
Anionic Constitution of 1-Atmosphere Silicate Melts: 

Implications for the Structure of Igneous Melts 

Abstract. A structural model is proposed for the polymeric units in silicate melts 
quenched at I atmosphere. The anionic units that have been identified by the use of 
Raman spectroscopy are Si044- monomers, Si2076- dimers, SiO32- chains or rings, 
Si202- sheets, and SiO2 three-dimensional units. The coexisting anionic species are 
related to specific ranges of the ratio of nonbridging oxygens to tetrahedrally coordi- 
nated cations (NBOISi). In melts with 2.0 < NBO/Si < - 4.0, the equilibrium is of 
the type Si2O76- - SiO44 + SiO3-. In melts with NBOISi - 1.0 to 2.0, the equilibri- 
um anionic species are given by 3SiO32- _ Si04- + Si252 . In alkali-silicate melts 
with NBO/Si ~ 1.3 and in aluminosilicate melts with NBO/T < 1.0, where T is 
(Si + Al), the anionic species in equilibrium are given by Si2052- SiO32- + SiO2. 
In multicomponent melts with compositions corresponding to those of the major ig- 
neous rocks, the anionic species are TO2, T205, T206, and TO4, and the coexisting 
polymeric units are determined by the second and third of these disproportionation 
reactions. 

Earlier models of the anionic species 
in silicate melts have been based on 
polymer theory (1) and gas chromato- 
graphic and mass spectrometric analyses 
of trimethylsilyl (TMS) derivatives of sil- 
icate glasses (2). Unfortunately, the re- 
sults from TMS derivatives are internally 
inconsistent in that the bulk ratio of non- 
bridging oxygens to tetrahedrally coordi- 
nated cations (NBO/Si) calculated from 
such data is lower by 25 percent or more 
than the theoretical values. Moreover, 
polymer theory does not take into ac- 
count the effect of metal cations that 
control the types of anionic structures in 
silicate minerals (3). Models of melt 
structure based on these methods may, 
therefore, require reevaluation. 

Vibrational spectroscopy, in particular 
the Raman technique, has proved very 
useful for the identification of distinct an- 
ionic species in silicate melts and glasses 
(4-8). Although a rigorous analysis of vi- 
brational spectra of glasses is difficult, a 
useful approximation can be derived 
from a consideration of the vibrations of 
silicate anions only, not the vibrations of 
the network-modifying cations. With fur- 
ther extension of this approximation, 
specific anionic units in silicate glasses 
and melts can be identified by recogni- 
tion of the distinct vibrational modes that 
are associated with Si-O- nonbridging 
bonds. 

We have used Raman spectroscopy to 
determine the coexisting anionic species 
in silicate melts of most of the end-mem- 
ber mineral compositions quenched at I 
atm and other relevant binary and ter- 
nary joins of petrologic interest. From a 
synthesis of these data a comparatively 
simple structural model of the major 
polymeric units in multicomponent melts 
can be formulated. A summary of the 
proposed structural model is presented 
here. 

In Table 1 are listed the Raman fre- 
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quencies of the Si-O stretching bands 
and the range of the band positions as a 
function of NBO/Si that have been iden- 
tified in the Raman spectra of chemically 
different silicate melts. The assignment 
of the distinct groups of frequencies to 
SiO4 tetrahedra containing, on the aver- 
age, 0, 1, 2, 3, and 4 NBO/Si (Table 1) is 
based on comparisons of the Raman 
spectra of isochemical crystals of end- 
member mineral compositions (4-6, 9) as 
well as theoretical calculations of the Ra- 
man spectra of Si2O52- sheet and SiO32- 
chain species (4, 10) and SiO2 three-di- 
mensional melt structures (11). It is 
stressed that, in the various chemical 
systems that have been studied, no re- 
solved bands corresponding to other 
anionic units have been found in the 
polarized Raman spectra of silicate 
melts in addition to those listed in 
Table 1. The assignment of bands to 
linear trimers, tetramers, pentamers or 
other species (1, 2) can thus be elimi- 
nated, as such units will result in sym- 
metric stretch bands between 900 and 
970 cm-' (different NBO/Si) where no 
Raman bands are found (see Table 1 and 
Fig. 1). There is a small but systematic 
variation of the band positions for 
specific anionic units as a function of 
NBO/Si (Table 1), but this variation is 
directly correlated with changes in the 
relative intensities of the bands (Fig. 
1). It is unlikely, therefore, that such 
a variation in band position mandates 
different band assignments. 

