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Abstract Stability of phengite and biotite in eclogite is
discussed using petrological data of natural eclogites,
and the observational data are examined by thermody-
namic calculations. Generally, phengite is a major K
phase in natural eclogite and is stable in wide range of
bulk composition. However, in eclogites from several
localities of the Caledonides, biotite occurs as a stable
eclogite-facies mineral, and is often associated with
orthopyroxene. Bulk compositions of such biotite- or
orthopyroxene-bearing eclogites are compared with
those of eclogites from the Dabie—Sulu region, China,
where phengite is a major K phase in eclogite. The
biotite- or orthopyroxene-bearing eclogites from the
Western Gneiss Region of the Caledonides are rich in
MgO (10-15 wt%) and relatively poor in CaO (7-
8 wt%) and Al,O3 (12-16 wt%). The CaO/MgO ratios
of the biotite- or orthopyroxene-bearing eclogites are
clearly lower than those of eclogites from the Dabie—
Sulu region, indicating that MgO-rich and CaO-poor
environments should be important for stabilizing of
biotite and orthopyroxene in eclogite. Biotite-bearing
eclogite from the North-East Greenland Eclogite Prov-
ince is rich in MgO (= 16 wt%) and CaO (= 15.5 wt%)
and extremely poor in AlLO; (= 8 wt%). To stabilize
biotite in eclogite, Al,Os-poor environments are also
important. Bulk compositions of these biotite- or orth-
opyroxene-bearing eclogites are similar to picrite basal-
tic compositions. To examine these observational data,
thermodynamic calculations were carried out in a seven-
component system KH,0;s—Na,O-CaO-FeO-MgO-
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Al,O3-Si0,, which includes garnet, kyanite, phengite,
biotite, quartz, omphacite, orthopyroxene and olivine in
conjunction with mass-balance calculations. Firstly,
calculations were performed on the average bulk com-
position of eclogites from the Dabie—Sulu region to
lherzolite (KLB-1). The calculation results confirmed
that phengite should be stable in eclogite with ‘ordinary’
basaltic composition, whereas biotite and orthopyrox-
ene should be stable in picrite basaltic compositions (e.g.
MgO >11.0 wt%, CaO <9.8 wt%, Al,O3 <15.2 wt%
at 700 °C, 2.5 GPa). Further calculations in basaltic
system confirmed that increase of MgO content and
decrease of CaO and Al,O3 contents were important to
stabilize biotite and orthopyroxene in eclogite.
Thus, mineral assemblage in picrite basalt system should
be completely different from that in normal basaltic
system.

Introduction

The pressure—temperature (P-T) conditions required
for the formation of eclogite are generally met in a
subduction zone environment, although it can also be
stable near the crust-mantle boundary in stable conti-
nental crust (e.g. Griffin et al. 1990). Hydrous minerals
occur in many eclogites formed by subduction of con-
tinental or oceanic crust materials, and understanding
the stability of such minerals is important for eluci-
dating the processes of magmatism and the recycling of
H,O in the subduction zone. Recently, ultrahigh-pres-
sure (UHP) metamorphic rocks have been reported
from several orogenic belts, and they can give direct
information on which hydrous minerals were present in
eclogites dragged down to more than 100-km depth.
Indeed, various kinds of hydrous minerals were present
in UHP eclogites. Especially, phengite (Phn) is a
common hydrous mineral in UHP eclogites from sev-
eral orogenic belts (e.g. Kienast et al. 1991; Schmédicke



et al. 1992; Enami et al. 1993; Carswell et al. 1997) and
should be an important H,O carrier, stable up to about
300-km depth in basaltic and pelitic systems (e.g. Doma-
nik and Holloway 1996, 2000; Schmidt 1996; Ono 1998).
Phengite is commonly present also in eclogites formed by
subduction of oceanic basalt (e.g. Clarke et al. 1997).
Other representative hydrous phases in natural eclogite
are amphibole (Amp), epidote (or zoisite) (EZ) and par-
agonite (Pg). On the other hand, some eclogites in the
Caledonides contain stable biotite (Bt) even in basaltic
composition (e.g. Jamtveit 1987a). Eclogite in this oro-
genic belt is also characterized by the occurrence of orth-
opyroxene (Opx). Thus, various kinds of mineral
assemblages are observed in natural eclogites, but the
relationships between bulk composition and mineral
assemblage are not clear. Therefore, this study summa-
rizes the relationships between mineral assemblage and
bulk composition in natural eclogites, and especially sta-
bility relations between phengite and biotite are discussed.
Furthermore, the compiled data are used to understand
the reason why biotite and orthopyroxene formed in some
eclogites and not others, and then the results are examined
by thermodynamic calculations in a multi-component
system.

Mineral assemblages of eclogite

The mineral assemblages of natural eclogites in several
orogenic belts have been compiled. In this paper,

Table 1 Mineral abbreviations

Phase Abbreviation
Phengite Phn
Amphibole Amp
Epidote or Zoisite EZ
Paragonite Pg
Biotite Bt
Orthopyroxene Opx
Garnet Grt
Omphacite Omp
Quartz Qtz
Coesite Coe
Kyanite Ky
Rutile Rt
Quartz or coesite QC
Talc Tlc
Olivine Ol
Augite Aug
Pyrope prp
Grossular ars
Almandine alm
Diopside di
Phlogopite phl
Enstatite en
Jadeite id
Hedenbergite hd
Forsterite fo
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‘mineral assemblage’ refers to a stable assemblage at
peak-P metamorphic conditions of eclogite (mineral
abbreviations mainly follow Kretz 1983, and are listed in
Table 1). However, formation stage of some minerals in
eclogite is difficult to identify by textural information
alone. For example, in the Sulu region, UHP meta-
morphic province in China (e.g. Ernst and Liou 1995),
some eclogites contain euhedral and poikiloblastic
epidote (Fig. 1A). Inclusions in such epidote are eclog-
ite-facies minerals; garnet (Grt) + omphacite (Omp) +
quartz (Qtz) and/or quartz pseudomorphs after coesite
(Coe). In some cases, kyanite (Ky) also shows poiki-
loblastic texture (Fig. 1A). Theses poikiloblasts were
probably stable at peak-P conditions (>3 GPa), but
could also be decompressional products. Synthetic
experiments (e.g. Poli and Schmidt 1995) have shown

Fig. 1A, B Photomicrographs of eclogites from Donghai in the
Sulu region, China. A Epidote (EZ) occurs as large euhedral grains

and shows poikiloblastic texture. Kyanite (Ky) also shows
poikiloblastic texture. Qtz Quartz; Omp omphacite. Crossed-
polarized light. B Amphibole interstitially grows among garnet
(Grt), omphacite and quartz. Plane polarized light
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that zoisite is unstable above ~3 GPa in basaltic com-
position. Pale green-to-blue amphibole is also present as
relatively large grains that grew interstitially among the
eclogite-facies minerals (Fig. 1B). The eclogite contain-
ing such amphibole is less overprinted by the amphib-
olite- or granulite-facies minerals, suggesting that it grew
under the eclogite-facies conditions. According to syn-
thetic experiments (e.g. Liu et al. 1996), amphibole is
unstable at UHP conditions in the mid-ocean ridge ba-
salt (MORB) system. However, Hirajima et al. (1992)
found nybdite [NaNa,Mg;Al,Si;AI(OH),] in eclogite
from the Sulu region, and in the Dora Maira massif, the
western Alps, glaucophane occurs in UHP sodic white
schist (e.g. Kienast et al. 1991). Such Na-rich amphibole
may be stable even at UHP conditions depending on the
bulk compositions. The stability of amphibole in UHP
eclogite, therefore, is still debatable, and determination
of the peak-P mineral assemblage is difficult. As a con-
sequence, the mineral assemblages compiled in this
study, especially the amphibole and poikiloblastic pha-
ses, may not have been stable at peak-P conditions.

