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Amphiboles in garnet-aegirine-augite schists from the Sambagawa metamorphic belt,

Bizan district, eastern Shikoku, Japan

Masaaki Kainuma®*, Akira Takasu* and Md. Fazle Kabir*

Abstract

The Bizan area is located in Tokushima Prefecture, eastern Shikoku, Japan. The Sambagawa metamorphic belt in the
Bizan area consists mainly of pelitic schists, basic schists, and siliceous schists, along with minor garnet glaucophane
schists. Siliceous schists containing garnet and aegirine-augite (garnet-aegirine-augite schists) are found in pelitic schists
in both spotted and non-spotted schist zones. The garnet—aegirine-augite schists consist mainly of quartz and phengite, with
minor amounts of amphibole (ferroglaucophane, magnesioriebeckite, riebeckite, Mg-katophorite, winchite, barroisite,
ferrobarroisite), garnet, aegirine-augite and albite. Hematite, chlorite, epidote, calcite and titanite occur occasionally.
Amphiboles are found in two modes of occurrence: firstly, as inclusions in albite porphyroblasts (Ampl), and secondly
within the matrix (Amp2). Two zoning profiles were identified in the amphiboles: the first exhibits zoning from barroisite
cores, through ferroglaucophane mantles, to rims of riebeckite and magnesioriebeckite; and the second from magnesiorie-
beckite cores, through winchite mantles, to inner rims of magnesioriebeckite, and outermost rims of winchite. A previous
study reported only the compositions of magnesioriebeckite rims in strongly zoned amphiboles in the garnet—aegirine-augite
schists. The cores and mantles of the zoned amphiboles are ferrobarroisite/barroisite/ Mg-katophorite and ferroglauco-
phane, respectively. We have recognized new types of amphibole zoning, with the core consisting of magnesioriebeckite
zoned to a winchite mantle, and passing magnesioriebeckite inner rim to winchite in the outermost rim. This suggests the

possibility of fluctuations of P-T conditions during metamorphism of garnet—aegirine-augite schists in the Bizan area.

Key words: Sambagawa (Sanbagawa), Bizan, aegirine-augite, magnesioriebeckite, barroisite.

Introduction

The Sambagawa metamorphic belt is a high-P/T type
metamorphic belt that stretches through southwest Japan
over a length of approximately 800km, from Saganoseki
Peninsula in Kyushu, to the Kanto Mountains in the northeast
(Fig. 1). The dominant rock types within the belt consist of
alternations of pelitic and basic schists, along with small
amounts of siliceous and psammitic schists. Metamorphic
conditions within the belt correspond to the pumpellyite-
actinolite, greenschist, blueschist and epidote-amphibolite
facies. The metamorphism of the Sambagawa belt in the
Besshi district of central Shikoku is divided into chlorite,
garnet, albite-biotite and oligoclase-biotite zones, based on
the successive appearance of index minerals in pelitic schists
(Enami, 1983; Higashino, 1990). Several coarse-grained
eclogite-bearing bodies occur within the albite-biotite and
oligoclase-biotite zones.

The Bizan area is located in easternmost Shikoku. Like the
rest of the Sambagawa belt, the main rock types in the Bizan
area include pelitic, basic, and siliceous schists, with minor
amounts of psammitic and calcareous schists (Iwasaki, 1963)
(Fig. 1). Basic and pelitic schists show large-scale alternation,
and siliceous schists occur as lenses or thin layers within
these alterations. Faure (1983) suggested that a mélange
containing tectonic blocks of serpentinite, metagabbro and
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garnet-amphibolite (garnet-glaucophane schist) occurs along
a ductile shear zone between spotted and non-spotted schist
zones.

Iwasaki (1963) reported the occurrence only of magnesiore-
beckite in garnet—aegirine-augite-bearing siliceous schists
from the Bizan area. In this paper we describe garnet and
aegirine-augite-bearing siliceous schists intercalated within
pelitic schists in both the spotted and non-spotted schist
zones in the Bizan area. We report the petrography of the
garnet—aegirine-augite schists, and describe the modes of
occurrence and mineral chemistry of amphiboles within the
garnet—aegirine-augite schists. The mineral abbreviations
used in the text, tables and figures follow Whitney and
Evans (2010).

Petrography and modes of occurrence of
amphiboles in the Bizan area

Three garnet—aegirine-augite schist samples from the Fuku-
mandani Valley in the Bizan area were selected for detailed
petrographic examination. Two samples (KB13-1 and KB14-3)
were collected from the spotted schist zone, and one sample
(KBO05) from the non-spotted schist zone.

KB13-1 and KB14-3:

Garnet—aegirine-augite schists (KB13-1, KB14-3) consist
mainly of quartz and phengite, with minor amounts of
amphibole (ferroglaucophane, magnesioriebeckite, riebeckite,
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Mg-katophorite, barroisite, ferrobarroisite), garnet, aegirine-
augite and albite. Hematite, chlorite, and epidote occur
occasionally (Fig. 2a-c). A schistosity is defined by preferred
orientation of phengite.

Garnets occur as euhedral to subhedral grains up to 0.6 mm
across, some of which are zoned from pale orange cores
through to colorless rims. The garnets contain inclusions of
phengite, epidote, hematite and quartz. The garnets are occa-
sionally replaced by chlorite and biotite along cracks and at
the rims.

Amphiboles have two modes of occurrence. Amphiboles
occurring as inclusions in albite porphyroblasts (Ampl)
are found as subhedral crystals up to 0.05mm in length.
Ampbhiboles in the matrix (Amp2) occur as subhedral columnar
crystals up to 1.6 mm across, with remarkable optical zoning
in which the rims are darker than the cores (X’=light blue-
green and Z’=blue-green) (Fig. 2¢). These amphiboles contain
inclusions of phengite, hematite and quartz.

