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White mica (phengite and paragonite) K–Ar ages of eclogite-facies Sanbagawa metamorphic rocks (15 eclogitic rocks and
eight associated pelitic schists) from four different localities yielded ages of 84–89 Ma (Seba, central Shikoku), 78–80 Ma
(Nishi-Iratsu, central Shikoku), 123 and 136 Ma (Gongen, central Shikoku), and 82–88 Ma (Kotsu/Bizan, eastern Shikoku).
With the exception of a quartz-rich kyanite-bearing eclogite from Gongen, white mica ages overlap with the previously
known range of phengite K–Ar ages of pelitic schists of the Sanbagawa metamorphic belt and can be distinguished from
those of the Shimanto metamorphic belt. The similarity of K–Ar ages between the eclogites and surrounding pelitic schists
supports a geological setting wherein the eclogites experienced intense ductile deformation with pelitic schists during
exhumation. In contrast, phengite extracted from the Gongen eclogite, which is less overprinted by a ductile shear
deformation during exhumation, yielded significantly older ages. Given that the Gongen eclogite is enclosed by the
Higashi-Akaishi meta-peridotite body, these K–Ar ages are attributed to excess 40Ar gained during an interaction between
the eclogite and host meta-peridotite with mantle-derived noble gas (very high 40Ar/36Ar ratio) at eclogite-facies depth.
Fluid exchange between deep-subducted sediments and mantle material might have enhanced the gain of mantle-derived
extreme 40Ar in the meta-sediment. Although dynamic recrystallization of white mica can reset the Ar isotope system,
limited-argon-depletion due to lesser degrees of ductile shear deformation of the Gongen eclogite might have prevented
complete release of the trapped excess argon from phengites. This observation supports a model of deformation-controlled
K–Ar closure temperature.
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1. Introduction

The K–Ar system dating of white mica is routinely used to
determine the cooling ages of high-pressure and ultrahigh-
pressure (HP–UHP) metamorphic rocks. However, discor-
dant ages can occur from rocks within the same meta-
morphic unit (Chopin and Maluski 1980; Tonarini et al.
1993; Li et al. 1994; Arnaud and Kelly 1995; Ruffet 1995;
Scaillet 1996; Ruffet et al. 1997; Sherlock and Arnaud
1999; Giorgis et al. 2000; Sherlock and Kelley 2002;
Gouzu et al. 2006a; Itaya et al. 2009; Beltrando et al.
2013; Halama et al. 2014). For example, UHP-metamor-
phosed continental crust of the Dola Maira massif (western
Alps, Italy) shows a chronological discrepancy because of
the presence of excess argon in white micas inherited from
the precursor rocks (e.g. Itaya et al. 2011). However, age
discordance due to excess 40Ar is limited mainly to meta-
morphic terranes in continental suture zones or interconti-
nental collision zones that have experienced polyphase
metamorphism. Excess 40Ar is negligible in most metamor-
phosed oceanic materials in Pacific-type HP metamorphic
belts that usually record only a single metamorphic event.
In other words, the K–Ar system in syn-metamorphic white
mica is sufficiently reset during fluid-induced metamorphic

recrystallization at a Pacific-type convergent margin so that
no excess Ar exists. This hypothesis is supported by sys-
tematic K–Ar geochronology from the Sanbagawa, Suo,
and Renge metamorphic belts in Southwest Japan, and
from the Otago metamorphic belt in New Zealand (Itaya
and Takasugi 1988; Tsujimori and Itaya 1999; Nishimura
et al. 2000; Miyashita and Itaya 2002; Nuong et al. 2008,
2011). Even in the Italian Alps, which represent a conti-
nental collision belt, laser-probe Ar/Ar geochronology of
HP–UHP metamorphosed oceanic lithologies has revealed
negligible excess 40Ar in eclogite-facies phengite (Gouzu
et al. 2006b).