The Dabie-Sulu region, eastern China, is a UHP
metamorphic belt. In such orogenic belts, eclogite gen-
erally occurs as blocks (or lenses) included in country
gneiss: continental crust material. The peak metamor-
phic conditions of eclogites from the Dabie—Sulu region
were estimated to be 700-880 °C, 2.9-4.1 GPa (e.g.
Carswell et al. 1997; Nakamura and Banno 1997
Hirajima and Nakamura 2003). The main constituents
of eclogite are Grt, Omp, rutile (Rt) and SiO,-phases
(quartz or coesite: QC). The representative mineral
assemblage of eclogites from the Dabie—Sulu region is
Grt + Omp + Rt + QC accompanied by Phn, Ky,
Amp or EZ (e.g. Hirajima et al. 1990; Enami et al. 1993;
Okay 1995; Zhang et al. 1995a; Carswell et al. 1997;
Nakamura and Hirajima 2000). The presence of K-
feldspar, talc (Tlc), dolomite and aragonite has been
reported in a few cases (Enami et al. 1993; Zhang et al.
1995a, 1995b; Carswell et al. 1997), and apatite and
zircon are common accessory minerals (e.g. Enami et al.
1993). According to my observations of about 400 thin
sections of eclogitic samples from the Sulu region, about
40% of them contain phengite as an eclogite-facies
mineral (Fig. 2). Although biotite grains are also present
in eclogites, they are closely associated with plagioclase
and formed mainly after phengite (e.g. Fig. 3f of Enami
et al. 1993); i.e. they formed under amphibolite- or
granulite-facies conditions during the ascent of the
eclogites. Thus, phengite is the representative K phase in
the eclogite of this region. However, in Rongcheng and
Weihai of the north-eastern Sulu region, phengite is very
rare (Fig. 2) and occurs only as a minor inclusion in
other eclogite-facies minerals. This may be due to
phengite dehydration melting of eclogite during exhu-
mation (Ye et al. 2001); phengite dehydration melting of
acidic rocks probably occurred in this area (Hermann
2002).
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Fig. 2 Frequency of mineral occurrence in eclogitic rocks from the
Sulu region. Each black bar represents the total number of
observed samples in each area. The other vertical bars show the
number of samples in which rutile (R¢), quartz (Q1¢z), kyanite (Ky),
phengite (Phn) or secondary biotite (sBf) is present. Secondary
biotite means biotite that formed in the amphibolite- or granulite-
stages during the decompression of the eclogites. The other phases
formed at the eclogite-facies stage

Also, in other representative orogenic belts, phengite
is the major K phase in eclogite as described below.
In the UHP unit of the southern Dora Maira massif,
the western Alps, the typical mineral assemblage of
eclogite is Grt + Omp + Rt + QC accompanied by
Phn, Ky, EZ or Amp (e.g. Chopin et al. 1991; Kienast
et al. 1991; Compagnoni et al. 1995). In the Qtz-stable
units of the European Alps, eclogite is accompanied by
Phn, Ky, Amp, EZ, Pg, Tlc or chloritoid (e.g. Holland
1979; Heinrich 1982, 1986; Droop et al. 1990). In the
Saxothuringian zone of the Variscides, eclogites are
accompanied by Phn, Ky, Amp or EZ (e.g. O’Brien et al.
1990; Okrusch et al. 1991; Schmadidicke et al. 1992;
O’Brien 1993), although the presence of biotite has been
reported in an eclogite from the central Erzgebirge
(Schmaédicke et al. 1992). Eclogite-stage biotite has been
reported from an eclogite sample in the Moldanubian
zone of the Variscides (Medaris et al. 1995). In north-
eastern New Caledonia, eclogite occurs in a high-grade
zone, and the mineral assemblage of the eclogite is Grt +



Table 2 Mineral assemblages of eclogites from the Dabie—Sulu
region and the Caledonides. Grt Garnet; Omp omphacite; Rt rutile;
QC quartz or coesite; Phn phengite; Bt biotite; Kfs K-feldspar; Ky
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kyanite; Opx orthopyroxene; Amp amphibole; EZ epidote or
zoisite. + Present; + present in some samples. NEGEP North-East
Greenland Eclogite Province

Suture zone Mineral assemblages

Area Grt Omp Rt QC Phn Bt Kfs Ky Opx Amp EZ P-T conditions Reference
Dabie—Sulu region
Bixiling (BXL4) +  + + + + + 700-880 °C, 2.9-4.1 GPa This study
Qinglongshan (QL1) +  + + + o+ + + 700-880 °C, 2.9-4.1 GPa This study
Yangkou (YK34a) + o+ + 4+ + 700-880 °C, 2.9-4.1 GPa This study
Caledonides
Nordfjord-Stadlandet +  + + + o+ + + 750-850 °C, 2.7-3.0 GPa Wain et al. (2000)
+ 4+ + + £+ + 750-850 °C, 2.7-3.0 GPa
(Selje) +  + + =+ + + + 700-850 °C, 3.0-4.3 GPa Lappin and Smith (1978)
Hareidlandet +  + + =+ + + + ~ 750 °C, >2.0 GPa Jamtveit (1987a)
+ + + o+ + ~ 750 °C, >2.0 GPa
Flemoy + o+ + &+ + + + ~ 750 °C, >2.0 GPa Mork (1985)
Kristiansund + + + + + ~ 750 °C, ~1.85 GPa Krogh (1980)
NEGEP +  + + =+ + =+ + + 700-800 °C, 1.5-2.4 GPa Brueckner et al. (1998)
+  + + + + + + 700-800 °C, 1.5-2.4 GPa

Omp + EZ + glaucophane + barroisite + Phn + Qtz
+ Pg (e.g. Brothers and Yokoyama 1982; Clarke et al.
1997).

In contrast to the above examples, in the Caledo-
nides of the Western Gneiss Region (WGR), Norway,
and the North-East Greenland Eclogite Province (NE-
GEP; Brueckner et al. 1998), Bt-bearing eclogites occur
in several localities (Table 2). Widespread occurrence of
coesite and its pseudomorphs in eclogite has been re-
ported from the Nordfjord and Stadtlandet area of the
WGR (Smith 1984, 1988; Wain 1997; Wain et al. 2000;
Cuthbert et al. 2000). The estimated P-T conditions of
this UHP area are 700-850 °C, 2.7-4.3 GPa (Lappin
and Smith 1978; Wain 1997; Cuthbert et al. 2000).
Common assemblage of the UHP eclogite is Grt +
Omp + QC + Rt accompanied by Phn, Ky, EZ or
Amp, but at a few localities biotite occurs in Mg-rich
and Ky-free eclogites (Wain et al. 2000; Table 1), sug-
gesting that bulk composition is an important factor for
the formation of eclogite-facies biotite. In this area,
orthopyroxene often occurs in eclogites (e.g. Lappin and
Smith 1978; Smith 1984). Also, in other localities of the
WGR, such as Kristiansund, Flemsoy and Hareidlan-
det, biotite and orthopyroxene occur in eclogites (Krogh
1980; Mork 1985; Jamtveit 1987a). For these localities,
metamorphic P-T conditions were estimated to be
~750 °C, 2.0 GPa by geothermobarometry, but coesite
or its pseudomorphs were found around Flemsey and
Hareidlandet (see Cuthbert et al. 2000). Kyanite is ab-
sent from these Bt- or Opx-bearing eclogites (Table 2).
In the review of Norwegian eclogite by Smith (1988), he
showed the distinction between Ky-eclogite lineage and
Opx-eclogite lineage samples. The Ky-eclogite lineage
samples are associated with phengite, whereas the Opx-
eclogite lineage samples are associated with biotite. The
associations of Ky + Bt and Ky + Opx are probably

unstable in ‘ordinary’ eclogitic rocks. The presence of
biotite has been reported also in eclogite from the
NEGEP, and eclogite-stage temperatures of this area
are estimated to be 700-780 °C at P >1.5 GPa (Brue-
ckner et al. 1998), which is nearly the same as the values
for the above Bt- or Opx-bearing localities in the WGR
(Table 2). The Bt- or Opx-bearing localities are situated
along the western coast of Norway in the hl% est- grade
part of the WGR [(Fe? /Mg)“™/(Fe* " /Mg)*P

5; Krogh 1977]. On the other hand, eclogites from the
lower-grade part of the WGR (Kp > 5) mainly have the
assemblages Grt + Omp + Rt + Qtz accompanied by
Phn, Pg, Amp, Ky or ZE (Krogh 1977). Biotite has not
been reported in the lower-grade part by Krogh (1977);
hence, high-T conditions could also be a factor for the
formation of biotite in eclogite, whereas Opx-bearing
eclogites are fairly common also in the lower-grade part
of the WGR (Krogh 1977).

Bulk composition

As described above, Bt-bearing eclogites occur in the
high-grade part of the Caledonides, whereas Phn-bear-
ing eclogite is predominant in the other orogenic belts.
To examine the effect of bulk composition on the
occurrence of biotite in eclogite, bulk compositional
data from the Caledonides and the Dabie-Sulu region
were compiled (Fig. 3), and three eclogites from the
Dabie-Sulu region were newly analysed (Table 3);
mineral assemblages are shown in Table 2. Data from
the Caledonides excludes both garnet websterite and
retrograded eclogite, referred to as group Ib eclogite by
Jamtveit (1987b).