Two modes of occurrence of aegirine-augite were iden-
tified. Aegirine-augites (Aeg-Augl) occur as inclusions
in porphyroblastic albite, in grains up to 0.05mm across.
Aegirine-augites (Aeg-Aug?2) in the matrix are found as
subhedral to anhedral grains up to 0.7 mm in length, with
pleochroism of X’=colorless and Z’=light green (Fig. 2a-b).
They contain inclusions of amphibole (Ampl), phengite,
hematite and quartz, and are partially replaced by chlorite
along their cleavages.

Phengites have four modes of occurrences. Phengites
occurring as inclusions within garnet (Ph1), amphibole (Ph2)
and aegirine-augite (Ph3) are 0.2 mm across. Phengites within
the matrix (Ph4) occur as euhedral to subhedral grains up
to 2mm in width. Epidotes have two modes of occurrence.
Epidotes found as inclusions in garnet (Ep1) are fine-grained,
reaching only 0.05mm in diameter. Epidotes (Ep2) in the
matrix occur as subhedral to anhedral crystals about 0.1 mm
in size. Porphyroblastic albite crystals up to 2 mm across con-
tain inclusions of garnet, amphibole (Amp1), aegirine-augite
(Aeg-Augl), phengite and quartz. Chlorites and hematites in
the matrix reach 0.6 mm in size. Quartz in the matrix occurs
as anhedral granular crystals up to 0.7 mm across.

KBO05:

Garnet—aegirine-augite schist (KB05) from Fukumandani
valley consists mainly of quartz, with minor amounts of
hematite, epidote and amphibole (magnesioriebeckite, winchite,
barroisite) (Fig. 2d-f). Garnet, calcite, titanite and aegirine-augite
occur as accessories. A schistosity is defined by preferred
orientation of hematite and quartz.

Garnets have three modes of occurrence in this sample.
Garnet inclusions in both amphibole (Grtl) and epidote
(Grt2) occur as tiny euhedral grains up to 0.02 mm in diameter.
Garnets (Grt3) within the matrix are found as granular euhedral
crystals up to 0.03 mm in diameter.

Amphiboles (Amp2) occur in the matrix as subhedral
prismatic grains up to 0.5 mm long. They are optically zoned,
with rims darker than the cores (X’=light blue-green and
Z’=Dblue-green). They also contain inclusions of fine-grained
garnet (Grt1) and hematite.

Aegirine-augites in the matrix form anhedral columnar
crystals up to 0.5 mm in length. Epidotes occur as subhedral
grains in the matrix, and contain garnet, hematite and quartz
inclusions. Hematites in the matrix reach 0.3 mm across in
width, while anhedral granular calcite reaches only 0.05 mm
across. Quartz is also found in the matrix, as granular crystals
up to 0.05 mm in diameter.

Chemical compositions of the amphiboles

Chemical compositions and zoning of the amphiboles
in the garnet—aegirine-augite schists from the Bizan area
were examined at Shimane University using two electron
probe microanalyzers (JEOL JXA-8800M and JXA-8530F).
Analytical conditions used were 15 kV accelerating voltage,
20 nA specimen current and 5 um beam diameter. Correction
procedure was carried out as described by Bence and Albee
(1968). Fe** estimation for amphiboles used the 13eCNK
method by Leake et al. (1997). The chemical compositions
of amphiboles in all modes of occurrence are listed in
Table 1, and illustrated in Fig. 3-6.

Amphiboles (Amp1) occurring in sample KB13-1 as inclu-
sions in porphyroblastic albite are compositionally zoned, with
ferro-barroisite and barroisite cores with Si=7.09-7.39 pfu,
Nag =1.29-1.49 pfu and Xy, =0.43-0.66, and riebeckite rims
with Si=7.59-7.87 pfu, Nag=1.75-1.94 pfu and Xy, =0.29-
0.38 (Fig.3a and d). Amphiboles in the matrix (Amp2)
(sample KB13-1) are chemically zoned, with pale-blue
cores of barroisite and Mg-katophorite with compositions
of Si=6.87-7.38 pfu, Nag=1.16-1.48 pfu and Xy,=0.56-
0.71, and riebeckite and magnesioriebeckite rims with
Si=7.54-7.96 pfu, Nag=1.59-1.95 pfu and Xy, =0.30-0.57
(Figs.2c, 3 and 6a). The cores of amphiboles (Amp2) in
the matrix (sample KB14-3) are classified as barroisite,
with Si=7.19-7.37 pfu, Nag=1.20-1.34 pfu and Xy, =0.64-
0.67. The mantles are ferroglaucophane with Si=7.96 pfu,
Nag=1.94 pfu and Xy, =0.48, and the rims are riebeckite
and magnesioriebeckite with Si=7.78-7.96 pfu, Nag=1.60-
1.94 pfu and Xy, =0.41-0.57 (Figs. 2b, 4 and 6a).

