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An Experimental Study ofWater and 

Carbon Dioxide Solubilities in 

Mid-Ocean Ridge Basaltic Liquids. 

Part I: Calibration and Solubility Models 

Experiments were conducted to determine the solubilities of 
H 20 and CO2 and the nature of their mixing behavior in 

basaltic liquid at pressures and temperature relevant to seqfloor 

eruption. Mid-()cean ridge basaltic ( MORB) liquid was 

equilibrated at 1200°C with pure H20 at pressures of 176-717 

bar and H 20-C02 vapor at pressures up to 980 bar. Con

centrations and speciation of H20 and C02 dissolved in the 

quenched glasses were measured using IR spectroscopy. Molar 
absorptivities for the 4 500 em - I band of hydroxyl groups and the 

5200 and 1630 em - J bands of molecular water are 

0·67± 0·03, 0·62±0·07, and 25±3 ljmol-cm, respectively. 

These and previously determined molar absorptivities for a 

range of silicate melt compositions correlate positively and 

linearly with the concentration of tetrahedral cations ( Si + Al ). 

The speciation of water in glass quenched from vapor-satu

rated basaltic melt is similar to that determined by Silver & 

Stolper (Journal of Petrology 30, 667- 709, 1989) in albitic 

glass and can be fitted by their regular ternary solution model 

using the coifficients for albitic glasses. Concentrations of 
molecular water measured in the quenched basaltic glasses are 

proportional to fH,o in alL samples regardless of the composition 

of the vapor, demonstrating that the activiljJ of molecular water 

in basaltic melts follows Henry's law at these pressures. A best 

fit to our data and existing higher-pressure water solubililjJ data 

( Khitarov et aL , Geochemistry S: 479-492, 1959; Hamilton 

et aL, Journal of Petrology S: 21-39, 1964), assuming 

Henrian behavior for molecular water and that the dependence 

of molecular water content on total water content can be 

described by the regular solution mode~ gives estimates for the 

Wi';o of 12 ± 1 cm
3
jmol and for the I -!Jar water solubililjJ of 

0·11 wt %. 

Concentrations of CO2 dissolved as carbonate in the melt for 

pure C02-saturated and mixed H20-GOrsaturated experi-
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ments are a simple Junction of fco.- These results suggest Hen

rian behavior for the activiljJ of carbonate in basaltic melt and 

do not support the widely held view that water significantly 

enhances the solution of carbon dioxide in basaltic melts. Using 

a A v,o.m of 23 cm3jmol ( Pan et al., Geochimica et 

Cosmochimica Acta 5-': 1587- 1595, 1991), the solubililjJ of 
carbonate in the melt at I bar and 1200°C is 0·5 p.p.m. Our 

revised determination of CO2 solubililjJ is "'20% higher than 

that reported by Stolper & Holloway ( Earth and Planetary 

Science Letters 87, 397-408, 1988). 

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

bi/iry; experimental petrology 

INTRODUCTION 
Su baerial magmas solidify at a pressure of -1 bar, 

but the pressure on submarine magmas ranges from 

near I bar to several hundred bars, depending on the 

water depth at which they erupt. Even over this 

small pressure range, the vesicularity and vesicle-gas 

composition of submarine magmas of constant bulk 

composition can change dramatically, reflecting the 

large differences in volume between gaseous a nd 

melt species, the large compressibility of the gas 

phase at these low pressures, and the increasing (but 

different) solubilities of all gaseous species with pres

sure in this pressure range. Thus, the well-known 

negative correlation between eruption depth and 

vesicularity of submarine magmas reflects the degas

sing of magmas at progressively lower pressures 

under conditions where the exsolving vapor is unable 

to escape fully from the m agma (e.g. Moore, 1965, 
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1970, 1979; Moore & Schilling, 1973) . Likewise, the 

different solubilities of the major (e.g. C02, H20, S) 

and minor (e.g. rare gases) volatile species are 

expected (though not yet observed) to lead to a 

strong dependence of the composition of the vapor in 

the vesicles on depth (e.g. Moore, 1965, 1970; Jam

bon et al., 1985; Gerlach, 1986; ]ambon et al., 1986; 

Zhang & Zindler, 1989; Bottinga & Javoy, 1990b). 

Similarly, it is thought that differing solubilities of 

oxidized and reduced gaseous species can result in 

systematic changes in the oxidation state of iron and 

sulfur in erupting magmas as a function of the degree 

and depth of degassing (e.g. Sa to, 1978; Mathez, 

1984; Carmichael & G hiorso, 1986; Christie et al., 

1986; Wallace & Carmichael, 1992; Nilsson & 

Peach, 1993) . 

In view of the importance of the exsolution of a 

vapor phase from submarine magmas in . under

standing their vesicle contents, their eruptive style, 

aspects of their chemistry, and ultimately the chem

istry of the atmosphere and ocean (e.g. Javoy et al., 

1982; Des Marais, 1985; Marty & ]ambon, 1987; 

Gerlach, 1989; Zhang & Zindler, 1989, 1993), it is 

surprising how little is known about the behavior of 

volatile components in these systems in the pressure 

range over which these magmas are erupted. For 

example, only recently has the solubility of carbon 

dioxide, the major component of vesicle gases in 

mid-ocean ridge basalt (MORB) (Killingley & 

Muenow, 1975; Moore et al., 1977; Delaney et al., 

1978; ]ambon & Zimmermann, 1987), been mea

sured in MORB melt by experiment (Stolper & 

Holloway, 1988; Shilobreyeva & Kadik, 1989; Mat

tey, 1991; Pan et al., 1991 ; Pawley et al., 1992; Trull 

et al. , 1992) . Water is even more abundant than 

carbon dioxide in most MORB glasses, but we know 

of no measurements of the solubility of water in 

MORB liquids at eruptive conditions, although 

water solubilities have been measured at higher 

pressures (1- 10 kbar) in other basaltic compositions 

(Khitarov et al., 1959; Hamilton et al., 1964; Kadik 

et al., 1971 ). Kadik et al. (1972} reported mixed C02 
and H 20 solubilities in basaltic melts at 1- 3 kbar, 

but their experiments did not extend to the C02-rich 

part of the system most relevant to MORBs, and 

their reported C02 solubility is inconsistent with 

more recent studies (Stolper & Holloway, 1988; 

Mattey, 1991; Pan et al., 1991; Pawley et al. , 1992; 

Trull et al., 1992) . 

In the context of MORB petrogenesis, the con

centrations of water or carbon dioxide in basaltic 

liquids in equilibrium with pure water or carbon 

dioxide vapor are less important than their con

centrations in liquids in equilibrium with H20- C02 

fluids [as measured, for example, in the experiments 

of Kadik et al. (1972)], because the vapor that 

exsolves from MORB on decompression contains 

both volatile components. If both water and carbon 

dioxide activities in the mixed volatile system could 

be approximated by Henry's law (where the con

centration of a species or component dissolved in the 

melt is proportional to its activity in the vapor) 

under the conditions of MORB genesis, then the 

behavior of the mixed volatile system could be 

understood simply with reference to the two end

member systems. Models of the degassing of magmas 

as they decompress based on the Henrian approx

imation and knowledge of the solubilities of C02 and 

H 20 in melts in the end-member systems have been 

presented by Shilobreyeva et al. (1983), Gerlach 

(1986) , Newman (1989, 1990) and Bottinga &Javoy 

(1990b) for basaltic systems, and by Newman et al. 

( 1988} for rhyolitic systems. However, data at higher 

pressures (i.e. greater than a few kilobars} in several 

silicate-H20-C02 systems including tholeiitic basalt 

have indicated that water enhances the amount of 

carbon dioxide that dissolves in vapor-saturated melt 

by as much as 50% (Eggler, 1973; Holloway & 

Lewis, 1974; Kadik & Eggler, 1975; Mysen et al., 

1975, 1976; Brey & Green, 1976; Mysen, 1976; 

Eggler & R osenhauer, 1978; H olloway, 1981 ) . In 

contrast, in their study of basaltic melts at 1-3 kbar, 

Kadik et al. ( 1972} did not find the effect of water on 

C02 concentration that would have been expected 

based on the later experiments at higher pressures. 

Also, recent low-pressure work on rhyolitic melts, in 

which carbon dioxide dissolves nearly entirely as 

C02 molecules, shows Henry's law describes well the 

behavior of carbon dioxide under these conditions 

(Blank et al., 1993a) . Thus, there is no consensus on 

the effect of water on the concentration of carbon 

dioxide (or vice versa) in vapor-saturated basaltic 

melts at pressures relevant to submarine eruption, 

despite its critical importance for interpreting mea

sured volatile contents of submarine magmas and 

modeling their degassing behavior. 

In this paper we report measurements of the solu

bility of water in MORB liquids at 1200°C at pres

sures under I kbar and of the mutual effects of water 

and carbon dioxide on each other's concentrations in 

vapor-saturated melts under these conditions. Con

centrations of molecular water, hydroxyl groups and 

carbonate ion complexes in quenched glasses from 

the vapor-saturated experiments were measured by 

IR spectroscopy and used as a basis for developing a 

simple thermodynamic treatment of mixed-volatile 

solubility in MORB melts. Application of the results 

to modeling equilibrium degassing of ascending 

MORB magmas, interpreting the water and carbon 

contents of submarine magmas, and assessing the 
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.... WATER AND C02 SOLUBll..ITIES I 

factors controlling degassing of magmas during 

ascent and emplacement are presented in a separate 

paper (Part II, Dixon & Stolper, 1995) . 

EXPERIMENTAL TECHNIQUES 
Experiments were conducted by equilibrating basal

tic melt with pure H20, pure C02 and mixed H2o--

C02 vapors at 1200°C at pressures between 200 and 

980 bar in conventional and rapid-quench internally 

heated pressure vessels. After quenching, the water 

and carbon dioxide contents of the basaltic glass 

were measured using IR spectroscopy. Vapor-phase 

compositions of some runs were determined by 

manometry. Experimental conditions and results for 

each experiment are given in Table I. 

Starting materials and capsules 

Experiments were conducted on two starting mate

rials, both Fe-rich basaltic glasses from the Juan de 

Fuca Ridge, chosen for their low liquidus tempera

tures of ~ 1165°C at 1 atm (Stolper & Holloway, 

1988) . Both glasses are nearly aphyric and have 

< I% vesicles. Compositions of the starting materials 

are listed in Table 2. Pretreatment of the starting 

materials is described in the footnote to Table I. 

Powdered basalt (50-100 mg) and various combina

tions of water, oxalic acid dihydrate 

(H2C204 ·2H 20 ) or silver oxalate (Ag2C204 ) were 

loaded into Pt capsules (0·15-in. outside diameter 

tubing) . The double-capsule technique (Van der 

La an & Koster van Groos, 1991 ) was used in two

thirds of the experiments to minimize Fe loss to the 

Pt capsule. The remaining third of the experiments 

were performed using pure capsules. Capsules were 

sealed by arc welding and loaded into internally 

heated pressure vessels. 

Conventional internally heated pressure 

vessel (lliPV) 

Several low-pressure (20Q-300 bar) experiments in 

which basaltic melt and water were equilibrated 

were conducted in a horizontal, internally heated 

gas-pressure vessel (Holloway, 1971 ). Ar-H2 gas 

mixtures were used as the pressurizing medium; total 

pressure was monitored with a Bourdon tube gauge. 

Hydrogen pressures in the Ar-H2 gas, monitored 

using a AgPd Shaw membrane, were chosen so as to 

be approximately in equilibrium with H 20 at the 

quartz- fayalite-magnetite buffer (QFM) at the run 

conditions (Table I ). Samples were placed in the hot 

spot of a single-wound Kanthal furnace. Two 

sheathed chromel- alumel thermocouples bracketed 

the position of the capsule; one was used as input to 

an electronic temperature controller and the second 

was used to monitor temperature independently. 

