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Water and Magma
Takeshi KURITANI""

Abstract

0 O Water has been continuously degassed from the Earth's interior by magmatism throughout
evolution, and can significantly affect dynamic processes of its carrier, i.e., magmas, during their
transport from the mantle to the Earth's surface. This paper summarizes the effects of water on
the physical and thermodynamic properties of magmas, and their roles in magmatic processes.
Magmas commonly contain at least 0 0.2 wt.[0 of water, and some magmas can have up to 6
wt.[0. Despite the fact that water is a minor component in silicate liquids, the effects of dis-
solved water on the properties of silicate melt are significant because it has a much lower molec-
ular weight at [0 18.0 than those of the other components[] SiO.: [0 60.1, for example[l Dissolved
water greatly affects the density and the viscosity of silicate melts, thereby controlling rates of
dynamic processes of magmas, such as segregation of primary melts in the mantle, transport of
magmas from the mantle to the crust, convections and crystal-melt separation in crustal magma
chambers, and ascent of magmas in volcanic conduits. Water also influences solid-melt thermo-
dynamic equilibrium relationships, and this affects the chemical differentiation paths of mag-
mas, in addition to the amount of melt production in the mantle by changing solidus tempera-
tures. The eruptive behavior of volcanoes is driven by the exsolution of magmatic water, and as
such depends on the water solubility of magmas mainly as a function of pressure. Water has also
played important roles in the evolution of the Earth. Magma generation has been induced by
water in the Earth's interior, and magmas have carried materials and energy from the interior to
the surface of the Earth. In particular, water transport beneath an island arc is important in the
global water cycle, and has greatly affected the environment of the Earth's surface.
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[ al1] Calculated liquidus temperatures and
0 b0 chemical compositions of olivine and
plagioclase as a function of dissolved water
content for an alkali basalt magma from
Rishiri Volcano. The composition of the melt
0 Kutsugata North lavall is presented in
Table 2 of Kuritani] 1999b[] Pressure condi-
tion of 200 MPa and oxygen fugacity of NNO
buffer are adopted. The thermodynamic so-
lution models of Ghiorso and Sack[] 19950]
Hirschmann[J 19910 and Elkins and Grove
0019900 are used. The ferric-ferrous ratio is
calculated according to the model of Kress
and Carmichaell 19910 Chemical poten-
tials of solid phases are obtained from data
of Berman[] 1988[]
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Fig. 20 Calculated variations of melt density with
temperatures for different water contents of
0, 2, and 4 wt.O . The melt composition of al-
kali basalt magma from Rishiri Volcanél Ku-
ritani, 1999b0 is used. Pressure condition of
200 MPa and oxygen fugacity of NNO buffer
are adopted. The melt density is calculated
using data of Lange and Carmichaell] 19900
and Ochs and Langel] 199901 The range of
densities of plagioclase solid solution is also
shown by a vertical arrow.
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Fig. 3 Calculated variations of melt viscosity with
water contents for different melt compositions
and temperatures: 9000 and 11000. The
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Fig. 40 Calculated variations of water solubility
in silicate melt as a function of pressure
for different temperatures: 11000, 12000,
and 13000 . The melt composition of alkali
basalt magma from Rishiri Volcanol Kuri-
tani, 1999b0 is used. Water solubility is cal-
culated according to the model of Moore et
al.[119980
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shown. 7; and T; indicate the temperature of the main magma and the temperature at the interface be-
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1995000, O0OO000OO0oDOoooooboooon
goooobooooooooob, bobobo
gbobooboooobooooboobobobo
gooboooo, ooboooboboooboboobo
gooooboooo, oooboboobobo
gbobooboooooooooboooboo, bo
00000000000000 Tait and Jaupart,
199200 00000goood, gooooboo
ugoooooooo, cooobooboboooo
gbooooboobboobobooboooobboo
0000o0ooooooooooooo Ve, m/sO
u,

0150

oooooooooo, o000, Kdm?00O
000, dpdkgm®PO0 000000000, ¢
uoboobooobooooboooboooboon,
Kerr and Tait, 1985000000000, OO
gboooooooooboboboobooobogoo
uboooooooobooboa, obooooobooo
gbooooooooobobobooo, oogo
gboooooooooboboboobooobogoo
uoooooooa, bboboobboobooo
o, oooooooobobo, oobooooo
obooooooooobo

booooooooobobooboooooo, o
gboooooooooboboboooo, obgo
gboooooooooboboboobooobogoo
oo, ooboboobobobooooobooo



gooo7mmoboooooooobbbooooo
gboooboooboo, oboboobobobobo
gooog, ooboboooboooboboobo
goooobooo, booobooboobobo
gooo, boobooobooooboobobobo
00ooooooooo, booooom Vs, m/sO
g

a’+ Apse g
n

O Vi= Cse 0160
Jo0o0ooooo,Gooooo 2/90e0 mO
000000 ooo0ooooo, Apdkgm’O
joo0o00o0000ooooooooooooo
0Jo000O00O0oOoooOo, 00oooooo
01600000000, D0000000000
0JoooooO0oDOon, 0000000000
0000000000000 00000ogon
0O Martin and Nokes, 19890 0000 0O, OO
Joo0o0oO0do, 0oo0o0o0ooooooo
Joood0o0ooO0ooooooooog, 0o
001wtDD4wt0ODDDODODOOOODO 3
00000000000 000d, OO0 1mm
Joo0o0o0oO0oOooooog, Dooo
85x 10" m/s, 5.0x 10"°m/sO0 00000
o000, 0oo0o0o0o0o0ooooooo
Joo0o000OoOdod, Dooooooooo
Jo0o0odO, 0oooooooooooo