The cores of the zoned amphiboles (sample KBO05) are
magnesioriebeckite (Si=7.71-7.94 pfu, Nag=1.53-1.87 pfu
and Xy, =0.58-0.68), while the mantles are winchite with
compositions of Si=7.56-7.69 pfu, Nag=0.75-1.42 pfu and
Xmg=0.69-0.79. The inner rims are magnesioriebeckite
(Si=7.84-7.94 pfu, Nag = 1.65-1.79 pfu and Xy, = 0.59-0.69)
and the outermost rims are winchite with Si=7.82-7.86 pfu,
Nag =1.41-1.47 pfu and Xy;, = 0.68-0.73 (Figs. 2f, 5a-b and 6b).
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Fig. 2. Photomicrographs and a backscattered electron image (BEI) showing textural relationships of minerals in the garnet-aegirine-augite schists.
(a) Zoned matrix amphiboles with barroisite cores and magnesioriebeckite rims, and other matrix minerals including garnet, aegirine-augite, phengite
and quartz (KB13-1). (b) Matrix amphiboles with barroisite cores and magnesioriebeckite rims; other matrix minerals are garnet, aegirine-augite,
phengite, hematite and quartz (KB14-3). (c) Zoned amphiboles in the matrix, with zoning from barroisite and Mg-katophorite cores to riebeckite
and magnesioriebeckite rims; other matrix minerals are garnet, phengite and quartz (KB13-1). (d) Fine-grained garnets and schistosity-forming
matrix amphibole (winchite core to magnesioriebeckite rim), aegirine-augite, epidote, hematite and quartz (KBO05). (e) Zoned amphibole and other
schistosity-forming minerals (aegirine-augite, epidote, hematite, calcite and quartz). (f) BEI of zoned amphibole in the matrix (KB05) showing mag-
nesioriebeckite core, winchite mantle, magnesioriebeckite in the inner rim and winchite in the outermost rim.
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Fig. 3. Chemical compositions of amphiboles from the garnet-aegirine-augite schists (KB13-1), star indicates the magnesioriebeckite com-

position of Iwasaki (1963).

Discussion and Conclusions

Amphiboles in garnet-aegirine-augite schists in the Fuku-
mandani Valley in the Bizan area show several modes of
occurrence, and a wide range of chemical compositions (sodic
and sodic-calcic) with complex zoning patterns. Amphiboles
occurring in samples KB13-1 and KB14-3 are ferroglau-
cophane, magnesioriebeckite, riebeckite, Mg-katophorite,
barroisite and ferrobarroisite, whereas those in sample KB05
are magnesioriebeckite, winchite and barroisite.

Iwasaki (1963) reported large crystals of alkali amphiboles
from the spotted schist zone, which were strongly zoned
from nearly colorless cores to colored rims. He reported that
the rims of these amphiboles were magnesioriebeckite (Si=
7.70pfu, Nag=1.50pfu and Xy, =0.91). However, Iwasaki
(1963) did not report the compositions of the cores of the
strongly zoned amphiboles. In this study we identified and
described three zones (core, mantle and rim) in the amphi-
boles, on the basis of chemical compositions. The cores and

the mantles of the zoned amphiboles are ferrobarroisite/
barroisite / Mg-katophorite (KB13-1 and KB14-3) with
Si=6.87-7.39 pfu, Nag=1.16-1.49 pfu and X,;,=0.43-0.71,
and ferroglaucophane with Si=7.96pfu, Nag=1.94pfu and
Xwve=0.48, respectively. The rebeckite/magnesioriebeckite
rims have similar Si contents (7.54-7.94 pfu), slightly higher
Nay (1.53-1.87 pfu), and lower Xy, (0.58-0.68) than the magne-
sioriebeckite rim compositions reported by Iwasaki (1963).
We have also recognized another type of amphibole zoning
(KBO05), with a core consisting of magnesioriebeckite zoned to
awinchite mantle, passing through a magnesioriebeckite inner
rim to winchite in the outermost rim. These features suggest
that some fluctuations of P-T conditions may have occurred
during the metamorphism of the garnet-aegirine-augite schists
in the Bizan area.
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Table 1. Representative chemical compositions of amphiboles from the garnet—aegirine-augite schists.

