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An Experimental Study ofWater 
and Carbon Dioxide Solubilities in 
Mid-Ocean Ridge Basaltic Liquids. 
Part II: Applications to Degassing 

Degassing processes in basaltic magmas rich in both water and 
carbon dioxide can be modeled using the solubilities of the end
member systems and the assumption of Henry's law. Suites of 
vapor-saturated basaltic melts having a range of initial C02/ 
H20 ratios and erupted over a narrow depth interval will define 
negative!; sloped arrays on an H20 vs C02 plot. It is important 
that all of the major volatile species be considered simultan
eous!; when interpreting trends in dissolved volatile species 
concentrations in magmas. 

Based on measured concentrations of water and carbon 
dioxide in basaltic glasses, the composition of the vapor phase 
at 120ff'C that could coexist with a basaltic melt and the 
pressure at which it would be vapor saturated can be calcu
lated. The range in vapor compositions in equilibrium with 
submarine basalts rejhcts the range in water contents in the 
melts characteristic of each environment. The ranges in the 
molar proportion of CO2 in vapor phases (Xco) calculated to 
be in equilibrium with submarine tholeiitic glasses are 0 · 93-
1 ·00 for mid-ocean ridge basalts ( MORE), 0 ·6o-o · 99 for 
glasses from Kilauea [representative of ocean island basalts 
( OIB) J and o-o · 94 for glasses from back-arc basins 
( BABE). MORE glasses from spreading centers ranging from 
slow (e.g. the Mid-Atlantic Ridge) to fast (e.g. East Pacific 
Rise, 9- 13° .N) are common!; supersaturated with respect to 
COrrich vapor, resulting from magma ascent rates so rapid 
that magmas erupt on the seafloor without having been .ful!J 
degassed by bubble nucleation and growth during ascent. In 
contrast to the MORE glasses, volatile contents in submarine 
glasses from Kilauea are consistent with having been in equi
librium with a vapor phase containing 60- 100 mol% C02 at 
the pressure of eruption, riflecting differences in average magma 
transport rates during eruptions at mid-ocean ridges and hot
spot volcanoes. 

*Corresponding author. Present address: Rosenstiel School of 
Marine and Atmospheric Science, Division of Marine Geology and 
Geophysics, University of Miami, Miami, FL 33149-1098, USA 

Degassing during decompression of tholeiitic basaltic magma 
is characterized by strong partitioning of C02 into the vapor 
phase. During open system degassing, C02 is rapid!; removed 
from the melt with negligible loss of water, until a pressure is 
reached at which the melt is in equilibrium with near!; pure 
water vapor. From this pressure downward, the water content of 
the melt follows the water solubili~ curve. During dosed system 
degassing, water and C02 contents in vapor-saturated basaltic 
magmas will depend strong!; on the vapor composition as 
determined by the initial volatile concentrations. Deviation from 
open system behavior, toward lower dissolved H20 and C02 
saturation concentrations at a given pressure, will be greatest in 
melts having high total volatile concentrations and high 
C02: H20 ratios. Closed system degassing of basaltic melts 
having the low initial H20 and C02 contents ~pica! of 
MORE and 0/B, however, are similar to the open system case. 

KEY WORDS: mid-ocean ridge basalts; water and carbon dioxide 

solubili~; rkgassing 

INTRODUCTION 
Most, if not all, submarine and subaerial magmas 
contain vapor-filled bubbles on eruption and empla
cement. There is growing interest in the role of 
volatiles in igneous processes, including the timing of 
volatile exsolution and bubble growth and its rela
tion to the bulk physical properties of melts and 
eruption dynamics (Moore et al., 1977; Moore, 1979; 
Vergniolle & J au part, 1986, 1990; J au part & 
Vergniolle, 1988, 1989; Tait et al., 1989; Bottinga & 
Javoy, 1990a,b; Mangan et al., 1993) and the 
estimation of degassing rates of C02, H 20, F, Cl and 

© Oxford University Press 1995 



S from volcanoes on scales ranging from the evolu
tion of an individual volcano (e.g. Jagger, 1940; Le 
Guern et al., 1979; Gerlach, 1986, 1989; Gerlach & 
Graeber, 1985; Gerlach & Casadevall, 1986; 
Kodosky et al., 1991; Symonds et al., 1992; Brantley 
et al., 1993) to global fluxes (e.g. Anderson, 1974; 
Javoy et al., 1982; Pineau & Javoy, 1983; Devine et 
al., 1984; Des Marais, 1985; Marty & ]ambon, 1987; 
Stoiber et al., 1987; Gerlach, 1989; Palais & 
Sigurdsson, 1989; Williams et al., 1992; J ambon, 
1994). Also, the effects of eruptive degassing must be 
understood before volatile contents measured in 
volcanic glasses can be used to investigate primary 
variations in volatile contents of magmas and their 
source regions (e.g. Moore, 1970; Delaney et al., 
1978; Schilling et al., 1980, 1983; Byers eta/., 1983, 
1984, 1986; Michael & Chase, 1987; Dixon et al., 
1988; Michael, 1988; Michael & Schilling, 1989; 
Stolper & Newman, 1994). 

The solubilities of H 20 and C02 and the nature of 
their mixing behavior in basaltic liquid at 1200°C 
and pressures relevant to seafloor eruption have been 
recently determined (Dixon et al., 1995- Part I, this 
issue). One application of these experimental results 
is quantification of the behavior of volatiles during 
degassing. In this paper we present a method for 
determining the pressure of equilibration between 
vapor and melt and the composition of a vapor 
phase that could coexist with a given basaltic melt. 
We also present new forward degassing models that 
can be used to predict melt and vapor compositions 
and vesicularity as a function of pressure and pre
eruptive volatile contents of basaltic magmas. 

VOLA TILE CONTENTS OF 
C0 2-H 2 0-VAPOR-SATURATED 
BASAL TIC MELTS 
Our results (Dixon et a/., 1995) can be used to 
determine the total pressure at which a basaltic 
liquid with given concentrations of C02 and H 20 
would be vapor saturated and the composition (i.e. 
C02:H20 ratio) of vapor coexisting with such a 
liquid at equilibrium. This is a valuable tool for 
determining the pressures of vapor-melt equilibra
tion based on measured C02 and H 20 concentra
tions of volcanic glasses; in cases where melt was 
never vapor saturated, this allows determination of 
minimum pressures. 

