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Crystallization experiments were conducted on dry glasses from the
Unzen 1992 dacite at 100-300 MPa, 775—-875°C, various
waler activities, and 105 buffered by the Ni=NiO buffer. The
compositions of the experimental products and natural phases are
used to constrain the temperature and water contents of the low-
tlemperature and high-temperature magmas prior to the magma
muxing event leading to the 19911995 eruption. A temperature
of 1050 + 75°C is determined for the high-temperature magma
based on two-pyroxene thermometry. The investigation of glass
inclusions suggests that the waler content of the rhyolitic low-
lemperature magma could be as high as 8 wt % H>0. The phase
relations at 300 MPa and in the temperature range 870-900° C,
which are conditions assumed o be representative of the main magma
chamber afier mixing, show that the main phenocrysts (orthopyrox-
ene, plagioclase, hornblende) coexist only at reduced water activity;
the water content of the post-mixing dacitic melt is estimated to be
6 £ 1 wt % H50. Quartz and biotite, also present as phenocrysts
in the dacite, are observed only at low temperature (below 800—
775°C). It s concluded that the erupled dacitic magma resulted
Jrom the mixing of c. 35 wt % of an almost aphyric pyroxene-
bearing andesitic magma (1050 £ 75°C; 4 £ 1 wt % H50 wn the
melt) with 65 wt %o of a phenocryst-rich low-temperature magma
(760—780° C) in which the melt phase was rhyolitic, containing up
o 8 £ 1 wt % Hy0. The proportions of rhyolitic melt and
phenocrysts i the low-temperature magma are estimated lo be
65% and 35%, respectively. It is emphasized that the strong
variations of phenocryst compositions, especially plagioclase, can be
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explained only if there were variations of temperature and/or water
actwity (in time and/or space) in the low-temperature magma.
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INTRODUCTION

Experimental phase equilibria investigations of the ejecta
of recent volcanic eruptions are tools to elucidate the
physical conditions of crystallization of phenocryst miner-
als in magma chambers, as shown in several studies
(e.g. 1980 Mount St. Helens eruption, Rutherford et al.,
1985; 1982 El Chichén eruption, Luhr ¢t al., 1990; 1995—
1997 Soufriere Hills eruption, Barclay et al., 1998; 1902
eruption of Mt. Pelée, Martel ¢t al., 1999; 1991 Pinatubo
eruption, Scaillet & Evans, 1999). In the case of Unzen
volcano, SW Japan, Sato et al. (1999) and Venezky &
Rutherford (1999) investigated phase equilibria in the
range 40-200MPa from samples of the 1991-1995
dome growth eruptions. However, the experiments
were mainly performed to constrain the stability field of
hornblende. They were conducted at water-saturated
conditions only, and the chemical composition of the
experimentally synthesized phases was not reported
(Venezky & Rutherford, 1999). The present study is
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undertaken to constrain the pre-eruptive conditions inte-
grating new results from (1) phase equilibrium studies of
the 1992 dacite and (2) the investigation of the composi-
tion of minerals. The experimental data are compared
with the natural rocks (both for the phenocryst assem-
blage and the phase chemistry) to infer the magmatic
conditions and processes in the magma chamber of the
1991-1995 Unzen eruption.

PETROGRAPHY OF THE 1991-1995
DACITE AND A MAGMA MIXING
MODEL

Magmas involved in the Unzen eruption

Previous studies (e.g. Nakada & Fujii, 1993; Nakamura,
1995; Nakada & Motomura, 1999; Venezky & Rutherford,
1999) have shown that magma mixing between a pheno-
cryst-rich low-temperature magma and a nearly aphyric
high-temperature magma took place before the eruption
of the 1991-1995 dacite. This is based on petrographic
evidence in the dacite such as reverse zoning of the outer
rims of hornblende, plagioclase and magnetite (increase
of mole % Usp from 17 to 23% from the core to the rim;
Nakamura, 1995), embayed quartz and biotite pheno-
crysts, and reaction rims of pargasitic hornblende sur-
rounding biotite phenocrysts. These studies concluded
that most of the phenocryst minerals belonged to the
low-temperature end-member magma, and their equili-
bration temperature was estimated to be ¢. 780-800°C
from the core compositions of iron-titanium oxide phe-
nocrysts ( Venezky & Rutherford, 1999). Post-mixing tem-
peratures were estimated to be 900 + 30°C by those
workers. However, to be able to better model the pro-
cesses in the Unzen magma chamber prior to and after
mixing, the temperature and composition of the nearly
aphyric high-temperature magma, as well as the bulk
composition and melt composition of the
temperature magma, need to be better constrained. In
the following section, we discuss the results of chemical
analyses of the phenocrysts and melt inclusions and pre-
sent an improved model of magma mixing for the 1991—
1995 dacite of Unzen volcano. The petrological con-
straints combined with experimental data are then used
to interpret the crystallization conditions of phenocryst
minerals in the mixed dacite.

low-

Petrography of the 1991-1995 dacite

Phenocryst phases in the dacite include plagioclase,
quartz, hornblende, biotite, clinopyroxene (cpx), ortho-
pyroxene (opx), magnetite, ilmenite, and apatite. Plagio-
clases are the largest (in size) and most abundant
phenocrysts (most grains are in the size range 0-5-1 cmy;
15-20 vol. %). Cpx is the least abundant phase (excluding
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Fig. 1. Mg-number [100 x Mg/(Mg + Fe)| of mafic phenocrysts and
An content [100 x Ca/(Ca + Na)] of plagioclase phenocrysts in the
1991-1995 dacites of Unzen volcano. The bimodal distribution of
orthopyroxene phenocrysts should be noted (z is the number of ana-
lyses). The compositions of orthopyroxenes, clinopyroxenes and plagio-
clases from the groundmass are also plotted.

the accessory phases magnetite, ilmenite, apatite) and is
difficult to distinguish macroscopically. The modal pro-
portion of all the phenocrysts is ¢. 20-30 vol. % (Nakada
& Motomura, 1999). Figure 1 shows histograms of the
Mg-number [Mg-number = 100 x Mg/(Mg + Fe)] of
mafic phenocrysts and the An content of plagioclase
phenocrysts in the 1991-1995 dacite. Opx phenocrysts
have a bimodal distribution compositionally. The Mg-
number of the groundmass opx is between the Mg-num-
ber of the two populations of opx phenocrysts, suggesting
that the groundmass opx crystallized from an intermedi-
ate melt composition resulting from the mixing of two
opx-bearing magmas. The CroO3 content of the high
Mg-number opx and cpx is in the range 0-2-0-5 wt %.
Chromium is a compatible element and its concentration
decreases rapidly as crystallization proceeds. Therefore,
the high CroOj content of the high Mg-number
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pyroxenes suggests that they crystallized from a relatively
primitive magma and that these minerals could compose
part of the phenocryst assemblage of the high-
temperature end-member magma. The modal amount
of pyroxene with high Mg-number (Mg-number >78) is
<0-1 vol. %. Other phenocrysts with low Mg-number
(i.e. opx, hornblende, biotite, magnetite and ilmenite) are
assumed to belong to the low-temperature magma. Most
plagioclase cores show complex oscillatory zoning, ran-
ging from Ans; to Any; (Nakada & Motomura, 1999)
with low MgO (<0-02 wt %) and FeO* (0-2-0-3 wt %)
contents. These phenocrysts contain inclusions of other
minerals, suggesting coprecipitation of most of the miner-
als; that is, plagioclase contains hornblende, biotite,
magnetite, ilmenite and apatite inclusions. The plagio-
clase also contains glass inclusions, usually with bubbles.

Pyroxene thermometry

The compositions of minerals were analysed by electron
microprobe at Hannover and Kobe Universities (for
analytical conditions, see Table 1). The analyses of opx—
cpx pairs observed as phenocrysts in the bulk rock have
been used to calculate temperatures prevailing in the
magmas (using QUILF, Lindsley & Frost 1992). We
used a sample collected from a mudflow on 13 August
1992 (by H. Sato), probably originating from a pyroclas-
tic flow from lava lobe number 7 (sample 92081301).
Some opx phenocrysts show complex zoning (normal
and inverse zoning; ‘normal’ zoning involves increasing
Fe content from the core to the rim of the mineral). Only
minerals with slight normal zoning or no zoning were
selected for geothermometry. Eight pairs clearly con-
sisted of adjacent and intergrown phenocrysts of opx
and cpx (grey dots in Fig. 2). The temperatures calculated
from the analysis of the rims of the adjacent opx and cpx
are in the range 1055 £ 75°C (Table la). Six pairs
yielded temperatures between 1030 and 1130°C. Most
isolated phenocrysts, either opx or cpx, have composi-
tions that plot in the same field as the opx—cpx pairs
(black dots in Fig. 2), especially the opx. In contrast,
most of the pyroxenes in the groundmass have higher
Fe contents and a temperature of 930°C is calculated
from the average value of all opx (58 analyses) and all
cpx (11 analyses) analysed in the groundmass (open cir-
cles in Fig. 2). We interpret the temperature of 1055°C =+
75°C as representative of that of the high-temperature
andesitic magma, prior to the mixing event with the
low-temperature magma. This interpretation also
predicts that the andesitic magma was not completely
aphyric, in contrast to previous assumptions. The tem-
perature of 930°C obtained from the groundmass pyrox-
enes is in agreement with the estimated post-mixing
temperature by oxide thermometry of 900 £ 30°C
(Venezky & Rutherford, 1999).