Temperature gradients based on these two thermo

couples were ~ 30°C along the length of the capsule. 

Single-pressure runs were held at the run conditions 

for 2·5 h. Reversals were held at a higher pressure 

for 2·5 h, and then the pressure was decreased and 

held at the final value for an additional 2·5 h. Pres

sures varied by < 1% once the final pressure was 

reached in an experiment. Runs were terminated by 

shutting off power to the furnace, resulting in quench 

rates of ~ 8°Cjs. Glasses were produced on quench

ing of H 20-saturated experiments done in this 

apparatus at total pressures ~ 300 bar. Melts from 

H 20 -saturated experiments conducted in this appa

ratus at higher pressures quenched to crystalline 

aggregates with minor amounts of glass. 

Rapid-quench internally heated pressure 

vessel 

Because of the difficulty in quenching water-satu

rated basaltic melts to glass at all but the lowest 

pressures (corresponding to total dissolved water 

contents less than - 1·8 wt% ) in the conventional 

internally heated pressure vessels, a rapid-quench 

mechanism for the internally heated pressure vessel 

was designed for the higher-pressure experiments. 

D etails of the design have been given by Holloway 

et al. ( 1992) and are summarized below. The pres

sure vessel was mounted in a vertical position. Sam

ples were hung from a 0·2 mm diameter Pt wire in a 

double-wound Kanthal furnace. Four sheathed 

chromel- alumel thermocouples or three Pt- Rh (Pt/ 

Pt- 13Rh) thermocouples were spaced along the 

length of the cap~ule ( ~ 1·5 em); one was used as 

input to an electronic temperature controller and the 

others were used to monitor temperature. Tempera

ture gradients based on these thermocouples were 

typically <I 0°C over the length of the sample. 

Although several runs were conducted using pure Ar 

gas as the pressurizing medium, most were done 

using premixed Ar-H2 gas (Table I ); pressures were 

monitored with a Bourdon tube gauge. The inclusion 

of quench wire leads through the head left insuffi

cient room for a Shaw membrane, so PH, (i.e. the 

partial pressure of hydrogen) was assumed to be 

fixed in each experiment by the initial concentration 

of H2 in the Ar-H2 gas (Table I ). The validity of 

this assumption and its implications for fo, control 

are considered in the Results and Discussion ('Major 

element composition, Fe loss and oxidation state') . 

Experiments were either brought directly to the run 

conditions or first preequilibrated at a higher initial 

pressure as described above for the conventional 

IHPV experiments. The quenching mechanism used 
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Experiment no. 

Run conditions 

Starting material 

P (bars) 

Duration (h) 

Reversal 

Fe loss control 

I nit. Fo in Pt foil1 

Fe in Pt foil" 

log fo,h 

i\QFM1 

XH, in Ar- H2 gas 

log f0 ,m 

6 0 FM
1 

Rapid quench 

Glsss 

FeO'" 

Foo • 

Fe20l 

log fo," 

i\OFM' 

p {g/ cm3
)' 

Table I: Summary of experimentaL results conducted at 1200° C 

7 

a 

206 

2·5 

no 

d 

7·7 

- 7 ·1 

+1 ·4 

8 

a 

201 

5 

yes 

d 

8·2 

-7·2 

+1 ·2 

9 

8 

300 

4·5 

yes 

d 

6·9 

- 6·8 

+1·6 

17H 

717 

3 

no 

d 

17M 

8 

717 

3 

no 

d 

9·2 9·4 

9·2 ± 0 ·4 

- 7·7 

+0·7 

- 7·7 

+0·7 

18M 

a 

980 

3 

no 

d 

7·7 

- 7·0 

+1·5 

20H 

a 

310 

6 

yes 

d 

20M 

310 

6 

yes 

d 

8·6 8 ·6 

7·9 ± 0·7 

- 7 ·1 

+1·3 

- 7·7 

+0·8 

21 H 

b 

507 

5 ·5 

yes 

d 

21M 

b 

507 

5·5 

yos 

d 

6·0 8·1 

6 ·2 ± 0·6 8·2 ±0·2 

- 6·5 

+2·0 

- 7·2 

+1 ·3 

32A 

c 

515 

2 

no 

e 

0·019sl o-021 Ql 0·01931 0·0149" 0·0149• 0·0149' 0 ·0149' 0 ·0149" 0 ·0149• 0·0149" o' 

- 8 ·4 

+0·0 

no 

12·0 

9·57 

2·70 

-7·4 

+1 ·1 

2·87 

- 8 ·5 

- 0 ·0 

no 

12·0 

9 ·71 

2·54 

- 7·5 

+1 ·0 

2·86 

- 8·5 

+0·0 

no 

12·0 

8 ·72 

3·69 

- 6·6 

+1 ·9 

2·86 

- 8 ·3 

+0·2 

yes 

13·1 

9·41 

4·06 

- 6·7 

+1 ·8 

2 ·86 

- 11 ·6 

-3·1 

yes 

12·1 

10·02 

2·34 

- 7·9 

+0·6 

2·88 

-9·2 

- 0·7 

yes 

11 ·5 

9·79 

1·86 

- 8·1 

+0·4 

2·83 

- 8 ·2 

+0·2 

yos 

11 ·9 

9·47 

2·64 

- 7·4 

+H 

2·84 

- 9·1 

- 0 ·6 

yes 

11 ·9 

6·56 

5·98 

- 5 ·0 

+3·5 

2 ·86 

- 8 ·3 

+0·2 

yos 

11 ·4 

9·11 

2 ·53 

- 7 ·4 

+H 

2·83 

- 9·1 

-0·6 

yes 

11 ·9 

10·0 

2·09 

- 7 ·9 

+0·6 

2·85 

yes 

10·1 

n.a. 

n.a. 

2·84 

33A 

c 

503 

2 

no 

e 

o' 

yes 

10·4 

4·15 

6·79 

-5·9 

+2·6 

2 ·84 

338 

c 

503 

2 

no 

e 

o' 

yes 

10·3 

1·95 

9 ·23 

- 1·8 

+6·7 

2 ·84 

348 

c 

507 

2 

no 

e 

o' 

yes 

9·88 

0 ·48 

10·44 

1 2 

+9·7 

2 ·84 

358 

c 

504 

2 

no 

c 

o' 

yes 

n.a. 

n.a. 

n.a. 
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Vapor 

H20 loaded (l•mol) 150 234 212 570 0 281 333 97 487 163 48 71 170 161 52 

C02 loaded (pmol) 0 0 0 0 274 281 0 97 0 163 185 134 57 34 119 

Final H20 (pmol) 

mass balance' 85(2) 162(9) 124(6) 431 (8) 186(2) 265(1) 56(2) 377(2) 108(0) 29(2) 50(2) 121 (1) 114(3) 37 (1) 

manometry' n.a. n.a. n.a. n.a. n.a. n.a. n.a. 60 n.a. 110 n.o. n.a. n.a. n.a. n.a. 

H20, mol" 8 61 134 28 39 79 76 4 

Final C02 (pmol) 

mass balance' 0 0 0 0 273 280 0 97 0 163 185 133 57 34 119 

manometry' n.a. n.a. n.a. n.a. n.a. n.a. n.a. 96 n.a. 161 n.a. n.a. n.a. n.a. n.a. 

H20 , mol" 97 163 185 133 57 34 119 

Dissolved volatiles 

wt basalt powder (g) 0·09166 0 ·09059 0 ·09071 0·10135 0·10086 0·09218 0·07125 0·07090 0·08900 0·09282 0·04186 0·04435 0·05330 0·062970 0 ·07212 

~ 
Initial H20 in basalt (wt%) 0 0 0 0 0 0 0 0 0·36 0·36 0 0 0 0 0 ... 
Total water (wt%)v 1·28(0·03) 1·43(0·18) 1·74(0·12) 2·49(0·15) 0·48(0·02) 1·83(0·03) 1·71 (0·02) 1-02(0·04) 2·23(0·05) 1-41 (0·00) 0·83(0·07) 0·86(0·06) 1-67(0·04) 1-68(0·10) 0·37(0·02) 

(pmol) 65(2) 72(9) 88(6) 140(8) 27(1) 95(2) 68(1) 41 (2) 110(2) 74(0) 19(2) 21 (2) 49(1) 47(3) 16(1) 

OH (wt%)w 0·91(·02) 0·97(0·04) ,., 6(0·03) 1-64(0·15) 0·37(0·03) 1-43(0·18) 1·13(0·02) 0·89(0·02) 1·34(0·06)1 ·06(0·05) 0·73 (0·06) 0·71 (0·04) 1·25 1·28(0·03)0·47(0·06) 

Molecular H20 (wt %)• 0·27(0·01) 0·36(0·04) 0·53(0·02) 0·90(0·07) 0·02(0·00) 0·51 (0·04) 0·47(0·02) 0·18(0·02) 0·84(0·02) 0·33(0·03) 0·09(0·01) 0·16(0·02) 0·44 0·42(0·02) nd 

C02 (p.p.m.)v 0 0 0 0 306 (9) 293 (20) 0 72 (7) 0 125 (8) 204(16) 197 (16) 62 (6) 64 (6) 223 (16) 

(pmol) 0 0 0 0 0·7 0·6 0 0·1 0 0·3 0 ·5 0·2 0·1 0·1 0·4 

(continued on next page) 



Table 1: continued 

Experiment no. 7 8 9 17H 17M 18M 20H 20M 21H 21M 32A 33A 33B 34B 359 

Mole fractions and fugacities 

XH,o 0·028" 0 ·399' 0·3871 0·405' 0 ·134" 0·226" 0·582" 0·552" 0·035" 

XCo, 0 0 0 0·972" 0·601 ' 0 0 ·6131 0 0·5951 0·866" 0·774" 0·418" 0·448" 0·965" 

. 
fH,O 205 200 298 709 17 377 308 116 503 196 62 106 287 271 16 

. 
fco, 0 0 0 0 815 690 0 201 0 331 489 435 228 245 546 

1 OO · ~ , o . mo1 
.. 0·54 0·73 1·07 1·82 0·05 1·03 0 ·94 0·35 1·69 0·67 0·19 0·33 0·89 0·84 n.d. 

1 OO·X'QH"' 3-62 3·86 4·61 7·26 1·51 5·67 4 ·48 3·59 5·28 4·22 2·92 2·87 4·95 5·09 1·91 

100·X1' ' 2·35 2·67 3·37 5·44 0·80 3·86 3·18 2·15 4·33 2·78 1·65 1·77 3·36 3·38 0·95 

1 OO·X"/:o, 
.. 0 0 0 0 0·026 0 ·024 0 0·006 0 0·010 0·017 0·016 0·005 0·005 0·01 9 

"Basaltic glass from sample TT152-21-35 (see Table 2) was powdered, pressed into pellets, and held at 94o•c for 14 hat 1 atm in a COr CO gas mixture corresponding to the quartz 

fayalite-magnetite (QFM) buffer and then repowdered. bPowdered TT152- 2-35 glass (not baked) having an initial H20 content of 0·36 wt% (Dixon et at., 1988) . cGiass from sample 
TT152- 51 -3 was powdered and held in aPt crucible at 90o•c for 36 h in an H2- C02 gas mix corresponding to the nickel-nickel oxide (Ni- NiO) buffer. dFe loss controlled by double

capsule technique (see VanderLaan & Koster van Groos, 1991 ) . "No Fe- loss control; runs performed in pure Pt capsules. ' Initial concentration of Fe in Fe-Pt alloy calculated by mass 
balance after Fe plating and annealing of foils. °Fe in Pt- foils after the experiment determined by electron microprobe. Standards used were pure Pt and Fe metals. Backgrounds were 
0·01 wt% for Fe in Pt and 0·05 for Pt in Fe. Total instrument precision is ~ 1% based on replicate analyses of standards of assumed purity. hfo, calculated using Gudmundsson & Hol

loway (1993) assuming equilibrium between FeO in the melt and Fe in the Fe-Pt alloy. 16QFM= log10 f0 , (sample) -log10 f0 ,(QFM) at 12oo•c , where log, 0 fo, (QFM) = -8·47 at 

