Bt schist show a wide
range from ~400°C to a temperature close to that of crystal-
lization of the quartz diorite (~760°C; Figure 8(c)).

9. Discussion

9.1. Timing and P–T Conditions of Garnet Growth. The Bt
schists show that the P–T conditions of garnet growth were
600–650°C at 0.27–0.41GPa which are similar to that deter-
mined by Endo et al. [32] (Figure 8(c)). It is also similar to or
slightly lower than those of the crystallization of the Qz dio-
rite (670–760°C and 0.30–0.45GPa) [24, 32] and similar to
those of the earlier stage of pegmatitic fluids (i.e., Na-rich
fluid infiltration; [24]). Nurdiana et al. [24] showed that

YCa TiAl

L

K

(f) Garnetite pod (POD)

Figure 6: Representative examples of major and trace element (Y and Ti) zoning in garnet. (a) Garnet in a pegmatite (PgD) showing
increasing Ca and decreasing Mn from core to rim along profile A–B (Figure 5(b)). The garnet exhibits Ti enrichment in its core and
sector zoning and a slight decrease in Y from core to rim. (b) The garnet in PgC exhibits similar zoning of Mn as that in PgD, but also
sector zoning of Ca and trace elements, and oscillatory zoning of Ti. (c) The garnet in PgB exhibits similar Ca zoning and the opposite
Mn zoning as that in PgD, moderate Ti zoning, and no zoning of Y. The holes in the middle of the garnet are laser ablation pits. (d) A
single garnet grain in a Bt schist (BSa) that is mostly unzoned. (e) Garnet in a Qz schist (QS) that has a Ca-rich core as compared with
its rim and has uniform Mn, Ti, and Y contents (i.e., it is unzoned). (f) Garnetite pod with irregular zoning of Al and Ti and uniform
Ca and Y contents. The scale bar is 100μm long. Ap: apatite; Bt: biotite; Grt: garnet; Pl: plagioclase; Qz: quartz. The black or white open
circles on the Ti maps are the sites of laser ablation analyses.
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crystallization of the quartz diorite was followed by two
stages of fluid infiltration of pegmatitic fluids during cooling
of the pluton (Figure 8(c)). The development of reaction
zones around the pegmatite hosted by the Cpx schist
indicates that the fluids released from the pegmatite caused
the reactions in the surrounding metamorphic rocks
(Figure 2(b)), although garnet is absent in the reaction zone
[24]. In addition, we did not find any distinct zoning in
garnet that could represent polyphase metamorphism
(Figure 6(d)), and as such, garnet growth in the Bt schists

is inferred to have occurred during a single metamorphic
event in response to intrusion of the Qz diorite into the rel-
atively shallow crust as suggested by Endo et al. [32].

In the pegmatites, garnet commonly occurs with quartz
in the central part of the dikes, suggesting that garnet formed
at a relatively late stage [24]. Unfortunately, GB and GBPQ
geothermobarometry cannot be applied to pegmatite sam-
ples (except for PgB), quartz schist, and garnetite pod. How-
ever, as discussed in the next section, the similarity in the
garnet compositions of the pegmatite and adjacent Bt schist,
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Figure 7: Chondrite-normalized rare earth element (REE) patterns of garnet. (a) PgD, (b) PgC, (c) PgB, (d) BS, (e) QS, and (f) POD. The
core compositions are generally more REE enriched than the rim compositions. For the BS, different samples are shown. La to Sm and Gd to
Lu are referred to as the light and heavy REEs, respectively. (g) Eu/Eu∗ versus total REE contents. (h) SmN versus GdN. SmN and GdN are the
chondrite-normalized concentrations of Sm and Gm, respectively. (i) Y versus total REE contents. (j) Y versus Ti. Chondrite-normalizing
values are from Taylor and McLennan [39]. Note that the x-axis scale varies in (g–j).
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and garnetite pod and adjacent Qz schist, suggests that the
garnet in the Bt and Qz schists grew at the same times as
the garnet in the pegmatites.