If the vapor contains only C02 and H 20, and 
assuming it mixes ideally (i.e. the Lewis- Randall 
rule: J. = Xf fi, see the Appendix; also, see the 
Appendix for definitions of terms), the following 
condition must be satisfied for vapor saturation: 

(I) 

where aj is the activity of water or carbonate in the 
melt and a~,m is the corresponding activity in melt in 
equilibrium with pure water or carbon dioxide. 
Given the Lewis- R andall rule, it can be shown that 
the mole fractions of H 20 and C02 in the vapor can 

be determined using a!i20 /a;T,'0 = XJi-20 and 

a~02-/a~~2- =XC~- We adopt the Henrian 
app~oxim;tions described by Dixon et a/. ( 1995) for 

both water and carbonate activities, so the activities 
in equation ( I) are just the mole fractions of mole
cular water and carbonate in the melt. Equation ( I ) 
thus reduces to 

X'! ~Co2-H2o , mol + __ s __ I 
Xi'i:o. mol ~~~- - . 

(2) 

At constant P and T, the denominators in equation 
(2) (i.e. the amounts of molecular water and carbon 
dioxide dissolved in melts coexisting with pure water 
vapor or carbon dioxide vapor) are constants (i.e. 
independent of vapor composition) and can be cal
culated from the following equations [equations (2) 
and (6) of Dixon et al. (1995)]: 

and 

~·'" -~·'" fH20 (P, To) 
H20 , mol- H20 , moi(Po, To) JH (P T ) 

H20 o, 0 

{
(- V"H;'0 )(P- Po)} 

exp RTo 

v0,m (P T ) _ v<>.m ( ) .!Co2 (P, To) 
Aco2- , o -Aco2- Po To ( ) 

s s JC02 Po, To 

exp { (-~v~.m)(P - Po)} 
RTo 

(3) 

(4) 

where Pis in bars and P0 = I bar, JH20 (P0 , T 0 ) and 

rco
2
(Po , To)= I bar, Tis inK and T 0 = 1473·15 K, 

XO.Co. moi(Po, To) = 3·28 X 10-5
, ~~2-(Po , To) = 

3·8 x 10-7 ~·'" = 12 cm3fmol ~vo,m ~ 23 cm3fmol • H20 • r 

and R = 83·15 cm3barfmol-K. Thus, at a constant P 
and T, equation (2) describes a linear relationship 

between X"!!c0 2_ and XH 0 mol as a function of vapor 
s 2 • 

composition in vapor-saturated melts. However, as 
shown in Fig. I, the relationship between total 
dissolved water and dissolved carbonate in vapor
saturated melts at a constant total pressure (isobar) 
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Fig. 1. Inverse correlation between C02 and H20 in vapor-satu
rated basaltic liquid at constant pressure and 12oo•c. Continuous 
curves are curves of constant pressure (isobars). Dashed curves 
represent curves for constant vapor composition (isopleths). 
Curves are calculated using equation (2) combined with a regular 
solution model for water speciation to calculate total water from 
molecular water concentrations. This figure can be used to deter
mine the pressure and the composition of the vapor phase in equi
librium with basaltic liquid at vapor saturation. For example, a 
melt containing 1·0 wt% H 20 and 46 p.p.m . C02 (shown as a 
star in the figure) will be saturated at a pressure of 200 bar (2 

km water depth) with a vapor phase having XH,o = 0·5. 

is non-linear because of the non-linear relationship 
between the concentration of molecular water and 
total water in basalts [fig. 3a of Dixon et al. (1995)] . 
Similarly, the contours of constant vapor composi
tion (dashed in Fig. I ) are also non-linear. C02 is 
strongly partitioned into the vapor under the condi
tions of Fig. I. It can be shown that the ratio 
(XCo/XHofJeco2-/XHomol) IS a constant at 2 2 l 2 1 

constant P and T given the assumption of the Lewis-
Randall rule. At the low pressures of Fig. l , this 
ratio is also only weakly dependent on total pressure, 
decreasing from 86 at l bar to 76 at l 000 bar. 

Figure l can be used to determine graphically the 
pressure at which a basaltic liquid with known con
centrations of water and carbon dioxide would be 
vapor saturated at l200°C and the composition of 
the vapor phase with which it would be saturated 
under these conditions. Liquid compositions in 
vapor-saturated magmas erupted over a narrow 
depth interval will fall on a single isobar in Fig. l. 
We thus expect that analyses of quenched, vesicular 
glasses spanning a range of C02:H20 ratios and 
erupted at the same water depth will define 
negatively sloped arrays on an H20 vs C02 plot, 
corresponding to the isobar at the pressure of their 
eruption (provided the melt and vapor are in equili
brium and the vapor is nearly pure H2D-C02) . This 

relationship has only been observed so far in 
submarine glasses from the Mariana trough 
(Newman, 1989, 1990; Stolper & Newman, 1994) 
and the Lau Basin (Newman, 1990), but it is likely 
to be a general phenomenon. In the case of primitive 
Mariana trough glasses, the wide range of C02:H20 
ratios is thought to reflect variable C02:H 20 ratios 
in primitive liquids. However, fractional crystal
lization under vapor-saturated conditions would also 
generate residual liquids with progressively increas
ing H 20:C02 ratios, so a vapor-saturated liquid line 
of descent at a single total pressure will also generate 
a negatively sloped array in a figure such as Fig. l 
(Holloway, 1976; Anderson et al., 1989) . 

These calculations illustrate the importance of 
considering simultaneously all of the major volatile 
species when interpreting trends in dissolved volatile 
species concentrations in magmas. In particular, as 
shown in Fig. I , the concentration of volatile com
ponents such as carbon dioxide and water can be 
highly variable in a series of magmas erupted at a 
constant pressure, but if the concentration of only 
one of these volatile components in the glasses were 
measured, it would be difficult to understand its 
variability or to confidently attribute it solely to the 
effects of the presence of other vola tile components in 
the vapor. In the case of the Bishop Tuff, for exam
ple, estimated amounts of water in the magma were 
lower than the amounts that would d issolve if the 
melt were saturated with pure water vapor at the 
pressures thought to apply to the magma chamber. 
This was initially interpreted as signifying that the 
magma was not vapor saturated (Hildreth, 1977). 
However, subsequent work has shown that carbon 
dioxide is present in quenched samples of the magma 
in sufficient quantities that the magma could have 
been saturated with a C02- H 20-rich vapor at depth 
before eruption (Anderson et al. , 1989). 