PETROGRAPHY OF UNZEN DACITE, PART I

The compositions of opx—cpx pairs from a dark ande-
sitic enclave collected from the top of Unzen volcano
(spine extruded in 1994) have also been determined. It
is emphasized that the dark enclaves in Unzen rocks show
a wide range in bulk composition (basaltic to andesitic;
Nakada & Motomura 1999) and that they do not neces-
sarily represent the composition of the high-temperature
magma involved in the 1991-1995 eruption. However, in
the case of the investigated enclave, the analytical results
given in Table 1b indicate an average temperature of
1050°C £ 26°C, which 1s close to that determined from
phenocrysts in the bulk dacitic rock.

Analysis of untreated glass inclusions
(major elements and water)

The major element compositions of glass inclusions in
different phenocrysts collected from dome samples and
from two volcanic bombs have been analysed by electron
microprobe. The glass inclusions are generally vesicu-
lated and include a gas bubble (see also Yamaguchi,
1997). Inclusions from the dome samples are sometimes
also partially crystallized with the formation of alkali
feldspar at the rim or with crystallization of tiny Fe-rich
phases within the inclusion (too small to be analysed by
microprobe). The average major element composition of
glass inclusions is given in Table 2. It is emphasized that
the results are rather qualitative and do not strictly repre-
sent the melt composition at the time when the inclusions
were formed, first because the melt inclusions suffered at
least one heating event through magma mixing (and
therefore partial dissolution of the host mineral should
occur), second because of possible partial crystallization
(as a result of slow cooling, especially in the external lava
lobes), and third because of possible leaks and loss of
volatiles. When compared with glass inclusions in plagio-
clase, the high SiOy contents of inclusions in quartz and
the high CaO and FeO contents of inclusions in amphi-
bole confirm the possible dissolution of the host mineral
after entrapment. The compositions of inclusions in two
plagioclases from volcanic bombs from 1991 are prob-
ably the most representative of quenched melts unaf-
fected by slow cooling processes (rapid ascent is
expected in the bombs). The comparison between the
glasses analysed in plagioclases of the bombs and in
plagioclases of the dome shows that the CaO and Al;Os5
contents are higher, and NayO and K,O lower, in the
glasses of the bombs, which can be explained by partial
crystallization of An-rich plagioclase at the interface
between the melt inclusion and the host mineral in sam-
ples that cooled slowly. Another possible explanation is
that the compositions of melts trapped in the analysed
plagioclases from the bombs and from the dome
were different. In any case, all inclusions in plagioclase
clearly have a rhyolitic composition [as already noted by
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Table 1a: Compositions of clinopyroxene—orthopyroxene phenocryst pairs in the Unzen bulk dacite

No.: 2.3 2.4 2.10 2.1 2.12 2.13 2.23 2.24 3.3 3.4 3.10 3.1 4.43 4.44 4.54 4.55
cpx opx cpx opx cpx opx cpx opx opx cpx opx cpx cpx opx cpx opx
SiO, 52-26 54-84 5111 5329 5063 53:16 52-16 54-31 52:66 49-70 5278 50-89 52-16 55-28 54-12 52:41
TiO, 0-28 0-15 0-41 0-18 0-36 0-19 0-29 0-14 0-23 0-80 0-26 0-40 0-37 0-16 0-19 0-30
Al,O3 1-94 1-06 2:95 1-89 2:71 1-80 1-63 1-49 270 4-64 2-87 2:22 2-63 1-34 2:47 2:53
FeO 593  11-96 6:12  11-64 6:08 12:00 7-:09 12:73 13-:20 821 15-33 11-33 6-26 1212 1225 5-97
MnO 0-19 0-25 0-15 0-37 017 0-25 0-34 0-29 0-36 0-17 0-26 0-39 0-14 0-32 0-34 0-19
MgO 16:-60 2913 1589 2870 16:26 29-60 16-87 2879 2578 1511 25-19 1690 1663 29:28 2844 16:60
Ca0 20-86 1-36 21-00 136 20-65 132 19-86 1-22 271 19-66 193 1516 21-45 1-48 161 21-24
Na,O 0-23 0-04 0-30 0-01 0-28 0-03 0-23 0-09 0-07 0-31 0-02 0-22 0-30 0-01 0-05 0-29
K>0 0-00 0-00 0-02 0-02 0-01 0-00 0-01 0-00 0-02 0-02 0-00 0-10 0-01 0-03 0-01 0-00
Total 98:20 9879 9794 9745 97-04 9835 98:47 99-06 97-71 9862 98-:64 97-60 99-93 100-02 9948 99-53
XMg 0-85 0-82 0-86 0-83 0-88 0-86 0-84 0-82 0-78 0-81 0-75 0-75 0-88 0-82 0-82 0-87
En 46-83 7871 4563 78:80 46-49 79-02 47-37 77-61 7278 43-99 71-26 4877 46-16 7841  77-44  76-49
Fs 976 1851 1008 1850 10-04 1835 11-71 19-71 2148 1369 2476 18-98 9-97 1870 19-24 9-68
Wo 42-57 2:65 43-26 2:67 42-43 2:63  40-09 2:37 550 41-15 392 3142 42:80 2-85 315 4277
Jd/Ae 0-84 0-13 1-13 0-03 1-04 0-10 0-83 0-31 0-24 1-17 0-07 0-83 1-07 0-05 017 1-07
QUILF T (°C) 1032 1060 1072 1036 1128 1139 987 974

Table 1b: Compositions of clinopyroxene—orthopyroxene phenocryst pairs in the Unzen dark enclave

No.: 22.1 22.5 22.2 22.6 22.3 22.7 22.4 22.8 22.17 22.18 22.12 22.13

cpx opx cpx opx cpx opx cpx opx cpx opx cpx opx
Si0, 50-65 53-56 49-31 53-16 51-65 53-33 50-15 54.37 51-80 54.78 51-86 54.92
TiO, 0-69 0-24 0-91 0-32 0-51 0-15 0-67 0-15 0-40 0-21 0-39 0-15
AlLO3 3-84 2:51 471 2:51 2:45 0-93 393 1-27 2:42 1-63 2:34 1-18
FeO 6-97 12:18 6-92 13-33 7-83 15-86 6-73 1271 5-80 11-75 6-43 11-81
MnO 0-17 0-36 0-14 0-21 0-28 0-41 0-18 0-41 0-17 0-38 0-23 0-23
MgO 15-70 28-95 14.77 27-56 17-02 26-46 15-79 29-03 16-48 29-15 1712 29-31
Ca0 21-20 1-35 21-81 1-45 18:76 1-27 20-96 1-32 21-71 1-65 20-58 1562
Na,O 0-27 0-04 0-30 0-04 0-27 0-02 0-24 0-03 0-23 —0-004 0-23 0-05
K20 0-01 0 0 0-01 0-02 0-01 0 0-02 0-02 0 0 0-01
Total 99-51 99-19 98-86 98-59 98-80 98-45 98-64 99-33 99-02 99-36 99-16 99-17
XMg 0-69 0-70 0-68 0-67 0-69 0-63 0-70 0-70 0-74 0-71 0-73 0-71
En 52-89 80-87 52-98 77-33 53-28 74-35 53-94 80-04 52-40 79-47 54.32 79-89
Fs 874 16-30 8-06 19-64 1110 23-03 8-26 17-27 7-51 17-43 7-51 17-09
Wo 38-37 2-83 38-96 3-03 35-62 2:62 37-80 2-69 38-17 3-10 38-17 3-02
QUILF T (°C) 1073 1044 1021 1053 1045 1068

All analyses performed at the University of Hannover; analytical conditions: 15kV, 15nA, 10s counting time on peak
position, 5s counting time on background, focused beam size. Standards: wollastonite for Si and Ca; MnTiO3 for Ti and
Mn; corundum for Al; haematite for Fe; periclase for Mg; albite for Na; orthoclase for K.

