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Solubility mechanisms of carbon dioxide in silicate melts: a Raman spectroscopic study
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Abstract

Determinations of carbon dioxide solubility in melts of CaMgSirOu and NaCaAlSirO,
composition at high pressure and temperature have been combined with Raman spectro-

scopic measurements of quenched melts to determine the structural role of CO, in silicate

melts.

Carbon dioxide solubility increases with increasing temperature under isobaric conditions
between 1450o and 1700'C and decreases as a function of increasing temperature below
1450" and above l700oC. We suggest that these contrasting temperature dependences are a
result of similar contrasting behavior of the fugacity of COr.

Carbon dioxide dissolves in silicate melts predominantly as CO3-. This anion is most likely

closely associated with one or more network-modifying cations. In the present melts we sug-
gest that (CaCO3)o complexes are formed.

The CO, contents of the quenched melts are systematically correlated with structural

changes of the network of the melts. The anionic structure of alkaline earth metasilicate melts

is predominantly a combination of structural units that, on the average, have 4, 2, and I non-

bridging oxygens per silicon (NBO/Si). These structures are referred to as monomers, chains,

and sheets. The formation of carbonate is associated with a lowering of the proportion of
monomers in the melt and an increase of the proportions of chain and sheet units.

The principles of CO, solubility mechanisms derived from melt of CaMgSi2Ou composition

also apply to melt of NaCaAlSirO, composition. The solubility mechanisms in the two types

of melts differ in detail, however, as the latter melt contains a large proportion of aluminum
in tetrahedral coordination, which combined with the silicon results in a higher degree of po-

lymerization of the melt. The NaCaAlSirO, melt consists of structural units that, on the aver-

age have 2, l, and,0 nonbridging oxygens per tetrahedrally coordinated cation (NBO/T).

These units are referred to as chains. sheets. and three-dimensional network structures. re-

spectively. When CO, is dissolved in such melt, the three-dimensional network units become

more dominant at the expense of chain units.

We suggest that the NaCaAlSirO, melt composition is a better model for natural basalt

magma than CaMgSirOu melt. On the basis of our observations, we conclude, however, that

the predictions of CO2 solubility behavior in natural basalt melt based on studies with binary

silicate systems provide an accurate basis for understanding the role of CO, in silicate melts.

Introduction

The presence of CO, during the formation and
evolution of igneous rocks is well documented. Car-
bon dioxide is one of the major components of vol-

canic gases (Gerlach and Nordlie, 1975).It is also a
major volatile component in glass and fluid in-

clusions in phenocrysts in basalts (Roedder, 1965;

Green, 1972;Delaney et a|.,1978). Its presence in the

upper mantle during partial melting is documented
(McGetchin and Besancon, 1973; see also lrving and
Wyllie, 1975, for review of data).
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Phase-equilibrium measurements on Cor-bearing

systems relevant to igneous processes in the upper

mantle have shown that the presence of CO, results

in enhanced stability of more polymerized minerals

relative to those observed in the absence of CO,

(Eggler, 1975; Huang and Wyllie, 1976; Eggler and

Rosenhauer, 1978; Eggler et al., 1979). As a result,

partial melts of peridotite + CO, are more basic than

those formed by partial melting of COr-free perido-

tite (Wendlandt and Mysen, 1978).

On the basis of the data summarized above and in-
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frared measurements of quenched, COr-saturated sil-

icate melts (Mysen et al., 1976; Brey and Green,

1976;Eggler et al.,1979), it has been suggested that

CO, is dissolved in silicate melts primarily as COI-.

It has also been suggested that the silicate melt be-

comes more polymerued as a result of the formation

of this carbonate anion. The effect on the melt struc-

ture of solution of CO, has not, however, been deter-

mined. In order to determine the structural role of

CO, in rock-forming silicate melts under conditions

relevant to magma formation and evolution, Raman

spectroscopy of silicate melts with and without CO,

has been used in conjunction with solubility determi-

nations on selected melt compositions.

Starting materials

Two melt compositions were chosen for CO, solu-

bility studies (compositions: CaMgSirOu-Di melt,

and NaCaAlSirOr-Sm melt). In addition, six COr-

free compositions on the join CarSiOo-SiO2 were

studied in order to substantiate the band assignments

in the Cor-bearing samples. This join was chosen be-

cause of its chemical simplicity; only Sio* is in tet-

rahedral coordination. The overall ratio of non-

bridging oxygens to tetrahedral cation (NBO/T) is a

simple function, therefore, of the CalSi (atomic) ra-

tio. Furthermore, there are other published data on

melt compositions where Ca'* is substituted with

other alkaline earth and alkali metal cations.

For the CO, solubility studies, Di melt was used, in

part because of the significant amount of available

experimental data on Di-bearing systems and also

because no amphoteric oxides exist in Di melt. A di-

rect correlation between dissolved carbonate anions

and their influence on the Si-O network may result.

Sm melt was chosen because of the presence of a

large proportion of aluminum, which may act as both

a network former and a network modifier. In vola-

tile-free Sm melt, all Al is probably a part of the sili-

cat€ network where Al exist as (CaAlrOo)o or as

(NaAlOr)o complexes (Virgo et al., 1979). The possi-

bility exists, therefore, that with the formation of

CO? anions as CaCO, or NarCO. a portion of the

aluminate complexes may dissociate, as some of the

modifying cations in the aluminate complexes are

needed to form carbonate complexes. As a result of

this mechanism, some Al may no longer be in the

network, and the melt must depolymerize because of

dissolved COr.

Experimental technique

The starting materials were mixtures of Johnson-

Matthey spectroscopically pure SiOr, AlrO., MgO,
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and CaCOr, and reagent grade NarCOr. All high-

pressure experiments were conducted in solid-media,

high-pressure apparatus (Boyd and England, 1960)

using sealed Pt containers of 3 mm O.D. in a furnace

assembly of 0.5" diameter. Inasmuch as the furnace

parts must be kept dry to avoid formation of H, with

the resultant formation of reduced carbon species in

the experimental charges (Eggler et al., 1974), the

furnace parts were dried thoroughly prior to each ex-

periment.

All experiments were carred out with the piston-

out technique and with no pressure correction for

friction (Boyd and England, 1963). The uncertainty

of the pressure is about -rl kbar. Thermocouples

were Pt-Pt90Rhl0 with no correction on the elec-

tromotive force for pressure. The uncertainty of the

temperature due to this simplification is 6"-l0oC, de-

pending on the temperature (Mao et al., l97l).

Quenching rates were of the order of 250"C/sec.

Selected high-pressure experiments had run dura-

tions up to I hour at l700oC. The thermocouple drift

at such high temperatures depends, to a large extent,

on the purity of the alumina thermocouple insulators

(Mao et al., 197 l; Presnall et al., 1973). In the present

studies, McDanel grade 998 alumina was used in all

experiments. With this high-purity alumina, the

thermocouple drift is about 10" per hour at 1700'C.

