
hydraulic sorting of the spherules during 
fall. 

O'Keefe and Ahrens (20) have argued that 
the radius of droplets condensing from im- 
pact-produced rock vapor clouds is a h c -  
tion of projectile diameter and, to a lesser 
extent, velocity. Spherules from the K-T 
boundary are invariably less than 1 rnm in 
diameter. Based on their results [figure 22 in 
(18)], our largest spherules, about 3 mm in 
diameter, would correspond to projectiles 
between about 20 and 50 km in diameter. 

Over virtually the entire Barberton belt, 
S2 lies within 1 m stratigraphically of the 
transition from volcanic to sedimentary 
stages of greenstone belt evolution.   his 
lithologic break marks a profound tectonic, 
sedimentological, and petrologic change in 
the historv of the Barberton belt. Its coinci- 
dence with S2 may be just that, a fortuitous 
coincidence of unrelated events, or it may 
indicate that major tectonic and crust-form- 
ing events on the early earth were controlled 
or strongly influenced by meteorite impacts. 
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Silicon Coordination and Speciation Changes in a 
Silicate Liquid at High Pressures 

Coordination and local geometry around Si cations in silicate liquids are of primary 
importance in controlling the chemical and physical properties of magmas. Pressure- 
induced changes from fourfold to sixfold coordination of Si in silicate glass samples 
quenched from liquids has been detected with 29Si magic-angle spinning nuclear 
magnetic resonance spectrometry. Samples of Na2Siz05 glass quenched &om 8 
gigapascals and 1500°C contained about 1.5 percent octahedral Si, which was 
demonstrably part of a homogeneous, amorphous phase. The dominant tetrahedral Si 
speciation in these glasses became disproportionated to a more random distribution of 
bridging and nonbridging oxygens with increasing pressure. 

I NFORMATION ABOUT THE STRUCTURE 

of liquid silicates is necessary for under- 
standing the bulk chemical and physical 

properties of magmas. The best known and 
most h d a m e n t &  aspect of this structure is 
the regular coordinkon of Si by four 0 
atoms (SiIV). All evidence indicates that at 
ambient pressure for geologically important 
compositions, SiIV predominates in silicate 
melts and glasses, as it does in crystalline 
minerals (1). 

At the pressures that are present through- 
out most of the earth's interior, on the other 
hand, Si in crystalline silicates is evidently 
six-coordinated (siV1). and the transition to , > ,  

the higher coordination occurs between 8 
and 25 GPa (about 240- to 750-km depth) 
(2). Analogous transitions from siIV to siV' 
in silicate liquids have been postulated to 
account for high-pressure phase equilibria 
and liquid densities and viscosities (3) and 
were hredicted from molecular dynamic 
simulations (4). However, direct spectro- 
scopic evidence for Sil" in high-pressure 
liquid silicates is limited. Both Raman and 
infrared absorption spectroscopy on silicate 
glasses at room temperature and pressures to 
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nearly 40 GPa have demonstrated that sig- 
nificant structural changes do occur (5).  The 
infrared data have been interpreted as indi- 
cating the disappearance of well-ordered 
SiOa tetrahedra and the formation of species 
with higher coordinations, but the  ama an 
data showed no clear evidence for ~i'". 
However, these results may not be directly 
applicable to equilibrium liquids because 
such liquids have much higher thermal ener- 
gies than glasses at room temperature, possi- 
bly allowing additional mechanisms of 
structural response to pressure. 

The development of large volume high- 
pressure apparatus has allowed samples of 
up to 10 mg to be synthesized at pressures 
to 25 GPa and temperatures above 2000°C 
(6) then rapidly quenched for spectroscopic 
work at ambient conditions. The structure 
of a quenched glass is generally assumed to 
record that of the equilibrium liquid at its 
glass transition temperature  although 
some local displacive change may take place 
during decompression (5). A coordination 
increase for d3+ (structurally analogous to 
Si4+) has been reported in a 27Al NMR 
(nuclear magnetic resonance) study of such 
samples (7 ) .  Recent solid-state 2 9 ~ i  NMR 
w o k  has dkmonstrated that the technique is 
usehl in detecting and characterizing both 
siIV and siV1 (8), as well as for distinguish- 
ing amorphous from crystalline materials. 
We have applied this technique to find 
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evidence for increased coordination of Si in 
glasses quenched from liquids equilibrated 
at high pressures and to investigate the 
effects of pressure on the structure of the 
tetrahedral network. 