0320000000000000000000

|

joo0o0o0o0ooooood, 0ooooooo
000000-000000000000000
0JoO00oO0oO0o0O, D0000o00ooog
jooo0o0o0o0oOoooooog, oooooo
joo0o00o0000ooooooooooooo
0Joo00oO0o0oO0Odog, D0000o0ooog
jood0o0o0ooooooooooog, ooo
Joo0o0oO0og, 0oo0o0oooooooo
0oooO0O0ooOog, 0000oo0oooooo,
jooo00o0o00o0ooooooooooo
Jooo0o0o00oooOoog, 0ooooooo
Jod0o00o0o0oO0oooOdoogo, ooooo

goooooooog, obbobooomobo-
uoboooooooodg, oboobooooooboo
gbooooooooobooboobobo

ooooo, ooboobobobooooogoo
oo, bobooboobobobooobooobooon
OOooDooooos8son, obooOo1wtdOO
4wt O0Ooooooooo, oooooooo
booooobooboobobobooooboooboon
gboooooooboobobobooobooobogon
ooooo, ooboobobobooooogoo

o010 obooo1wtODDOOODOOOOOOO

opooooog, 4wthOooooog, OO
gooooboooboooboooboooboo
ooog, Mgooog, CaOO ALOsOODODO
goooo, oobobobobooboooo, obgo
goooooooooooboobob
oboooooog, obobobooobooobooo
goooo, oobobobobooooobooo
oooooboooobbooboooboooon,
oboooooooboobobooboooo, boo
gbooooooooob, bobooooooo
goooooooo, bobobooogoogo
ooboooooooooooooo "moooo,
gbooooboooboooboboooobooon,
gboooooooooboboboobooobogoo
gooo

0400000000000O0DOO
000000oo0oovoooooooooo
0ooo, DoopO000000000O0000
00oooooog, Doooooooooadvo
goooooo, bobobobooogoogoo
0APOO0O0U0OODOOOOOOUDOODOOOOO
gooo, oooooog,

4 AV
AP=_ c
HATER Ty

0170
0000000000000 00, Tait et al.,
19890000, £ 00000000D0DOOOO
gbooooooooob, bobooooooo
000000000000 0000O0n0 10 MPa
O O: Etheridge, 198300 2000000, OO



E Initial composition E

MgO(wt.%)

ol+pl ©

37”H\HH\HH\HH\HH M
51 51.5 52 525 53 535 54

Si0,(Wt.%)

O8ooodoolwtdD4wtOOOOOOOOooOO,
oooo0o0ooooooOoOooooooao
oooooooO0, Doooooooooo
0O O Kuritani, 199900 0 00 0000000
200 MPaO O, OO0 OO OO NNO buffer
0000000000000, Ghiorso and
Sack 199500 Hirschmann(] 199100 Elkins
and Grove] 19900 0 00O, OO OOOODO
Kress and Carmichaeld 19910 0 0 000 O
gooooooooooooooooooo
O00O0O0olODODDOO, plOODODOO
ooom

Fig. 80 The calculated variations of melt composi-
tions by batch crystallization for basaltic
magmas with water contents of 1 wt.[ and
4 wt.0 displayed in a MgO-SiO, diagram.
The initial magma composition is that of the
alkali basalt magma from Rishiri Volcano
0 Kuritani, 1999b(] Pressure condition of 200
MPa and oxygen fugacity of NNO buffer are
adopted. The thermodynamic solution mod-
els of Ghiorso and Sack] 199500 Hirschmann
019910 and Elkins and Grovel 19900 are
used. The ferric-ferrous ratio is calculated
according to the model of Kress and Carmi-
chaell] 199100 In the diagram, solid phases
in equilibrium with the melt are also shown
U ol and pl mean olivine and plagioclase, re-
spectively[l

gboobooboooooboooobooobo, obo
gooooboooo, oobobobobobo
RN

gbobooboooobooooboobobobo
000, 00000000 ODOOOBlake,
1981000000, Dooogooooooo
0, 10°*0000000000000000O0O,

dodooooooooooobooooooon
goooooooooooo, bbboboboooo
dood, ooooooooooooooooo
doooooooooooo, ooboooooo
godd, ooooooooobobobboboboo
doddoooooooooooooboooooo
O, oooooooooooooboooooo
O000000oo00oo0ooood, Taitet al.,
1989 0dopooooooooooo, ooo
dodooooooooooobooooooon
Od, ,OAPODOOODOOOOOOOOOO
0000400000000 000000000
oo, ooog, oooooooooooooo
goodo, oooooooobooboo, oo
dodooooooooooooooooon
0, oooooooooooboooboo, ooo
Jooooooooooooobobobboboboo
doddoooooooooooooboooooo
goodoooswtdOODOODOOOOOOOOO
100MPaOO0OOQd, DOOODOOOOOOO
dooooooobo, oooooobonoen
dodooooooooooobooooooon
goooooog, oooooboboboboboboo
doddoooooooooooooboooooo
ogoooo, oooo, ooooooooooo
oooooogo co,0opoonoooonon
0000000000000, Holloway and
Blank, 1994110 90 0, Newman and Lowen-
stern0 20020 0 0 0000000, ODOODOO
000000 HO-COo.ODUODOOOoonooon
oo0ooood, 1o0MPaOODODOOODODOO
ddddoooooooooo 3swt.oooood
0000000, 450ppm 000 CO, 0000
OO0, 0000 1wt.0OODO HO0-CO. OO OO
Jooooooooooooobobobboboboo
doddoooooooooooooboooooo
0 0 0 O O Bottinga and Javoy, 19900] 0O 0O O
0000dooogood 3000ppm OO0 COe O
doooooooooooooooooon
O Fischer and Marty, 2006 000 O00OO0OO0O
gooooooooooooobbobo, bboo



1000

800 |
600 [

400

CO;(ppm)

200 [

H20 (Wt.%)

Jg9ooooDoo0ooooooo, H O-COo,O OO
0000000000 Newman and Lowen-
stern(] 20020 0 0 0 00O

Fig. 90 The solubility diagram for H,O and CO,
in basaltic melt at 12000 as a function of
pressure and fluid composition, calculated
using the model of Newman and Lowenstern
020020

gboobobobooooooog
gooooob, ooooooobobobobo
goooobooooooooob, bobobo
gboooboobooooog, oboboboobo
gooooboooooooooboo, bobo
goooobooooooooooobooo, 0o
gbobooboooooooooboooboo, bo
gooooboooooooooboobog, obo
goooboobooooooooobog, obobo
ooo00ooUoooOoooooUoooUddHup-
pertet @l., 1982000, DOOOOOOOOO
gooobobooobobuobooobobo g
gjbodoooodoodoooooooouoooo
U, gbobooooooooobg, obobo
goooobooooooooobooog, obo
O00O0O0oooO0O0oOooooo, Yamashita,
199901

gs00poopooboobo
gbooobooobooooooooobooobooba, o
goboooobooboboobbooboon,
goooooboobobooboboobooo,
gbobooboooobooooboobobobo