1200°C (Huebner, 1971 ) . lfH, in Ar-H2 gas mixture monitored using Shaw membrane. kfH, assumed from initial concentration of H2 in pre-mixed Ar- H2 pressurizing gas.
1
Pure Ar used as 

pressurizing gas. mfo, calculated using the standard free energies of formation of H20 , H2 and 0 2 (JANAF, 1986) to calculate the equilibrium constant for the reaction H2 + ~ 0 2 x H20 
and an MRK equation of state (Holloway, 1987) for the fugacities of H20 and H2. "Total iron as FeO determined by electron microprobe using 15 kV accelerating potential, 15 nA beam 

current and 20 Jlm spot size. Standards used for the glass analyses were basaltic glass (VG -2) for Mg, AI, Si, Ca and Fe; synthetic Ti02 forTi; a synthetic Mn-olivine for Mn; Amelia albite 
for Na; and asbestos microcline forK. Data reduction was done using the CITZAF program (Armstrong, 1988), employing the absorption correction of Armstrong (1982), the atomic 

number correction of Love eta/. (1978). and the fluorescence correction of Reed (1965) as modified by Armstrong (1988) . ° Ferrous iron determined by wet-chemistry by Professor I an 
Carmichael (Lange & Carmichael, 1989) . PFerric iron determined by mass balance: Fe20 3 = (FeO·- Fe0) /0 ·9. qOxygen fugacities calculated using Kilinc eta/. (1983) based on ferri c

ferrous ratio in the glass. 'Glass densities calculated based on melt composition after the experiment using Gladstone-Dale rule and the Church-Johnson equation as described by Silver 
et at. (1990) . ' Final vapor composition calculated by mass balance: amount of H20 in final vapor = amount of initial water vapor+ amount of initial dissolved water - amount of final total 

dissolved water; amount of C02 in final vapor = amount of initial C02 vapor amount of final dissolved C02. Errors in parentheses for final amount of water vapor are limited by error in 

total dissolved water. Errors for final amount of C02 vapor are negligible because of small concentrations of dissolved C02. 'Final vapor composition measured using manometry (see 

text) . uFinal vapor composition calculated using the measured concentration of molecular water and equation (2) to determine fH,o and an MR K equation of state for H20- C02 mixtures 

( Holloway, 1 977) to determine fco,. X'H,o and X'C0 ,. Runs 32- 35 are assumed to be closed with respect of C02, but open with respect to H2 because of diffusion through Pt capsule. 

"Total water concentrations calculated using absorbances from 3530 cm- 1 band and c3530 = 63 ± 31 / mol-cm. Values in parentheses are 1 u standard deviations. WWt % water dissolved as 

OH calculated from the absorbance of the 4500 cm-
1 

band using c
4500 

= 0·67 ± 0·031/ mol-cm. Values in parentheses same as in v. "Concentrations of molecular H20 calculated using 

the 5200 cm-1 band absorbances and e5200 = 0·62 ± 0·07. Values in parentheses same as in v. vconcentrations of dissolved carbonate calculated from 1515 and 1430 cm-
1 

band ab

sorbances using e = 375 1/ mol-cm. Values in parentheses are 1 u standard deviations. 'Fugacities calculated using a modified Redlich- Kwong equation of state for H20 - C02 mixtures 

(Holloway, 1 977) . ""Mole fractions of volatile components calculated using: X'S(bulkwater) = {(wt % H 2 0 ~ ~;" / 18) /[ (1 00 - wt % H 2 0 ~~ 1 m ) / 36 · 594 + wt % H20 ~~;" / 18 + wt%C02/ 44]}, 

where wt%H 2 0 ~ ~;" = wt%OH +wt%H20mol; XoH = 2(Xa - XH o,mol) ; XH,o.mol= {(wt%H20moi/18)/[ (1 00-wt %H20 101) / 36·594 + wt%Hz0 10,/18 +wt%C02/44]}; and 
X'(!0 , = {(wt %C02/44) /[(1 00 - wt%H 20 - wt%C02)/ 36·594 + wt%H20 / 18 + wt%C02/ 44]}, where 36·594 is the molecular weight of anhydrous basalt on a single-oxygen basis. 

n.a .. not analyzed; n.d., not detected. 



Table 2: Composition of starting 

materials 

Oxide TI152-21-35" TI152-51-3b 

(wt%) (wt%) 

50·8 49·7 

13·7 14·4 

1·84 1·58 

Feo· 12·4 11 ·30 

MgO 6·67 7·14 

CaO 11 ·5 12·31 

2·68 2·93 

K20 0·15 0·16 

0·19 0 ·11 

MnO 0·22 0·18 

s 0·15 n.a. 

Total 100·4 100·00 

"Microprobe analysis by Delaney & Karsten (in preparation). Same sam

fie as used by Stolper & Holloway (1988) . 

Microprobe analysis from Pawley eta/. (1992). Same sample as used by 
Pawley et al (1 992). 

a high surge current from a discharging capacitor to 

burn out the Pt-hanging wire, allowing the sample to 

drop to the bottom of the vessel (25°C) and achiev

ing quench rates of -500°C fs. All runs quenched to 

glass successfully. 

ANALYTICAL TECHNIQUES 

Electron microprobe 

Most quenched glasses were analyzed by electron 

microprobe at the California Institute of Technology 

using a JEOL JXA-33 Superprobe. Concentrations 

of Fe and Pt in some Fe-Pt foils inserted in the Pt 

capsules to minimize iron loss were also determined 

after the experiments by electron microprobe. Ana

lytical procedures, standards and correction proce

dures for electron microprobe analyses are described 

in the footnotes to Table I. 

Fe3+{Fe2+ 

Ferrous iron concentrations in the quenched glasses 

were measured by Professor Ian Carmichael at the 

University of California at Berkeley by a colori

metric, wet-chemical method (Wilson, 1960) cor-

rected for time-dependent, ferric iron interference 

(Lange & Carmichael, 1989). Precision of the fer

rous iron analyses is ...., 2% of the amount present 

based on multiple analyses of an internal laboratory 

standard [JDFD-2; I 0·93 ± 0·21% (2cr)]. Ferric iron 

concentrations were determined by difference 

between the total iron as FeO (FeO*) based on the 

electron microprobe and the amount of ferrous iron 

(see caption to Table 1). 

Manometry 

The composition of the quenched H20-C02 vapor 

phase was measured in two runs (Nos 20M and 

21M) using manometry (lhinger, 1991 ) , by P. Ihin

ger at Caltech. Capsules were pierced under vacuum 

at room temperature. Vapor was extracted in a ser

ies of cycles of expansion of the gas into an evacuated 

volume followed by condensation in a liquid nitro

gen trap. After pumping away a small volume of 

non-condensable gas ( - 7 Jlmol or < 4% of the total 

extracted vapor) , the C02 was released by bathing 

the trap in a slurry of dry ice and M I 7 and trans

ferred with a Toepler pump into a calibrated volume 

for manometric analysis. The water remaining in the 
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cold trap was evaporated and converted to H2 by 

exposure to hot uranium (Bigeleisen et al., 1952), 

then transferred with a Toepler pump to a calibrated 

volume for manometric analysis. Analytical uncer

tainty of the manometric measurements of the mass 

fractions of water and carbon dioxide in the vapor 

are estimated to be <0·01 (Ihinger, 1991 ). 

IR spectroscopy 

Data collection 

Dissolved water and carbonate concentrations were 

determined by transmission IR spectroscopy on 

doubly polished glass chips, following in general the 

procedures and calibrations described by Dixon et al. 

(1988). At least three glass fragments from each 

experiment were polished for spectroscopic analysis. 

Samples were analyzed using the microcham~er 

attachmen t to the Nicolet 60SX FTIR spectrometer 

using a Globar source, KBr beamsplitter and a 

HgCdTe2 detector for theIR region and a W source, 

CaF2 beamsplitter and an lnSb detector for the 

near-IR region. A typical spectrum in the IR region 

(150G-3800 cm-
1

) is shown in Fig. Ia and in the 

near-IR region (350G-6000 em - 1
) in Fig. I c. 

Total dissolved water was measured using the 

intensity of the broad asymmetric band centered at 

3530 em -
1 

corresponding to the fundamental OH

stretching vibration (Scholze, 1959; Nakamoto, 

1978) using a molar absorptivity of 63 ± 3 1/mol-cm 

(P. Dobson, S. Newman, S. Epstein, & E. M. Stol

per, unpublished data). The value of e3530 has been 

independently determined recently by Pandya et al. 

( 1992a) to be 61 ± I, the same, within 1 0' error, as 

our value. The background under the 3530 em - 1 

band was assumed to be linear between 3800 and 

2500 cm- 1
. 

Concentrations of water dissolved as molecular 

water were measured using the intensity of the 5200 

em - I band, resulting from the combination stretch

ing + bending mode of water molecules (Scholze, 

1960; Bartholomew et al., 1980). Concentrations of 

water dissolved as hydroxyl groups were measured 

using the intensity of the 4500 em - 1 band, resulting 

from combination modes for X- OH (X=Si, AI, 

etc. ) groups (Scholze, 1966; Stolper, 1982a). Cali

bration of the molar absorptivities of the 5200 and 

4500 em - I bands for basaltic glasses is discussed in 

the Results and Discussion ('Calibration of e4500 and 

e
5200

'). The near-IR background was modeled as a 

sum of 5 Gaussians: one each for the Fe absorptions 

centered at about 9500 and 5500 em - I correspond

ing to the crystal-field transitions in octahedrally and 

tetrahedrally coordinated Fe
2

+ ions (Bell et al., 1976; 

Goldman & Berg, 1980), one centered at .-.4000 
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Fig. 1. (a) Infrared spectrum of basaltic glass from experiment 

No. 32A (thickness 179 Jlm) showing typical absorptioru of total 
water (3530 em- 1

) , molecular water (1630 cm- 1
) and carbonate 

bands (1515 and 1430 cm- 1
). Small peaks at ~2350 em- 1 are 

absorptions by atmospheric C02• (b) Enlargement of 120Q-2000 

cm-
1 

region of (a) showing absorptions of molecular water and 

carbonate bands. Background used was spectrum of devolatilized 
basaltic glass (dashed line). The background-subtracted spectrum 

(dotted tine) is also shown. The vertical positioru of the spectra 

have been adjusted to allow easy comparison of the spectra. (c) 

Typical near-IR spectrum and background-subtracted spectrum 
of basaltic glass from experiment No. 9 (thickness 153 Jlm) show

ing the absorptions of molecular water at 5200 em - I and hydroxyl 

groups at 4500 em - I . Background modeled as described in text. 

em - I to fit an unassigned water-related band (Stol

per, 1982a), and two to fit the high-energy shoulder 

of the 3530 em - I absorption. A non-linear curve fit

ting routine was used to fit the intensities, position 
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a nd half-widths of these background components 

(Bevington, 1969; Program 11-5, p. 237) . This 

method is similar to that used by Stolper ( 1982a), 

except that he fitted the high-energy shoulder of the 

3530 em -
1 

band with a Lorentzian instead of two 

Gaussians. A typical spectrum, the modeled fit and 

the resulting background-subtracted spectrum are 

shown in Fig. 1 c. (Note the flat background on the 

background-subtracted spectrum and the character

istic asymmetric shapes of the 5200 and 4500 em -
1 

bands. ) Peak heights were measured from the back

ground-subtracted spectra. For comparison with the 

values measured using the 5200 em -
1 

band, con

centrations of water dissolved as molecular water 

were also measured using the band at 1630 em - I, 

corresponding to the fundamental bending mode of 

d issolved water molecules (Nakamoto, 1978) . Cali

bration of the molar absorptivity of the 1630 em - I 

band for basaltic glasses is discussed in the section 

'Calibration of 6
45011 

and 6
5200' . 

