B A L ER BB S e

32,13 ~22 *—3 (2013412 H)

Geoscience Rept. Shimane Univ., 32, p.13~22 (2013)

High-Mg garnets in kyanite garnet amphibolite from the Tonaru metagabbro mass
in the Sambagawa metamorphic belt, Besshi district, central Shikoku, Japan

Hiroaki Matsuura*, Akira Takasu* and Md. Fazle Kabir*

Abstract

The Tonaru mass occurs as a large lenticular body in the highest-grade portions of the Sambagawa schists in the Besshi
district. The mass consists of diopside amphibolite and garnet epidote amphibolite accompanied by small amounts of
eclogite. Kyanite garnet amphibolites from the western parts of the Tonaru metagabbro mass are composed of amphibole
(calcic-amphibole; magnesiohornblende, tschermakite), zoisite, kyanite, garnet, phengite, paragonite, margarite, chlorite,
quartz and pyrite, and show banded structure consisting of alternating amphibole and zoisite-rich layers. Porphyroblastic
garnets reach up to 8 cm in diameter, and show a prograde growth zoning, with X;,, (0.40-0.52) increasing from core to
rim. Magnesium contents are highest in the outermost rim (MgO 13.82 wt%), suggests the rims of the garnets record the
peak metamorphic stage. Some microveins occur throughout the garnet. These microveins are filled by Fe-rich garnet,
occasionally accompanied by zoisite. Micro-veins in the same garnet have an almandine-rich (Xy, 0.45-0.50, Xp,, 0.25-
0.34) composition. The metamorphic evolution of the kyanite garnet amphibolite from the western part of the Tonaru
metagabbro mass is probably divided into two metamorphic events. The porphyroblastic high-Mg garnet represents
prograde metamorphism from the epidote-blueschist facies that reached into the eclogite facies at the peak metamorphism.
Fe-rich garnets developed in the microveins commonly coexist with fracture-filling minerals (kyanite, zoisite, magnesio-
hornblende, tschermakite and chlorite) that are evidence of a second high-P metamorphic event. This second metamorphic
event probably correlates with the prograde Sambagawa metamorphism of the oligoclase-biotite zone.
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Introduction

Garnets in metamorphic rocks are often chemically zoned,
and provide one of the most important records of the
pressure-temperature (P-7) history of metamorphism. The
chemical zoning of garnets in the Sambagawa metamorphic
belt usually shows a normal bell-shaped MnO profile, with
decreasing MnO content from core to rim. This bell-shaped
profile is considered to reflect the prograde change of P-T'
conditions during the growth of the garnet (e.g. Takasu, 1984;
Sakai et al., 1985; Banno et al., 1986). However, other types of
garnet zoning have also been reported from the Sambagawa
metamorphic belt in central Shikoku, including reverse
zoning (e.g. Itaya, 1978; Takasu, 1979, 1984), resorption-over-
growth (e.g. Takasu, 1986; Takasu and Fujita, 1994), and
sector zoning (e.g. Kitamura et al., 1993; Takasu and Kondo,
1993; Shirahata and Hirajima, 1995). In addition to these
types, high-Mg zoning also occurs in garnet in the high-
grade part of the Sambagawa belt in central Shikoku (e.g.
Nomizo, 1992; Takasu and Kondo, 1993; Takasu and Fujita,
1994; Kabir and Takasu, 2011).

The Sambagawa metamorphic belt of southwest Japan
is one of the best-studied examples of subduction-type
high-pressure metamorphic belts worldwide. The Sambagawa
belt extends for about 800 km throughout southwest Japan,
stretching from Saganoseki Peninsula in Kyushu, through
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to the Kanto Mountains in the northeast (Fig. 1). Metamor-
phic grades range from the pumpellyite-actinolite facies
through the blueschist/greenschist facies transition, to the
epidote-amphibolite facies, and to the eclogite facies (e.g.
Banno, 1964; Higashino, 1990; Enami et al., 1994). Most
parts of the Sambagawa belt underwent high-P/T metamor-
phism during the Cretaceous period (Itaya and Takasugi,
1988; Takasu and Dallmeyer, 1990; Wallis et al., 2009).

The Sambagawa belt in central Shikoku consists of the Oboke
nappe complex and the structurally overlying Besshi nappe
complex. The Oboke nappe complex consists of low-grade
psammitic and pelitic schists with minor basic, siliceous and
conglomeratic schists, whereas the Besshi nappe complex is
dominated by pelitic schists, intercalated basic schists, and
minor amounts of siliceous and calcareous schists. In the
Besshi district the metamorphism is divided into four zones
based on index minerals in the pelitic schists, namely the
chlorite, garnet, albite-biotite, and oligoclase-biotite zones
(Fig. 1; Enami, 1983; Higashino, 1990; Enami et al., 1994).
The higher-grade albite-biotite and oligoclase-biotite zones
are equivalent to epidote-amphibolite facies metamorphism.