odo04000000000000000O00, O
OO00O000OSparks, 19780000000, O
0o0o0ooooooooDoo co.0u0uooon
ooooooooooooodg, Co.O00oa
gooooooooooooobbobo, bboo
000D HOODODDOOODODDODOOODDOODO
oooooo, ooooooobooobo, oooo
Joooooooo, oooobobobboboboo
doooobobooobooooobooooboooa
doooooooooo, ooboooooooo
goooooog, oooooboboboboboboo
dodddooooooooooo

ooooooooo, oboooooooo-o
Jooooooooooooobobobboboboo
dooooooooooooobo, booooo
dodooooooooooobooooooon
od, ooooooooooobooboo, oo
doooooooboobooboooooooon
00 oooooooboooobooboooooa, oo
goodooobooboboooooog ogo
Jooboovo0@boodoooooboooo,
dodooooooooooobooooooon
0 0O, Jaupart and Tait, 199011

dodooooooooooooooo, ooo
dodooooooooooobooooooon
god, ooooooooooboo, bbbooo
dooooboooobooooobooooboooa
oood, oooooooo, oooooooo
0, oooooooooooobo, bbboobooo
dooooooooooo, ooooooooo
ooooo, ooooooooooboooooo
0000000, Vergniolle and Jaupart, 198611
goood, oooooooobooboooooo
gooooooooooo, oooooooa,
goooooooooooooboboo, oo
dodooooooooooooooooon
dodooooooooooobooooooon
goooo, oooooooobobobobobobooo
dooooooooboooobooooooon
0, oooooooooooboo, ooooo
goooooooooooo, bbboboboooo



goooobooooooooobooog, obo
gboooboobooobo, boboobobobobo
gbogooboobooooboooobobobobo
goooooboo, ooogooobooo, bobo
gbobooboooobooooboobobobo
gogoo, booooooooboboboobo

gobooooboobobooobboooooooo

goobobooobooobooobooboon,

Jaupart and Allegre, 1991; Woods and Koyagu-

chi, 1994000 000000O00O0O0O0OODOOO
gboboobooooobooog, gboboobo

0000, 0000000000000 Eichel-

berger et ¢l., 1986 00, DODODODODOODODO
oooooooooooooooooog, 0g
0000000oooooooooooooogg
0000 Sparks, 1978 0 0 [

oooooooooooooog, ogoooo
0o0ooooooooooooooogog, 0o
00000000000 oooooooooog
ooooooooooooog, oooog, o
0000000oooooooooooooogg
00, 0000o0o0o0ooooooooooog
ooooooooooooooooio,
200MPa000000D0OOODOOOO, DOO
000000000 01lwt.0d DOODODOOO
oooooo4wtOd OOOOCOOODOOOO
0000 s5wt.OOODOOODO, DODOOOOO
00000000000 oooooooooog
0o0ooooooooooooooooogoog
ooooooooooooopoog, IMooog
00000000000 oooooooooog
0, 00oooooooooooooooooog
0000, 00ooooooooooooooog
00000, 00o0oooooooooooog
0, 00oooooooooooooooooog
0000000oooooooooooooogg
ooooooomoOo, Dooooooooog
000, booooooooooooooooo
ooooooo0oO0O0O0O0O00000O0oOoOoOogg
00O, Sparksetal., 19941

0o0ooooooooooooooooogoog

70

~ 60§ —=— Less hydrous basalt| -
N b 1
< 50k —&— Hydrous basalt
S —=— Hydrous andesite 7
~ L
? 40 == 1
£ 30} 1
=
‘% 20 B
(@) 10 A Hydrous basalt: ”

b \ olivine if/ B

O ; S e T e
0 50 100 150 200
Pressure (MPa)

0100000000000 00000 1wt.O0
Jo0o0o0oooooooooo4wtdg
goodoooooooooooooooo
goooooooooooooooomo
Joooooooooooooooooo
00000000 Kuritani, 199900 0 0O O,
000000 00oO0O0oO0oOoOooooooo
0 O O Kuritani et al., 2005 0 O O Kr-740 0
00000000000, Ghiorso and Sack
(0199500 Hirschmann( 199100 Elkins and
Grove] 199000 00, OO OO OOONNO
bufferd 00 Kress and Carmichaell] 19910 [
gooooooo

Fig. 100 The calculated equilibrium crystallinities
of magmas during decompression from 200
MPa to 0.1 MPa, for a less hydrous basaltic
magmall 1 wt.00 in HyO[ a hydrous ba-
saltic magmal 4 wt.0 in H,OO and a hy-
drous andesitic magmal] water saturated(]
The composition of alkali basalt lava from
Rishiri VolcanolO Kuritani, 1999b0 and
that of trachytic andesite lava from Rishiri
Volcanol Kr-74 in Kuritani et al., 20050
are used as the compositions of basaltic
and andesitic magmas, respectively. The
thermodynamic solution models of Ghiorso
and Sack(] 19950] Hirschmann( 19910 and
Elkins and Grovel 19900 are used. The
ferric-ferrous ratio in the NNO buffer is
calculated according to the model of Kress
and Carmichael 199101

ooooOoO00d, O 15MPall 0 145 MPa D O
ubooooooooboobobo, ooboooboo
gboooooooboobobobooobooobogon
ooooo, ooboobobobooooogoo
oo, ooboboobobobooooobooo



gooooooooo, ooooooboooogd
0, O0oooooooog, O 145MPadn
gooo, bsoMPaDODODOODOODOODOO
goodo 100 00o0Od40MPaDOD0OODOO0O
ggooboooboobobooboboooboo, bba
goooo, booboboobooboooo, d
gooooobooooooobooooooog
ggooboooboobobooboboooboo, bba
goooooboooob, bbboobooobog
gooooobooooooooooog, oog
ggboboooboobobobobuooboooobg
laD00O0O0O0O, OOO00O0OOOOOOOOOo
gooog, booo, oobooooooog
gogobooobooboboboboo, ooooba
goboboobooboboboboobooooobog
oo ooag,
ggboboooboobobobobuooboooobg
00000000 Corrigan, 198200 00O, O
gooooobooooooobooooooog
goooooboo o0ob, DObbbOoooo
gooo, oboobobooboobooooobg
gooooobooooooobooooooog
ggboboooboobobobobuooboooobg
gooooboboooooboobooag, obbooo
goooooboooo, bboobooooog
gdoddodoooooooooboboobooboooo
000000000 Lipman et al., 198511
gedonoooono
ggobooobooobobooba, booooba
gooboooboobobo, booboooobog
gooooooobooooboooboooog
U, bboobooboboboboobooobooba
gooo, oboobobooboobooooobg
gooooobooooooobooooooog
oo, gobooboboboboobooooboobo
goooooboooob, bbboobooobog
o0, boooooooooobooooogd
U, bboobooboboboboobooobooba
gooobooob, obboboboobooooobo
o0, booboooooooooooooog
ggooooobodo, bobboobooooba