Another example of the importance of considering 
the full suite of volatiles comes from the recent work 
of Nilsson & Peach ( 1993) , in which they reported 
Fe3+JFe2+, SO~-/S2- and S contents in a series of 
vesicular basaltic glasses from the Lau Basin erupted 
over a narrow depth interval. They observed that S 

. l . 1 . h F 3+/F 2+ concentratiOn corre ates negauve y wit e e , 
and inferred that this reflects the decreasing solubil
ity of sulfur with increasing oxygen fugacity; i.e. 
more oxidized magmas can dissolve less sulfur at a 
given total pressure than more reduced magmas. 
There is, however, an alternative interpretation of 
their observations based on the general form of the 
isobars shown in Fig. I . Back-arc basin magmas are 
often rich in water and contain carbon dioxide in 
addition to sulfur, and thus the amount of degassing 
of each of these volatile components at a given 
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eruption depth depends on the concentrations and 
solubilities of the other two. As described above, 
water and carbon dioxide contents of the degassed 
glasses erupted at a single depth are expected to be 
inversely correlated if there is a range in H20:C02 
ratios, and this is indeed observed in back-arc basin 
glasses (Newman, 1989, 1990; Stolper & Newman, 
1994). Water and sulfur contents are also expected 
to be negatively correlated in vapor-saturated glasses 
as isobars for water and sulfur, though probably dif
ferently shaped, must also be negatively sloped under 
most conditions. In general, regardless of their oxi
dation state, more water-rich magmas will degas 
more sulfur and C02 at a given depth than water
poor magmas. Consequently, water-rich magmas 
will have both lower sulfur and lower carbon dioxide 
contents after degassing, and extensive degassing of 
carbon dioxide could even lead to more oxidized 
glasses (Mathez, 1984) . However, water contents of 
back-arc basin magmas are generally higher in more 
oxidized magmas (Volpe et al., 1987; Hawkins et al., 
1990), probably reflecting the slab derivation of 
water in their source regions. Thus, even if oxidation 
state had no influence on the solubility of carbon 
dioxide and sulfur, a negative correlation between 
Fe3+ fFe2+ and both carbon dioxide content and sul
fur content would be observed. Although there is a 
relationship between sulfur solubility and oxidation 
state (Katsura & Nagashima, 1974; Carroll & 
Rutherford, 1985; Luhr, 1990; Wallace & Carmi
chael, 1992) and thus the explanation offered by 
Nillson and Peach ( 1993) is plausible and is possibly 
the dominant control on observed S contents of Lau 
basin glasses, our point is that it can be misleading to 
try to evaluate the nature and extent of degassing by 
examining the variation in concentration of only one 
volatile component. 

VAPOR SATURATION OF 
SUBMARINE BASALTS 
Compositions of vapor in equilibrium with 
submarine basaltic liquids 
As described in the previous section, given meas
urements of the H 20 and C02 contents of natural 
basaltic glasses, we can determine the pressure at 
which a liquid of this composition would be vapor 
saturated and the composition of the equilibrium 
vapor. This can be done graphically using Fig. I , or 
by substituting equations (3) and (4) into equation 
(2) and then iteratively solving for pressure and 
using the Lewis- Randall rule to determine vapor 
composition. In this section, we summarize 
equilibrium vapor compositions for basaltic glasses 

and glass inclusions calculated in this way. To avoid 
discrepancies between different analytical techni
ques, which are known to be severe for C02 mea
surements (Byers et al., 1986; Des Marais, 1986; Fine 
& Stolper, 1986; Craig, 1987; Exley et al., 1987), we 
have restricted our treatment to glasses in which 
H20 and C02 contents were measured with the 
same IR spectroscopic technique used to determine 
the H20 and C02 solubilities (i.e. Fine & Stolper, 
1986; Dixon et al., 1988, 1991; Anderson & Brown, 
1993; Stolper & Newman, 1994; and unpublished 
data, 1995) . 

Figure 2a shows the distribution of the equilibrium 
vapor compositions for mid-ocean ridge basalt 
(MORB) liquids based on the H 20 and C02 con
tents of natural MORB glasses. Based on 102 ana
lyses of MORB glasses having water contents 
ranging from 0·09 to 0·52 wt % , equilibrium vapor 
compositions range from 0·93 to 1·00 mol fraction 
C02 (XC~ ) ; however, most of the glasses (97 out of 
102) would be in equilibrium with a vapor having 
X(;02 > 0·95. Though actual measurements of gas 
compositions in vesicles in submarine MORB glasses 
are limited, most measured vapor compositions have 
.XCo

2 
>0·90 (Moore et al., 1977; Jam bon & Zim

mermann, 1987) and are consistent with our calcu
lated compositions. Analyses of gas in vesicles by 
Pineau & Javoy (1983), however, are more H 20 
rich, with mole fractions of C02 ranging from 0·03 
to 0·85. A possible explanation for the H20-rich 
nature of these vapor compositions is that they 
represent nonequilibrium compositions, which could 
develop in rapidly grown bubbles as the result of the 
higher diffusivity of water compared with C02 (e.g. 
Zhang & Stolper, 1991 ). 

Figure 2b shows the distribution of vapor compo
sitions calculated to be in equilibrium with tholeiitic 
basaltic liquids from Kilauea volcano, Hawaii, based 
on the H20 and C02 contents in submarine East 
Rift Zone glasses (Dixon et al. , 1991) and glass 
inclusions in olivine from Kilauea Iki (Anderson & 
Brown, 1993). Some samples in both sample suites 
have C02 contents below detection limits; these 
samples are excluded from the figure because the 
uncertainty in XCo. based on the uncertainty in the 
dissolved C02 contents is large ( > 0·5 absolute) . 
Based on 53 analyses of these glasses having water 
contents ranging from 0·11 to 0·96 wt % , calculated 
X (;0 2 values range from 0·60 to 0·99. The mean cal
culated X(;02 in the Kilauean samples (0·91 for the 
melt inclusions and 0·86 for the East Rift Zone 
lavas) is less than that for MORB, reflecting the 
higher water contents typical of ocean island basalts. 

Figure 2c shows the equivalent distribution for 
Mariana back-arc basin (Stolper & Newman, 1994; 
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Fig. 2. Calculated vapor compositions for vapor-saturated basaltic 
melts from different tectonic environments. Vapor compositions 
were calculated as described in the text by iteratively solving 
equation (2) for pressure and then using the Lewis-Randall rule 
(ideal mixing in the vapor phase) to determine vapor composition. 
(a) MORB (Fine & Stolper, 1986; Dixon el al., 1988, and unpub
lished data, 1995). Several analyses of partially devitrified glasses 
from the Juan de Fuca Ridge baving C02 contents lower than 
nondevitrified glass from the same sample (Dixon el al., 1988) 
were omitted. (b) Submarine glasses from the East Rift Zone of 
Kilauea (Dixon el al., 1991) and glass inclusions in olivine from 
the 1958 eruption of Kilauea Iki (Anderson & Brown, 1993). 
Though some samples from Kilauea (4 out of 24 from KERZ 
and 17 out of 50 from Kilauea Ik:i) have C02 concentrations 
below detection limits, the uncertainty in XCo, based on the 
uncertainty in C02 concentrations is >0·5 {absolute) in all cases 
and vapor compositions based on these analyses are not shown. (c) 
Back-arc basin basaltic glasses from the Mariana back-arc basin 
( ewman et ai., 1993; Stolper & Newman, 1994). Based on the 
uncertainry in the C02 analyses in the three samples having C02 
concentrations below detection limits, the uncertainty in the XCo, 

is <0·1 absolute. 