Inasmuch as the uncertainty of the temperature is al-

ready about lO"C due to the largely unknown influ-

ence of pressure of the emf, no further refinement of

the temperature monitoring system was carried out.

High-pressure experiments of COr-free melts of Di

and Sm composition were carried out with glass

starting materials. The run durations were the same

as for the COr-bearing samples at the same temper-

ature and pressure. The one-atm glasses were

quenched after 30 minutes at 1500'C. All samples

were contained in Pt capsules (sealed).

The six melt compositions on the join CarSiOo-

SiO, were prepared at l650oc in a vertical quench

furnace with molybdenum disilicide heating ele-

ments. [n order to avoid contamination of the sam-

ples by conventional quenching in water or mercury,

the samples were quenched in a Pt crucible standing

in liquid nitrogen. The quenching rate with this tech-

nique is on the order of 500o,/sec over the first

1000'c.
The CO, contents of the quenched melts were

measured with beta-track mapping (Mysen and

Seitz, 1975), using carbon-14 as source ofthe beta ac-

tivity. This activity was recorded on K-5 nuclear

emulsions supplied by Ilford Co., England. The stan-
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dard was synthetic calcite. The reliability of this

method has been tested against determinations by

several other techniques (e.9., Kadik and Eggler,

1975; Mysen et al., 1976; Eggler et al., 1979) and is

reliable to within less than 5Vo of l}lre CO, content of

the sample.

The Raman spectra were taken on small chips of

quenched bubble-free melt (about 0.5-1.0 mm

cubes). The spectra were recorded with a Jobin-Yvon

optical system, holographic grating, double mono-

chromator (HG25), and a photon-counting detection

system. The spectra were recorded aI 3 cm-'/sec. The

samples were excited with the 488.0 mn line of an

Ar* laser, using a laser power of 200-400 mW at the

sample with 90" scattering geometry. Polarized

spectra were obtained with the focused exciting beam

parallel to the horizontal spectrometer slit and with

the electric vector ofthe exciting radiation in a verti-

cal orientation. A sheet of polarizer disk in front of

an optical scrambler was used to record separately

the parallel and perpendicular components of the

scattered radiation.

As a matter of routine, replicate spectra from the

same chips, from different chips of the same experi-

mental run product, and from duplicate experiments

were also taken.

Equilibrium considerations

The experiments were routinely conducted with a

finely ground oxide * carbonate mixture (l pm grain

size). The carbonate was the source of COr. Mysen e/

al. (1916) conducted solubility measurements at fixed
pressure and temperature but with run durations

varying from I to 60 min. They found that in a vis-

cous melt such as that of NaAlSirO, composition, less

than 5 min was needed to reach equilibrium CO,

concentrations at l450oC and 20 kbar. Longer run

durations did not affect the results. In the present

study experiments of 5 min or longer were always

used. In addition, reversal experiments at 20 kbar

and 1685'C were carried out. These conditions were

chosen because the forward experiments indicated

that melts quenched from this temperature and pres-

sure contained the largest amount of COr. In the re-

versal experiments the sample was first subjected to

l0 kbar and l650oC for l0 min, where the forward

experiments indicated that the solubility was less

than 50 percent of that at 20 kbar and 1685"C. The

conditions were then changed to 20 kbar and

1685"C. About 60 min under these conditions was

needed to reach the same CO, concentrations as in

the initial experiment. Shorter run durations resulted

in heterogeneous charges. The much longer run

lengths needed to achieve equilibrium in the reversal

experiments can be understood by considering the

diffusion distances of CO, in the two types of experi-

ment. During a forward experiment, CO, needs to

move only a few micrometers to become thoroughly

mixed with the oxide components because of the

fine-grained, thoroughly mixed nature of the starting

material. The CO, that does not dissolve in the melt

enters a s€parate vapor phase. During a reversal ex-

periments some of the CO, that initally entered the

vapor phase must redissolve in the melt and move

perhaps several hundred micrometers into the liq-

uids, thus requiring longer time for equilibration.

This agreement between the forward and reversal

experiments indicates that the run durations used for

the routine experiments were sufficient to attain equi-

librium CO, contents of the melts.

Results

CO, solubility

The carbon dioxide solubilities in the melts and

other experimental details are shown in Table l. The

reversal experiment is marked with an asterisk. Car-

bon dioxide contents of quenched melts of Di com-

position as a function of temperature and pressure

are shown in Figure l. The solubilities agree with

those of Mysen et al. (1916) in the pressure and tem-

perature ranges also studied by them. Whereas

Mysen et al. (1976) suggested essentially no temper-

ature dependence of the solubility at 10 kbar, the

present data may indicate a very slight decrease in

CO, content with increasing temperature above

1600"C at this pressure. At 20 kbar the CO, solubil-

ity in Di melt increases rapidly from 1580" to about

Table l. Run data

C o n p o s i t i o n  P r e s s u r e ,

kbar

S a m p l e

N o

Temp., Run Dura- lJt  Z C0,)
' c  

t  i o n ,  n - i n

t 0
1 0
t 0
t0
2 0

1000
r02  3
r002
L  0 0 4

L 0 l 9  *

9 9 7

1 0 1  4

995

1 0 1  8

l 0  l 6

1 0 5  6

r o 7 3
r a 7  4
7062
r068
r072

Di + co2
Di  +  c02
Di  +  c02
Di + co2
Di  +  co2

Di + co2
Di  +  c02
Di  +  c02
Di  +  co2
Di  +  c02

Sm t  C02
Sn + CO2
Sn +  C02
Sm + CO2
Sm + CO2
Sm + CO2

1 . 5 5  i  0 . 0 2

2  0 0  1  0 . 0 6

1 . 9 5  1  0 . 0 5

1 . 8 5  1  0 . 0 7

3 . 1  1  0 . 1

3 . 3 8  i  0 . 0 8

4 . 8  !  0 . 2

2 . 1 7  !  0 . 0 9

3 . 6  1  0 . 1

5 . 0  t  0 . 2

5 . 2  !  0 , 2

3 . 9  !  0 . 2

3 . 8  1  0  1

4 . 9  !  0 . 2

4 . 4  !  O . 2

5 . 9  1  0 . 3

1550
1600
1 6 5 0
1725
r580

r6  50
r685
r725
L7 25
i685

10
1 0
1 0

5
1 5

5
5
5
5

60

6 0
15
1 0
3 0
1 5
t0

2 0
2 0
2 0
2 5
2A

1 0
l 0
1 0
2 0
2 0
2 0

1 2 1  5

1 4  6 0

1 5  5 0

r325
1 4  6 0

1 5 5 0

*Reversa l .
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Fig. l. Carbon dioxide solubility in Di melt as a function of

temperature and pressure.