In preparation for the 2001 International Eclogite
Conference held in Japan, we determined K–Ar ages of
phengite and paragonite from the eclogite-facies Sanbagawa
metamorphic rocks in Shikoku (Figure 1A). A total of 21 ages
were obtained from four different localities, including Seba
(84–89 Ma), Gongen (123–136 Ma), and Nishi-Iratsu (78–
80 Ma) in central Shikoku and Kotsu/Bizan (73–88 Ma) in
eastern Shikoku. As we describe in this article, the signifi-
cantly older K–Ar age from the Gongen eclogite is due to
excess argon. Important questions are where and how has the
excess 40Ar been trapped in phengite crystals andwhy has the
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excess 40Ar in phengite been retained? In this article, we
discuss possible mechanisms whereby excess 40Ar may or
may not be retained in white mica.

2. K–Ar geochronology of Sanbagawa belt

The Sanbagawa metamorphic belt of S–W Japan is one of
the best-studied HP metamorphic belts in the world. It
trends roughly E–W over 800 km in central to S–W
Japan. The Sanbagawa belt consists of an Early
Cretaceous accretionary complex that was subjected to
prograde subduction-zone metamorphism reaching peak
P–T conditions (P = 1.5–2.2 GPa, T = 500–750°C) at
about 120 Ma, followed by retrograde metamorphism
(P = 0.7–1.1 GPa, T = 460–510°C) at around 86 Ma (e.g.
Isozaki and Itaya 1990; Aoki et al. 2011; Itaya et al. 2011).
Regional metamorphic mapping shows a systematic
sequence of appearance of characteristic Fe–Mg silicate
minerals in metapelites (Kurata and Banno 1974;
Higashino, 1975, 1990; Enami 1983; Banno and Sakai
1989). In order of increasing metamorphic grade, these
zones are the chlorite, garnet, and biotite zones. The biotite
zone is further subdivided into the albite-biotite and oligo-
clase-biotite zones (Figure 1B). HP schists of the
Sanbagawa belt have been strongly deformed as documen-
ted by microstructural features that include a strong stretch-
ing mineral lineation and sheath folding (e.g. Faure 1983,
1985; Wallis 1990; Hara et al 1992).

Protoliths of the Sanbagawa belt include a variety of
oceanic rock types with a long age span ranging from the
Triassic to Early Cretaceous. These rocks were subjected
to HP subduction-zone metamorphism and contain

mineral assemblages from the pumpellyite-actinolite facies
all the way up to the eclogite facies. The age of peak
metamorphism of high-grade (biotite zone) schists is
122 ± 12 (Itaya et al. 2011) using the Rb-Sr whole-rock
isochron method of Minamishin et al. (1979) and a new
decay constant for Rb. An ion-microprobe U–Pb age of
metamorphic zircon yielded around 120 Ma (Okamoto
et al. 2004; Arakawa et al. 2013).

Since 1965, white mica K–Ar and Ar/Ar geochronology
has been applied intensively to pelitic schists in central
Shikoku. So far, up to 270 age dates have suggested that
exhumation of the Sanbagawa belt occurred in the
Cretaceous (e.g. Itaya et al. 2011). Recent subdivisions of
the metamorphic belt, based on detrital zircon U–Pb geo-
chronology, suggest that the belt in central Shikoku consists
of two subunits; namely the ‘Sanbagawa HP belt’ and the
‘Shimanto HP belt’ (e.g. Aoki et al. 2011) (Figure 1A).
White mica K–Ar ages along a N–S traverse in central
Shikoku show systematic changes between these two
subunits (Itaya and Takasugi 1988; Aoki et al. 2008)
(Figure 1C). The K–Ar geochronology also defines a posi-
tive correlation between age and apparent metamorphic
gradient in central Shikoku (Itaya and Takasugi 1988).