S. Newman, unpublished data, 1995). As expected, 
the calculated vapor phase compositions are more 
variable and water rich (X'Co

2 
ranges from zero, 

with uncertainties of up to 0·1 absolute, to 0·94, with 
a mean of 0·46) for these samples, which have water 
contents that are more variable and typically higher 
(0·49- 2·14 wt% ) than those of MORB glasses 
(Delaney et al., 1978; Muenow et al., 1990). 

Pressures of vapor saturation of 
submarine liquids--comparison with 
eruption pressures 

Pressures of vapor saturation for liquids with the 
H20 and C02 contents of natural basaltic glasses 
have also been calculated as described above; these 
are compared in Fig. 3 with eruption pressures 
(assuming that the collection depth is equivalent to 
the eruption depth). Samples plotting on the 1:1 line 
are consistent with having been saturated with 
respect to vapor under the conditions of eruption; 
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Fig. 3. Calculated pressure of equilibration versus eruption pres
sure for (a) MORB and (b) Kilauea submarine east rift glasses. 
Pressures of equilibration are calculated as described in the text 
by iteratively solving equation (2) for pressure using measured 
H20 and C02 contents. Errors in eruption pressure (x-axis) are 
based on uncertainties in depths of sample collection. Errors in 
equilibration pressure (;>-axis) are based on uncertainties in mea
sured C02 concentrations. Sources of data: Juan de Fuca and 
Endeavour Ridges OdF-End) from Dixon el a/. (1988); Gorda 
Ridge, East Pacific Rise (EPR), Mid-Atlantic Ridge and South
west Indian Rift fromJ. Dixon (unpublished data, 1995); Kilauea 
East Rift Zone (KERZ) from Dixon el a/. (1991); Kilauea Ilci glass 

inclusions from Anderson & Brown (1993). 
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those plotting above and below the I: I line appear 
to be supersaturated and undersaturated, respec
tively, with respect to vapor. For MORBs (Fig. 3a), 
in which the equilibrium vapor is nearly pure C02, 

the same information can be read from the C02 vs 
total pressure figures presented by Stolper & Hollo
way ( 1988) and Dixon et al. ( 1988), where the curve 
for saturation with respect to C02 vapor provides an 
excellent approximation to the vapor-saturation 
boundary. However, for samples from back-arc 
basins and ocean islands, which are often calculated 
to be saturated with water-rich vapor (Figs. 2b and 
c), the representation shown in Fig. 3 is more reli
able for evaluating whether or not basaltic melts 
would be vapor saturated under the conditions of 
eruption. 

For MORB glasses, those with the lowest C02 
contents at a given depth are vapor saturated with 
respect to a C02-rich vapor phase (Fig. 3a), as pre
viously observed by Dixon et al. (1988) and Stolper 
& Holloway (1988). Only I out of 102 ridge crest 
samples is undersaturated with respect to its depth of 
collection, given the uncertainties in the depth of 
sampling and the calculated equilibration pressures; 
it should be noted that we have not included dredge 
collections with depth uncertainties of > 600 m or 
analyses of partially devitrified glasses from the Juan 
de Fuca Ridge. The one apparently undersaturated 
sample (TT152-13, from the Juan de Fuca Ridge, 
with a calculated eruption pressure of~ 130 bar) is 
the most vesicular of the Juan de Fuca Ridge sam
ples (2·3 vol % vesicles vs < 1·8 vol % for all other 
samples); as high vesicularity is typically associated 
with shallow submarine eruptions (e.g. Moore, 1965, 
1970, 1979; Moore & Schilling, 1973), it is possible 
that this sample actually erupted at a shallower level 
and that its apparent undersaturation reflects down
slope movement after eruption. MORB glasses are 
commonly supersaturated with respect to C02-rich 
vapor (Fine & Stolper, 1986; Dixon et al., 1988; 
Stolper & Holloway, 1988), as evidenced by the fact 
that many plot above the I: I line in Fig. 3a. Fol
lowing our previous work, we attribute this feature 
to magma ascent rates that are so rapid that mag
mas erupt on the sea-floor without having been fully 
degassed by bubble nucleation and growth during 
ascent. This feature is present in samples from 
spreading centers ranging from slow (e.g. the Mid
Atlantic Ridge) to fast (e.g. East Pacific Rise, 9-
130N) . 

In contrast to the MORB glasses, liquids with the 
volatile contents of most glasses from the submarine 
portion of Kilauea's East Rift Zone plot near the I : I 
line in Fig. 3b, and thus are consistent with having 
been in equilibrium with a vapor phase containing 

6Q-IOO mol % C02 at the pressure of eruption. 
Dixon et al. ( 1991 ) concluded that these glasses were 
in equilibrium with a C02-rich vapor phase, but the 
use of a new solubility function for C02 and the 
explicit consideration of the presence of water in 
these samples (some of which are relatively rich in 
water and would be saturated with a water-rich 
vapor) represent improvements over previous work. 
The absence of a large number of glasses quenched 
from melts significantly supersaturated with respect 
to a vapor phase distinguishes these Hawaiian sam
ples from the MORB suite, and this probably reflects 
differences in magma transport rates in these two 
types of rift environments or very shallow, subsurface 
(i.e. below the water-volcano interface) storage 
chambers where extensive degassing occurs before 
eruption. In the latter case, eruption can still be 
rapid, yet not show gross supersaturation. A few of 
the 24 samples appear to have been undersaturated 
with respect to a mixed H2Q-C0 2 vapor phase at 
the pressure of collection; as suggested by Dixon et al. 
( 1991 ), these samples could have erupted up to I km 
shallower and flowed downslope. 

DEGASSING OF ASCENDING 
MAGMA-FORWARD MODELS 
The solubility relations determined in this study can 
be used to model degassing paths of H 20-G02-
bearing basaltic magmas for a variety of conditions 
relevant to submarine and subaerial eruptions. The 
modeling presented here is based on an approach 
developed by Dr G . Miller (University of Chicago) 
and Dr P. Dobson (Unocal) and described in the 
Appendix. Our modeling produces results similar to 
previous degassing calculations by Khitarov & 
Karlik (1973), Shilobreyeva et al. (1983), Gerlach 
(1986), Newman (1989, 1990) and Bottinga &Javoy 
(1990b) for basaltic systems, and by Holloway 
( 1976) and ewman et al. ( 1988) for rhyolitic sys
tems, although our calculations are based specifically 
on our thermodynamic models for water and carbon 
dioxide solubility in MORB liquids at 1200°C. 

