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ABSTRACT 

Concentrations of carbon dioxide and water dissolved in glasses quenched from rhyolitic melts equilibrated with 
H20-CO 2 fluids at 850°C and 750 bar were measured using infrared spectroscopy; concentrations of H20 and CO 2 in the 
quenched fluids were measured manometrically. The mole fraction of CO 2 in the quenched fluid ranged from 0.06 to 0.91. 
Concentrations of CO 2 in the coexisting rhyolitic melt increased from 23( + 6) ppm for the sample equilibrated with the most 
CO2-poor fluid to 515(+ 16) ppm for that equilibrated with the most CO2-rich fluid. The water content of the melt varied 
from 0.51(+ 0.06) to 3.34(+0.08) wt%. 

Our results show that concentrations of molecular CO 2 and H20 in the glasses obey Henry's Law; i.e., the mole 
fractions of molecular CO 2 and molecular H20 in the quenched melts are proportional to their fugacities in the coexisting 
vapor. CO 2 contents of vapor-saturated melts are not enhanced by addition of water to CO2-rich vapor, contrary to previous 
reports for silicate melts at higher pressures. The Henrian behavior of CO 2 and H2 ° at low pressure considerably simplifies 
modeling of the degassing of silicic magmas. 

I. Introduction 

W a t e r  and  ca rbon  dioxide  are  the  most  abun-  
dan t  vola t i le  c o m p o n e n t s  in t e r res t r i a l  m a g m a s  
[1-5].  They  exsolve f rom mol t en  si l icate into bub-  
bles  as m a g m a s  rise toward  the  ea r th ' s  surface  
and  depressur ize .  The  vapor  exsolving f rom mag-  
mas  can be  a lmos t  pu re  C O  2 at  high p re s su re  but  
be comes  progress ive ly  en r i ched  in H 2 0  upon  de-  
compress ion  because  ca rbon  d ioxide  is much  less 
soluble  than  w a t e r  in most  s i l icate l iquids [e.g., 
6,7]. O n  e rup t ion  at  the  surface  all bu t  a few p p m  
C O  2 and  0 .1 -0 .2  w t% H 2 0  have typical ly  par t i -  
t ioned  into bubb les  or  e s caped  into the  a tmo-  
sphe re  [8-10].  E s c a p e  of  these  and  o t h e r  gases  
f rom m a g m a s  in nea r - su r face  env i ronmen t s  is a 
s ignif icant  fac tor  in power ing  explosive volcanic  
e rup t ions  [11,12] and  is the  u l t ima te  source  of  the  
ea r th ' s  a t m o s p h e r e  and  oceans  [13]. 

Key to u n d e r s t a n d i n g  degass ing  p h e n o m e n a  of  
m a g m a s  are  the  solubi l i t ies  of  ca rbon  d ioxide  and  

wa te r  in si l icate l iquids s imilar  in compos i t ion  to 
magmas ,  and  the re  has b e e n  much work  over  
many  decades  d i r ec t ed  toward  this goal  [14-23].  
It is f requent ly  a s sumed  in efforts  to mode l  the  
volat i le  con ten t s  of  m a g m a s  that  Henry ' s  Law is 
obeyed  for gaseous  spec ies  dissolved in si l icate 
mel t s  [10,24-28]; i.e., the  fugaci ty  (or pa r t i a l  pres-  
sure  at suff iciently low tota l  p ressure )  of  a gaseous  
species  is a s sumed  to be  p r o p o r t i o n a l  to the  
amoun t  dissolved in the  melt .  If  valid,  this as- 
sumpt ion  cons ide rab ly  s implif ies  mode l ing  of  de-  
gassing of  systems with bo th  wa te r  and  ca rbon  
dioxide  since it means  tha t  one  need  only de te r -  
mine  the  behav io r  of  the  e n d - m e m b e r  systems 
(i.e., s i l i c a t e - C O  2 and  s i l i c a t e - H 2 0 )  and the  
equa t ion  of  s ta te  of  mixed H 2 0 - C O  2 vapor .  A 
po ten t i a l  compl ica t ion ,  however ,  is tha t  wa te r  
may  inf luence  the  solubi l i ty  of  ca rbon  dioxide  in 
si l icate mel ts  and  vice versa.  Thus  it is essent ia l  
tha t  e xpe r ime n t a t i on  on the  pa r t i t ion ing  of  wa te r  
and  ca rbon  dioxide  be tween  vapor  and si l icate 
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melt in systems containing both volatile compo- 
nents be conducted. Indeed, although most ef- 
forts to model degassing phenomena have as- 
sumed Henrian behavior, studies conducted to 
date on mixed-volatile systems have reported sig- 
nificant deviations from Henry's Law [7,19,29-33]. 
Specifically, the addition of water to carbon-di- 
oxide bearing systems has been reported to in- 
crease the amount of carbon dioxide that dis- 
solves in vapor-saturated silicate melt, even 
though this leads to a decrease in the fugacity of 
CO z in the coexisting fluid. This result is impor- 
tant both because it has relevance for under- 
standing degassing of magmas and because it has 
been viewed as providing insights into molecular- 
scale mechanisms by which water and carbon 
dioxide are incorporated into silicate liquids. 