1700"C. As the temperature is raised further, the CO,
content of the melt is lowered. There is therefore a
maximum of the COr-solubility curve for Di melt at
20 kbar. The CO, solubility at l685oC and 20 kbar
was confinned by reptcate experiments, time studies,
and reversal experiments. This maximum CO, solu-
bility was not observed by Mysen et al. (1976) be-
cause they did not extend their experiments to suffi-
ciently high temperatures. Holloway et al. (1976)
found, however, that CO, solubilities in melts on the
join CarSiOo-MgrSiOo also reached a maximum and
then decreased as the temperature was raised above
1700"C at 20 kbar, and they suggested a structural
interpretation for this observation. The CO, solubil-
ity in a melt of natural nephelinite composition
(Mysen et al., 1975) also passed through a maximum
near l700oC at 20 kbar (Mysen and Eggler, unpub-
lished data, 1977).

Inasmuch as the structures of ortho- and netasili-
cate melts differ substantially in the degree of polym-
erization (Brawer and White, 1975; Verweij and Ko-
nijnendijk, 1976; Furukawa et al., 1978), it is not
likely that the hypothesis of Holloway et al. (1976),
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suggesting that the melt must be nearly completely

depolymerized at l700oC, can be used to explain the

data.
The carbon dioxide solubility in Sm melt displays

a more complex behavior with temperature than is

the case for Di melt (Figs. I and 2). At both l0 and

20 kbar the solubility decreases with increasing tem-

perature immediately above the liquidus (above

about 1300oC). At l0 kbar the rate of decrease di-

minishes as the temperature is increased, whereas at

20 kbar the CO, solubility in Sm melt passes through

a minimum with increasing temperature at about

1450"C. At high temperature the CO, solubility in-

creases.
Data on carbon dioxide solubility in silicate melts

at temperatures below 1460"C are scarce. It is not

possible to decide, therefore, whether the unusual

temperature dependence of the solubility in the tem-

perature range below 1450'C in Sm melt is due to

the thermodynamic properties of CO, or to the struc-

tural features of Sm melt in this temperature range.

Mole "/" CQ2

10  15  20

NaCaAlSi20T + CO2

10 Kbar

0 1 2 3 4 5 6 7

Wt % CO2

Fig. 2. Carbon dioxide solubility in Sm melt as a function of

temperature and pressure.
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Raman spectroscopy

In order to provide a framework for Raman spec-

troscopic band assignments, Virgo et al. (1980) ac-

quired spectra of 14 quenched melts on the joins

CarSiOo-SiO, and CaMgSiOo-SiOr. These spectra

were also ssmpared with the published data on the
joins LirO-SiOr, NarO-SiOr, KrO-SiOr, CaO-SiOr,

and PbO-SiO, (Brawer and White, 1975,1977;Yer

weij and Konijnendijk, 1976; Verweij, l979a,b;

Furukawa et al., 1978; Furukawa and White, 1980).

A result of this comparative study was that for all

these compositions, at given metal cation to silicon

ratio, the same Raman bands occur. The spectra dif-

fer somewhat in resolution, however, presumably be-

cause of variations in local disorder (Brawer, 1975).

The spectra with the best resolution of important

stretch bands are found on the join CarSiOo-SiO,

(Fig. 3; see also Table 2). The dominant feature of

each spectrum is the intense, slightly asymmetric

band in the region 610-673 cm-' combined with an

intense, high-frequency envelope in the region 830-

1060 cm-'. All these bands are strongly polarized.

The Raman spectra on the join CaMgSiOo-SiO, are

similar to those of analogous melts along the join

CarSiOo-SiO, (Virgo et al.,1980).

On the basis of comparison with appropriate crys-

talline analogues, and experimental and theoretical

considerations (Lazarev, 1972; Etchepare, 1972; Bra-

wer, 1975; Brawer and White, 1975, 1977: Furukawa

et al., 1978; Furukawa and White, 1980; Verweij,

l979a,b; Sharma et al.,1979; Virgo et a/., 1980), we

conclude that the band assignments summarized in

Table 3 represent the best interpretation of the Ra-

man data summarized above and exemplified with

Figure 3 and Table 2.

The most important observation made from the

above assignment of the Raman spectra is that there

is a unique set of coexisting anionic structural units

for specific ranges ofthe ratio ofnonbridging oxygen

to silicon. In Table 3, the anionic units are defined on

the basis of average NBO/Si. There are several as-
pects of these conclusions that warrant further com-

ment. [n comparison to other models of melt struc-

ture (e.9., Masson, 1968), the present model is

strikingly simple. This simplicity should not be sur-
prising in view of the fact that when comparing the

crystal structures of silicate minerals, only a few an-

ionic structural arrangements can be found (see Dent

Glasser, 1979, for review).

Previous models of silicate melt structures involve

features such as trimers, tetramers, pentamers etc. in

addition to rings and branched chains. The experi-
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1oo 200 300 o*;o:"",u;:",,10"1 
t 

too e00 1000 1100 1200

Fig. 3. Unpolarized Rarnan spectra of quenched melts on the

join Ca2SiOa-SiO2. All samples were quenched from l650oC at I

atm pressure after 30 minutes. (Ar+ laser, 200-400 mW power.)

mental basis for most of those models has been chro-

matographic data derived from trimethylsilyl deriva-

tives of the silicate polymers (TMS derivatives).

When applying that method to glass structural deter-

minations, certain apparent inconsistencies appear.

First, when comparing results from TMS-derivative

studies to structural data derived from Raman spec-

troscopy of the sarne materials, the results di.fer

(compare, for example, the results of Lentz, 1964
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Table 2. Raman data on quenched melts in the system Ca2SiOa-SiO2

Compos i t lon wavenunDer, cm

I,JL 50
lll. 25
Wo
si,I 70
sl^l 40
CaS i20 

5

352n, p 547 (Sh)

350s ,p  547 (Sh )
345m, p (bd)

343w (bd)
34rw(bd)
355n(bd)

96Os ,p
9 7 0 s , p
962s ,p  1050n ,p
9 6 3 s , p  1 0 5 1 s , p
9 5 7 s , p  1 0 5 5 s , p
9 5 8 s , p  1 0 5 7 s , p

6 7 0 s , p
6 4 7  s  , p
6 2 0 s , p
613s  ,  p
5 8 6 s , p
5 9 3 s , p

830s ,p
8 5 3 s , p
8 6 7 s , p
869w, p
863w
86lw

Sgnbo ls :  wL 50 ,  ca /s i  =  1 .40 ;  wL 25 ,  Ca/s i  =  7 -18 ;  wo,  Ca/S i  =  7 .O0;  Sw 70,  Ca/s i  =  O.82;  Sw 40,  ca /s i  =  0 .67

cas i^o- ,  ca /s i  =  O.50.  A l f  ta t ios  a re  a tomic  ra t ios .
z )

vw, verg weak; w, weak; m, medium; s, strong; (bd), bToad; (Sh), shoulder; p, trDTarized
ttn-arra;nrl1 nn each measurqent is about + 5 m-! except for (Sh) where the unceTXaintg

is  near  L5  cm- t .

with Brawer and White, 1975 for the system NarO-
SiOr, and the data of Smart and Glasser, 1979 with
those of Furukawa et al., 1978 for the system PbO-
SiOr). Second, results obtained with the TMS deriva-
tives are internally inconsistent. For compositions
PbrSiOo and NaoSiOo, the melts have NBO/Si : 4.
The results from the work with TMS derivatives in-
dicate that NBO/Si is less than 3 (Smart and Glasser,
1979; Lentz, 1964). We suggest that the reason for
this discrepancy is condensation of silicate polymers

taking place during solution of the glasses in acid so-
lutions to form the TMS derivatives.

