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This study presents new data regarding the petrographic and
mineralogical characteristics of amphibole-bearing multiphase solid
wnclusions (MSI) enclosed in olivine and plagioclase from a
well-characterized fapanese layered gabbro, the Murotomisaki
Gabbroic Intrusion. Bulk compositions of the MSI were obtained
using  wavelength-dispersive  (WDS) —and  energy-dispersive
(EDS) techniques combined with modal analysis. Many MSI in
olivines are spherical or polygonal in shape and are mainly composed
of pargasitic amphibole, orthopyroxene, and mica ( biotite and aspi-
dolite). The MSI in olivine phenocrysts in the chilled margins of
the intrusion are composed of plagioclase and hornblende rather
than pargasite. Many of them are found to be enriched in olivine com-
ponents in therr bulk compositions, and therefore they cannot be re-
garded as simple trapped basaltic melts or their derivatives. The
MSI in plagioclase are more irregular in shape and occur in the re-
sorbed part of calcic plagioclase cores; they are mainly composed of
pargasite and sodic plagioclase. Attempts were made to obtain the
original composition of the MSI melts by applying a correction for
Fe—Mg exchange reactions with the host olivine. It was found that
after the correction, the MSI in the chilled margin were closest to
the published initial basaltic melt composition, whereas the
olwvine-hosted MSI from the olivine gabbros were still fairly high in
olivine components despite the correction. Such post-entrapment
modification was probably minimal for the plagioclase-hosted MSI
because plagioclase is essentially free of Mg and Fe, and therefore
plagioclase-hosted MSI are believed to represent the compositions of
the original trapped melts. These are characteristically enriched in
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plagioclase components. We believe that the anomalous compositions
of the trapped melts (afler the corrections) were generated by local
dissolution of olivine and plagioclase caused by the introduction of
water from lower horizons of the crystallization boundary layer in a
magma chamber. The MSI are therefore considered to provide new
evidence for the dissolution of silicates by hydrous fluxing in a lower
crystallizing boundary layer of a magma reservotr during solidifica-
tion of basaltic magma.

KEY WORDS: crystallized melt inclusion; amphibole; magmatic
differentiation; water; fluid; boundary layer; magma chamber

INTRODUCTION

The study of melt inclusions in igneous rocks is important
because it provides potentially useful information about
the nature of the primary melt and its subsequent fraction-
ation trend. Significant advances have been made in the
study of melt inclusions in volcanic rocks over the last four
decades, which have contributed to our understanding of
the petrogenesis of the parental magmas (Sobolev &
Shimizu, 1993; Kamenetsky et al., 1997; Berry et al., 2008;
Trua et al., 2010), in particular, the presence and compos-
ition of volatile components (Anderson, 1973; Lowenstern,
2003; Saito et al., 2010). Unlike volcanic rocks, however,
‘melt inclusions’ in plutonic rocks are more difficult to
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study because they have not been ‘quenched” and typically
occur as multiphase solid inclusions (MSI). The MSI do
not necessarily represent the frozen melt in terms of their
bulk composition and may have been substantially modi-
fied from the original trapped melts, during or after crys-
tallization, by reaction with their hosts (and possibly with
the surrounding melt outside the host) (Danyushevsky
et al., 2000; Gaetani & Watson, 2000; Veksler, 2006;
Jakobsen et al., 2011). Thus, we must first identify these
MSI as frozen melts and then make the appropriate cor-
rections to the analytical data to retrieve the primary com-
position of the melts at the time of their entrapment.

During the course of petrological investigations of a
Japanese layered gabbro, the Murotomisaki Gabbroic
Intrusion (MGI) (e.g. Hoshide et al., 2006), we noted that
there were many MSI enclosed in olivine and plagioclase.
Based on analyses of their bulk composition, it soon
became apparent that these MSI, particularly those in
olivine, had rather anomalous compositions, enriched in
olivine components, that could not be produced by
normal crystal fractionation processes from a basaltic
magma. The purpose of this study is to present new data
for these MSI from well-characterized sections of the in-
trusion as a function of their stratigraphic position and to
discuss their origin. Bulk compositions of MSI were ob-
tained from a combination of mineral modal and electron
microprobe analyses. Special attention was paid to the
compositional zoning of the minerals within the MSI be-
cause it might provide useful information on the mode
and the conditions of crystallization differentiation of the
trapped melts. The hypothesis we propose for the origin of
the anomalous melts involves local dissolution of the oliv-
ine and plagioclase primocrysts during the solidification
of the intruded magma body as a whole, induced by flux-
ing of HyO-rich fluids that were liberated and supplied
from crystallizing magma in the lower magmatic bound-
ary layer. This may have significant implications for the
origin of igneous layering and the formation of pegmatitic
structures, as described below.

MUROTOMISAKI GABBROIC

INTRUSION

The Murotomisaki Gabbroic Intrusion (MGI) is a sill-like
layered intrusion (up to ¢. 210 m thick) of tholeiitic affinity
(Yajima, 1972) located near Cape Murotomisaki, Shikoku,
Japan (Iig. 1). It has been shown that the intrusion was
differentiated from a single batch of basaltic magma
emplaced into ‘lertiary sediments (the Shimanto
Formation) at ¢. 14 Ma (Hamamoto & Sakai, 1987). The in-
trusion is subdivided into three major stratigraphic zones
on the basis of the cumulus phases and grain size: a
Lower Zone (LZ), a Middle Zone (MZ), and an Upper
Zone (UZ) (Fig. 2a). A brief summary of the

characteristics of each zone is given below. For further
petrographic details the reader is referred to Hoshide et al.
(2006) and Hoshide & Obata (2009).

The Lower Zone

This occupies the lower half of the intrusion and consists of
fine- to medium-grained olivine gabbro. Olivine and
plagioclase are the only cumulus phases and augite occurs
only interstitially although it dominates in volume in some
samples. Amphibole occurs in subordinate amounts over-
growing the interstitial augite (Fig. 3d). Olivine near such
amphiboles often has reaction rims of orthopyroxene,
which is partly altered to talc (Fig. 3d).

The Lower Zone has a chilled margin of ¢. 3 m thickness
at its base where the rock texture varies from fine-grained
basaltic in the lowermost part to doleritic in the upper
part. The finest-grained part, restricted to a few centi-
metres from the lower contact, contains a few micropheno-
crysts of olivine (up to 8 vol. %, average grain size
250 um) and plagioclase (~1-3 vol. %, average grain size
200-300 pm) set in a dark-colored, fine-grained matrix
that is composed of olivine, plagioclase (<50 pm), pyrox-
ene, hornblende, and opaque phases. The phenocrystic
olivine shows clear normal zoning from Fogs in the core to
Fogs in the rim. The composition of olivine (Fogs) in the
core is the most magnesian throughout the intrusion.

Apart from the chilled margin, the Lower Zone is fur-
ther subdivided into two subzones: a crystal accumulation
(AC) subzone (lower 40 m) and a crystal growth (GR)
subzone (upper 60 m) (Fig. 2a). The AC subzone is defined
by its higher crystal number densities of olivine above the
average value of the whole intrusion, which is in accord
with the value of the lower chilled margin (Fig. 2d), where-
as the GR subzone has reduced crystal number densities
of olivine below the average value (Hoshide ez al., 2006).
The olivine grain size is relatively constant in the AC sub-
zone and rapidly increases in the GR subzone (Fig. 2c).
The plagioclase grain size, however, gradually and mono-
tonically increases (up to 10 mm in length) from the lower
chilled margin even within the AC subzone (not shown in
Fig. 2). There is one clear peak of olivine modal abundance
in the AC Zone (Ol), which coincides with that of olivine
crystal number density, whereas two other peaks of olivine
abundance occur in the GR subzone (O2 and O3), each
of which may be correlated with peaks in olivine grain
size (Fig. 2c). The AC subzone looks homogeneous and
monotonous in the field except for some gradual upward
coarsening of the rocks. The GR subzone, on the other
hand, is more inhomogeneous and contains conspicuous
compositional banding or layering as well as abundant
pods and veins of gabbroic pegmatite (a few centimetres
to 2m in thickness) and layers of anorthosite (Hoshide &
Obata, 2009).
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Fig. 1. Simplified geological map of the Murotomisaki Gabbroic Intrusion. Modified from Hoshide ez al. (2006). 1, chilled marginal zone; 2,
olivine gabbro; 3, coarse gabbro; 4, country rocks (sandstone—shale alternation). LZ, Lower Zone; MZ, Middle Zone; UZ, Upper Zone.