In this paper, we report  results of an experi- 
mental study of the amounts of water and carbon 
dioxide that dissolve in rhyolitic liquid coexisting 
with vapor containing known amounts of both of 
these volatile components at 850°C and a total 
pressure of 750 bar. The results are used to 
evaluate the validity of Henry's Law in the low 
pressure range relevant to magma degassing. They 
are directly applicable to natural volcanic systems 
since recent work has suggested that vapor rich in 
both water and carbon dioxide plays a role in the 
evolution of high-level silicic magmatic systems 
[10,25,27]. 

2. Experimental and analytical methods 

Rhyolitic obsidian from the Glass Buttes ex- 
trusive dome in Oregon was used as starting 
material; its composition is given in Dobson et al. 
[34]. Silver oxalate (Ag2C20 4) powder, liquid 
(doubly distilled, and deionized) water and rhy- 
olitic glass chips (sieved to 500-1000/xm in size) 
were loaded in known proportions into Pt cap- 
sules (28 mm L × 3.8 mm d × 0.2 mm wall thick- 
ness) that were then welded shut and pressurized 
with water in rapid-quench cold seal pressure 
vessels (Ren6 41 alloy). The experiments were 
conducted at 850°C and 750 bar for approxi- 
mately 6 days. The samples were magnetically 
levitated inside a vertical pressure vessel; at the 
end of an experiment, the magnet was removed 
and the sample dropped to a water-cooled por- 
tion of the pressure vessel where it cooled nearly 

isobarically (pressure increased by 25-30 bar dur- 
ing the quench) to room temperature in 2-3 s 
[35]. 

After quenching, sealed capsules were dried, 
weighed, and then placed on a vacuum line. The 
capsules were pierced, and their vapor was slowly 
transferred to a liquid nitrogen trap. Several hours 
were necessary for complete transfer of the water 
vapor, during which time the capsule was periodi- 
cally heated with a hot air gun. Afterwards, < 1 
/zmole of non-condensable gas were pumped 
away. Carbon dioxide was distilled from water 
cryogenically with a - 115°C slurry of 'M17' (fur- 
rural: C5H402) and dry ice; the water ice that 
remained was evaporated and then converted to 
H 2 by being passed over hot uranium at 800°C 
[36]. Hydrogen and carbon dioxide were trans- 
ferred separately into a manometer  with a Toep- 
ler pump and their quantities measured. Blanks 
for H 2 and CO 2 were measured by pumping from 
the main portion of the line to the manometer  
with the Toepler  pump for 0.5 h for each gas and 
were ~ 0.5 /zmole and ~ 0.3 /xmole. Yields of 
H 2 and CO 2 from the experimental charges were 
corrected for these blanks. 

Concentrations of carbon dioxide and water 
dissolved in the quenched glasses were deter- 
mined from transmission infrared spectra of dou- 
bly polished glass plates. One fragment from each 
experimental charge was analyzed. The analytical 
methods are similar to those described for water 
in Newman et al. [9] and for CO 2 by Blank et al. 
[37-39]. Samples were placed in the microcham- 
ber of a Nicolet 60SX FTIR spectrometer, and 
spectra were taken with 1024 scans, a gain of 32, 
a KBr beamsplitter, a visible light source, and a 
liquid-N 2 cooled, InSb detector. Round apertures 
(37 p.m in diameter) in metal foils were used as 
masks to aim the infrared beam at selected re- 
gions of the polished glass fragment. Spectra were 
taken at 3-5 spots on each polished piece, includ- 
ing regions near the centers and edges of each 
glass fragment analyzed. 

Water is dissolved in the quenched glasses 
both as hydroxyl groups ( O H - )  and molecules of 
water (H 2Omol), the concentrations of which were 
determined by Beer's Law from the intensities of 
absorptions at 4500 cm -1 ( O H - )  and 5200 cm -~ 
(H2Omo 1) using molar absorptivities from New- 
man et al. [9], glass densities calculated iteratively 
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using their dependence on water  content in 
glasses quenched from similar conditions [23], 
and the measured sample thicknesses. For most 
samples, the reported total dissolved water  con- 
tent is the sum of the amounts of water  dissolved 
in these two forms. Glass from Experiment 9 had 
a low bulk water  content (0.51 _+ 0.06 wt%) and 
contained an amount of dissolved molecular wa- 
ter below the detection limit ( =  0.05 wt%); the 
total dissolved water  for this sample was deter- 
mined from the intensity of the absorption at 
3550 cm -1 using the molar absorptivity from 
Dobson et al. [34]. Concentrations of dissolved 
carbon dioxide molecules were determined using 
the intensity of the absorption at 2350 cm-1 [40] 
and the molar absorptivity from Blank [38]. Each 
sample spectrum was also checked in the 1300- 
1800 cm-1 region using a Globar light source, a 
CaF 2 beamsplitter,  and a HgCdTe (MCT) detec- 
tor for absorbances at 1365 cm 1 and 1610 cm -1 
due to carbonate ions. These bands have been 
observed in a CO2-rich ( ~  0.43 wt% total dis- 
solved CO 2) rhyolitic glass quenched from 1550°C 
and 25 kbar [40], but they were absent in our 
samples. Baselines for all spectra were fit by 
smooth curves. 