The primary fluid inclusions in the quartz grains in the
pegmatite samples had higher temperatures (200–380°C) than
the secondary fluid inclusions (130–270°C) (Figure 8(b)). The
homogenization temperatures of the primary fluid inclusions
in pegmatite in the Bt schist (sample PgB) are concentrated
from 230°C to 290°C. Assuming a pressure of 0.30–
0.45GPa and salinity of 4wt.% NaClequivalent, the range of
temperatures is 500–700°C, which is consistent with that
from hornblende–plagioclase thermometry [24]. However,
the number of fluid inclusions in the pegmatites hosted by
the Qz diorite and Cpx schist is small, and the homogeniza-
tion temperatures of the primary inclusions are more vari-
able (200–360°C and 260–380°C, respectively). Some of the
high homogenization temperatures (>350°C) are higher than
the solidification temperature of the Qz diorite (Figure 8(c)).
The reason for this is unclear, but these inclusions were pos-
sibly trapped at a fluid pressure lower than the lithostatic

pressure or were affected by volume change due to plastic
deformation of the quartz [48] or experienced an implosion
event [49].

The abundant secondary fluid inclusions in the pegma-
tites yielded temperatures of ~300–650°C at 0.30–0.45GPa,
which is consistent with the temperatures during the infiltra-
tion of K-rich fluid. This means that the pegmatite dikes
acted as the dominant fluid pathway, even after the main
stage of pegmatite crystallization.

9.2. Comparison of Garnet Compositions in the Pegmatites
and Metamorphic Rocks. Three types of garnet have been
reported in relation to intrusions with pegmatite dikes:
igneous garnet in the pluton, igneous garnet in aplites and
pegmatites, and metamorphic garnet in the surrounding
metamorphic rocks [22, 50]. In this study, garnet was not
found in the Qz diorite, but garnet in the pegmatites and
metamorphic rocks has characteristic features in terms of
compositional zoning and major element (Figure 5) and
trace element (Figure 7) compositions. Garnet compositions
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Figure 8: Pressure–temperature conditions of quartz diorite crystallization, biotite schist metamorphism, and pegmatite infiltration. (a)
Photomicrograph of fluid inclusions at room temperature. Two-phase primary inclusions and a planar array of secondary fluid
inclusions occur in quartz in sample PgD. (b) Measured homogenization temperatures of fluid inclusions in quartz in the pegmatites. (c)
Conditions of pegmatite formation as indicated by the shaded area from the isochores of the homogenization temperature range. The
metamorphic conditions are based on GB and GBPQ geothermobarometry. The conditions of quartz diorite crystallization and
pegmatite infiltration are from Nurdiana et al. [24]. PgD: Qz diorite-hosted pegmatite primary inclusions; PgD-s: Qz diorite-hosted
pegmatite secondary inclusions; PgC: Cpx schist-hosted pegmatite primary inclusions; PgB: Bt schist-hosted pegmatite primary
inclusions; PgB-s: Bt schist-hosted pegmatite secondary inclusions.
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can be affected by the presence of coexisting biotite [46].
Although the trace element compositions of biotite were
not analyzed in this study, the heavy REE compositions of
garnet measured in this study (Figure 7) are higher than
those for the Grt–Bt-bearing metamorphic and igneous
rocks reported by Samadi et al. [46]. This means that garnet
was the dominant host of heavy REEs in the Bt schists and
pegmatite. In addition, the analyzed pegmatites and schists
always contain biotite, and thus, the absence/presence of
biotite is not the main control on the major and trace ele-
ment variations (Figures 5–7).

Garnets in samples PgD and PgC (Figures 6(a) and 6(b))
typically exhibit concentric bell-shaped zoning in Mn, with
some sector zoning. A reaction zone of replacement of clin-
opyroxene and Ca-rich plagioclase by hornblende and Na-
rich plagioclase is developed around the pegmatite in sample
PgC (Figure 2(b)), indicating that element transfer (e.g., Na
and Si) into the crust occurred during the growth of garnet
in this sample [24]. Garnet in the Bt schist and related peg-
matite exhibits slight reverse zoning of Mn (Figures 6(c) and
6(d)), indicating reequilibration with biotite or diffusional
modification during cooling (Figure 7). The Sps content of
garnet shows a systematic decrease away from the pegmatite
(Sps38–48) hosted by the Qz diorite (sample PgD) to that in
the pegmatite hosted by metamorphic rocks (Sps14–22).
Manganese-rich garnet in pegmatites has been reported in
previous studies of natural aplites and pegmatites, which
contain MnO > 12wt:% and CaO < 2wt:% [21, 22, 51]. On
Kinkasan Island, some of the garnets in pegmatites hosted
by the biotite schist have similar Sps contents in the pegmatite
(sample PgB) and adjacent schist (sample BS; Figure 5(a)),
suggesting that garnet growth in the Bt schists occurred during
fluid infiltration from the pegmatites.