Bt- or Opx-bearing eclogites from the Caledonides
(Mork 1985; Jamtveit 1987b; Brueckner et al. 1998) are
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Fig. 3 Compilation of bulk
compositions of eclogites from
the Dabie—Sulu region (Li et al.
1993; Ye and Cong 1994; Zhang
et al. 1994, 1995a, 1995b;
Chavagnac and Jahn 1996;
Jahn 1998). For comparison,
bulk compositions of biotite
(Bt1)- or orthopyroxene (Opx)-
bearing eclogites from the

@® Bt- or Opx-bearing eclogite from the WGR

B Bt-bearing eclogite from the NEGEP

O Dabie-Sulu eclogite

[ Average composition of the Dabie—Sulu eclogite
(] MORB [data from Alt et al. (1986)]

I Peridotite [KLB-1: data from Takahashi (1986)]

FeO*: total iron

Western Gneiss Region (WGR)
(Jamtveit 1987b) and Bt-
bearing eclogite from the
North-East Greenland Eclogite
Province (NEGEP; Brueckner
et al. 1998) are also plotted. The
compositions of mid-ocean
ridge basalt (MORB) and the
peridotite (KLB-1) are plotted
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Gneiss Region have clearly
lower CaO/MgO ratio than the
Dabie—Sulu eclogites, and they
contain 15 to 30% peridotite
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richer in MgO than most eclogites from the Dabie—Sulu
region (Li et al. 1993; Ye and Cong 1994; Zhang et al.
1994, 1995a, 1995b; Chavagnac and Jahn 1996; Jahn
1998; Fig. 3). This is also described by Smith (1988) and
Wain et al. (2000); i.e. biotite occurs in Mg-rich eclogites
in the WGR. The geochemical and isotopic data indicate
that most of the Dabie—Sulu eclogite protoliths resemble
basalts/gabbros and their metamorphic equivalents of
Precambrian gneiss terranes (Jahn 1998). The average
bulk composition of the Dabie—Sulu eclogite (Table 3) is
shown in Fig. 3. This average bulk composition will be
used as a representative eclogite in the later thermody-
namic calculations, and is termed Av. eclogite in this
study. On the other hand, the WGR eclogites are rela-
tively rich in the ‘peridotite component’ up to about
30 wt%, compared with the Av. eclogite (Fig. 3). Thus,
Bt- or Opx-bearing eclogites from the WGR are similar
to picrite basalt in bulk composition. The peridotite

o 1o
MgO wt%

L 1 !
T 1

20 30 40

MgO wt%

arbitrarily used for reference is the undepleted lherzolite
xenolith (KLB-1) from the Kilborne Hole crater, New
Mexico (Takahashi 1986). This peridotite composition
(KLB-1) will also be used in the later thermodynamic
calculations, and is referred to as the ‘peridotite com-
ponent’ against the Av. eclogite.

The ratio of CaO to MgO is useful to recognize the
compositional difference between the Dabie—-Sulu eclogite
and Bt- or Opx-bearing eclogite from the WGR. The ratio
of CaO to MgO (weight percent) of Bt- or Opx-bearing
eclogites from the WGR is clearly lower (0.51-0.73) than
that of the Dabie—Sulu eclogites (= 0.75; average = 1.48;
Fig. 3). A mixture of 85 wt% Av. eclogite + 15 wt%
peridotite has a CaO/MgO ratio of 0.79, and broadly
corresponds to the boundary between the compositional
ranges of the WGR and Dabie—Sulu eclogites (Fig. 3).
Using this scheme (CaO/MgO ratio), Bt- or Opx-bearing
eclogites from the WGR can be expressed as a mixture of



Table 3 Bulk compositions. Total iron is expressed as FeO

BXL4* QL1® YK34a® Av.d KLB-1°
SiO, 46.68 46.09 50.88 49.47 44.79
TiO, 0.36 1.05 1.57 1.40 0.16
ALO; 21.55 19.00 16.49 16.74 3.62
FeO 7.68 12.40 10.35 11.43 8.16
MnO 0.12 0.15 0.16 - -
MgO 9.93 7.36 6.35 7.21 39.49
CaO 11.35 9.29 8.72 10.67 3.46
Na,O 227 2.82 3.29 2.72 0.30
K,0 0.07 1.06 1.34 0.37 0.02
P,0s 0.30 0.30 0.30 - - )
Total 100.31 99.52 99.45 100.00" 100.00"

“BXL4 Kyanite- and phengite-bearing eclogite from Bixiling,
Dabieshan

®0QL1 Kyanite- and phengite-bearing eclogite from Qinglongshan,
Sulu region

°YK34a Phengite-bearing eclogite from Yangkou, Sulu region

Av. Average composition of the Dabie—Sulu eclogite for the model
calculation

°KLB-1 Peridotite composition normalized for the model calcula-
tion (undepleted spinel lherzolite in New Mexico)

Total wt% is normalized to 100.00, and MnO and P,Os are
ignored in the model calculation

15-30 wt% peridotite with the Av. eclogite (Fig. 3). Mg-
rich and Ca-poor environments are important factors in
stabilizing biotite and orthopyroxene in eclogite. Eclogite
from the NEGEP also has a relatively low CaO/MgO
ratio (=1.0), but overlaps with the range shown by the
Dabie—Sulu eclogites (Fig. 3). Extremely low Al content
of the NEGEP eclogite probably relates to the stabiliza-
tion of biotite. The Si content of the Bt-bearing eclogite
from the NEGEP is relatively high (53 wt%) and, hence,
low-Si content is not an essential factor for stabilizing
biotite in eclogite.

Data for the Dabie—Sulu region are scattered over
wide range of bulk composition (Fig. 3), indicating that
phengite is stable over wide range of bulk composition,
although the plotted data include phengite-free eclogites.
Phengite is present even in eclogite with low K,O con-
tents (=0.10 wt%), and K,O content in omphacite
should be negligible even at UHP conditions. Phengite,
however, is absent from some eclogites with slightly high
K,O content (up to 0.22 wt%), and they contain
amphibole (barroisite). In such amphibole-bearing
eclogites, K,O is mainly fractionated into amphibole
and, hence, phengite does not occur. However, bulk
compositions of amphibole-bearing eclogites have no
characteristic difference compared with those of
amphibole-free eclogites (e.g. Amp-bearing eclogite
sample 89Q2: SiO, =53.74, TiO, =1.28, Al,O; =14.92,
Fe,03 =4.65, FeO =7.52, MnO =0.22, MgO =4.59,
Ca0O =9.24, Na,O =2.27, K,O =0.22 by wt%; Zhang
et al. 1995a). Although it is not clear why amphibole was
stabilized in some eclogites, oxygen-fugacity environ-
ments may relate to the stabilization of amphibole.
Amp-bearing eclogites from Donghai in the Sulu region
are often accompanied by epidote and not by zoisite.
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Fig. 4 Garnet compositions of eclogitic rocks from the Sulu region
and of Bt- or Opx-bearing eclogites from the Caledonides.
Abbreviations are the same as in Fig. 3. The compiled data from
the western Alps (Droop et al. 1990) are also shown in this figure.
Garnet of the Bt- or Opx-bearing Caledonian eclogites is poorer in
the grossular component than most of the Sulu eclogitic rocks

According to data by Zhang et al. (1995a), epidote-
bearing eclogites have clearly high Fe,Os; content
(>3.5 wt%). High oxygen-fugacity environments may
stabilize epidote and amphibole even in UHP condi-
tions. Zoisite-bearing eclogites do not have high Fe,O5
content (<0.60 wt%), but show high Al,O3; content
(e.g. 23-26 wt%; Zhang et al. 1995a). In NNO-buffered
synthetic experiments using basaltic compositions with
not a high Al,O; content (16.75 wt%), stability of zoisite
was restricted to relatively low pressure conditions
(<3 GPa; Poli and Schmidt 1995), and zoisite do not
appear in QFM-buffered synthetic experiments with
MORB composition (Al,O3; =14.80 wt%; Liu et al.
1996). Thus, stability of zoisite would be dependent on
Al,Oj3 content of bulk composition. However, high CaO
content would be also important to stabilize zoisite in
eclogite; zoisite is present in UHP eclogite with high
CaO content (=14.38 wt%) and not a high Al,O3
content (=16.66 wt%; Zhang et al. 1995b). Zoisite in
Al- and Ca-rich bulk composition is probably stable
even at UHP conditions, but stability of zoisite is still
debatable. Kyanite also occurs in eclogites with high
Al,O5 content, which are often accompanied by zoisite
(or epidote). For eclogites from the Caledonides,
kyanite-bearing eclogites can be accompanied by zoisite
(or epidote; Table 2). On the other hand, Bt- or Opx-
bearing eclogites are low in Al,O5; content (<16 wt%),
and they are not accompanied by kyanite and zoisite (or
epidote).
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Fig. 5 Phengite compositions in eclogites from the Dabie—Sulu
region, China. The upper diagram shows the relation between Al
and Si contents (per 11 oxygens formula unit) of phengite, and
the solid line represents ideal formula between muscovite (Ms) and
celadonite (Cel). The broken line represents 10 mol% shift toward
phlogopite (Phl) component, when Fe,O; and TiO, are free from
phengite. Phengite compositions from the Dabie-Sulu eclogites
are mostly plotted along the ideal line between muscovite and
celadonite. The Si content of phengite ranges from =~ 3.4 to
3.6 pfu. The bottom diagram is plots of cation contents of K
versus Na, and the solid line is ideal formula from muscovite to
paragonite (Pg). Small amount of paragonite component is
present in phengite from the Dabie-Sulu eclogites, and
small amount of vacancy is also present in 12-fold coordinated
position