odooooo, oooooooooboooooo
000000000000 Westrich et all1 19880
O, ooooooooooobooboooooo
dooooooooooooonbo, booooo
goooooog, oooooboboboboboboo
dodooooooooooobooo, oooo
0 O 0O 0 0 Kuritani and Nakamura, 2006[1]
gooooooooog, ooobbobbobboo
dooooooooo, oooooboooooo
dodooooooooooobooooooon
U, oooooooooooboobobobobooo
doooooooo, ooooooboooooo
dodooooooooooobooooooon
god, ooooooooobobobobobobooo
goo, ooood, oooooobooooooo
ooooo, ooooooooooboooooo
gooooboboouoooboboom™m oo,
doddoooooooooooooboooooo
dodooooooooooobooooooon
g, doboboooobbobbuooooogoooga
dodooooooooooobooo, oooo
odooooooooooo

IvOooooooooooooog
gbobooboobooooo b

oooodg, boboooboobobobbbobooboo
U, oooooooobobobooooogon
gboooooooooboboboobooobogoo
oboooooo, boboboboooobooobooo
gboooooooo, boboboooooooo
gooooooooobobobooo, oo
booooobooboobobobooooboooboon
oboo, ooboooobobobooooogoo
gboooooooooboboboobooobogoo
oboooog, gboboboboooobooobooo
gbooooooooobob, booooooo
gboooooooooboboboobooobogoo
gooo

gboooooog, oboboboooooogo
gooooooooobobob, oogogo
oboooooog, obobobooobooobooo



Sl BES th R iEsE
(FRybR7RYE)
&4
—X=
T &7 -
K& A=
)T_\:]'ﬁ?* J, Ak EE
- Hh =2
1 e —IHEREX
i
]
! YR

T2 MLADKEE
010o000o00o00o00o0o0oo0o

Fig. 110 Schematic illustration of the global water cycle.

I FLADEE

ogooooooooooooo11mooooo
00000000000 21km¥/year D0 000
gooooooooooo, Crisp, 19841030 0,
OooooooooooboDbODo2wt.O OO
0 Moore, 1970; Jambon and Zimmermann, 1990;
Sobolev and Chaussidon, 19960] 000000
02800kgm*0000, 0000000 ODOO
gdoooobooooooboooon 1.2x
10" kglyear 0000000, OO0OO0O0OOO
goooooodooooooooomooo,
Johnson et al., 199400 OO 0000000 O0O
ogooooood, doooooooooooog
000000000000 0O0Carmichael,
200211

goooododdooooooooooooog
godooooooooooboobobooooo
00 nmooobooooooooo, oooo
goooododdooooooooooooog
0o, doddddooooooooooooo
g oooooooog
0000o0o0D0oo0Do0oD0oo0O0, Hofmann and
White, 19820 0 0 00 O0ODODO0ODOO0OOOOO,
gooooddddoooooooooog, oo

00 2km’/year 0 0000000000 Crisp,
19840 000000000 04wt.ODODOO
000000 Clague et al., 1995; Nichols et al.,
20020 OO0OOOOOOOODOOOOOOOO
00000 22x 10%kg/year00 000000
doooooooooooooooooon
0000000, Doooooooooon
U, oooooooooooboobobobobooo
dodooooooooooobooo, oooo
ooooooo, ooooooooboooooo
Jddddooooooooooooo

dodoooooooooooooooo, oo
doodoooooooooooboo, ooooo
Jooooooooooooobobobboboboo
00 11@oooooooooooogooooo
ooooo, ooooooooboo, ooooo
Jooooooooooooobobobboboboo
dodooooooooooooooo, ooo
o000, oooooooooobooooooa,
Crisp] 198400 000000000 O0OOOOO
00000, 0000 0.40 0.6 km®/yeard 2.50
8 km®year, 0 0 0O Carmichaeld 20020 0, O
000 0.20 0.7km?year( 1.6 O 2.4 km®/year



goooooooooooo, boobooog
ggoo, booboobboboboooboga
U, bbooboobobooboobooooobg
gooooooooooog, obooooogd
goooooooog, booooooooaa,
gobobooobooboboboo, obboooobo
goooobooooboboooooooboog
O Sakuyama, 1979; Morrice and Gill, 19860 O
goboboobooboboboboobooooobog
goooooboooooooooo, ooog
ggboboooboobobobobuooboooobg
000, 0000000000000 0Walker
etal,2003[000O000O0O0O0O, DOOOODOO
ggboboooboobobobobuooboooobg
gobobooobooboboboo, obboooobo
gooooobooooooobooooooog
ggboboooboobobobobuooboooobg
0, Kimura and Yoshida, 20060 0 00 00O 0O
gooooobooooooobooooooog
oo, ggbooobooboobooobooa, bg
0000000 2.30 2.8wt.0 0 Métrich et al.,
20010 ODOOOOO Cerro NegroO OO 3.10
6.1 wt.J 00 Roggensack et al., 19970 0O OO0
O 0O Cerro Ovejero 0 0O O 1.7 0 2.5wt.0
OWalker et ¢, 20030 D DO OO OOCO0OO,
ggoo-boobooboboobooooboa,
000000 4wt.O0OKuritani, 1999a0 0 0 O
gooooobooooooobooooooog
ggboboooboobobobobuooboooobg

O, 000, Itoetal.d19830 O 1x 10" kg/

yarJ 0O 0OO00O0OO, O0O0O Carmichael

0200200 Hilton et al[1200200 0 1 x 102 kg/

yearUOOOOO, O0ODOO0OODOODOOO,
goooboobobooooooobooboobobo
oooooooooooooood, Wallace
02005000 3x 10t kg/year 00D OOODO
gooog

goooo, bcooboooboobobooboo
Uoutputl O UOOOO, OOOOOOOOOO
goooobooooooooobooog, obo
gboobobooooooooo, boboobo