Several eclogite-bearing bodies occur throughout the
albite-biotite and the oligoclase-biotite zones in the high-
grade portions of the metamorphic sequence in the Besshi
district, such as the Higashi-akaishi and Nikubuchi peridotite
bodies, the Western Iratsu, Quartz Eclogite, Seba eclogitic
basic schists, and the Sebadani, Eastern Iratsu and Tonaru
metagabbro masses (e.g. Yokoyama, 1980; Takasu, 1984;
Kunugiza et al., 1986; Takasu, 1989; Aoya, 2001; Kugimiya



14

Hiroaki Matsuura, Akira Takasu and Md. Fazle Kabir

\|

\.
\.

+ o+ + £ 4+ o+ #\
+ o+ o+ 4+ o+ o+

T
N N ) B o

- \
N A

WM—‘—F‘%J

IIIIIIIIIIIIle,

CTNZE 4 s b s s Bl

Sea-TTNE 4 o+ 4
. E-TTNE

~

oo+ L T N I
o+ L T N I
+ o+ }: L T N I
+ o+ % L T N I
1 B A R A N S SRR
+ o+ 4_3': L T N I
P A T T T T
Ly AR AR IR N A
- S T Y
,t‘ . L R N N
Tt T e e e
..
.

\
+

Metamorphic zonation

complex)

= Oligoclase-biotite zone

Tectonic blocks

Chlorite zone EE===3 Epidote amphibolite (Layered gabbro)
[+ ] Garnet zone B8 Peridotite & serpentinite
[ ] Albite-biotite zone

Epidote amphibolite (Accretionary

Sambagawa
metamorphic belt

Study area

Fig.1. Geological and metamorphic zonation map of the Sambagawa metamorphic belt in the Besshi
district, central Shikoku, Japan (compiled from Takasu and Makino, 1980; Takasu, 1989; Higashino,
1990; Kugimiya and Takasu, 2002; Sakurai and Takasu, 2009; Kabir and Takasu, 2010a). SB, Sebadani
metagabbro mass; SEB, Seba basic schists; TN, Tonaru metagabbro mass; WI, Western Iratsu mass; EI,
Eastern Iratsu mass; HA, Higashi-akaishi peridotite mass; HE, Hornblende eclogite mass; NB, Nikubuchi
peridotite mass; MTL, Median Tectonic Line. Location for Figure 2 is also shown.

and Takasu, 2002; Ota et al., 2004; Miyagi and Takasu,
2005; Kabir and Takasu, 2010a, b; Endo and Tsuboi, 2013)
(Fig. 1).

The Tonaru metagabbro mass (~6.5 kmx 1 km) is one
of the eclogite-bearing bodies located in the central part of
the Besshi district, and lies within the highest grade oligo-
clase-biotite zone of the Sambagawa sequence (Higashino,
1990) (Fig.1). Compositional banding that reflects the
original layered structure is widely developed in the mass,
with schistosity defined by epidote-amphibolite facies
minerals. The Tonaru metagabbro mass is considered to
have been derived from a layered gabbro (Banno et al,
1976; Kunugiza et al., 1986; Takasu, 1989). The Tonaru
mass occurs as a large lenticular body consisting of diopside
amphibolite (T-I type amphibolite) with small amounts of
associated serpentinite, and garnet epidote amphibolite (T-1I
type amphibolite) accompanied by small amounts of eclog-
ite (Moriyama, 1990) (Fig.2). Kunugiza (1984) suggested
that serpentinites within the diopside amphibolites were
originally peridotites that were serpentinized, followed by
subsequent prograde metamorphism. Takasu et al. (1994)
suggested that the eclogite-bearing garnet epidote amphibolites
underwent eclogite facies metamorphism before being retro-
graded into the epidote-amphibolite facies.

Miyagi and Takasu (2005) reported detailed petrology
and a metamorphic history of the Tonaru metagabbro mass.
They suggested that the Tonaru metagabbro mass underwent
three metamorphic events. A high-T" amphibolite facies (i)
precursor metamorphic event that occurred before the
prograde eclogite facies metamorphism is characterized by
pargasite-taramite inclusions in the low-Ca inner cores of
porphyroblastic garnets and Mg-rich relict cores of garnet
(MgO ~ 8 wt%). The first high-P metamorphic event of the
eclogite facies (ii) led to prograde metamorphism from the
epidote-blueschist facies (300-450°C and 7-11 kbar) to the
eclogite facies (700-730°C and > 15 kbar), and subsequent
retrogression into epidote-amphibolite facies. The mass sub-
sequently underwent another prograde metamorphism (iii)
together with the surrounding Sambagawa schists, reaching
oligoclase-biotite zone metamorphic conditions.

