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Abstract

Using infrared spectroscopy, we investigated the speciation of carbon dioxide in albitic and synthetic iron-free
dacitic glasses after annealing the glasses below the glass transition temperature in the temperature range 673^973 K
at 0.5 GPa. Samples were rapidly quenched under constant pressure. The experiments show that the ratio of the
integrated intensities of the 2350 cm31 band (due to molecular CO2) to that of the band doublet at 1700^1375 cm31

(due to CO23
3 ) increases with higher annealing temperatures for both glass compositions. Our study demonstrates that

in contrast to recent suggestions, the equilibrium of the CO2 species reaction CO2+O23 =CO23
3 in silicate glasses/

melts shifts towards molecular CO2 with increasing temperature. The CO2 species concentrations and an ideal
solution model were used to determine equilibrium constants for the homogeneous species reaction. We derived
preliminary values for the enthalpy vH0 and entropy vS0 of this reaction, assuming that the species concentrations
reflect those at experimental temperatures (vH0 =312; 2 kJ mol31 and vS0 =323; 3 J mol31 K31 for albitic
composition; vH0 =329; 2 kJ mol31 and vS0 =332; 3 J mol31 K31 for dacitic composition).
= 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Next to H2O, carbon dioxide is the second
most abundant volatile in terrestrial magmas.
CO2 plays an important role in the petrogenesis
of silica-undersaturated peralkaline magmas at
mantle depth [1], in the evolution of oceanic ba-
salts [2], and in the degassing processes of mag-

mas and volcanic systems [3,4]. In a wide range of
melt compositions from rhyolitic to basaltic, CO2

is one order of magnitude less soluble than H2O
[5,6]. However, even small amounts of dissolved
CO2 in H2O-bearing melts shift the £uid satura-
tion limit to higher pressures and thus to greater
depths [3]. Degassing of volatile-bearing ascend-
ing magmas is controlled by the volatile solubil-
ities as a function of P, T, viscosity, surface ten-
sion, and by the mobility of the volatiles in the
melt. Data on CO2 speciation in silicate liquids is
crucial for understanding the CO2 dissolution
mechanisms, the di¡usion mechanisms, and the
degassing processes.
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Raman, NMR, and IR measurements at ambi-
ent P and T on CO2-bearing glasses have shown
that CO2 is dissolved as molecular CO2, distorted
CO23

3 linked to the silicate network, and CO23
3

linked to network modifying cations [7^10]. The
concentration of CO2 species in the glasses de-
pends strongly on the bulk composition. In highly
polymerized rhyolitic glasses CO2 is incorporated
exclusively as molecular CO2 [6,11], and in de-
polymerized basaltic glasses CO2 is incorporated
exclusively as CO23

3 [8,9].
Stolper et al. [12] and Brooker et al. [13] sug-

gested that in albitic, jadeitic, and in phonolitic
melts the CO2 speciation shifts towards CO23

3
with increasing synthesis temperature. Stolper et
al. [12] used the CO2 speciation data measured at
ambient P and T in combination with the P and T
conditions of the syntheses to derive thermody-
namic parameters for the homogeneous species
reaction:

CO2ðmeltÞ þO23ðmeltÞ ¼ CO23
3 ðmeltÞ ð1Þ

in the melt assuming that the CO2 species are
preserved during quenching from run tempera-
ture. This contrasts with H2O speciation (H2O+
O23 =2OH3), that changes dramatically during
quenching hydrous silicate melts [14^18]. Re-
cently, it was demonstrated that with annealing
and rapid quenching experiments of CO2-bearing
albitic and dacitic glasses [19] and jadeitic glasses
[20] the species reaction (1) shifts towards molec-
ular CO2 with increasing annealing temperature.
In order to provide more insight into the thermo-
dynamics of CO2 in silicate melts, we have per-
formed additional long-term isothermal heating
experiments with CO2-bearing albitic glasses and
iron-free synthetic dacitic glasses below the glass
transition temperature. The CO2 spectra of the
quenched samples were measured using infrared
spectroscopy.