In connection with the chain units des- 
ignated in Table 1, it is not possible to 
differentiate between infinite chains as in 
metasilicate crystals and ring structures 
with NBO/Si = 2.0 (12). On the basis of 
calculations of the degree of localization 
of vibration modes associated with non- 
bridging oxygens (10, 13), however, it 
can be suggested that the (SiO3)2"- unit 
(Table 1) refers to linear chains with 

n - 10 or groups of rings with n 5 3. Al- 
so in connection with the assignment of 
the band in the region 1050 to 1100 cm-', 
we note that branching or multiplication 
of chains can result in sheets. In fact, 
polymer theory (1) predicts that the ex- 
tent of branching increases as a function 
of decreasing metal/silica (M/Si). The 
frequency of this band is almost invari- 
ant of M/Si in specific chemical systems, 
however, and this invariance indicates 
that increased branching does not take 
place. Branched chains are also unlikely 
in view of the fact that, presumably for 
energetical reasons, such structures are 
not found in silicate minerals (3). On the 
basis of Raman spectroscopy alone, we 
cannot rule out that the band at 1050 to 
1100 cm-l is due to multiple chains (finite 
sheet). However, in view of the similar- 
ity in frequency and polarization charac- 
teristics of this band to those of the sym- 
metric stretch band in sheet silicates (4), 
an infinite sheet interpretation is fa- 
vored. In the following discussion the 
band assignments listed in Table 1 are 
used for the sake of simplicity. 

The Raman spectra (14) of quenched 
melts with compositions along the CaO- 
SiO2 join and in the range NBO/Si = 1.0 
to 2.8 are given in Fig. 1. The range of 
melt compositions that have been stud- 
ied in this system is restricted by the high 
liquidus temperatures (> 1700?C) of the 
MO-rich compositions and by liquid im- 
miscibility of the SiO2-rich composition 
(15). The range of melt compositions that 
have been studied in other binary and 
ternary systems is also restricted for sim- 
ilar reasons and because of the hygro- 
scopic nature of alkali-silicate melts with 
NBO/Si > 2.0. The dominant features of 
each spectrum (Fig. 1) are the intense, 
slightly asymmetric band in the region 
593 to 650 cm-' and the intense high-fre- 
quency envelope in the region 800 to 
1100 cm-'. All these bands are strongly 
polarized. The resolved high-frequency 
bands (Fig. 1) due to Si-O- symmetrical 
stretch vibrations are assigned to specif- 
ic anionic units according to the sum- 
mary in Table 1. These assignments are 
SiO44- monomer (830 to 869 cm-'), 
Si2076- dimer (905 to 927 cm-'), SiO32- 
chain (955 to 963 cm-'), and Si2O52 
sheet (1058 to 1057 cm-'). The presence 
of the band assigned to the Si2,O2- sheet 
unit in the spectrum of the metasilicate 
composition is clearly justified by the in- 
creased intensity of this band in the 
melts with lower NBO/Si (Fig. 1). The 
inferred absence of the dimer unit in the 
metasilicate melt is further substantiated 
from the spectra of alkali-metasilicate 
melts (4, 8). In alkali-silicate melts the 
bands assigned to the monomer, chain, 
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Table 1. Raman frequencies of the stretch vibrations of specific silicon-rich anionic units in 
melts. 