Nakamura (1993)] with relatively low FeO and MgO microprobe analyses using the ‘by-difference’ method
contents and high SiOy contents (>75 wt %). (e.g. Devine et al., 1995). The analytical conditions are

The determination of water concentration in the given in Table 2. The analyses were made with a defo-
glasses of the inclusions was made from the electron cused beam of 10-15 wm diameter. For each microprobe
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Fig. 2. Normative compositions of orthopyroxene and clinopyroxene in Unzen dacite in the system Di-Hd-En-Fs [thin sections from one
sample (92081301) collected in a mudflow on 13 August 1992]. Grey dots and tie-lines, opx—cpx pairs; e, isolated phenocrysts; O, minerals from
the groundmass; grey triangles, opx with normal zoning. The analysed sample has also been used as the starting material for the experimental

study (see composition in Table 2).

analytical session, we determined the difference from
100% for synthetic rhyolitic glasses with known water
contents (containing up to 6-6 £ 0-15 wt % HyO; the
water contents of the standard glasses were detemined by
Karl Fischer titration [see Holtz et al. (1995) for this
technique and for the analytical precision] and a calibra-
tion curve was made to recalculate the water contents in
the glasses. Table 2 presents analytical results obtained
for glasses in three plagioclases in three samples (up to 12
inclusions in one plagioclase). The analytical total for
each glass analysis (shown as ‘sum’ in Table 2) was very
high, and the average water contents in the glasses,
determined by the difference method, were found to be
1-9 and 2-8 wt % HyO for the inclusions in two plagio-
clases from bombs (see microprobe analyses made at
Hannover in Table 2). This low water content may be
due to diffusion of water into the gas bubble of the
inclusion during magma ascent or to leakage of the inclu-
sions during ascent.

Analysis of annealed glass inclusions

Assuming that part of the water trapped in the glass
inclusions may be concentrated in the gas bubbles,

some grains of plagioclase were separated from the dacite
and annealed under pressure at 850°C. Total water con-
tent present in glass inclusions was subsequently analysed.
The selected minerals were placed together with rounded
quartz crystals in a sealed gold capsule after drying at
70°C for more than 12 h (the rounded quartz was placed
in the capsule to avoid damage to the capsule wall by
sharp pieces of plagioclase). The gold capsule was heated
to 850°C and 200 MPa for 8h in a cold-seal pressure
vessel pressurized with argon [for detailed description of
the vessel, see Holtz et al. (1995)]. With this procedure,
water present in the vesicle should dissolve back into the
melt and remain in the glass during quenching. Because
the samples are pressurized with argon, no water can
penetrate into the melt inclusions if they are not sealed
(cracks through the host mineral), but it is expected that
such inclusions will lose their volatiles. After this high-
pressure—high-temperature treatment, the plagioclases
were prepared for microprobe analysis. The microprobe
analyses of the annealed inclusions were made with a
defocused beam (Table 2) and, when possible, several
analyses were performed on each inclusion, avoiding
any overlap between the analysed spots. When compared
with the composition of the starting glasses, the CaO and
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Table 2: Compositions of starting materials and glass inclusions

Whole-rock analyses

Microprobe analyses of glass inclusions

Bulk’ Groundmass® quartzZ amph® plag.dome3 in one in one in one inclusion G1 inclusion G2
plag.dome* plag.bomb® plag.bomb® after heating®  after heating®

n: 1 1 15 17 9 14 55 42 12 1"
SiO, 64-58 (65:10)  68-24 80-58 7459  75-98 76-82 76-30 76-36 76-12 76-25
TiO, 0-70 (0-65) 0-53 0-10 0-33 0-15 0-18 0-19 0-18 0-14 0-17
AlLO3 15-84 (15-59)  14-95 10-40 13:95  13-00 11-91 13-57 13-38 15-28 15-36
FeO* 5-04 (4-81) 4-05 0-79 1-64 0-81 1-19 0-84 0-91 0-80 0-73
MnO 0-09 (0-10) 0-09 0-04 0-05 0-05 0-07 0-08 0-04 0-05 0-04
MgO 2-65 (2-48) 191 0-13 0-21 0-14 0-13 0-12 0-15 0-15 0-11
Ca0 4-86 (5-11) 3-86 0-92 151 1-20 0-94 1-21 1-38 3-16 3-08
Na,O 3-61 (3-4b) 3-48 3-07 2:81 4-36 3-85 373 373 3-08 3-12
K20 2-50 (2-49) 2-85 3-98 4-90 4-29 4-82 3-96 3-87 1-22 1-14
P,0s 0-14 (0-22) 0-14 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Total 100-00 100-00 100-00  100-00 100-00 100-00 100-00 100-00 100-00 100-00
¥ microprobe 95-92 9-64 9564 9817 97.2’ 98-2’ 918’ 91.5"

n, number of analyses; n.a., not analysed.
*Total Fe given as FeO.

1Starting material for the experiments; sample 92081301A; analysis by inductively coupled plasma mass spectrometry; data
given in parentheses are average values obtained by microprobe analysis of the dry glass (made from the natural sample).
2Groundmass composition of the Unzen dacite after Sato et a/. (1999).

Average composition of glass inclusions in several phenocrysts (microprobe analysis, Kobe; analytical conditions are given
in the text).

4Average composition of glass inclusions in one plagioclase phenocryst of a sample of 1992 (microprobe analysis: Hannover;
analytical conditions: 15kV, 6nA, 5s counting time, Na analysed first, beam size defocused to a diameter between 10 and
15 um).

5Average composition of glass inclusions in one plagioclase phenocryst of a bomb from 1991 (microprobe analysis:
Hannover).

8Composition of one glass inclusion in plagioclase after heating at 850°C and 200 MPa (microprobe analysis: Hannover). The
plagioclase was collected from sample 92081301A.

7Sum of microprobe analyses made at Hannover were calibrated against standard samples containing up to 6-6 wt % H,0.

AlyOj content of the inclusions after heating was signifi-
cantly higher and the KyO content was lower. This is
interpreted to be due to a reaction between the host
plagioclase and the melt during the experiment. Many
inclusion glasses showed totals close to 100%. For some of
these inclusions, cracks propagating from the inclusion
into the host mineral could be observed, suggesting that
all or a part of the fluid may have escaped during the
annealing experiment. On the other hand, some inclu-
sions showed low microprobe analysis totals. Two of
these inclusions, with a size of ¢. 150 um in diameter,
were selected for detailed microprobe analysis. The
water content estimated ‘by difference’ by microprobe
(Table 2) was found to be very high, with an average
value of 8-2 wt % HyO (inclusion G1; 12 analyses in the
range 7-0-9-0 wt % Hy0O) and 8-5 wt % H,O (inclusion
G2, 11 analyses in the range 7-8-9-6 wt % HyO).

One of these glass inclusions (G1) was subsequently
analysed using Raman microspectroscopy following the

method described by Thomas (2000). This technique
allows for the collection of spectra in very small volumes
of sample. A confocal Raman spectrometer equipped
with a microscope and a 50x long distance objective
was used. The samples were excited with the 532 nm
line of a Nd—Y—Ag-laser operating at a power of 100 mW
at the source. The laser-beam diameter was focused
to ~2um below the surface of the sample. Acquisition
time was 50100 s. The integrated intensity of the Raman
band at ~3600 cm 1, resulting from the stretching vibra-
tions of both molecular water and hydroxyl groups, has
been determined in the glass inclusion and in six haplo-
granitic standard glasses with water contents ranging
from 10-7 to 1-3 £ 0-15 wt % HO. Using these standard
samples, a linear calibration curve between the integrated
band intensity at 3600 cm ' and the total water content of
the standard glasses was established [see also Thomas
(2000)]. The standard samples were continuously ana-
lysed during the analytical session to correct for small
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A model of magma mixing in Unzen Dacite

11 -
00 Nearly aphyric high-T magma 4 + 1 wt.% H,0
L Pyroxene thermometry
1000
F Groundmass 6 = 1 wt.% H,O
§ Bulk rock
= 900 .. A
Fe-Ti oxides thermometry i
Melt inclusions
800 |- Phenocrysts in phenocrysts
‘ @ Fe-Ti oxides thermometry, phase relations @ ‘
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70011111111111111111111111111111
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Si0, (Wt%)