2. Experimental and analytical methods

Melts with albitic (NaAlSi3O8) and iron-free
dacitic composition were synthesized by fusion
of mixed powders of SiO2, TiO2, Al2O3, MgO,
CaCO3, Na2CO3, and K2CO3 in a high-temper-

ature furnace at 1873 K. The Pt crucibles were
quenched rapidly in water to form glasses. The
densities of the glasses given in the footnotes in
Table 1 were determined using the buoyancy
method. The compositions of the glasses were an-
alyzed by an electron microprobe (Cameca Came-
bax MB, 15 kV acceleration voltage, 18 nA beam
current and 2^5 s counting time for each element).
The beam was defocused to 20 Wm to optimize the
analysis of Na. The analyses gave a total of 99.77
with SiO2 = 69.03, Al2O3 = 19.33, and Na2O=
11.41 wt% for the albitic glass and a total of
100.33 with SiO2 = 71.78, TiO2 = 0.40, Al2O3 =
15.31, MgO=2.26, CaO=3.09, Na2O=4.52, and
K2O=2.97 wt% for the dacitic glass.

Silver oxalate (Ag2C2O4) was used as the CO2

source in the synthesis experiments. The purity of
Ag2C2O4 was tested with an ELTRA IR carbon
analyzer and by gravimetric determination of the
weight loss upon heating. The observed amount
of CO2 was 95.9% of the expected value.

Approximately 150 mg of dried glass powder
(grain size6 500 Wm) for the synthesis of CO2-
free glass cylinders and additional dried Ag2C2O4

powder equivalent to 0.2 wt% CO2 for the syn-
thesis of CO2-bearing glasses were sealed inside 3-
mm-diameter Au80Pd20 capsules. The Ag2C2O4

powder was wrapped in Au80Pd20 foil to prevent
contamination of the glass with Ag. Using
Au80Pd20 as capsule material prevents loss of
CO2 during the experiments [21]. The sealed cap-
sules were heated in an oven at 473 K for 1 h to
decompose the Ag2C2O4 before the high-P and
high-T experiments. Synthesis experiments were
conducted at 1573 K (albitic composition), 1623
K (dacitic composition), and 0.5 GPa for 15^17 h
in an internally heated pressure vessel (IHPV)
pressurized with argon and equipped with a rapid
quench device. The temperature in the rapid
quench device was measured over 3 cm with cali-
brated S-type thermocouples with an accuracy of
; 10 K. The pressure was measured with a strain-
gauge manometer with an accuracy of ; 0.002
GPa at 0.5 GPa.

At the chosen P and T conditions the melts
were CO2 undersaturated. After the runs the sam-
ples were isobarically cooled rapidly to room tem-
perature by dropping the capsules into the lower
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Table 1
Experimental data and results

Run No. Starting material T P t d ACO2 ACO23
3

[CO2]U1034a [CO23
3 ]U1034a [O23]a K

(K) (GPa) (min) (Wm) (cm31) (cm31)

AbCO2b Albitic
glass+Ag2C2O4

1573 0.5 1020 98 13.18 8.24 10.28(72) 2.73(22) 0.9987 0.26(3)

AbSpez02Q01 AbCO2 673 0.5 2550 92 11.14 13.87 9.25(69) 4.90(31) 0.9986 0.53(5)
AbSpez02Q02 AbCO2 773 0.5 2400 96 12.74 11.53 10.14(72) 3.90(26) 0.9986 0.39(4)
AbSpez07 AbCO2 873 0.5 3720 99 13.78 10.60 10.64(74) 3.48(24) 0.9986 0.33(3)
AbSpez06 AbCO2 973 0.5 1290 105 15.31 9.75 11.14(75) 3.01(22) 0.9986 0.27(3)
DaCO201c Dacitic

glass+Ag2C2O4

1623 0.5 1020 100 9.59 16.57 8.47(71) 5.85(36) 0.9986 0.69(7)