O00D000000mputD 0000 OO0O0ODO
goooooooooooooboboo, oo
0o0ooo0oooooobD11Mmooboaoo
ooooooooo, oooooooooooo
gooooooooooooo, bbobboobooo
doddoooooooooooooboooooo
odooooo 11ooo, ooooooooo
goooooooooooooboobooo, oo
doddoooooooooooooboooooo
oood, oooooooooo, oobooooo
gooooooooog, ooobbobbobboo
doooooooooboobooo, ooooo
000000000 Ttoet al.019830 0, OO
000000 88x 10" kglyear, 000000
009x 10'kglyear 00O O OO0O0DODODOO,
00 1x 10%kglyear 0000 O000O00O0O0O
00o0o0ooooooodog, Wallaced 20050
000 output 00 00O 8x 10" kg/year 0 0 O
000, 000000 mput0 00000000
god, ooooooooobobobobobobooo
0000000000, Hilton et al.01 20020 0
0000000000000 influxO00000
od, OboooooooooDoDi1lex
10" kgiyear 00D D0 O00O0ODOOOODOO,
00000 output 000 D001 % 102 kglyearld
ooooooooo, Wallaced 200560 0000
O0000003x 10%kglyearDO OO OO OO0
doodooooooooooobooo, oooo
Joodoooooouooooooobooooon
O, ooooooooooobooboooooo
doodoooooooooooboo, ooooo
goooooog, oooooboboboboboboo
dodooooooooooooooooon
O, oooooooooooooboooooo
Joooooooooooog

voo O 0O

ooooo, boboboboboooooobooo
U, oooooooobobobooooogon
o0, oooooobobobooooogoo
booooobooboobobobooooboooboon



gogoo, booooooooboooboobobo
ugo, boboooooboooobobobobo
gooooobo, bobooobobobobo
gog, obooooooooobog, obobo
goboooobooboboobbooboon,
gbogooboobooooboooobobobobo
goobooobooboboobobobobooo,
gbobooboooobooooboobobobo
gbooooboooooooobg, oboobo
goooobooooooooobooon, bobo
gboooboobo, cobooobobobobo
gbogooboobooooboooobobobobo
gooooboooo, oooboboobobo
gboobooboooo, ooboboboboobo
goooobooooo, bobobobobo
goooboobobooooooobooboobobo
gbobooboooooooooboooboo, bo
ooooooooooooog, ooo cod
goooobooooooooooobooo, 0o
uoooooooooooooooooooo
U, gobobooooooog, gboboobo
goooobooooooooobooog, obo
gboooboobooobo, boboobobobobo
gbogooboobooooboooobobobobo
gooooobobo, ooogoobooboobobo
gboooboobooobo, boboobobobobo
gbogooboobooooboooobobobobo
gooooboooooooobooobooobo, o
gbobooboooobooooboobobobo
go, bobooooooooboobobobo
goooobooooooo, boboboboo
gboooboobooobo, boboobobobobo
gooogo

oono

goooooooooboooooboog, obooooo
gooooboobooooobobooooboooooboooo
goooboooooooooobooobo, booooo
pooboooooooo,2000000000000,
goooboooobooooobooboooboobooon
ooboooooogoo

gooo

Abe, Y. and Matsui, T.00 19851 The formation of an
impact-generated H,O atmosphere and its implica-
tions for the early thermal history of the earth. J.
Geophys. Res., 90, C545-C559.

Ariskin, A.A., Frenkel, M.Y., Barmina, G.S. and
Nielsen, R.L.0 19930t COMAGMAT: A Fortran pro-
gram to model magma differentiation processes.
Comput. Geosci., 19, 1155-1170.

Asimow, P.D. and Langmuir, C.H 2003 The impor-
tance of water to oceanic mantle melting regimes.
Nature, 421, 815-820.

Berman, R. G.[0 1988[1 Internally-consistent thermo-
dynamic data for minerals in the system Na,O-
K;0-Ca0-MgO-FeO-Fey03-Al,03-Si05-Ti05-HO-
COs. dJ. Petrol., 29, 445-522.

Blake, S.[01981[% Volcanism and the dynamics of
open magma chambers. Nature, 289, 783-785.

Bonatti, E.[0 19901 Not so hot 'hot spots' in the oce-
anic mantle. Science, 250, 107-111.

Bottinga, Y. and Javoy, M.[J 19901 Mid-Ocean Ridge
basalt degassing: Bubble nucleation. <J. Geophys.
Res., 95, 5125-5131.

Bottinga, Y. and Weill, D.00 1970t Densities of liquid
silicate systems calculated from partial molar vol-
umes of oxide components. Am. oJ. Sci., 269, 169-
182.

Burnham, C.W.0 19941 Development of the Burn-
ham model for prediction of HyO solubility in mag-
mas. in Volatiles in Magmas edited by Carroll, M.R.
and Holloway, J.R., Rev. Mineral., Mineral. Soc.
Am., 30, 123-129.

Burnham, C.W. and Davis, N.F.00 19711 The role of
H,0 in silicate melts. 1. P-V-T relations in the sys-
tem NaAlSizOs-H2O to 10 kilobars and 10000 . Am.
J. Sci., 270, 54-79.

Carmichael., I.S.E.[0 20021 The andesite aqueduct:
Perspectives on the evolution of intermediate mag-
matism in west-centrall] 105-99°W0 Mexico. Con-
trib. Mineral. Petrol., 143, 641-663.

Clague, D.A., Moore, J.G., Dixson, J.E. and Friesen,
W.B.O0 199501 Petrology of submarine lavas from
Kilauea's Puna ridge, Hawaii. J. Petrol., 36, 299-
349.

Corrigan, G.M.[O 19821 Supercooling and the crystal-
lization of plagioclase, olivine, and clinopyroxene
from basaltic magmas. Mineral. Mag., 46, 31-42.

Crisp, J.A.[01984[1 Rates of magma emplacement
and volcanic output. J. Volcanol. Geotherm. Res.,
20, 177-211.

Davaille, A. and Jaupart, C.[0 19931 Transient high-
Rayleigh-number thermal convection with large
viscosity variations. J. Fluid Mech., 253, 141-166.

Eichelberger, J.C., Carrigan, C.R., Westrich, H.R. and
Price, R.H.J 19861 Non-explosive silicic volcanism.