3. Eclogite and eclogite-facies rocks

Eclogites and eclogite-facies relict mineral assemblages
have been described both in central Shikoku and eastern
Shikoku (e.g. Wallis and Aoya 2000). The most eclogitic
rocks are surrounded by pelitic schists and have suffered
severe ductile deformation together with pelitic schists
(e.g. Aoya 2001; Yamamoto et al. 2004).
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Figure 1. (A) Geological Map of Shikoku Island, Southwest Japan. The unit boundaries are modified after Aoki et al. (2011) and Itaya
et al. (2011). (B) Metamorphic zonation of Sanbagawa metamorphic belt in central Shikoku after Higashino (1975, 1990). (C) A N–S
traverse of white mica K–Ar ages from pelitic schists in central Shikoku (Itaya et al. 2011). The Sanbagawa metamorphic sequence has a
thermal structure in that the highest-grade zone rocks occur in the middle part of the apparent stratigraphy.
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In this study, we determined white mica K–Ar ages of
eclogites from the Nishi-Iratsu, Gongen, and Seba areas in
central Shikoku and Kotsu/Bizan area of eastern Shikoku.
In the Seba and Kotsu/Bizan areas, we also examined
pelitic schists associated with the eclogite. Each eclogite
locality is described briefly below.

3.1. Central Shikoku

Large mafic–ultramafic complexes, all with abundant eclo-
gite-facies relict mineral assemblages, are distributed
throughout an intermediate structural level (thermal core) of
the Sanbagawa belt in central Shikoku (e.g. Terabayashi et al.
2005; Figure 1A). The largest body (Iratsu) extends E–W for
about 8 km and N–S for about 3 km and is surrounded by
non-eclogitic schists (mainly pelitic schist) of the biotite zone.
The western portion of the Iratsu body (Nishi Iratsu) consists
of eclogitic metabasalts and metagabbros with intercalations
of marble, quartzofeldspathic gneiss, and metacarbonate. The
mineral assemblages of Nishi Iratsu eclogites suggest peak
metamorphic conditions of T = ~500–650°C and P = 1.4–
2.5 GPa (Ota 2004). The eclogites underwent epidote-amphi-
bolite facies hydration and ductile shear deformation during
exhumation. Eclogite yielded a Lu–Hf garnet age of
115.9 ± 0.5 Ma (Endo et al. 2009).

A small body (20 × 100 × 750 m) of quartz-rich
kyanite-bearing eclogite, called ‘quartz-eclogite’ (Banno
1964), occurs at Gongen Pass of the Higashi Akaishi

meta-peridotite (mainly dunite with minor amount of gar-
net-clinopyroxenite layers). The Gongen eclogite is
enclosed by meta-peridotite (Kugimiya and Takasu 2002)
and has a bulk-rock composition similar to greywacke
(Okamoto et al. 2004; Miyamoto et al. 2007). Ion-microp-
robe U–Pb study of metamorphic zircons yielded an age of
around 120 Ma for a peak eclogite-facies metamorphism
(Okamoto et al. 2004; Arakawa et al. 2013) and subse-
quent partial melting at about 110 Ma (Arakawa et al.
2013). The peak metamorphic condition was estimated
as P = 2.3–2.4 GPa and T = 675–740°C (Miyamoto
et al. 2007); it is noteworthy that the eclogite body records
the highest T conditions in comparison to other
Sanbagawa eclogites. Although Gongen eclogite is par-
tially overprinted by later epidote-amphibolite facies
mineral assemblages, this eclogite body is less overprinted
by a ductile shear deformation during exhumation. The
eclogite body preserves various melting textures (e.g.
Figure 2 of Arakawa et al. 2013).

South of the Higashi-Akaishi meta-peridotite body,
mafic schists with relict eclogite and eclogite-facies
mineral assemblages occur in the Seba area (Takasu
1984; Aoya 2001). The Seba eclogite also underwent
post-peak epidote-amphibolite facies recrystallization
together with various degrees of ductile deformation simi-
lar to that of the surrounding pelitic and psammitic schists
during exhumation (Aoya 2001). The P–T estimate for the
Seba eclogites suggests peak metamorphic conditions of
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Figure 2. Histograms of white mica K–Ar ages of eclogites and eclogite-facies rocks (this study) and surrounding schists (see references
in Itaya et al. (2011)’s Supplementary Material).
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1.4–2.4 GPa at 610–640°C (Aoya 2001). The Seba eclo-
gites yielded amphibole Ar–Ar ages of 89–95 Ma, phen-
gite Ar/Ar ages of 88–94 Ma (Dallmeyer and Takasu
1991), and a Lu–Hf garnet age of 88.8 ± 0.6 Ma (Wallis
et al. 2009).