Degassing during decompression is modeled in 
successive isobaric steps. At each pressure, H 20 and 
C02 dissolved in the supersaturated melt are 'trans
ferred' incrementally into the vapor phase until 
saturation is reached. The relative proportion of 
water and C02 partitioned into the vapor phase 
during each incremental transfer is determined by 
solving simultaneously equations describing mass 
balance, H 20 speciation, and equilibrium partition
ing of C02 and H 20 between vapor and melt 

[(.XCoJXJi,o)/(X20~-/XiJ,o .• ) l· The pressure is then 
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incremented downward, leading again to a super
saturated melt, and the calculation is repeated. Both 
open and closed system degassing calculations were 
performed. In open system degassing, the vapor 
phase is instantaneously removed from the magma 
after each increment of volatile loss. In closed system 
degassing, the vapor phase remains in contact and 
equilibrium with the melt, increasing in amount and 
changing in composition with each increment of 
volatile loss from the liquid. In both cases, the com
position of the degassed magma and the proportion 
and the composition of the vapor phase (integrated 
vapor composition for closed system and instant
aneous vapor composition for open system degassing) 
were calculated over the range of pressures relevant 
to seafloor degassing. 

Open system degassing 
Because removal of the vapor from the system after 
each degassing step causes a loss of 'memory' of the 
initial conditions as degassing proceeds, open system 
degassing paths during decompression are indepen
dent of the path by which a batch of melt arrived at 
its concentrations of H 20 and C02. During open 
system degassing, C02 is rapidly removed from the 
melt with negligible loss of water, until a pressure is 
reached at which the melt is in equilibrium with 
nearly pure water vapor. With further reduction in 
pressure, the concentration of water in the melt fol
lows almost exactly the water solubility curve. Open 

--------· Closed, C0,'=2.0 WI ... 

600 ·····Closed. CO,'=LO WI 'k 

- - · Closed. CO, '=0. 1 w1 % 

'""":' 400 
E 
c:i. 
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'-" 
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u 200 
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800 ; ; ·,---;--
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Fig. 4. Difference in model degassing paths for open and closed 
systems and the effect of C02 content on closed system degassing 
for basaltic liquids having an initial H20 content of 1·0 wt% and 
initial C02 contents of 0·05, 0·1 , 1·0 and 2·0 wt% {initial C02/ 
H20 mass ratios of 0·05, 0· 1, 1·0 and 2·0). All calculations begin 
degassing at 1200 bar. Curves of constant pressure {isobars) illus
trate how the H 20 and C02 concentrations at vapor saturation 
vary with initial volatile concentrations during closed system 

degassing. 

system degassing paths (Fig. 4) are virtually identical 
for melts having the same initial H20 contents but 
highly variable initial C02 contents, consistent with 
the results of Holloway ( 1976), Shilobreyeva et al. 
(1983) and Newman et al. (1988) . For example, dur
ing open system degassing of melts with initial water 
contents of 1 wt % to a pressure of 100 bar, the melts 
lose only 2% of their initial water, regardless of their 
initial C02JH 20 ratio. That C02 is so strongly par
titioned into the vapor is important because even if 
only a small amount of vapor exsolves from an 
ascending melt, it will be extremely difficult to 
deduce the initial C02 content of the magma by 
measuring the C02 content of the quenched glass. 

Closed system degassing 

During closed system degassing, the vapor remains 
in contact with the melt and thus ' remembers' the 
initial volatile content of the melt. As emphasized by 
Holloway (1976) and Newman et al. (1988}, the 
water content in a vapor-saturated melt undergoing 
closed system degassing will be strongly dependent 
on the initial C02 content, especially at high total 
volatile concentrations and high C02:H20 ratios. 
The effects of varying the initial C02 at constant 
initial H20 concentrations in closed system degass
ing are illustrated in Fig. 4 . Calculations were done 
for melts having an initial H20 content of 1·0 wt% 
and initial C02 contents of 500 p .p.m., 1000 p .p.m., 
1 wt% and 2 wt %. During closed system degassing 
to a pressure of 100 bar, a basaltic liquid initially 
having 1·0 wt% H 20 and 500 p. p.m. C02 will lose 
only 8% of its initial water; whereas a melt initially 
having 1 wt% H 20 and 2 wt% C02 will lose 
almost 40% of its initial water. It should be noted 
that for initial H20 and C02 contents typical of 
tholeiites erupted on ocean islands and along mid
ocean ridges, the calculated differences between 
open and closed system degassing paths are small 
(Fig. 4). Differences in H- and C-isotopic ratios of 
the residual melts, however, would be more strongly 
dependent on the style of degassing (e.g. Newman et 
al., 1988; Gerlach & Taylor, 1990) . 

Figures Sa-d show the calculated variations of H 20 
and C02 contents in the melt and in the vapor with 
pressure during closed system degassing of basaltic 
liquids for basaltic liquids having initial C02 contents 
of 500 p.p .m. and different initial H 20 contents ran
ging from 0·1 to 2·0 wt %. The range of water con
tents covers the typical range found in basaltic 
magmas from mid-ocean ridges and back-arc basins 
(Moore & Schilling, 1973; Moore et al., 1977; Dela
ney et al. , 1978; Garcia et al., 1979; Moore, 1979; 
Muenow et al., 1980, 1990; Byers et al., 1983, 1984, 
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Fig. 5. (a) Results of closed system degassing calculations showing the variation in composition of mixed H~o-co~ vapor phase in 
equilibrium with basaltic melts having an initial C02 content of 500 p.p.m. and a range of initial H20 contents. Numbers next to curves 
represent initial water content of magma. (b) C02 vs PTotaJ in vapor-saturated basaltic melts initially containing 500 p.p.m. C02 and a 
range of H 20 contents (0·1-2·0 wt %) degassed under closed system conditions at 1200"C. The trends for melts containing 0·1 and 0·3 
wt% H20 cannot be distinguished from the trend for pure C02 solubility (PTotaJ = Pco,; continuous line) at thu scale. (c) H20 vs Pin 
vapor-saturated basaltic melts for closed system degassing of melts initially containing 500 p.p.m. C02 and a range of H20 contents 
(0· 1- 2·0 wt %). Continuous line is solubility of water in equilibrium with pure water vapor (i.e. for PTotaJ = PH,0 ). Dashed lines are 
degassing paths for melts with different initial water concentrations. (d ) Closed system degassing paths (dashed lines) superposed on 

isobars from Fig. I for basaltic liquids. 

1986; Fine & Stolper, 1986; Michael & Chase, 1987; 
Dixon et al. , 1988; Michael, 1988; Jendrzejewski et al., 
1992; Danyushevsky et al., 1993; Stolper & Newman, 
1994). Liquids with these compositions will be vapor 
saturated in a magma chamber located at a depth of 
,.., 2-4 km beneath the ocean floor where total pres
sure ranges from -700 to 1200 bar. 