We chose the composition Na2Si205 for 
study because of its chemical simplicity, low 
melting point, and good glass-forming abili- 
ty. This material has an average number of 
nonbridging oxygens per tetrahedron of 1, 
similar to that of basaltic magmas; therefore, 
it is at least a crude analogof geologically 
interesting materials. We obtained com- 
pletely crystal-free glass samples quenched 
from 1500°C at 5 and 8 GPa, and for 
comparison a crystalline sample quenched 
from about 1150°C at 8 GPa (9). Samples of 
5 to 7 mg were studied by 2 9 ~ i  magic angle 
spinnin (MAS) NMR (10). 

The g9Si MAS NMR spectrum (Figs. 1 
and 2) for the crystalline sample quenched 
from 8 GPa showed four distinct peaks at 
-94.4, -97.9, -199.8, and -200.4 ppm. 
The first two signals are from Si in sites with 
four oxygen neighbors, the latter two from 
Si in sites with six oxygen neighbors (11, 
12). These siV' NMR peaks do not match 
those of any known crystalline phases. Pow- 
der x-ray diffraction confirmed that this is a 
previously unknown high-pressure poly- 
morph of Na2Si205. The observed SiV' dou- 
blet has a full width at half height of about 1 
ppm, which is typical of an aluminum-free 
silicate crystal. 

Fig. 1. 29Si MAS NMR spectra of Na2Si2Os 
samples quenched from 8 GPa; (A) 1500°C, 
glassy; (B) 1150"C, crystalline. Peaks marked 
with dots are spinning side-bands; peaks marked 
with arrows are attributed to SiV'. Sample spin- 
ning rates were about 6 kHz; 25,000 signal 
averages with a delay of 10 s between pulses were 
used for the upper spectrum; 2,000 signal aver- 
ages with the same delay were used for the lower 
spectrum. Exponential line broadenings of about 
20% of the peak widths (20 and 100 Hz) were 
applied to enhance signal to noise ratios. Scales 
for all 29Si spectra are in parts per million relative 
to tetramethyl silane (TMS). 

The spectrum of the starting glass sample 
(1  bar) (Fig. 3) had a single peak about 13  
pprn wide, centered at -88.5 t- 0.2 ppm; 
this peak is essentially identical to those 
reported on large samples, both with and 
without paramagnetics added to speed spin- 
lattice relaxation (13-15). The bulk of this 
peak is attributed to Si in Q3 sites (16). 
Small shoulders on both sides of the main 
peak may be attributed to small amounts of 
both Q4 and Q2 species (13, 14). Even with a 
signal to noise ratio of 800 to 1, no other 
features were detected. 

The spectra of the glasses quenched from 
1500°C at 5 and 8 GPa were also dominated 
by a single broad peak, centered at 
-87.5 2 0.5 pprn (Figs. 1, 2, and 3) .  Two 
distinct features were, however, noted in 
these spectra. Most significantly, an obvious 
siV' peak at - 197 pprn with a relative area 
of about 1.5% appeared in the spectra of the 
8-GPa glasses. Its width of about 8 pprn is 
indicative of substantial local disorder in 
bond distances and angles, much greater 
than has been observed in aluminum-free 
silicate crystals (1 7). This obvious disorder, 
as well as the peak position and lineshape, 
were also quite different from those of the 
crystalline Na2Si205 phase stabilized at this 
pressure (Fig. 1) .  These glass samples thus 
lacked detectable crystals, consistent with 
optical and transmission electron micro- 
scopic observations (18). The siV' sites are 
clearly part of the glass structure, and there- 
fore were probably present in the liquid at 
its glass transition temperature T,. The lack 
of a siV' peak in the glasses quenched at 1 
bar and 5 GPa indicates that the formation 
of siV' at 8 GPa was pressure-induced. 
These interpretations have since been con- 

Flg. 2. Enlarged sections of spectra from Fig. 1 
showing the region where six-coordinated Si 
peaks are known to occur. (A) Eight gigapascals, 
crystalline; (B) 8 GPa, glassy; (C) 5 GPa, 
1500°C, glassy. 

Fig. 3. 29Si MAS NMR spectra of Na2Si20S 
glasses quenched from 8 GPa and 1500°C (broad- 
est peak), 5 GPa and 1500°C (middle), and 0.1 
MPa (1 bar) and 1200°C (narrowest). Spectrome- 
ter conditions as in Fig. 1 except that a 20-Hz line 
broadening was applied to all spectra. The region 
of the spectra corresponding to four-coordinated 
Si is shown. Spectra for the 5- and 8-GPa glasses 
have been shifted to the right by 1 pprn for clarity. 

firmed by similar NMR studies of K2Si409 
and Na2Si409 glasses (19). siV has also been 
detected in these tetrasilicate samples. 