3. Results and discussion 

The run conditions and analytical results are 
reported in Table 1. 

All samples quenched to glass. Concentrations 
of dissolved CO 2 molecules in the glasses in- 
creased from 23(+6)  ppm for a sample equili- 
brated with the most CO2-poor vapor to 515(_+ 16) 
ppm for that equilibrated with the most CO2-rich 
vapor. The amount  of total dissolved water  in the 
glass varied from 0.51( + 0.06) to 3.34( + 0.08) wt% 
over the range of vapor compositions. The sam- 
ples were homogeneous (within error) with re- 
spect to dissolved volatile contents. Microlites 
were present  in the starting material  and in sev- 
eral of the run products but were absent in the 
quenched run products with the highest dissolved 
water contents (Table 1). Bubbles were enclosed 
in the glass in several of the samples (Table 1); 
constituting less than ~- 2 vol% of the enclosing 
glass, these bubbles ranged in diameter  from ap- 
proximately 5 to 3 0 / z m  but were usually smaller 
than 10/xm in diameter. 

The mole fraction of CO 2 in the final vapor, 
X~o2, varied from 0.06 to 0.91. Amounts  of water 
and carbon dioxide in the vapor as measured 
manometrically and calculated assuming mass 
balance (i.e., H 2 0  and CO 2 contents of the vapor 
calculated as the difference between the total 
H 2 0  and CO 2 loaded into the capsule, including 
the small amount initially present in the glass, 
and the amounts in the glass at the close of the 
experiment based on the infrared measurements)  
are in excellent agreement,  as shown by the close 
correspondence of the results shown in Fig. 1 to 
the 1 : 1 line. The CO 2 mass balance is effectively 
independent  of the CO 2 content of the quenched 
glass because < 1 /xmole is dissolved in the glass 
compared to tens to hundreds of micromoles in 
the vapor. This is not the case for water  which 
has much higher solubility in the melt. There  is a 
small deficiency in the manometric measure- 
ments of the water  contents of the vapor com- 
pared to the mass balance estimates. The reason 
for this is uncertain, but it may reflect incomplete 
removal of H 2 0  vapor from the platinum sample 
capsule (e.g., either because CO 2 is more readily 
removed during vacuum extraction or because of 
the unaccounted for contribution of bubbles 
t rapped in the quenched glasses). The important 
point is that the values for X~o 2 determined 
using the two different methods agree very well, 
in no case differing by more than 0.02 (Table 1). 

In the data analysis below we used X~o 2 de- 
termined from the manometr ic  measurements  of 
vapor composition as a basis for calculating CO 2 
and H e O  fugacities (except for Experiment 3, for 
which the mass-balance calculated value had to 
be used because the CO 2 vapor collected from 
the capsule was lost). Doing so allowed us to 
avoid uncertainties due to propagation of errors 
in the amounts of liquid water and silver oxalate 
powder loaded into an experimental charge and 
in the measured concentrations of volatiles dis- 
solved in the quenched glasses. 

Our t reatment  assumes that the vapor in the 
capsule consisted entirely of CO 2 and H 2 0 ,  but 
other C-O-H gases must also be present. If, as is 
usually supposed to be the case [41], the fH2 
inside the capsule is identical to that in the water 
outside the capsule in equilibrium with the Ni-rich 
Ren6 bomb (at an fo2 approximately one order 
of magnitude above Ni-NiO [42]), then we would 
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TABLE 1 

Summary of results of experiments conducted at 850°C and 750 bar for = 6 days 

Experiment No. 2 3 4 5 7 9 10 

vapor 

H20 0iq.) loaded into capsule (panol) 389 389 596 
CO2 (as Ag2C204) loaded (gmol) 604 395 28 
H20 vapor (lttmol) (mass balance) a 284(19) 273(20) 403(19) 
H20 vapor (ttmol) (manometry) b 280 258 395 
CO2 vapor 0tmol) (mass balance) a 604 395 28 
C02 vapor Otmol) (manometry) b 601 * 26 

dissolved volatiles 

Weight of rhyolitic glass chips (g) 0.10026 0.10013 0.0999 
Amt. of water in initial glass (I.tmol)C 8.9 (2.8) 8.9 (2.8) 8.9 (2.8) 

Dissolved t o~d water (wt%) d 1.88 (.06) 2.24 (.08) 3.34 (.08) 
" " 0tmol) 105(5) 125(6) 185(6) 

Dissolved OH (wt%) e 1.2(.04) 1.31(.06) 1.43(.06) 
Dissolved tool I-I20 (wt%) e 0.68(.02) 0.93(.03) 1.91(.06) 
Cale. dissolved molecular H20 (wt%)f 0.48 0.66 1.26 
Dissolved CO2 (ppm)g 389 (17) 260 (10) 23 (6) 