The Middle Zone

This is composed of coarse gabbros comprising augite and
plagioclase. These have been divided into types I and II
based upon their cumulus phases and rock textures
(Akatsuka et al., 1999; Hoshide et al., 2006). Type I contains
only one cumulus phase, plagioclase (average grain size

1-2 cm), set in a matrix of augite, forming an ophitic tex-
ture. This occurs in the upper Middle Zone about 130 m
above the base. Type II gabbro contains augite (average
grain size 1-2cm) and plagioclase (average grain size
~lcm) as cumulus phases and occurs in the lower half of
the Middle Zone. Augite is more abundant in Type II
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Fig. 3. Photomicrographs of O-type MSI and other related textures from the Lower Zone of the MGI. (a) An olivine crystal containing O-type
MSI, from an olivine-rich layer (43 m from the base). [Note that brownish cores of pargasite (Prg) are located closer to the olivine wall.] Thin
platelets of augite-magnetite symplectite (shown with white arrows) occur in the olivine. Cross-polarized light. (b) Back-scattered electron
(BSE) image of an O-type MSI (in olivine) from sample 92080704 (70 m from the base). Orthopyroxene occurs in the outermost rim of the
MSI, adjacent to the olivine wall. (Note that some pargasite crystals have crystal facets facing inward into the MSL) Some orthopyroxene has
been altered to talc, adjacent to which distinctively Fe-rich olivine (Fa, ~Fos,) occurs in the olivine wall. (¢) BSE image of an O-type MSI

(continued)
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than inType I. Hornblende, biotite, apatite, and titanifer-
ous magnetite are common accessory phases in both types
(Fig. 2b). Olivine does not occur as a cumulus phase
in either type, but does occur rarely interstitially (size
0-5-lcm) in one sample of Type I gabbro (sample
91080906); its composition is Fos; 40, which is the most
iron-rich olivine throughout the intrusion.

The Upper Zone

This is nearly a mirror image of the Lower Zone except for
its smaller thickness than the Lower Zone. It is composed
of fine- to medium-grained olivine gabbro and has a
chilled margin of ¢. 2m thickness at its top. The upper
chilled margin, however, is more coarse-grained than the
lower one, and lacks the very fine-grained selvedge (of bas-
altic texture) observed in the lower chilled margin.
Moving downward from the wupper contact, the
fine-grained doleritic margin grades into medium-grained
picritic gabbro (with plagioclase grain size of ¢. 2mm in
length) where olivine is the most abundant and highest in
crystal number density in the Upper Zone (Fig. 2). Below
this horizon, plagioclase is the only cumulus phase and
olivine occurs only interstitially (i.e. as a postcumulus
phase). Olivine gabbros in a distinct horizon (~208 m
from the base) in the Upper Zone contain many small
spherical clots of 1-3mm in size that are composed of
polycrystalline greenish hornblende (the modal compos-
ition of this part is not shown in Fig. 2b). The olivine com-
position in the Upper Zone varies in the range of Fogy 55
with a general tendency to become more iron-rich down-
ward (Fig. 2e).

MULTIPHASE SOLID INCLUSIONS

Three types of inclusion

Multiphase solid inclusions (MSI) exclusively occur in the
cumulus crystals of olivine and plagioclase in the
Murotomisaki Gabbroic Intrusion. Although the mineral-
ogical and textural characteristics of the MSI are variable,
reflecting their host phase and their stratigraphic position,
amphibole (pargasitic hornblende to hornblende) is a
common and dominant phase. For this reason the MSI,
particularly those in olivine, were once referred to as
‘amphibole clots’ (e.g. Hoshide & Obata, 2009). For case
of description, we first classify the inclusions into two

major categories: O-type, for those hosted in olivine, and
P-type, for those hosted in plagioclase. The O-type MSI
are composed mainly of pargasitic amphibole, orthopyrox-
ene, and mica. In addition, because of their mineralogical-
ly and compositionally distinct nature, we define a third
type, the O’-type, for those hosted in olivine phenocrysts
in the lower chilled margin. The O’-type MSI are, in con-
trast to the O-type, composed of hornblende (not parga-
site), plagioclase, and orthopyroxene, and have a different
bulk composition from the O-type MSI as shown below.
All types of MSI are holocrystalline with no glass. Other
kinds of multiphase solid inclusion also occur occasionally
in some apatite and ilmenite. However, because of their
rarity, we do not discuss them further here.

Petrography of the MSI
The mineralogical characteristics and approximate modal

composition of each type of MSI are summarized in
Table 1 and are described below.

O-type MSI
These are typically round or sometimes nearly polygonal
in shape, varying in size from several tens to several hun-
dred micrometres in diameter; some are elongated in
shape (Figs 3a and 4). The size of the MSI is variable,
even within a single thin section. Although some inclu-
sions, particularly the large ones, may be partly connected
in three dimensions to the outer matrix of the host olivine
crystals, most MSI are considered to be ‘true inclusions’ in
the sense that they are completely enclosed in the host,
and disconnected from the matrix. The O-type MSI are
modally dominated by pargasitic hornblende and ortho-
pyroxene with subordinate amounts of biotite-like mica.
Common accessory phases include apatite, titanomagne-
tite, hematite, and sulfides. Olivine is absent in this type
of MSI except for rare, tiny inclusions in some pargasite
crystals. Plagioclase is also absent in this type. Within the
Lower Zone, amphibole is the dominant phase in the GR
subzone, whereas orthopyroxene is more dominant in the
AC subzone, except in the olivine-rich horizon (Ol).
Figure 5 shows the stratigraphic variation in the abun-
dance and average size of the O-type MSI, which shows
that they are larger and more abundant in the GR subzone
than in the AC subzone. In more detail, as we move up-
wards from the olivine-rich horizon in the AC subzone
(peak Ol), the abundance of the O-type MSI first

Fig. 3 Continued

including a composite grain of K-rich mica (biotite) and Na-rich mica (aspidolite; Asp). From sample 92080706 (71m from the base).
(d) Hornblende occurs in the matrix, at the edge of an interstitial augite grain. From sample 91080708 (62 m from the base). Olivine near the
hornblende often has a rim of orthopyroxene, which is now altered to talc. Plane-polarized light. (e) ‘Matrix’ hornblende also occurs in an em-
bayment in an olivine crystal, which is itself included in a large augite crystal. Plane-polarized light. From sample 06080701 (50 m from the
base). (f) BSE image of an O-type MSI (in olivine) from the upper part of the AC subzone (sample 92080912; 21 m from the base). (g) Thin ori-
ented platelets of augite-magnetite symplectite lamellae in olivine near an O-type MSI (indicated by arrows). Plane-polarized light. (h) BSE

image of an O-type MSI including aspidolite.
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Table I: Mineralogical characteristics of three types of MSI from MGI

Inclusion Host zones Main constituent phases Accessory phases Remarks

Size range (um) Phase Modal (vol. %)

O-type; host phase O/

30-600 AC (lower part) and GR Amp 41-64 Cpx, Ap, Ti-Mag, sulfide Amp, strongly zoned; PI rare
Opx 29-39
Mica* 6-19

AC (upper part) Amp 30-33 Ap, Ti-Mag, sulfide Amp, moderately zoned

Opx 44-45
Mica* 23-24

O’-type, host phase Ol (phenocryst)

10-100 lower chilled margin Amp 48 voids abundant
Pl 37
Opx 4

P-type, host phase Pl

100-1000 GR* Amp 13-41 llm, sulfide Pl zoned Angz_go;
PI 45-82 Ol rare
Ti-Mag 2-7 insubstantial void
Ap 2-6

*Mica includes biotite, aspidorite and chlorite.
TP-type MSI are distributed in all of the zones, but the features described here apply only to those from the GR subzone.
Amp, amphibole; Opx, orthopyroxene; Cpx, clinopyroxene; Ap, apatite; Ti-Mag, titaniferous magnetite; llm, ilmenite.
Other abbreviations are the same as in Fig. 2.

Fig. 4. Distribution of O-type MSI in olivines in an olivine gabbro (from the GR subzone, sample 92080704, 70 m from the base). The MSI are
highlighted white and outlined on a thin section photomicrograph, taken in plane-polarized light.
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/ whole-rock
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Fig. 5. Stratigraphic variations of (a) the abundance of olivine (vol. %), (b) modal variation of O-type MSI, (c) modal variation of O-type
MSI normalized by the modal olivine, and (d) average size of O-type MSI. Approximate horizon of the AC-GR boundary is indicated by

the dashed line.

decreases before increasing rapidly in the GR subzone to-
wards the olivine-rich horizon (peak O2), after which it
decreases again (Fig. 5b). This modal variation is shown
also in the olivine-normalized mode (i.e. mode of the in-
clusion divided by the modal proportion of olivine)
(Fig. 5c¢), which indicates that the increase in inclusion
abundance cannot be ascribed to the accumulation of the
olivine crystals. The O-type MSI in the Upper Zone are
mineralogically similar to those from the Lower Zone AC
subzone but are less abundant (not shown in Fig. 5).

The O-type MSI have a concentric internal structure
with orthopyroxene occupying the outermost part in
contact with the olivine host (Fig. 3b and c) surrounding
amphibole with mica at the center. Talc occurs locally,
replacing the orthopyroxene, and is associated with
irregularly shaped, small grains of hematite (Fig. 3b). The
boundary between the talc and the orthopyroxene is
irregular. The olivine wall in direct contact with the talc
is distinctly more Fe-rich than the adjacent host olivine
(Fig. 3b).