Pronounced changes with pressure also 
occurred in the dominant siIV NMR peak of 
the quenched glasses (Fig. 3). From 1 bar to 
5 GPa to 8 GPa, the peak became substan- 
tially wider and developed more pro- 
nounced high- and low-field shoulders. 
These changes probably indicate that as 
pressure increases, positional disorder 
around the Si sites increases, and the num- 
ber of Q3 sites decreases because of dispro- 
portionation to a mixture of Q2 and Q4 
species (20) : 

However, application of these data to un- 
derstanding the effect of pressure on specia- 
tion in the liquid is complicated by possible 
variations of T, with quench rate and pres- 
sure, accompanied by known variations of 
liquid structure with temperature (21). An 
increase in T, could result in a similar 
disproportionation (21). However, the esti- 
mated-size of the difference in the quench 
rates between our high-pressure glasses and 
1-bar glass (22) indicates that this effect is 
probably not significant in the MAS NMR 
spectra of these samples (21). Increasing 
pressure possibly lowers T,, because the 
viscosity of Na2Si205 liquid decreases as 
pressures rises above 1.5 GPa (23). A pres- 
sure-induced change in T, should thus pro- 
duce an effect on Q speciation opposite to 
that detected in the glasses by NMR. The 
observed changes in speciation therefore 
probably reflect an intrinsic effect of pres- 
sure on the liquid structure. 

In NMR as in other types of spectrosco- 
py, extreme disorder or distortion of local 
site geometry can cause signals to be broad- 
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ened to such an extent that they are difficult 
to observe. We have examined this possibili- 
ty by comparing the sum of the areas of all 
peaks in the spectrum for the 8-GPa glass 
with that of the 1-bar glass. Total areas, per 
gram of sample, are the same within 2 5 %  
for both; therefore, most or all Si is in sites 
with well-defined tetrahedral or octahedral 
geometry. 

Our data show that pressure-induced co- 
ordination and speciation changes can be 
preserved by rapid cooling at pressures as 
high as 8 GPa, followed by decompression 
at room temperature. However, the possi- 
bility of some structural relaxation in our 
samples, particularly of local site distortion 
( j) ,  cannot be excluded. In situ study at 
both high pressure and temperature is neces- 
sary to ultimately resolve this question. 

In earlier spectroscopic studies of glasses 
quenched from liquids at pressures up to 3 
GPa, no pressure-induced Si coordination 
changes were detected (24). Our data indi- 
cate that even at 5 GPa, the amount of siV' 
in Na2Si205 liquid is less than the detection 
limit of about 0.3%. At 8 GPa, the percent- 
age of Siv' in Na2Si205 liquid is also small. 
Most, if not all, magmas that reach the 
surface of the earth at the present time come 
from depths where pressures are less than 8 
GPa (about 240 km). Compression of these 
liquids therefore has probably been domi- 
nated by mechanisms other than an increase 
in coordination of the network-forming cat- 
ions. Changes with pressure in intertetiahe- 
dral bond angles and bond lengths have 
been shown to occur in silicate liquids (24). 
The small shift in the ~ i ' "  peak position 
with pressure in our samples indicates that 
the mean Si-0-Si angle decreased less than 
2" (14 ,  although the range of angles proba- 
bly increased. The observed disproportion- 
ation of Si'" species in Na2Si205 glasses at 
high pressures may be a consequence of 
adjustments in the tetrahedral network. 
Such an effect is analogous to that caused by 
substitution of the smaller cation Li' for 
Na' at 1 bar: reaction 1 is displaced to the 
right (20, 25). This shift may indicate that at 
high pressure, Na sites are smaller, and the 
Na-0  interaction is stronger. Changes in the 
~ i ' "  speciation in silicate liquids may also 
have significant effects on thermodynamic 
properties such as the activity of the SiOz 
component (20, 25). Greater disproportion- 
ation also implies a more random distribu- 
tion of bridging and nonbridging oxpgens 
(20). 

It has been suggested that at very high 
pressures, magmas may actually become 
denser than their source rocks and thus 
would be unable to rise to the earth's sur- 
face. Such a density contrast at depth would 
have major consequences for t he  rates and 

mechanisms of heat and mass transport in 
the planet (3, 26); Si coordination changes 
in liquids may play a crucial role in produc- 
ing this contrast. During the early history of 
the solar system, when substantial melting in 
the deep interiors of the terrestrial planets 
may have occurred, Siv'-bearing magmas 
could have been predominate. 