Sample KB 13-1
Analysis 213 214 215 216 217 218 219 220 221 222 223 224 225 226 7 8 16 23 92
Ampl Ampl Ampl  Ampl  Ampl  Ampl Ampl Ampl Ampl Ampl Ampl  Ampl  Ampl Ampl Amp2 Amp2 Amp2 Amp2 Amp2
Rbk Rbk Rbk Rbk Rbk Fbrs Brs Brs Brs Mg-Rbk Brs Brs Brs Rbk Rbk Rbk Rbk Rbk Rbk
Rim — — — — — — Core Core — — — — Rim Core Rim Rim Rim
Sio, 51.12 53.25 53.02  51.77 5137  49.06 4892 4840  48.58 48.83  48.65 4818 4812 5154 53.88 53.55 5255 5333 5221
TiO, 0.03 0.05 0.04 0.06 0.04 0.09 0.13 0.16 0.14 0.13 0.15 0.16 0.18 0.12 0.06 0.05 0.01 0.03 0.05
AlLO; 3.55 5.52 5.67 6.16 6.57 6.42 7.06 7.59 8.04 8.64 8.22 8.25 7.97 7.04 5.05 5.46 3.57 6.07 4.01
FeO* 29.07 26.30 26.08  24.95 2506  23.80 21.47 1883  18.73 18.25 18.65  19.51 2024 2435 22,69 2582 2627 2534 2653
MnO 0.44 0.29 0.28 0.36 0.47 0.61 0.67 0.93 0.98 1.14 0.96 0.99 1.01 0.33 0.34 0.33 0.45 0.24 0.51
MgO 3.89 3.95 4.08 4.74 5.05 6.15 8.00 9.37 9.26 8.94 8.96 8.70 8.55 5.04 6.80 4.85 5.71 4.63 5.05
CaO 0.88 0.41 0.39 1.15 1.60 3.60 3.98 4.47 4.18 3.02 3.25 332 3.47 1.53 0.97 0.61 1.01 0.34 0.90
Na,O 6.68 6.93 7.04 6.67 6.47 5.71 5.66 5.63 6.06 6.60 6.47 6.45 6.44 6.60 7.12 7.55 6.98 7.10 7.06
K,0 0.12 0.07 0.05 0.17 0.23 0.34 0.31 0.36 0.28 0.29 0.23 0.30 0.31 0.16 0.12 0.08 0.09 0.07 0.10
Total 95.77 96.77 96.65  96.03 96.8¢ 9576 96.20 95.74  96.25 9583 9554 9585  96.29  96.69  97.03 9830  96.64  97.15  96.42
Cations on the basis of 23 oxygens
Si 7.74 7.87 7.84 7.70 7.59 7.39 7.24 7.15 7.14 7.16 7.17 7.11 7.09 7.61 7.84 7.81 7.80 7.81 7.79
Ti 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.00 0.00 0.01
Al 0.63 0.96 0.99 1.08 1.14 1.14 1.23 1.32 1.39 1.49 1.43 1.43 1.39 1.22 0.87 0.94 0.62 1.05 0.71
Fe’" 1.60 1.15 1.16 1.17 1.27 1.16 1.30 1.24 1.20 1.28 1.28 1.37 1.39 1.13 1.09 1.09 1.44 1.20 1.35
Fe*" 2.08 2.10 2.07 1.94 1.82 1.84 1.36 1.08 1.10 0.96 1.02 1.04 1.10 1.87 1.67 2.06 1.82 1.90 1.96
Mn 0.06 0.04 0.04 0.05 0.06 0.08 0.08 0.12 0.12 0.14 0.12 0.12 0.13 0.04 0.04 0.04 0.06 0.03 0.06
Mg 0.88 0.87 0.90 1.05 1.11 1.38 1.76 2.06 2.03 1.95 1.97 1.91 1.88 1.11 1.48 1.05 1.26 1.01 1.12
Ca 0.14 0.06 0.06 0.18 0.25 0.58 0.63 0.71 0.66 0.47 0.51 0.52 0.55 0.24 0.15 0.10 0.16 0.05 0.14
Na 1.96 1.99 2.02 1.93 1.85 1.67 1.62 1.61 1.73 1.88 1.85 1.84 1.84 1.89 2.01 2.13 2.01 2.01 2.04
K 0.02 0.01 0.01 0.03 0.04 0.06 0.06 0.07 0.05 0.05 0.04 0.06 0.06 0.03 0.02 0.01 0.02 0.01 0.02
Total 15.12 15.06 15.09 15.13 15.15 15.31 1531 1539 1543 15.40 1540 1542 1545 15.16 15.18 1524 1519 15.08 1521
*Total Fe as FeO
Sample KB 13-1 KB 14-3
Analysis 93 94 96 97 98 99 145 22 32 144 15 76 85 86 75 77 74 78 26
Amp2  Amp2  Amp2  Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2
Mg-Rbk  Rbk  Mg-Rbk  Rbk Rbk Rbk Rbk  Mg-Ktp Mg-Ktp Mg-Ktp Mg-Ktp Mg-Ktp ~ Brs Brs  Mg-Rbk  Rbk Rbk Rbk Rbk
Core Core Core
Sio, 5333 52.99 5344  51.66 53.36 53.24 5328 4761  46.58 46.67  47.07 4744 5032 50.11 51.12 51.87  53.04 5431 53.40
TiO, 0.05 0.01 0.05 0.03 0.05 0.03 0.11 0.24 0.14 0.18 0.20 0.18 0.11 0.12 0.11 0.09 0.02 0.03 0.05
ALO; 5.19 5.41 538 343 5.63 5.08 5.18 8.24 8.35 7.74 7.38 7.71 5.29 5.47 5.20 4.73 3.72 5.11 3.62
FeO* 21.55 24.61 20.76  27.86 2460 2531 22.26 1844  18.89 1942 2042 1856 2200 2076 21.74 2403 2585 2355 2731
MnO 0.44 0.26 0.42 0.56 0.22 0.24 0.46 1.20 1.11 0.93 0.71 0.97 0.86 0.82 0.61 0.51 0.46 0.39 0.28
MgO 7.45 4.87 7.60 4.66 5.24 4.59 6.24 10.20 9.95 9.49 9.20 9.93 9.00 9.46 7.93 7.03 5.51 5.89 4.84
CaO 1.12 0.46 1.07 1.32 0.47 0.39 1.69 5.20 4.73 4.80 5.28 5.29 333 3.61 2.58 1.93 1.20 0.61 0.69
Na,O 6.88 7.25 6.94 6.42 7.27 7.28 6.47 5.92 6.04 5.90 5.41 5.55 6.25 6.09 6.37 6.67 6.89 7.08 7.17
K,0 0.13 0.06 0.12 0.15 0.08 0.05 0.15 0.53 0.50 0.42 0.50 0.59 0.32 0.34 0.29 0.21 0.11 0.04 0.05