Dissolved carbonate was measured from the 

intensities of the bands at 1515 and 1430 cm-
1 

cor

responding to antisyrnmetric stretching of distorted 

carbonate groups (Brey & Green, 1975; Sharma, 

1979; Sharma et al. , 1979; Fine & Stolper, 1986) 

using a molar absorptivity of 375 lfmol-cm (Fine & 

Stolper, 1986) . Figure 1 b shows for the carbonate 

region the spectra of a typical sample and of a dec

arbonated basaltic glass reference; also shown is the 

difference between these two spectra. The shape of 

the background in the region of the carbonate 

doublet is a complex and not fully understood func

tion of composition; therefore, the reference-sub

tracted spectrum is typically not as flat as in the 

near- IR region and some subjective adjustment of 

the background was often required. Peak heights of 

both maxima on the carbonate doublet were mea

sured separately on the background-subtracted spec

t ra. 

Precision and accuracy qfspectroscopic data 

The precision of the spectroscopic measurements is 

estimated from multiple analyses of a single spot on a 

glass fragment and is dominated by error introduced 

by the background correction. The precision of 

measurements of total water based on measurement 

of the 3530 cm- 1 band using either the HgCdTe2 or 

InSb detector is ~2% ( lu) . When the 3530 cm- 1 

band was analyzed on the same spot using both the 

H gCdTe2 and InSb detectors, however, the mea

surements made using the InSb detector were some

times higher by as much as 14%. Water 

concentrations reported in Table 1 are averages of 

all individual measurements, regardless of the 

detector used. The prec1s10n of molecular water, 

hydroxyl group and carbonate group analyses based 

on multiple a nalyses of the same spot is estimated to 

be ~5-10 % . Accuracies are limited by the uncer

tainties in the molar absorption coefficients and in 

the background correction procedures, and are esti

ma ted to be 10% for total water and 15% for car

bonate (Dixon et al., 1988) . Uncertainties in the 

molar absorption coefficients for molecular water 

and hydroxyl groups are discussed in the section 

'Calibration of 6
4500 

and 6
5200

' . 

RESULTS AN D DISCUSSION 

Run products 

Conditions of all successful experiments are listed in 

Table I. Run products were mostly transparent, 

brown to reddish brown glass. Glass at the bottoms 

of the capsules of the C02-rich experiments was a 

milky, bluish green color caused by streaks of silver 

from the breakdown of silver oxalate (Fine & Stol

per, 1985). Most samples had bubbles (IQ-1000 Jlm) 

concentrated along the capsule walls, resulting in 

'dimples' as described by Burnham & Jahns (1962) 

and by Hamilton et al. (1964) . Several run products 

had a single large (1- 2 mm) bubble in the center of 

the quenched glass. 

Major element composition, Fe loss and 

oxidation state 

Homogeneity of quenched glasses for each starting 

composition is about ± l% for major elements, 

± 2- 3% for the minor elements and ± 5% for FeO*. 

Measured oxide concentrations, except for Ti02 and 

FeO*, are within ± 7% of the published values for 

the starting materials (Table 2) . Measured Ti02 

concentrations are up to II % lower than the pub

lished values. Variations in FeO* contents (Table I) 

are discussed in the next paragraph. The mean Fe 

contents of the Pt- Fe foils are similar to their initial 

values (Table 1), but there is typically some varia

bility resulting from reaction with the melt during 

the runs. 

FeO*, FeO and Fe20 3 contents of quenched 

glasses are listed in Table 1 along with oxygen 

fugacities calculated from the Fe3
+ fFe2

+ of the glas

ses using the relationships of Kilinc et al. ( 1983). 

Glasses from experiments in which Pt- Fe alloy 

inserts (Nos 7- 21; all done with starting material 

TT152-21-35) were used to minimize iron loss have 

total iron contents of 11·4-13·1 wt %, within 8% of 

the initial iron content of 12·4 wt %. Based on their 

Fe3
+ fFe2

+ (0·17- 0·82), these glasses are more oxi

dizing than the QFM buffer ( ~QFM = +0·4 to 
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+3·5) . Glasses from experiments done in pure Pt 

capsules (Nos 32-35; all done with starting material 

TT152-51-3) have total iron contents of 10·1- 10·4 

wt %, within II% of the initial iron content of 11·3 

wt%. These runs are generall{ highly oxidized 

(f1QFM= +2·6 to +9·7; Fe3+/Fe .,..= 1·5-19·6), and 

are reddish brown because of their high Fe
3
+ fFe

2
+ . 

Several factors contributed to the more oxidizing 

conditions of these experiments: ( 1) more oxidized 

starting material (see footnote to Table I ); (2) 

greater amounts of Fe loss to the Pt capsule, which 

releases oxygen; (3) H 2 loss from the capsule to the 

pure Ar pressurizing medium during the run. FeO 

concentrations for two glasses from the experimental 

study of Stolper & Holloway ( 1988) were also ana

lyzed (Nos TTI52-2 and TTI52-5); they also indi

cate oxygen fugacities >QFM (f1QFM = +0·4 to 

+ 1·8; Fe3
+ fFe2

+ = 0·17-Q·36). 

Knowledge of the oxygen fugacity in our experi

ments is critical as it allows us, given knowledge of 

hydrogen fugacity or a constraint either on the C:H 

or C:O ratio of the vapor, to calculate the specia

tion of the vapor phase under the run conditions 

(Eugster & Skippen, 1967; Holloway et al., 1968; 

Holloway & Reese, 1974; Pawley et al., 1992). In 

particular, the high oxygen fugacities of our experi

ments (>QFM) at 1200°C indicates that <2% of 

the hydrogen in the vapor is in species other than 

H 20 and that <5% of the carbon in the vapor is in 

species other than C02 (e.g. CO); i.e. given these 

values for oxygen fugacity, the vapor phase in our 

experiments can be approximated as an H 20 -C0 2 

fluid. The similarly high oxygen fugacities for the 

experiments of Stolper & Holloway ( 1988) also 

indicate, contrary to the suggestion of Pawley et al. 

( 1992), that discrepancies between their results and 

those of Stolper & Holloway for C02 solubility in 

basalt are not the result of significant quantities of 

CO in the vapor phase of the Stolper & Holloway 

experiments. 

Though we achieved our goal of maintaining oxy

gen fugacities more oxidizing than QFM, our 

attempts to control fo, through the use of premixed 

Ar-H2 pressurizing gas appear to have been unsuc

cessful; i.e. there is no correlation between oxygen 

fugacities based on the measured Fe3
+ fFe2

+ of the 

glasses and those calculated assuming an /H, in the 

capsule the same as that in the pressurizing gas. The 

reason for this is not clear, as this technique has been 

shown to provide an 'infinite reservoir' of known, 

constant /H
2 

for the duration of the experiments on 

H 20 - C02- NaCI fluids Qoyce & Holloway, 1993) . 

Also, we note that there is no correlation between 

oxygen fugacities calculated based on the Fe3
+ fFe2

+ 

of the glasses and those based on the initial Fe con-

tent of the Pt- Fe alloy inserts and the FeO content of 

the glasses (Gudmundsson & Holloway, 1993). 

Determination of molar absorptivities for 

the 4500 and 5200 em -I bands 

Calibration of£ 
4500 

and £
5200 

Molar absorptivites for the 4500, 5200 and 1630 

cm-
1 

bands were determined using a procedure 

similar to that of Newman et al. (1986). We assumed 

that the molar absorptivities for the 3530, 4500 and 

5200 cm- 1 bands are constant and that all water is 

dissolved as either hydroxyl groups or molecules of 

water that absorb at these energies. This leads to the 

following relation [analogous to equation (2) of 

Newman et al. ( 1986)] among the absorption coeffi

cients (i.e. absorption per unit thickness, or Abs/cm) 

of the various bands and their molar absorptivities 

(e): 

~:3530 5200 ~:3530 4500 

5200 
.(Abs/cm) + 

4500 
.(Abs/cm) 

8 8 

= (Abs/cm)
3530 ( I) 

where the superscripts refer to the wavenumbers of 

the specific bands. We used all spectra for which 

intensities of the 5200, 4500 and 3530 em -
1 

bands 

were measured (53 spots, 53 sf.ectra) to dt;terrnine 

best fit values for the ratios ~: 353 fe
5200 

and e
3

::.
30

fe
4500

. 

Values for ~: 5200 and ~: 4500 were then determined 

using the value of ~: 3 530 = 63 ::t 3 ( lu) lfmol-cm (P. 

Dobson, S. Newman, S. Epstein & E. M. Stolper, 

unpublished data). Similarly, we used all spectra for 

which intensities of the 5200 and 1630 em - 1 bands 

were measured on the same spot in the IR and near

IR regions (47 spots, 94 spectra) and determined the 

best fit Abs
1630

/Abs
5200 

ratio, equal to the e
1630

fe
5200 

ratio, which in conjunction with the ~:
5 200 

value 

determined as described above, gives ~: 1630 . 
Best fit molar absorptivities determined in this 

study for basaltic melts are 0·62 ::: 0·07 for ~: 5200 , 

0·67 ± 0·03 for ~: 4500 , and 25 ± 3 for ~: 1630 . Uncertainty 

in the value of the molar absorptivities ( ~II% for 

molecular water and ~4 % for hydroxyl groups) 

limits the accuracy of analyses for these species. 

Moreover, care must be taken when applying these 

values to apply background correction procedures 

similar to those we have employed; otherwise, sys

tematic inaccuracies could result. 