DaSpez02 DaCO201 773 0.5 2760 91 4.95 25.15 4.80(58) 9.75(57) 0.9985 2.03(27)
DaSpez08 DaCO201 789 0.5 3030 106 6.46 27.52 5.38(54) 9.16(52) 0.9985 1.71(20)
DaSpez04 DaCO201 873 0.5 3000 98 7.64 21.69 6.88(64) 7.81(46) 0.9985 1.14(12)
DaSpez06d DaCO201 878 0.5 30 105 7.17 17.05 6.03(58) 5.73(35) 0.9988 0.95(11)
DaSpez10 DaSpez07 879 0.5 2880 106 8.04 24.43 6.70(60) 8.13(47) 0.9985 1.22(13)
DaSpez11 DaSpez08 879 0.5 2880 109 8.95 25.70 7.25(62) 8.32(47) 0.9984 1.15(12)
DaSpez09 DacO201 888 0.5 2898 114 9.31 25.75 7.21(61) 7.97(45) 0.9985 1.11(11)
DaSpez05 DaCO201 973 0.5 2820 97 9.23 17.80 8.40(72) 6.48(39) 0.9985 0.77(8)
DaSpez07 DaCO201 973 0.5 3030 98 9.68 17.93 8.72(73) 6.46(39) 0.9985 0.74(8)
DaCO202e Dacitic

glass+Ag2C2O4

1603 0.5 900 98 7.00 11.84 6.35(39) 4.28(29) 0.9989 0.68(6)

DaCO25001 DaCO202 773 1 atm 1 106 8.03 14.53 6.70(40) 4.84(30) 0.9988 n.d.
DaCO2500100 DaCO202 773 1 atm 100 98 4.70 19.38 4.25(27) 6.99(40) 0.9989 n.d.
DaCO25001000 DaCO202 773 1 atm 1000 98 4.51 21.40 4.08(26) 7.73(44) 0.9988 1.90(16)

All annealing experiments were rapidly quenched with about 200 K s31. Errors in brackets are calculated from uncertainties of total CO2 contents, thickness mea-
surements, densities and determination of the peak areas.
a Molar fractions of molecular CO2, CO23

3 , and oxygens of the glasses based on a single oxygen basis.
b Total CO2 content = 0.19(1) wt%; b=2382(5) g l31 ; total H2O content = 0.10 wt% (determined from the linear absorption of the fundamental OH stretching
mode at 3500 cm31 using the linear molar absorptivity of 70 l mol31 cm31 [12].
c Total CO2 content = 0.20(1) wt%; b=2312(5) g l31 ; total H2O content = 0.13 wt%.
d This short time experiment was not considered in the determination of the molar absorption coe⁄cients because of many cracks in the sample that disturbed the
IR measurement and in the determination of the reaction enthalpy and entropy because equilibrium was not reached.
e Total CO2 content = 0.15 wt% determined from IR spectra using the integrated molar absorption coe⁄cients OCO2 = 16000; 1000 and OCO23

3
= 40100; 2000 l mol31

cm32 ; b=2382(5) g l31 ; total H2O content = 0.13 wt%.
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cold part of the rapid quench device. The quench
rate of the samples was determined to be approx-
imately 200 K s31 by using H2O speciation data
of quenched hydrous rhyolitic glasses that were
run parallel in some synthesis runs [22].

Transparent and bubble-free glass slabs of 3 mm
thickness were cut out of the capsules for the
heating experiments. Each glass slab was welded
inside a 3-mm-diameter Au80Pd20 capsule. Pairs
of CO2-bearing and CO2-free samples were heated
simultaneously in an IHPV below the glass tran-
sition temperatures of the synthesized glasses at
0.5 GPa and 673^973 K for 21.5^62 h and
quenched isobarically at a rate of 200 K s31 to
room temperature (Table 1).

Additional annealing experiments with dacitic
glass were conducted to check whether the experi-
ment duration was su⁄cient to allow equilibra-
tion of the CO2 speciation and whether the
quenching rate was fast enough to preserve the
CO2 speciation. CO2-free and CO2-bearing glass
slabs were heated at 0.5 GPa for 2 days at 789 K
and at 973 K. Both pairs of glasses were then
heated at 0.5 GPa for 2 days at 879 K for reequi-
libration. Furthermore, rapidly quenched dacitic
glass slabs were heated at 0.5 GPa and 878 K
for only 0.5 h to test if this short time is su⁄cient
to reequilibrate the CO2 speciation. Furthermore
we conducted an additional set of time-dependent
annealing experiments of CO2-free and CO2-bear-
ing dacitic glasses at 773 K in a furnace at ambi-
ent pressure conditions similar to the method de-
scribed by Morized et al. [20]. Annealing times
were 1^1000 min. After annealing, the samples
were quenched rapidly in air.