Fig. 3. A model of magma mixing for the 1991-1995 dacite of Unzen volcano. The SiO, contents of the groundmass, of glass inclusions and of a
typical bulk-rock composition are given in Table 2. Following this model, the bulk dacite is composed of ¢. 30 wt % phenocrysts, 35 wt % rhyolitic
melt (7 ~ 775°C) and 35 wt % andesitic magma (almost aphyric, 7~ 1050°C). The water content of the melt in the low-temperature magma
and in the melt after mixing (groundmass) is estimated from the analysis of glass inclusions and from phase relationships at 300 MPa, respectively.
The water content in the high-temperature magma is estimated assuming that the groundmass results from the mixing of 50% rhyolitic melt and

50% high-temperature melt.

shifts from the calibration curve with time (preliminary
investigations to test the reliability of this method showed
that a continuous recalibration was necessary). Twelve
spectra were collected at different positions on the glass
inclusion and the calculated water contents varied in the
range 6-9-10-5 wt % HyO, with an average water content
of 8-5 wt % HyO. These results from Raman spectrometry
on glass inclusion G1 are in good agreement with micro-
probe analyses for the same inclusion (8-2 wt % HyO).
The glass analyses show the presence of very high water
contents in the inclusions. Assuming that the analysed
inclusions were composed only of a pure melt phase (no
free fluid) when they were trapped in the host minerals, a
minimum pressure at which the inclusions were formed
can be determined. The incorporation of 8 wt % HyO in
melts can occur only at pressures above 300 MPa in
rhyolitic melts (the water solubility in rhyolitic melts is
between 7 and 8 wt % at 300 MPa; e.g. Holtz et al., 1995).
This pressure is a minimum value because water solubi-
lity is even lower if an additional volatile such as COq is
dissolved in the melt (e.g. Blank et al., 1993; Tamic et al.,
2001). Other volatiles such as Cl, which are known to be
dissolved in significant amounts in melts from Unzen (up
to 850 ppm; Yamaguchi 1997) are not expected to
change the water solubility significantly (e.g. Webster

et al., 1999). It is emphasized that the water contents of
these two inclusions are not necessarily those of the rhyo-
litic melt mnvolved in the mixing process prior to the
1991-1995 eruption (the inclusions could be older). How-
ever, our results show that melts with extremely high
water contents may have prevailed at some stages of the
history of Unzen volcano. Considering that the maxi-
mum depth for the storage of the rhyolitic end-member
1s 11 km (Nishi et al., 1999), it can be concluded that these
melts were probably saturated with respect to a water-
rich fluid prior to the mixing event.

A magma mixing model for the 1991-1995
dacite of Unzen volcano

Figure 3 represents a general model for magma mixing in
the 1991-1995 dacite. This model can be considered as
a simplified working hypothesis (volatiles other than
water have not been considered), synthesizing our
present knowledge on the last Unzen eruption. It is mod-
ified after that of Nakamura (1995, 1996) with new
constraints on the temperature of the high-temperature
magma, on the temperature of the phenocryst-rich low-
temperature end-member magma [estimated by Venezky
& Rutherford (1999) to be around 790°C], and on the
temperature of the mixed dacite (estimated from the

325



JOURNAL OF PETROLOGY

compositions of the groundmass iron—titanium oxides to
be 900 £ 30°C; Venezky & Rutherford, 1999). The
chemical composition of the phenocryst assemblage is
estimated from the composition of individual phenocryst
minerals (mainly plagioclase and amphibole) and their
modal proportions (Nakamura, 1996). The melt compo-
sition of the low-temperature magma is estimated from
the composition of glass inclusions in the plagioclase
phenocrysts (data in Table 2), leading to an SiOy content
of 76-77 wt % (anhydrous basis). In Fig. 3, the SiOq
content of the high-temperature magma was obtained
graphically by extending the straight line connecting the
S105 content of the groundmass composition (Table 2)
and of the glass inclusions up to 1050°C. Assuming that
1050 £ 25°C is the temperature of the mafic end-mem-
ber, that the mafic magma is mainly composed of melt
(almost aphyric) and that the groundmass composition
results from the mixing of the low- and high-temperature
melts, the SiOy content of the high-temperature magma
can be constrained at 60 + 2 wt % SiO,. Such
nearly aphyric pyroxene-bearing andesite—dacites
(5109 60-67 wt %) occur in the Pliocene—Pleistocene
formations in the surrounding areas in NW Kyushu.

In this model, the groundmass of the dacite is consid-
ered to result from the mixture of the bulk rock of the
high-temperature magma and the melt fraction of the
low-temperature magma (specific heat and heat of mix-
ing have been neglected). The high-temperature magma
1s almost aphyric, except for a few pyroxenes with high
Mg-number (the amount of these pyroxenes must be low,
considering that their volume in the mixed magma is
around 0-1 vol. %). Assuming that the SiO, contents of
the high- and low-temperature melts are ~60 and
75 wt %, respectively, a simple mass balance calculation
indicates that the proportions of the high-temperature
andesitic magma and low-temperature silicic melt neces-
sary to form the groundmass composition are nearly
equal, which is consistent with the conditions required
for magma mingling proposed by Sparks & Marshall
(1986) and with estimates based on sulphur concentra-
tions in glass inclusions (Satoh et al., 2003). Thus, assum-
ing a total phenocryst content of 30 wt %, the proportions
of both rhyolitic and andesitic melts would be ¢. 35 wt %
each. It is emphasized that the amount of phenocrysts
was not constant during the 1991-1995 eruption process
(varying from ¢. 23 to 28 vol. %; Nakada & Motomura,
1999). Thus, the proportions given above can only be
estimates.

EXPERIMENTS
Starting material

Crystallization experiments were performed with a glass
corresponding to the Unzen dacite composition (Table 2)
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to constrain the conditions prevailing in the magma
chamber prior to eruption. The water content of the
melt was of particular interest and the experiments
were, therefore, carried out at various water activities.
Most of the experiments were conducted at 300 MPa, a
pressure corresponding to that of the depth at which
magma mixing is supposed to have occurred.

Table 2 shows the major element composition of the
starting material, which is representative of the bulk
Unzen dacite. The starting material was taken from
a hot block of ¢ 2m diameter recovered from the
13 August 1992 mudflow deposit in the Mizunashi
river. The temperature obtained by IR camera recorded
¢. 500°C at a distance of 10 cm from the surface of the
block, suggesting that the block was recently derived from
the active lava dome via a pyroclastic flow and subs-
equently incorporated into a mud flow. The powder of
the bulk rock was fused at 1600°C in a Pt crucible for 5h
under atmospheric conditions (no significant loss of alka-
lis occurred with this procedure; see glass analysis in
Table 2). The cooled glass was powdered (grain size
<60 um) and inserted in Au or AgPd capsules with dis-
tilled water (water-saturated conditions) or with a mixture
of HyO and silver oxalate (AgoCoOy). The use of silver
oxalate results in the reduction of the water activity at
constant pressure and temperature. The initial mole frac-
tion of HyO in the added fluids is listed in Table 3. The
total volatile content (CO9 and HyO) was kept at 10 wt %
of the total charge.

Experimental method

The experiments were conducted in externally heated
cold seal pressure vessels for 7-10 days in the range
100-300 MPa and 750-875°C (Table 3). The vessels
(Tuttle-type) are made of a nickel alloy and water was
used as the pressurizing medium. Using the solid buffer
technique, oxygen fugacity was kept at the Ni-NiO buffer
during runs. Although the starting glass was prepared
under oxidizing conditions, the time necessary to attain
redox equilibrium conditions at the Ni-N1O buffer is
relatively short using Au capsules of 2mm thickness
[21h at 750°C; 9h at 800°C; using the equations of
Harvie et al. (1980)]. Thus, an experimental duration of
7-10 days is long enough to ensure equilibrium redox
conditions. Chemical zoning in the crystalline phases was
not observed (when the crystal size was large enough),
suggesting that there was no significant growth of crystals
before the equilibrium oxidation state was established (or
that crystals reacted with changing oxygen fugacity in the
beginning of the experiments). After the runs, the vessels
were cooled by an air flux, allowing a cooling rate of ¢.
300°C within 1 minute. The temperature was regulated
within 10°C, and pressure was kept within 5% of the
nominal values [for further details, sece Holtz et al.
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Table 3: Experimental conditions and results of the determination of phase equilibria

Run Temperature (°C) Pressure (MPa) X(H,0)' H,0 in melt? (wt %) Phases®
1 825 300 1-00 7-6 pl (8), amph (18), ilm (tr), gl (73)
1-2 825 300 0-78 6-8 pl (31), amph (11), ilm (1), opx (5), gl (52)
2 825 300 0-79 6-8 pl (31), amph (9), ilm (1), gl (6), gl (53)