Compositional dependence of£ 4500 
and c5200 

The best- fit molar absorptivities for molecular water 

and hydroxyl groups in basaltic glasses are compared 

with those for other silicate melt compositions in 

Table 3. Although other compositional variables 
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Table 3: Molar absorptivity calibration for molecular water and hydroxyl groups 

No. Composition Cation Molecular water Molecular water Hydroxyl groups 

Fraction Position Position Position 

st • +AI 3 ~ (cm- 1
) {1/ mol-cm) (em- ' ) {1/ mol-cm) (cm-1

) (I/ mol-em) 

MORB• 0·63 5200 0·62±0·07 1630 25±3 4500 0 ·67±0·03 

2 Na20 ·3Si02b 0·60 5236 0·634 4505 0·267 

3 NKZAs• 0·69 5236 1·00±0·08 -1630 28±5 4505 0·55 

4 CAS-E2d 0·77 5204 1·07±0·04 4485 0 ·85±0·03 

5 Jadeited 0·75 5207 1-13 4476 1-12 

6 Albite• 0·80 5218 1·67±0·06 1636 49±2 4485 1-13±0·04 

7 KASd 0 ·80 5222 1·87±0·07 4472 1·43±0·05 

8 Rhyolite' 0·86 5225 1·86±0·05 1630 55±2 4503 1·50±0·10 

9 Fused silicau 1·0 3·9 

"This study; errors (1 a) w ere propagated from errors on the best-fit e3530/e5200
, e3530 /e4500

, e3530 /e1630 and e1630/ e5200 ratios and on the 
error for the value of e3530 (63 ± 3 1/mol-cm) . bAcocella eta f. ( 1984) . eN KZAS is Na20 - K20-Zn0-AI20 :r-Si02 glass; Bartholomew eta/. 
(1 980) . dCAS-E2 are two different calciu~TH~Iuminosilicate glass compositions; KAS is orthoclasic glass; Silver eta/. (1 99 ~ eSilver & 
Stolper (1989) . 1P. D. lhinger ~personal communication) . 11Estimated from e3670 = 181 1/mol-cm (Shelby eta!., 1982) and an e 0 / e3670 of 
0·022 (Stolper, 1982a). The e 500 estimated in this way is significantly higher than a previously reported value of 1·751/mol-cm by Dodd 

& Fraser (1966) . 

clearly influence the values of the molar absorptiv

ities, both 8
4500 and 8

5200 correlate positively and 

linearly (R2 = 0·87 and 0·86, respectively) with the 

sum of the concentrations (cation fractions) ofSi and 

AI (Fig. 2a and b) . It should be noted that fused 

silica glass differs spectroscopically from the other 

glasses shown in Fig. 2 (McMillan & Remmele, 

1986); the deviation in Fig. 2b of silica from the 

simple trend established by the other compositions 

may reflect these differences. The relationships 

shown in Fig. 2 may help to predict the molar 

absorptivities of hydrous species in glasses when they 

have not been measured directly, but we emphasize 

that, for quantitative work, it is critical to determine 

the molar absorptivities for each composition of 

interest. These systematic variations in molar 

absorptivity probably reflect relationships between 

hydrous species and aluminosilicate units in glasses 

and may ultimately provide useful tests of models of 

chemical and structural interactions between these 

species and the major components of the glass struc

ture. However, the key point for this paper is that 

the systematic composi tiona! dependence shown by 

molar absorptivities determined in several labora

tories on a range of glass compositions gives us con

fidence in our calibration of the IR spectroscopic 

technique for determining concentrations of hydrous 

species in silicate glasses. 

Uncertainties in spectroscopic data 

Concentrations of total dissolved water, water dis

solved as water molecules and as hydroxyl groups, 

and carbon dioxide dissolved as carbonate are listed 

in Table I. Uncertainties ( lcr of all analyses from 

that run) cited in Table I reflect both precision and 

homogeneity and are usually slightly greater than 

the analytical precision. For total water concentra

tions, all individual measurements are averaged, 

regardless of detector used. Uncertainties in total 

water concentrations are typically 2- 8% of the 

amount present, but in one case the uncertainty is 

13%. Uncertainties in species concentrations are 

<II % for molecular water, < 13% for hydroxyl 

groups and < I 0% for carbonate groups. 

Speciation of water in MORB glasse s 

Concentrations of molecular water and hydroxyl 

groups in the 15 MORB glasses synthesized in this 

study are shown versus total water concentration in 

Fig. 3a. Molecular water concentrations based on 

the 5200 and 1630 em - I bands are essentially iden

tical; for simplicity, only results based on the 5200 

em - I band are shown. Figure 3b compares the spe

ciation data for basaltic glasses from this study and 

albitic glasses quenched from 1400°C (Silver & 

Stolper, 1989). When plotted in terms of mole frac-
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Fig. 2. Compositional dependence of molar absorptivities for (a) 
molecular water (5200 em-• band) and (b) hydroxyl groups 

(4500 em-• band). Molar absorptivities for both bands correlate 

linearly with the cation fraction of tetrahedral cations (7), where 

T= (Si++ + AlS+}/(total cations). Sources of data and key numbers 
are listed in Table 3. The molar absorptivity for the 4500 em - I 

band for fused silica ( T = I, e 4 ~ 00 = 3·9) was not included in the 

fit (see text). Weighted linear fits through the data are e~ 200 = 
- 2·6 + 5·1 T and e4500 = - 2·3 + 4·4 T. 

tions on a single oxygen basis, the data for basaltic 

and albitic glasses are indistinguishable. Also shown 

in Fig. 3a and b is a regular solution model calcu

lated using the best-fit coefficients for albitic glass 

(Silver & Stolper, 1989; see caption to Table 5). 

Concentrations of molecular water and hydroxyl 

groups over a range of total water contents based on 

the regular solution model are listed in Table 5 

below. 

Molecular water concentrations in glasses from 

this study range from 0 to 0·90 wt %. Concentrations 

ofhydroxyl groups range from 0·47 to 1·85 wt%. At 

the low total water concentrations of these experi

ments, water dissolves in the glass dominantly as 

hydroxyl groups. As the total concentration of water 

increases, the concentration of hydroxyl groups 
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Fig. 3. (a) Concentrations of water dissolved as molecular H 20 
and as OH groups as functions of total water (measured using 
3530 em - I band} for MORB melt equilibrated with pure H 20 
vapor or mixed H2Q-C0 2 vapor at 12oo•c. Slow quench samples 

(open circles) were run in conventional IHPV and quenched at 

rate of a•cts. All other runs quenched at ~5oo•qs in rapid

quench IHPV. Speciation model curves for basaltic glass are cal

culated using a regular solution modd for albitic glass (see caption 
to Table 5), where the activity of water in the melt is given by 

Henry's law for molecular water [equation (2)]. Errors are lu 

from Table I . (b) Concentrations of water dissolved as molecular 

H20 (circles} and as OH groups (squares) as functions of total 
water (sum of mol H20 and OH) for MORB and albitic glasses. 

Albitic glass samples synthesized in piston cylinder apparatus at 
140o•c; data from Silver & Stolper (1989) . MORB data from this 

study. Curves are calculated as described in (a) above. The small 
differences between the two sets of curves reBect the different 

values of molecular weight per oxygen of basaltic (36·594 gfmol) 

and albitic (32· 78 g/mol) glasses. lf plotted in terms of mole frac-

tions, the two model curves in Fig. 3b are nearly coincident. 

begins to level off, and a larger and larger fraction of 

the water dissolves as molecular water. By analogy 

with the albitic glass, beyond ~3 · 5 wt% total 

water, molecular water is expected to become the 

dominant form of dissolved water. The trends in 
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water speciation in quenched MORB glasses are 

similar to those observed for other hydrous silicate 

glasses measured using IR spectroscopy (Bartholo

mew et al., 1980; Wu, 1980; Stolper, 1982a, b, 1989; 

McMillan et al., 1983; Towozawa et al., 1983; 

McMillan & Remmele, 1986; Silver & Stolper, 

1989; Silver et al., 1990; Ihinger, 1991 ). 

NMR spectroscopic studies have yielded similar 

quantitative results (Bartholomew & Schreurs, 1980; 

Eckert et al., 1989; Kohn et al., 1989}, but Raman 

spectroscopic measurements have been interpreted as 

indicating that the ratio of molecular water to 

hydroxyl groups is independent of total water con

tent and that the abundance of hydroxyl groups 

increases with total water contents (Mysen & Virgo, 

1986; Mysen, 1992). The reason for the significant 

differences between the results of IR and NMR 

spectroscopic measurements on the one hand and the 

Raman measurements on the other is unknown. 

However, we note that the quantification of the IR 

measurements is straightforward (i .e. the band 

assignments for OH vs H 20 are uncontroversial; the 

bands are non-overlapping and readily resolvable; 

Beer's law has been shown to be valid for all the 

relevant bands; and there is redundancy in the 

results through comparison of the intensities of mid

and near-IR bands reflecting the same H-bearing 

species) and that it would be difficult to reconcile the 

results of this or any previous IR studies with the 

constant ratio of molecular water to hydroxyl (or 

total water) inferred by Mysen & Virgo (1986) and 

Mysen ( 1992) . 

There is no detectable difference in the propor

tions of molecular water and hydroxyl groups in the 

slow (conventional IHPV) and fast (rapid-quench 

IHPV) quench experiments (Fig. 3a) . This is similar 

to observations for albitic (Silver & Stolper, 1989) 

and Ca- Al-silicate (Silver et al., 1990) glasses, but 

contrasts with those for rhyolitic glasses in which a 

similar range of quench rates led to measurable dif

ferences in speciation (Silver et al., 1990; Ihinger, 

1991 ). Following the treatment ofDingwell & Webb 

( 1990), that quench rates different by two orders of 

magnitude do not lead to detectable differences in 

the speciation of water in basaltic glasses suggests 

either that water speciation in these compositions is 

not temperature dependent in the vicinity of the 

glass transition, or that the simple treatment they 

present is inadequate to deal with these complex 

systems. Although we do not know the significance of 

the apparent independence of our speciation results 

from quench rate, it is interesting that the depen

dence of speciation on quench rate appears to be 

strongest in the most silica-rich composition yet 

investigated. 

Based on a study of basaltic to dacitic submarine 

glasses from Hawaii, Pandya et al. ( 1992a) concluded 

that the speciation of water in silicate melts is a 

strong function of melt composition (i.e. wt% Si02) . 

In particular, they observed a factor of 10 increase in 

the ratio ofthe absorbance of the 1630 cm-1 band to 

the 3530 em -
1 

band when the total water content 

increased from 0· 55 to 1· 74 wt% and the silica con

tent increased from 49 to 64 wt%. They concluded 

that at constant total water content, the fraction of 

water dissolved as molecular water increases sig

nificantly with silica content. In contrast, our results 

(Fig. 3b) and previous studies (Silver & Stolper, 

1990) show only a minor dependence of the specia

tion of water on the anhydrous glass composition. 

However, Pandya et al. (1992a) did not take into 

account that the molar absorptivities for hydrous 

species in these glasses are strong functions of glass 

composition (see Table 3) and thus that direct com

parison of absorbance ratios can be misleading. 

Indeed, using the relationship between composition 

d s2oo h . F' 2 d . an e s own m 1g. an assuming a constant 
1630/ s2oo I I . e e , we ca cu ate that rather than bemg con-

stant as they assumed, s
1630 

increases by a factor of 

1·8 over the range of compositions studied by Pan

dya et al. ( 1992a). When molecular water con

centrations in the samples studied by Pandya et al. 

( 1992a) are recalculated using this compositional 

dependence of e
1630

, most correspond well to the 

relationship illustrated in Fig. 3 for MORB and 

albitic glasses. 

A few of the glasses studied by Pandya et al. 

( 1992a) have molecular water contents greater than 

expected based on our results, even after correction 

for the compositional dependence of e
1630

, although 

the magnitude of the excess is not a function of Si02 

content. Glasses hydrated experimentally at low 

temperature contain anomalously high concentra

tions of molecular water (Oibert & Doremus, 1983; 

Pandya et al., 1992b) consistent with a model in 

which molecular water is the d iffusing species and 

the interconversion of H 20 to OH is slow at low 

temperatures (Zhang & Stolper, 1991; Zhang et al., 

1991; J ambon et al., 1992). Thus, one possible 

mechanism for producing these excesses is low-tem

perature hydration after submarine eruption. 

Hydration, caused by diffusion of water molecules, 

would precede the physical and chemical alteration 

of glass to palagonite. The speciation of water in 

submarine basaltic glasses may provide a means to 

discriminate 'fresh' glasses from those whose water 

contents have been modified by low-temperature 

processes (e.g. Clague et al. , 1991 ). 