Pairs of corresponding CO2-bearing and CO2-
free glass slabs were embedded into epoxy and
ground and polished to an identical sample thick-
ness within 3 Wm for IR spectroscopy. The sample
thickness was determined using a digital micro-
meter with a precision of ; 2 Wm. Transmission
IR spectra at ambient P and T conditions were
monitored with a resolution of 2 cm31 using a
Bruker IFS 88 spectrometer equipped with an
IR-scope II microscope, a global light source, a
KBr beam splitter and an InSb-MCT sandwich
detector. 30^50 scans were collected for each spec-
trum. An adjustable slit aperture was used to

maintain a local resolution of 100 Wm. The micro-
scope and the spectrometer were £ushed with pu-
ri¢ed air to minimize disturbances due to changes
in the H2O and CO2 content of the air. The spec-
tra of CO2-free samples were measured for refer-
ence.

3. Experimental results

Background subtracted IR spectra of CO2-
bearing albitic and dacitic glasses are shown in
Fig. 1. The sharp absorption band at 2350 cm31

is due to the X3 antisymmetric stretching vibration
of CO2 molecules dissolved in the glass. The band
system at 1600^1375 cm31 is due to CO2 dissolved
as distorted CO23

3 [1,23,24]. The spectra of the
quenched dacitic and albitic glasses clearly show
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Fig. 1. Background subtracted IR spectra of quenched CO2-
bearing albitic and dacitic glasses measured at ambient P
and T conditions normalized to 100 Wm thickness. Spectra
are o¡set for clarity. Note the systematic increase of the
2350 cm31 band due to dissolved molecular CO2 and the
corresponding decrease of the band doublet at 1700^1300
cm31 due to CO23

3 with increasing annealing temperature for
both glass compositions.
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that the ratios of the integrated intensities of the
2350 cm31 band to that of the band doublet at
1700^1375 cm31 increase with annealing temper-
atures. Peak areas of the molecular CO2 band and
the band system due to CO23

3 were determined for
both glass compositions directly from the spectra
(Table 1).

Quantitative measurement of CO2 species con-
centrations using IR spectroscopy requires cali-
bration of the molar absorption coe⁄cients of
the bands for the glass composition of interest.
We used the Beer^Lambert law, rewritten below
to determine the integrated molar absorption co-
e⁄cients :

4401ACO2

dbcCO2; total
¼ OCO23

OCO2

OCO23
3

4401ACO23
3

dbcCO2; total
ð2Þ

The peak areas of the absorption band at 2350
cm31 (ACO2) and the band system at 1700^1300
cm31 (ACO23

3
) are normalized by the molecular

weight of CO2, the sample thickness (d, in cm),
the density of the glass (b, in g l31) and the total
CO2 content (cCO2; total, in wt%). The normalized
absorbances ACO23

3
(norm.) vs. ACO2 (norm.) for

the albitic and the dacitic glasses are shown in

Fig. 2. Linear regressions through the individual
data sets provide OCO2 and OCO23

3
as the intercepts

on the y- and x-axis. The integrated molar ab-
sorption coe⁄cients OCO2 and OCO23

3
are 18 000;

1000 and 42 250; 2000 l mol31 cm32 for the al-
bitic glass and 16 000; 1000 and 40 100; 2000 l
mol31 cm32 for the dacitic glass, respectively. Er-
rors are estimated from the uncertainties of total
CO2 content ( ; 0.01 wt%), thickness measure-
ments ( ; 2 Wm), density measurements ( ; 5 g
l31), determination of the peak areas ( ; 0.5
cm31), and the limited number of experimental
data.

4. Discussion

The CO2 species concentrations for the albitic
and dacitic glasses (Table 1) were calculated using
the integrated molar absorption coe⁄cients. The
speciation data allow the calculation of equilibri-
um constants assuming ideal mixing and equilib-
rium species concentrations that represent the
CO2 speciation at run conditions:

K ¼ ½CO23
3 �

½CO2�½O23� ð3Þ

where [CO23
3 ], [CO2], and [O23] are the molar

fractions of CO23
3 , CO2 molecules, and oxygen

of the glass/melt, respectively, based on a single
oxygen basis of the volatile-free melt composi-
tion:

½CO2� ¼
cCO2ðwt%Þ=44:01

cCO2ðwt%Þ=44:01þ 1003cCO2ðwt%Þ
Mo

ð4Þ

and

½CO23
3 � ¼

cCO23
3
ðwt%Þ=44:01

cCO23
3
ðwt%Þ=44:01þ

1003cCO23
3
ðwt%Þ

Mo

ð5Þ

where Mo is the molecular weight of the anhy-
drous glass on a single oxygen basis (Mo : albitic
glass = 32.69 g mol31 oxygen; dacitic glass = 32.73
g mol31 oxygen).