At I 000 bar, the vapor in these examples is rich in 
C02 compared with H 20 (though the vapor in the 
case with 2 wt% initial water is almost 50 mol % 
H 20 ) and becomes progressively enriched in water as 
pressure decreases (Fig. 5a) . The C02 content of the 

melt decreases approximately linearly with a slope 
similar to that of the C02 solubility curve (Fig. 5b) 
from the point at which vapor saturation is reached 
until nearly all of the C02 has been partitioned into 
the vapor. Figure 5b also shows that at a given 
pressure, the content of C02 dissolved in the vapor
saturated melt decreases with initial water content. 

In contrast to the behavior of carbon dioxide, the 
behavior of water during closed system degassing is 
similar to the open system case in that loss of water 
owing to degassing is minor until the pressure has 
dropped to a value near that at which a melt con-
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tammg no carbon dioxide, but with same initial 
water content, would be saturated with pure water 
vapor (Fig. 5c) . The calculations shown in Figs. 5b 
and c can be coupled and added to Fig. I to show the 
covariation of C02 and H 20 in melts during closed 
system degassing of these submarine magma compo
sitions (Fig. 5d) . The dashed lines illustrate the dra
matic decrease in C02 content with negligible change 
in water content as magmas degas during depressur
ization. These calculations (a ll having initial C02 
contents of 500 p.p.m.) show that H 20 concentra
tions in typical MORB ( ~O·J-Q·3 wt% H 20 ) will 
not be significantly modified ( <I 0% of total water 
exsolved as vapor) by degassing during eruption on 
the sea-floor unless erupted in water depths shallower 
than ~I 00 m. Tholeiites from oceanic islands and 
MORB enriched in incompatible elements (E
MORB) containing higher water contents ( -0·3-
1·0% ) can begin exsolving significant amounts of 
H 20 at eruption depths of I OQ-1 000 m. Thus, water 
contents in quenched MORB and ocean-island tho
leiitic glasses can be used reliably to obtain original 
(i.e. largely unaffected by degassing) water contents 
as long as they were erupted in water deeper than 
1000 m. The pressure at which 50% loss of water has 
occurred is 2, 8, 22 and 98 bar for initial water con
tents of0·3, 0·6, 1·0 and 2·0 wt%, respectively. 
Water concentrations in water-rich arc or back-arc 
related magmas, however, may be as high as 6 wt% 
(Gaetani et al., 1993; Sisson & Layne, 1993; S. New
man, personal communicatio::J, 1994) . Exsolution of 
an H 20 -rich vapor from these water-rich magmas 
and production of highly vesicular lavas w111 occur 
even at water depths > 2000 m (P > 200 bar) . Thus, 
the presence of high vesicularity does not necessarily 
indicate eruption at shallow depth (see Dudas, 1983) . 
Degassing of an H 20-rich vapor in arc environments 
may begin at depth in the crust, probably within the 
magma chamber (e.g. Stix et al., 1993). 

SUMMARY 
Our experimental results on water and carbon diox
ide solubilities in basaltic melts provide a basis for 
interpreting the water and carbon contents of sub
marine magmas and for assessing factors controlling 
degassing on ascent and emplacement. They can be 
used to determine the pressure at which a basaltic 
liquid with known concentrations of water and car
bon dioxide would be vapor saturated at 1200°C and 
the composition of the vapor phase with which it 
would be saturated under these conditions. Suites of 
quenched basaltic melts erupted over a narrow 
depth interval but having a range of initial C02/ 
H 20 ratios will define negatively sloped arrays on an 

H20 vs C02 plot. It is important that all of the 
major volatile species should be considered simulta-· 
neously when interpreting trends in dissolved volatile 
species concentrations in magmas. 

Vapor compositions in equilibrium with submarine 
tholeiitic glasses have been calculated for glasses in 
which H 20 and C02 were analyzed using IR spec
troscopy. The range in equilibrium vapor composi
tions [ X(;02 = 0·93-1·00 for MORB, 0·60-Q·99 for 
Kilauea (OIB) and O-Q·94 for BABB] reflects the 
range in water contents in the melts characteristic of 
each environment. MORB glasses from spreading 
centers ranging from slow (e.g. the Mid-Atlantic 
Ridge) to fast (e.g. East Pacific Rise, 9-l3°N) are 
commonly supersaturated with respect to C02-rich 
vapor, resulting from magma ascent rates so rapid 
that magmas erupt on the sea-floor without having 
been fully degassed by bubble nucleation and growth 
during ascent (Dixon et a/., 1988; Stolper & H ollo
way, 1988) . Volatile contents in submarine glasses 
from Kilauea, however, are consistent with having 
been in equilibrium with a vapor phase containing 
60- 100 mol% C02 at the pressure of eruption, sug
gesting that the total time of magma transport from 
magma chamber to sea-floor is longer for eruptions 
ocurring along the submarine extensions of hotspot 
volcanic rift zones than along mid-ocean ridges. 

Degassing during decompression of tholeiitic 
basaltic melts is characterized by strong partitioning 
of C02 into the vapor phase. During open system 
degassing, C02 is rapidly removed from the melt 
with negligible loss of water, until a pressure is 
reached at which the melt is in equilibrium with 
nearly pure water vapor. From this pressure down
ward, the water content of the melt follows the water 
solubili ty curve. During closed system degassing, 
water and C02 contents in vapor-saturated basaltic 
magmas will depend strongly on the vapor composi
tion as determined by the initial volatile concentra
tions. Deviation from open system behavior, toward 
lower dissolved H 20 and C02 saturation concentra
tions at a given pressure, will be greatest in melts 
having high total volatile concentrations and high 
C02:H 20 ratios. Closed system degassing of basaltic 
melts having the low initial H 20 and C02 contents 
typical of MORB and OIB, however, are similar to 
the open system case. 
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APPENDIX 
Degassing of water and carbon dioxide from basaltic magmas can 
be described using three independent equations {linear and non
linear) describing mass balance, fractionation and speciation of 
water in the melt. Calculations of degassing paths can be simpli
fied by expressing these equations in terms of three coupled linear 
differential equations and solving using standard methods of 
matrix algebra. This approach is described in this Appendix and 
was developed to describe D JH fractionation during degassing of 
water from silicate melts (G. Miller & P. Dobson, personal com
munication, 1990). It has the advantages of being linear and 
allowing solution of both open and closed system degassing pro
blems with the same equations. 