" " (p.mol) 0.9(.04) 0.6(.02) <0.1(.01) 

Remarksh m c,b c 
No. of IR analyses 4 4 5 

mole fractions and fueacities i,i 

X~o2(massba lance  ) 0.68(.01) 0.52(.01) 0.06(.01) 

X ~o2 (manomeary) 0.68 0.06 
fH20 • ars) 197 305 631 
fCO2 Oars) 604 452 45 
104 X ~o2 2.80 1.87 0.17 
100 XB 3.04 3.77 5.87 
100 XH20,mol (calculated) 0.79 1.15 2.20 

389 200 120 176 
42 52 438 228 

218(21) 84(20) 49(17) 92(20) 
193 86 43 86 
42 51 437 228 
43 50 427 224 

0.10029 0.10019 0.09967 0.0999 
8.9 (2.8) 8.9 (2.8) 8.9 (2.8) 8.9 (2.8) 

3.23 (.10) 2.28 (.08) 0.51(.06) 1.35 (.10) 
180(7) 127(6) 28(3) 75(6) 

1.38(.06) 1.53(.06) 0.47(.04) 0.97(.04) 
1.85(.04) 0.75(.04) 0.04(.10) 0.38(.08) 

1.14 0.68 0.05 0.28 
80 (6) 196 (10) 515 (16) 406 (10) 

0.2(.02) 0.4(.02) 1.2(.04) 0.9(.02) 

c c,b m,c m,b 
4 3 3 3 

0.16(.01) 0.38(.02) 0.9(.01) 0.71(.01) 

0.18 0.37 0.91 0.72 

547 411 53 171 
143 312 820 642 

0.57 1.41 3.72 2.92 

5.48 4.04 0.92 2.41 
2.04 1.24 0.11 0.52 

* Vapor lost 
a Amount of H 2 0  in the final vapor is calculated as {amount of initial water vapor+ amount of initial dissolved water-amount of 

final dissolved water}. Amount of CO 2 in the final vapor is calculated as {amount of initial CO 2 vapor-amount of dissolved CO2}. 
Numbers in parentheses are uncertainties in the water content of the vapor based on propagation of errors in initial and final 
water contents of the glass (2o- deviations based on replicate IR measurements), in the amounts of water loaded into the capsule 
via microsyringe (+11 /zmole), and in weighing error (+0.0001 g) on the amount of glass starting material. Because the 
molecular weight of Ag 2 C 204 is large (and therefore weighing error will not significantly affect the amount of CO 2 loaded into a 
capsule) and little CO 2 is dissolved in the glass at the end of an experiment, mass balance errors for CO 2 are estimated to be 
very small ( = < 1 p~mol). 

b Precision for the manometric measurements is -+ 0.3/zmole. 
c Based on analyses of 15 glass chips from the same rhyolite starting material. Mean bulk water content was 0.16_+0.06 (2o-) wt% 

total water [38]. Numbers in parentheses are propagated 2o- uncertainties. 
a Total water determined from the sum of H2Omo I and water dissolved as OH-, except for Experiment 9, in which the amount of 

H2Omo I was below detection. For Experiment 9, total water was determined by the peak height of the absorption at 3550 cm-1 
[34]. Numbers in parentheses indicate 2o- deviations determined from the distribution of IR measurements. 

e From IR spectroscopic measurement of H2Omo I absorbance at 5200 cm -1 and OH- absorbance at 4500 cm -1 [9]. Molecular 
water in glass from Experiment 9 was determined by subtracting the amount of OH- determined by the 4500 cm-1 band from 
the amount of total water determined from the 3550 cm 1 band. 

f Equilibrium concentration of molecular water at 850°C calculated using the regular solution model parameters of Zhang et al. 
[51]. See caption to Fig. 3. 

g Determined using the peak height of molecular CO 2 absorption at 2350 cm -1 [38,39]. Numbers in psrentheses indicate 2p- 
determined from the distribution of IR measurements. 

h m = microlites; c = clear glass; b = bubbles present. 
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expect up to 2% of  the gas to be CO plus H z 
(CH 4 would be negligible) in the most  CO2-rich 
runs (and less in the more  HzO-r i ch  runs) [41]. 
The  measured  abundances  of  non-condensable  
gases such as CO and H 2 are even lower than 
these low abundances  expected based on fn~ 
equilibration [41]. Al though  the reason for this is 
not  clear, the observat ion of  low amounts  of  
non-condensable  gases combined with the close 
agreement  be tween the manomet r ic  and calcu- 
lated CO 2 and H z O  yields indicate that  the pro- 
port ions of  o ther  C - O - H  gases in our  experiments  
are very small. 