Total 96.15 95.93 95.76¢  96.08 96.91 96.20  95.84 97.58  96.29 9555 9617 9622 9747  96.77  95.94 97.08  96.83  97.02  97.41
Cations on the basis of 23 oxygens
Si 7.79 7.88 7.82 7.77 7.83 7.91 7.89 6.94 6.87 6.97 7.01 7.02 7.33 7.34 7.56 7.62 7.86 7.92 7.89
Ti 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.03 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.00 0.00 0.01
Al 0.89 0.95 0.93 0.61 0.97 0.89 0.90 1.42 1.45 1.36 1.30 1.35 0.91 0.94 0.91 0.82 0.65 0.88 0.63
Fe’" 1.19 1.04 1.10 1.52 1.13 1.05 0.87 1.25 1.45 1.34 1.30 1.18 1.53 1.44 1.24 1.38 1.24 1.08 1.30
Fe*" 1.44 2.01 1.44 1.98 1.89 2.10 1.89 1.00 0.88 1.08 1.24 1.11 1.15 1.11 1.45 1.57 1.97 1.79 2.07
Mn 0.05 0.03 0.05 0.07 0.03 0.03 0.06 0.15 0.14 0.12 0.09 0.12 0.11 0.10 0.08 0.06 0.06 0.05 0.03
Mg 1.62 1.08 1.66 1.05 1.15 1.02 1.38 222 2.19 2.11 2.04 2.19 1.96 2.06 1.75 1.54 1.22 1.28 1.07
Ca 0.18 0.07 0.17 0.21 0.07 0.06 0.27 0.81 0.75 0.77 0.84 0.84 0.52 0.57 0.41 0.30 0.19 0.10 0.11
Na 1.95 2.09 1.97 1.87 2.07 2.10 1.86 1.67 1.73 1.71 1.56 1.59 1.77 1.73 1.83 1.90 1.98 2.00 2.05
K 0.02 0.01 0.02 0.03 0.01 0.01 0.03 0.10 0.09 0.08 0.09 0.11 0.06 0.06 0.05 0.04 0.02 0.01 0.01
Total 15.14 15.17 15.16 15.11 15.15 15.17 15.15 15.58 1557 15.56 1550 15.54 1534 1535 15.29 1524 1519  15.11 15.16
*Total Fe as FeO
Sample KB 14-3 KB 05
Analysis 29 42 43 44 59 60 87 88 27 28 57 58 10 11 12 13 14 15 16
Amp2  Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2
Rbk Rbk  Mg-Rbk Mg-Rbk  Fgl ~ Mg-Rbk  Brs Brs Brs Brs Brs Brs Wnc Wnc  Mg-Rbk Mg-Rbk Mg-Rbk  Wnc Wnc
Rim — — — — — —
Sio, 52.85 54.28 S171 53.33 55.09 5310 49.84 5029 48.51 49.90  49.10  50.16 5270 54.19 54.84 5441 5466 5283  52.29
TiO, 0.03 0.05 0.10 0.08 0.01 0.03 0.14 0.23 0.17 0.12 0.16 0.14 0.01 0.00 0.00 0.05 0.00 0.04 0.03
ALO; 5.21 5.11 5.09 4.61 6.51 3.64 5.66 5.57 6.71 5.45 6.27 5.70 2.46 2.68 3.34 3.00 3.05 4.53 5.39
FeO* 25.83 23.14 2235 21.98 20.18  23.12 21.19 2233 2085 21.58 19.09 19.98 19.77 19.84  20.38 22,18  23.18 18.99 17.78
MnO 0.28 0.28 0.63 0.45 0.39 0.58 0.80 0.77 0.68 0.73 0.94 0.75 0.81 0.85 0.54 0.60 0.40 0.64 0.69
MgO 4.12 5.83 8.11 7.69 6.70 7.70 8.64 8.22 838 8.65 10.26 9.45 10.88  10.37 9.20 8.57 7.81 1035 10.67
CaO 0.46 0.38 2.48 1.45 0.41 2.52 3.40 3.29 4.72 3.60 5.10 4.20 3.71 337 1.33 1.22 0.84 3.49 431
Na,0 7.03 7.20 6.33 6.80 7.03 5.95 6.16 6.20 535 5.65 5.47 5.47 5.25 5.63 6.69 6.87 6.97 5.56 5.30
K,0 0.08 0.03 0.28 0.15 0.07 0.20 0.40 0.34 0.51 0.34 0.47 0.40 0.07 0.05 0.07 0.05 0.04 0.10 0.17
Total 95.89 96.30 97.07  96.53 96.40 96.85 9622 97.24  95.88 96.01 96.86 9626  95.67 9698  96.39 96.95  96.96  96.54  96.63
Cations on the basis of 23 oxygens
Si 7.90 7.96 7.54 7.79 7.96 7.78 7.37 738 7.24 7.37 7.19 7.37 7.69 7.81 7.92 7.87 7.93 7.62 7.55
Ti 0.00 0.01 0.01 0.01 0.00 0.00 0.02 0.03 0.02 0.01 0.02 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Al 0.92 0.88 0.88 0.79 111 0.63 0.99 0.96 1.18 0.95 1.08 0.99 0.42 0.45 0.57 0.51 0.52 0.77 0.92
Fe’ 1.08 1.01 1.40 1.21 0.86 1.28 1.32 1.37 1.13 1.45 1.25 1.27 1.52 1.29 1.29 1.41 1.39 1.32 1.13
Fe*' 2.15 1.83 1.33 1.47 1.58 1.55 1.29 1.37 1.47 1.21 1.09 1.18 0.89 1.10 1.17 1.27 1.42 0.98 1.02
Mn 0.03 0.03 0.08 0.06 0.05 0.07 0.10 0.10 0.09 0.09 0.12 0.09 0.10 0.10 0.07 0.07 0.05 0.08 0.08
Mg 0.92 1.28 1.76 1.67 1.44 1.68 1.90 1.80 1.87 1.91 224 2.07 2.37 2.23 1.98 1.85 1.69 2.23 2.30
Ca 0.07 0.06 0.39 0.23 0.06 0.40 0.54 0.52 0.76 0.57 0.80 0.66 0.58 0.52 0.21 0.19 0.13 0.54 0.67
Na 2.04 2.05 1.79 1.92 1.97 1.69 1.76 1.76 1.55 1.62 1.55 1.56 1.49 1.57 1.87 1.93 1.96 1.56 1.48
K 0.01 0.01 0.05 0.03 0.01 0.04 0.07 0.06 0.10 0.06 0.09 0.08 0.01 0.01 0.01 0.01 0.01 0.02 0.03
Total 15.13 15.11 15.23 15.18 15.04 15.12 15.37 1534 1540 15.25 1543 1530 15.08  15.10 15.09 1512 15.09  15.11 15.18