The amphiboles are typically zoned, containing a
brownish core of strongly pargasitic composition mantled
by a greenish rim of pargasite to hornblende. The zoning
pattern is not symmetrically concentric, and the pargasitic
core is displaced closer to the olivine wall (Fig. 3a), which
may suggest that pargasitic amphibole first nucleated on
the olivine wall (or the orthopyroxene rim) and grew
inward into the inclusion. In the orthopyroxene-dominant
varieties (i.e. those from the upper part of the AC sub-
zone), the amphibole does not show such distinct zoning

and does not contain the strongly pargasitic cores (Fig. 3f).
Some pargasitic cores contain small blebs of augite
(~0um in diameter). These augite inclusions share the
same extinction angle within a restricted area of the host
amphibole, which suggests that they were originally part
of the same grain. Furthermore, some amphiboles contain
minute, fluid-like inclusions (less than 10pm in size).
Cummingtonite occurs locally, and is probably of a sec-
ondary origin.

The biotite-like micas from the inner portion of the
O-type MSI (Fig. 3b, ¢ and f) are optically inhomogen-
eous, some being pale green in plane-polarized light and
others pale brown. Locally, some of the micas have been
partly or completely altered to chlorite. Microprobe ana-
lysis reveals that many of the biotite-like micas are not
really biotite and that some are the Na-bearing mica aspi-
dolite, as described below.

The amphibole in some ‘imperfect’” MSI partly
enclosed in olivine that is further included in a large
augite crystal (Fig. 3e) is not pargasitic but horn-
blende like that in the matrix. It seems, therefore, that
the fact that the amphibole is pargasitic can be an
assurance that the inclusions are perfect and that true in-
clusions are physically and chemically separate from the
matrix.

O’ -type MSI

These are smaller in size (10-100 pm) than the O-type
(Fig. 6a). Unlike the O-type MSI, plagioclase is an essen-
tial daughter phase, as well as amphibole and
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Fig. 6. Photomicrographs of O’-type and P-type MSI. (a) Back-scattered electron (BSE) image of a phenocrystic olivine containing O’-type
MSI. Sample from the lower chilled margin (sample LCM32). (Note that one MSI is connected to the matrix forming a ‘bottle-neck’ structure,)
(b) A close-up image of one of the MSI indicated by the frame in (a). (¢) BSE image of P-type MSI occurring in an embayment in the calcic
core of a zoned plagioclase, from GR subzone (sample 92080706; 71 m from the base). High-An edges occur around the P-type MSL (d) A
photomicrograph of a P-type MSI in a pool in a plagioclase core (from the GR subzone). From sample 92080706 (71m from the base).
(e) BSE image of a P-type MSI, from the GR subzone (sample 91080509; 55 m from the base). Submicron-scale intergrowths of ilmenite and
chlorite occur in pargasitic amphibole. (Note the high-An rim around the P-type MSL) (f) BSE image of assemblies of small crystals of magnes-
ian olivine (Fo;p) and magnetite occurring in embayments in the calcic core of a zoned plagioclase. From sample 92080706 (71 m from the
base). Ti-Mag, titaniferous magnetite. Other abbreviations for minerals are the same as in Figs 2 and 3.
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orthopyroxene (Table 1, Fig. 6b). The plagioclase is fairly
sodic, Ansg 50 (Table 6). The amphibole in this type is
hornblende in composition and not pargasite. Voids (or
vesicles) are abundant, which suggests that the melts were
saturated with volatiles in this type when they were
entrapped. Like the O-type MSI, orthopyroxene and
amphibole tend to occupy the outer parts of the MSI,
whereas plagioclase tends to occur inside (Fig. 6b). Rarely
this type of MSI is connected to the surrounding matrix
via cuspate olivine boundaries (Fig. 6a), showing how the
ambient melt may be entrained in a growing crystal of
olivine to form this type of MSI. In some chilled margin
dolerites, both O-type and O’-type MSI occur together
in the same crystals of olivine.

P-type MSI

These are more ubiquitous and occur in plagioclase
throughout the intrusion, except for the chilled margins.
They are more irregular in shape than the O- and
O’-type. The P-type MSI are particularly abundant in the
GR subzone. They are composed of pargasitic amphibole
and sodic plagioclase with accessory titaniferous magnet-
ite. They typically occur in embayments (Fig. 6¢) or in
pools in the calcic cores of zoned plagioclase (Fig. 6d).
Thin, high-An rims (Hoshide & Obata, 2009), which are
more calcic in composition than the cores, are developed
surrounding the core and are not counted as a part of the
MSI (Figs. 6¢—¢). The daughter phases of the P-type MSI
in the GR subzone are sodic plagioclase (Angs o) and
pargasite with accessory apatite, titaniferous magnetite,
ilmenite, and sulfides (e.g. CuleS,). Pargasite always
(Fig.  6d).
Titaniferous magnetite has been altered to an intergrowth

occurs adjacent to the inclusion wall
of magnetite and ilmenite. Where titaniferous magnetite is
included in pargasite, the magnetite intergrowth appears
to have been replaced by biotite, but the ilmenite lamellae
survive the alteration (Fig. 6e; Ilm—Bt intergrowth). The
apatite often contains tiny fluid-like inclusions (<10 pm).
Olivine is typically absent in the P-type MSI, but the
sodic plagioclase portion rarely does include assemblages
of small amoeboidal crystals of olivine (~Fozy; much
more magnesian than ordinary olivines outside the plagio-
clase) and magnetite (Fig. 6f).

SAMPLES AND ANALYTICAL
METHODS

Sample selection and measurement of
abundances and sizes of MSI

For a detailed study of the MSI, we selected 18 samples
from different horizons of the intrusion (six from the AC
subzone and 12 from the GR subzone) from the 100 m
thick Lower Zone (Fig. 2a). The abundance and average
size of the olivine-hosted MSI was measured for 12 selected
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samples (Fig. 5). Eight samples were selected for micro-
probe analyses of the minerals of the MSI, the host olivine,
and the surrounding matrix. Among them, the bulk com-
positions of the olivine-hosted MSI were obtained for five
samples (three from the AC subzone and two from the
GR subzone). Two samples from the GR subzone were
used for the analysis of the bulk compositions of the
P-type MSI.

Electron microprobe analysis

Backscattered electron images, X-ray mapping, and quan-
titative analyses of minerals were obtained using a JEOL
WDS electron microprobe JXA-8105 installed at Kyoto
University. X-ray elemental maps were acquired at 15 kV
accelerating voltage, 500-600 nA beam current, 1 pm
beam diameter, and a count time of 400 ms per pixel. For
quantitative analyses, an accelerating voltage of 15kV and
a beam current of 10 nA were used throughout; each elem-
ent was counted for 10s except for the halogens. Cl and F
in amphibole and mica were counted for 90s for each
clement. Natural and synthetic minerals of well-known
compositions were used as standards: quartz (Si), rutile
(T1), corundum (Al), chromium oxide (Cr), hematite (Ie),
rhodonite (Mn), periclase (Mg), wollastonite (Ca), NiO
(Ni), albite (Na), sanidine (K), fluorite (I') and tugtupite
(Cl). Beam sizes of 3 pm in diameter were used for quanti-
tative analyses. Cl and F volatility and Na loss under the
electron beam were monitored using a Chart Recorder
utility and kept to a minimum during electron microprobe
analyses. A ZAF correction was employed for all the ana-
lyses. The detection limits were 50 ppm for Cl and
200 ppm for F in amphibole and mica.

Estimation of the bulk inclusion
composition

Bulk chemical compositions of the MSI were obtained by
two methods: (1) calculations using mineral modal com-
positions and microprobe analyses of the daughter phases;
(2) direct microprobe analyses using an electron-beam
raster-scan method covering the entire area of the MSI.
Method (1) was employed for MSI in olivine (i.e. O-type
and O’-type). The main difficulty of this method was in
obtaining accurate modal analyses of single MSI because
of their small size, limited exposures on the polished sur-
face, limited numbers of MSI within a single thin section,
and the presence of altered phases in some MSL
Moreover, some minerals showed compositional zoning,
and thus errors arise depending on the choice of micro-
probe analysis for the calculations. The modal composition
of the MSI was obtained for single inclusions by measuring
the area of the daughter minerals traced on backscattered
electron images with the aid of computer software.
Inclusions whose minerals were heavily altered were
avoided to minimize uncertainties in the modal analyses.

2T0Z ‘2T Afenuer uo A1sieAlUN NysnAY e /Bio'seulnolploixo’ABojoed//:dny wouy papeojumoq


http://petrology.oxfordjournals.org/

HOSHIDE & OBATA

Three to seven MSI were chosen for each thin section and
measured, and the average values were used for calcula-
tions with the assumption that all the inclusions had the
same modal composition within the same thin section
(Table Al in the Appendix). The modal composition was
converted to weight per cent using mineral density data
given in the Mineralogy Database (2001, http://web
mineral.com/). Special care was taken to avoid possible
errors during the selection of representative mineral com-
positions, which are listed in Table A2 in the Appendix.
Talc and hematite were counted as orthopyroxene because
they are thought to be replacements after orthopyroxene.