3 800 300 1-00 7-6 pl (15), amph (17), ilm (tr), ap(tr), gl (68)
4 800 300 0-80 6-7 pl (34), amph (12), ilm (1), opx(3), gl (50)
5 825 300 0-61 5-3 pl (38), ilm (tr), opx (9), gz (2), gl (50)

7 850 300 1-00 7-5 pl (4), amph (16), ilm (tr), gl (80)
8 850 300 0-78 69 pl (29), amph (7), ilm (1), opx (7), gl (56)
9 850 300 0-59 5.4 pl (40), ilm (1), opx (12), gl (47)

10 850 300 0-40 41 pl, iim, cpx, opx, gz, gl (*)

1" 775 300 1-00 7-6 pl (17), amph (16), ilm (tr), bt (2), gl (63)
12 775 300 0-79 6-6 pl (24), amph (22), ilm (1), gl (52)

13 850 200 1-00 6:2 pl, amph, ilm, gl (*)

14 850 200 0-80 4.5 pl (26), opx (12), ilm (tr), gl (61)

15 850 200 0-59 32 pl (35), opx (13), ilm (1), gl (51)

16 850 200 0-41 1-8 pl, amph, gz, gl (*)

17 875 300 1-00 7-5 amph (12), mt (2), gl (89)

18 875 300 0-79 65 pl, amph, opx, mt, gl ()

19 875 300 0-60 4.7 pl (22), opx (8), mt (3), gl (67)

20 875 300 0-40 36 pl, amph, gl (¥)

25 850 100 1-00 4-2 pl (25), opx (12) ilm (tr), gl (62)

26 850 100 0-78 3.7 pl, amph, opx, mt, gl (*)

29 825 200 1-00 6-2 pl, amph, mt, gl ()

30 825 200 0-79 4.5 pl, amph, opx, mt, gl (*)

50 800 200 1-00 6-2 pl (20), amph (17), mt (1), gl (62)

51 800 200 0-80 4.5 pl (34), amph (13), opx (4), mt (tr), gl (48)

pl, plagioclase; amph, amphibole; cpx, clinopyroxene; opx, orthopyroxene; bt, biotite; gz, quartz; mt, magnetite, ilm,

ilmenite; ap, apatite; gl glass; tr, traces.

TPhase proportions were not calculated because only compositions of some phases were analysed.
Mole fraction of water in the fluid (composed of H,O and CO,) in the starting material.

Water content of melts (see text).

Modal composition in wt % calculated after the least-squares method (Sugawara, 1998).

(1995)]. After the experiments, the capsules were checked
by weighing, and presence of a gas phase was ascertained
by checking the leak of fluid when opening the capsules.
The run products were analysed by electron microprobe
[University of Kobe; for analytical conditions, see below
and Sato et al. (2005)].

Phase relations

Phase assemblages in the experimental runs are summar-
ized in Table 3 and Fig. 4. Particular attention was given
to the presence of plagioclase, amphibole, ortho- and
clinopyroxene, quartz and biotite. Clinopyroxene was
not observed at the investigated conditions (77 <
875°C). Ilmenite, magnetite and apatite were observed
in some runs (Table 3), but we did not check system-
atically for their occurrence. Thus, these minerals may

also be present in runs in which they have not been
recognized. Figure 4 shows the phase relations (oxides
and apatite excluded) in terms of temperature versus the
water content of the melt at 300 MPa. The water contents
were calculated by different methods. For experiments
with X(H,O) = 1.0, the water content was calculated
from water solubility models for rhyolitic melts (Holtz
et al., 2001). For X(H,O) <1-0, the water contents were
estimated from the data of Dall’Agnol et al. (1999) and
Klimm et al. (2003), who performed crystallization experi-
ments on A-type granites (70-72 wt % SiOy) at 300 and
200 MPa, using the same experimental method (and the
same amount of added fluid). In these studies the water
content of the glasses was estimated by microprobe ana-
lysis following the difference method described by Devine
et al. (1995) and a calibration of the method was made
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Fig. 4. Experimental phase relationships of Unzen dacite at 300 M
content of the melt. The phases ilmenite and magnetite are not represe

Pa, Ni-NiO buffered conditions as a function of temperature and water
nted and have not been identified systematically in the run products. (a) e,

experimental conditions. (For the determination of the water content of the melt, the solidus and the water solubility curve, see text.) (b) The upper
number in the rectangle represents the SiO, content of the glasses (in wt %, recalculated to a sum of 100%) and the lower number is the An
content of plagioclase analysed in the experimental products. Data are given in Tables 3 and 4.

using standard glasses with known water contents.
Because the starting material contains less SiOg than
granitic compositions, the crystal amounts in our experi-
mental products are higher than those obtained by

Dall’Agnol et al. (1999) and Klimm et al. (2003). Thus,
the amount of free fluid phase is higher in our experi-
ments and the X(H,O) in the fluid after the experiments is
also higher (water dissolves preferentially in the silicate
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X(H,0)=1.0; 800°C

.'_-.|_.-
£ OKY,

Back-scattered electron images of some experimental products as a function of X(H,O) and temperature. The brightest minerals

represent oxides (magnetite or ilmenite), the next bright minerals are either hornblende or pyroxene, and dark rectangular minerals are
plagioclase. The glass matrix is dark. The widths of the photographs are 200 um.

melt when compared with COg). This means that the
estimated water contents given in Table 3 are minimum
values for experiments with X(H,O) <1-0.

Representative back-scattered electron (BSE) images of
the experimental charges are shown in Fig. 5. The right-
hand side photographs in Fig. 5 are the BSE images for
X(HyO) = 1-0, and the left-hand side photographs are for
X(HyO) = 0-8. Clearly, the crystallinity of the products
increases as temperature rises and X(HoO) decreases.
Some of the BSE photographs show heterogeneous crys-
tal distribution in the charge at lower temperatures (e.g.
at 800°C), which may be due to undercooling effects.
Crystals are generally euhedral in shape, and show no
detectable compositional zoning.

Figure 4 shows that, at 300 MPa, the crystallization
temperature of plagioclase (An;; 45) at water-saturated
conditions [X(HoO) = 1-0] is slightly below 875°C.
Amphibole is stable only at X(HyO) > 0-8 or for melt

water contents higher than 5:0-6-5 wt % HyO, whereas
opx occurs only at water-undersaturated conditions with
melt water contents below 7-5 wt % H,O. Biotite is
present only in the run at 775°C and X(H,O) = 1-0. No
attempts were made to determine the solidus temperature
at 300 MPa. The solidus line was drawn in Fig. 4 by
combining the experimental data of Ebadi & Johannes
(1991) and Holtz et al. (2001) for a haplogranitic system.

Biotite has not been observed at 100 and 200 MPa
(Table 3). The experiments at these pressures were con-
ducted at 800°C and above, suggesting that biotite in the
Unzen dacite composition is stable at temperatures below
800°C. The effect of water activity on the biotite stability
field 1s difficult to predict. Depending on bulk composi-
tion and pressure, the crystallization of biotite may
increase or decrease with decreasing water activity (e.g.
Dall’Agnol et al., 1999; Klimm et al., 2003). However,
In any case, biotite is not expected to be stable at

329



JOURNAL OF PETROLOGY

temperatures much higher than 800°C in a dacitic com-
position such as that occurring at Unzen. Quartz stability
is limited to low X(H,O) and low temperatures. This
mineral has been observed only at 300 MPa, 825°C and
X(Hy0) = 0:-6, and at 200 MPa, 850°C and X(H,O) =
0-4. In both cases, the conditions are close to the solidus,
suggesting that quartz is the last phase to occur in the
crystallization sequence.

Phase compositions

Experimental run products and some natural dacite sam-
ples were analysed by JEOL Superprobe JXA-8900 in
the Venture Business Laboratory of Kobe University.
The analytical conditions were 15kV accelerating vol-
tage and 12 nA beam current. Most of the elements were
analysed for 20s at the X-ray peak, and with a 10s
counting time on both sides of the peak for background.
ZAF corrections were made on the background corrected
counts. For analyses of hydrous silicic glass, sodium ana-
lyses were limited to 4 s with a broad beam (usually 10 um
in diameter). The analytical results are shown in Table 4.
Figure 4b shows the silica content of the glasses (recalcu-
lated on an anhydrous basis) and the An content of
plagioclases [= 100 x Ca/(Ca + Na)]. The SiOy content
of the glasses generally increased (up to 78 wt %) and the
An content of plagioclase decreased as temperature fell
and X(H,0O) decreased. The most calcic plagioclase was
Any7 and was obtained at 850°C and X(H,O) = 1-0. The
composition of plagioclase in the other experiments ran-
ged between Anys and Angg (Table 4). The Mg-number
of hornblende in the experimental run products was in
the range 0-53-0-77 and increased with rise in tempera-
ture (at 300 MPa). The Mg-number of most orthopyrox-
enes was in the range 0-54-0-59.