In the investigated temperature range of 673^
973 K the equilibrium constants for both glasses
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Fig. 2. Normalized integrated absorbances of the CO23
3 and

molecular CO2 bands for albitic and dacitic glasses. The sol-
id straight lines were obtained by linear least-square regres-
sions of the corresponding data.
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decrease signi¢cantly with increasing annealing
temperature. The observation that the equilibrium
constants of the dacitic glasses rapidly quenched
from the melt are slightly lower than the equilib-
rium constants of the glasses heated at 973 K
(Table 1, Fig. 3) indicates that the ¢ctive temper-
ature at which the CO2 speciation is frozen in
during the quench from the melt is slightly higher
than 973 K. From these data we suggest that the
CO2 speciation adjusted at 973 K is not a¡ected
during the quench and thus represents the equi-
librium temperature. Within error the calculated
equilibrium constants for the albitic glasses
quenched from the melt and quenched from 973
K are identical. From these data we cannot decide
whether the CO2 speciation adjusted at 973 K is
a¡ected slightly during the quench.

The equilibrium constants of the two dacitic
glasses preheated for 2 days at 973 K (DaSpez07)
and at 789 K (DaSpez08) and then heated at 879
K for 2 days (DaSpez10 and DaSpez11) are with-
in error identical to the glasses quenched from
1623 K and then heated for 50 h at 873 K (Da-
Spez04) and for 48.3 h at 888 K (DaSpez09) (Ta-
ble 1, Fig. 3). A heating time of 2 days at 879 K is
su⁄cient to allow reequilibration of the CO2 spe-
ciation. Heating the glass for 0.5 h at 878 K (Da-

Spez06) is su⁄cient to change the CO2 speciation
in the glass quenched rapidly from the melt but
the equilibrium value is not reached (Table 1, Fig.
3). The time-dependent annealing experiments of
the dacitic glasses at 773 K and ambient pressure
conditions show that an annealing time of 2 days
is also su⁄cient to equilibrate the CO2 speciation
(Fig. 4). We have to emphasize that we do not as
yet know the heating times required for complete
reequilibration of albitic glasses.

Nevertheless, for both glasses the reaction en-
thalpy vH0 and the reaction entropy vS0 of Eq. 1
were preliminary determined by linear least-
square regressions of:

ln K ¼ 3vH0

RT
þ vS0

R
ð6Þ

in the temperature ranges 673^973 K for the al-
bitic composition and 773^973 K for the dacitic
composition. This procedure provides a vH0 of
312 kJ mol31 and a vS0 of 323 J mol31 K31

for albitic composition and a vH0 of 329 kJ
mol31 and a vS0 of 332 J mol31 K31 for dacitic
composition. We estimate the errors to be ; 2 kJ
mol31 for vH0 and ; 3 J mol31 K31 for vS0

based on the uncertainties in the peak area, thick-
ness, density and total CO2 content. The enthalpy
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and entropy of the CO2 species reaction in dacitic
and albitic glass are similar to the thermodynam-
ics of CO2 speciation in jadeite glass (vH0 =317
(+4/38) kJ mol31 ; vS0 =324 (+6/39) J mol31

K31) [20]. We emphasize that vH0 and vS0 for
the CO2 species reaction in albitic glass are pre-
liminary results because of the uncertainties of the
required quenching rates at 973 K and the re-
quired equilibration times for albitic glass. Based
on these considerations, vH0 and vS0 are mini-
mum values. Nevertheless, our experiments dem-
onstrate that the CO2 species reaction shifts to-
wards CO2 molecules with increasing temperature
below and near the glass transition. This observa-
tion indicates CO2 speciation is opposite to the
trend of H2O speciation that shifts towards hy-
droxyl with increasing temperature [14^18]. Fur-
thermore, our observed temperature dependence
of the CO2 species reaction opposes trends deter-
mined for albitic, and jadeitic composition in pre-
vious studies [12,13]. These authors suggested that
with increasing run temperature of the syntheses
experiments the CO2 species observed at ambient
P and T shift towards CO23