Method (2) was mainly applied to P-type MSI because
accurate modal analysis is more difficult for this type
than the O- and O’-types. As described below, the
P-type MSI are more fine-grained and it is difficult to
identify and analyze all the phases included. A field emis-
sion scanning electron microscope (FE-SEM, JEOL
JSM-6700F) equipped with an Oxford INCA Energy 350
system at Kyushu University was used for this purpose.
Outlines of the P-type MSI were traced frechand and
then X-ray counts were taken in raster-scan mode cover-
ing the entire area for each MSI. Because P-type MSI
show more irregular shapes than the O- and O’-types
and because the boundaries are blurred between the MSI
and the host plagioclase, errors may arise while determin-
ing the exact boundaries for the P-type MSI. ZAF correc-
tion was employed, although this method requires
re-correction of the results for systematic errors arising
from the erroncous assumption of the samples being
homogeneous. 1o test the consistencies of the results, the
two methods were employed to obtain the bulk compos-
ition for one P-type MSI, whose mode was obtained with
reasonable accuracy, and the results are compared in
Table A3 in the Appendix. The result is satisfactory, jus-
tifying the comparison of the results obtained from the
two methods.

MINERAL CHEMISTRY
Host olivine
Olivine is mostly homogeneous in terms of its Fe-Mg ratio
except for the phenocrysts in the chilled marginal basalts.
Figure 7 show a microprobe line traverse and Ca X-ray
map of an olivine that hosts an O-type MSI in an olivine
gabbro from the GR subzone. In contrast to the constant
Fe/Mg ratio, the Ca content varies significantly and shows
clear concentric zoning, although its content is low
(0-1-0-3 wt %). The Ca content is highest (~0-3wt %) in
the olivine away from the MSI and decreases outwards
and inwards (Fig. 7b and c).

Small olivine crystals included in resorbed plagioclase
from the GR subzone (Fig. 6f) are higher in Fo content
(~Foz9) and lower in Ca content (<0-1wt %) than the
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normal coarse-grained olivine (Fogs g5, CGaO =0-1-0-3 wt
%; i.e. primocrysts; Table 2, Fig. 2e).

Amphibole

Representative microprobe analyses of amphibole are
given in'lable 3 and their compositional variability is illu-
strated in Fig. 8 in relation to their mode of occurrence.
Formula calculations including ferric—ferrous estimates
were made on the basis of 13 cations following the
method of Leake et al. (1997; 13¢CNK) and Schumacher
(1997). As mentioned in the petrography section, amphi-
boles in the O-type MSI are mostly pargasite (Fig. 8a and
b), whereas those from the matrix (i.e. groundmass)
outside the olivine and those from the O’-type MSI
(i.e. chilled margins) are less pargasitic hornblende
(Fig. 8b). Whereas most amphiboles in the O-type MSI
contain hardly any Fand CI (below the detection limits),
amphiboles from the matrix have significant Fand ClI con-
tents (F ~0-4wt %, Cl ~0-14 wt %) (Table 3). More spe-
cifically, the brownish cores of the amphiboles in the
O-type MSI (of the amphibole-dominant variety) are
Ti-rich pargasite whereas their greenish rims are Ti-poor
hornblende, which is comparable with the matrix amphi-
boles (Fig. 8a). Those from orthopyroxene-dominant vari-
eties from the upper part of the AC subzone, however, do
not have such a distinctly pargasitic core and the zoning
1s less pronounced (21m and 36 m samples in Fig. 8b).
Figure 9 shows the details of a compositional zoning
identified by microprobe analysis for an amphibole crystal
from a typical O-type MSI (an amphibole-dominant var-
iety from the GR subzone). The amphibole has a flat core
of constant composition (pargasite); towards the rim the
Mg content rapidly increases, whereas Al and Ca decrease
complementarily, implying a rimward decrease in the
Tschermak substitution. The decrease of Na content, on
the other hand, only occurs near the margin of the grain,
whereas the Ti content starts to decrease rimward much
nearer the core. The total Fe content stays more or less con-
stant until very near the margin, where it drops only slight-
ly. Formula calculations show that the ferric—ferrous ratio
increases towards the rim, where virtually all the iron be-
comes Fe’*. Although absolute values depend on the meth-
ods and assumptions made in the formula calculations,
the outward increase in the ferric—ferrous ratio is obtained
no matter which method of calculation is employed and
therefore is considered valid. This observed increase in the
ferric—ferrous ratio is important because it may imply pro-
gressive oxidation during the crystallization of amphibole
within the inclusion as discussed below. The observed in-
crease in the Mg-number [i.e. Mg/(Mg+ Fe?")] in the
zoning pattern (Fig. 9) is thus probably simply due to
intra-inclusion progressive oxidation of iron. To test this hy-
pothesis, we compared the variation and correlation of
the Mg-numbers of amphiboles, estimated using two dif-
ferent assumptions, with those of other mafic phases, as
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Fig.7. (a, b) A line traverse of an olivine that includes an O-type MSL, taken along section XY in (a) (GR subzone, 71 m from the base; sample
92080706). (c) Ca X-ray map of the same olivine, obtained by WDS analysis.

shown in a stratigraphic variation diagram in Fig. 10. A
better correlation was obtained if total Ie was assumed to
be all Fe”" rather than the calculated Fe®™, for orthopyrox-
ene, bulk MSI, and host olivines (Fig. 2e), which supports
the hypothesis that the oxidation of Fe in amphibole is an
intra-inclusion event during the fractional crystallization
of amphibole and is unrelated to the orthopyroxene and
olivine hosts.

Orthopyroxene

Representative microprobe analyses of orthopyroxene,
both from the O- and O’-type MSI and from the matrices
outside of the olivine hosts, are given in Table 4.
Compositional variations of orthopyroxenes from the
O-type MSI and the matrix are illustrated in SiOy—CaO
and SiO9—Al,Oj5 plots in Fig. 11. The orthopyroxenes from
the O-type MSI are more variable in Si, Al, and Ca con-
tent than those from the matrix and, on average, are
higher in Al and Ca and lower in Si content than those
from the matrix (Table 4, Fig. 11). The orthopyroxenes
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adjacent to the olivine wall in the O-type MSI (Table 4,
see table legend) have a higher Mg-number (72-73) and a
lower Al content than those from the inner side of the in-
clusions. The stratigraphic variation of the Mg-number of
orthopyroxene (Fig. 10b) is positively correlated with that
of the Fo content of olivine (Fig. 2e).

Clinopyroxene

Representative microprobe analyses of clinopyroxene from
MSI and their matrix are given in Table 5, and their com-
positional variations are illustrated in Fig. 12. Similar to
orthopyroxene, clinopyroxene in the O-type MSI is more
Tschermakitic than that in the matrix. Conversely, Ti con-
tent is lower in the MSI clinopyroxene than in the matrix
clinopyroxene.

Biotite and aspidolite

Representative microprobe analyses of the biotite-like
phases are given in Table 6. Formula calculations were
made assuming that all iron was ferrous. Some greenish
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Table 2: Mucroprobe analyses of olivine

MULTIPHASE SOLID INCLUSIONS

Ref. no.: 1 2 3 4 5 6 7 8 9 10
Zone: Chilled margin LZ (AC subzone) LZ (GR subzone) uz
Sample: 92080907 92080901 92080912 91080507 ML 91080708 92080701 92080706 92080706 92081003
Height (m): 0 7 21 36 43 62 66 71 71 209

n: 2 1 4 3 22 16 16 15 7 8

SiO, 404 385 367 367 365 370 374 378 383 379
FeO 167 234 305 324 343 303 299 298 272 298
MnO 0-19 0-35 0-46 0-49 0-58 0-51 0-51 0-49 0-62 0-56
MgO 440 387 321 315 292 326 325 325 347 325
Ca0 0-21 0-09 0-09 0-09 0-28 0-23 0-21 0-19 0-08 0-07
NiO 0-27 0-16 n.a. n.a. 0-08 0-08 0-08 0-09 0-08 013
Total 101-8 101-3 1004 101-2 1010 1007 1006 1009 101-02 101-00
Cations per 4 oxygens

Si 1-005 0-995 0-997 0-998 1-000 0-996 1-004 1-010 1-010 1011
Fe 0-347 0-505 0-693 0-716 0-787 0-682 0-672 0-665 0-600 0-665
Mn 0-004 0-008 0-011 0-012 0-013 0-012 0-011 0-011 0-011 0-013
Mg 1628 1-491 1-300 1-273 1-190 1-307 1-300 1-296 1-364 1-295
Ca 0-006 0-003 0-003 0-002 0-008 0-007 0-006 0-005 0-002 0-002
Ni 0-005 0-003 n.a. n.a. 0-002 0-002 0-002 0-002 0-002 0-003
Total 2-995 3-005 3-003 3-:002 3-000 3-004 2-996 2-990 2-990 2-989
Mg-no. 824 747 652 64-0 60-2 657 659 661 69-4 66-1

n, number of spot analyses to obtain the averages. No. 9 is average of small olivine crystals included in resorbed part of
plagioclase. n.a., not analyzed. Other abbreviations are the same as in Fig. 2.

micas in the O-type MSI gave anomalously low totals (91—
94wt %) with lower total alkalis and lower Ti contents
than the others, and therefore, they were considered to be
alteration products.

Apart from the alteration, there originally appear to
have been two kinds of mica in the O-type MSI: K-rich
mica (biotite) and Na-rich mica (aspidolite). Biotite also
occurs in the matrix, whereas aspidolite occurs only in
the O-type MSI (Fig. 3h); in some cases, aspidolite forms
composite grains with ordinary biotite (Fig. 3c).
Aspidolite has been known to occur in MSI in chromite
and Al-spinels from several other localities (e.g. Li et al.,
2005; Spandler et al., 2005; Renna & Tribuzio, 2011).