Although there is consensus that water dissolves in 

silicate melts and glasses as both water molecules 
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and hydroxyl groups, the reactions by which hydro

xyl groups are formed by interaction between water 

molecules and the silicate matrix are not well 

understood [see discussions by McMillan & Hollo

way (1987) and McMillan (1994)). For example, the 

extent of interaction in highly polymerized alumino

silicate melts between hydroxyl groups and TOT 

linkages (where T is Si or AI) is uncertain. The 

classic view is that reaction between water molecules 

and bridging oxygens breaks TOT linkages to form 

two T-OH groups (e.g. Buerger, 1948; Burnham, 

1975; Stolper, 1982b; McMillan et al., 1993; Sykes & 

Kubicki, 1993, 1994) . An alternative view is that 

reaction of water molecules to form hydroxyl groups 

does not break a TOT linkage; instead, one hydro

gen bonds to the bridging oxygen, thus weakening 

but not breaking the TOT linkage, and the remain

ing OH- forms a hydrated complex such as 

Na ... (OH-)(H 20 ),. (Kohn et al., 1989, 1992, 1994). 

In this second case, half of the OH- groups in the 

glass would be present as hydrated complexes that 

would not contribute to the 4500 em - I combination 

band in the near-IR (Kohn et al., 1992; Pichavant et 

al., 1992) . Although this latter reaction mechanism, 

if it applies to less polymerized structures such as 

basaltic melts and glasses, would affect the value of 

the molar absorptivity for the 4500 em - I band (as it 

would falsify the assumption that all H-bearing spe

cies contribute either to the 5200 or the 4500 em - I 

band) , it would not affect the quantification of water 

speciation presented in this study provided that, as 

this model asssumes, the ratio of hydroxyl groups 

contributing to the absorption at 4500 em - I to those 

that do not is a constant. Thus, although the resolu

tion of this controversy and its relevance to basaltic 

melts and glasses are essential to a full understanding 

of the influence of dissolved water on melt structure 

and properties, it has no direct impact on the results 

or conclusions of our study. 

Solubility of water in M ORB m elts 

Six successful experiments using pure water were 

conducted at 1200°C with total pressure ( -PH
2
o in 

these experiments) ranging from 200 to 717 bar. 

Three experiments (Nos 7, 8 and 9) were conducted 

in the conventional IHPV and three (Nos 17H, 20H 

and 21 H ) were conducted in the rapid-quench 

IHPV. Three successful experiments (Nos 18M, 20M 

and 21M) using oxalic acid dihydrate to produce a 

mixed H 2Q-C02 vapor phase were conducted at 

1200°C at total pressures ranging from 31 0 to 980 

bar in the rapid-quench IHPV. Mole fractions of 

water and carbon dioxide in these H 2Q-C02 vapors 

were determined by manometry or calculated by 

R 1995 

mass balance (see footnote to Table I) . The validity 

of the mass balance calculations was checked in the 

two samples (Nos 20M and 21M) in which the vapor 

compositions were determined directly by mano

metry; the calculated and measured mole fractions of 

H 20 in the vapor (X'H,a) agreed to better than 0·01 

(absolute). Additional mixed H 20-C02 vapor 

experiments (Nos 32-35) were conducted, but the 

water content of the vapor could not be determined 

by mass balance because pure Ar was used as the 

pressurizing gas in these runs, leading to significant 

amounts of H 2 loss from the capsule. 

Figure 4a shows the total dissolved water contents 

of quenched glasses from vapor-saturated experi

ments based on the intensity of the 3530 em - I band 

vs water fugacity [calculated using an M R K equa

tion of state (Holloway, 1977)]. Total water con

centrations range from 1·0 to 2·5 wt %. The water 

concentrations of runs No. 7 ( 1·28 ± 0·03 wt% H 20 , 

held at a total pressure of 206 bar for 2·5 h, 

JH.o = 205 bar) and No. 8 ( 1·43 ± 0·18 wt% H 20, 

held at a total pressure of 400 bar for 2·25 h and 

then dropped to and held at 200 bar for 2·75 h, 

fH.o = 200 bar) agree within error. This reversal and 

the fact that other results that were approached both 

from above and below the final pressure bracket a 

smooth curve indicate that equilibrium was reached 

on the time scale of these experiments. The total 

water contents of runs No.9 (run in the conventional 

IHPV, 1·74±0·12 wt% H20,fH
2
o=298 bar) and 

No. 20H (run in the rapid-quench IHPV, 1·71 ±0·02 

wt% H20, fH
2
o = 308 bar) differ by only 2%, 

showing that quench rate does not affect measured 

water solubility at these pressures. Also, the total 

dissolved water contents in these experiments do not 

appear to depend onfo. or the presence or absence 

of C02 in the vapor phase. 

Figure 4b compares our results with those of 

Hamilton et al. ( 1964) for a Columbia River basalt at 

higher pressures, and shows that water solubility is 

not a strong function of melt composition for tholeiitic 

melts in this pressure range. Also shown are Russian 

data on water solubility in basaltic melts in equili

brium with pure H20 vapor (Khitarov et al., 1959) 

and mixed H20-G02 vapor (Kadik et al., 1972). For 

pressures > 2 kbar, these data are consistent with 

those of Hamilton et al. ( 1964) . Below 2 kbar, how

ever, the results of Kadik et al. ( 1972) in the mixed 

volatile system are systematically up to 40% lower 

than the data of Khitarov et al. ( 1959) in the basalt

H20 system and than our data in the basalt- H 20 

and basalt- H 2Q-C02 systems. The solubility of 

water in MORB liquids is intermediate between those 

in orthoclasic and albitic liquids (Silver et al., 1990) at 

1200°C and pressures < 5 kbar (Fig. 4c) . 
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The dependence of the activity of water in vapor

saturated melt on total pressure and water fugacity 

at constant temperature ( T 0, K ) is given by the fol

lowing expression (Silver & Stolper, 1989; Silver et 

al., 1990): 
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where a'fi,o (P, T0 ) is the activity of water in melt 

saturated with vapor with a fugacity of water of 

fH
2
o (P, T0 ) at pressure P and temperature T0; 

a'H
2
o (P0, T0 ) is the activity of water in melt in 

equilibrium with vapor with a fugacity of water of 

!H
2
o(Po, To) at pressure P0 and temperature T 0 ; 

V'P.';o(P, T0 ) , taken to be a constant, is the molar 

volume of water in the melt in its standard state; and 

R is the gas constant. 

The data shown in Fig. 4a and b can be evaluated 

in terms of equation (2) given an expression relating 

the concentration of water in the quenched melt to 

the activity of water in the melt. We choose a stan

dard state for dissolved water in the melt equal to 

that for dissolved molecular water and adopt the 

approximation that the activity of molecular water 

can be described by Henry's law; i.e. 

Provided the molecular water concentrations of the 

quenched glasses are not significantly changed on 

quenching, the validity of the Henrian approximation 

can be evaluated by plotting water fugacity against 

the mole fraction of molecular water in glasses 

quenched from melts equilibrated with vapor at con

stant total pressure [the variation in water fugaci ty at 

constant total pressure is achieved by varying the 

composition of the vapor (Blanket al., 1993a)]. In this 

case, the volume-dependent term drops out of equa

tion (2) and activity is directly proportional to fuga

city, so if the concentration of molecular water is 

proportional to water fugacity, it must also be pro

portional to activity. The same test can be carried out 

using solubility data from runs equilibrated with 

vapor over a range of low pressures provided the 

range of total pressures is sufficiently small that the 

Fig. 4. (a) Total H20 (wt% from 3530 em - I band) plotted 

against water fugacity for MORB liquids in equilibrium with 
' pure' H 20 and mixed H 2Q-C02 fluids . Errors in water concen

tration are lu from Table I. Errors in water fugacity are smaller 

than the size of symbols. (b) Comparison of new experimental 

results for the solubility of H 20 (wt %) in MORB with previous 
results on basalt in equilibrium with pure water (Khitarov el al., 

1959; Hamilton et al., 1964) and mixed H 20-c02 vapor (Kadik 

el al. , 1972). Model curves in both (a) and (b) were calculated 

using a regular solution model for speciation of water with the 
coefficients for albitic glasses (Silver & Stolper, 1989; see caption 

to Table 5), where the activity of water in the melt is given by 
Henry's law for molecular water [equation (2)]. (c) Comparison 

of water solubility in basaltic melts with that in albitic and ortho-
clasic melts at 1200"C (Silver el al., 1990). 
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pressure-dependent term in equation (2) can be 

neglected (Silver et at., 1990). 

Figure Sa shows the relationship between mole

cular water content and water fugacity for the H 20-

and H 20-C02-saturated experiments from this 

study. The relationship is clearly Henrian. Using 

only the P < 510 bar data, the best-fit line (dotted 

In Fig. Sa) IS X 'H2o= 3·2 ± 0·1 X I o-s !H20 
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(R2 = 0·95). The solid curves in Figs 4a and Sa show 

the calculated total and molecular water solubility 

(i.e. PTotal = PH,o) based on a best fit to equation (2) 

using our data and higher-pressure experiments from 

the literature (see next paragraph). It should be 

noted that although the results of the H 20-C02-

saturated experiments should be slightly displaced 

from the solid curves in Figs 4a and Sa (to lower 

total and molecular water contents for a given water 

fugacity) because of the pressure-dependent term in 

equation (2), in fact this effect is too small to be 

detectable at the low pressures of our experiments 

given the relatively small V~';' 0 . The conclusion that 

the activity of molecular water can be described by 

Henry's law is an important one in that it means 

that spectroscopically measurable variations in the 

concentration of molecular water provide an accu

rate approximation to variations in the thermo

dynamic activity of water in basaltic melt. This has 

previously been shown to be the case for a range of 

more highly polymerized aluminosilicate composi

tions (Silver et at., 1990; Blank et at., 1993a) and 

appears to be a general result at low pressures. 

By combining our data and those given by 

Hamilton et al. (1964) and Khitarov et al. (1959) 

from higher pressures, it is possible to obtain a 

value for V~':Q, given the assumptions that afi
2
o ex 

XH
2
o,mol and that the dependence of molecular 

water content on total water content in water-rich 

basaltic melts from the higher-pressure experiments 

can be described by the extrapolation of the regular 

solution fit to the speciation data shown in Fig. 3. 

Taking P0 = 1 bar and T0 = 1200°C, we have fitted 

these data to equation (2) to obtain best fit values 

of aH
2
0( 1 bar, J200°C) = (3·28 ± 0·06) X } 0-S and 

V~~o = 12 ±I cm
3
fmol. These parameters yield a n 

excellent fit to available solubility data, as shown in 

Fig. 5. (a) Linear relationship between molecular H 20 , deter
mined from the 5200 em - I absorbance, and /H,O indicating Hen

nan behavior over pressure range investigated. Error bars are I <1 

errors from Table I; symbols with no error bars have errors smal

ler than the size of the symbol. Dotted line is linear fit based on P 

< 510 bar data (XH',o,mot = (3·2± 0·1) X 10-
5 

/H,o, K=0·95}; 
continuous line is calculated from equation (2) using a'li,o ( I bar, 
1200°C} = (3·28 ± 0·06) x 10-

5 
and Vf.t:'o of 12 ±I cm3fmol. (b) In 

(XH',o,motlfH,o) vs P for basaltic glasses from this study, Khitarov 
tl a{. {1959) and Hamilton tl al. (1964). Water activities in the 
higher-pressure experiments for which speciation measurements 

were not available were calculated assuming that the dependence 

of molecular water content on total water content can be 

described by the fit to the albitic glass speciation data. The slope 
of the line is- Vf.t';ofRT and gives a VJ.t,'Q of 12 ±I cm3fmol. (c) 

Plot of X'li,o,modX'H',o, mol vsfH,oiJ'H,o showing that the ratio of 
the amount of molecular water dissolved in melt in equilibrium 

with mixed H 20 - C02 vapor phase to that dissolved in melt in 
equilibrium with a pure H 20 vapor phase calculated using our fit 

to equation (2) is equal to the ratio of the water fugacities in the 

mixed and pure vapors. 
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Fig. 4, where the solubility of water as a function of 

PTotal = PH,O calculated using these parameters is 

compared with the data. Moreover, the extra

polated 1-atm solubility of water in basalt at 

1200°C using these values is 0· 11 wt %, in good 

agreement with values of 0·1 0-{)·11 wt% based on 

experimental determinations of the water contents 

of vapor-saturated tholeiitic melt at 1 atm [ ( I) H 2-

H20 gas mixture, XH:.o = 0·98, total H 20 = 0·095 

wt %; (2) H 2-C02 mixture, X"H
2
o = 0·05, total 

H 20 = 0·026 wt% (Baker & Grove, 1985; M. 