In this study we describe the texture, modes of occurrence
and the chemical compositions of high-Mg garnets found
in kyanite garnet amphibolite from the western part of the
Tonaru metagabbro mass. The mineral abbreviations used
in the text, tables, and figures follow Whitney and Evans
(2010).
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Fig.2. Lithological map of the Tonaru metagabbro mass in the Kojorogawa River (after Miyagi and Takasu,

2005), with sample location.
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Fig. 3. Photomicrograph of the kyanite garnet amphibolite from the Tonaru metagabbro mass (sample MT18)
showing the schistosity-forming matrix minerals kyanite, garnet, zoisite and amphibole.

Petrography of the garnet amphibolite

Several garnet amphibolite samples were collected along
the Kojorogawa River from the western part of the Tonaru
metagabbro mass. Two types of garnet amphibolite have been
distinguished: kyanite-bearing (kyanite garnet amphibolite) and
kyanite-free garnet amphibolites. Two representative samples
(MT18 and MT13) were selected for detailed petrography.

Kyanite garnet amphibolite (MT18):

Kyanite garnet amphibolites from the western parts of the
Tonaru metagabbro mass are composed mainly of amphibole
(calcic-amphibole; magnesiohornblende, tschermakite),
zoisite, kyanite and garnet. Minor phengite occurs, along
with accessory amounts of paragonite, margarite, chlorite,
quartz, corundum and pyrite (Fig.3). Preferred orientation
of amphibole, zoisite and kyanite defines schistosity and

mineral lineation. Banded structure consists of alternating
amphibole and zoisite-rich layers.

Garnet occurs as anhedral porphyroblasts up to 8 cm across,
and it is typically zoned, with pale orange inclusion-rich core
and colorless inclusion-poor rim (Fig.4). Garnet contains
inclusions of zoisite and few phengite (Si 6.42-6.65 pfu),
paragonite and quartz. Most of the garnets are severely
fractured and the fractures are filled by the aggregates of
kyanite, chlorite, zoisite and amphibole (magnesiohornblende,
tschermakite). Some microveins occur throughout the garnets.
These microveins are filled by Fe-rich garnet, occasionally
accompanied by zoisite (Fig. 4).

Prismatic amphiboles up to 1.5 mm across occur in the
matrix. Most of them are zoned, with magnesiohornblende
cores and tschermakite rims. Amphiboles filling the frac-
tures of the garnets (magnesiohornblende, tschermakite) are
anhedral in shape, and also display the same compositional
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Fig. 4. Backscattered electron (BSE) image of garnet in kyanite garnet amphibolite from the Tonaru metagabbro mass (sample MT18). (a) The
garnet contains fine-grained inclusions of zoisite. Fractures in the garnets are filled by aggregates of kyanite, chlorite, zoisite and amphibole
(magnesiohornblende, tschermakite). Line (A-B) shows the location of the garnet compositional profile shown in Fig.5. (b) Kyanite in the
garnet fracture contains zoisite inclusions. (¢) Garnet containing microveins. Zoisite is occasionally included within the microveins.

zoning as the matrix amphiboles.

Zoisite has two modes of occurrence. Schistosity-forming
zoisite (Xps 0.03-0.006) is found as subhedral prismatic grains
up to 0.7 mm in length. Zoisites occurring as inclusions in
garnet (Xp, 0.04-0.07) and in kyanite (Xp, 0.04-0.05) are
smaller, with grain size of up to 0.4 mm across.

Two modes of occurrence of kyanite were recognized.
Prismatic crystals in the matrix are up to 2 cm in length,
whereas irregularly shaped kyanite grains up to 1 mm across
occur within fractures in garnet. Some kyanites in the matrix
are replaced by symplectites consisting of paragonite, mar-

garite, chlorite and corundum. A small amount of phengite
(Si 6.42-6.65 pfu) occurs as inclusions in garnet. This phengite
is mostly rimmed by paragonite.

Kyanite-free garnet amphibolite (MT13):

Kyanite-free garnet amphibolite (Garnet epidote-amphib-
olite as described by Miyagi and Takasu, 2005) is composed
mainly of amphiboles (magnesiohornblende, tschermakite,
pargasite), epidote and garnet. Minor amounts of plagioclase
(An 1-18), muscovite (Si 6.04-6.13 pfu), phengite (Si 6.27-
6.82 pfu), paragonite, chlorite and quartz, and accessory
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rutile occur as constituent minerals. Preferred orientation
of amphibole, epidote, phengite and paragonite defines a
schistosity and a mineral lineation.

Garnet occurs as subhedral porphyroblasts up to 1.5 cm
across. These contain inclusions of quartz, rutile, epidote, par-
agonite, phengite (Si 6.27-6.82 pfu) and amphibole-quartz
symplectite.