3.2. Eastern Shikoku

In eastern Shikoku (about 80 km east of the Iratsu body),
a blueschist unit in the Kotsu/Bizen area contains relict
glaucophane-bearing epidote eclogite (Matsumoto et al.
2003). Recently, lawsonite was found as inclusions in the
core of a zoned garnet in a glaucophane-bearing eclogite
(Tsuchiya and Hirajima 2013). The eclogite-facies
mineral assemblage constrains a peak P–T condition of
1.4–2.5 GPa at around 600°C (Matsumoto et al. 2003).
The eclogite yielded a Lu–Hf garnet age of 88.2 ± 0.5 Ma
(Wallis et al. 2009).

4. K–Ar ages

We carried out K–Ar analyses of phengite and paragonite on
16 eclogite samples from Seba (8), Gongen (2), Nishi-Iratsu
(2), and Kotsu/Bizan (4). Seven pelitic schists associated
with eclogite were also investigated geochronologically.

The samples were crushed with a jaw crusher and
then sieved. White micas were separated from the several
size fractions of the samples. We chose most abundant
purest fractions for K and Ar analyses. Analysis and
calculations of ages and errors were carried out following
methods described by Nagao et al. (1984) and Itaya et al.
(1991). Potassium was analysed by flame photometry
using a 2000 µg g‒1 Cs buffer with an analytical error
of 2% at a 2σ confidence level. Argon isotopes were
analysed on a 15 cm-radius sector type mass spectro-
meter with a single collector system, using the isotopic
dilution method with a 38Ar spike. Multiple runs of the
standard (JG-1 biotite, 91 Ma) gave an error of about 1%
at a 2-sigma confidence level (Itaya et al. 1991). The
decay constants of 40K to 40Ar, 40Ca, and 40K content in
potassium used in the age calculations are 0.581 × 10−10

year‒1, 4.962 × 10−10 year‒1, and 0.0001167, respectively
(Steiger and Jäger 1977).

Our results are listed in Table 1 and shown in a
histogram in Figure 2. The eclogites give ages of 85–
89 Ma from Seba, 123–136 Ma from Gongen, 78–80 Ma
from Nishi-Iratsu, and 82–88 Ma from Kotsu/Bizan. In
sample WK1320b of Nishi-Iratsu, phengite and paragonite
separated from the same sample do not show a significant
age difference. In the Seba area, the results of pelitic
schists associated with eclogite (84–86 Ma) overlap with
eclogites (85–89 Ma). In the Kotsu/Bizan area, phengite
ages of glaucophane-eclogites (88 Ma) are slightly older
than paragonite ages of the barroisite-eclogite (82 Ma) and
pelitic schists (73–79 Ma).

5. Discussion

5.1. Age interpretations

Overall, white mica ages in Seba and Nishi-Iratsu are
consistent with the previously known range of phengite
K–Ar ages of pelitic schists of the Sanbagawa meta-
morphic rocks in central Shikoku (Figure 2). The Seba
data also overlap with phengite Ar/Ar ages reported by
Dallmeyer and Takasu (1991). Our data confirm that none
of the investigated eclogites belong to the Shimanto HP
belt. White mica K–Ar ages of Kotsu/Bizan eclogites are
comparable with those from eclogites in central Shikoku.
The similarity of white mica K–Ar ages between eclogite
and surrounding pelitic schists suggests that eclogite and
surrounding high-grade Sanbagawa schists were subjected
to coeval post-eclogite-facies retrograde metamorphism
and deformation during exhumation (Figure 3). Although
white mica K–Ar ages of the Seba and Kotsu/Bizan eclo-
gites overlap with garnet Lu–Hf ages from those bodies,
the interpretation of Lu–Hf ages of zoned garnets with
abundant inclusions in Sanbagawa eclogites are still
debated (e.g. Itaya et al. 2011).