Another feature of most models of melt structure is
a positive correlation between order and proportion

of silicate polymers and bulk NBO/Si of the melt. In
Raman spectroscopic studies, such an evolution
would result in a successive increase of the frequency
of Si-O stretch bands as the number of Si4* cations
in the polymers increases (e.g., Lazarcv, 1972; Bra-
wer and white, 1975; Furukawa and white, 1980;
see also Table 3). On this basis it would be expected
that if anionic structural units with degree of polym-

erization between dimers and chains were formed on

the various binary silicate joins indicated above (see

also Fig. 3), new bands would develop or bands such

as that near 900 cm-t (Fig. 3; Table 2) would shift to

higher frequency as the M/Si of the melt decreased.

There is no spectroscopic evidence for such develop-

ments. We conclude, therefore, that structural units

with NBO/Si between that of a dimer and that of a

chain do not exist in significant amounts in silicate

melts.
The structural unit with NBO/Si : 2 has been re-

ferred to as a chain structure. Ring structures have,

however, the same NBO/Si. The idea of the presence

of ring structures in silicate melts has experimental

support in studies of TMS derivatives of silicate

melts (e.g., Masson, 1968). In view of the discussion

above, it is not clear whether such data give an accu-

rate description of the structure of the melt itself.

Spectroscopic data relevant to the formation of ring

structures are scarce. Lazarev (19'72) discussed spec-

troscopic imprints of ring structures with up to 6 sili-

cons. The simple SirOS- ring has a strong deforma-

tion band near 750 cm-'. No such band occurs in the

spectra discussed here and elsewhere. This type of a

Table 3. Raman frequencies of the stretch vibrations of specific Si-rich anionic units in silicate melts

Struc tura l  un i t N B O / S i
Frequency

( c n - r )
CharacEer is t i cs  o f

vibrational mode

sio2

4

3

2

I

0

850-880

900-9 30

950-970

1050-1100

1065-1200

symet r l -c  s t re tch

symet r ic  s t re tch

symet r ic  s t re tch

symet r ic  s t re tch

ant lsymet r ic  s t re tch

Data  f rom V i rgo  e t  a l .  (7980) .  See tex t  fo r  fu t ther  d jscuss ion .
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ring probably does not occur in these melts, there-
fore. Larger rings (e.9., SLOi;-SLOI3-) show vibra-

tional bands at or slightly above I100 cm-' (Lazarev,

1972). On a spectroscopic basis alone it is not likely,

but not impossible, that the S-band indicated in Fig-

ure 3 is such a band, as its frequency is near 1070

cm-r. Furtheflnore. mass balance considerations in-

dicate that the Raman band in this spectroscopic re-
gion reflects vibrations in structural units with NBO/

Si less than 2. Consider, for example, the spectrum

Wo (CaSiO,) in Figure 3. The Wo composition has

bulk NBO/Si: 2. The strong 870 cm-' and an even
stronger 970 cm-' band reflect the presence in the
melt of structural units with NBO/Si : 4 and 2, re-

spectively. In order to maintain mass balance of oxy-
gen and silicon, there must be structural units in this

melt that have NBO/Si less than 2. Careful analysis

by in particular Verweij (1979a,b) and Furukawa

and White (1980) and also by Virgo el a/. (1980) has

led to the conclusion that the band in the frequency
range between 1070 and ll00 cm-'in the MO-SiO,

and MrO-SiO, melts most likely is a stretch vibration

from a unit that has NBO/Si: l. One might suggest

that such a vibrational mode could stem from end
units in a linear structure. Such an interpretation
does not, however, provide for structural units that
satisfy the mass balance of the melt. It might also be

suggested that the presence of branched chains or
multiple chains in the melt constitutes the structural
unit(s) with NBO/Si less than 2. The end result of

the evolution of such branching is, of course, an in-
finite sheet. The frequency of the band in question
(denoted S in Fig. 3) does not shift with changes in
M/Si. Its intensity increases with decreasing M/Si,
however. On this basis, we conclude that the NBO/Si

of this structural unit does not vary with changes of
bulk NBO/Si of the melt. The possibility of a
branched chain is considered unlikely for two rea-
sons. First, there is no experimental evidence for the
presence of such structures in si l icate melts
(branched chains with NBO/Si less than 2). Second,
according to a survey by Dent Glasser (1979),

branched chains do not occur in minerals. Instead,
chains or sheets are formed. There is no clear reason,
therefore, why one would expect such a structure in a
melt.

A possible explanation for the 1070 cm-' band is
multiple chains. The Raman data do not establish
whether the S-band (Fig. 3) is an infinite sheet or a
finite sheet (multiple chains). In view of the data

summarized above, the structural unit probably has

an average NBO/Si near I (infinite sheet), and the

structural units represented by this Si-O stretch band

in the Raman spectra will be referred to as a sheet.

Because the relative integrated intensities of the

bands assigned to the different anionic species may

not be linearly related to NBO/Si, only a general dis-

cussion of their relative abundances in these silicate

melts is possible at this time. We suggest that mono-

mers are the most abundant species in the melts near

the orthosilicate composition and that they become

increasingly unstable with increasing NBO/Si' but

are still present in the CaSirO, sheet composition. In

contrast, the dimer unit has a restricted range of sta-

bility, with an apparent maximum in its abundance

between the ortho- and metasilicate compositions.

The instability of the dimer species appears to coin-

cide with the appearance of the sheet unit, and with

increasing NBO/Si the sheet and chain species in-

crease in abundance relative to the monomer units.

In view of the above results and mass-balance con-

siderations, we propose that the equilibria relating

the coexisting anionic species are the following dis-

proportionation reactions, which correspond to the

specific ranges of NBO/Si indicated above:

2Si ,Oi- :2SiOi  + Si ,O:-  ( l )

and

3Si,O:-:2SiOi + 2Si,O3- Q)

CaMgSi,Oo+ CO,

Raman spectra of volatile-free Di melt at several

temperatures and pressures are shown in Figure 4,

and band assignments are given in Table 4. The

spectra show an overall similarity in that the same

bands occur at all temperatures and pressures. All

bands are polarized.

The spectra of quenched Di melt consist of a broad

envelope between 850 and ll05 cm-', containing at

least three bands. The strongest band is at 970-980

cm' and does not change frequency appreciably

with changing temperature or pressure. A higher-fre-

quency band of strong intensity occurs as a shoulder

near 1050 cm-'. A third band of intermediate in-

tensity is between 860 and 880 cm-'. This band oc-

curs as a shoulder under all conditions. In addition to

the high-frequency envelope, there is a strong band

near 640 cm-' that shifts to slightly lower frequency

with decreasing temperature. The spectra closely re-

semble that of Wo melt in Figure 3.