DISCUSSION

Pressure constraints for the low-
temperature magma chamber

A major question in the case of Unzen volcano is the
location of the magma chamber in which mixing took
place. Ishihara (1993) pointed out the possible presence of
magma pockets at depths of 5 and 8 km from geodetic
levelling data, which could be the location of the low-
temperature end-member magma. However, the volume
of the magma pockets at 5 and 8 km 1s estimated to be less
than ¢. 107 m3, which is much smaller than the total
volume of erupted material of 2 x 10® m®. More than
half of the erupted magmas are derived from the low-
temperature magma, and we believe that such an amount
of magma may have resided in the main chamber at a
depth of 11 km as pointed out by Nishi et al. (1999). Our
results confirm that at least some of the plagioclase phe-
nocrysts present in the dacite must have been formed at
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¢. 300 MPa (or more) because of the high water content
(8 £ 1 wt % Hy0) observed in the reheated glass inclu-
sions. The AlyO3 content of amphibole is also an indica-
tor of pressure and could be helpful to constrain the
pressure after mixing by analysing the rim of amphibole
phenocrysts. However, this is tenuous because all phases
required for the geobarometer (especially quartz) may not
have been at equilibrium. It should be noted that amphi-
bole rims have an AlyOj content ranging from 10 to
12 wt % and an Mg-number of 0-65-0-75 (Sato et al.,
2005), which is identical to that of the experimental
products obtained at 300 MPa and temperatures of
850-875°C. The Al,O3 content of the core of amphibole
phenocrysts is lower (most of the cores contain 6-9 wt %
AlyOg; Sato et al., 2005), but the cores of these pheno-
crysts may have crystallized from a more differentiated
composition (and at lower temperatures), which is con-
firmed by the glass inclusions in these amphiboles
(Table 2). Using the calibration established by Johnson
& Rutherford (1989), Venezky & Rutherford (1999) deter-
mined a pressure of crystallization of 160 £ 20 MPa for
the crystallization of the hornblende cores. However, for
amphibole compositions similar to those of Unzen
volcano, Dall’Agnol ¢t al. (1999) demonstrated that the
calibration of Schmidt (1992) leads to a pressure higher
by ~100MPa than that estimated wusing the
geobarometer of Johnson & Rutherford (1989). Thus,
the comparison of experimental results and natural
amphiboles does not rule out a crystallization pressure
as high as ~300MPa for amphibole cores and for
amphibole rims.

Phase relations of the low-temperature
magma and its crystallization conditions

As described above, phenocryst phases in the low-
temperature end-member magma consist of plagioclase,
hornblende, biotite, magnetite, ilmenite, quartz, opx and
apatite. Figure 4 shows that at 300 MPa, the three most
abundant minerals, plagioclase, amphibole and opx, are
stable together only at X(HyO) = 0-8, which means at
slightly reduced water activities. From the stability fields
of opx and amphibole shown in Fig. 4, the corresponding
water content in the melt is ¢. 5-7 wt % at 875-825°C.
Thus, assuming that mixing occurred at 300 MPa and
that the post-mixing temperature was 870°C or higher,
the water content of the hybrid melt can be constrained
at a value of 6 & 1 wt % H,O.

The complete natural phenocryst assemblage (opx, pla-
gioclase, hornblende + quartz and biotite) has not been
reproduced at 300 MPa. However, the extrapolation of
the phase relationships to lower temperatures (Fig. 4)
shows that the five mineral phases mentioned above
should be stable at temperatures just below 775°C (prob-
ably 775-750°C) and for water contents of the melt in the
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Run Phase n SiO, TiOy Al,O3 FeO MnO MgO Ca0 NaO K,0 Total Mg-no. Ca-no.
1 gl 4 64-89 0-24 14-36 2-00 0-03 0-40 2-89 317 2-54 90-52 0-26 0-34
hb 6 47-24 158 11-74 14-05 0-25 1-1 10-12 1-69 0-82 98-58 0-58 0-77
pl 2 5516 0-06 28-42 0-52 0-02 0-09 177 3.77 0-44 100-24 0-24 0-63
1-2 gl 4 70-86 0-22 12-37 1-49 0-03 0-27 179 3-05 3.75 9383 0-24 0-24
hb 4 50-11 1.7 9-42 15-25 0-23 11-65 9-84 1-42 0-81 100-45 0-58 0-79
pl 4 5851 0-09 26-20 0-87 0-02 0-23 9-16 5-12 0-67 100-86 0-32 0-50
2 gl 4 70-62 0-25 12-69 148 0-05 0-28 2:07 3-04 3.76 9424 0-25 0-27
hb 4 47-81 1-56 11-19 14-25 0-27 12:30 10-04 1-64 077 99-83 0-61 0-77
opx 4 5308 0-17 1-60 2543 0-69 18-72 2:06 0-12 0-05 101-91 0-57 0-91
pl 4 58-96 0-38 25-46 141 0-02 0-22 8-87 4.98 0-73 101-02 0-22 0-50
3 gl 5 67-21 0-21 13-82 171 0-06 0-33 2-44 3:26 2:79 91-82 0-26 0-29
hb 15 45-41 137 10-97 16-77 0-32 11-60 10-14 1-61 0-57 9875 0-55 0-78
pl 4 56:20 0-16 27-46 1-02 0-01 0-39 10-71 4.67 0-37 101-00 0-40 0-56
4 gl 6 71-29 0-22 11-96 1-35 0-04 0-28 1-63 2:81 3-80 93-37 0-27 0-24
hb 6 47-97 173 8-36 17-63 0-27 12-10 9-44 129 0-59 99-38 0-55 0-80
opx 2 52:16 0-18 1-54 2672 0-82 17-76 137 0-05 0-05 100-65 0-54 0-94
pl 7 5871 0-24 25-59 119 0-01 0-34 877 5.07 0-67 100-58 0-33 0-49
5 gl 3 66-42 1-07 12-57 3-16 0-04 170 2:34 2:33 3-10 92-74 0-49 0-36
opx 2 53:00 0-20 1-00 2470 0-61 18-26 341 0-04 0-06 101-27 0-57 0-98
pl 4 59-48 0-27 24-79 1-01 0-01 0-22 8-:05 5:52 0-94 100-27 0-28 0-45
7 gl 5 63-57 0-32 14-68 218 0-07 0-40 323 327 2:39 90-12 0-25 0-35
hb 1 4543 1-90 11-42 13-59 0-23 12-64 10-97 1-81 0-71 98-69 0-62 0-77
pl 4 51-69 0-03 31-06 0-49 0-02 0-11 14-66 2:48 0-30 100-84 0-29 0-77
8 gl 5 6979 0-28 12-86 170 0-04 0-35 2:09 328 3-54 93-93 0-27 0-26
opx 8 53:29 0-26 1-63 2367 0-62 19-39 2-66 0-04 0-04 101-60 0-59 0-97
pl 6 58-44 0-13 25-65 1-23 0-02 0-42 9:32 5-04 0-59 100-84 0-38 0-51
9 gl 3 72:35 0-25 12-10 1-49 0-04 0-41 155 2:84 4-16 95-19 0-33 0-23
pl 4 58:92 0-22 25-32 1-00 0-04 0-40 8:70 5-18 0-75 100-51 0-41 0-48
10 gl 5 64:12 0-14 18-48 2-60 0-33 1:91 5-39 4.03 1-84 98-85 0-57 0-42
1 gl 5 67-38 0:15 13-28 1-25 0-04 0-22 2-40 2:59 2-61 89-94 0-24 0-34
hb 4 45-76 1-56 12:23 16-75 0-33 10-61 10-42 1-61 0-74 100-01 0-53 0-78
bt 2 37-39 2:82 16-06 19-03 0-14 12-39 0-07 0-59 9-75 98-24 0-54 0-06
pl 6 57.73 0-10 26-52 1-00 0-02 0-50 9-54 5-33 0-41 101-15 0-47 0-50
12 gl 5 68:01 0-18 12-76 1-29 0-03 0-23 2:05 2:75 3:01 90-31 0-24 0-29
hb 3 5368 0-98 10-77 13-81 0-28 9-65 8:20 1-37 0-71 99-45 0-55 0-77
pl 6 59:30 0-05 26-05 0-70 0-01 0-12 862 5-67 0-50 101-02 0-23 0-46
13 gl 6 67-35 0-29 18-52 2:33 0-06 0-43 2:84 357 2-88 98-31 0-25 0-31
hb 6 45-20 1-93 11-03 14.73 0-26 12-90 10-67 171 1-03 99-46 0-61 0-78
pl 3 54-82 0-08 27-69 1-01 0-01 0-13 11-44 4-12 0-63 99-93 0-19 0-61
14 gl 3 71-41 0-31 16-53 173 0-02 0-32 1-98 3:31 3-80 99-49 0-25 0-25
opx 7 52.70 0-26 137 25-02 0-55 19-81 178 0-03 0-06 102-68 0-58 0-97
pl 2 58-92 0-08 25-36 1-27 0-03 0-21 891 5-06 113 100-97 0-23 0-49
15 gl 3 74-40 0-33 15-50 163 0-03 0-29 1-40 2.97 4.48 100-95 0-25 0-21
opx 1 53:16 0-31 0-73 26-97 0-60 19-62 1-44 0-02 0-09 102-94 0-56 0-97
pl 1 59:32 0-06 25-28 0-56 0-00 0-04 8-68 5.:25 0-58 100-76 0-11 0-48
17 gl 3 63:62 0-36 19-45 191 0-07 0-88 4-13 3-34 2-49 96-33 0-45 0-41
hb 5 45-27 1-45 10-42 8-84 0-17 16-51 11-90 1.72 117 97-46 0-77 0-79
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Run Phase n SiO, TiO, Al,O03 FeO MnO MgO Ca0 Na,O K50 Total Mg-no. Ca-no.
18 gl 6856 034  17:91 177 005 072 281 348 2:96 9867 042 031
hb 5 46-67 1568 10-41 9:92 0-25 16-08 10-99 174 1-09 98-75 0-74 0-78
opx 1 53-15 0-30 3-88 12:53 0-64 27-32 2-66 0-26 0-14 100-86 0-80 0-85
pl 3 54-62 0-08 27-80 1-40 0-03 0-40 11-63 412 0-61 100-58 0-34 0-61
19 gl 3 7262 028 1654 146 005 0-58 212 336 380 10089  0-14 026
opx 1 5472 0-16 220 1460 083 2842 143 000 008 10242 078 1-00
pl 1 5801 009  26:60 074 000 0-09 943 529 100 10125 017 0-50
25 gl 2 70-73 0-27 16-63 172 0-07 0-28 1-92 3:32 3-80 98-77 0-23 0-24
opx 3 52-59 0-23 1-10 24.57 0-58 19-92 1-82 0-04 0-06 100-90 0-59 0-96
pl 4 5749 014  25.17 138 001 0-36 933 469 115 9973 032 052
26 gl 3 7068 044 1581 214 005 047 187 331 371 9854 028 024
opx 4 5252 0-22 121 2482 054 2002 177 004 009 10124 059 0-96
pl 2 5597 016 26:63 160 001 018 1010 489 088 10041  0-16 053
29 gl 3 69-68 0-36 16-01 1-56 0-09 0-76 2-33 3:01 3:26 97-22 0-47 0-30
pl 1 5572 011 26:07 133 003 061 1017 498 071 9972 045 053
30 pl 1 5833 006 2581 057 002 0-33 833 562 145 10062 051 045
50 gl 7 7032 023 13-34 180 004 0-32 205 306 314 9431 024 027
hb 4 4547 177 1158 1524 027 177 1046 162 057 9874 058 078
pl 5 56-89 0-05 26-35 0-91 0-01 0-16 10-12 4-85 0-35 99-69 0-23 0-54
51 gl 6 7417 019 1171 136 002 0-23 145 272 412 9697 023 023
opx 1 5251 0-18 109 2640 065 1856 154 0:00 004 10097 056 1-00
hb 2 46056 187 1103 1631 025 10-65 976 160 0-68 9819 054 077
pl 4 5847 021  17-48 733 017 5-39 609 323 123 9965  0-57 051
range 67 wt % HyO at 300 MPa. Quartz and biotite can ~ be strictly representative of the low-temperature