BULK COMPOSITION OF THE
MULTIPHASE SOLID

INCLUSIONS

Apart from the errors in the modal mineralogy of the MSI
as mentioned above, an important source of error in esti-
mating the bulk compositions of the MSI by method (1) is
the zoning and inhomogeneities of daughter phases,

such as amphibole, orthopyroxene, and mica. For ortho-
pyroxene, we used intermediate compositions between the
rim and core compositions. For zoned amphiboles in
O-type MSI, we used average compositions after evaluat-
ing the zoning of the amphibole (Fig. 9). For micas in
O-type MSI, we used the aspidolite composition. The use
of the biotite composition instead of the aspidolite compos-
ition for estimating the MSI bulk compositions results
in an increase in KyO content from 0-1 to 16wt % and a
decrease in Nay,O content from 2-7 to 13 wt %. The vari-
ation of the other major element contents for this choice
of mica composition is restricted to within 3% at most
and should not influence the discussion below. Because a
microprobe analysis of aspidolite in the O-type MSI from
the 62m sample was not available, we used instead the
71m sample data for the calculation. All of the values
used in the calculations are listed in Table A2 in the
Appendix.

The bulk compositions of the MSI averaged for each
sample are listed in Table 7, which includes one analysis of
O’-type (from the lower chilled margin), two O-types
from the AC subzone, two O-types from the GR subzone
[all of which were obtained by method (1)], and an average
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Fig. 8. Compositional variation of amphiboles from three types of
MSI and those from the matrix. (a) Amphiboles from amphibole-
dominant O-type and P-type MSI. Core compositions are indicated
for each sample by continuous and dashed gray lines. Numbers are
the stratigraphic position of each sample (in m). Shaded area indi-
cates the compositional field of the matrix amphibole. (b)
Amphiboles from orthopyroxene-dominant O-type MSI and from
the O’-type MSI. Data from the O-type MSI are highlighted for
each sample with continuous lines (numbers are the positions of the
samples). Core-rim distinction is not made in (b) because zoning is
not as distinct as in (a).

composition of P-type MSI [obtained by method (2)] from
two samples from the GR subzone. Statistically obtained
1o values are reported for each average to show the analyt-
ical dispersion. The inferred initial melt composition of
the intrusion (Akatsuka et al., 1999) is also given for com-
parison. The data are plotted in variation diagrams in
Fig. 13 and are compared with the whole-rock compositions
of the intrusion (Akatsuka et al., 1999) and with the
inferred fractionation trend of the Murotomisaki Gabbro
initial melt, which was derived using the PELE software
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(Boudreau, 19994). Calculations were made starting from
the initial melt composition of the intrusion (Akatsuka
et al., 1999), assuming 1 wt % HyO in of the initial melt—a
typical value for fresh tholeiitic basalts (McBirney, 1993).
We also assumed NNO (nickel-nickel oxide) for the
oxygen buffer and 1 kbar for the pressure of crystallization
(Yajima et al., 1977).

The bulk compositions of the O’-type MSI are closest to
the initial melt composition IM, but have higher SiO,
and MgO and lower FeO contents than IM (Table 7). A
notable characteristic is the high Mg-number, which is
comparable with that of the host olivine (Fig. 10a). The
O-type MSI have even higher MgO contents. The FeO
contents are comparable with and the Al,O3 contents are
considerably less than those of IM. They also have a high
Mg-number, which is again comparable with that of their
host olivines. The P-type MSI, on the other hand, have dif-
ferent compositions from the O’- and O-type MSI, even
considering their larger uncertainties. The SiO, content is
comparable, but their AlO5 and CaO contents are fairly
high, and the FeO and MgO amounts are considerably
less than those of IM. Their Mg-number is closest to that
of IM. The compositional scatter of the P-type MSI may
be accounted for primarily in terms of the variable propor-
tion of plagioclase and amphibole with a subordinate
amount of Ti-magnetite and apatite. In other words, the
P-type MSI appear to be enriched in plagioclase compo-
nents with respect to IM. However, the O-type MSI are
anomalous, being enriched in olivine components. Some
MSI compositions plot close to the bulk compositions of
some olivine gabbros in the AC zone (I'ig. 13). The O’-type
MSI plot closest to IM, but their FeO contents are low
and have considerably higher Mg-numbers as mentioned
above. More detailed consideration is given in the discus-
sion below.

DISCUSSION

Origin of O’-type MSI

It became apparent from examining the bulk compositions
of MSI from the Murotomisaki Gabbro that many of
these MSI do not simply represent trapped melts. More
complex processes may have to be considered to account
for their compositions. Among the three types of MSI, the
O’-type MSI (i.e. in the chilled margins) appears to be
the most tractable in terms of their origin. Judging from
the textures and bulk compositions, it is most likely
that the O’-type MSI are closest to the melt entrapped in
growing phenocrysts of olivine. Because the growth of oliv-
ine phenocrysts must generally occur at great depths and
not during quenching after emplacement, the melt entrap-
ment must have occurred well before the final emplace-
ment of the magmas. Melt entrapment in phenocrystic
olivines is known to occur commonly in volcanic rocks
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Fig. 9. A compositional line profile for a single grain of amphibole in an O-type MSI. (a) Back-scattered electron (BSE) image of an O-type
MSI from a GR subzone olivine gabbro, 91080708 (62 m from the base). (b) The line profile of the amphibole, taken along section X-Y in (a).
Fe* is total iron; FeT estimated from formula calculations (see text).

(e.g. Metrich & Clocchiatti, 1989; Gaetani & Watson, composition is much lower in FeO and higher in MgO
2000). than the published initial melt composition (IM) of the in-

When it comes to the bulk compositions, however, a  trusion (Akatsuka et al, 1999). Considering that its
problem remains: as noted above, the O’-type MSI  Mg-number is comparable with that of the present host
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Fig. 10. Mg-numbers [Mg/(Mg + Fe) x 100] of bulk MSI of O-type and O’-type (a), of orthopyroxenes from the MSI and the matrices (b),
and of amphiboles (core only) from the MSI (c). For amphiboles only, another Mg-number [Mg/(Mg 4 Fe®*) x 100] using Fe** estimated
from the formula calculation is also plotted for comparison (open triangles).

olivine (Fogs), it is likely that the O’-type MSI attained Fe—
Mg exchange equilibrium with their host olivines, thereby
experiencing a decrease of Fe and an increase of Mg
during or after solidification of the trapped melt. This pro-
cess has been discussed and was referred to as ‘Fe-loss’ by
Danyushevsky et al. (2000). 1o test this hypothesis we
made a correction calculation to retrieve the original melt
composition by applying an Fe-Mg exchange to the
observed MSI composition (the increase and the decrease
of equimolar amounts of FeO and MgO, respectively) in a
similar manner to Danyushevsky et al. (2000). We applied
the correction so that the hypothetical original melt
achieves Fe-Mg exchange equilibrium with the host olivine
(Fogs), assuming Kp(Fe-Mg)® "1=0-304003 (Roeder
& Emslie, 1970). The result of the calculation is given in
Table 8 and shown in Fig. 14. The corrected compositions
(i.e. hypothetical melt compositions) are now closer to the
initial melt composition (IM) of Akatsuka et al. (1999)
(Fig. 14), which supports our inference that the O’-type
MSI represent trapped and then Fe-Mg ratio-modified
melts in growing crystals of olivine.

Origin of O-type MSI

From their textural appearance, it is likely that the O-type
MSI also represent trapped melts, but their bulk compos-
itions are different from those of the O’-type MSI, as
noted above. Considering the much slower cooling rate in
the AC and GR subzones than in the chilled margin,
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modification of the MSI bulk composition via diffusion as
considered for the O’-type is expected to have been more
thorough than in the chilled margin. We therefore applied
the same correction to the bulk compositions of the
O-type MSI as we did to the O’-type MSIL The results
are shown in Table 8 and in Fig. 14. It is noted that host
olivines from the AC and GR subzones are rather homoge-
neous with respect to Mg-number and are more Fe-rich
than the phenocrystic olivines in the chilled margin. From
this fact, a possibility arises that olivine re-equilibrated
with the ambient fractionated interstitial melt and homo-
genized to become more Fe-rich since the entrapment of
the melt. That is, the olivine at the time of melt entrapment
may have been more Mg-rich than it is at present.
Without knowing the exact olivine compositions at the
time of melt entrapment, we made calculations assuming
two olivine compositions as extreme cases: (a) Fogs, the
most magnesian, chilled marginal value; (b) Fogs, an aver-
age present host olivine value in the GR subzone. The
Mg-numbers for the hypothetical melts that are supposed
to be in equilibrium with these olivines are 60 and 35, re-
spectively, assuming A7, =0-30. The results are tabulated
in'Table 8 and illustrated in Fig. 14. Although we cannot ac-
curately estimate the trapped melt composition because of
the uncertainty of the composition of the equilibrium oliv-
ine, we can safely conclude that the true values were some-
where between these two extremes [i.e. (a) and (b) in
Table 8 and Fig. 14]. Neither (a) nor (b) matches IM
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Fig. 11. Compositional variations of orthopyroxenes from the O-type
MSI and the matrix. (a) SiOy—CaO and (b) SiOy-Al,O5 (wt %)
plots. Sample 91080912 (21 m from the base).