Definition of variables 
OH" Concentration of water dissolved as hydroxyl 

groups in the melt (wt %) 
H20 , mol" Concentration of water dissolved as molecular 

water in the melt (wt %) 
Total H20"' Total concentration of water in the melt (wt %); 

Total H20 (wt %) = OH (wt %)+ H20 mol 
(wt%) 

Total H20'"·0 Initial total concentration water in the melt 
(wt%) 

cor Concentration of carbon dioxide dissolved as car
bonate in the melt (wt %) (note that though car
bon dissolves as carbonate ions in mafic magmas, 
its concemration is expressed in terms of the 
weight of C02 that dissolves into the melt) 
Initial concentration of carbon dioxide dissolved 
as carbonate in the melt (wt %) 
Initial total number of moles of water in the melt; 
NT'~':.,H,o=Total H20"''0 / 18·015 
Total number of moles of water in the melt; 
NT'~':.IH,o=Total H 20"'fl 8·015 
Number of moles of O H in the melt; 
NOH = 2(0H"'fl8·015) 
Number of moles of molecular water in the melt; 
NT'oul H,O = H20, molf18·015 
Initial number of moles of carbon dioxide dis
solved as carbonate in the melt; 
Fc~1 = co:;·0 f44·0 1 

m a, 
a.~·"' 

J, 
.r: 

f 

p 

). 

.J 
R 
p 
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Number of moles of carbon dioxide dissolved as 
carbonate in the melt; N00l = C0;'/44·0 I 
:\umber of moles of H20 in the vapor 
;\umber of moles of C02 in the vapor 
Mole fraction of species 1 in melt (single oxygen 
basis for the silicate component); 
X;"= [N,"'/( NT'otaiH,o+.VC'o1-+N0)], where 
NO= ( I 00-Total H20'"-C02) /36· 594 
Mole fraction of species i in vapor 
Activity of species i in melt 
Activity of species i in melt in equilibrium with 
vapor phase of pure i 
Fugacity of i in the vapor 
Fugacity of pure vapor i 
Volume of 1 in the melt in its standard state (cm3f 
mol ) 
Fraction of total volatiles remaining in melt; 
equation 1A3 
C02/H20 fractionation factor between vapor and 
melt; equation (A 7) 
Discriminates between open (A.= 0) and closed 
(). = I) system degassing 
Fraction of H20 present as OH; equation (A 17) 
Gas constant (83·146 bar cm3fmol K) 
Pressure (bars) 

Governing equations 

lvlass balance 
The equation of mass balance is defined in terms off, the fraction 
of initial water and carbon dioxide remaining in the melt: 

;\'1!ow H,O + ;\~ 
f= , ... o o' 

;\Tot&! H10 + ~-
(AI} 

Water dissolved in a basaltic melt can exist as hydroxyl groups or 
as discrete molecules of water. When water enters the melt as 
hydroxyl groups, one molecule of H20 reacts with a bridging 
oxygen to produce two hydroxyl groups; therefore, the H 20 mass 
balance equation is 

Substitution of equation (A2 into 1 A I) gives 

0-5N0H + Ni'i,omol + )\~o:-
1= \"".0 +~.o 

· TotaJ II 0 .,~ CO~" 

Differentiating equation A3) with respect to f gives 

0-ScL\(jH + -cL~,O.mol = d.N~:- = Jr.:.·o + ~·o 
dj dj dj Total H,O J co:-. 

{A2) 

(A3) 

(M) 

In both open and closed system degassing, we can equate the 
differential gain of water and carbon dioxide in the vapor with the 
differential loss from the melt: 

and 

cL\';1,0 
df 

d co, d..N"Co: 
df=-df 

cL "1!otal H20 

df 

0·5ci\(jH 

df 

dNi'i,o.mot 
df 

(AS) 

(A6) 
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I • WATER AND C02 SOLUBILITIES 

Fractionation 
Given accurate descriptions of the solubilities of water and carbon 
dioxide in basaltic melts, and assuming that the C02/H20 of the 
exsolving vapor is controlled by their relative solubilities and not 
by kinetic effects, we can express this equilibrium partitioning of 
water and carbon dioxide into the vapor phase in terms of a single 

ratio of fJco,_H,O,mol: 

_ (NCo.) I ( .N'"co: ) /Jco,-H,O,mol - -;;;---- ~ · 
HrO ll20,mol 

(A7) 

Solubilities are expressed in terms of fugacities and mole fractions 
of components in the melt; therefore, we need to express fJ in 
terms of these variables. Because the denominators cancel, the 
ratio of the number of moles is the same as the ratio of the mole 
fractions of H 20 and C02. For the fugacities of H20 and C02 in 
the vapor phase, we can greatly simplify the calculation by 
assuming ideal mixing between H 20 and C02 in the vapor (the 
Lewis- Randall rule): 

f, = Xlft. (AS} 

Fugacities of H 20 and C02 in H 20 - C02 mixtures calculated 

using the Le .. ~s-Randall rule tend to be higher than those calcu
lated using the modified Redlich-Kwong equation of state for 
H20-G02 mixtures (Holloway, 1977). By definition, the fugacities 
calculated by the two different methods are the same in the limit 
of pure H 20 or pure C02 vapor. For an individual species, the 
discrepancy between the two fugacity calculations increases as the 
proporLion of that species in the vapor decreases. For the purposes 
of these calculations, when the proportion of an individual species 
in the vapor is small, the concentration of that species dissolved in 

the melt is also relatively small, so the error resulting from the use 
of the Lewis-Randall rule is focused on the minor component 
large relative erro.-small absolute error). In addition, the max

imum discrepancy between the two calculations (when the pro
portion of a given species in the vapor is small) increases with 
increasing pressure. At 100 bar pressure, the maximum dis

crepancy is -2%, whereas at 1000 bar pressure, this discrepancy 
is as much as 20%. 

The ratio of the number of moles of C02 and H20 in the vapor 
can now be expressed in terms of fugacities by 

(.N'co,) (XOO,) (fco.lf"co, ) 
H,o = Xi1,o = \lH,o/FH,o · 

(A9) 

We can now define fJ as 

fJ (.fit,o) [ (f co. ) I ( X"'w,- ) ] CO,-H,O.mol = f"co. f H,O Xjj,O,mol . 
(AIO) 

The value of fJ will be a function of pressure. The pressure 

dependences of the mole fractions of carbonate and molecular 
water in basaltic melts at T= 1200°C were determined by Dixon tl 
al. (1995) and are given in equations (3) and (4). Substituting 

equations (3) and (4) into the definition of fJ gives 

{.!J..t,o) [exp{-12(P - 1)/[(83 · 15)(1473· 15)]}] 
Pco,-H,O,mol = 86 ·3 ~ exp{- 23(P - 1)/[(83·15}(1473 · 15)]} · 

(All) 

Differentiating equation (A7) with respect to f, the fraction of 

initial water and carbon dioxide remaining in the melt, gives 

The vapor phase abundances can be expressed as 

~.o = J. (.JV;~0tal H,O - O·SNQu - Jv;i,O,mol) 

.N' co, = i. ( ~~:- - N~0:- ) 

(A12) 

(A13) 

(A13) 

where ). =I for closed system degassing and zero for open system 
degassing. Combining equations (A 12)-(A 14) gives 

- 0 ·5/JX'" _ (d.NOH) + [(i. _ fJ) ,., __ ).}1'-.o _ ] (d.NH,O,mol) ~ 
W, df CO! W, df 

[fJ).(ft~~ H,O - O·S.NQH - NH,O,mol) + NH,o,mot] (ru;: ) = 0. 