3.1 CO 2 

Concent ra t ions  of  CO 2 molecules  in the 
quenched  glasses (expressed as mole fraction o f  
dissolved CO 2 in the melt, X~o 2) are plot ted in 
Fig. 2a vs. the fugacity of  CO 2 ( f c o : )  in the vapor  
(based on a modif ied R e d l i c h - K w o n g  equat ion 
of  state for the vapor  [43]). The  fugacity of  CO 2 
in the mixed H 2 0 - C O  2 experiments  is directly 
propor t ional  to the mole fraction of  dissolved 
molecular  CO2, demonst ra t ing  clearly that  Hen-  
ry's Law is satisfied for molecular  CO 2 in rhy- 
olitic melts coexisting with H 2 0 - C O  2 vapor  un- 
der  these conditions. In  particular,  there  is no 
suggestion of  an increase in the amount  of  CO 2 
dissolved in vapor-sa tura ted  melt  as X~o :  de- 
creases f rom 1. This result  is very different  f rom 
that  obta ined  for albite liquid at 20 kbar and 
1450°C, where  the dissolved CO 2 content  was 
observed to increase by = 5 0 %  as X~o 2 de- 
creased f rom 1.0 to 0.8 [44]. Mysen [44] observed 
that  the enhancemen t  of  C O  2 solubility in alumi- 
nosilicate melts by the addit ion of  water  at 10-30  
kbar and 1450-1625°C diminishes with increasing 
t empera tu re  and with decreasing pressure.  O the r  
studies of  melts equil ibrated with H 2 0 - C O  2 flu- 
ids at 5 - 4 0  kbar [29-33] repor t  smaller but  still 
significant enhancements  of  CO 2 solubility by 
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x ~o 2 (calculated by mass balance) 

Fig. 1. Comparison of X~o z based on manometry and mass 
balance constraints. Errors on manometric measurements are 
smaller than the symbols. Errors on X~o z calculated from 
mass balance are based on propagation of errors in concentra- 
tions of water and carbon dioxide in the starting and quenched 
glasses (based on 2~r for the distribution of replicate spectro- 
scopic measurements of dissolved CO 2 or H20 contents) and 
weighing errors on the amounts of each starting material 

(water, silver oxalate, glass) loaded into the capsule. 

addit ion of  water  for similar or lower values of  
X~o 2. If  these earlier results are correct  and 
applicable to rhyolitic melts, the much smaller 
amount  of  water  dissolved at X~o 2 = 0.8 at 750 
bar  compared  to 20 kbar might  explain the differ- 
ence between our  result and those obta ined at 
higher  pressures.  In o ther  words, since only 1 -2  
wt% water  is dissolved in melt  coexisting with 
vapor  with X~o 2 = 0 . 8  at 750 bar  but  ~ 5 - 1 0  
wt% water  is dissolved in melt  coexisting with this 
vapor  at 20 kbar, the amount  of  dissolved water  
at lower pressures may simply not  be sufficient to 
have a measurable  effect on CO 2 dissolution. If  
this is the correct  explanation of  the difference 
between the low and high pressure results, it 
could imply that  solution of  water  as H 2 0  
molecules ra ther  than as hydroxyl groups plays 
the major  role in stabilizing excess dissolved CO 2 

i Mole  fraction calculations: X~o 2 is defined by (/~mole CO 2 vapor)/(/xmole CO 2 vapor+H20 vapor); 2~r propagated errors for 
mass balance estimate of X~o 2 are given in parentheses. X~o 2 calculated by (wt% CO2/44)/[(100-wt% H2Oto t --wt% 
CO2)/32.5 +(wt% n2Oto t /18)+(wt% CO 2/44)] where 32.5 is the molecular weight of anhydrous rhyolite on a one-oxygen 
basis. X B (bulk water)=(wt% H2Otot/18)/((100-wt% H2Otot-Wt % CO2)/32.5+(wt% H2Otot)/18+(wt % CO2)/44] 
XH2Omol = (wt% H2Omo I / 18 ) / [ (100 - -w t % H2Otot)/32.5 + (wt% HeOto t ) / 18+  (wt% CO2) /44  ]. 

i Fugacities calculated using a modified Redlich-Kwong equation of state [43] based on X~o 2 determined from manometric 
measurements. 
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s ince  t h e r e  a r e  a l r e ady  subs tan t i a l  a m o u n t s  o f  

w a t e r  d i s so lved  as hydroxyl  g r o u p s  at  1 - 2  w t %  

d i s so lved  wa te r ,  and  m o s t  a d d i t i o n a l  d i s so lved  

w a t e r  b e y o n d  this  level  is a d d e d  as H 2 0  m o l e c u l e s  

[23]. 