Phengite K–Ar ages of the Gongen eclogite (123 and
136 Ma) are significantly older than the previously known
range of phengite K–Ar ages for both the Sanbagawa HP
belt and Shimanto HP belts. These ages are also older than
U–Pb ages of syn-metamorphic zircon. There is little
doubt that these old apparent ages have resulted from
excess 40Ar trapped in phengite. The protolith of the
Gongen eclogite is considered a trench-fill deposit, based
on the whole-rock composition and the presence of detrital
zircons (e.g. Okamoto et al. 2004). This rules out the
possibility that the excess 40Ar was inherited from pre-
existing older rocks. The Gongen eclogite is enclosed by
meta-peridotite (Kugimiya and Takasu 2002). Thus, it is
natural that the excess 40Ar was attributed to an interaction
between the meta-sediment (Gongen eclogite) and the
meta-peridotite (Higashi-Akaishi peridotite) during meta-
morphism. Mantle materials have extreme 40Ar/36Ar ratios
of about 3500 to 8000 (e.g. Kaneoka and Takaoka 1980;
Farley and Poreda 1993; Burnard et al. 1994). During fluid
exchange between deep-subducted sediments and litho-
spheric peridotite, mantle-derived extreme Ar gas might
have diffused from the peridotite into the sediments. High
solubility of argon in hydrous fluids (cf. Kelley 2002) also
would have enhanced the argon diffusion.

In theory, K–Ar closure temperature of white mica is a
function of both cooling rate and grain size. However, the
white mica K–Ar geochronology suggests that ductile
deformation may play a critical role in resetting the
K–Ar system in white micas (e.g. Itaya and Takasugi
1988). This is supported by systematic K–Ar age mapping
not only in the Sanbagawa but also in the Suo meta-
morphic belts (e.g. Nishimura et al. 1989; Nuong et al.
2008). A systematic K–Ar age mapping along transects
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perpendicular to metamorphic thermal gradients by Itaya
and Takasugi (1988) revealed a relationship between tem-
perature and deformation/recrystallization in a coherent
metamorphic sequence; they found a positive correlation
between white mica K–Ar age and the metamorphic gra-
dient that formed during the post-metamorphic peak
dynamic recrystallization (Figure 4). According to this
model, we conclude that the Gongen eclogite suffered
little ductile shear deformation during exhumation. This
is the reason why the eclogite shows the old age. The rigid
meta-peridotite would have prevented a ductile shear
deformation of the Gongen eclogite, and consequently,
mantle-derived Ar gained from the Higashi-Akaishi
peridotite in the eclogite was inherited by the limited-
Ar-depletion due to less deformation.

5.2. Excess 40Ar

Anomalously old white mica K–Ar and Ar/Ar ages due to
excess 40Ar are not common in Pacific-type HP meta-
morphic rocks. This is a consequence of the protoliths,
simple metamorphic histories, and a water-saturated envir-
onment of metamorphism. However, old ages due to
excess 40Ar have been reported from collision zone MP–
HP–UHP metamorphic rocks of various localities, includ-
ing the Dora Maira massif, Italy (Arnaud and Kelly 1995;
Scaillet 1996); the Su-Lu and Dabie terranes, China (Li
et al. 1994; Giorgis et al. 2000); the Kaghan Valley,
Pakistan (Tonarini et al. 1993); the Tso Morari Complex
of Himalaya, India (Gouzu et al. 2006a); the Gourma,
Mali (Jahn et al. 2001); the Sesia-Lanzo Zone, Italy
(Ruffet 1995; Inger et al. 1996; Ruffet et al. 1997;