3 .
Ab initio calculations showed that the back re-

action of (1) had an activation energy one order
of magnitude larger than the forward reaction
from which Kubicki and Stolper [25] inferred
that the carbonate species present at high temper-
atures might either be retained metastably during
quenching or also represent an intermediate situa-
tion between complete preservation of the specia-
tion in the melt at high temperature and complete
reequilibration during quenching far above the
glass transition temperature. An estimate of the
relaxation time of the albitic network structure
based on viscosity data [26] gives 126 yr at 773
K and 7.7 m.y. at 673 K. This is far above the
heating duration of 2 days. Nevertheless, we ob-
serve a signi¢cant change in CO2 speciation even
at 673 K in the albitic glass. We conclude that in
contrast to the H2O species reaction the relaxa-
tion of the CO2 speciation is decoupled from the
network structure relaxation of the melt/glass fol-
lowing the idea of Zhang [27] that melt^glass
transitions probably involve the quenching of
homogeneous reactions that may have di¡erent
apparent equilibrium temperatures for a given

quench rate. The CO2 molecule attached to a
bridging oxygen to form carbonate without
breaking oxygen bridges proposed by Kohn et
al. [28] for albitic glasses and attachment of CO2

molecules to bridging oxygens without breaking
Si^O^Si bonds and/or reaction of CO2 molecules
with non-bridging oxygens in the case of dacitic
glass can explain the observed change of CO2

speciation below the glass transition temperature.
The CO2 species reaction involving attachment
and detachment of CO2 molecules from bridging
and non-bridging oxygens does not a¡ect the
highly polymerized rigid glass network structure.

The dependence of the CO2 speciation on run
temperature observed by Stolper et al. [12] and
Brooker et al. [13] might be related to di¡erent
H2O contents of the samples. Even a small in-
crease of H2O content modi¢es the network struc-
ture and as a consequence the glass transition
temperature decreases [14]. We suggest that dis-
solved H2O a¡ects the ¢ctive temperature of the
CO2 speciation during quench. A rough reinter-
pretation of the experimental data of Stolper et al.
[12] supports this suggestion. The equilibrium
constant of the CO2 species reaction of the albitic
glass with the lowest water content (0.14 wt%) is
about 0.23 whereas the equilibrium constant of
the glass with the highest water content (0.76
wt%) is about 0.58. Our results are not a¡ected
by di¡erent H2O contents because the corre-
sponding CO2-bearing glass slabs used in the
heating experiments originate from the same
charges with H2O contents of 0.10 wt% in the
albitic glass and 0.13 wt% in the dacitic glass.

In contrast to the H2O species reaction in sili-
cate melts [29], the CO2 species reaction may
strongly depend on bulk composition of the
glass/melt. The reaction enthalpy of the CO2 spe-
cies reaction in the depolymerized dacitic glass is
more than twice as compared to the reaction en-
thalpy in the fully polymerized albitic glass. We
have to emphasize that the enthalpy of the CO2

species reaction of albitic glass is a minimum val-
ue. Nevertheless, we suggest that the reaction en-
thalpy may depend on the concentration of excess
network modi¢ers and thus on the degree of poly-
merization of the glasses/melts.

For the accurate determination of the thermo-

EPSL 6532 10-2-03

M. Nowak et al. / Earth and Planetary Science Letters 207 (2003) 131^139 137



dynamic quantities and kinetic properties of the
CO2 species reaction in silicate glasses/melts addi-
tional isothermal heating/quenching experiments,
especially with di¡erent run times, are needed to
get more detailed knowledge of the thermody-
namics and kinetics of the CO2 species reaction.
We emphasize that the importance of constant
H2O contents in each experimental series is cru-
cial to fully resolve the CO2 speciation using
quenched melts.

Recently published in situ data on H2O speci-
ation in rhyolitic melts demonstrate that extrapo-
lating speciation data based on quenched glasses
to magmatic temperatures may lead to signi¢cant
errors [17] because of possible non-Arrhenian be-
havior of homogeneous species reactions in sili-
cate melts. Therefore, in situ measurements of
CO2 speciation in silicate melts would be highly
desirable in order to fully understand the mecha-
nisms of CO2 dissolution, di¡usion, and degassing
processes of magmas.
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