Three bands of Gaussian form were fitted inside

the high-frequency envelope of the spectra shown in

Figure 4. Although the presence of more than three
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Wavenumber,  cm'1

Fig. 4A. Unpolarized Raman spectra of quenched Di melt at I

atm and 1550"C (,4) and l400oC (B). (Ar+ laser, 200-400 mW

power.)

bands cannot be ruled out, the spectra shown here

(Figs. 3 and 4), as well as data from other relevant

systems discussed or referred to above, indicate that

only three bands are present. When the data were fit-

ted, the maximum of the high-frequency envelope
was initially assumed to coincide with the maximum

of the strongest band, and the lower portion of the

low-frequency fimb of the high-frequency envelope

was set to coincide with the low-frequency limb of a

band near 870 cm-' (its presence is indicated by the
shoulder in Fig. 4). The cumulative area of the three

bands thus fitted within the high-frequency envelope

equals the area of the envelope within the statistical

uncertainty of the spectra themselves. The results of

this fitting procedure for quenched Di melts as a
function of pressure and temperature are shown in
Figure 5. The frequencies ofall bands are independ-

ent of pressure and temperature. It should be empha-

sized that the existence and frequency of the stretch

bands in the high-frequency envelope are also evi-

dent from the raw Raman data. The curve fitting was

carried out simply in an attempt to get a better im-
pression of the intensity ratios and a more accurate

determination of the frequencies of the individual

bands. Consequently, the structural interpretation of

500 1000

Wavenumber, cm 
-1

Fig. 48. Unpolarized Raman spectra of quenched Di melt at l0

kbar and 1550"C (l), l0 kbar and 1650'C (a), and 20 kbar and

1685"C (C). (Ar+ ion laser, 4880 A line, 200-400 mW power.)

the Raman spectra insofar as the individual struc-

tural units are concerned is not affected by the curve-

fitting procedure. The procedure will, however, give

an impression about how the proportions of the indi-

vidual structural units vary.
The Raman spectra of quenched Di melt indicate,

therefore, that such melts consist of anionic struc-

tural units with an average of 4, 2, and I NBO/Si.

The equilibrium between these units may be ex-
pressed with equation 2 above. The proportions of

the units in a quenched melt are related to the rela-

tive intensities of the bands at 870 cm-' (monomer),

970 cm-' (chain), and 1070 cm-' (sheet). As a melt

becomes more disproportioned, the intensity ratios

I(970)/I(870) and (970)/I(r070) will decrease. The

rate of change of these intensity ratios is not linearly

related to molar proportions of the structural units,

however, because the molar scattering coefficients

differ for the different vibrations considered. The in-

tensity ratios are listed in Table 4. These data show

that both intensity ratios decrease with decreasing
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Table 4. Raman spectroscopic data, CaMgSi2Ou + CO,

.  - l
l i avenumoer ,  cn

893

Sanp le  Conpos l t ion

N o

r ( 9 7 0 ,  1 ( 9 7 0 )

r ( 8 7 0 )  r ( 1 0 7 0 )

1 0 0 7
1006

1 0 1  3

1 0 r 7
I O 2 4

997 Dl + C02
1014 Dl + C0'

9 9 5  D i  +  C 0 2
1 0 0 0  D i  +  c 0 2
1 0 2 3  D r  +  C 0 2
1 0 0 2  D i  +  c 0 2
1 0 0 4  D i  +  c 0 2

0 . 0 0 1  I  5 8 5

0 001 1425

1 0  1 6 5 0

2 0  1 6 5 0

2 0  I  6 8 5

I  0 7 0 n ,  p

1 0 6 8 m ,  p  (  s h )
l 0 7 0 m , p ( s h )

1 0 7 0 m ,  p

1 0 6 6 m ,  p

3 . 5 7  2  5 3
i . 3 l  5 . 6 1

3 - 7 A  2 . 3 6

5 . 6 3  4 . 5 9

3  5 5  2 . 6 6

D 1
D i

D t

D 1
D 1

6 l 2 s , p  8 8 0 m , p  9 8 l s , p
6 3 l s , p  8 8 0 m , p ( , r h )  9 8 0 s , p

6 2 9 s , p  8 7 3 n , p ( s h )  9 7 5 s , p
6 2 9 s , p  8 7 3 n , p ( s h )  9 7 5 s , p
6 3 6 s , p  8 7 2 n , p ( s h )  9 7 8 s , p

6 3 0 s , p  t i 7 4 n , p  9 6 5 s , p

6 l 0 s , p  8 7 3 n , p  9 7 0 s , p
6 3 0 s , p  8 7 4 n , p  9 6 l s , p
6 2 8 s , p  8 6 2 n , p ( s h )  9 6 5 s , p
6 0 5 s , p  8 6 l w , p ( s h )  9 6 l s , p
6 2 ( s , p  8 6 5 n , p  9 6 4 s , p
6 1 0 s , r  8 7 9 v , p  9 6 4 s , p

1 0 4 0 m , p  l 0 7 5 s , p

I 0 3 5 n r , p  1 0 7 5 s , p

l 0 l 5 m , p  I 0 7 8 s , p

1 0 3 8 w , p  1 0 7 l s , p

1 0 2 J ! , p  1 0 7 0 s , p

1 0 l o u , p  l 0 7 3 s , p

1 0 4 0 u , p  1 0 7 l s , t

l 4 2 o F i , p  1 5 2 5 v w , p  1 7 3 0 w , p

1 0  1 5 5 0
1 0  1 6 0 0
1 0  1 6 5 0
2 0  1 6 5 0
2 A  1 6 8 5
20 1125

2 5  1 1 2 5

4 6  7 n ,  p  ( s h )

3 . 7 2  3 - 2 9
5  5 5  5 . 0 5

L 7  . 0  1 7 . 0

4  5 9  5 . 3 9

5  7 5  3 . 6 4

*Band present t  bux  too  weak fa r  ass lgnnent

Uncer ta in tU +  5  cn-L-

Sqtuo ls :  s ,  s t rong;  n ,  ned iun ;  w,  weak;  vw,  veLq qeak)  p ,  po la t j zed i  fsh) ,  -sh .u lder

temperature under isobaric conditions and with de-

creasing pressure under isothermal conditions. The

temperature effect is greater at 20 kbar than at I atm,

because the percentage change of both intensity ra-

tios is similar between 1425" and 1585"C at I atm

and between 1650" and 1685"C at 20 kbar. The pro-

portion of chain relative to monomer and sheet de-

creases by about the same amount between 20 and l0

kbar at 1650"C as between 1650" and 1685oC at 20

kbar for quenched, volatile-free Di melt (Table 4).