Nature, 323, 598-602.

Elkins, L.T. and Grove, T.L0O 1990t Ternary feldspar
experiments and thermodynamic models. Am. Min-
eral., 75, 544-559.

Etheridge, M.A.[0 19831 Differential stress magni-
tudes during regional deformation and metamor-
phism: Upper bound imposed by tensile fracturing.
Geology, 11, 231-234.

Fischer, T.P. and Marty, B.[0 200501 Volatile abun-
dances in the sub-arc mantle: Insights from volca-
nic and hydrothermal gas discharges. J. Volcanol.
Geotherm. Res., 140, 205-216.

Gaetani, G.A. and Grove, T.L.00 19981 The influence
of water on melting of mantle peridotite. Contrib.
Mineral. Petrol., 131, 323-346.

Ghiorso, M.S. and Sack, R.0.[0 19951 Chemical mass
transfer in magmatic processes IV. A revised and
internally consistent thermodynamic model for the
interpolation and extrapolation of liquid-solid equi-
libria in magmatic systems at elevated tempera-
tures and pressures. Contrib. Mineral. Petrol., 119,
197-212.

Ghiorso, M.S., Carmichael, I.S.E., Rivers, M.L. and
Sack, R.0.0 198301 The Gibbs free energy of mixing
of natural silicate liquids; An expanded regular so-
lution approximation for the calculation of mag-
matic intensive variables. Contrib. Mineral. Petrol.,
84, 107-145.

Giordano, D. and Dingwell, D.B.0J 2003t Viscosity of
hydrous Etna basalt: Implications for Plinian-style
basaltic eruptions. Bull. Volcanol., 65, 8-14.

Giordano, D., Romano, C., Papale, P. and Dingwell,
D.B.0O 2004 The viscosity of trachytes, and com-
parison with basalts, phonolites, and rhyolites.
Chem. Geol., 213, 49-61.

Hamilton, D.L., Burnham, W. and Osborn, E.F] 19641
The solubility of water and effects of oxygen fugaci-
ty and water content on crystallization in mafic
magmas. oJ. Petrol., 5, 21-39.

Hess, K.-U. and Dingwell, D.B.0J 1996 Viscosities of
hydrous leucogranitic melts: a non-Arrhenian mod-
el. Am. Mineral., 81, 1297-1300.

Hilton, D.R., Fischer, T.P. and Marty, B.[0 2002 No-
ble gasses and volatile recycling at subduction
zones. in Noble Gases in Geochemistry and Cosmo-
chemistry edited by Porcelli, D., Ballentine, C.J. and
Wieler, R., Rev. Mineral. Geochem., Geochem. Soc.
Mineral. Soc. Am., 47, 319-370.

Hirose, K. and Kawamoto, T 19951 Hydrous partial
melting of lherzolite at 1 GPa: The effect of H,O on
the genesis of basaltic magmas. Earth Planet. Sci.
Lett., 133, 463-473.

Hirose, K. and Kushiro, I.00 19931 Partial melting of
dry peridotites at high pressures: Determination of
compositions of melts segregated from peridotite
using aggregates of diamond. Earth Planet. Sci.
Lett., 114, 477-489.

Hirschmann, M.O 199101 Thermodynamics of multi-

component olivines and the solution properties of
0 Ni,Mg,Fel3SiO, and0 Ca,Mg,Fel[}SiO4 olivines.

Am. Mineral., 76, 1232-1248.

Hofmann, A.W. and White, W.M.[ 1982[1 Mantle
plumes from ancient oceanic crust. Earth Planet.
Sci. Lett., 57, 421-436.

Holloway, J.R. and Blank, J.G[] 1994[1 Application of
experimental results to C-O-H species in natural
melts. in Volatiles in Magmas edited by Carroll,
M.R. and Holloway, J.R., Rev. Mineral., Mineral.
Soc. Am., 30, 187-230.

Housh, T.B. and Luhr, J.F.00 1991t Plagioclase-melt
equilibria in hydrous systems. Am. Mineral., 76,
477-492.

Huppert, H.E. and Sparks, R.S.J.[0 1988t The gener-
ation of granitic magmas by intrusion of basalt into
continental crust. JJ. Petrol., 29, 599-624.

Huppert, H.E., Sparks, R.S.J. and Turner, J.3] 19821
Effects of volatiles on mixing in calc-alkaline mag-
ma systems. Nature, 297, 554-557.

Ito, E., Harris, D.M. and Anderson, A.T.[J 1983t Al-
teration of oceanic crust and geologic cycling of
chlorine and water. Geochim. Cosmochim. Acta, 47,
1613-1624.

Iwamori, H.00 199401 *®U-*'Th-*Ra and #*°U-**'Pa
disequilibria produced by mantle melting with po-
rous and channel flows. Earth Planet. Sci. Lett.,
125, 1-16.

Jambon, A. and Zimmermann, J.L.00 19901 Water in
oceanic basalts: Evidence for dehydration of recy-
cled crust. Earth Planet. Sci. Lett., 101, 323-331.

Jaupart, C. and Allegre, C.J.00 19911 Gas content,
eruption rate and instabilities of eruption regime
in silicic volcanoes. Earth Planet. Sci. Lett., 102,
413-429.

Jaupart, C. and Tait, SO 1990t Dynamics of eruptive
phenomena. in Modern Methods of Igneous Petrolo-
gy: Understanding Magmatic Processes edited by
Nicholls, J. and Russell, J.K., Rev. Mineral., Miner-
al. Soc. Am., 24, 213-238.

Jaupart, C. and Tait, SIJ 199501 Dynamics of differen-
tiation in magma reservoirs. J. Geophys. Res., 100,
17615-17636.

Johnson, M.C., Anderson, A.T. and Rutherford,
M.J.O0 19941 Pre-eruptive volatile contents of mag-
mas. in Volatiles in Magmas edited by Carroll, M.R.
and Holloway, J.R., Rev. Mineral., Mineral. Soc.
Am., 30, 281-330.

Kerr, R.C. and Tait, S.R.00 19851 Convective ex-
change between pore fluid and an overlying reser-
voir of denser fluid: a post-cumulus process in lay-
ered intrusions. Earth Planet. Sci. Lett., 75, 147-
156.

Kimura, J.-I. and Yoshida, T.0 2006t Contributions
of slab fluid, mantle wedge and crust to the origin
of Quaternary lavas in the NE Japan arc. J. Petrol.,



47, 2185-2232.