T h e  H e n r i a n  b e h a v i o r  o f  C O  2 in t he  m e l t  is 

c lear ly  i n d i c a t e d  in Fig.  2b by the  1 : 1 c o r r e s p o n -  

d e n c e  b e t w e e n  the  act ivi ty  o f  C O  2 in t he  v a p o r  

and  t h e  ra t io  o f  t h e  c o n c e n t r a t i o n  o f  C O  2 in t h e  

rhyol i t i c  m e l t  s a t u r a t e d  wi th  H 2 0 - C O  2 v a p o r  to  

its c o n c e n t r a t i o n  in m e l t  s a t u r a t e d  wi th  p u r e  C O  2 

v a p o r  at  this p r e s s u r e  and  t e m p e r a t u r e .  T h e  lat-  

t e r  is e q u i v a l e n t  to t he  act ivi ty  o f  C O  2 in t h e  m e l t  

g iven  a H e n r y ' s  L a w  s t a n d a r d  s ta te  t a k e n  as C O  2 

in t he  m e l t  s a t u r a t e d  with  p u r e  C O  e v a p o r  at P 

and  T. T h e  act ivi ty  o f  C O  2 in t h e  v a p o r  is t h e  

ra t io  o f  t he  C O  2 fugac i ty  in a m i x e d  C O 2 - H 2 0  

e x p e r i m e n t  to  t ha t  o f  p u r e  C O  2 v a p o r  at  the  

p r e s s u r e  and  t e m p e r a t u r e  o f  t he  t he  m i x e d - v o l a -  

t i le  e x p e r i m e n t s ,  n a m e l y  750 b a r  and  850°C; for  a 

v a p o r  tha t  obeys  t h e  L e w i s - R a n d a l l  ru le ,  wh ich  

H 2 0 - C O  2 a p p r o x i m a t e l y  d o e s  u n d e r  t h e s e  con-  

d i t ions ,  this  is e q u i v a l e n t  to  X ~ o  2. 

T h e  o p e n  symbols  in Fig.  2a s h o w  the  v a r i a t i o n  

in solubi l i ty  o f  C O  2 in rhyol i t i c  m e l t  s a t u r a t e d  

wi th  p u r e  C O  2 v a p o r  at 850°C vs. f c o 2  w h e r e  t h e  

v a r i a t i o n  in f c o 2  is a c h i e v e d  by va ry ing  to t a l  

p r e s s u r e  (as o p p o s e d  to  t he  c o n s t a n t  p r e s s u r e  

e x p e r i m e n t s  r e p o r t e d  he re ,  in wh ich  t h e  v a r i a t i o n  

in f c o 2  is d u e  to d i l u t i on  o f  t h e  v a p o r  wi th  H 2 0 ) ;  

t h e  d a s h e d  cu rve  shows  the  fit  to  t h e s e  d a t a  us ing  

t h e  f o r m u l a t i o n  g iven  by [45]. T h e  c o n c a v e - d o w n -  

w a r d  c u r v a t u r e  o f  this  fit  to  t he  o p e n  symbols  in 

Fig.  2a, w h i c h  b e c o m e s  m o r e  p r o n o u n c e d  at 

h i g h e r  p res su res ,  r e f l ec t s  t h e  f in i t e  pa r t i a l  m o l a r  

v o l u m e  of  C O  2 in rhyol i t i c  m e l t  (28 + 2 c m 3 /  
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Fig. 2. Henrian behavior of CO 2 dissolved in rhyolitic melt equilibrated with pure CO 2 vapor or a mixed C O 2 - H 2 0  vapor at 850°C 
and 750 bar, as shown by the following: (a) The proportionality of dissolved molecular CO 2 in vapor-saturated rhyolitic melt to 
fcoz- Results for melts in equilibrium with mixed H 2 0 - C O  2 vapor at constant total pressure (e; this work) are compared with 
results for melts in equilibrium with essentially pure CO 2 vapor over a range of pressures (0; [38]). Fugacities were calculated using 
a modified Redlich-Kwong equation of state [43]. Errors on mixed-volatile data are 2o-. The solid line is a regression through the 
mixed-volatile data forced through the origin: X~o2=(4.6-+0.1)×10-7 fco2, or ppm CO2=(6.2_+0.1)×10 -1 fco2 where 
r 2 = 0.99. The dashed curve is the calculated concentration of CO 2 in rhyolitic melt coexisting with pure CO 2 vapor at 850°C, 
where Pco2 ~-" Ptotar This curve was calculated using eq. (4) from Stolper et al. [45l and data of Blank [38] and Fogel and 
Rutherford [21], from which the following parameters were derived: the partial molar volume of molecular CO 2 in the melt, 
cmco2 = 28(_+ 2) cma/mole (assumed independent of P and T) the molar enthalpy change for CO 2 dissolution in the melt, AH°co2 
(Po) = -27.2(_+ 2.1) kJ/mole (assumed independent of T) l n [ X ~  2 (Po,To)/f~o2 (Po, To)l = -14.45(_+ 0.02), where the reference 
P and T (Po, To) are 1 bar, 850°C. (b) Comparison between the activity of CO 2 in the H 2 0 - C O  2 vapor coexisting with the rhyolitic 
melt (i.e., the ratio of the fugacity of CO 2 in the experiment to the fugacity of pure CO 2 vapor at the pressure and temperature of 
the experiment) and the ratio of the concentration of CO 2 in the H 2 0 - C O  2 vapor-saturated rhyolitic melt to its concentration in 
melt saturated with pure CO 2 vapor at this pressure and temperature (which is equivalent to the activity of CO 2 in the melt given a 
Henry's Law standard state taken as CO 2 in the melt saturated with pure CO 2 vapor at P and T). The 1 : 1 line corresponds to 
Henrian behavior. Data for rhyolite-CO 2 at 750 bar and 850°C used to normalize our mixed-volatile results are: fflo2 = 906 bar, 