*Total Fe as FeO
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Table 1. (continued)
Sample KB 05
Analysis 17 18 19 20 21 22 25 24 26 27 36 37 38 47 48 49 50 51 52
Amp2  Amp2  Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2
Wne  Mg-Rbk ~ Wnc  Mg-Rbk Mg-Rbk Mg-Rbk Mg-Rbk Mg-Rbk ~ Wnc Wnc  Mg-Rbk  Brs Brs ~ Mg-Rbk Mg-Rbk Mg-Rbk Mg-Rbk Mg-Rbk Mg-Rbk
— — — Core — — — — — Rim
Si0, 5232 54.16 53.75 55.28 54.05 53.77 54.16 54.35 52.51 54.18 5438 50.77 51.33 54.48 54.20 54.65 55.22 54.39 55.20
TiO, 0.02 0.03 0.05 0.02 0.05 0.02 0.03 0.03 0.01 0.02 0.01 0.01 0.00 0.00 0.01 0.01 0.03 0.01 0.00
ALO; 5.21 5.47 2.03 435 4.69 4.92 2.61 2.67 3.16 232 3.87 543 5.46 3.17 554 5.26 4.49 5.66 5.37
FeO* 17.89 17.41 13.71  20.18  20.09 1946 2379 2027 1828 16.52 2341 1847 1791 22.96 19.7% 19.89  21.01 1935  19.02
MnO 0.64 0.52 1.20 0.35 0.32 0.46 0.53 0.53 0.90 1.05 0.48 0.65 0.65 0.43 0.46 0.39 0.31 0.44 0.32
MgO 10.55 9.92 14.52 8.75 8.91 9.01 7.76 9.80  11.53 12.53 732 1047 10.60 7.58 9.37 8.47 8.12 9.07 8.91
CaO 4.07 2.16 8.85 1.45 2.12 2.59 1.38 2.38 6.19 5.29 0.45 4.70 4.60 1.12 224 1.34 1.11 1.94 1.31
Na,O 5.50 6.36 243 6.49 6.32 6.12 6.62 5.92 4.17 4.20 7.34 5.17 5.09 6.70 6.39 6.51 6.93 6.62 6.66
K,0 0.09 0.07 0.12 0.03 0.07 0.07 0.03 0.07 0.14 0.07 0.05 0.13 0.13 0.05 0.07 0.05 0.05 0.07 0.06
Total 96.28 96.09  96.67 96.89  96.60 9642 9691  96.02  96.89 96.17  97.29  95.81 9576 96.48  98.07  96.56  97.27  97.55  96.86
Cations on the basis of 23 oxygens
Si 7.58 778 7.74 7.93 7.81 7.79 7.90 7.89 7.63 7.80 7.87 7.43 7.49 7.95 7.69 7.85 7.93 7.76 7.89
Ti 0.00 0.00 0.01 0.00 0.01 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 0.89 0.93 0.34 0.73 0.80 0.84 0.45 0.46 0.54 0.39 0.66 0.94 0.94 0.55 0.93 0.89 0.76 0.95 0.90
Fe' 1.12 1.04 0.74 1.15 1.13 1.03 1.45 133 1.07 1.19 1.39 123 1.18 1.30 1.24 1.16 1.08 1.09 1.06
Fe*" 1.05 1.05 091 1.27 1.30 1.33 1.46 1.13 1.15 0.80 1.44 1.03 1.01 1.50 1.10 1.23 1.44 121 1.21
Mn 0.08 0.06 0.15 0.04 0.04 0.06 0.07 0.06 0.11 0.13 0.06 0.08 0.08 0.05 0.06 0.05 0.04 0.05 0.04
Mg 228 2.12 3.12 1.87 1.92 1.95 1.69 2.12 2.50 2.69 1.58 2.29 2.30 1.65 1.98 1.82 1.74 1.93 1.90
Ca 0.63 0.33 1.37 0.22 0.33 0.40 0.22 0.37 0.96 0.82 0.07 0.74 0.72 0.18 0.34 0.21 0.17 0.30 0.20
Na 1.55 1.77 0.68 1.80 1.77 1.72 1.87 1.67 1.17 1.17 2.06 1.47 1.44 1.89 1.76 1.81 1.93 1.83 1.85
K 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01
Total 15.19 15.11 15.07 15.03 15.11 15.14 15.09 15.04 15.16 15.00 15.14 15.23 15.18 15.08 15.11 15.03 15.11 15.14 15.06
*Total Fe as FeO
Sample KB 05
Analysis 53 54 57 58 59 60 61 62 63 64 65 66 1 6 9 10 12 14 15
Amp2  Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2
Mg-Rbk Mg-Rbk  Wnc Wnc Wnce Wnc Wnc Wnc Wnc  Mg-Rbk  Wnc Wnc Wnc  Mg-Rbk Mg-Rbk Mg-Rbk Mg-Rbk Mg-Rbk Mg-Rbk
Rim — — — — Core — — — — — Rim Core — — — — —
SiO, 54.12 5374 5297 5372 5410  53.71 5295 5321  53.69 5449 5452 5325 52.67 53.68 53.12 5335 5475 5446  53.88
TiG, 0.00 0.04 0.02 0.01 0.03 0.04 0.02 0.03 0.02 0.01 0.01 0.02 0.01 0.00 0.06 0.00 0.04 0.02 0.00
ALO; 237 2.36 4.80 4.79 4.57 4.69 4.80 3.83 3.48 2.60 2.10 298 2.58 2.77 2.62 2.58 3.82 4.08 4.96
FeO* 20.31 24.23 19.13 18.37 18.64 18.20 18.58 20.38 21.50 19.19 17.96 18.26 20.21 20.99 24.13 23.87 21.01 19.20 17.74
MnO 0.82 0.45 0.62 0.62 0.64 0.59 0.64 0.55 0.49 0.85 0.87 1.07 0.86 0.66 0.57 0.57 0.39 0.48 0.48
MgO 10.48 7.23 1045 10.14 10.56 10.27 10.15 10.05 9.37 10.41 11.87  11.40 10.67 9.80 7.62 7.54 8.68 9.70 9.73
CaO 3.20 1.04 4.25 3.27 3.31 3.29 3.52 3.96 3.30 2.92 4.62 5.25 3.54 1.82 1.06 1.00 1.48 2.36 297
Na,O 5.61 6.83 5.21 5.97 5.76 5.78 5.69 5.17 5.56 5.65 4.88 4.61 5.46 6.36 6.57 6.63 6.34 5.99 6.05