Mineralogy

Garnet compositions reflect the difference in the bulk
Ca0O/MgO ratio between Bt- or Opx-bearing eclogites
from the Caledonides and eclogites from the Dabie—Sulu
region. Garnet in Bt- or Opx-bearing eclogites from the
WGR (Lappin and Smith 1978; Krogh 1980; Merk
1985; Jamtveit 1987a) is poorer in grossular content
( £ 20 mol%) than most garnet in eclogitic rocks from
the Sulu region (Nakamura 1997; Hirajima personal
communication, 1998; Fig. 4). Garnet in Bt-bearing
eclogite from the NEGEP (Brueckner et al. 1998) is also
poor in Ca. In addition, most of the Caledonian garnet
is relatively rich in pyrope content (= 35 mol%). Thus,
the composition of garnet is mainly controlled by bulk

composition, although P-T conditions also affect the
composition of garnet. The garnet compositions in
eclogites from the western Alps (Droop et al. 1990),
where phengite is the stable K phase in eclogite, are also
shown in Fig. 4. The garnet compositions in the western
Alps mostly overlap the compositions of the Sulu region
and display Ca contents higher than nearly all the garnet
in the Bt- or Opx-bearing eclogites from the Caledo-
nides. Thus, low Ca content of garnet is a distinctive
feature of the Bt- or Opx-bearing eclogites from the
Caledonides.

Chemical compositions of phengite in eclogites from
the Dabie—Sulu region are compiled and shown in
Fig. 5 (Hirajima et al. 1990; Okay 1995; Zhang et al.
1995a; Carswell et al. 1997; Nakamura 1997; Zhang
and Liou 1997; Carswell et al. 2000; Zhang et al. 2000).
Phengite in UHP eclogites contains significant amount
of celadonite component, and the Si content ranges
from ~3.4 to 3.6 pfu based on O =11. The compiled
data are mostly plotted along the line tied between
muscovite and celadonite components. However, some
data may contain a small amount of biotite (phlogopite
to eastonite) component that is <10% by mole
(Fig. 5); presence of Fe,O3 and TiO, also affects the
plotted positions on the Al versus Si diagram for
phengite. Another additional component in phengite is
a paragonite component, which is contained up to
about 10 mol%. The K + Na content ranges from 0.9
to 1.0 pfu except for two data (Fig. 5), and small
amount of vacancy is created in a 12-fold coordinated
position. TiO, content in phengite ranges from 0.10 to
0.90 wt%, and the Ti component is less than 5 mol%
(Ti =0.005-0.045 pfu).

Biotite compositions are also compiled and shown in
Fig. 6. Eclogite-facies biotite from the Caledonides
(Krogh 1980; Merk 1985; Brueckner et al. 1998) and
secondary biotite in eclogitic rocks from the Sulu re-
gion (Nakamura 1997; Zhang et al. 2000) are com-
pared. The secondary biotite from the Sulu region is
associated with plagioclase and obviously grew under
plagioclase-stable conditions. The eclogite-facies biotite
from the Caledonides is richer in phlogopite component
(Si ~2.8 pfu) than nearly all the secondary biotite from
the Sulu region (Fig. 6). The Si content in biotite would
increase with increasing pressure, as experimentally
shown by Hermann (2002), although significant
amount of the eastonite (or siderophyllite) component
(up to about 30% by mole) is contained even in the
eclogite-facies biotite. Most of data for both regions are
plotted along the line tied between the phlogopite (or
annite) and eastonite (or siderophyllite) components,
and the muscovite component is negligible (Fig. 6). The
eclogite-facies biotite is richer in Mg/(Fe+Mg) than
most of secondary biotite from the Sulu region, which
reflects the Mg-rich bulk composition of the Bt-bearing
eclogites. Ti content in biotite from the Caledonides is
not clearly different from that in secondary biotite from
the Sulu region. The Ti-biotite component, proposed by
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Table 4 Assumed mineral .
formulae for the model Phase Abbreviation Formula
calculations. A and B should be -
0tol,and A + B should be Garnet Grt (CapFegMg; A p)3ALSi3012
<1.C,D,E, F,G,Hand I Kyanite Ky ALSiOs )
should be 0 to 1 Phengite Phn K(MgcFe; ¢)pAls 2pSiz+ pO10(OH),
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Quartz/coesite Qtz/Coe SiO,
Omphacite/augite Omp/Aug (Na;_gCap)Al;_r(MggFe; 6)rSix06
Orthopyroxene Opx (MgyFe; 1)>Si>04
Olivine Ol (FC]Mg|,])zsiO4
Ikeda (1990), is as K(Va0,5R2+ 1_5Ti)(Si2A12)010(0H)2, . .
2+ i Discussion

where Va is vacancy in octahedral site and R is
Fe’ ", Mn or Mg. Thus, Ti is incorporated into biotite
with the increase of vacancy in octahedral site. The
complied data show a positive correlation between va-
cancy'! and Ti content (Fig. 6). Biotite from the Cal-
edonides contains a Ti-biotite component of up to
~20 mol%. Ti content of secondary biotite from the
Sulu region is widely scattered and controlled by local
bulk composition; i.e. biotite near rutile or ilmenite is
high in Ti content. Eclogite-facies biotite in the Cale-
donides is richer in the Na-biotite component than
nearly all the secondary biotite from the Sulu region
(Fig. 6); the K content in biotite from the Caledonides
ranges from 0.79 to 0.89 pfu, whereas that in secondary
biotite from the Sulu region ranges from 0.83 to
0.99 pfu. Na-biotite content may increase with
increasing pressure.

As described above, biotite occurs in the Caledonian
eclogite, whereas phengite commonly occurs in eclogites
from the Dabie—Sulu region and other orogenic belts.
Petrological data predicted that biotite and orthopy-
roxene would be stabilized in eclogite with Mg-rich
picrite basalt composition. Garnet in the Bt- or Opx-
bearing eclogites shows low Ca/Mg ratio, which is
consistent with bulk compositional data. In order to
confirm these petrological data, thermodynamic calcu-
lations were carried out on the stability of phengite,
biotite and orthopyroxene. The aim of this calculation is
not to obtain complete phase diagrams, but to obtain
semi-quantitative results that show the relative rela-
tionship of the stability of these minerals, and, hence,
several rough assumptions were employed. To deal with
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the paragenesis of phengite and biotite in eclogite, we
need at least an eight-component system: K,0O-Na,O—
CaO-FeO-MgO-Al,05-Si0,-H,0, where Fe O3 is
ignored and TiO, is assumed to be contained only in
rutile. To focus the discussion on K-mica, other hydrous
phases such as amphibole and epidote as well as fluid,
are ignored. Corundum and K-feldspar are rare in
eclogitic rocks, and these phases are also ignored. In this
proposed system, K,O and H,O are assumed to be
present only in micas, ideally in the ratio 0.5 K,O to
H,O and, hence, the system is transformed to a seven-
component system KH,0;s—Na,O-CaO-FeO-MgO-
Al,O3-Si0,, which includes garnet, kyanite, phengite,
biotite, quartz or coesite, omphacite, orthopyroxene and
olivine (Ol). The assumed mineral formulae of these
phases are shown in Table 4. Phengite is treated to
have three end members: muscovite, celadonite and Fe-
celadonite. Biotite is simplified to phlogopite-to-annite
solid solution, although subordinate amounts of
eastonite, Ti-biotite and Na-biotite components are
contained in eclogite-facies biotite. For clinopyroxene,
Ca-Tschermak, enstatite and Ca-eskolaite components
would be important in high-T (>900 °C) conditions
(Hermann 2002), but these components are ignored.
Orthopyroxene is also simplified to enstatite-to-ferrosi-
lite solid solution. The effects of all of these assumptions
are uncertain, but these assumptions would not affect
the relative relationship of the stability of phengite,
biotite and orthopyroxene.