Structural -/Frequencyt Characteristics of the 
unit* (cm-,) vibrational modet 

SiO44- 4 850 to 870 s, p; symmetrical stretch 

Si2076- 3 905 to 920 s, p; symmetrical stretch 
SiO.2- 2 970 to 950 s, p; symmetrical stretch 

Si2052- 1 1050 to 1100 s, p; symmetrical stretch 
SiO2 0 1065, 1200 vw, dp; antisymmetrical stretch 

*See text for further discussion. tThe trend in frequency for the different depolymerized anionic units is 
listed as a function of decreasing NBO/Si. This trend is similar in systems with different network modifi- 
ers. tAbbreviations: s, strong; vw, very weak; p, polarized; dp, depolarized. 

work structure in addition to T2052- sheets 
and TO32- chains in the spectra of highly 
polymerized M20-SiO2 melts can be posi- 
tively identified (4, 11). Similar results are 
also found for the highly polymerized alu- 
minosilicate melts in the CaMgSi2O6- 
NaAlSi3O8-CaAl2Si2O8, CaMgSi2O6- 
NaAISiO4-Si02, and Mg2SiO4-NaAl- 
Si3O8-CaA12Si2Os systems, with NBO/ 
T < 0.75 (16). 

In view of these results, we propose a 
third disproportionation reaction for 
melt compositions with NBO/T < 1.0: 

and sheet units are completely resolved 
because of the smaller band widths as 
compared with the spectra in the system 
CaO-SiO2. In the above interpretation 
the intense low-frequency band (593 to 
650 cm-') in each spectrum is composite 
where the Si-O-Si vibrations character- 
istic of the dimer, chain, and sheet units 
are not resolved. 

The most important observation made 
from the above assignment of the Raman 
spectra is that there is a unique set of 
coexisting anionic species for specific 
ranges of NBO/Si. Values of this ratio 
for each melt composition are calculated 
on the assumption that Ca2+ is octahe- 
drally coordinated in the melt structure 
as in the isochemical crystalline phases. 
For CaO-SiO2 melts with NBO/Si s 2.0, 
the coexisting species are SiO44-, 
Si2076-, and SiO32-; in the range NBO/ 
Si = 1.0 to 2.0, the equilibrium anionic 
species are SiO44-, SiO32-, and Si202-. 

These conclusions are significant be- 
cause a similar pattern of coexisting an- 
ionic species is also evident for melts 

quenched at 1 atm along relevant por- 
tions of the joins CaMgSiO4-SiO2 (NBO/ 
Si = 1.34 to 3.86), MgO-SiO2 (NBO/ 
Si = - 2.0), K20-SiO2 (NBO/Si = 2.0), 
Na2O-SiO2 (NBO/Si = 1.33 to 2.0), and 
Li20-SiO2 (NBO/Si = 1.33) (4, 5, 8, 16). 

In view of the similar results for melts 
with different network modifiers and be- 
cause of mass balance considerations, 
we propose that, for melts with NBO/ 
Si > 2.0, the three major anionic units 
are in equilibrium according to the dis- 
proportionation reaction of the type 

Si2076- - SiO44- + SiO32- (1) 

In melts with 2 > NBO/Si 5 1.0, the 
equilibrium is expressed in terms of the 
reaction 

3Si032- 77) Si0444- + Si20f2- (2) 

It is to be expected, however, that 
structural units more polymerized than 
those occurring in Eq. 2 predominate in 
binary melts with compositions close to 
the SiO2 composition. In systems such as 
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CaO-SiO2 and MgO-Si02, it is not pos- 
sible to quench single-phase glasses with 
NBO/Si Z 1.0 because of liquid immis- 
cibility. In alkali-silicate melts such as 
K20-SiO2, Na20-SiO2, and Li20-SiO2 it 
is observed in the Raman spectra that the 
band assigned to SiO44- monomers is ab- 
sent in melts in the range - 1.0 < NBO/ 
Si = 0 (4, 5, 8); the bands assigned to the 
Si2O52- sheet and SiO32- chain are pres- 
ent. From mass balance considerations, 
the presence of a more polymerized an- 
ionic unit is mandated. The presence of 
anionic units with a three-dimensional net- 

200 400 600 800 1000 1200 

Wave number (cm-1) 

Fig. 1. Raman spectra of 1-atm glasses along 
the CaO-SiO2 join; M, D, C, and S refer to 
monomer, dimer, chain, and sheet species, re- 
spectively. 