Garnet in the Qz schist (sample QS) has major element
compositions similar to the Alm-rich compositions in sam-
ples PgB and BS (Figure 5(a)). The garnet in the Qz schist
has lower REE and Ti contents than those in the pegmatites

(Figures 7(g), 7(i), and (j)). Garnet in the garnetite pod
(sample POD) has high Grs contents (Figure 5(a)) and rela-
tively high Ti contents similar to those in samples PgC and
PgB (Figure 7(j)).

Chondrite-normalized REE patterns of garnets in the
pegmatites and Bt schist (Figures 7(a)–7(d)) are typical igne-
ous garnet, which is characterized by enrichment of heavy
REEs [52] and negative Eu anomalies. The negative Eu
anomalies are more evident in the plagioclase-bearing peg-
matites (samples PgD, PgC, and PgB; Figures 7(a)–7(c))
and schists (sample BS; Figure 7(d)), whereas the negative
Eu anomalies are small or absent in the plagioclase-free sam-
ples (QS and POD; Figures 7(e) and 7(f)). This indicates that
the formation of plagioclase caused the negative Eu anoma-
lies in the garnets [53]. The occurrence of garnet grains with
Eu anomalies in the center of the pegmatite dikes shows that
garnet growth occurred along with plagioclase growth dur-
ing the late stages of pegmatite crystallization.

Garnets in pegmatites and schists analyzed in previous
studies [22, 54] exhibit heavy REE contents that are highly
variable. Garnet in pegmatites has high heavy REE contents
of 1000–10,000 ppm, whereas garnet in pelitic schist has
lower heavy REE contents of 10–100 ppm. In this study,
the heavy REE contents of garnets in the schists are highly
variable, and the highest contents are similar to those of gar-
nets in the pegmatites or other veins (e.g., samples BSa and
PgB; Figures 7(i) and 7(j)). However, garnet in sample BSb,
which was collected farther from the pegmatite, has lower
contents of heavy REEs as compared with that in sample
BSa. This indicates that the high contents of heavy REEs in
garnets in the Bt schist resulted from fluid infiltration from
the pegmatites (Figure 9).

In summary, the trace element data for the studied gar-
nets identifies three groupings: (1) pegmatitic garnet in sam-
ple PgD that is Mn-rich and (heavy) REE-rich and has
negative Eu anomalies; (2) Fe-rich garnet in sample BS with
lower REE contents and a similar pattern of heavy REE and

1. Garnet in PgD, PgC, and PgB formation
(500-700°C at 0.30-0.45 GPa)

2a. Formation of garnet rim in PgD, PgC, and PgB
2b. Formation of garnet in BS (600–650°C at  

0.27–0.41 GPa;Na-rich fluid infiltration)
3. Garnetite pod formation (Ca-Al rich fluid 

metasomatism from feldspar replacement) 

Pegm
atitic fluid

Heat and trace element s

BS

Ca-Al

1

2a

2b 3

Qz-diorite

PgD

BS PgC or PgB

~50 m

(a) (b)

Figure 9: Schematic model of fluid infiltration during pegmatite formation in the quartz diorite pluton and the surrounding metamorphic
rocks. The fluid infiltration and trace element influx are recorded by the garnet texture and chemistry. The infiltration of Na-rich fluid
resulted in the formation of Ca-rich rims and sector zoning in garnets in the pegmatites, and heavy-REE-rich garnets in the biotite
schist, which was then followed by infiltration of K-rich fluids. Both fluids resulted in Ca–Al metasomatism. PgD: Qz diorite-hosted
pegmatite; PgC: Cpx schist-hosted pegmatite; PgB: Bt schist-hosted pegmatite; BS: Bt schist; QS: Qz schist; POD: garnetite pod.
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Eu anomalies to pegmatitic garnet (note that garnets in sam-
ples PgC and PgB are intermediate between (1) and (2)); and
(3) Ca–Ti-rich garnet in the garnetite pod (sample POD)
and adjacent quartz schist (QS), which has the lowest REE
contents, flat or slightly depleted heavy REE patterns, and
small positive Eu anomalies.