Addition of CO, to quenched Di melt results in

new bands at 1080, 1450, 1525, and 1730 cm-' (see

Fig. 6 and Table 4). Furthermore, the 650 cm-' band

has developed an asymmetry toward higher fre-

quency. This asymmetry may be caused by another

unresolved band near 700 cm-'. These bands are

characteristic of the carbonate ion (White, 19141'Yer-

welj et al.,1977), the only difference being two bands

at 1450 and 1525 cm ' rather than one or only a mi-

nor splitting into two. This large band separation (75

cm ') may be due to deformation of the CO3 an-

ionic complex relative to the highly symmetric CO3-

CaMgSi206

800 900 1000 1100

Wavenumber,  cm-1

800

800 900 1000 1100
Wavenumber,  cm-1

900 1000 1 100

Wavenumber,  cm-1

800 900 1000 1100
Wavenumber,  cm -1

800 900 1000 1100
Wavenumber,  cm-1

Fig. 5. Results of fitted lines inside the high-frequency envelope of Raman spectra of quenched Di melt as a function of temperature

and pressure (see text for procedure).

1 a t m -
1425'C

l a t m  -

1 5 5 0 ' c

3
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lope three bands near 880,970, and 1070 cm-'can be

discerned in the raw Raman data (Fig. 6). The 1070

cm-' C-O stretch band occurs at nearly the same fre-

quency as the stretch band indicative of sheet struc-

tural units in the COr-free melt (Tables 2-4). This is

also the frequency region where antisymmetric

stretch bands from structural units with NBO/Si: 0

are anticipated (Table 3). A three-dimensional array

of SiO" tetrahedra also results in two deformation

bands between 430 and 480 cm ' (e.9., Bates et al.,

1974). Such bands do not occur in the present spectra

(Fig. 6; see also Table 4). We conclude, therefore,

that three-dimensional network units do not occur in

Di melt with several wt. percent CO, in solution. [n

view of the overall similarity of the Raman spectra

resulting from vibrations in silicate tetrahedral com-

plexes, it seems reasonable to assume that there is an-

other Raman band near (perhaps at the same fre-

quency as) the C-O stretch band at 1070 cm-r.

The data in Figure 6 (see also Tables I and 4)

show that as the CO, content of the Di melt in-

creases, the intensity of the band near 870 cm-' de-

creases. Consequently, we conclude that the propor-

tion of monomers in the melt structure decreases

relative to the other structural units as the CO, con-

tent of the melt increases.

As the CO, content of the melt is increased, the

frequency of the band near 650 cm-' shifts toward

600 cm-'. This observation is interpreted to mean

that the proportion of structural units with NBO/Si

less than 2 becomes more important relative to other

structural units as the CO, content of the melt is in-

creased.

NaCaAlSi,O,+CO,

Provided that Al is in tetrahedral coordination in

Sm melt, this melt has the same number of non-

bridging oxygens per tetrahedrally coordinated oxy-

gen as sodium trisilicate melt (NarSirOr). According

to available data (e.g., Taylor and Brown, 1979,

Yirgo et al., 1979), Al is tetrahedrally coordinated in

silicate melts provided that sufficient metal cations

are present to maintain a local charge of 4+ near the

tetrahedral cation. This requirement will be referred

to as local charge balance.

It has been shown (e.9., Virgo et al.,1979) that tet-

rahedrally coordinated Al in a given structural unit

results in a downward shift of the frequency of the

associated stretch band that is positively correlated

with the Si/(Si + Al) of the structural unit under

consideration. In addition to this effect, such Si(Al)

coupling results in loss of spectroscopic resolution,

500 1000

Wavenumber, cm 
-1

Fig. 6. Unpolarized Raman spectra of Di + CO2 melts at l0
kbar and 1650'C (l), 20 kbar and 1650' (8), 20 kbar and 1685"C
(C), 20 kbar and l'l25oC (D), and 25 kbar and 1725"C (4. (Ar*
ion laser, 4880 A line with 200-400 mW power.)

found in crystalline CaCOr, for example. There is no
evidence in the Raman spectra to indicate the reason
for such deformation.

The spectra reflecting the silicate anionic network
of COr-saturated, quenched Di melts resemble those
of COr-free melts (Figs. 4-6). There are, however,
systematic shifts of frequencies and intensity ratios as
a function of CO?- of the quenched melts.

At l0 kbar the CO, solubility is about 2 wt. percent
(9 mole percent CO]-), with only minor temperature
dependence. The 630 cm-' band (Si-O" bending
characteristic of SirOl- chains) remains near 630
cm-' at l0 kbar pressure. In the high-frequency enve-
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NaCaAlSi2OT

400 500 700 800 900 1000 1 100

Wavenumber .  cm-  1

Fig. 7. Unpolarized Raman spectrum ofvolatile-free Sm melt at l0 kbar and l275oC. See text for discussion ofsuggested line-fitting

in the high-frequency envelope. (Ar* laser, 200-400 mW power.)

600

probably because of increased local disorder. Con-
sequently, the interpretation of the Raman spectra of
Sm melt (19.74 wt. percent Alror) is difficult. In view
of the similar stoichiometry of NarSi.O, and Sm melt
compositions, published Raman spectroscopic results
from the former composition (Furukawa and White,
1979) will be used as an aid in interpreting the Sm
spectra. Furukawa and White (1980), in a careful
analysis of the band assignments in the Raman spec-
trum of NarSirO, melt, concluded that the sheet unit
was the major structural unit in the melt. In addition,
there is a band near 950 cm-' which is assigned to a
structural unit with NBO/Si : 2 (chain). From a
mass-balance point of view, quenched melt of
Na,Si,O, composition (NBO/Si : 0.67) must also
contain at least one structural unit with NBO/Si con-
siderably less than l. Virgo et al. (1980) found evi-
de- ,. "or tl-:.s unit i the existence of rocking bands
near .v0 ':.'r -^ro a bending band near 800 cm-'.

These frequencies correspond to those found for

three-dimensional structural units. The associated

Si-O stretch band most likely occurs near 1060 cm-'.

Its spectroscopic signature is, however, probably ob-

literated by the intense 1100 cm ' band in this com-

position.

The Raman spectrum of Sm melt is shown in Fig-

ure 7 (see also Table 5). The band near 500 cm-' is

near the same frequency as the (Si,Al)-Oo rocking

(deformation) band observed in melts with a three-

dimensional network structure on the joins CaAlrOo-

SiO, and NaAlOr-SiO, (Brawer and White, 1977;

Yirgo et al., 1979), and is considered characteristic of

melts with a three-dimensional network unit. The

band near 650 cm-' is assigned to (Si,Al)-Oo bending

and at this frequency is characteristic of a chain unit

(see also above).