X ~  = 3.97(_+ 0.07)× 10 4 [38]. Uncertainties are based on propagation of 2o- errors [55l. 
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mole, [36]). Although this curve is in excellent 
agreement with the results of our mixed-volatile 
solubility experiments (the closed symbols in Fig. 
2a), the correspondence cannot be exact even if 
Henry's Law is strictly obeyed. This is because in 
experiments such as those reported here in which 
the variation in f co :  is due to dilution at con- 
stant pressure rather than to variable total pres- 
sure, a Henrian relationship between solubility 
and fugacity will be strictly proportional, with no 
curvature. There is a suggestion of this difference 
in Fig. 2a, in which the mixed-volatile experi- 
ments are be t te r  fit by a straight line passing 
through the origin (solid curve) than by the slightly 
curved relationship that best fits the pure CO 2 
vapor experiments. Although not actually resolv- 
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Fig. 3. Total dissolved water (water dissolved as O H +  
molecular H 2 0 )  content of vapor-saturated rhyolitic melt 
(expressed as X m calculated on a single-oxygen basis [23,47]) 
vs. frt2 o. Fugacities were calculated using a modified 
Redl ich-Kwong equation of state [43]. 850°C mixed-volatile 
results from this work (o); 1200°C mixed-volatile results of 
Kadik et al. [6] (zx) and 850°C pure water vapor results of 
Silver et al. [23] (0).  Errors on mixed-volatile data are 2o,. 
The dashed curve is the best-fit concentration of HzO in 
rhyolitic melt coexisting with pure H 2 0  vapor (where fH2o 
varies due to changes in total pressure) and was calculated by 
the method outlined in Silver et al. [23] (see their fig. 13a) 
using bulk water data from Silver et al. [23] and Karsten et al. 
[49], and equilibrium molecular water contents calculated 
from bulk water data using the regular solution model param- 
eters given by Zhang et al. ([51]; see caption to their fig. 6). 
Best-fit thermodynamic parameters used in the calculations 
are: V ~ 2 o = - 2 . 5 ( ± 3 . 0 )  cm3/mole  AH°H20 ( p o ) = - 2 6 . 6  
(_+4.4) kJ /mole  ln[X~EOmOl (Po, To)/f~ao (Po, To)]= 

- 10.31(_+ 0.04) where (Po,To) are 1 bar and 850°C. 

able given the uncertainties in our data, such a 
difference should become more pronounced as 
the total pressure increases. 

3.2/420 

The interaction between water and rhyolitic 
melt at these pressures is more complex than for 
CO 2 in that water molecules dissolve directly in 
the melt and also react with it to generate hy- 
droxyl groups [46]. Consequently, the relationship 
between total dissolved water content (expressed 
as X~), the mole fraction of water calculated on 
a single oxygen basis [23,47]) and the fugacity of 
water (fH:O) is roughly parabolic (Fig. 3). Note in 
Fig. 3 that the results of our mixed-volatile exper- 
iments fall on the same trend as that of experi- 
ments in which rhyolitic melts were equilibrated 
with pure water vapor [23], demonstrating that 
the activity coefficient for bulk water in rhyolitic 
melt is insensitive to the low concentrations of 
dissolved carbon dioxide in these experiments• 
Also included in Fig. 3a are data from an early 
study by Kadik et al. [6] on the solubilities of CO 2 
and H 2 0  in rhyolitic melts• These authors mea- 
sured bulk water and CO 2 dissolved in the glasses 
using a gravimetric method. Although the mea- 
sured CO 2 contents of their quenched glasses are 
an order of magnitude higher than our values, 
their measured water contents for experiments 
conducted at 1200°C agree well with ours. This 
agreement is consistent with the small tempera- 
ture dependence of water solubility in silicate 
melts noted by previous workers [e.g., 48-50]• 

Henrian behavior for dissolved water can be 
demonstrated by showing that the concentration 
of dissolved molecular water is proportional to 

z]? or a~i2o, the activity of water in the vapor 
This is shown in Figs. 4a and b for our 

dataset using previously determined relationships 
between total water content, molecular water 
content and temperature [23,51]• Note that we 
have the corrected the observed H2Omo I concen- 
trations to account for changes in dissolved water 
speciation during quenching of the rhyolitic 
glasses [35]. The validity of Henry's Law for 
molecular water in rhyolitic melts containing both 
dissolved water and carbon dioxide, as has been 
previously demonstrated for a range of composi- 
tions containing dissolved water only [23,47], 
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demonstrates a negligible influence of C O  2 o n  

the solution behavior of water; this is not surpris- 
ing given the very low concentrations of CO:  in 
the quenched glasses. Note that over the pressure 
range we have investigated there is no discernible 
difference between the solubility curve for molec- 
ular water dissolved in rhyolitic melt equilibrated 
with pure water vapor and a best-fit line defined 
by the mixed-volatile results (Fig. 4a). As dis- 
cussed for CO 2 solubility above, some deviation 
between the constant pressure-var iable  vapor 
composition results and the pure water vapo r -  
variable total pressure results must exist given the 
finite partial molar volume of water in rhyolitic 
melt, but this would only be detectable at pres- 
sures much higher than those that we have stud- 
ied [23]. 