9.3. Trace Element Fractionation and Fluid Transfer in the
Contact Aureole. The pegmatite hosted in the Bt schist (sam-
ple PgB) is in contact with the Bt schist sample BS
(Figure 2(c)). The heavy REE contents of the garnets in the
Bt schist (sample BS) are as high as in the garnet rims in
the pegmatite (sample PgB). The garnet in sample BSa
occurs only along the boundary with the pegmatite and
exhibits the same Mn zoning as those in sample PgB. There-
fore, the relatively high REE contents of garnet in the Bt
schist (Figure 7(d)) could not have been formed by solidifi-
cation of melt but instead formed by infiltration of REE-
rich fluid from the pegmatite dikes. The pegmatite PgB is
relatively thin (3–5 cm wide), and it is possible that the sim-
ilar compositions of PgB and BSa are due to postcrystalliza-
tion modification of REE contents in garnet in the pegmatite
by diffusive exchange with the host Bt schist. However,
postcrystallization modification involving centimeter-scale
diffusion is unlikely, as the duration of high temperatures
(>600°C) after intrusion would have been as short as
<0.5Myr, as constrained by analyses of the contact meta-
morphic rocks with similar P-T condition around granite
intrusions in the Ryoke metamorphic belt [17].

The plagioclase anorthite content is lower in sample PgD
than in samples PgC and PgB (Figure 4(a)). The garnet REE
and Y contents of garnet in the pegmatites exhibit a system-
atic decrease from the Qz diorite (sample PgD) to the Cpx
schist (sample PgC) to the Bt schist (sample PgB). This could
be due to several factors, including the initial melt composi-
tion, magma fractionation, and/or fluid accumulation dur-
ing crystallization [22, 55, 56]. The Qz diorite on Kinkasan
Island is a plutonic body with a simple structure, and it is
unlikely that each pegmatite was derived from a different
parental magma. As such, fractionation of fluids in a
magmatic-hydrothermal system during the formation of a
series of pegmatites best explains the decreasing Y and
REE contents in the garnets, with the most fractionated peg-
matite (sample PgB) having lower REE contents. The REE-
poor garnet rims may be related to fluid activity [56].
Decreasing REE contents from sample PgD to PgB suggest
an increase of volume of aqueous fluids in the system, which
underwent cooling and changes in Ca and Na contents.

The Grs-rich garnet in the garnetite pod (sample POD)
is characterized by the lowest heavy REE contents of all the
samples (Figures 7(f)–7(i)). The low contents of heavy REEs
could be due to the following: (1) a heavy REE-depleted pro-
tolith, (2) the precipitation of unobserved heavy REE-rich
minerals, or (3) the effects of heavy REE-depleted fluid infil-
tration. A heavy REE-depleted protolith is unlikely, as the
Qz schists surrounding the garnetite pod contain garnet with
high contents of heavy REEs. In addition, minerals rich in
heavy REEs were not identified in at least three thin sections
of the sample POD. The formation of Grs-rich garnet in

samples QS and POD is indicative of the infiltration of Ca-
rich aqueous fluids. Such Grs-rich garnetite pods have been
reported in previous studies of anorogenic and orogenic
granitic pegmatites [57, 58]. The replacement of An9–55
plagioclase by albite in the pegmatites is called a “back-
reaction” [57], which provides an internal source for Ca-
metasomatism [58] that results in autometasomatism of
primary minerals in pegmatites [21]. On Kinkasan Island,
one plausible source of Ca to produce the garnetite pod is
leaching of sodic plagioclase during the replacement of pla-
gioclase in the mafic schists [24]. For example, replacement
of the Cpx schists by Na-rich plagioclase and hornblende
was induced by Na-rich fluid infiltration from the pegma-
tites at 690–730°C and 0.30–0.45GPa, which caused gains
of Na2O (0.83%) and H2O (0.30%) and loss of CaO
(3.17%) for every 100 g of unaltered wall rock [24]. The dis-
solution of An-rich plagioclase is consistent with the absence
of a negative Eu anomaly, given that Eu ion behaves simi-
larly to Ca ion.

Variations of Ti and Y contents in garnet and zoning can
be produced by changes in P–T conditions, open system
fluid infiltration, or the presence of Ti- or Y-enriched phases
[18, 59]. The oscillatory zoning of Ti in the garnets in the
pegmatites (Figure 6(b); sample PgC) is indicative of open
system behavior of the fluid circulation system, as suggested
by Jamtveit et al. [18]. Titanium- or Y-bearing minerals
could affect the garnet compositions, because the pegmatites
contain Ti- and Y-bearing accessory minerals such as ilmen-
ite (~52wt.% TiO2), zircon (~6wt.% Y2O3), and monazite-
(Ce) (~3wt.% Y2O3).

During fractional crystallization of pegmatites, H2O-rich
and -poor melts can coexist [60]. H2O-rich melt may con-
tain ~40wt.% H2O, is rich in alkaline elements, and becomes
a mobile phase [8, 60]. On Kinkasan Island, the pegmatitic
fluids that caused alteration in the crust were characterized
by two compositions (i.e., Na- and K-rich aqueous fluids).
The source of these Na- and K-rich aqueous fluids was prob-
ably H2O-rich melts that formed during fractionation of the
pegmatites [21, 61].