The thermodynamic dataset of Holland and Powell
(1998) is used herein as it is the best available. However,
this dataset quantitatively contradicts the observed
petrography in some cases (e.g. Izadyar et al. 2000), and,
hence, the calculated results should be semi-quantitative.
The regular solution model is adopted to calculate
activities of the phase components in garnet, biotite,
orthopyroxene, clinopyroxene and olivine (Appendix),
where excess interaction parameters mainly follow
Holland and Powell (1998). The activity model for
phengite is also from Holland and Powell (1998), and
maintains the internal consistency of the thermodynamic
dataset; i.e. enthalpy of celadonite in this dataset
depends on this mixing model.

Garnet composition diagram

In the calculation, garnet is treated as always present in
the system, and then petrogenetic grids are drawn on
the garnet composition diagram (e.g. Hirajima et al.
1988); an almandine—grossular—pyrope triangle dia-
gram. This diagram is a modified chemical potential
diagram because the axes Fe/(Fe+Ca+Mg) and
Ca/(Fe+ Ca+ Mg) are related to the chemical potential
of almandine and grossular components in garnet, as
described in Hirajima et al. (1988). Under constant P-T
conditions, garnet associated with six phases has a fixed
composition in the seven-component system, and,
hence, an invariant point appears on the garnet com-

position diagram. Garnets associated with five and four
phases have one and two degrees of freedom, respec-
tively and, in these cases, either univariant curves or
divariant fields appear on the diagram. Firstly, in order
to clarify the geometry of the mineral parageneses on
the garnet composition diagram, the divariant field in
the above seven-component system is modified to a
univariant curve in a Na,O-free six-component system
by treating omphacite as Na-free augite (Aug). The
primary purpose of treating Na-free augite is not to
simplify the calculations. It is necessary as a funda-
mental first step to clarify the geometry. Univariant
curves and divariant fields in a Na,O-bearing system
are described later.

Under constant P-T conditions, a four-phase asso-
ciation + garnet has one degree of freedom in the six-
component system, and creates a univariant curve in
the garnet composition diagram. Quartz or coesite
generally cannot coexist with olivine, and the associa-
tion of QC + Ol should be unstable. We, therefore,
have to consider Ol- or QC-free assemblages, and the
following Ol- or QC-free invariant assemblages are
obtained; [Ky, Ol], [Phn, Ol], [Bt, Ol], [QC, Ol], [Aug,
Ol], [Opx, OI], [Ky, QC], [Phn, QC], [Bt, QC], [Aug,
QC] and [Opx, Qtz], where [, ] represents an o- and /-
free assemblage. Five univariant curves should radiate
from each of the above 11 invariant points, but some of
these curves coincide in the reduced component system
(Table 5). For example, coexistence of three phases,
Grt, Opx and Aug, has one degree of freedom in a four-
component system: CaSiO3-FeSiO3;—MgSiO;-Al,0;.
Therefore, in any univariant assemblages including Opx
and Aug, garnet compositions are controlled by the
existence of only Opx and Aug. Phases constraining the
positions of univariant curves are listed in Table 5. To
constrain the garnet compositions along each univari-
ant curve, a set of several independent reactions was
selected from reactions among end-member compo-
nents (Table 6).

For example, for the univariant assemblage of Grt +
Aug + Phn + Bt + Qtz (3) in Table 5 and Fig. 7, six
independent compositional variables of Xy, Xors, Xais
XMgPh“, y and X,y exist, where X; is the mole fraction of
phase component i, XMgPh“ is Mg/(Fe“ +Mg) in
phengite, and y is the mole fraction of the muscovite
component. Then, five independent equations are
selected from Table 6 as follows:

Muscovite + 2Phlogopite 4+ 6Quartz

= Pyrope + 3Celadonite (d)
Muscovite + 6Diopside = Pyrope + 2Grossular

+ 3Celadonite (m)

FeMg_,(Garnet) = FeMg_, (Augite) (q)

FeMg_,(Garnet) = FeMg_, (Phengite) (r)

FeMg_,(Garnet) = FeMg_, (Biotite). (s)



Table 5 Invariant and
univariant assemblages in the

garnet composition diagrams.

[«] a-absent assemblage.
Abbreviations are listed in
Table 4

For each independent endmember reaction, a ther-
modynamic equilibrium equation is written; e.g. Eq. (d)
Hmuscovite +2 Hphlogopite +6 Hquartz = Hpyrope +3 Heceladonites
where |; is the chemical potential of phase component i.
Thus, five equations and six variables are present in this
case. Therefore, by solving the thermodynamic equations
for the above five reactions simultaneously, a relation of
f(Xprp, Xers) =01s obtained, and a univariant curve can be
drawn on the garnet composition diagram. Then, to

559

Invariant Univariant Phases constraining Grt compositions
[Ky, O]] [Ky, Ol, Phn] :Opx + Aug

[Ky, Ol, Bt] : Opx + Aug

[Ky, Ol, Qtz/Coe] :Opx + Aug

[Ky, Ol, Aug] : Bt + Qtz/Coe + Phn + Opx

[Ky, Ol, Opx] : Bt + Qtz/Coe + Phn + Aug
[Phn, OI] [Phn, Ol, Ky] :Opx + Aug

[Phn, Ol, Bt] : Opx + Aug

[Phn, Ol, Qtz/Coe] :Opx + Aug

[Phn, Ol, Aug] : Qtz/Coe + Ky + Opx

[Phn, Ol, Opx] 1 Qtz/Coe + Ky + Aug
[Bt, O]] [Bt, Ol, Ky] :Opx + Aug

[Bt, Ol, Phn] : Opx + Aug

[Bt, Ol, Qtz/Coe] :Opx + Aug

[Bt, Ol, Aug] : Qtz/Coe + Ky + Opx

[Bt, OL, Opx] : Qtz/Coe + Ky + Aug

[Qtz/Coe, Ol]

[Aug, Ol]

[Opx, OI]

[Ky, Qtz/Coe]

[Phn, Qtz/Coe]

[Bt, Qtz/Coe]

[Aug, Qtz/Coe]

[Opx, Qtz/Coe]

[Qtz/Coe, Ol, Ky]
[Qtz/Coe, Ol, Phn]
[Qtz/Coe, Ol, Bt]
[Qtz/Coe, Ol, Aug]
[Qtz/Coe, Ol, Opx]
[Aug, Ol, Ky]

[Aug, Ol, Phn]
[Aug, Ol, Bt]

[Aug, Ol, Qtz/Coe]
[Aug, Ol, Opx]
[Opx, Ol, Ky]

[Opx, Ol, Phn]
[Opx, Ol, Bt]

[Opx, Ol, Qtz/Coe]
[Opx, Ol, Aug]

[Ky, Qtz/Coe, Phn]
[Ky, Qtz/Coe, Bt]
[Ky, Qtz/Coe, Ol]
[Ky, Qtz/Coe, Aug]
[Ky, Qtz/Coe, Opx]
[Phn, Qtz/Coe, Ky]
[Phn, Qtz/Coe, Bt]
[Phn, Qtz/Coe, OI]
[Phn, Qtz/Coe, Aug]
[Phn, Qtz/Coe, Opx]
[Bt, Qtz/Coe, Ky]
[Bt, Qtz/Coe, Phn]
[Bt, Qtz/Coe, Ol]
[Bt, Qtz/Coe, Aug]
[Bt, Qtz/Coe, Opx]
[Aug, Qtz/Coe, Ky]
[Aug, Qtz/Coe, Phn]
[Aug, Qtz/Coe, Bt]
[Aug, Qtz/Coe, O]]
[Aug, Qtz/Coe, Opx]
[Opx, Qtz/Coe, Ky]
[Opx, Qtz/Coe, Phn]
[Opx, Qtz/Coe, Bt]
[Opx, Qtz/Coe, O]]
[Opx, Qtz/Coe, Aug]

:Opx + Aug

: Opx + Aug

:Opx + Aug

:Phn + Ky + Opx + Bt
:Phn + Ky + Aug + Bt

: Bt + Qtz/Coe + Phn + Opx
: Qtz/Coe + Ky + Opx

: Qtz/Coe + Ky + Opx
:Phn + Ky + Opx + Bt

: Phn + Ky + Qtz/Coe + Bt
: Bt + Qtz/Coe + Phn + Aug
: Qtz/Coe + Ky + Aug

: Qtz/Coe + Ky + Aug
:Phn + Ky + Aug + Bt

: Phn + Ky + Qtz/Coe + Bt
:Opx + Aug

:Opx + Aug

: Opx + Aug

9: Ol + Bt + Phn + Opx

10: Ol + Bt + Phn + Aug

1: Opx + Aug

I: Opx + Aug

1: Opx + Aug

11: Ol + Ky + Opx

12: Ol + Ky + Aug

1: Opx + Aug

I: Opx + Aug

I: Opx + Aug

11: Ol + Ky + Opx

12: Ol + Ky + Aug

9: Ol + Bt + Phn + Opx

e 0NN WO DR BN U B U e GO 1)

11: Ol + Ky + Opx
11: Ol + Ky + Opx
6: Phn + Ky + Opx + Bt
13: Ol + Bt + Phn + Ky
10: Ol + Bt + Phn + Aug
12: Ol + Ky + Aug
12: Ol + Ky + Aug
7: Phn + Ky + Aug + Bt
13: Ol + Bt + Phn + Ky

determine the stable side for each phase, the free energy of
a phase is slightly reduced, and then the stability field of
that phase should expand. For all of the univariant
assemblages (Table 5), similar calculations were carried
out and all univariant curves drawn on the garnet
composition diagram. The phase diagram is finally
constructed by applying Schreinemaker’s rules.