Amphibole has two modes of occurrence, being found
as fine-grained amphibole and schistosity-forming amphi-
bole. Fine-grained amphibole (tschermakite, pargasite) is
a constituent of symplectitic aggregates of amphibole and
quartz occurring as inclusions in garnets. The symplectite
inclusions are connected to the exteriors of the garnets.
Schistosity-forming amphibole grains reach 1.0 mm in length,
and are commonly zoned from magnesiohornblende cores to
tschermakite and pargasite rims.

Phengite (Si 6.27-6.82 pfu) occurs as inclusions up to
1 mm in length within garnet. Muscovite grains (Si 6.04-
6.13 pfu) occurring in the matrix reach 3 mm in width.
Paragonite occurring as inclusions in the garnet and in the
matrix is coarser (5 mm) than the other micas. Paragonite is
interlayered with phengite and muscovite.

Epidote has three modes of occurrence: as inclusions in
garnet, in the matrix, and in epidote-quartz symplectite
surrounding amphibole in the matrix. Epidote inclusions
(Xps 0.19-0.21) in the garnets reach 0.3 mm in diameter.
Schistosity-forming epidote is up to 0.8 mm across, and is
zoned (Xp, 0.15-0.18 cores and 0.19-0.21 rims). Epidote (Xp,
0.23-0.30) occurring as a constituent of epidote-quartz sym-
plectite surrounding amphibole is fine-grained (0.5 mm).

Chemical compositions of the high-Mg garnets

Chemical compositions and compositional zoning of the
garnets in the kyanite garnet amphibolite from the western
parts of the Tonaru metagabbro mass were investigated
in Shimane University, using JEOL JXA 8800M and JXA
8530F electron microprobe analyzers. Analytical conditions
used for quantitative analysis were 15 kV accelerating voltage,
20 nA specimen current, and 5 um beam diameter. Correc-
tion procedure was carried out as described by Bence and
Albee (1968). Ferric iron contents in garnet were estimated
using charge balance Fe**=8-2Si-2Ti-Al (O=12). Contents
of Na (<0.01 pfu), K (<0.01 pfu) and Cr (<0.01 pfu) were
negligible.

The porphyroblastic garnets have pyrope (X, 0.32-0.52) and
almandine-rich composition (Xj;, 0.30-0.47), with considerable
amounts of the grossular (X 0.08-0.20) and small amounts of
spessartine (Xs,;, 0.01-0.03) components. The garnets within
microveins are almandine-rich (X, 0.43-0.53), and they are
slightly richer in spessartine (X5, 0.02-0.07) and poorer in
pyrope (Xp, 0.24-0.39) than the host garnets. Grossular con-
tent (Xg 0.11-0.19) does not vary significantly, compared
with the Mg-rich host garnet.

The garnets show prograde zoning, with X, increasing

gently from the inner core to the outer core (0.40-0.45) and
sharply increasing towards the rim (0.45-0.52) (Tablel;
Figs.5, 6). Xam also shows zoning, decreasing gently from
the inner core to the outer core (0.40-0.36) and decreasing
sharply towards the rim (0.36-0.30). X;,, decreases gently
from core to rim (Xs, 0.03-0.01). X, is almost uniform
or decreases slightly from core to rim (0.12-0.08). Xy,
[Mg/(Mg+Fe*")] increases from the inner core to the outer
core (0.49-0.54), as well as from outer core to the rim (0.55-
0.61). Micro-veins in the same garnet have a composition of
almandine (X, 0.45-0.50), and pyrope (Xp,, 0.25-0.34) with
minor spessartine (Xs,, 0.04-0.07) and grossular (X, 0.11-
0.13) components (Figs.5, 6). Xy, shows slight variation,
from 0.33 to 0.42.

Discussion and Conclusions

High-Mg garnets in the kyanite garnet amphibolite from
the Tonaru metagabbro mass provide important information
on the Sambagawa metamorphism. The garnets show a
prograde zoning, and display highest Mg content in the
outermost rim (MgO 13.82 wt%), suggesting the rim of
the garnet records evidence of the peak metamorphic stage.
Banno (1966) also reported Mg-rich garnet (MgO 9.9 wt%)
from a quartz-kyanite-zoisite-hornblende-garnet rock that was
collected along the Kojorogawa River, at the northern border
of the Tonaru mass. Miyagi and Takasu (2005) reported a
porphyroblastic garnet containing a relict Mg-rich resorbed
core (MgO 8 wt%) overgrown by Mg-poor garnet in kyanite-
free garnet epidote amphibolites in the central part of the
Tonaru mass. They suggested that the core of the garnet
was evidence of the precursor metamorphic stage before the
high-P eclogite facies metamorphism, and that the Mg-poor
rim represented eclogite facies metamorphism.