4. Conclusions 

Our results demonstrate  that, under the condi- 
tions of our experiments, which are relevant to 
degassing of common silicic magmas near  the 
earth 's  surface, Henry 's  Law is obeyed for both 
molecular water  and carbon dioxide in rhyolitic 
melts. Thus, the amount of CO 2 dissolved in a 
rhyolitic melt  saturated with H 2 0 - C O  2 vapor at 
a given pressure and temperature  will be lower 
than if the vapor were pure CO 2 by a factor equal 
to the ratio of the fugacity of CO 2 in the mixed 
vapor to the fugacity of CO:  in pure CO:  vapor 
at the same conditions. This is essentially a dilu- 
tion effect. The same is true for the amount of 
water dissolved in the melt, except that it is the 
amount of molecular water that is lowered pro- 
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Fig. 4. Illustration of Henrian behavior of molecular water dissolved in rhyolitic melt equilibrated with a pure H 2 0  vapor or a 
mixed CO 2 - H e 0  vapor at 850°C and 750 bar, as shown by the following: (a) The proportionality of dissolved molecular water in 
vapor-saturated rhyolitic melt to fH20' Results for melts in equilibrium with mixed H 2 0 - C O  2 vapor at constant total pressure (o; 
this work) are compared with results for melts in equilibrium with essentially pure H 2 0  vapor over a range of pressures (©; [23]). 
Fugacities were calculated using a modified Redlich-Kwong equation of state [43]. Errors on mixed-volatile data are 2~r. 
Concentrations of dissolved molecular water in rhyolitic glasses have been calculated at 850°C based on the regular solution model 
parameters of Zhang et al. [51]. The solid line is a linear regression through the mixed-volatile data forced through the origin: 
S m = (3.5 _+ 0.1) × 10- 5 fH20, or wt% H 2Omol = (19.8 + 0.6) × 10-4 fH20, with r 2 = 0.98. The dashed curve is the calculated 

H 2 O m o l  
concentration of molecular H 2 0  in rhyolitic melt coexisting with pure H 2 0  vapor at 850°C, w h e r e  P H 2 0  ~ P t o t a l ,  based on the 
best-fit parameters given in the caption to Fig. 3. (b) Comparison between the activity of H 2 0  in the H 2 0 - C O  2 vapor coexisting 
with the rhyolitic melt (i.e., the ratio of the fugacity of H 2 0  in the experiment to the fugacity of pure H 2 0  vapor at the pressure 
and temperature of the experiment) and the ratio of the concentration of molecular H 2 0  in the C O 2 - H 2 0  vapor-saturated 
rhyolitic melt to its concentration in melt saturated with pure H 2 0  vapor at this pressure and temperature (which is equivalent to 
the activity of HaO in the melt given a Henry's Law standard state taken as molecular H 2 0  in the melt saturated with pure H 2 0  
vapor at P and T). The 1:1 line corresponds line to Henrian behavior. Data for rhyol i te -H20 at 750 bar and 850°C used to 
normalize our mixed-volatile results are: fH20 = 672 bar (for Ptot = PH2O) and X °mH2omol = 0.0234(+_ 0.0020) [38]. Errors are based 

on propagation of 2~r errors [55]. 
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portionately to the fugacity of water by this dilu- 
tion effect. There is no evidence of an enhance- 
ment of CO 2 solubility in mixed H 2 0 - C O  2 sys- 
tems over systems in which only CO 2 is present, 
contrary to previous reports for significantly 
higher pressures [7,19,29-31,33]. Henrian behav- 
ior has also been reported recently for H 2 0 -  
CO2-basalt  [52,53] and for CO2-CO-basa l t  [54] 
at pressures under 1 kbar. While it is not surpris- 
ing that the small amounts of CO 2 that dissolve 
in the melt have little influence on the solubility 
of water and thus that Henry's Law is obeyed for 
molecular water for the full range of vapor com- 
positions, the situation for CO 2 is different. Wa- 
ter has a significant effect on melt structure and 
is not a minor component of the melt in our 
experiments, so it would not be surprising if, as 
has been observed in other melt compositions at 
significantly higher total pressures, solution of 
water influenced the solubility mechanisms and 
thermodynamics of dissolved CO 2. Further  work 
will be needed to characterize the transition be- 
tween the observed Henrian behavior at low pres- 
sure and reported non-Henrian behavior at ele- 
vated pressures and the implied significance for 
solubility mechanisms under these conditions. 
However, it appears that efforts to model high- 
level crustal and volcanic phenomena are consid- 
erably simplified by the validity of Henry's Law 
for the major volatile species. 
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