(A IS) 

Speciation 
The distribution of water between hydroxyl groups and molecular 
water species in basaltic melt as a function of total water is defined 

by 

-In [ (XQH)
2 

] 
(Xj!otal H,O - 0 ·5XQH)(l- XTotal H20 - O·SX()H) (A16) 

= A'+ (B' - O·sC')Xon ... C' X.rotal H,o 

where A'= 0·403, B' = 15·333 and C' = I 0·894, and XH,o,mot = 
ATotatH,o-0·5XOH [Dixon t1 a/. (1995), using Silver tl a/. (1990) 
equation (A.S)]. An equivalent equation does not exist for C02 
because C02 dissolves in basaltic melts only as carbonate groups. 
It is convenient to define a variable, y, as the fraction of total 
water present as OH groups: 

0·5~H NOn 
y= 

0·5~H +J'IH,o.mol ~H + 2NJ'i,o,mot 

Rearranging and differentiating "~th respect tofyields 

r- ) d.NoH 2 d.NJi,O,mol - dy( \"" 2~ ) 
V - I T + :J df = df J OH + 1110,mol · 

(A17) 

(AlB) 

This equation contains the term (dyj df), which must be expressed 
in terms of (d.N'c>H/d}\ or (d.Nti, o,motfdf). Using the chain rule, 
( d.NoH /df) can be expressed as 

d.V'Qu = (d.NOH) (dy) . 
df dy df 

(A19) 

Therefore, (dy/df) is equivalent to 

dy = (dNoH) / (d.NOH) . 
df df dy 

(A20) 

An analytical expression for (d oH/dy) is obtained by fitting a 
sixth-order polynomial through XoH vs; data for basalt (Dixon et 
al., 1995). The fit has an R2 of0·999997 and is given by 

X()H = 0 ·00810 + 0·68104y - 2 · 72907/ + 5·92293/ 

- 7·67949y4 +5·36963} - 1·57300f (A21 ) 
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The derivative of equation (A21 ) with respect to .J is 

(~~) = 0·68104 + 5·45815y+ 17·76879]{- 30·717961( 

+ 26·84815y4 
- 9·43803!1. {A22) 

As 

(A23} 

then 

(A24) 

Now that (dNoH/dy) can be evaluated for each iteration, we can 
combine equations (A18), (A19) and (A24) to obtajn the final 
differential equation for speciation of water in the melt: 

[(y-t)(w;H) +NQH +~,o,nKM] (~") 
+ 2 (d.NQ") (d.NH,o-t) = 0. 

':J d.J df 

Summary of equations describing mass balance, 

fractionation and speciation 
The three final rufferential equations arc: 
mass balance: 

(A25} 

O·Sd.NQH d.J\7i,o,mol d.N'"CJO!_ ~· Jot::." ( ) 
df + df + ---;v- = To<al H, O + CJO!- A4 

fractionation: 

- o-sp.N"'eo!- (~") + (v.- PlNC~-- -l.N'"~- ] (~;.mo~ )+ 
[P1(~"uJ H,o - O·SNQH- JY;;,o,mol) ~ JY;;,o,mo~] (~~-) = 0. 

(A IS) 

and speciation: 

(A25} 

These equations can be solved simultaneously for the derivatives 
{dNoH/df) , {dNii,o,mot/c:!fl and (dNooJ-/df). These derivatives 
are calculated by casting equations (A4), (AIS), and (A25) into 
the form of a matrix equation (AX= B): 

DECEMBER 1995 

This matrix equation can be solved using standard techniques 
and the vector of derivatives can be integrated numerically to 
yield the abundances of hydroxyl groups, molecular water and 
carbon ruoxide in the melt as a function off, the fraction of initial 
water and carbon dioxide remaining in the melt. 

Discussion of degassing program 
A computer program has been written to calculate progressive 
degassing of a packet of basaltic magma at a given pressure and 
1200"C. The calculation begins with a specified pressure, initial 
water and carbon ruoxide contents, and f set to unity. For open 
system degassing, 1 is set to zero (equivalent to setting H20• and 
C02 to zero for each degassing iteration). For closed system 
degassing, l is set to unity. The values for fi{.o, foo,and P are 
computed as a function of pressure and are constants at each 
pressure step. 

The program next computes the changes in melt and vapor 
compositions at constant pressure with progressive degassing of 
increments of initial volatiles present (-df). For each increment 
the number of moles of hydrous species (NoH and Niip,mot) and 
carbon ruoxidc (Noo,-), and dyjdf arc calculated. Substitution of 
the numeric values of .J, dyjdj, p, dNoH fdy, and the melt species 
concentrations NoH, NJ'i,o.mot and Noo1- into equation {A26) 
gives a 3 x 3 matrix equation for (dNoH fdf), (dNJ'i,o,mol]df) and 
(dNcoJ-/df). The values of these derivatives are determined using 
an LU decomposition solution to the matrix equation (H eilbomn, 
1981, p. 76) . 

For each degassing increment the total russolved volatile content 
{H 20 and C02) drops by an amount -df. The concentrations of 
the melt species drop by amounts -df{dNoH/df), -df{dNJ'i,o,moJ/ 
df) and -df(dNooJ-/df), respectively. The abundances andfare 
changed by the appropriate amount, and new values ofy and dy/ 
df are calculated. The matrix equations are solved again, now 
using the updated abundances. These steps are repeated until 
saturation at a given pressure is reached. Saturation is defined by 

~ a",..,_,_ ..r.: X!'!,_,_ 
H,O + -"""-•- = H,O,mol + -"""-•- = I 

a:r,'0 a~- X".Co.mo~ X"~-
(A27} 

where the activities of the species in the melt are the mole fractions 
of molecular water and carbon ruoxide in the melt after each 
iteration, and the activities of the species in the melt in equili
brium with a pure vapor phase are calculated using equations (3) 
and (4) in Dixon tl al. (1995). Degassing paths are modeled by 
repeating the calculations at progressively lower pressures. 

A copy of the program and sample calculations are available on 
request. 

I 
( ( 1 - P).N"' eo!- - -l.N'"~-] 

2.1(~) 

(~") 
(A26} 
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