Miyagi and Takasu (2005) reported three modes of
occurrence of garnet in the garnet epidote-amphibolite, i.e.
porphyroblastic garnet, fine-grained garnet, and high-Mg
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Fig. 5. Compositional profile of a zoned garnet from kyanite garnet
amphibolites.
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Fig. 6. (a-b) Composition of garnet from the kyanite garnet amphibolite and kyanite-free garnet amphibolites
(this study) in terms of Fe*", Mn, Mg and Ca. Garnet compositions from the garnet epidote amphibolite of

Miyagi and Takasu (2005) are also shown.

fragmental porphyroblastic garnet. Porphyroblastic garnets are
almandine-rich, and Xy, increases from core to rim (0.22-0.33)
(Fig. 6). The chemical compositions of fine-grained garnets are
fairly homogeneous, and Xy, slightly increases toward the rim
(0.23-0.30). The compositions are similar to those of the rims
of the porphyroblastic garnets. Mg-rich fragmented porphyro-
blastic garnets in the garnet epidote amphibolites show Mg-rich
composition, and zoning with resorbed cores (Xy, 0.40) and
Mg-poor and Mn-rich rims (Xy, 0.20).

The garnet in the kyanite-free garnet amphibolite in the
present study is almandine-rich, and Xy, slightly increases form
core to rim (0.20-0.22) (Fig.6). Garnet in the kyanite-free gar-
net amphibolite shows similar Xy, (within the range), whereas
that in the kyanite garnet amphibolite has significantly higher
Xu, than the high-Mg garnet of Miyagi and Takasu (2005).
Amphibole in the kyanite garnet amphibolite has higher Xy,
(0.85-1.00) than those in the kyanite-free garnet amphibolite
(0.62-0.74) and garnet epidote amphibolite (0.33-0.78) of Miy-
agi and Takasu (2005). Phengite and paragonite in the kyanite
garnet amphibolite also show higher Xy, (Ph 0.72-0.77, Pg
0.50-0.67) than those from the kyanite-free garnet amphibolite
(Ph 0.41-0.54, Pg 0.40-0.50) and garnet epidote amphibolite
(Ph 0.60-0.67, Pg 0.12-0.33) of Miyagi and Takasu (2005).

Kyanite garnet amphibolites collected from the western
parts of the Tonaru metagabbro mass in the present study
contain porphyroblastic high-Mg garnet with microveins
filled by Fe-rich garnet, suggesting two stages of garnet
growth. The texture of the porphyroblastic garnet is similar
to that of the Mg-poor rims of the Miyagi and Takasu (2005)
garnet, although Mg content is distinctly higher. Xy, contents
of garnet, amphibole and white micas in the kyanite garnet
amphibolite are greater than those in kyanite-free garnet
amphibolite and garnet epidote amphibolite (Miyagi and
Takasu, 2005).

Based on petrography and the chemical composition of
the constituent minerals, the metamorphic evolution of the
kyanite garnet amphibolite from the western part of the Tonaru
metagabbro mass can be divided into two metamorphic
events. These are a first high-pressure metamorphic event (i)
represented by high-Mg garnet and inclusions in the garnets
(zoisite, phengite, paragonite and quartz), and a second
high-pressure metamorphic event (ii) recorded by the mineral
assemblage of kyanite, zoisite, amphibole (magnesiohorn-
blende, tschermakite) and chlorite developed in the garnet
fractures, as well as in the matrix. The high-Mg garnets in the
kyanite garnet amphibolite formed in the prograde metamor-
phism of high-P metamorphic event; during the retrograde
metamorphism the porphyroblastic garnets were strongly
fractured. Miyagi and Takasu (2005) reported a P-T path of
eclogite and garnet epidote amphibolite metamorphism. The
prograde path passes through the epidote-blueschist facies to
the eclogite facies peak at 700-730°C and > 15 kbar, followed
by retrograde metamorphism into the epidote-amphibolite
facies. The porphyroblastic garnet in the present study prob-
ably follow a similar prograde, peak and retrograde P-T path
of Tonaru eclogite and garnet epidote amphibolite. Fe-rich
garnets developed, as the microveins probably coexisted with
the fracture-filling minerals of kyanite, zoisite, amphibole
(magnesiohornblende, tschermakite) and chlorite. These
provide evidence of the second high-P metamorphic event.
This metamorphic event was probably similar to that of the
prograde Sambagawa metamorphism of the oligoclase-biotite
zone, as reported by Miyagi and Takasu (2005).
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High-Mg garnets from the Tonaru metagabbro mass, Sambagawa metamorphic belt