(Table 8) and it is obvious from Fig. 14 that the hypothetic-
al melts (deduced from the O-type MSI) are remote, in
composition, from IM or any fractionated derivatives of it
and that they lie between the IM and the olivine
compositions.

We considered so far a modification of the bulk com-
position by means of Fe-Mg diffusional exchange only,
but we may also have to consider the effect of diffusional
modification for other elements. For example, the lower
Al,O3 and CaO contents of the O-type MSI compared
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with typical basaltic compositions may be ascribed to a
loss of these components towards the ambient melts by
diffusion through the host olivine. 1o assess this possibility,
we examined the mobilities of these elements by diffusion
in olivine using available experimental data. The average
diffusion coefficient of Ca in olivine during linear cooling
from liquidus temperatures to about 900°C at the GR
subzone (70 m horizon) may be obtained using the
Arrhenius equation from the experiments by Coogan
et al. (2005) as 14x1077 to 34x107% (m? 7
(fO, =10"%-10""). Using these values, the diffusion dis-
tance during this cooling is estimated to be about 150—
300 pm. In fact, because cooling may have been faster be-
cause of thermal and compositional convection, the esti-
mated diffusion distance should be regarded as an upper
bound. Therefore, Ca in an O-type MSI cannot reach
within the estimated time the outside of the host olivine
(1000-2000 pm- size, Fig. 7). The Ca loss by diffusion,
even if it had occurred, would have been at most as
much as the present host olivine (about 0-3 wt %, Table
2). Although there is no direct experimental measure-
ment, the diffusivity of Al in olivine is likely to be much
less than that of Fe and Mg (Scowen et al., 1991
Milman-Barris et al., 2008). Therefore, the low Ca and Al
character of the O-type MSI cannot be attributed to dif-
fusive loss.

From this analysis, we conclude that the anomal-
ous nature of the O-type MSI melt (ie. rich in Fe
and Mg, and poor in Ca and Al) cannot be derived from
the ordinary melts derived by crystallization differenti-
ation of the MGI basaltic melt but instead represent a pri-
mary feature of the trapped melts. Next, we consider
the origin of such anomalous melts that formed the
O-type MSL.

Origin of the O-type MSI melts

T he liquid immiscibility hypothesis

Jakobsen et al. (2005) found that Fe-rich and Si-rich immis-
cible liquids were contained as crystallized melt inclusions
(MSI in our notation) in primocrysts (olivine and apatite)
from the Layered Series of the Skaergaard intrusion.
According to them, the Fe-rich liquids occur only in apa-
tite, and the Si-rich liquids occur in both apatite and oliv-
ine. Jakobsen e al. (2011) also found that crystallized melt
inclusions in plagioclase primocrysts are highly variable
in composition, and they ascribed the variability to differ-
ent proportions of mixtures of the Fe-rich and Si-rich im-
miscible liquids.

The Fe-Mg corrected melt compositions of the O-type
MSTI are very Fe-rich particularly when the present olivine
composition is assumed to be an equilibrium counterpart
[melt (b) in'Table 8, Fig. 14]. In fact, some of these compos-
itions show some resemblance to the Fe-rich counterparts
of immiscible silicate liquids that have been found in
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Table 5:  Representative microprobe analyses of clinopyroxene

Ref. no.: 1 2 3 4 5 6 7 8 9 10 1" 12 13 14
Zone: AC GR

Sample: 92080901 91080708-1 92080706

Height (m): 7 62 7

Type: O-type Matrix  O-type Matrix ~ Matrix  Matrix ~ O-type O-type O-type Matrix Matrix Matrix Matrix  Matrix
SiO, 50-2 519 494 518 517 52:2 517 517 52:0 52:0 5256 525 522 521
TiO, 0-35 089 082 117 120 113 0-54 0-48 0-24 162 096 087 1-05 11
Al,O3 5-95 313 508 207 224 218 421 414 369 2:32 228 230 228 234
Cr,03 0-09 0-80  0-03 0-02  0-00 0-00 0-00 0-01 0-01 0-00 003 004 0-00 000
FeO 779 690 101 965 917 979 9-23 9-69 892 897 889 857 942 916
MnO 0-21 020 024 022 018 0-31 0-21 0-28 0-25 025 030 024 028 022
MgO 140 15-8 13-1 14-8 145 14-9 13-9 139 14-3 147 14-8 15-1 149 147
Ca0 21-4 207 204 198 204 197 202 200 208 201 19-9 19-9 19-6 19-8
Na,0 0-47 045 047 040 045 0-46 0-36 0-43 0-47 0-46 044 047 044 046
NiO 012 0-00 0-00 0-04 0-02 0-00 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Total 100-5 1007 997 1000 999 100-7 100-4 100-6 100-7 100-4 100-1 99-9 100-1 99-9
Formula based on 3 oxygen atoms

Si 0-93 09 093 097 096 0-97 0-96 0-96 0-96 0-96 097 097 097 097
Ti 0-00 0-01 0-01 0-02 002 0-02 0-01 0-01 0-00 0-02 0-01 0-01 0-01 0-02
Al 0-13 007 O0M 005 005 0-05 0-09 0-09 0-08 0-05 005 005 005 005
Cr 0-00 0-01 0-00 000 000 0-00 0-00 0-00 0-00 0-00 000 000 0-00 000
Fe 0-12 0-11 0-16 015 014 0-156 0-14 0-156 0-14 0-14 014 013 015 014
Mn 0-00 0-00  0-00 0-00  0-00 0-00 0-00 0-00 0-00 0-00 0-00 000 0-00 000
Mg 0-38 043 037 0-41 0-40 0-41 0-38 0-38 0-39 0-41 0-41 0-42 0-41 0-41
Ca 0-42 0-41 0-41 040 041 0-39 0-40 0-40 0-41 0-40 040 039 039 039
Na 0-02 002 002 0-01 0-02 0-02 0-01 0-02 0-02 0-02 002 002 002 002
Ni 0-00 0-00 0-00 0-00 0-00 0-00 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Total 2:01 201 201 200 200 200 200 2:00 201 200 2:00 200 200 200
Mg-no. 762 804 698 732 739 731 72-8 719 741 745 748 759 738 741

Abbreviations are the same as in Fig. 2.

experimental and natural examples (McBirney &
Nakamura, 1974; Dixon & Rutherford, 1979; Philpotts,
1982), except for their high MgO contents. More trouble-
some is the lack of any clear evidence for the presence of
silica-rich counterparts of the immiscible liquids anywhere
in the MGI. P-type MSI are rather poor in SiOy and do
not show any resemblance to the Si-rich immiscible liquids
reported in the literature. The kind of host phases also
does not match with the case of the Skaergaard intrusion
as described by Jakobsen et al. (2005). For these reasons,
we do not consider that the liquid immiscibility hypothesis
can account for the origin of MSI of the Murotomisaki
samples.

Generation of picritic melts by dissolution of olivine by
Sluid fluxing

We now consider another mechanism whereby melts are
locally enriched in olivine and plagioclase components
by their dissolution. Theoretically, dissolution of silicates
may be induced by an introduction of H,O into crystal—
melt systems (e.g, McBirney, 1987; Boudreau, 19995).
Hoshide & Obata (2009) discussed the possibility of hy-
drous flux melting of silicates in the GR subzone of the
MGI. They concluded that significant dissolution of
plagioclase took place in the MGI magma via the depres-
sion of the plagioclase liquidus caused by the introduction
of HyO-rich fluids derived from a fluid-saturated zone
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Fig. 12. Compositional variations of clinopyroxenes from the O-type
MSI and the matrix. (a) SiOs—Al,O5 and (b) SiOy—TiO, plots.

lying below (Hoshide & Obata, 2009, fig. 11). They con-
sidered that HyO-rich bubbles rose by buoyancy from
the low-temperature, fluid-saturated zone to a higher-
temperature and fluid-undersaturated horizon within a
lower, partially crystallizing boundary layer of a magma
system. Rising HyO bubbles would dissolve again in the
melt as they entered the HyO-undersaturated zone, there-
by raising the activity (or concentration) of HyO there.
As the HyO fluid dissolved in the H,O-undersaturated
melt, Pp,0 in the melt would increase. Because the in-
crease of Py,o in the basaltic melts would depress the
plagioclase liquidus and the olivine liquidus (Medard &
Grove, 2008), the HyO-added melt should become under-
saturated with both plagioclase and olivine. Then, plagio-
clase and olivine crystals would stop growing and start
to dissolve into the melt. The dissolution was probably
very local, creating inhomogeneities in the melt on a
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scale of the grain size, because of the limited diffusivities
of elements in the melt (Hofmann, 1980; Chen & Zhang,
2008) and limited time for homogenization by diffusion;
thereby HyO-rich picritic melts would occur only around
the dissolving olivine, and, likewise, plagioclase-rich
melts would occur around the dissolving plagioclase.
Because this part of the magma body continues cooling,
olivine and plagioclase, which were once partly dissolved,
eventually start to grow again. This is the time when the
anomalous melts that were generated around the dis-
solved crystals were entrapped by these secondarily grow-
ing crystals. Whether or not the anomalous melts are
entrapped by the growing crystals before they become
homogenized by diffusion depends on the cooling and
crystallization rate and requires more quantitative evalu-
ation with more experimental data on diffusion and crys-
tallization kinetics.