Baker, personal communication, 1993]. Calculated 

water solubilities using these parameters are listed 

in Table 5 (below) at various PtotaJ = PH,O· 

The assumption of constant V't\';0 can be eval

uated by plotting In (XH,o,mollfH,o) vs P (Fig. 5b) , 

in which the slope of an isotherm is - Vt\';o fRT, 

again making the Henrian approximation that aJi,o 
ex XJi,o,mol· It should be emphasized that XJi

2
o ,mol 

values for the higher-pressure experiments are 

calculated from the total water contents using the 

extrapolation of the regular solution fit to the spe

ciation data shown in Fig. 3b. The results are well 

described by a single straight line, corresponding to 

a constant V'J.i';o of 12 ± I cm
3
fmol, although the 

scatter in our low-pressure data is too great to 

determine if there is a decrease in slope and thus in 

the partial molar volume of water at low pressures as 

has been proposed for rhyolitic melts by Silver et al. 

(1990) . H owever, like the near-zero value for rhyo

litic liquid (Silver et al., 1990), our value for Vt\';o in 

MORB liquid is lower than those for other silicate 

liquid compositions (17-25 cm3fmol; Table 4 ). 

In Fig. 5c we have plotted the ratio of the con

centration of molecular water in the sample to its 

concentration in melt saturated with pure water 

vapor [this ratio is equal to the activity of water in 

the melt given the Henrian approximation if the 

standard state at each pressure and temperature is 

the water-saturated melt under the same conditions; 

this is equivalent to the standard state adopted by 

Burnham & Davis ( 1971 )] versus ratio of the fuga

city of water in each experiment to the fugacity of 

pure water under the same conditions (this ratio is 

equal to the activity of water in the vapor and 

approximately equal to the mole fraction of water in 

the vapor). The 1:1 relationship shown in Fig. 5c is 

an alternative way to demonstrate the validity of the 

Henrian approximation we have adopted and 

emphasizes that the effect of C02 in the vapor is 

simply one of dilution; i.e. the amount of molecular 

water that dissolves in the melt is lowered by the 

same factor by which the fugacity of water is lowered 

owing to the dilution of the vapor with C02 or any 

other vapor species. 

C02 solubility in basaltic melts in 

equilibrium. with mixed H20-C02 vapor 

Nine successful experiments with a mixed H 20 - C02 
vapor phase (Xco, = 0·42-{)·97) were conducted in 

the rapid-quench IHPV at 1200°C at total pressure 

between 210 and 980 bar. Experimental conditions 

and dissolved carbonate and water concentrations 

are reported in Table I. As discussed above, three 

experiments (Nos 18M, 20M and 21M) in which 

oxalic acid dihydrate was used to produce a mixed 

H 20-C02 vapor phase have well-constrained H 20 

and C02 fugacities based on manometric analysis of 

the quenched vapor or mass balance calculations. 

The vapor-phase composition for the other mixed 

vapor experiments could not be determined by mass 

Table 4: Estimates of the partial molar volume of H20 in silicate liquids 

Composition W:·m 
H, O Prange Trange Reference 

(cm3/mol) (ltbar) (OC) 

NaAISi30 8 17-22 3-8 1000 Burnham & Davis (1971) 

NaAISi30 8 -22" 1-8 1000 Silver eta!. (1990) 

- 25 1- 7 900-1340 Silver eta!. (1990) 

Ca-AI-si licate -16 1- 5 1180 Silver eta/. (1990) 

-17 20 1240 Hodges (1974) 

Basalt - 12 0·18-8 1100-1200 This study and data from Khitarov eta!. (1959) and Hamilton eta!. (1964) 

Rhyolite -o <1 ·5 850 Silver eta/. (1990) 

Modified from Lange & Carmichael (1990). "vtl ~ 'O may be much lower at low water contents as inferred by Silver & Stolper (1989) . 
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Table 5: Model water speciation and water and carbon dioxide solubility in basaltic melt at 

1200°C 

p X a• leo,• 

(bar) (bar) (wt%) (wt%) (wt%) (bar) (p.p.m.) 

0·000 0 ·005 0·002 0 ·00 0·11 0 ·11 0·5 

5 5 0·000 0 ·010 0·005 0·01 0·24 0 ·25 5 2 

10 10 0·000 0 ·013 0·007 0·02 0 ·33 0 ·35 10 5 

25 25 0·001 0·019 0·010 0 ·04 0 ·48 0 ·52 25 11 

50 50 0 ·002 0 ·026 0·015 0·08 0 ·65 0·73 51 23 

100 100 0 ·003 0·034 0·020 0 ·16 0 ·86 1 ·02 102 46 

200 199 0·006 0 ·044 0·028 0·32 1-10 1 ·42 209 92 

300 298 0·010 0 ·050 0·035 0 ·48 1·25 1·73 320 138 

400 397 0·013 0·054 0 ·040 0 ·63 1 ·37 2 ·00 436 185 

500 496 0·016 0 ·058 0·044 0·78 1-46 2 ·24 557 232 

600 595 0·018 0 ·061 0·049 0·93 1 ·53 2 ·46 683 279 

700 694 0·021 0 ·063 0·053 1·08 1 ·59 2 ·66 815 326 

800 794 0·024 0 ·065 0 ·056 1 ·22 1 ·64 2 ·86 952 374 

900 893 0·027 0·066 0·060 1 ·36 1 ·68 3 ·04 1100 422 

1000 993 0·030 0 ·068 0·063 1·50 1·72 3 ·22 1240 471 

2000 2032 0·055 0·075 0·092 2·83 1 ·93 4·76 3130 979 

3000 3190 0 ·078 0·076 0·116 4·08 2·00 6 ·08 5920 1534 

4000 4526 0·100 0·076 0·138 5·31 2·01 7·32 10000 2142 

5000 6092 0·122 0 ·074 0·160 6·56 1 ·99 8·55 15850 2810 

8 Fugacity of pure water and carbon dioxide were calculated using a modified Redlich-Kwong equation of state (Holloway, 1977} 
assuming PH,o = PTotal or Pco, = PTotal· bMole fractions of molecular water in the melt were calculated using a Henrian model for the ac
tivity of water in the melt [Equation (2}] and a V::·,'O of 12 cm3 /mol. <Mole fractions of hydroxyl groups were calculated using a regular 

solution model {Silver & Stolper, 1989}; using - In [(X"' < JF,! l ~ 
1
] =A'+ B'XoH + C XH,o. mol• where A'= 0·403, 8 ' = 15·333 and 

H2011"101 H20.MGl 

C = 1 0·894, and molecular weight for basalt of 36· 594 }. 

dX B =X'fl,o. mol+ X()H/2. 
8 wt%H20mo1 = (1801 ·5X a+ 18·579 wt%H20T0 ,x';l 0 }/36·594. 
f • -wt%0H =wt%H20Tot-wt%H20mol. 
gwt %H20To1 =1801·5Xa/(36·594-18·579Xa}. 
hMole fraction carbon dioxide in the melt calculated using equation (4} with a V~pof 23 cm3/ mol. Concentration of C02 (p.p.m.} cal
culated from 1 04 

[ 4400 ~o/ (36· 594 - 44 X'Eo,} ]. 

balance because these experiments were conducted 

usmg pure Ar gas as the pressunzmg medium, 

resulting in significant and variable amounts of H 2 

loss from the capsule during the runs. Vapor-phase 

compositions for these runs were calculated indir

ectly via the following procedure. First, the water 

fugacity was determined from the measured con

centration of molecular water in the quenched glass 

and the relation between water fugacity, total pres

sure and the mole fraction of molecular water in the 

melt [equation (2)]. As there is a unique correspon

dence between water fugacity and vapor composition 

at a given pressure and total pressure assuming the 

vapor is composed only of H 20 and C02, we were 

then able to determine the mole fractions of H 20 

and C02 (and the fugacity of C02 in the vapor) at 
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eta . . ' :\ . . . ': 
the run conditions. The XH

2
o values calculated in 

this way are 0·39 and 0·45 for runs Nos 20M and 

21M versus manometrically determined values of 

0·39 and 0·40. Based on this comparison, we estimate 
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that the xH.o values determined by this procedure 

are accurate to -15%. 

Concentrations of dissolved C02 in the experi

mental glasses range from 63 to 315 p.p.m. C02 and 

are proportional to the leo, in the coexisting vapor 

(Fig. 6a). Carbonate is the only form of dissolved 

carbon detectable by infrared spectroscopy in these 

glasses, consistent with previous results on natural 

and synthetic basaltic glasses (Fine & Stolper, 1986; 

Stolper & Holloway, 1988; Dixon et al., 1988; Dixon 

el al., 1991). Also plotted are data from two glasses 

quenched from melts equilibrated with pure C02 

vapor [TT152-2 and -5 from Stolper & Holloway 

( 1988)] and data from Pawley et al. ( 1992) for glasses 

quenched from melts equilibrated with CO-C02 

vapor. C02 concentrations in samples TI152-2 and 

-5 were reanalyzed for this study, so that all data 

were obtained using a consistent background

subtraction scheme, and are -10% higher than the 

values reported by Stolper & Holloway ( 1988). The 

highest pressure run of Stolper & Holloway ( 1988) 

was not included in this data set because the run 

failed after an hour and could have anomalously low 

C02 concentrations (Stolper & Holloway, 1988). 

The data of Pawley et al. ( 1992) are systematically 

-20% higher than ours at the sameleo
2

, but over

lap with ours at the lo- level (:: 15%). The C02 
concentrations in basalt in equilibrium with a mixed 

H20 -C0 2 vapor phase measured by Kadik et al. 

(1972) and Shilobreyeva & Kadik {1989) range from 

2 to 20 times higher than those from this and other 

recent studies (Stolper & Holloway, 1988; Mattey, 

1991; Pawley et al., 1992; Trull et al., 1992) and are 

not shown. 

C02 concentrations of runs No. 33B (62 ± 6 

p.p.m., held at a total pressure of 503 bar for 2 h 

with leo
2 
= 207 bar) and No. 20M (72 ± 7 p.p.m., 

Fig. 6. (a) Concentration of C02 (p.p.m.) plotted againstfco, in 
basaltic glasses from this study and from Pawley tl al. (1992), 

where mells were equilibrated with a mixed CQ-C02 vapor 

phase. C02 fugacities calculated using MRK equations of state 

for H20-c02 mixtures (Holloway, 1977) and CG-C02 mixtures 

(Holloway, 1987). Curve calculated using equation (4) and shows 

that the solubility of carbon dioxide is a simple function of fco, 
regardless of the composition of the vapor. The data of Pawley tl 
al. (1992) are -20% higher than ours. Errors for our data are lu 

from Table I and for Pawley tl al. data are± 50 p.p.m. (b) Con

centration of C02 (wt%) plotted againstfco, comparing the fit to 

our low-pressure data with results of higher-pressure experiments. 