K,O0 0.08 0.03 0.12 0.11 0.09 0.09 0.10 0.10 0.07 0.06 0.07 0.15 0.05 0.01 0.00 0.00 0.01 0.03 0.06
Total 96.99 95.95 97.55 97.00 97.70 96.66 96.47 97.28 97.48 96.19 96.89 97.01 96.05 96.09 95.75 95.54 96.52 96.32 95.86
Cations on the basis of 23 oxygens
Si 7.80 7.94 7.59 7.73 7.70 7.73 7.66 7.67 7.74 7.88 7.83 7.69 7.67 7.78 7.82 7.88 7.90 7.85 7.83
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 0.01 0.00 0.00 0.00 0.00
Al 0.40 0.41 0.81 0.81 0.77 0.80 0.82 0.65 0.59 0.44 0.36 0.51 0.44 0.47 0.45 0.45 0.65 0.69 0.85
Fe’" 1.43 1.41 1.24 1.04 1.22 1.09 1.15 1.33 1.34 1.28 1.18 1.15 1.56 1.61 1.67 1.59 1.32 1.20 0.85
Fe*" 1.02 1.59 1.06 1.17 1.00 1.11 1.10 1.13 1.25 1.04 0.98 1.05 0.90 0.94 1.30 1.36 1.22 1.12 1.30
Mn 0.10 0.06 0.08 0.08 0.08 0.07 0.08 0.07 0.06 0.10 0.11 0.13 0.11 0.08 0.07 0.07 0.05 0.06 0.06
Mg 225 1.59 223 2.17 224 220 2.19 2.16 2.01 225 2.54 2.46 232 212 1.67 1.66 1.87 2.08 211
Ca 0.49 0.16 0.65 0.50 0.50 0.51 0.55 0.61 0.51 0.45 0.71 0.81 0.55 0.28 0.17 0.16 0.23 0.36 0.46
Na 1.57 1.96 1.45 1.66 1.59 1.61 1.60 1.44 1.55 1.59 1.36 1.29 1.54 1.79 1.88 1.90 1.77 1.67 1.71
K 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.01 0.01
Total 15.07 15.13 1512 15.18 15.11 15.14 15.16 15.07  15.07 15.05 15.08 1513 15.10  15.07 15.04 1506 1500 15.04 1518
*Total Fe as FeO
Sample KB 05
Analysis 16 17 20 21 22 23 24 25 26 27 28 29 30 31 32 34 35 36 37
Amp2  Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2
Wnc Wnc  Mg-Rbk  Wnc Mg-Rbk  Wnc ‘Wnc Wne Wnc  Mg-Rbk  Wnc Wnc Wnc  Mg-Rbk Mg-Rbk  Wnc Wnc  Mg-Rbk  Wnc
— — — — — — — — Rim Core — — — — — Rim Core —
Si0, 53.59 5346 5406 53.72 5373 5297 5251 53.01  53.49 5412 5314 5321 5432 5428 5450 5481 5473 5509  54.98
TiO, 0.01 0.03 0.03 0.00 0.08 0.01 0.00 0.03 0.05 0.02 0.07 0.03 0.04 0.00 0.00 0.00 0.00 0.03 0.01
AlLO; 4.71 5.06 4.85 4.39 4.66 4.71 4.78 4.97 3.74 4.00 4.30 3.84 3.50 3.26 2.95 2.75 223 2.81 2.85
FeO* 18.92 18.42 17.63 18.59 18.80 17.83 17.80 18.49 19.73 20.46 21.01 19.93 20.96 21.78 22.67 19.61 19.17 19.96 18.50
MnO 0.56 0.61 0.65 0.69 0.82 0.58 0.55 0.58 0.61 0.61 0.62 0.58 0.59 0.50 0.48 0.77 0.82 0.65 1.07
MgO 10.44 10.55 10.03 10.42 10.09 10.34 10.68 10.11 10.20 9.65 9.39 9.57 9.35 9.20 8.83 10.56 10.56 10.54 11.12
CaO 3.36 3.68 3.00 332 321 4.02 4.39 3.97 4.05 3.07 3.62 3.47 3.26 2.62 2.29 3.36 3.51 231 3.93
Na,O 5.80 5.61 5.79 5.40 5.52 5.12 4.96 513 5.28 5.57 5.47 5.36 5.70 5.88 6.06 5.34 5.20 6.15 5.18
K,0 0.06 0.06 0.05 0.06 0.05 0.08 0.08 0.09 0.03 0.06 0.07 0.05 0.02 0.05 0.03 0.02 0.05 0.03 0.06
Total 97.45 97.49  96.09  96.60 9695 9566 9574  96.38  97.18 97.55  97.69 96.02  97.73  97.56  97.82 9721 9627  97.58  97.70
Cations on the basis of 23 oxygens
Si 7.66 7.63 7.80 7.71 7.70 7.71 7.63 7.66 7.71 7.74 7.65 7.76 7.81 7.80 7.83 7.84 7.92 7.84 7.83
Ti 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.79 0.85 0.83 0.74 0.79 0.81 0.82 0.85 0.63 0.67 0.73 0.66 0.59 0.55 0.50 0.46 0.38 0.47 0.48
Fe™™ 1.25 1.20 1.00 1.30 1.28 1.06 1.13 1.14 1.19 1.34 1.31 1.21 1.19 1.39 1.44 1.34 1.22 1.44 1.23
Fe*” 1.01 1.00 1.13 0.93 0.98 1.11 1.03 1.10 1.19 1.11 1.22 1.22 1.33 1.22 1.28 1.01 1.09 0.93 0.98
Mn 0.07 0.07 0.08 0.08 0.10 0.07 0.07 0.07 0.07 0.07 0.08 0.07 0.07 0.06 0.06 0.09 0.10 0.08 0.13
Mg 222 224 2.16 223 2.15 224 2.31 2.18 2.19 2.06 2.01 2.08 2.00 1.97 1.89 225 228 224 2.36
Ca 0.51 0.56 0.46 0.51 0.49 0.63 0.68 0.62 0.63 0.47 0.56 0.54 0.50 0.40 0.35 0.51 0.54 0.35 0.60
Na 1.61 1.55 1.62 1.50 1.53 1.44 1.40 1.44 1.48 1.54 1.53 151 1.59 1.64 1.69 1.48 1.46 1.70 1.43
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01
Total 15.13 15.13 1509  15.02 15.03 15.08 15.09 15.07  15.11 15.03 15.10  15.06 15.09  15.05 15.05 15.00 1501  15.05  15.04