The high-frequency envelope is asymmetric and

indicates the presence of at least two bands. This fre-

Table 5. Raman spectroscopic data, NaCaAlSi2O? + CO2

Sanp le  Compos i t ion

N o . k b a r  ' c
- 1

wavenunDel,  cm

I 4  6 0

L27 5
L27 5

I 4  6 0
L 5  5 0

1325 279n

I 4  6 0
L 5  5 0

1 0 5 9  S n

1 0 5 7  S m
1056 Sn + C02
1 0 7 3  S n  +  C o 2
1074 Sm + Co2
1062 Sm + Co2
1068 Sm + C02
1012 Sm + Co2

0 . 0 0 1

I O
t 0
1 0

1 0

2 0
2 0

2 A

9 8 0 s , p

9 8 0 s  ,  p

1 0 0 0 s ,  p

9 9 3 s , p

9 9 0 s  ,  p

9 9 7 s ,  p

1 0 0 6 s , p

I 0 l o s  ,  p

1 0 7 0 s , p
1 0 7 0 s , p

1 0 7 0 s  ,  p

1 0 7 5 s , p
l 0 7 5 s , p

1 0 7 0 s ,  p

4 9 3 m ,  p  5 6 0 m ,  p

5 0 0 n , p  5 5 3 m , p
4  9 3 s  ,  p  5 6 6 n ,  p

4 9 7 s , p  5 5 7 m , p

4 9 0 s , p  5 5 7 n , p

4 8 2 s , p  5 5 0 n , p ( s h )
4 9 3 s , p  5 6 0 n , p
4 9 0 s , p  5 6 0 m , p

1 4 1 3 w , p  1 5 1 3 w , p  1 7 3 7 w

n ' n '

6 5 1 n , p  9 0 0 w ' p ( s h )

6 6 2 n , p  9 0 0 u , p ( s h )

6 8 3 m , p +  7 1 6 u , p  8 6 0 w , p ( s h )  9 1 2 s , p

6 7 0 n , p i  7 0 7 w , p ( s h )  8 6 0 w , p ( s h )  9 3 0 s , p ( s h )

6 5 0 v , p  6 8 3 w , p  8 6 0 w , p ( s h )  9 2 2 m , p

7 0 0 n , p  8 6 0 w , p ( s h )  9 4 2 s , p

6 2 7 w , p  7 0 0 n , p  8 6 0 w , p ( s h )  9 4 0 s , p

.  7 0 7 n , p  8 6 0 w , p ( s h )  9 5 0 s , p

+Band p !esent ,  bu t  too  weak fo !  ass igmenE.

tBroad.

u n c e r E a a n E q  + >  c m  ' .

Sg tuo ts :  n -n . ,  no t  reasuredt  o t le rs  as  1n  rab le  2
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quency region differs considerably from that ob-

tained for crystalline NaCaAlSirO, (Sharma, 1979)

where the major band is very near 900 cm-' (SirO,

dimer in crystalline material). In analogy with the

conclusions for quenched NarSirO, melt, the main

band in the high-frequency envelope should stem

from stretch vibrations in a structural unit with an

average NBO/T : l. The above interpretations,

which are independent of the data contained in the

high-frequency envelope, indicate that three-dimen-

sional structural units as well as units with NBO/T :

2 also occur in this melt. These conclusions imply

that at least three stretch bands must be located in

the high-frequency envelope. Curve-fitting involving

unresolved bands should be carried out with great

caution, and the curves inserted in the high-fre-

quency envelope in Figure 7 should only be consid-

ered as a suggestion. In deriving this suggested solu-

tion it was assumed that Al was randomly distributed

between the three structural units and that the influ-

ence of Si(Al) coupling on the frequencies of the rele-

vant stretch bands is relatively similar. A con-

sequence of this assumption is that all the stretch

bands should be at a lower frequency than the analo-

gous bands in the Al-free NarSirO, melt composition.

If the calibration of Virgo e/ al. (1979) for frequency

shift of antisymmetric stretch bands in three-dimen-

sional network structures on the joins NaAlOr-SiO,

and CaAlrOo-SiO, as a function of Si/(Si * Al) were

used, each stretch band in the Sm melt composition

would shift by approximately 70 cm-' relative to

their positions in NarSirO,. Finally, the location of

the two shoulders on the high-frequency envelope

were taken as an indication of approximate position of

the two strongest bands in the envelope, and the form

of the high- and low-frequency limbs of the envelope

was used as a guide for the form of the high- and

low-frequency limbs of these two bands. With all

these considerations in mind, the curve-fitting shown

in Figure 7 was produced. With this interpretation,

the strong l0l3 cm-' band is an Si(Al)-coupled

stretch band from a structural unit with. on the aver-

age, NBO/T : l. The 990 cm-'band stems from a

three-dimensional structural unit and the 907 cm-'

band from a structural unit with about 2 nonbridging

oxygens per tetrahedrally coordinated cation.

The three structural units are denoted TrOu, TrOr,

and TO,, where T: Si + (NaAl) + (l/2CaAl,). The

equilibrium between the three structural units may

be expressed with the equation

zT,Oi- (sheet) : T,O1- (chain) + 2TO2 (3D) (3)

Addition of carbon dioxide to Sm melt results in

the appearance of the characteristic carbonate bands

(1070,1420,1520, and 1740 cm-'; White, 1974) seen

in Figure 7 (see also Table 5). In addition to these

bands. a weak band occurs near 700 cm-'. This band

is characteristic of the in-plane deformation mode of

the CO3- anion (Verweij et a1.,1977; White, 1974).It

cannot be observed in COr-bearing Di melt (Fig. 5)

because it lies beneath the high-frequency limb of

the strong Si-Oo bending band at 650 cm-'.

Systematic changes of vibrational frequencies and

intensity ratios of important bands occur as a result

of dissolved CO, in quenched Sm melt (Figs. 7 and 8;

Table 5). The spectroscopic features near 500 cm-'

remain unaltered with addition of CO,. In view of

the discussion above, this observation is interpreted

to mean that three-dimensional structural units occur

in COr-bearing Sm melts with the CO, contents used

here (Table l). The band near 650 cm-' also remains

as CO, is added except in the two most COrrich

samples (5.9 and 5.2 wt. percent COr; Table l), which

indicates that chain units also remain in the COr-

bearing melt. The data do indicate, however, that the

proportion of such units may have decreased as CO'

is dissolved in the melt.

In the high-frequency envelope (Figs. 7 and 8),

generally there are at least three bands in addition to

the C-O stretch band near 1070 cm-'. The strongest

band is near 1000 cm-' and probably corresponds to

an Al-bearing structural unit with NBO/T near I

(sheet). In addition, there is a medium to strong band

near 930-940 cm ' and a very weak band near 860

cm-'. In view of the diminished intensity of the 650

cm-' band with the addition of CO, to the melt, we

suggest that the 860 cm-' band is the associated

stretch band (chain). Its lower frequency compared

with the COr-free melt may indicate lower Si/(Si +

Al) of this structural unit. Its lower intensity relative

to the other bands in the high-frequency envelope in-

dicates lower abundance.