T2052- ? TO32- + TO2 (3) 

where T refers to Si for the alkali-silicate 
systems and to both Si and Al for the alu- 
minosilicate melts. 

The hypothesis proposed is that the 
chemical equilibria between the coexist- 
ing anionic species in various binary al- 
kali and alkaline-earth silicate melts can 
be expressed in terms of disproportion- 
ation reactions 1, 2, and 3. The details of 
these reactions will also depend on pres- 
sure, temperature, and changes in the 
composition of the cation and the anion 
matrix. 

A major question that remains unan- 
swered concerns the relationship of the 
data on glasses to silicate melts. Experi- 
mental data pertaining to proof of the 
structural similarity between melts and 
their quenched analogs are com- 
paratively few. On the basis of infrared 
and Raman spectra of 1-atm melts with 
compositions along the Na20-SiO2 join 
(7, 8), however, it can be concluded that 
there are no discernible differences be- 
tween the spectra of melt and glass. In 
addition, Taylor et al. (17) found that the 
structure of 1-atm NaAlSi3O8 glass is the 
same at temperatures above and below 
the glass transition temperature. We 
conclude, therefore, that the Raman data 
on glasses are applicable to molten sili- 
cates. 

On the basis of the results presented 
here, the anionic species in 1-atm multi- 
component silicate melts with composi- 
tions corresponding to those of the major 
igneous rocks can be predicted. The net- 
work-forming cations, T [= Si, Al3+, 
Fe3+, Ti4+, and P5+(16, 18)] can be ex- 
pected to be distributed between TO2, 
T205, T206, T207, and TO4 polymeric 
units. In melts, trivalent cations will be 
charge-balanced by the formation of 
complexes of the types Na(K)A102, 
Ca(Mg)A1204, and Na(K)FeO2 (12, 15). 

The calculated NBO/T for most alkali 
basalts, tholeiites, and more acidic rocks 
is generally < 1.0, whereas this ratio is 
between 1 and 2 for basanites and pic- 
rites. Thus, we propose that the equilib- 
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rium polymeric units in most igneous 
melts will be determined by dis- 
proportionation reactions 2 and 3. 

D. VIRGO 
B. O. MYSEN 

I. KUSHIRO 
Geophysical Laboratory, 
Carnegie Institution of Washington, 
Washington, D.C. 20008 
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A number of aircraft studies in the past 
few years have indicated that ocean 
swell can be imaged with synthetic aper- 
ture radar (SAR), at least for some val- 
ues of wind velocity when there is a sub- 
stantial component of the swell traveling 
along the line of sight of the radar (1). 
The bounds of wind, wave, and geomet- 
ric conditions over which reliable ocean 
wave detection occurs, however, remain 
elusive for want of an extensive exper- 
imental data base. Seasat provided a 
unique, although limited, opportunity to 
reexamine the wave detection problem 
without some of the artificial constraints 
of aircraft measurements. A concise 
summary of the Seasat SAR design pa- 
rameters and a more general description 
of the total Seasat SAR system and some 
of its fundamental information limita- 
tions have been given in (2). A prelimi- 
nary assessment of the Seasat SAR 
ocean wave detection capabilities has 
been compiled in (3). 