Table 1. Representative chemical compositions of garnets from the kyanite garnet amphibolites.
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Sample MT 18
Analysis 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 62 18
Rim — — — — — — — — — — — — — — — — Vein —
SiO, 39.91 4024 3993  40.18 39.75 3992 39.96 40.00 40.10 39.68 39.89 39.69 3991 39.71 39.66 39.71 39.99 3873 39.61
TiO, 0.00 0.02 0.02 0.03 0.03 0.04 0.00 0.00 0.03 0.00 0.02 0.02 0.04 0.02 0.02  0.03 0.03 0.02 0.00
Al,O4 2355 2351 2344 2347 2346 2344 2339 2334 2337 2341 2343 2330 2329 2340 2316 2322 2338 2251 2321
FeO* 17.60 17.00 17.18 17.18 18.00 17.92 1836 17.49 18.11 1824 1894 18.63 19.11 18.62 1879 19.05 19.13 2423 19.44
MnO 0.42 0.38 0.36 0.53 0.50 0.54 0.62 0.55 0.60 0.75 0.62 0.69 0.74 0.84 080 095 0.85 2.49 1.04
MgO 13.82 13.61 1338 1348 13.16 13.05 1287 1253 12.56 12,60 1259 12,15 1215 1210  12.08 11.96  12.06 746  11.57
CaO 6.28 6.37 6.19 6.28 6.34 6.36 6.33 6.32 6.32 6.21 6.41 6.20 6.18 6.33 6.45 6.30 6.27 6.21 6.24
Total 101.58 101.13 100.50 101.15 101.24 101.27 101.53 100.23 101.09 100.89 101.90 100.68 101.42 101.02 100.96 101.22 101.71 101.65 101.11
Cations on the basis of 12 oxygens
Si 2.92 2.95 2.95 2.95 2.93 2.94 2.94 2.97 2.96 2.94 2.93 2.95 2.95 2.94 2.94 2.94 2.95 2.95 2.94
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 2.03 2.03 2.04 2.03 2.04 2.03 2.03 2.04 2.03 2.04 2.03 2.04 2.03 2.04 2.03 2.03 2.03 2.03 2.03
Fe’ 0.94 0.97 0.98 0.98 1.00 1.01 1.03 1.05 1.06 1.04 1.06 1.09 1.11 1.08 1.08 1.10 1.11 1.13 1.11
Fe*" 0.13 0.07 0.08 0.08 0.11 0.09 0.10 0.04 0.06 0.09 0.11 0.07 0.07 0.07 0.09 0.08 0.07 0.08 0.08
Mn 0.03 0.02 0.02 0.03 0.03 0.03 0.04 0.03 0.04 0.05 0.04 0.04 0.05 0.05 0.05 0.06 0.05 0.07 0.05
Mg 1.51 1.49 1.47 1.47 1.45 1.43 1.41 1.38 1.38 1.39 1.38 1.34 1.34 1.34 1.34 1.32 1.33 1.28 1.31
Ca 0.49 0.50 0.49 0.49 0.50 0.50 0.50 0.50 0.50 0.49 0.51 0.49 0.49 0.50 0.51 0.50 0.50 0.50 0.51
Total 8.05 8.03 8.03 8.03 8.06 8.03 8.05 8.01 8.03 8.04 8.06 8.02 8.04 8.02 8.04 8.03 8.04 8.04 8.03
X Alm 0.31 0.33 0.33 0.33 0.34 0.34 0.35 0.35 0.36 0.35 0.35 0.37 0.37 0.36 0.36 0.37 0.37 0.48 0.38
Xsps 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.04 0.02
KXo 0.51 0.50 0.50 0.50 0.49 0.48 0.47 0.47 0.46 0.47 0.47 0.45 0.45 0.45 0.45 0.44 0.44 0.31 0.43
KX 0.17 0.17 0.16 0.17 0.16 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.16 0.17 0.17 0.17 0.17 0.17 0.17
Total e as FeO
Sample MT 18
Analysis 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 61 36
— — — — — — — — — — — — — — — — — Vein —
SiO, 3927 3988 3927 3942 3943 3957 3942 3940 39.61 39.82 3959 3971  39.68 39.64 3933 39.68 39.68 3871 39.74
TiO, 0.00 0.01 0.00 0.01 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.03 0.03
AL Oy 23.00 2340 23.19 2316 23.02 23.13 2322 2284 2314 2296 23.09 2299 2316 2335 23.16 23.19 2316 2243 23.09
FeO* 19.04 19.39 1937 19.02 1955 1925 1928 1942  18.68 19.15 1924 1941 1928 1923 1872 18.62 1881 22.16 19.18
MnO 0.85 0.97 1.02 1.10 1.03 1.12 1.17 1.14 1.13 1.08 1.14 1.12 1.20 1.17 1.09 1.10 1.08 1.80 1.06
MgO 11.73 1193  11.60 1149 1126 11.52 11.44 11.08 11.40 11.07 1132 11.31 11.44 1127 1141 11.52 1140 870 11.20
Ca0O 6.32 6.01 6.50 6.58 6.63 6.44 6.37 6.90 6.66 6.78 6.65 6.62 6.61 6.67 6.59 6.56 6.63 6.39 6.62
Total 100.21 101.59 100.95 100.78 100.92 101.05 100.91 100.78 100.62 100.86 101.03 101.16 101.37 101.35 100.30 100.67 100.78 100.22 100.92
Cations on the basis of 12 oxygens