(c) Xco,/Xoo, vsfco,/JCo, showing that the raL.io of the amount 
of carbon dioxide dissolved in melt in equilibrium with mixed 

H20 - C02 or C0-c02 vapor phases with respect to that dissolved 

in melt in equilibrium with a pure C02 vapor phase is equal to the 

activity of C02 in the vapor. Because the data of Pawley tl ai. 
(1992) are systemaL.ically higher than ours by -20%, Xoo, values 

were calculated using equation (6) and best-fit values for aW. 
of 3·8 x 10- 7 for data from this study and 5·3 x 10- 7 for data froln 

Pawley el al. ( 1992). 
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held at a total pressure of 424 bar for 3 h followed by 

310 bar for 3 h with a final fco
2 

= 20 1 bar) agree 

within error, indicating that equilibrium was 

reached on the time scales of the experiments. 

Moreover, the agreement of the C02 concentrations 

in the No. 33B-No. 20M experiment pair (different 

total pressures, but similar /co.) , and also in the pair 

No. 35B (mixed H 20-C02 vapor, /co. = 531 bar) 

and TT152-5 from Stolper & Holloway (1988; pure 

C02 vapor, /co
2 
= 560 bar) shows that the solubility 

of carbon dioxide as carbonate at these low pressures 

is a simple function of /co,, regardless of total pres

sure or the composition of the vapor. This is also 

demonstrated by the similarity of our results on 

melts saturated with pure C02 and H 2Q-C02 vapor 

to those of Pawley et al. ( 1992) on melts saturated 

with CO- C02 vapor (Fig. 6a) . 

The solubility of carbon dioxide in basaltic melts 

can be described by the following reaction (see Stol

per & Holloway, 1988) : 

C02 (vapor) + 0 2- (melt ) = CO~ - (melt) . (4) 

The equilibrium constant for the reaction at P and T 

IS 

a~ 0 2 _ (P, 7) 
K(P)T = ' (5) 

a0._(P, T)fco
2
(P, T) 

wherefco,(P, T) is the fugacity of carbon dioxide in 

the vapor coexisting with the melt and the activities 

of carbonate and oxygen in the melt are relative to 

standard states defined by the pure melt species at 

the temperature and pressure of interest, such that 

ao•- (P, T ) = 1 for C02-free melt at P and T and 

aeor(P, T ) = I for a hypothetical melt consisting 

only of carbonate groups. Assuming the melt can be 

treated as an ideal mixture of co~ - groups and 0 2-

ions (Fine & Stolper, 1985; Stolper et al., 1987), then 

the activities in equation (5 ) can be replaced by 

mole fractions of each species (see footnote to Table 

1) . Because XC:o:- is so small, the XO-• terms at P 
and P0 effectively cancel, resulting in the following 

expression for the pressure dependence of activity of 

dissolved carbonate at constant temperature ( T0) : 

~o • -(P, T) = 
' 

~ (P T )fco. (P, To) { - ~V~ · m(p- Po)} 
co~ - 0

' 
0 fco.(Po, To) exp RTo (

6
) 

where ~ V~ · m = ( V"cio•- ) - ( J'ci~) and J'ci~ and 

Vci~ •- ) are the molar Volumes of the melt species in 

theif standard states and have been taken to be 

independent of P and Tin deriving equation (6). 

Taking P0 = I bar, T0 = I200°C, and ~ V~ · m = 23 

cm
3
/mol (Pan et al., 1991 ), the best-fit value for 

~o •- (I bar, 1200°C) is (3·8 ± 0·1 ) x 10- 7 based on 

our ~at a [or ( 4·8 ± 0·2) x 10- 7 based on our data 

plus the data of Pawley et al. ( 1992) for CO- C02-

saturated melts). The correspondence between the 

curve calculated using these parameters and our 

data (Fig. 6a) demonstrates the suitability of the 

Henrian approximation for the carbonate species in 

basaltic melt under these conditions. The I-atm 

solubility of carbon dioxide in basalt at 1200°C using 

these values is calculated to be 0·5 p.p.m. by weight. 

Calculated C02 solubilities over a range of pressures 

are listed in Table 5. A useful, but less precise 

[because of the volume term in equation (4) and the 

varying fugacity coefficient for C02 even under these 

conditions] rule of thumb for C02 solubility at total 

pressures less than ~800 bar is that the solubility 

increases ~47 p.p.m. for every pressure increase of 

100 bar (equivalent to 47 p .p.m. per km water 

depth) . When extended to higher pressures (Fig. 6b), 

our model parameters for C02 solubility give values 

intermediate between the results of Pan et al. ( 1991) 

and Mattey (1991). 

The best-fit value for a~ 0 2 _ ( I bar, 1200°C) based 

on our data is ....., 30% highef than the value given by 

Stolper & Holloway (1988). Several factors con

tribute to the higher solubility estimate, including 

more data, improvements in the background-sub

traction procedure (leading to an increase in con

centration of ~ 10% for the two reanalyzed 

samples), and omission of Stolper & Holloway's 

highest pressure run. This revision does not, how

ever, imply that the C02 concentrations data 

reported by Dixon et al. ( 1988) are systematically 

low by 20% as recently suggested by Blank et al. 

( 1993b). 

The assumed value of Ll V~·m from Pan et al. ( 199I ) 

is sufficiently high that the pressure-dependent term 

in equation (4) results in a noticeable downward 

curvature of the calculated solubility vs fco
2 

curve 

even at pressures as low as 1000 bar (Fig. 6a); the 

effect of this term is dramatic at pressures of several 

thousand bars (Fig. 6b). This effect is, however, still 

too small for us to detect differences between dis

solved carbonate contents of runs in which variations 

in /co. were produced by variations in vapor com

position at constant total pressure and those in which 

the variations were produced by varying total pres

sure. Consequently, all our vapor-saturated C02 

concentrations fall within error on a single curve in 

Fig. 6a, again validating the Henrian approximation 

for C02 solution in basaltic melts under these 

conditions. 

As discussed for molecular water, the validity of 

the Henrian model for C02 solution in basaltic melts 
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in equilibrium with H 20 - C02 vapor can also be 

illustrated on a plot of (Xco,/X'Co,) vs ifco,I.!Co,) 

(Fig. 6c) . All data shown in Fig. 6c, including those 

for CO-C02-saturated basaltic melts (Pawley et al., 

1992), correspond reasonably well to the 1: 1 line. 

Most importantly, the Henrian model for the activ

ity of carbonate in the melt is valid even for melts 

coexisting with C02-rich vapor, where a significant 

enhancement of C02 concentration relative to the 

I : I line was expected based on studies of C02 con

centrations in melts saturated with C02- H 20 vapors 

at significantly higher pressure (Eggler, 1973; Hol

loway & Lewis, 1974; Karlik & Eggler, 1975; Mysen 

et al., 1975, 1976; Brey & Green, 1976; Mysen, 1976; 

Eggler & Rosenhauer, 1978; Holloway, 1981 ). The 

difference between our results and previous studies 

that reported non- Henrian behavior of C02 (i.e. an 

enhancement of up to 50% in the amount of C02 

that dissolves in silicate melts when Xco, decreases 

from 1·0 to 0·8) could be that our experiments were 

conducted at significantly lower total pressures, 

where the amounts of dissolved water are much 

lower. In other words, the small amounts of water 

dissolved in our experiments ( < 3 wt%) may be 

insufficient to produce a detectable effect on C02 

solution. We also note that similar Henrian behavior 

was observed at low pressures for rhyolitic melts, in 

which carbon dioxide is dissolved nearly entirely as 

C02 molecules (Blank et al., 1993a) . Further work 

will be needed to substantiate the higher-pressure 

effect and to study the transition between Henrian 

behavior we have observed and the more complex 

behavior observed at higher pressures. 

It is significant that Henry's law describes so well 

the solution of C02 in basaltic melts, regardless of 

whether the coexisting vapor is pure C02 or diluted 

with H 20 or CO. It considerably simplifies calcula

tions of the degassing of basaltic melts during ascent 

and eruption, as the thermodynamics of C02 and 

H 20 solution are so simple. In particular, thermo

dynamic properties determined in the end-member 

systems can be accurately applied to calculating 

solubilities in the mixed volatile systems, as these two 

components (and CO) do not appear to influence 

each other's activity coefficients in melt. This is not 

to say that the presence of H 20 in the vapor does not 

influence the amount of C02 that will dissolve in the 

coexisting melt: the decrease in the activity of C02 

in the vapor owing to its dilution with H 20 (or CO 

or other gaseous species) will produce a propor

tionate decrease in the amount of C02 dissolved in 

the melt. Likewise, the amount of molecular H 20 

dissolved in the melt will decrease relative to that in 

a melt saturated with pure H 20 by an amount pro

portional to the decreased activity of H 20 in the 

vapor, owing to its dilution with C02 or other gas

eous speaes. 

SUMMARY 
A series of experiments at 1200°C and pressures from 

200 to 980 bar have been performed to determine 

the solubilities of H 20 and C02 and the nature of 

their mixing behavior in basaltic liquid at conditions 

relevant to seafloor eruption. Our major results are 

as follows: 

( I) The IR spectroscopic technique has been cali

brated in the near-IR region for basaltic glass to 

determine concentrations of hydrous species. Molar 

absorptivities for the 4500 em -I band for hydroxyl 

groups and for the 5200 and 1630 em -I bands for 

molecular water are 0·67 ± 0·03, 0·62 = 0·07, and 

25 ± 3 lfmol-cm, respectively. Molar absorptivities 

determined in several laboratories on a range of glass 

compositions correlate positively and linearly with 

the concentration of tetrahedral cations 
(Si4+ + Al3+). 

(-2) The trends in water spec1atwn in quenched 

MORB glasses are indistinguishable from those in 

albitic glasses quenched from 1400°C and can be 

modeled using a regular ternary solution model with 

the coefficients for albitic glasses (Silver & Stolper, 

1989) . 

(3) Activities of both molecular water and carbo

nate in basaltic melt follow Henry's law at the low 

pressures of our experiments. In contrast to previous 

studies at higher pressures that reported non-Hen

nan behavior of C02 (i.e. an enhancement of up to 

50% in the amount of C02 that dissolves in silicate 

melts when Xco, decreases from 1·0 to 0·8), water 

did not enhance the solution of C02 as carbonate in 

our experiments. It is significant that Henry's law 

describes so well the solution of C02 in basaltic 

melts, regardless of whether the coexisting vapor is 

pure C02 or diluted with H 20 or CO, because it 

means that the thermodynamic properties deter

mined in the end-member systems can be accurately 

used in calculating saturation concentrations of H 20 

and C02 in mixed volatile systems. 

(4) Experimental results for water solubility in 

MORB at pressures from 200 to 980 bar are con

sistent with those of previous studies at higher pres

sures. A best fit to our data and existing higher

pressure water solubility data gives estimates for 

Xfi:o of 12 ±I cm
3
/mol and for the a'H:,o ( I bar, 

1200°C) of (3·28 ± 0·06) x 10- 5 (equivalent to a 1 

bar water solubility ofO·ll wt %). 

(5) A best fit through our experimental results for 

C02 solubility in MORB at low pressures using a 

L1 V~·m of 23 cm3fmol (Pan et al. , 1991 ) yields an 
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a6~ 2 - ( I bar, 1200°C) of 3·8 x 10- 7 (equivalent to a 

1-b!r C02 solubility of 0·5 p.p.m.). Our estimate of 

C02 solubility is ~ 20% higher than that reported 

by Stolper & Holloway ( 1988). 
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