Origin of P-type MSI

P-type MSI may not have been affected by Fe—-Mg ex-
change modification because the host phase, plagioclase,
is virtually Fe- and Mg-free. Jakobsen et al. (2011) pointed
out the possibility of significant loss of alkalis into the
plagioclase host. They suggested that albitic plagioclase
rims around plagioclase-hosted melt inclusions in the
Skaergaard intrusion were formed by loss of alkalis.
However, in the Murotomisaki samples, anorthitic plagio-
clase (i.e. high-An edge) rather than albitic plagioclase
occurs around the P-type MSI. This does not support the
loss of alkalis into the host. Therefore, we conclude that
the P-type MSI are virtually free from post-entrapment
modification and represent original trapped melts. The
plagioclase-enriched nature of the melt composition may
be interpreted in terms of the fluid flux-induced dissolution
of plagioclase as discussed above. The high-An rims of the
plagioclase (Fig. 6¢—¢) are probably precipitates from the
hydrous melt enriched in the plagioclase component as dis-
cussed by Hoshide & Obata (2009). The relationship be-
tween the P-type MSI and the high-An rims suggests that
the plagioclase-enriched melt was trapped by the growing
high-An rims.

Post-entrapment fractional crystallization
of picritic melts in O-type MSI

While the picritic melt was entrapped in the growing oliv-
ines, the melt must have been saturated with olivine.
Therefore, the first phase to precipitate from the trapped
melt upon cooling would have been olivine. This newly
precipitated olivine may become part of the olivine wall.
This suggests that the entrapped melt must have been
even more enriched in the olivine component. The absence
of plagioclase in the O-type MSI indicates that the fractio-
nated melt never became saturated with plagioclase.
Instead, the occurrence of orthopyroxene in the MSI
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Fig. 13. Bulk compositions of MSI compared with the Murotomisaki whole-rock compositions. (a) MgO-FeO,, (b) MgO—-CaO and (c) MgO—
AlyOg diagrams. All data are plotted on an anhydrous 100% normalized basis. Numbers adjacent to the O-type MSI are the stratigraphic pos-
itions of the host-rocks. For P-type MSI, both the bulk composition of cach inclusion and their average value (with 16) are shown. Whole-rock

(continued)
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Table 7: Bulk compositions of MSI from the Muurotomisaki Gabbroic intrusion

Zone: chilled margin AC GR IM
Sample: LCM32 91080912 91080507 91080708 92080706 91080509 and

92080706
Height (m): 0 21 36 62 7 55 and 71
Type: O’-type O-type O-type O-type O-type P-type
n 4 1o 3 1o 4 1o 4 1o 7 1o 8 1o
SiO, 52-19 11 46-80 155 47-65 0-86 46-12 1-10 47-08 1-46 48-64 2:98 48-83
TiO, 117 0-33 072 012 1-89 0-27 1-98 0-40 208 0-656 0-84 0-92 117
Al,03 15-47 176 7-99 155 6-32 0-84 8-36 1-04 804 1-16 24-93 391 14-98
FeO* 4-26 0-40 15-43 0-81 16-21 0-76 1415 0-71 14-45 077 4-81 388 1271
MnO 0-11 0-08 0-29 0-05 0-30 0-03 0-25 0-04 0-26 0-04 0-15 0-16 0-20
MgO 11-91 1-56 20-17 0-85 20-15 122 17-80 114 19-33 1-03 2:37 212 9-60
Ca0 9-93 0-28 331 0-43 243 111 7-10 1-44 4-89 112 12:01 1-03 963
Na,O 370 0-30 2:34 0-55 283 0-46 2:42 0-50 256 0-67 421 0-39 2:56
K20 0-16 0-04 0-30 0-09 0-13 0-01 0-07 0-03 0-10 0-04 0-12 0-09 0-22
P,05 0-15 0-24 0-10
Total 98-90 97-38 97-84 98-25 98-79 98-14 100-00
mg-no. 83 70 69 69 70 47 57

*Total iron as FeO.

P-type MSI bulk compositions were obtained by SEM-EDS analysis. The O-type MSI from 21 m is Ti-poorer than the
others because the aspidolite is Ti-poor owing to alteration (see Table A2). IM, initial melt (Akatsuka et a/., 1999) reported
for comparison. Other mineral abbreviations are the same as in Fig. 2.

indicates that the fractionated melt had attained a reaction
relationship with olivine:

olivine + melt = orthopyroxene. (€)

Precipitation of anhydrous phases such as olivine and
orthopyroxene in a chemically closed system, such as in
the inclusion space, would lead to a concentration of
H5O in the residual melt and thus to an increase of the
activity or the partial pressure of HoO, which, in turn,
should depress the plagioclase stability field (e.g. Yoder &
Tilley, 1962; Holloway & Burnham, 1972; Helz, 1976).
Recent experiments by Feig e al. (2006) and
Botcharnikov et al. (2008), however, have shown that,
even at high Py,0, plagioclase appears as a stable phase

at relatively high temperatures [¢. 1000°C at FMQ (faya-
lite-magnetite—quartz)] well before amphibole comes in
(950°C at FMQ) in the crystallization of tholeiitic melts.
This could be collateral evidence that a basaltic melt
cannot be the parental melt of the O-type MSI An
inferred discontinuous reaction series deduced from the
observation of the O-type MSI is orthopyroxene — clino-
pyroxene — amphibole — biotite (or aspidolite), which
is well known as the calc-alkaline (or Bowen) trend,
except for the appearance of aspidolite in the end.
Inhibition of plagioclase crystallization would cause en-
richment of Al and Na in the fractionated melts, and
therefore, as fractionation advances, the pyroxenes would
become aluminous and the amphibole Al- and Na-rich

Fig. 13 Continued

compositions of olivine gabbro from the AC and GR subzones are grouped and highlighted by dark and pale shading, respectively. A scale of
olivine compositions is shown with a straight bold line in (a) and on the horizontal axes in (b) and (c). Straight fine lines represent isopleths
of Mg-number. Curved bold lines represent the fractionation trend of the melt (FM) calculated using PELE (Boudreau, 19994) for the
Murotomisaki initial melt assuming 1wt % HyO, P =100 MPa and fO, = QFM buffer. Numbers on the fractionation trend represent the melt
fraction. The initial melt composition (IM) is from Akatsuka ez al. (1999). Approximate positions of amphibole (A), plagioclase (P), magnetite

(M) and apatite (Ap) are indicated.
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Table 8: The Fe—Mg exchange corrections applied to original bulk compositions of O’ -type and O-type MSI

Zone: chilled margin GR subzone IM
Sample: LCM32 91080708
Height (m): 0 62
Type: O'-type O-type

original Hypothetical melt original Hypothetical melt (a) Hypothetical melt (b)
100% normalized
SiO, 5277 5137 4694 4606 43-89 4883
TiO, 118 115 202 1-98 1-89 117
AlL,O3 15-64 15-23 851 835 7-95 14-98
FeO* 4-31 10-27 14-40 18-37 2827 1271
MnO 0-11 0-10 0-25 0-25 0-24 0-20
MgO 12:04 831 1812 15-40 863 9:60
Ca0 10-04 977 7-23 7-10 676 9-63
Na,O 374 364 2-46 241 2:30 266
K20 017 0-16 0-07 0-07 0-06 022
Total 100-00 100-00 100-00 100-00 100-00 99:90
mg-no. 83 59 69 60 35 57

Fof 83

83 65

*Total iron as FeO.

tHypothetical olivine composition in equilibrium with bulk MSI as a melt. (See text for details.) Two results obtained
assuming equilibrium olivines of Fogz (a) and Fogs (b) are listed for an O-type MSI.

IM, initial melt from Akatsuka et a/. (1999).

(i.e. pargasitic). In the normal matrix outside the
inclusion-bearing olivine, such an inhibition of plagioclase
crystallization did not occur, probably because the paren-
tal melt for the normal matrix was an ordinary basaltic
melt in contrast to that for the O-type MSI. Outside the
olivine, therefore, the fractionation followed a different,
normal tholeiitic trend. Judging from the locally de-
veloped orthopyroxene rims around olivine in the matrix
(Fig. 3d), the fractionated melt may have eventually
reached a reaction relationship with olivine in the
matrix, and thereby orthopyroxene and hornblende preci-
pitated interstitially; this stage would have been reached
much later than in the MSI, after the saturation and sub-
stantial precipitation of plagioclase in the matrix. For
this reason, Al enrichment did not occur in the pyroxenes
and amphibole in the matrix.