An almandine-grossular—pyrope diagram (Fig. 7)
illustrates mineral parageneses at 700 °C, 2.5 GPa.
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Table 6 Reactions among
endmember components of the
phases in Table 4 to constrain
mineral compositions. Na,O is
contained only in omphacite in
this model system, and
Na-bearing phase component is
only jadeite. Therefore, Na-
bearing end-member reaction
does not exist

KH,0, s-CaO-MgO-Al,05-SiO,system

(a) Phlogopite + 3 Quartz = Celadonite + Enstatite

(b) 2 Pyrope + 2 Quartz = 3 Enstatite + 2 Kyanite

(c¢) 3 Phlogopite + 2 Kyanite + 7 Quartz = 2 Pyrope + 3 Celadonite
(d) Muscovite + 2 Phlogopite + 6 Quartz = Pyrope + 3 Celadonite
(e) Muscovite + 2 Enstatite = Pyrope + Celadonite

(f) 3 Celadonite + 4 Kyanite = Pyrope + 3 Muscovite + 4 Quartz

(g) Phlogopite + 2 Kyanite + Quartz = Pyrope + Muscovite

(h) 2 Phlogopite + 2 Kyanite + 4 Quartz = 2 Muscovite + 3 Enstatite

(1) Muscovite + 3 Enstatite = Pyrope + Phlogopite + 3 Quartz

(j) 3 Celadonite + 4 Phlogopite + 12 Kyanite = 5 Pyrope + 7 Muscovite
(k) 3 Forsterite + Muscovite = Pyrope + Phlogopite

(1) 2 Forsterite + 2 Kyanite + Enstatite = 2 Pyrope

(m) 3 Muscovite + 6 Diopside = Pyrope + 2 Grossular + 3 Celadonite
(n) Grossular + Pyrope + 2 Quartz = 3 Diopside + 2 Kyanite

(o) Grossular + 3 Enstatite = Pyrope + 3 Diopside

(p) 3 Diopside + 6 Forsterite + 6 Kyanite = 5 Pyrope + Grossular

Fe-Mg exchange reactions

(q) FeMg | (Garnet) = FeMg ; (Omphacite)

(r) FeMg | (Garnet) = FeMg ; (Phengite)

(s) FeMg | (Garnet) = FeMg | (Biotite)

(t) FeMg | (Garnet) = FeMg | (Orthopyroxene)
(u) FeMg (Garnet) = FeMg ;| (Olivine)

None of the univariant assemblages that include olivine
appear on the garnet composition diagram. Biotite +
quartz is stable in the grossular-poor field: i.e. vertically
striped field in Fig. 7. Orthopyroxene is also stable in
grossular-poor field bounded by univariant curve (1),
as predicted by Banno (1965). When Na,O is incor-
porated into augite, the system becomes a seven-com-
ponent system. Invariant points, ia, ib and ic (Fig. 7),
in the six-component system change to univariant
curves in the seven-component system. The univariant
curves in the Na,O-bearing seven-component system
correspond to univariant curves (2), (4) and (6) in
Fig. 7 because Na,O is assumed to be absent from all
phases except omphacite in the present model. For
example, for the univariant assemblage Grt + Omp +
Opx + Phn + Bt + Qtz in the seven-component
system, excluding omphacite, six independent compo-
sitional variables, Xprp, Xerss Xens XMgPh", y and Xpp,
exist. Then, five independent equations are selected
from Table 6 as follows:

Phlogopite + 3Quartz = Celadonite + Enstatite (a)
Muscovite + 2Enstatite = Pyrope + Celadonite (e)

Egs. (1), (s) and
FeMg_,(Garnet) = FeMg_,(Orthopyroxene). (t)

Thus, excluding omphacite, five equations and six
variables are present. Therefore, by solving the five
equations simultaneously, an equation of f(Xprp,
Xos) =0 is obtained. Thus, garnet compositions are
controlled only by the Opx + Phn + Bt + Qtz
assemblage, which corresponds to univariant curve (2)
in Fig. 7. The presence of omphacite does not affect the
position of univariant curves (2), (4) and (6). Adding the

independent variables X4 and Xjq for omphacite, two
independent equations, Eqgs. (m) and (q) are selected to
determine the composition of omphacite along univari-
ant curve (2).

The activity of the diopside component (ag;) is ex-
pressed as agqi = X4 exp[300(1-X4i—Xjq)(1-X4)/T], and
that of the hedenbergite component (a4) is expressed as
ana = (1-Xja—Xa) exp[300Xy; (Xqi+ Xja)/T] (Appendix).
Thus, the two variables Xg; and Xjq and the two related
equations are given, and, hence, the values of X and X4
can be determined by solving the above two equations
simultaneously. Along univariant curves (2), (4) and (6),
the jadeite content of clinopyroxene gradually increases
from invariant point ia, ib and ic, respectively (Fig. 7);
however, the positions of these univariant curves do not
shift.

Univariant curves in the six-component system that
include augite become divariant fields in the Na-bearing
seven-component system. Univariant curves (1), (3), (5)
and (7) in the Na-free system convert to clinopyroxene-
stable fields that expand with increasing jadeite content.
The iso-Xjq curves for Xjq=0.40 in the divariant
assemblages are shown on the garnet composition dia-
gram in Fig. 7. Thus, the stability fields of Phn + Aug
and Aug, which are bounded by univariant curves (3)
and (1), respectively, expand with increasing jadeite
content, and, hence, the stability fields of Bt + Qtz and
Opx shrink in a Na-bearing system. Thus, biotite +
quartz occurs with Ca-poor garnet, and the stability field
of orthopyroxene is also limited to the Ca-poor side on
the garnet composition diagram (Fig. 7). These are
consistent with observational data on natural eclogite:
most data for garnet in Bt- or Opx-bearing eclogites
from the Caledonides are poor in Ca (Fig. 4). Further-
more, the Bt- or Opx-bearing eclogites do not contain
kyanite (Table 2). The calculated phase relation shows
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Fig. 7 Garnet composition diagram showing the calculated mineral
parageneses at 700 °C, 2.5 GPa. This diagram was mainly
constructed in the KH,O; s~ CaO-FeO-MgO-Al,05-SiO, system.
Label number of univariant curves is the same as that in Table 5.
The association of biotite + quartz is stable, when the composition
of the coexisting garnet is in the vertically-striped field, where
grossular content is low. This field is bounded by univariant curves
(2) and (3). Stability field of orthopyroxene is also restricted to
grossular-poor compositions, which is bounded by univariant curve
(1). Invariant points ia, ib and ic change to univariant curves in
Na,O-bearing system, which correspond univariant curves (2), (4)
and (6), respectively. Positions of these curves are not different
from Na,O-free system because phases except for clinopyroxene
are not assumed to contain Na,O in this model. Along univariant
curves (2), (4) and (6) from invariant points ia, ib and ic, jadeite
content of coexisting clinopyroxene gradually increases. Univariant
curves (1), (3), (5) and (7) change to divariant fields in Na,O-
bearing system. With increasing jadeite content in clinopyroxene
[Xia: Na/(Ca+ Na)], augite-stable side on univariant curves (1), (3),
(5) and (7) gradually expand. Iso-Xjq (=0.40) curves (1), (3), (5)
and (7’) are drawn for divariant assemblages (1), (3), (5) and (7) in
Na,O-bearing system, respectively. A/m Almandine; Grs grossular;
Prp pyrope. The other abbreviations are the same as in Table 4

that stability field of Omp + Ky + Bt is restricted to the
Fe-poor part [roughly bounded by iso-Xjq curve (7’) in
Fig. 7], and hence kyanite rarely occurs in Bt-bearing
eclogitic rocks. The association of Ky + Opx is only
stable with pyrope-rich (> 85%) garnet (Fig. 7), and this
is an unrealistic assemblage in usual eclogitic rocks.
However, the association of Ky + Opx is actually
present within pyrope-rich garnet (Xp,,=0.86-0.94;
Xaim=0.11=0.05; X4s=0.01-0.03) from the UHP unit
of Dora Maira massif, the western Alps (Simon and
Chopin 2001), which is consistent with the calculated
result.