Kress, V.C. and Carmichael, I.S.E.[0 19911 The com-
pressibility of silicate liquids containing Fe.Os and
the effect of composition, temperature, oxygen fu-
gacity and pressure on their redox states. Contrib.
Mineral. Petrol., 108, 82-92.

Kress, V.C., Williams, Q. and Carmichael, I.S.E.] 19881
Ultrasonic investigation of melts in the system
Nay0-Al;03-Si0s. Geochim. Cosmochim. Acta, 52,
283-293.

Kuramoto, K. and Matsui, T.00 19961 Partitioning of
H and C between the mantle and core during the
core formation in the Earth: Its implications for the
atmosphere evolution and redox state of early
mantle. J. Geophys. Res., 101, 14909-14932.

Kuritani, T.[0 1999alt Phenocryst crystallization dur-
ing ascent of alkali basalt magma at Rishiri Volca-
no, northern Japan. J. Volcanol. Geotherm. Res., 88,
77-97.

Kuritani, T.0O 1999b[1 Boundary layer fractionation
constrained by differential information from the
Kutsugata lava flow, Rishiri Volcano, Japan. JJ. Geo-
phys. Res., 104, 29401-29417.

Kuritani, T. and Nakamura, E.00 20061 Elemental
fractionation in lavas during post-eruptive degas-
sing: Evidence from trachytic lavas, Rishiri Volca-
no, Japan. J. Volcanol. Geotherm. Res., 149, 124—
138.

Kuritani, T., Kitagawa, H. and Nakamura, E[] 20051
Assimilation and fractional crystallization con-
trolled by transport process of crustal melt: Impli-
cations from an alkali basalt-dacite suite from
Rishiri Volcano, Japan. J. Petrol., 46, 1421-1442.

Kushiro, 1.0 19691 The system forsterite—diopside—
silica with and without water at high pressures.
Am. J. Sci., 267, 269-294.

Lange, R.A.00 19941 The effect of H,O, CO; and F on
the density and viscosity of silicate melts. in Vola-
tiles in Magmas edited by Carroll, M.R. and Hollo-
way, J.R., Rev. Mineral., Mineral. Soc. Am., 30, 331—
369.

Lange, R.A. and Carmichael, I.S.E.0J0 19871 Densities
Of NaZO-KQO-CaO-MgO-FeO-Fe203-A1203-T102-Si02
liquids: New measurements and derived partial
molar properties. Geochim. Cosmochim. Acta, 51,
2931-2946.

Lange, R.A. and Carmichael, I.S.E.[0 19901 Thermo-
dynamic properties of silicate liquids with empha-
sis on density, thermal expansion and compressibil-
ity. in Modern Methods of Igneous Petrology:
Understanding Magmatic Processes edited by Nich-
olls, J. and Russell, J.K., Rev. Mineral., Mineral.
Soc. Am., 24, 25-64.

Lipman, P.W., Banks, N.G. and Rhodes, J.M.[J 1985[1
Degassing-induced crystallization of basaltic mag-
ma and effects on lava rheology. Nature, 317, 604—
607.

Martin, D. and Nokes, R.00 19891 A fluid-dynamical
study of crystal settling in convecting magmas. J.
Petrol., 30, 1471-1500.

McBirney, A.R.00 199501 Mechanisms of differentia-
tion in the Skaergaard Intrusion. J. Geol. Soc.
Lond., 152, 421-435.

McKenzie, D.0J 19841 The generation and compac-
tion of partially molten rock. J. Petrol., 25, 713-765.

McKenzie, D.[0 198501 2°Th-?*U disequilibrium and
the melting processes beneath ridge axes. Earth
Planet. Sci. Lett., 72, 149-157.

McKenzie, D. and Bickle, M.J.00 19881 The volume
and composition of melt generated by extension of
the lithosphere. oJ. Petrol., 29, 625-679.

Métrich, N., Bertagnini, A., Landi, P. and Rosi,
M.O 2001 Crystallization driven by decompres-
sion and water loss at Stromboli Volcanol[] Aeolian
Islands, Italyll J. Petrol., 42, 1471-1490.

Moore, G., Vennemann, T. and Carmichael, I.S.E.J 1998}
An empirical model for the solubility of H;O in mag-
mas to 3 kilobars. Am. Mineral., 83, 36—42.

Moore, J.G.0 197001 Water content of basalt erupted
on the ocean floor. Contrib. Mineral. Petrol., 28,
272-279.

Morrice, M.G. and Gill, J.B.00 1986t Spatial patterns
in the mineralogy of island arc magma series:
Sangihe arc, Indonesia. J. Volcanol. Geotherm. Res.,
29, 311-353.

Neuville, D.R. and Richet, P.00 19911 Viscosity and
mixing in molten[] Ca, Mgl pyroxenes and garnets.
Geochim. Cosmochim. Acta, 55, 1011-1019.

Neuville, D.R., Courtial, P., Dingwell, D.B. and Richet,
P.0 199300 Thermodynamic and rheological proper-
ties of rhyolite and andesite melts. Contrib. Miner-
al. Petrol., 113, 572-581.

Newman, S. and Lowernstern, J.B.00 20021 Volatile-
Calc: A silicate melt-H,O-CO; solution model writ-
ten in Visual Basic for excel. Comput. Geosci., 28,
597-604.

Nicholls, J.00 1980t A simple thermodynamic model
for estimating the solubility of H,O in magmas.
Contrib. Mineral. Petrol., 74, 211-220.

Nichols, A.R.L., Carroll, M.R. and Hoéskuldsson,
A.0200201 Is the Iceland hot spot also wet? Evi-
dence from the water contents of undegassed sub-
marine and subglacial pillow basalts. Earth Planet.
Sci. Lett., 202, 77-87.

Nielsen, R.L.0 198500 EQUIL: A program for the
modeling of low pressure differentiation processes
in natural mafic magma bodies. Comput. Geosci.,
11, 531-546.

Ochs, F.A. and Lange, R.A[1 19971 The partial molar
volume, thermal expansivity, and compressibility of
H;0 in NaAlSi3Os liquid: new measurements and
an internally consistent model. Contrib. Mineral.
Petrol., 129, 155-165.

Ochs, F.A. and Lange, R.AJ 199901 The density of hy-



drous magmatic liquids. Science, 283, 1314-1317.