A possible model showing the relationships between the
pegmatitic fluid activity, alteration, and garnet growth is
summarized in Figure 9. During the formation of large peg-
matite dikes, the pegmatite cores had higher H2O activity as
compared with their margins [51], and thus, garnet forma-
tion occurred in the H2O-rich melts or aqueous fluids
(Figure 9(a)). The infiltration of Na-rich aqueous fluids from
the pegmatites into the crust [24] probably occurred during
the main stage of garnet growth in the pegmatites at 500–
700°C and 0.30–0.45GPa (Figure 9(b)). The infiltrations of
Na-rich fluid resulted in the Ca-rich rims and sector zoning
in the garnets in the pegmatites and heavy REE-rich garnet
in the biotite schist (Figure 7) at 600–650°C and 0.27–
0.41GPa (Figure 8(c)). This was followed by the infiltration
of K-rich fluid into the schist. Both fluid types infiltrated the
mafic schist and resulted in a large loss of Ca (1.50–
3.17wt.%) and Al (~1.76wt.%; [24]). These elements (i.e.,
Ca and Al) released during the alteration of the mafic schists
migrated to other lithologies and produced the garnetite
pods consisting of Grs-rich garnet (Figure 9(b)). This suggests
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that open-system fluid circulation between granitic plutons
and the crust controls the transfer of heat and mass that leads
to alteration and/or metasomatism under low-temperature
conditions.

10. Conclusions

The major and trace element compositions of garnets in peg-
matites and schists on Kinkasan Island were determined to
understand the element transport from the pluton into the
middle crust.

(1) Garnets occur in both the pegmatites and adjacent
metamorphic rocks and have a range of composi-
tions. The garnets in pegmatites hosted by the Qz
diorite have Sps-rich compositions of Sps57–69
Alm22–30Prp3–4Grs3–10, whereas those in the Bt
schist have Sps16–30Alm54–66Prp9–16Grs3–6.
The garnets in pegmatites hosted by the metamor-
phic rocks (Bt and Cpx schists) have intermediate
compositions (Sps14–48Alm44–70Prp2–14Grs1–13). In
contrast, garnets in the garnetite pod hosted by Qz
schist have a Grs-rich composition (Sps1–4Alm8–11
Prp0.1–0.4Grs80–87 Adr3–4)

(2) P–T conditions of garnet growth in the biotite schist
during contact metamorphism were estimated to be
600–650°C at 0.27–0.41GPa by GB and GBPQ
geothermobarometry. The pegmatitic fluid infiltra-
tion into the biotite schist was constrained from fluid
inclusion analysis to have occurred at 500–700°C,
assuming the pressure was 0.30–0.45GPa. These P–
T conditions indicate that metamorphism and peg-
matitic fluid infiltration occurred during pluton
crystallization and the early stages of pegmatitic fluid
infiltration (i.e., Na-rich fluids)

(3) Based on the trace element data, the garnets are
divided into three groups. The first is pegmatitic
garnet hosted by the quartz diorite, which has the
highest REE contents (ΣREE > 4590 ppm) and neg-
ative Eu anomalies. The second is garnet in the Bt
schist that has REE contents (ΣREE > 1080 ppm)
that are two orders of magnitude lower than those
of garnets in the pegmatites, but has similar heavy
REE patterns and negative Eu anomalies. The gar-
net in the pegmatites hosted by the Bt and Cpx
schists is intermediate between the first and second
types of garnet. The third group is the Grs-rich gar-
net in the garnetite pod, which has the lowest REE
contents (ΣREE = ~ 600 ppm), Ti-rich composi-
tions, and no Eu anomalies

(4) The pegmatitic fluid was released during the late
stages of granitic intrusion and resulted in several
types of metamorphic and alteration processes. Gar-
net in the biotite schist near the pegmatites has sim-
ilar trace element compositions as those in the
pegmatites, suggesting that garnet growth in the
schist was related to the infiltration of pegmatitic

fluids. The feldspar alteration due to infiltration of
Na- and K-rich fluids produced Ca–Al-rich fluids,
which resulted in the formation of Grs-rich garnet
in the garnetite pod. The slightly positive Eu anom-
alies of garnet in the garnetite pod is consistent with
the breakdown of the anorthite component in pla-
gioclase. Our results suggest that pegmatitic fluid
enhances not only heat transport but also fluid and
elemental transport into the middle crust
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