The remaining band in the high-frequency enve-

lope may be the stretch band associated with the oc-

currence of aluminous, three-dimensional structural

units in the melt. The other evidence for such units is

the band near 500 cm-'. The 500 cm-' band fre-

quency corresponds to that of the rocking band in

three-dimensional aluminosilicate melts such as

those of NaAlSiOo and CaAlrSirO* composition. The

frequencies of the Si(Al) coupled stretch bands are

also similar (Virgo et al., 1979). The lower frequency

of this band compared with its position in CO'-free

Sm melt indicates a decrease in Si/(Si + Al). Its
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Fig. 8. High-frequency envelope of CO2-bearing Sm quenched

melt. (Ar* laser, 200-400 mW power.)

greater intensity relative to the other bands in the

high-frequency envelope compared with the COr-

free samples (Figs. 7 and 8) indicates that the abun-

dance of three-dimensional structural units in the

melt has increased as the result of dissolved COr.

Solubilitv mechanisms

CaMgSi,Oo+ CO,

According to our data, solution of CO, in Di melts

to form carbonate complexes is accompanied by a re-

duction of isolatpd SiOX- tetrahedra relative to chain

and sheet units in the melt. There are no indications

that new silicate units have been formed with the

amounts of CO, added to these experiments (see

Table 1).

Inasmuch as the CO, solubility is positively corre-

lated with Ca/(Ca + Mg) in meta- and orthosilicate

melts (Holloway et al., 1976), it appears that the

COr'- anion is closely associated with Ca'z* in the melt

by formation of CaCO.. The increasing degree of po-

lymerization of the melt with increasing carbonate

content is in response to the formation of such com-

plexes. The COz solubility is controlled primarily by

the activity of Ca'*, and not by the degree of polym-

erization of the melt as suggested by Holloway et al.

(r976).
Eggler and Rosenhauer (1978) surveyed the data

on the influence of CO, on silicate phase equilibria

and its solubility in silicate melts. They concluded

that in melts that contain nonbridging oxygens, the
principle of the solubility mechanism may be illus-

trated with the expression:

CO,(gas) + 2O-(NBO; : COi (melt) + Oo (BO)(4)

This mechanism is consistent with our conclusions.

The nonbridging oxygen (NBO) to form bridging ox-

ygen (BO) may be derived from Si,Ol- or Si,O3-

units or both:

2SiO;- (melt) + 2CO,(gas)
: SLoi- (melt) + 2Co3- (melt) (5)

and

2SiOl- (melt) + 3CO, (gas)
: Si,o3- (melt) + 3col- (melt) (6)

Chains could also be transformed to sheets:

Si,Ol- (melt) + CO, (gas)

: Si,O? (melt)

+ 2CO32- (melt) (7)

The spectroscopic data cannot be used to determine

whether sheets are formed at the expense of chains,

or whether equations 4 or 5 represent the most accu-
rate description of the interaction between the an-

ionic network of the melt and CO, in solution in the

melt. Note, however, that Dent Glasser (1979), in a

review of crystal structures of silicates, concluded, on

the basis of charge density considerations relating to

modifying cations that Si'O3- (sheet) structures are

less stable than SirO?- (chain) structures when bal-

anced with alkaline earth cations. In fact, alkaline

earth sheet structures do not occur in a crystallized

form. We suggest, therefore, that equation 5 prob-

ably describes the interaction between the melt and

CO, most accurately. This equation may then be

combined with equation 2 to describe the solubility

mechanism in metasilicate melts such as those of Di

composition:

5Si,O:- (melt) + 2 CO, (gas)
: 2sioX- (melt) + 4si,o3- (melt) + 2co?- (melt) (8)

10 kbar  -

1550'C
3.8 wt. % CO2
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NaCaAlSirOT+ CO,

The influence of dissolved CO, on the anionic

complexes in Sm melt is less well defined than in Di

melt, partly because Sm melt is a combination of

more polymeized units such as three-dimensional

network, sheets, and chains, whereas Di melt also has

a large proportion of orthosilicate and little or no

three-dimensional network component. As a result,

Raman spectra are less sensitive to the changes of Sm

melt structure than of Di melt structure.

The Raman data (Figs. 7 and 8; Table 5) indicate

that the formation of CO3- complexes in the melt re-

sults in polymerization of the silicate network, as the
proportion of three-dimensional structural units has

increased substantially relative to chain and sheet

umts.

The principles governing the solubility of CO, in

Sm melt are, therefore, similar to those for CO, in Di

melt. The main difference is that the expression that

illustrates the interaction between CO, and the sili-

cate network must take into account the different

structural units in the two melts.

There are two reasons why (CaCOr)0 rather than
(NarCOr)o type complexes probably are formed in
Sm melt. First, as also summarized above, solubility

studies of CO, in silicate melts always indicate that

carbonate complexes are associated with Ca2* cations

rather than other monovalent or divalent cations in

the melt. Second, as suggested by Bottinga and Weill
(1972) and also pointed out by Virgo e/ al. (1980),

MAlo* complexes are more stable than MorAla* com-
plexes.

Inasmuch as three-dimensional structural units ap-
pear to become more abundant as CO, is dissolved in

Sm melt, the solubility mechanism may now be illus-

trated with the equation:

T,Of- (melt) + 2CO, (gas)
:2To' (melt) + zCOi- (melt) (9)

Equation 9 may be combined with equation 3 to give

the complete reaction:

4T,O?- (melt) + 2CO, (gas)
:Tzo?-(melt) + 6T0, (melt) + 2Col- (melt) (10)

where T : Sio* + (NaAl)o* and the carbonate is asso-

ciated with Ca'z*.

Applications

Most phase-equilibrium studies of the role of CO,
in the formation and evolution of magma at high
pressures and temperatures have been conducted in

systems that do not contain amphoteric oxides. These
studies (Eggler, 19'73, 1974, 1975,1976,1978; Eggler

and Rosenhauer, 1978, Huang and Wyllie, 1976)

have shown that the addition of CO, results in the

liquidus boundary between two minerals of different

degree of polymerization (e.9., forsterite and ensta-

tite) shifting toward the silica-deficient portion of the

systems. The solubility mechanism of CO, in simple

silicate melts without amphoteric oxides also in-

dicates that more polymerized minerals would pre-

cipitate from the COr-saturated silicate melts, be-

cause the concentration of more polymerized species

in the melt increases with increasing CO, content.

Even though the Di composition is useful to dem-

onstrate the solubility mechanism of CO, in silicate

melts that contain nonbridging oxygens, this compo-

sition is a gross oversimplification of natural magma.

The greatest difference is the absence of amphoteric

oxides such as AlrO, and FerOr. The Sm composition

contains 19.74 wt. percent AlrO. and about 46 wt.

percent SiOr. Basaltic rocks usually contain about

18-21 wt. percent total amphoteric oxides (Chayes,

1975). Consequently, with the assumption that the

structural roles of Al'* and Fe3* are similar in basal-

tic magma, the Sm composition represents a closer

approximation of the natural magma. Our data in-

dicate that the solubility mechanism of CO' in simple

binary silicate melts resembles that of the more com-

plex Sm composition. We conclude, therefore, that

the data acquired in such simple systems provide an

accurate basis on which to provide information on

the influence of CO, on natural basaltic magma.
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