REFERENCES AND NOTES 

1. B. 0 .  Mysen, Sttucture and Properties of Silicate Melts 
(Amsterdam, Elsevier, 1988). 

2. E. Knittte and R. Jeanloz, Science 235, 668 (1987); 
R. M. Hazen, in Microscopic to Macroscopic, S. W. 
Keiffer and A. Navrotsky, Eds. (Mineralogical Soci- 
ety of America, Washington, DC, 1985), pp. 317- 
346. 

3. S. M. Rigden, T. J. Ahrens, E. M. Stolper, J .  
Geophys. Res. 93, 367 (1988); E. M. Stolper and T. 
J. Ahrens, Geophys. Res. Lett. 14, 1231 (1987). 

4. C. A. Angell, C. A. Scamehorn, C. C. Phifer, R. R. 
Kadiyala, P. A. Cheeseman, Phys. Chem. Mineral. 
15, 221 (1988); C. A. Angell, P. A. Cheeseman, S. 
Tamaddon, Science 218, 885 (1983). 

5. Q. Williams and R. Jeanloz, Science 239, 902 
(1988); "Vature 338,413 (1989); R. Hernley, H.  K. 
Mao, P. M. Bell, B. 0 .  Mysen, Phys. Rev. Lett. 57, 
747 (1986). 

6. E. Ito, E. Takahashi, Y. Matsui, Earth Planet. Sci. 
Lett. 67, 238 (1984); E. Takahashi, J .  Geophys. Res. 
91, 9367 (1986). 

7. E. Ohtani, F. Taulelle, C. A. Angell, "Vature 314, 78 
(1985). These authors observed Alv' peaks in "Al 
MAS NMR spectra of NaAlSi206 glasses quenched 
from high temperature and pressures of 6 and 8 
GPa. These peaks were at a different frequency and 
were significantly broader than those for crystalline 
jadeite. Proof that an "Al MAS NMR peak is caused 
by a particular site in a glass and not a crystal is, 
however, complicated by second-order quadrupolar 
broadening, which is absent for 29Si NMR in an 
alkali silicate glass. 

8. R. Dupree, D. Holland, and M. G. Mormza [Nature 
328, 416 (1987)l detected Sivl in a P20, glass 
produced at 1 bar. See also the review by R. J. 
Kirkpatrick, in Spectroscopic Methods in Mineraology 
and Geology, F. C. Hawthorne, Ed. (Mineralogical 
Society of America, Washington, DC, 1988), pp. 
341-404. 

9. The initial Na2Si205 glass sample was synthesized by 
fusion at 1300°C of Na2C03 and 29Si-enriched 
(95%) Si02 (Oak Ridge National Laboratory); 0.2 
welght percent Gd203 was added to decrease the 
spin-lattice relaxation time. Delay times between 
pulses (1 to 10 s) were chosen to be long enough so 
that relative intensities should be approximately 
quantitative. The appearance of a Siv' peak in glasses 
quenched from 8 GPa did not depend on the 
presence of the rare earth ion: it was also observed in 
a second sample without added Gd203. High-pres- 
sure runs were made in a USSA-2000 multi-anvil 
apparatus at the University of Alberta. About 10 mg 
of dried glass powder was welded into a Pt tube, and 
all parts of the pressure cells were dehydrated at 
1000°C before assembly. Melting temperatures were 
roughly determined by separate runs to be 1100°C 
at 5 GPa, and 1300°C at 8 GPa. The samples for 
spectroscopy were brought to the desired pressure 
and temperature for 5 to 30 min in the case of the 
glasses and about 30 min for the crystalline materi- 
als, then quenched isobarically by cutting the heater 
power. 

10. NMR measurements were made at a 29Si Larmor 
frequency of 79.5 MHz with a Varian VXR-400s 
spectrometer and MAS probe. Frequencies were 
calibrated to k0.2 ppm against an external standard 
of tetramethyl silane (TMS); MAS rotors with 
double O-ring seals were used to prevent sample 
hydration, Sample spinning speeds of about 6 kHz 
were used, with a 1-ks (about 15") radio frequency 
pulse. The observed peaks attributed to Sivl were 
well above background intensity and were shown to 