Figure 8 shows the stability relationships among
these phases from 700 to 900 °C, and from 2.5 to
3.5 GPa. The stability field of Bt + QC expands with
increasing temperature and decreasing pressure. Under
low-T and high-P conditions, the stability field of Bt +
QC is absent, as shown in the diagram at 700 °C,
3.5 GPa (Fig. 8). In contrast, the Opx-stable field is
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mostly independent of the variation in P-T conditions.
This is also consistent with observations of Caledonian
eclogites that biotite occurs in eclogites mainly from the
higher-grade part of the Caledonides, whereas Opx-
bearing eclogites occur both in the lower- and higher-
grade parts of the WGR.

Pseudosection

Changes in the mineral assemblage and the modes of
the constituents were calculated using bulk composi-
tions in the KH,0;s-Na,0O-CaO-FeO-MgO-Al,O3—
TiO,-Si10, system, including Grt, Ky, Phn, Bt, QC,
Omp, Opx, Ol and Rt. The thermodynamic dataset
used was also of Holland and Powell (1998). In this
calculation, not only the variability in mineral com-
positions, but also that in the modal per cents, should
be constrained. In addition to the thermodynamic
equilibrium equations for the reactions in Table 6, se-
ven additional equations were prepared for the mass
balance of constituents in the system. For example, the
mole quantity of K should be equal to that of Phn +
Bt in a given bulk composition, as defined by the
equation:

N(K) = N(Phn) + N(Bt) (1)

where N(o) is the mole quantity of « in the system. The
other mass-balance equations can be written as follows:

N(Na) = N(Omp)X;, (1)
N(Ca) = 3N(Grt)Xgrs + N(Omp)(1 — Xiq) (111)

N(Fe + Mg) = 3N(Grt)(1 — Xu) + N(Omp)(1 — X)
+ 2N (Opx) + 2N (O1) + N(Phn)(1 — y)

+ 3N(Bt) (Iv)
N(Mg) = 3N(Grt)Xpp + N(Omp) Xgi + 2N (Opx)Xen
T N(O1) Xy + N(Phn)(1 — )Xy
+ 3N(Bt)Xph1 (V)
N(Al) = 2N(Grt) + N(Omp)Xjq + N(Phn)(2y + 1)
+ N(Bt) + 2N(Ky) (V1)

N(Si) = 3N(Grt) + 2N (Omp) + 2N (Opx) + N(Ol)
+ N(Phn)(4 —y) + 3N(Bt) + N(Ky) + N(Qtz)
(VII)

TiO, is assumed to be contained only in rutile.

Using the above mass-balance equations and the
equations in Table 6, the variabilities of composition
and mode were determined for all mineral assemblages.
For example, in the case of the assemblage Grt + Omp
+ Phn + Qtz, there are ten independent variables: X,
Xers» Xia> Xai» Xaag' ™, y, N(Grt), N(Omp), N(Phn) and
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Fig. 8 Calculated garnet
composition diagrams at 700—
900 °C, 2.5-3.5 GPa in the
KH,0, s-CaO-FeO-MgO-
Al,03-Si0,; system. Label
number of univariant curves in
this figure is the same as those
shown in Fig. 7. The vertically
striped field shows the biotite
(Bt) + quartz or coesite (QC)
stable composition of garnet.
The Bt + QC stable field
expands with increasing

(11 Bt+ QC : stable

700cc  AIM

3.5 GPa (1)

+ Grt

Bl Phn : unstable

temperature and decreasing
pressure. However,
orthopyroxene-stable field
bounded by univariant curve (1)
is mostly independent of P-T
conditions. Abbreviations are
the same as in Fig. 7

N(Qtz), at any given P-T conditions. Then, ten inde-
pendent thermodynamic and mass-balance equations
can be written as follows:

3:umuscovite + 61udiopside = tupyrope + 2:u'grossular + 3ﬂceladonite

(m’)

Haimandine + 38diopside = Hpyrope T 3Hhedenbergite ()

Haimandine + 3Hceladonite = Hpyrope T 3HFe—celadonite (r)

N(K) = N(Phn) (1)

N(Na) = N(Omp) Xjq (1r)

N(Ca) = 3N(Grt) Xgrs + N(Omp)(1 — Xjq) (TI1")
(

N(Fe +Mg) = 3N(Grt)(1 — Xgs) + N(Omp)(1 — Xja)

+ N(Phn)(1 —y) (Iv")
N(Mg) = 3N(Grt) Xy, + N(Omp) Xgi + N(Phn)
(1—y) Xy (V')

N(Al) = 2N(Grt) + N(Omp) Xjg + N(Phn)(2y + 1)
(VI')

N(Si) = 3N/(Grt) + 2N(Omp) + N(Phn) (4 — y)
+ N(Qtz)

By solving the above ten independent equations
simultaneously, the magnitudes of all of the above ten
variables, compositions and mole quantities of the
coexisting phases, are determined for any bulk com-
position. Total Gibbs free energy of the system can,
therefore, be obtained. This type of calculation
was carried out for all of the possible mineral
assemblages at a given bulk composition. Then, the
stable mineral assemblage was determined in the fol-
lowing order: (1) assemblages yielding negative values
for variables are excluded from the calculation of
Gibbs free energy; and (2) a search is carried out for
the mineral assemblage giving the minimum Gibbs free
energy. This is taken as the stable assemblage under
each set of conditions. For any given bulk composi-

(VII')
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Fig. 9 Variation of modes of the constituent minerals (vol%),
density, and mineral compositions related to bulk compositions
ranging from the Av. eclogite to the peridotite (KLB-1; Table 3),
which were calculated in the KH,O; s—Na,O-CaO-FeO-MgO-
Al O3-TiO,-Si0, system. TiO, was assumed to be contained only
in rutile (R?). The Av. eclogite is the average bulk composition of
the Dabie—Sulu eclogites (Fig. 3). The calculated P-T conditions
are 700 °C, 2.5 GPa. Under bulk compositions of 0-12% peridotite
+ 100-88% Av. eclogite by weight, phengite is a stable hydrous K
phase, whereas under bulk compositions of 12-100% peridotite +
88-0% Av. eclogite by weight, biotite is stable. As the peridotite
component was incorporated into the Av. eclogite, orthopyroxene
and olivine were stabilized when the peridotite component reached
15.5 and 21.8 wt%, respectively. In the biotite-stable bulk
compositions, the Ca/Mg mole ratio of garnet is < 0.23. Mg#:
Mg/(Fe+Mg) mole ratio of garnet. Xjq: Na/(Na+ Ca) mole ratio
of clinopyroxene (Cpx). The other abbreviations are the same as in
Table 4

tion and P-T conditions, this procedure gives the
stable mineral assemblages, their amounts and mineral
compositions.

Firstly, calculations were performed for bulk com-
positions ranging from the Av. eclogite to the peridotite
composition (KLB-1; Table 3). Figure 9 shows the re-
sult of these calculations at 700 °C and 2.5 GPa. At
compositions approximating to the Av. eclogite,
phengite is the stable K phase. The bulk composition is

563

Al203=20 wte _ 700°C 2.5 GPa + Grt + Omp + Qtz + Rt

Si02=47 wt%

— Al203=19wt%
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Al203=13 wt% MgO=9 wt% MgO=10 wt% 3 OPX
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Ca0=10 wt% MgO-CaO (wt%) Ca0=7 wi%

Fig. 10 Calculated variation of mineral assemblage in MgO—-CaO
versus Al,O3-SiO, (wt%) bulk compositional space at 700 °C,
2.5 GPa, where TiO,, FeO, Na,O and K,O contents were fixed to
be 1.00, 11.00, 2.00 and 1.00 wt%, respectively. The calculation
method is the same as in Fig. 9. The MgO and CaO contents were
changed from 8.00 and 10.00 to 11.00 and 7.00 wt%, respectively,
and the Al,0O3 and SiO, contents were also changed from 13.00 and
54.00 to 20.00 and 47.00 wt%, respectively. In this compositional
space, garnet, omphacite, quartz and rutile are commonly present.
Biotite and orthopyroxene were stabilized in MgO-rich and CaO-
and Al,Os-poor bulk compositions. The abbreviations are the same
as in Table 4

then changed by adding peridotite component. Biotite
appears at compositions having the peridotite compo-
nent of 12 wt%, and orthopyroxene appears when the
peridotite component reaches 15.5 wt% (Fig. 9). The
modal percentage of quartz decreases as the peridotite
component increases. Olivine appears at compositions
having > 22% peridotite component by weight. The
occurrence of biotite and orthopyroxene in eclogites
from the WGR is consistent with the result of this cal-
culation: the bulk compositions of these rocks are close
to compositions with the peridotite component of
~20 wt% (Fig. 3).