also coexist at lower pressure and the combination of our
data and those of Venezky & Rutherford (1999) makes it
possible to draw a P-7 phase diagram at water-saturated
conditions (Fig. 6). At water-saturated conditions, quartz
and biotite coexist only below 800°C in the range 100
300 MPa. At these conditions (¢HoO = 1300 MPa and
7T <800°C), the crystal fraction in the dacitic composition
is ¢. 35 wt % (Table 3). This crystal fraction would be
higher if slightly water-undersaturated conditions pre-
vailed.

It has to be emphasized that the investigated composi-
tion (bulk dacite) results from a mixing of two magmas.
From the model in Fig. 3, the bulk dacite results from the
mixing of ¢. 65% of low-temperature magma and 35% of
andesitic magma. Thus, the discrepancy between the
natural phenocryst mineral assemblage and the experi-
mental phase assemblage (absence of a field with coexist-
ing quartz, biotite, opx, hornblende and plagioclase at
post-mixing conditions; 875-900°C and 300 MPa) may
be explained by the presence of inherited phenocrysts,
which may have only partially re-equilibrated with the
post-mixing melt. Although the bulk dacite may not

magma, our results can be applied to constrain, in part,
the conditions the
end-member magma prior to mixing. Assuming that the
low-temperature magma is composed of at least 35 wt %
phenocrysts and at most 65 wt % rhyolitic melt (see
above), the bulk composition of this magma must be
relatively close to the bulk dacite. Using the phase
relations shown in Figs 4 and 6, and assuming a pressure
of 300MPa, it can be concluded that in the low-
temperature magma, quartz and biotite can be stable
together only at 7 < 775°C. Quartz and biotite were
also not stable in experiments with the groundmass com-
position at 800°C and higher and at 200 and 100 MPa
(Sato et al., 1999). Because of this low temperature, the
crystallinity of the magma must be high. At 300 MPa and
800°C, the presence of coexisting biotite and quartz in
the bulk dacite would be obtained only in magmas con-
taining more than 35% crystals (this crystal fraction
would increase at water activity lower than unity and at
lower temperature). It should also be noted that the
estimated temperature of 775°C, or below, for a biotite-
and quartz-bearing low-temperature magma may be

prevailing in low-temperature
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Fig. 6. P-T diagram showing the phase relations of the Unzen dacite at water-saturated conditions. For each experiment, the presence of the
phases plagioclase, amphibole, quartz and biotite is marked by the grey or black squares: black squares, experiments of Venezky & Rutherford
(1999); grey squares, experiments in this study. Two experiments of Venezky & Rutherford (1999) at 120 MPa, 750°C and 200 MPa, 1050°C: have
not been used to determine the stability fields of amphibole and plagioclase, respectively, as kinetic problems may have occurred in these
experiments. The phase diagram shows that quartz and biotite coexist only at temperatures below 800°C at water-saturated conditions in the

pressure range 100-300 MPa.

slightly higher if this magma is more SiOy rich than the
bulk dacite (in this case, the stability of quartz would be
shifted to higher temperatures at the same water activity).
The constraints on the crystal content of the rhyolitic
end-member magma have implications for the viscosity
of the Unzen magmas. The crystal content of >35 wt %
(~33 vol. %) in the low-temperature magma is greater
than the amount of phenocrysts in the Unzen volcanic
rocks, estimated to be 23-28 vol. % or below (Nakada &
Motomura, 1999). This suggests that only mixed or
mingled magmas in which the content of phenocrysts
was relatively low were able to migrate towards the sur-
face.

One other possible interpretation for the discrepancy
between the natural phenocryst assemblage of the low-
temperature end-member magma and the experimental
phase assemblage is that phenocrysts may be inherited
from different portions of the magma chamber with var-
iations in terms of X(H,O) and/or temperature. For
example, quartz and orthopyroxene phenocrysts could
be present in a portion of a magma chamber in which
temperature and/or X(HoO) is lower than in another part
of the magma storage system in which phenocrysts such

as biotite, hornblende and plagioclase crystallized. This
model is consistent with the observation of mutual
mineral inclusions in the phenocryst phases. On the
other hand, it is known that quartz stability decreases as
pressure increases at water-saturated conditions (e.g.
Johannes & Holtz, 1996; Barclay et al., 1998; this study).
It 1s, therefore, also possible that part of the phenocryst
assemblage was inherited from magma pockets at depths
of 5 and 8 km. Although there is a possibility that some
low-temperature end-member magma was derived from
such shallow magma pockets, we prefer a model in which
most of the low-temperature end-member magma was
derived from the main magma chamber at a depth of
around 11km. This magma was not necessarily homo-
geneous in terms of temperature and water activity. In
any case, the phase relations show that the crystallinity
was high (>35 wt %) and that the water content of the
rhyolitic melt was higher than 6 wt % HyO. Therefore,
the low-temperature magma was highly viscous (crystal
mush) at the time of injection of the high-temperature
magma. In contrast, the viscosity of the rhyolitic residual
melt must have been low because of its high water
content.
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Fig. 7. Variation diagrams showing the compositions of the experimental glasses, glass inclusions in plagioclase, quartz and hornblende, the bulk

rock and the groundmass of the Unzen dacite.