*Total Fe as FeO
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Table 1. (continued)

Sample KB 05
Analysis 38 39 40 43 2 6 8 9 10 20 21 24 28 29
Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2 Amp2
Wnc  Mg-Rbk  Wnc Wnc Wnc  Mg-Rbk Mg-Rbk Mg-Rbk Mg-Rbk  Wnc  Mg-Rbk Mg-Rbk Mg-Rbk Mg-Rbk
— — — Mantle
SiO, 54.29 54.60 5435  53.19 51.93 5331 54.32 5434 5415 52.15 5440  52.00 5411 5395
TiO, 0.00 0.00 0.00 0.04 0.05 0.02 0.00 0.02 0.02 0.02 0.00 0.00 0.00 0.01
ALO; 2.94 2.72 2.67 2.82 5.06 4.50 2.87 2.93 3.33 297 3.10 5.94 2.56 3.12
FeO* 18.50 19.07 18.86 18.44 18.25 18.56 22.03 22.38 19.75 17.49 20.31 19.23 22.88  22.68
MnO 0.86 0.87 0.93 0.97 0.66 0.60 0.45 0.44 0.68 1.08 0.56 242 0.48 0.42
MgO 11.08 10.17 11.24 10.95 10.42 10.05 8.32 8.07 9.50 11.84 9.63 8.50 8.48 8.03
CaO 3.47 2.87 4.60 5.12 3.71 3.00 1.29 0.84 2.24 6.16 1.79 2.25 1.14 0.97
Na,O 5.33 5.70 4.90 4.44 5.47 5.64 6.42 6.60 5.97 4.00 6.27 6.04 6.67 6.71
K,0 0.04 0.02 0.05 0.07 0.09 0.06 0.00 0.01 0.02 0.10 0.02 0.03 0.01 0.01
Total 96.50 96.03 97.61  96.03 95.64 95.74 95.71 95.62  95.65 95.80 96.08  96.40 96.33  95.89
Cations on the basis of 23 oxygens
Si 7.80 7.92 7.78 7.76 7.56 7.731 7.942 7.943  7.880 7.631 7.869  7.528 7.876  7.887
Ti 0.00 0.00 0.00 0.00 0.01 0.002 0.000 0.002  0.002 0.002 0.000  0.000 0.000  0.002
Al 0.50 0.47 0.45 0.48 0.87 0.770 0.494 0.504  0.571 0.511 0.529 1.014 0.439  0.537
Fe’” 1.34 1.20 1.21 1.12 1.28 1.236 1.398 1.469 1.279 1.139 1.419 1.534 1.567 1.478
Fe*” 0.88 1.11 1.05 1.13 0.94 1.016 1.296 1.267 1.125 1.000 1.038  0.794 1.218 1.295
Mn 0.10 0.11 0.11 0.12 0.08 0.074 0.056 0.054  0.083 0.133 0.069  0.297 0.059  0.052
Mg 2.37 2.20 2.40 2.38 2.26 2.172 1.814 1.759  2.060 2.583 2.077 1.833 1.840 1.749
Ca 0.53 0.45 0.71 0.80 0.58 0.466 0.201 0.131  0.349 0.965 0.278  0.348 0.178  0.151
Na 1.48 1.60 1.36 1.26 1.54 1.585 1.820 1.869 1.683 1.134 1.757 1.695 1.883 1.903
K 0.01 0.00 0.01 0.01 0.02 0.011 0.001 0.003  0.004 0.019 0.003  0.005 0.002  0.002
Total 15.03 15.05 15.08 15.07 15.14 15.06 15.02 15.00 15.04 15.12 15.04 15.05 15.06 15.06

*Total Fe as FeO