Si 2.95 293 2.94 2.94 2.94 2.94 2.95 2.95 2.97 2.95 2.96 2.95 2.94 2.94 2.96 2.96 2.96 2.95 2.94
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 2.04 2.04 2.04 2.03 2.03 2.04 2.02 2.03 2.02 2.03 2.02 2.03 2.04 2.04 2.04 2.03 2.03 2.04 2.03
Fe”' 1.13 1.09 1.10 1.13 1.11 1.12 1.12 1.11 1.14 1.12 1.13 1.11 1.12 1.10 1.10 1.11 1.13 1.08 1.09
Fe*" 0.07 0.11 0.09 0.09 0.09 0.08 0.09 0.06 0.05 0.08 0.08 0.09 0.07 0.07 0.06 0.06 0.06 0.07 0.10
Mn 0.06 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Mg 1.31 1.29 1.28 1.25 1.28 1.27 1.24 1.27 1.23 1.26 1.25 1.27 1.25 1.27 1.28 1.27 1.24 1.28 1.25
Ca 0.48 0.52 0.53 0.53 0.51 0.51 0.55 0.53 0.54 0.53 0.53 0.53 0.53 0.53 0.52 0.53 0.53 0.55 0.55
Total 8.04 8.04 8.05 8.04 8.03 8.03 8.04 8.02 8.02 8.04 8.04 8.06 8.02 8.03 8.03 8.03 8.02 8.04 8.03
X Alm 0.37 0.38 0.38 0.37 0.38 0.49 0.37 0.38 0.38 0.37 0.38 0.38 0.38 0.37 0.38 0.37 0.37 0.37 0.45
X sps 0.02 0.02 0.02 0.02 0.02 0.05 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.04
X 0.44 0.44 0.43 0.43 0.42 0.29 0.43 0.43 0.41 0.43 0.42 0.42 0.42 0.42 0.42 0.43 0.43 0.43 0.33
X s 0.17 0.16 0.17 0.18 0.18 0.17 0.17 0.17 0.19 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
Total e as 10
Sample MT 18
Analysis 37 60 38 39 40 41 42 43 59 44 45 46 47 48 49 50 51 52 53
— Vein — — — — — — Vein — — — — — — — — — —
SiO, 39.54 3774 3923 39.62  39.14 3959 3931 3952 3795 3948 3941 3951 39.53 3944 3940 39.57 39.52  39.53  39.60
TiO, 0.01 0.00 0.04 0.02 0.01 0.03 0.00 0.01 0.00 0.02 0.04 0.01 0.00 0.02 0.00 0.02 0.02 0.01 0.00
AlLOs 23.14  21.86 23.01 2297 2292 23.06 23.07 2300 21.83 23.03 2296 23.10 23.14 2297 2267 23.00 23.08 2289 2294
FeO* 1838  24.06 19.08 1897 2040 20.10 1958 19.75 24.60 1986 19.73  19.63 1988 1980 19.77 19.80 20.08 20.23  20.08
MnO 1.05 2.76 1.09 1.26 1.20 1.28 1.28 1.30 2.92 1.43 1.36 1.27 1.28 1.33 1.31 1.29 1.47 1.36 1.26
MgO 11.47 640 1124 1125 11.11 10.79  11.07  11.09 6.61 10.91 10.83 1097 10.83 1073 10.71 10.85 10.82 11.05 10.51
CaO 6.92 6.73 6.90 6.53 6.50 6.27 6.40 6.41 6.25 6.42 6.44 6.24 6.35 6.27 6.31 6.38 6.31 6.30 6.43
Total 100.51 99.55 100.59 100.62 101.28 101.12 100.71 101.08 100.16 101.15 100.77 100.73 101.01 100.56 100.17 100.91 101.28 101.37 100.82
Cations on the basis of 12 oxygens
Si 2.96 2.93 2.96 2.94 2.95 2.95 2.95 2.96 2.95 2.96 2.97 2.96 2.95 2.95 2.97 2.96 2.96 2.95 2.95
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 2.02 2.02 2.03 2.04 2.02 2.03 2.03 2.04 2.04 2.03 2.01 2.03 2.03 2.01 2.03 2.03 2.01 2.02 2.01
Fe’” 1.12 1.15 1.19 1.14 1.15 1.16 1.16 1.17 1.18 1.19 1.19 1.18 1.18 1.16 1.21 1.19 1.45 1.50 1.48
Fe*” 0.06 0.13 0.06 0.08 0.08 0.08 0.07 0.06 0.06 0.05 0.06 0.06 0.08 0.10 0.05 0.06 0.08 0.08 0.09
Mn 0.08 0.08 0.08 0.08 0.08 0.09 0.09 0.08 0.08 0.08 0.08 0.08 0.09 0.09 0.08 0.08 0.15 0.16 0.18
Mg 1.25 1.24 1.20 1.24 1.23 1.21 1.21 1.22 1.21 1.20 1.20 1.21 1.20 1.23 1.17 1.19 0.88 0.80 0.87
Ca 0.52 0.52 0.50 0.51 0.51 0.51 0.52 0.50 0.51 0.50 0.51 0.51 0.50 0.50 0.52 0.51 0.50 0.52 0.46
Total 8.01 8.07 8.02 8.03 8.02 8.03 8.03 8.03 8.03 8.01 8.02 8.03 8.03 8.04 8.03 8.02 8.03 8.02 8.04
X Alm 0.38 0.36 0.50 0.37 0.38 0.38 0.40 0.38 0.39 0.51 0.39 0.39 0.39 0.40 0.40 0.40 0.40 0.40 0.39
Xsps 0.02 0.02 0.06 0.02 0.02 0.03 0.03 0.03 0.03 0.06 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Xy 0.42 0.43 0.25 0.42 0.42 0.42 0.40 0.42 0.41 0.26 0.41 0.41 0.41 0.41 0.40 0.40 0.40 0.40 0.41
Xars 0.18 0.19 0.19 0.19 0.18 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17