Melt and mineral compositions

Figure 7 illustrates the melt compositions of the experi-
mental charges, which are compared with the bulk-rock
composition, groundmass composition, and melt inclu-
sions in the phenocrysts. The experimental melt compo-
sitions show monotonically varying compositional

changes in the oxide-silica diagrams. Although the
experimental melt compositions deviate from the natural
bulk-rock and groundmass compositions for some ele-
ments, such as TiO,, FeO* MgO and AlyOs, they
converge on the melt inclusion compositions with high
Si0O, contents around 75—78 wt %. Glasses with such
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high SiO, contents have been obtained in runs with high
crystal contents.

At low temperature (<800°C; in the stability field of
quartz and/or biotite) such high crystal contents are also
obtained at high X(H,0). Thus, glass inclusions in plagio-
clase may represent the composition of a water-rich
rhyolitic liquid resulting from the partial crystallization
of a dacitic magma in a magma chamber at depth of
11km prior to mixing. Experimental glasses with low
Si0y contents (<70 wt % SiOg) have FeO*, MgO
and TiO, contents that differ appreciably from the bulk
dacite or groundmass composition (Fig. 7). However, the
temperature of the experimental runs was lower than that
of the groundmass after mixing, explaining the low Fe,
Mg and Ti contents of the experimental glasses when
compared with the groundmass composition.

As described in the previous section, plagioclase An
contents in the experimental charges range from Anys
to Any;. At temperatures of 775-800°C and X(H,O) =
0-8-1-0, the An content of plagioclase is Anys 59, which
mostly covers the compositional range of the main
population of the plagioclase phenocryst cores
(Fig. 1). The minor element concentrations such as
MgO, FeO* and K5O in the experimental plagioclases
MgO >0-1 wt %; FeO* 0-5-1 wt %) are higher than
those in the natural plagioclases (Sato, 1996), which may
partly result from analytical problems caused by the small
grain size of the plagioclases in the experimental run
products (Fig. 5), and by kinetic effects of rapid growth
of the experimental plagioclases at relatively large under-
cooling. The most calcic plagioclase phenocrysts in the
dacite may have crystallized from more high-temperature
magmas. It has to be noted that An-rich compositions are
often found between more sodic compositions (oscillatory
zoning), and that the calcic plagioclases have low MgO
and FeO* contents (Sato, 1996). Thus, we presume that
these calcic plagioclases present in the low-temperature
end-member magma may record an injection of high-
temperature magmas into the low-temperature magma
chamber. The complex history of the plagioclase pheno-
crysts was confirmed by Chen e al. (1993, 1999), who
compared the ®’Sr/*®Sr isotopic ratios of phenocrysts
and matrix of eruptive products of Unzen eruptions of
19911995, 1792 and 1663.

The comparison of the Mg-number of natural and
experimental mineral phases synthesized at Ni-NiO buf-
fer conditions also allows constraints to be placed on
the oxygen fugacity prevailing in the Unzen magma.
Hornblendes with Mg-number in the range 0-60-0-66
(observed in the natural rock, Fig. 1) are best reproduced
at 825-850°C. The same observation can be confirmed
when comparing the population of the natural Fe-rich
orthopyroxenes (Mg-number 0-60-0-66, Fig. 1) and the
synthetic orthopyroxenes (Mg-number 0-57-0-59). At
lower temperature (775°C), the synthesized hornblende
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and biotite (experiments 11 and 12, Mg-number 0-53—
0-55) are slightly more Fe rich than the natural ones. This
is also the case when comparing the orthopyroxenes
synthesized at 800°C with the natural Fe-rich population.
Assuming that a temperature of 775°C or below is repre-
sentative of the low-temperature magma (see above), the
experimental results suggest that the oxygen fugacity in
this magma should have been slightly higher than that
buffered by the Ni-NiO assemblage [the Mg/ (Mg + Fe)
value of mafic minerals is known to increase with increas-
ing oxygen fugacity]. This oxygen fugacity is close to that
calculated by Nakada & Motomura (1999) and Venezky
& Rutherford (1999) for the crystallization of the ground-
mass, which was found to be 1-2 log units higher than the
quartz—fayalite-magnetite buffer. However, experiments
at different oxygen fugacities need to be performed to
determine exactly the prevailing conditions in the low-
temperature magma and in the mixed magma chamber.
In addition, there is still very little information on the
oxygen fugacity in the high-temperature magma.

CONCLUSIONS

This study provides constraints on the conditions prior to
and after the magma mixing event leading to the eruption
of the 1991-1995 Unzen dacite. The high-temperature
end-member is not completely aphyric with 62-64 wt %
Si0g at 1055 £ 75°C. The most probable temperature is
between 1030 and 1130°C, in agreement with Venezky
& Rutherford (1999). The low-temperature end-member
magma contains a high fraction of phenocrysts (>35 wt %)
and the melt coexisting with the phenocrysts is rhyolitic
with a Si10, content above 75 wt %. The oxygen fugacity
is slightly above that fixed by the Ni-NiO buffer. The
temperature of this magma prior to mixing is most prob-
ably below 775°C and the water content of the melt is
high (at least 6-7 wt % HyO). Assuming that the water
content in the rhyolitic melt prior to mixing is close to the
values found in the glass inclusions, it may be as high as
8 £ 1 wt %. Thus, this rhyolitic melt can be considered as
a residual melt saturated or nearly saturated with respect
to a fluid phase if the main magma chamber is at
300 MPa. In any case, the high water contents found in
the rhyolitic inclusions in plagioclases also show that these
minerals formed at a pressure of at least 300 MPa (when
the glass inclusions were trapped) during part of their
history.

The bulk dacite that erupted between 1991 and 1995
at Unzen results from the mixing of ¢. 35 wt % high-
temperature magma, 3540 wt % rhyolitic melt and
25-30 wt % phenocrysts (inherited from the low-
temperature magmay). It is emphasized that these propor-
tions can only be estimations, as the phenocryst
abundance changed by ¢. 5% during the course of the
cruption (Nakada & Motomura, 1999). Assuming that

335



JOURNAL OF PETROLOGY

the water content in the rhyolitic melt is ¢. 8 wt %, and
that the post-mixing melt contained 5-7 wt % H,O
(conditions required for the stability of the three main
minerals plagioclase, amphibole and orthopyroxene at
300 MPa; Fig. 4), the water content of the andesitic melt
must have been ¢. 4 wt % (see also model in Fig. 3). This
estimation is based on a simple mass balance calculation,
involving a mixing of 50% rhyolitic melt with 50% ande-
sitic melt, and is only a rough approximation (melting in
the low-temperature magma and crystallization in the
high-temperature magma is not taken into account).
However, the water contents of melts of both the andesi-
tic and the rhyolitic end-members are significantly higher
than estimated previously (Venezky & Rutherford, 1999).
Thus, prior to mixing, the viscosities of both melts and
their viscosity contrast must have been low (<10°7 Pa s
for the rhyolitic end-member, Schulze et al, 1996),
which favours an efficient mixing of the mafic and
rhyolitic melts.

The complex zoning in plagioclase and amphibole
phenocrysts (see also Chen et al., 1993, 1999; Sato et al.,
2005) and the difficulty in reproducing the natural
phenocryst assemblage (coexistence of biotite, quartz,
and orthopyroxene) suggest that the physical conditions
of crystallization of these minerals in the low-temperature
end-member magma are not necessarily identical
throughout the magma body. We suggest that intermit-
tent injection and commingling of high-temperature
mafic magmas with the low-temperature phenocryst-
rich magma may have occurred. An alternative explana-
tion for the oscillatory zoning of plagioclase and amphi-
bole phenocrysts is that volatile activity changed
periodically in the low-temperature magma as a result
of the degassing of a deeper high-temperature magma
(Sato et al., 2005).
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