The increase of the ferric—ferrous ratio from the core to
the rim of the pargasite in the O-type MSI implies that
progressive oxidation had taken place in the fractionated
melts (Fig. 9). If H, diffuses out of the system (through the
olivine host), as typically observed in nature (e.g. Herd
et al., 2002), the following H,O dissociation reaction
would proceed, consuming more HyO and producing

25

more oxygen in the melt, and thereby elevating Po, (Sato
& Wright, 1966; Mathez, 1984):

HyO — Hy + 1/20,. 2)

Even if the fractionated melt became saturated with
HyO, Po, can still continue to be elevated as long as
the loss of Hy continued, by which process free water,
even if it were once generated, may have been lost from
the system by the time the melt became solidified. The
increase of Pp,, in turn, should cause an increase of the
ferric—ferrous ratio in the melt (Botcharnikov et al.,
2005). The observed zoning of the MSI amphibole is,
therefore, considered to provide evidence for such pro-
gressive oxidation that took place during the fractional
crystallization of the MSI melts. The absence of ilmenite
and the presence of titaniferous magnetite and hematite
in the MSI is consistent with this scenario (see Fig. 3f;
Buddington & Lindsley, 1964; Toplis & Carroll, 1995). It
is important to emphasize here that the zoning of the
amphibole, primarily generated during its growth, has
been preserved despite the modification of the bulk com-
position via the Fe-Mg exchange reaction as discussed
above.
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Fig. 14. The Fe-Mg exchange corrections applied to the bulk compositions of the O-type and O’-type MSI. The effects of the corrections are
indicated by arrows. Two Mg-number values, 60 (a) and 35 (b), were assumed in the calculations for the O-type MSI. All Fe is assumed to be
in ferrous state; FeOy,, total iron.

CONCLUSIONS

Important conclusions from this study may be summarized

as follows.

1)

We recognize three types of amphibole-bearing
multiphase solid inclusions (MSI) in silicate minerals
from the Murotomisaki Gabbroic Intrusion: O- and
O’-types in olivine and P-type in plagioclase. The
bulk compositions of each type were obtained by
microprobe and modal analyses.

O’-type MSI that occur in phenocrystic olivines in the
chilled margin most closely represent the trapped

26

melts. Their composition is modified after entrapment
by Fe-Mg exchange with the host olivine; the original
melt entrapment must have occurred well before the
magmatic emplacement.

O-type MSI that occur in olivines are more enriched
in the olivine component than O’-type MSI. They
are interpreted to be crystallization products of hy-
drous picritic melts that were entrapped i situ by
growing olivine crystals.

Anomalous hydrous picritic melts were produced
by dissolution of olivine when an HyO-rich fluid
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was introduced from a lower, more fractionated zone
within the crystallization boundary layer.

(5) P-type MSI also represent trapped melts. Unlike the
O-type MSI, they escaped post-entrapment Fe—Mg
modification and were enriched in plagioclase compo-
nents. Their anomalously high plagioclase content
may also be ascribed to hydrous dissolution of plagio-
clase induced by HyO-rich fluid introduction as in
the case of olivine.

(6) It is proposed that a calc-alkaline fractionation trend
occurred within O-type MSI where progressive in-
crease of Py,0 and Pp, had occurred, as recorded in
the growth zoning of the amphibole.
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APPENDIX

Table Al: Modal compositions of MSI from the Murotomisaki Gabbroic Intrusion

HOSHIDE & OBATA

MULTIPHASE SOLID INCLUSIONS

Height Sample MSI no. Amp Opx Pl Oth
Chilled margin, O'-type
om LCM32 6 40 3 37 20
9 61 4 27 9
7 43 6 41 10
5 47 5 42 6
av. 48 4 37 Il
1o 8 1 6 5
Amp Opx Micas Talc Hem Oth
AC, O-type
21m 91080912 1 27 25 19 21 8 0
3 35 25 19 19 2 0
4 37 31 32 0 0 0
av. 33 27 23 14 3 0
1o 4 3 6 10 3 0
36m 91080507 2 14 61 26 0 0 0
ACI1 45 34 20 1 0 0
ACI2 21 31 31 15 0 1
ACI3 42 23 20 14 0 2
av. 30 37 24 8 0 1
1o 13 14 5 7 0 1
GR, O-type
62m 91080708 p1 55 24 15 1
p2-1 83 0 17 0
p2-2 52 12 21 13 1 1
p8 68 3 26 1 1
av. 64 10 18 1 1
1o 12 9 5 0 2
71m 92080706 2 24 56 1" 6 0 2
3 29 28 41 0 0 2
4 57 27 6 8 0 2
5 45 15 13 26 0 1
6 44 22 24 10 0 0
8 46 17 16 20 1 0
10 38 28 23 Ll 0 1
av. 41 27 19 12 0 1
1o 10 13 10 8 0 1

av., average value of modal compositions in the MSI. Oth, others. Oth in the O’-type MSI is composed almost entirely of
voids. Oth in the O-type MSI includes apatite, sulphide and clinopyroxene. Oth was not considered for calculation of the
MSI bulk composition. Other mineral abbreviations are the same as in Fig. 2.
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Table A2: Mineral composition used for bulk composition calculations

Sample Height  MSI no. Mineral Reference no. Si0, TiO, AlLO3; Cr,03 FeO MnO MgO CaO Na,O K,O Total Density
(g em™®)
O"-type
LCM32 0m 6 (Table A1) Amp Table 3, No. 1 464 173 107 n.a. 69 01 172 114 24 032 972 312
(chilled
margin)
Opx Table 4, No. 1 550 03 29 na 115 03 279 23 04 0-03 1006 355
Pl Table 6, No. 14 553 014 268 n.a. 05 01 02 102 55 0-07 989 267
9 (Table A1) Amp 476 306 96 n.a. 62 01 175 114 22 035 979 312
Opx Table 4, No. 1 550 038 29 na 115 03 279 23 04 0-03 1006 355
PI Table 6, No. 16 585 001 260 n.a. 05 00 0-1 88 67 0-02 1007 267
7 (Table A1) Amp Table 3, No. 2 490 172 91 na. 55 03 186 115 20 023 979 312
Opx Table 4, No. 1 550 038 29 na. 115 03 279 23 04 0-03 1006 355
PI Table 6, No. 15 611 015 247 n.a. 05 00 02 67 78 0-05 1012 267
4 (Table A1) Amp 486 1563 1011 n.a. 56 00 187 114 22 017 982 312
Opx Table 4, No. 1 550 038 29 na 115 03 279 23 04 0-03 1006 355
PI Table 6, No. 16 585 001 260 n.a. 05 00 01 88 67 0-02 1007 267
O-type
91080912 21m Amp Table 3, No. 6 419 162 124 008 130 01 138 94 37 011 961 312
Opx* Table 4, Nos 6, 7 535 010 14 001 189 05 245 08 00 na. 998 355
Mica Table 6, No. 3 395 075 159 002 114 01 199 01 53 121 941 3:09
91080507 36m Amp Table 3, No. 8 448 273 92 001 133 02 147 77 45 015 972 312
Opx* Table 4, No. 10, 11 533 010 11 003 201 05 241 04 00 na. 997 355
Mica Table 6, No. 6 389 460 137 005 117 00 188 00 66 039 948 309
91080708 62m Ampt  Fig. 9 432 258 112 na. 121 02 143 108 32 007 977 312
Opx* Table 4, Nos 14, 15 53-0 016 18 001 187 05 247 09 00 na. 998 355
Micai  Table 6, No. 12 402 555 134 000 112 00 184 00 67 037 958 309
92080706 71m Ampt  Fig. 9 432 258 112 na. 121 02 143 108 32 007 977 312

Opx* Table 4, Nos 19, 20 540 004 25 003 183 05 24-8 10 00 0-00 1012 365
Micai  Table 6, No. 12 40-2 5565 134 000 112 00 18-4 00 67 037 958 3-09

For O’-type MSI from sample LCM32, the bulk compositions of all four MSI were obtained for each and they were
averaged to obtain analysis no. 1 in Table 7. For four samples of O-type MSI, each set of representative microprobe
analysis listed was combined with the respective average modal compositions listed in Table A1. n.a., not analyzed. Amp,
amphibole; Opx, orthopyroxene, PI, plagioclase.

*Average composition for zoned orthopyroxenes.

tAverage composition for zoned amphiboles (calculated from a line profile in Fig. 9) used for 62 and 71 m sample MSI.
iAverage aspidolite composition obtained from the 71 m sample was used for both 71 m and 62m samples; the average
composition of zoned amphibole obtained from the 62m sample was used for both the 62m and 71 m samples.
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Table A3: A comparison of bulk MSI analyses for one P-type MSL obtained by two methods

Sample: a P-type MSI from sample 91080509 (55 m from the base)
Phase: Pl Amp Pum
Mode (vol. %) 88 11 09
Density (g cm™) 2:67 312 320

Mineral analyses (wt %) MSI bulk analyses

Pl Amp Pum (1) (2)
SiO, 53-2 436 36-3 517 513
TiO, n.d. 2:24 n.d. 0-28 0-24
Al,03 299 949 259 272 27-3
FeO* 0-45 171 6-87 2:63 2:86
MnO n.d. 0-30 0-24 0-04 0-00
MgO n.d. 113 0-44 1-44 1-25
Ca0 128 111 229 12:6 12-8
Na,O 4-35 2:27 n.d. 4-03 423
K20 0-08 0-27 n.d. 0-10 0-06
Total 100-7 97-6 927 100-0 100-0

*Total Fe as FeO.

n.d., not determined. Pum, pumpellyite. Minerals were analyzed with a WDS microprobe. (1), Method (1); that is,
calculated from mineral and modal analyses. (2), Method (2); that is, direct raster-scan mode analyses using
SEM-EDS. (See text.) Both bulk analyses are unhydrous 100% normalized.
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