*Total I'e as F'eO
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Table 1. (continued)

Sample MT 18
Analysis 54 55 56 57 58 4 5 6 7 8 9 10 11 12 13 14 15 16 17
— Core
SiO, 39.33 3822 3818 3781 3739 4057 4056 40.38 3891 39.12  39.67 40.10 40.08 40.55 40.19 3946 3987 3998 3871
TiO, 0.01 0.00 0.02 0.00 0.02 0.05 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00
AlLO; 2288  21.80 22.01 2195 2155 2275 2280 2261 21.62 2285 2287 23.05 2296 2273 2270 22.65 23.07 22.77 2227
FeO* 19.85 2460 2371 2413 2370 1817 1793 1749 2186 19.02 1824 1871 1833 18.00 1855 18.09 1931 19.17 1882
MnO 1.20 335 222 243 2.73 0.37 0.35 0.36 1.36 0.54 0.43 0.46 0.51 043 046 0.48 0.58 0.57 0.54
MgO 10.64 6.25 7.62 6.91 740 13.61 13.68  13.49 9.65 12,60 1295 13.10 1296 1281 1275 1249 1246 1236 12.24
CaO 6.36 6.26 6.05 6.25 5.42 5.98 5.98 591 5.46 5.83 5.72 5.69 5.61 5.65 5.60 5.75 5.96 5.75 5.75
Total 100.27 10048  99.81 99.48  98.21 101.51 101.29 100.25  98.87 99.95 99.87 101.12 100.45 100.17 100.27  98.93 101.24 100.60  98.32
Cations on the basis of 12 oxygens
Si 2.95 2.95 2.95 2.94 2.94 2.96 2.96 2.98 2.99 291 2.95 2.94 2.96 3.01 2.98 2.96 2.94 2.96 2.93
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 2.00 2.02 2.00 2.01 2.00 1.96 1.96 1.97 1.96 2.00 2.00 2.00 2.00 1.99 1.98 2.01 2.00 1.99 1.99
Fe’ 1.51 1.49 0.10 0.11 0.12 0.12 0.11 0.07 0.06 0.17 0.10 0.12 0.07 0.00 0.05 0.06 0.13 0.08 0.14
Fe*” 0.09 0.08 1.43 1.46 1.43 0.99 0.98 1.01 1.35 1.01 1.03 1.03 1.06 1.12 1.10 1.07 1.06 111 1.05
Mn 0.19 0.18 0.14 0.16 0.18 0.02 0.02 0.02 0.09 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.03
Mg 0.77 0.75 0.88 0.80 0.87 1.48 1.49 1.48 1.11 1.40 1.43 1.43 1.43 1.42 1.41 1.40 1.37 1.37 1.38
Ca 0.52 0.56 0.50 0.52 0.46 0.47 0.47 0.47 0.45 0.47 0.45 0.45 0.44 0.45 0.44 0.46 0.47 0.46 0.47
Total 8.03 8.03 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
X Am 0.41 0.40 0.48 0.50 0.49 0.33 0.33 0.34 0.45 0.35 0.35 0.35 0.36 0.37 0.37 0.36 0.36 0.37 0.36
Xsps 0.03 0.03 0.05 0.05 0.06 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
KXprp 0.39 0.40 0.30 0.27 0.30 0.50 0.50 0.50 0.37 0.48 0.49 0.49 0.48 0.47 0.47 0.47 0.47 0.46 0.47
X 0.17 0.17 0.17 0.18 0.15 0.16 0.16 0.15 0.15 0.06 0.15 0.15 0.15 0.15 0.15 0.16 0.16 0.16 0.16

Total I'e as F'eO