During the limited 100-day lifetime of 
the Seasat SAR, data from more than 400 
passes of duration ranging from 1 to 15 
minutes were collected at three domestic 
and two foreign receiving stations. 
About 20 of these passes provided ac- 
ceptable SAR imagery within 70 km of a 
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1978). riod from 12 August to 9 October 1978. 
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Nuew On the morning of 28 September 1978, 

at 1520 G.M.T., Seasat approached the 
L. Sen East Coast of the United States, with the 

S SAR 100-km swath running approxi- 
6, 315 mately parallel to the coast but displaced 

onfer- eastward by about 20 km. On the basis of 
solids, the present analysis of that pass, several 

Lon- major conclusions may be reached: 
1) The SAR can successfully detect 

lips of 
simi- low-energy swell systems of significant 

ectro wave heights, Hs, well under 1 m (actually 
ughly 0.65 ? 0.25 m), at least for surface wind- 
en 

FOr speeds (normalized to 10 m above sea 
)2 and level) of 2 m/sec -< U10 10 m/sec. 
etium 2) Refraction of low-energy but well- 
water organized swell due to local changes in 
rnegie ocean depth is clearly detectable in 

'chim. wavelength. 
3) The complexity of the ocean spec- 

Vir- J trum (for example, whether it is com- 
posed of more than one system or is 
spread in direction and wave number) 
seems to have little bearing on the 
threshold detection limits. 

Figure 1 identifies the various regions 
off the East Coast for which estimates or 
measurements of wind and waves were 

'oast collected on the morning of 28 Septem- 
deep ber. For reference, the edges of the 100- 
that km SAR swath are shown by the solid 
and lines inclined at approximately 23? with 

respect to north at this latitude. The lo- 
cations are keyed in alphabetical order 

oper- from north to south. Location A corre- 
Engi- sponds to the Navy Fleet Numerical 
,arch Weather Central (FNWC) grid point 271. 
lina. Locations B, C, E, and F are areas, each 
f the 15 km square, over which the Seasat 
with SAR imagery was optically Fourier- 

ected transformed. The local ocean depth 
sure- (shown with dashed contours in Fig. 1) 
k pe- changes appreciably over the 15-km 

square at locations B, C, and E, which 
would cause appreciable spreading of a 
single-frequency, deep-water wave in 
both wavelength and direction. Deep- 

} water dispersion prevails only at location 
F for wavelengths greater than 70 m. Lo- 

?1 cal depth changes at location B are es- 
km pecially severe, ranging from less than 

10 m to at least 20 m. The National Oce- 
anic and Atmospheric Administration 
(NOAA) Sea Air Interaction Laboratory 
aircraft laser profilometer was operating 
at location E. In situ, one-dimensional 
spectral measurements were collected at 
the CERC pier (location D). The FNWC 
grid point 260 is represented by location 
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square at locations B, C, and E, which 
would cause appreciable spreading of a 
single-frequency, deep-water wave in 
both wavelength and direction. Deep- 

} water dispersion prevails only at location 
F for wavelengths greater than 70 m. Lo- 

?1 cal depth changes at location B are es- 
km pecially severe, ranging from less than 

10 m to at least 20 m. The National Oce- 
anic and Atmospheric Administration 
(NOAA) Sea Air Interaction Laboratory 
aircraft laser profilometer was operating 
at location E. In situ, one-dimensional 
spectral measurements were collected at 
the CERC pier (location D). The FNWC 
grid point 260 is represented by location 

Fig. 1. Locations of surface, aircraft, and 
spacecraft measurements of the low-energy 
swell systems present on 28 September 1978. 
The cover image is located by the 100-km 

74 ?W square centered at 36.5?N and 75.1?W. 
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Spaceborne Imaging Radar: Monitoring of Ocean Waves 

Abstract. A well-organized, very low energy ocean swell system off the East C 
of the United States was tracked with the Seasat synthetic aperture radar from < 

water, across the continental shelf, and into shallow water. The results indicate 
spaceborne imaging radar may be used to accurately measure ocean wavelength 
direction, even in coastal areas and in the presence of a mixed ocean. 
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