be neither artifacts nor spinning side bands by 
variation of spectrometer operating conditions. In 
silicates, only Siv' is known to produce 29Si chemical 
shifts in the range of - 180 to -220 ppm (8, 11). 
Correlations between Si-0 bond distance and chem- 
ical shift suggest that a tetrahedral site with a mean 
distance of 0.153 nm might cause a chemical shift in 
this range [A,-R. Grimmer, Chem. Phys. Lett. 119, 
416 (1985)l. However, this extreme tetrahedral 
compression has not been observed in minerals (2) 
and has been shown to be energetically very unfavor- 
able [G. V. Gibbs, Am.  Mineral. 67, 421 (1982)l. 
Shortened tetrahedral bonds would also be expected 
to relax on decompression. 
J. V. Smith and C. S. Blackwell, Nature 303, 223 
(1983). 
G. Englehard and D. Michel, High-Resolution Solid- 
State N M R  of Silicates and Zeolites (Wiley, New York, 
1987); R. J. Kirkpatrick, K. A. Smith, S. Schramm, 
G. Turner, W:H. Yang, Annu. Rev. Earth Planet. Sci. 
13, 29 (1985); E. Oldfield and R. J. Kirkpatrick, 
Science 227, 1537 (1985). 
J. B. Murdoch, J. F. Stebbins, I. S. E. Carmichael, 
Am. Mineral. 70, 332 (1985). 
J. F. Stebbins, Nature 330, 465 (1987). 
R. Dupree, D. Holland, D. S. Williams, J .  Non- 
Cryst. Sol. 81, 185 (1986). 
Tetrahedral Si sites can be described by the symbol 
Q", where 4 2 n 2 0 is the number of bridging 
oxygens shared with other tetrahedral cations. 
The 29Si lMAS NMR linewidths for SirV in crystal- 
line Mg2Si04, CaMgSi206, MgSiO,, Si02 (quartz), 
and low-pressure Na2Si205 polymorphs, for exam- 
ple, are all about 1 ppm or less, as is the SiV1 peak in 
stishovite (11). 
Optical microscopic examination showed that the 5- 
and 8-GPa glasses were homogeneous and free of 
quench crystals, which were, however, observed in a 
10-GPa sample. Transmission electron microscope 
images of crushed glass fragments at magnifications 
to ~ 1 0 0 , 0 0 0  revealed no sign of crystallinity, and 
electron diffraction produced no diffraction rings or 
spots. NMR results on two separate 8-GPa samples 
quenched from 1500°C and one sample quenched 
from 1700°C were essentially the same. 
J. F. Stebbins and P. McMillan, A m .  Mineral., in 
press; X .  Xue, M. Kanzaki, R. Tronnes, J. F. Steb- 
bins, in preparation. 
J. F. Stebbins, J .  Nan-Cyst. Solids 106, 359 (1988); 
J. E. Dickenson and C. M. Scarfe, Eos 66, 395 
(1985). 
M. E. Brandriss and J. F. Stebbins, Geochim. Cosmo- 
chim. Acta 52, 2659 (1988). 
Both the 5- and 8-GPa glass samples were cooled 
from 1500" to 400°C in about 2 s. The rate for the 
1-bar sample was about 50 times as slow. 
C. M. Scarfe, B. 0 .  Mysen, D. Virgo, in Magmatic 
Processes: Physiochemical Principles, B. 0 .  Mysen, Ed. 
(Spec. Publ. 1, Geochemical Society, University 
Park, PA, 1987), pp. 59-68. 
M. F. Hochella and G. E. Brown, Jr., Geochim. 
Cosmochim. Acta 49, 1137 (1985); M. E. Fleet et al., 
ibid. 48, 1455 (1984). B. 0 .  Mysen, D. Virgo, P. 
Danckwerth, F. A. Seifert, I. Kushiro, MuesJahrb. 
Mineral. Abh. 147, 281 (1983). 
B. H.  W. S. deJong, K. D. Keefer, G. E. Brown, Jr., 
C. M. Taylor, Geochim. Cosmochim. Acta, 45, 1291 
(1981); B. 0 .  Mysen, in Mafmatic Processes: Physio- 
chemical Principles, B. 0 .  Mysen, Ed. (Spec. Publ. 1, 
Geochemical Society, University Park, PA, 1987), 
DD. 375-400. 
L L 

D. L. Heinz and R. Jeanloz, J .  Geophys Res. 92, 
11437 11987). - ~ 

1 -  - , 
The multi-anvil high-pressure apparatus and the C. 
M. Scarfe Laboratory of Experimental Petrology 
owe their existence to the efforts and inspiration of 
the late C. M. Scarfe. We thank E. Takahashi, K. 
Muehlenbachs, and I. Farnan for continued support 
and help, A. Marshall and K. Nelson for assistance 
with the TEM work, and the reviewers for construc- 
tive comments. We acknowledge the support of the 
Natural Sciences and Engineering Research Council 
of Canada grants SMI-105, CII0006947, and 
OGP0008394 to C. M. Scarfe, and U.S. National 
Science Foundation grants EAR 8707175 and EAR 
85-53024 to J.F.S. 

5 May 1989; accepted 7 July 1989 

9 6 4  SCIENCE, VOL. 245 