Halama et al. 2014); the Gran Paradiso, Italy (Chopin
and Maluski 1980; Beltrando et al. 2013); the Tavsanli
Zone, Turkey (Sherlock and Arnaud 1999); the Betic

Sanbagawa HP belt
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Hydration and recrystallization
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Figure 3. Schematic model of evolution of the Sanbagawa eclogites from t0 (beginning of exhumation) to t1 (resetting of K–Ar system);
the model is modified after Itaya et al. (2011). Exhumation started at t1, and the exhumed deeper portion (eclogite-facies depth) of the
metamorphosed accretionary complex suffered intense deformation at the middle crustal depth at t1.
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Figure 4. Generalized temperature–age diagram showing a pos-
sible mechanism to explain white mica K–Ar ages of Sanbagawa
eclogites and surrounding pelitic schists. Squares represent eclo-
gite; EC, eclogites without excess 40Ar (Seba, Nishi-Iratsu, and
Kotsu/Bizan); EC+, eclogite with excess 40Ar (Gongen). Solid
square represents timings of K–Ar system reset in white micas
from eclogites; tf, ‘false’ age of Gongen eclogite due to excess
40Ar. Circle represents pelitic schists of coherent Sanbagawa
metamorphic sequence; L, low-grade; M, middle-grade; and H,
high-grade zones. TC, closure temperature of white mica; TD/B,
temperature of ductile/brittle boundary; t0, beginning of exhuma-
tion; and t1, resetting of K–Ar system. A positive age-meta-
morphic grade correlation in pelitic schists suggests a long
duration of deformation during exhumation (Itaya and Takasugi
1988; Itaya et al. 2011).
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Zone, Spain (De Jong et al. 2001); and the Longmenshan,
China (Itaya et al. 2009).

Recently, Beltrando et al. (2013) conducted Ar/Ar in-
situ and stepwise heating analyses for white mica and
biotite from eclogite-facies (T = ~550°C) meta-granitoids
in the Gran Pradiso massif (western Alps). They showed
that white mica from the partially deformed meta-granitoid
that preserved abundant granitic mineral assemblages
yielded an age range from 230 (protolith age) to 45 Ma
(HP metamorphic event). These observations suggest that
white mica (muscovite) in polymetamorphic terranes
requires much higher metamorphic temperatures to com-
pletely reset the Ar isotopic system than generally thought.
Moreover, the data suggest that deformation plays a criti-
cal role in reducing excess 40Ar.

Another excess 40Ar scenario in mica is uptake
through argon diffusion. For example, Hyodo and York
(1993) found significantly old ‘discordant’ mica ages in a
narrow zone of a contact aureole; they called this phe-
nomenon the ‘Excess-Argon Wave’ (EAW). The EAW
has been also found in regional metamorphic sequences.
In the Barrovian-type metamorphic complex of the
Longmenshan orogen (eastern Tibet), the upper kyanite-
grade metapelite yielded biotite Ar/Ar ages 4 to 5 times
older than those in the sillimanite grade (Itaya et al.
2009); the excess 40Ar was gained in mica by diffusion,
possibly through a breakdown reaction of muscovite with
a significant amount of radiogenic argon.

The old excess 40Ar ages from Gongen eclogite in
this study may suggest a phenomenon similar to an EAW.
We consider that the excess 40Ar was not inherited from
precursor older rocks as many cases in metamorphic
rocks from collision zones. We interpret that excess
40Ar preserved in the Gongen eclogite formed by an
interaction between the metagreywacke and the meta-
peridotite with mantle-derived noble gas (very-high
40Ar/36Ar ratio) at eclogite-facies depth. Fluid exchange
between deep-subducted sediments and mantle material
might have enhanced the gain of mantle-derived extreme
40Ar in the meta-sediment. A high argon pressure envir-
onment that formed through a slab–peridotite–fluid inter-
action would allow the trapping of a large amount of
excess argon within phengitic micas. To justify this
model, further understanding of multiple noble gas iso-
topes such as He, Ne, Kr, and Xe is required than that
documented in previous Ar studies.
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