The density of eclogite-to-peridotite, and the Ca/Mg
and Mg/(Fe+ Mg) (Mg#) mole ratio of garnet, the Na/
(Ca+Na) ratio of omphacite (Xjq) and Si content of
phengite (Si-3 pfu) were also calculated and shown in
Fig. 9. The density does not significantly change with
the variation in bulk composition for quartz-bearing
assemblages (3.542+0.004 g/cm?; Fig. 9). However, for
the quartz-free assemblage, with a decrease in the modal
percentage of garnet, the density significantly decreases
and reaches 3.37 g/cm® at the peridotite composition
(Fig. 9). The Si content of phengite increases from 3.39
to 3.62 pfu with increasing the peridotite component.
Although the Si content of phengite generally increases
with increasing pressure and decreasing temperature, as
experimentally shown by Schmidt and Poli (1998),
variations in bulk composition also significantly affect
the Si content of phengite. The Ca/Mg mole ratio of
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garnet decreases from 1.01 to 0.16 as the peridotite
component increases from 0 to 20 wt%, and the Ca/Mg
mole ratio of garnet is < 0.23 in the biotite-stable bulk
compositions (Fig. 9). The compiled Ca/Mg mole ratios
of garnet from the WGR range from 0.17 to 0.34, which
is close to the value calculated for the biotite-stable
range.

The above calculations showed that biotite and
orthopyroxene should be stable in eclogite with picrite
basaltic compositions, but it is not clear which chemi-
cal components are related to the stabilization of bio-
tite and orthopyroxene in eclogite. As summarized in
the previous section (Table 2), biotite and orthopy-
roxene are stable even in quartz-saturated eclogites,
indicating that decrease of SiO, content is irrelevant to
the stabilization of biotite and orthopyroxene in
eclogites. The compilation of bulk compositional data
suggested that low CaO/MgO ratio in bulk composi-
tion should be an important factor for stabilizing of
biotite and orthopyroxene in eclogites. Bt-bearing
eclogite from NEGEP is extremely poor in Al,O;
(Fig. 3), and hence such Al-poor environments also
stabilize biotite in eclogite. To clarify these observa-
tional data, calculations were done for MgO-CaO
versus Al,O3-SiO, (Wt%) bulk compositional space at
700 °C, 2.5 GPa (Fig. 10), where TiO,, FeO, Na,O and
K>O contents were fixed to be 1.00, 11.00, 2.00 and
1.00 wt%, respectively. The MgO and CaO contents
were changed from 8.00 and 10.00 to 11.00 and
7.00 wt%, respectively, which corresponds to horizon-
tal vector in Fig. 10. The Al,O5 and SiO, contents were
also changed from 13.00 and 54.00 to 20.00 and
47.00 wt%, respectively, which 1is vertical vector
in Fig. 10. As a result of the calculations, biotite
and orthopyroxene were stabilized in MgO-rich and
CaO- and Al,O3-poor bulk compositions. When Al,O3
content is high (e.g. >17 wt%), biotite and orthopy-
roxene are unstable even in MgO-rich and CaO-poor
environments (Fig. 10). On the other hand, biotite and
orthopyroxene do not occur even in Al,Os-poor envi-
ronments, when CaO/MgO ratio is relatively high (e.g.
MgO ~8 wt%, CaO ~10 wt%). Thus, all of the MgO,
CaO and Al,O; contents are related to the stabilization
of biotite and orthopyroxene. Bulk compositions
should be low both in Al,O3 content and CaO/MgO
ratio to stabilize biotite and orthopyroxene in eclogites.
Kyanite was stabilized in Al,O3-rich bulk compositions
(> 18 wt%), and, hence, kyanite should not be
accompanied by biotite and orthopyroxene in usual
eclogitic rocks, except for extremely Mg-rich environ-
ments (Simon and Chopin 2001).

Conclusions

Phengite is a stable hydrous phase in many eclogites
from representative orogenic belts, but biotite occurs in
eclogites from several localities of the Caledonides.

Occurrence of Opx-bearing eclogites is another feature
of the Caledonides. These Bt- or Opx-bearing eclogites
are similar to picrite basalts in bulk composition, sug-
gesting that biotite and orthopyroxene should be stable
in eclogite with picrite basaltic compositions. Bt- or
Opx-bearing eclogites from the WGR are rich in MgO
(10-15 wt%) and relatively poor in CaO and Al,O;.
Bt-bearing eclogite from the NEGEP is also rich in
MgO and extremely poor in Al,O3, but CaO content is
rather high. Garnet in the Bt- or Opx-bearing eclogites
is poor in the grossular component. Thermodynamic
calculations for the multi-component system indicated
that garnet compositions stable with Bt + Qtz and
Opx are restricted to low-Ca field. Furthermore, ther-
modynamic calculations with mass-balance calculations
confirmed that phengite should be stable in the ‘or-
dinary’ basaltic system whereas biotite and orthopy-
roxene should be stable in the picrite basaltic
compositions; biotite and orthopyroxene were stabi-
lized in eclogites with MgO-rich and CaO- and Al,Os-
poor bulk compositions. Thus, the observational data
are well consistent with the calculated results, although
the calculations were performed with several rough
assumptions. In picrite basaltic compositions, the
mineral assemblage of eclogite should be completely
different from that in ‘ordinary’ basaltic compositions.
Depending on bulk composition, biotite may be stabi-
lized instead of phengite even in rocks of basaltic
compositions.
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Appendix

Activity models for the model calculations
Garnet:

RTIn Aalm = RT In ()(alm)3 + VValmfprporp(Xprp +Xgrs)
- VVPTP*gFS XPI'P Xgrs

RTIn Aprp = RTln(Xprp)3 + I/Valm—prp)(alm (Xalm +Xgrs)
+ I/Vprpfgrs/\/grs (Xalm + Xgrs)

RTIn Aors = RTln(Xgrs)3 - I/Valm—prp)(alm)(prp
+ Worp—grsXprp (Xaim + Xprp)

(Watm—prp = 2.4KT; Wy ey = 33 kJ)



Phengite:
RTInay, = RT1ny*(2 —y)

RTInae = RT1n{0.25(1 — »)(2 — y)?
x [Mg/(Fe** + Mg)]}

RT Inagy = RT In{0.25(1 — »)(2 — y)*
x [Fe’* /(Fe** + Mg)]}

(y = XM*A: mole fraction of ms component)

Biotite:
RT In agry = RT In(Xpn)* + Wannphi (1 — Xpm)°

RTIn Qann = RTIII(I _Xphl>3 + I/Vamn—phl()(phl>2
(VVannfphl =9 kJ)

Orthopyroxene:
RTInae, = RT In(Xen) + Wen—gs(1 — Xen)?

RTInag = RTIn(1 — Xen) + Wen—s(Xen )
(Wen—s = 0.5 kJ)

Clinopyroxene:
RTInag = RTln(Xdi) + Wyi—haXhd (th +X3d)

RT Inang = RT In(Xna) + Wai—naXai (Xai + Xia)
(VVdi—hd =25 kJ)

Olivine:
RT Inag, = RTIn(X5o)* + Wio—ta(1 — Xpo)*

RTInag, = RTIn(1 — Xpo)* 4 Wo—ta (Xz0)*
(VVfoffa =384 kJ>7

where R is the gas constant, 7 is temperature. g; is the
activity of the phase component i, and W, is an excess
interaction parameter between phase components i and j.
X; is the mole fraction of the phase component i. For
garnet, symmetrical excess interaction energies between
Fe and Mg and between Ca and Mg are included.
Phengite is treated as a hypothetical Mg—Al fully ordered
mica, and mixing of tetrahedral Al and Si is restricted to
two of the four tetrahedral sites to maintain Al-avoid-
ance. Excess interaction energy between muscovite and
celadonite is close to zero within error (Holland and
Powell 1998). For the other phases, only Fe—-Mg excess
interaction is introduced, and single-site mixing model is
adopted for pyroxenes. Abbreviations are as follows: alm
almandine; prp pyrope; grs grossular; ms muscovite; cel
celadonite; fcel Fe-celadonite; phl phlogopite; ann annite;
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en enstatite; fs ferrosilite; di diopside; hd hedenbergite; jd
jadeite; fo forsterite; fa fayarite.
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