Papale, P[] 19991 Modeling of the solubility of a two-
component H,O O COs fluid in silicate liquids. Am.
Mineral., 84, 477-492.

Richet, P., Lejeune, A.-M., Holtz, F. and Roux,
J.0 19960 Water and the viscosity of andesite
melts. Chem. Geol., 128, 185-197.

Rivers, M.L. and Carmichael, I.S.E.00 19871 Ultra-
sonic studies of silicate melts. JJ. Geophys. Res., 92,
9247-9270.

Roggensack, K., Hervig, R.L., McKnight, S.B. and Wil-
liams, S.N.0OJ 19970 Explosive basaltic volcanism
from Cerro Negro Volcano: Influence of volatiles on
eruptive style. Science, 277, 1639-1642.

Romano, C., Giordano, D., Papale, P., Mincione, V.,
Dingwell, D.B. and Rosi, M.00 2003t The dry and
hydrous viscosities of alkaline melts from Vesuvius
and Phlegrean Fields. Chem. Geol., 202, 23-38.

Sakuyama, M. 19791 Lateral variations of H2O con-
tents in Quaternary magmas of northeastern Ja-
pan. Earth Planet. Sci. Lett., 43, 103-111.

Schilling, J.-G., Bergeron, M.B. and Evans, R 19800
Halogens in the mantle beneath the North Atlan-
tic. Philos. Trans. R. Soc. Lond., A, 297, 147-178.

Schmidt, M.W. and Poli, S.00 19981 Experimentally
based water budgets for dehydrating slabs and con-
sequences for arc magma generation. Earth Planet.
Sci. Lett., 163, 361-379.

Shaw, H.R.(O 19721 Viscosities of magmatic silicate
liquids: An empirical method of prediction. Am. J.
Sci., 272, 870-893.

Silver, L. and Stolper, E.[0 19851 A thermodynamic
model for hydrous silicate melts. J. Geol., 93, 161-
178.

Silver, L.A., Thinger, P.D. and Stolper, E[] 19901 The
influence of bulk composition on the speciation of
water in silicate glasses. Contrib. Mineral. Petrol.,
104, 142-162.

Sobolev, A.V. and Chaussidon, M.[0 19961 HO con-
centrations in primary melts from supra-subduc-
tion zones and mid-ocean ridges: Implications for
H,0 storage and recycling in the mantle. Earth
Planet. Sci. Lett., 187, 45-55.

Sparks, R.S.J.00 1978[1 The dynamics of bubble for-
mation and growth in magmas: A review and anal-
ysis. J. Volcanol. Geotherm. Res., 3, 1-37.

Sparks, R.S.J., Barclay, J., Jaupart, C., Mader, H.M.
and Phillips, J.C.00 19941 Physical aspects of mag-
ma degassing I. Experimental and theoretical con-
straints on vesiculation. in Volatiles in Magmas ed-
ited by Carroll, M.R. and Holloway, J.R., Rev.
Mineral., Mineral. Soc. Am., 30, 413-445.

Spiegelman, M. and McKenzie, D.[0 19871 Simple
2-D models for melt extraction at mid-ocean ridges
and island arcs. Earth Planet. Sci. Lett., 83, 137-
152.

Spiegelman, M. and Elliott, T.00 1993[1 Consequences
of melt transport for uranium series disequilibrium
in young lavas. Earth Planet. Sci. Lett., 118, 1-20.

Tait, S., Jaupart, C. and Vergniolle, S.[0 19891 Pres-
sure, gas content and eruption periodicity of a shal-
low, crystallizing magma chamber. Earth Planet.
Sci. Lett., 92, 107-123.

Tait, S. and Jaupart, C.00 19921 Compositional con-
vection in a reactive crystalline mush and melt dif-
ferentiation. J. Geophys. Res., 97, 6735-6756.

Taniguchi, H.O0 199501 Universal viscosity-equation
for silicate melts over wide temperature and pres-
sure ranges. J. Volcanol. Geotherm. Res., 66, 1-8.

Tatsumi, Y., Sakuyama, M., Fukuyama, H. and Kush-
iro, 1.0 198300 Generation of arc basalt magmas
and thermal structure of the mantle wedge in sub-
duction zones. J. Geophys. Res., 88, 5815-5825.

Turcotte, D.L. and Phipps Morgan, J.0 19921 The
physics of magma migration and mantle flow be-
neath a Mid-Ocean Ridge. in Mantle Flow and Melt
Generation at Mid-Ocean Ridges edited by Phipps
Morgan, J., Blackman, D.K. and Sinton, J.M., Geo-
phys. Monogr., Am. Geophys.Union., 71, 155-182.

Turner, J.S.0 19790 Buoyancy Effects in Fluids.
Cambridge University Press.

Vergniolle, S. and Jaupart, C[J 19861 Separated two-
phase flow and basaltic eruptions. J. Geophys. Res.,
91, 12842-12860.

Vetere, F., Behrens, H., Holtz, F. and Neuville,
D.R.0O 200601 Viscosity of andesitic melts -New ex-
perimental data and a revised calculation model.
Chem. Geol., 228, 233-245.

Walker, J.A., Roggensack, K., Patino, L.C., Cameron,
B.I. and Matias, O.00 2003t The water and trace el-
ement contents of melt inclusions across an active
subduction zone. Contrib. Mineral. Petrol., 146, 62—
717.

Wallace, P.J.[0 20051 Volatiles in subduction zone
magmas: Concentrations and fluxes based on melt
inclusion and volcanic gas data. J. Volcanol. Geo-
therm. Res., 140, 217-240.

Westrich, H.R., Stockman, H.W. and Eichelberger,
J.C.00 19881 Degassing of rhyolitic magma during
ascent and emplacement. J. Geophys. Res., 93,
6503-6511.

Whittington, A., Richet, P., Linard, Y. and Holtz,
F.[02001% The viscosity of hydrous phonolites and
trachytes. Chem. Geol., 174, 209-223.

Woods, A.W. and Koyaguchi, T.0J 19941 Transitions
between explosive and effusive eruptions of silicic
magmas. Nature, 370, 641-644.

Yamashita, S.00 1999t Experimental study of the ef-
fect of temperature on water solubility in natural
rhyolite melt to 100 MPa. J. Petrol., 40, 1497-1507.

020060 80 18000, 20060 90 220000



