
Nuclear Magnetic Resonance Spectroscopy in 
the Earth Sciences: Structure and Dynamics 

Detailed knowledge of the structure and dynamics of the 
materials that make up the earth is necessary for funda- 
mental understanding of most geological processes. Nu- 
clear magnetic resonance spectroscopy is beginning to 
play an important role in investigations of inorganic solid 
materials, as well as of liquids and organic compounds; it 
has already contributed substantially to our knowledge of 
minerals and rocks, compositionally simplified analogs of 
magmas, and the surfaces of silicate crystals. The tech- 
nique is particularly useful for determining local structure 
and ordering state in crystals, glasses, and liquids, and is 
sensitive to atomic motion at the time scales of digusion 
and viscosity in silicates. New techniques offer promise 
for increased resolution for quadrupolar nuclei and for 
extension of experiments to high temperature and pres- 
sure. 

B ENEATH THE SURFACE OF THE EARTH, MOST GEOLOGICAL 

processes cannot be observed directly. There are two types of 
approaches that the experimental geochemist can take to- 

ward studying the geologic problems that include such processes. 
One is to try to stimulate nature and contend with complex material 
compositions and the intertwined effects of many variables. This 
remains the most common approach and is the basis of much of our 
present understanding. Such studies can be complemented and 
greatly extended by measurements that reveal more about the atomic 
scale details of the chemistry and physics of minerals and magmas. 
Because of the constraints of size and time scales, we will always 
ultimately be unable to duplicate nature in the laboratory, even if the 
technical problems of generating high temperature and pressure in 
experiments are overcome. Extrapolations to natural conditions will 
thus always be necessary and can be accurate only if processes are 
understood at a fundamental level. 

The most basic information that needs to be known about a 
material in order to understand and eventually to predict its 
properties is its structure. The structures of highly ordered crystal- 
line oxides and silicates are for the most part well known. In crystals 
that are disordered because of the effects of temperature, rapid 
growth, defects, or high surface area, however, structural informa- 
tion is generally incomplete because traditional techniques of x-ray 
diffraction may detect only long-distance averages, which can con- 
ceal energetically important details. In noncrystalline solids, struc- 
ture is much more poorly known. In liquids the problem is even 
more complex, as the structure is highly mobile. The structures of 
both liquids and noncrystalline solids are related, however, in that 
some important aspect of the structure is not characterized by long- 
range crystallographic symmetry; instead, short- to intermediate- 
range order dominates. Local variations occur in the type and 
number of atoms in the first few coordination shells and the type 

and geometry of bonds. This commonality means that techniques 
that are useful for studying disorder in one class of materials may be 
useful for others. More important, it suggests the underlying 
mechanisms that control short- and intermediate-range order may " 
be applicable to a wide range of materials and may be best elucidated 
by study of this full range. 

The &ay that a structure changes with time is described by its 
dynamics. In the earth sciences, dynamics over an enormous range 
of time scales must be considered, from the vibrational (lo-'' s) to 
the geological ( l oT7  s). Dynamics are again best known for well- 
crystalline solids, where the vibrational, ultrasonic s), and 
laboratory (10' to lo6 s) time scales are in some cases well explored. 
In the transformation of glassy solids to viscous liquids (for example, 
magmas), an intermediate range of dynamics [ lo0  (?)  to ( 1 )  s] 
affects both transport and thermodynamic properties. Again, com- 
mon mechanisms and concepts may be found: some types of 
dynamics, such as some solid-solid and solid-liquid phase transi- 
tions, might be controlled by rates of defect formation and bond 
breaking that are similar to those that govern the viscosity of liquids. 

Nuclear magnetic resonance (NMR) spectroscopy has proven to 
be particularly useful in addressing questions of local structure and 
disorder and diffusive time-scale dynamics. Most elements have one 
or more stable isotopes with a nonzero nuclear spin. In a magnetic 
field, these nuclei c& absorb and re-emit energ)r, typically the 
radio-frequency (-10 to -600 MHz) range in modern spectro- 
meters with high-field superconducting magnets. The frequency of 
this absorption (the Larmor frequency) is characteristic of the 
isotope, and the intensity of the signal is, in principle, strictly 
proportional to the abundance of the number of spins of interest in a 
giv& sample. Nuclear spin energy levels and thus the absorption 
frequency are slightly perturbed by interactions with electrons; 
available technology allows routine detection of relative changes in 
frequency (usually~ measured in parts per million relative-to a 
standard) as small as 4 x lo-''. Thus NMR is a technique that is 
element specific and sensitive to local bonding environment. For 
spin-112 nuclei, such as 'H, I3C, and "Si, changes in the local 
magnetic field due to shielding by electrons produce "chemical" " v ,  

shifts in frequency. Absorption frequencies of quadrupolar nuclei, 
such as 2 ~ ,  170, 2 3 ~ a ,  and 27Al, are also sensitive to local gradients 
in the electric field. As in other spectroscopies, the absorption and 
re-emission of energy in NMR, and resulting line shapes, are 
sensitive to atomic motion at frequency scales ranging from those of 
line widths (0.1 Hz  to > l o 0  H z )  to those of the resonant 
frequency. 

As in chemistry in general, the earliest and widest application of 
NMR spectroscopy in geochemistry has been to organic systems: 
soil, oil shale, coal, and petroleum have been routinely analyzed (1). 
Widespread application to inorganic earth materials and geochemi- 
cal problems has only recently begun. Because of both common 
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underlying processes and common materials, much of this work has 
been related to or a part of studies of materials for technological 
application, such as catalysts, glasses, and ceramics. Several recent 
reviews and books include descriptions of basic NMR physics and 
summarize the wide range of data that are now available for silicate 
and oxide solids (2-5). In this article, we discuss some examples of 
how NMR results can be tied directly to studies of geochemical and 
geological processes and emphasize several new types of applica- 
tions. 

Crystal Structure and Mineralogy 
Work began on minerals with NMR soon after the technique was 

developed. Studies of nuclei that could be observed with early 
instruments, such as 'H, 19F, and 27Al, gave results that supported 
the fundamental theory of nuclear spin interactions in solids (6 ) .  
Subsequent systematic studies provided information on structure 
and phase transitions in a variety of geologically important oxides 
and silicates (7-9). 

Most early work was done on single crystals of minerals because 
both chemical and quadrupolar frequency shifts are usually strongly 
dependent on the orientation of a crystal in the external magnetic 
field: both are described by second-rank tensors. NMR spectral lines 
of randomly oriented powders are thus usually too broadened to be 
very informative. For quadrupolar nuclei in minerals, particularly 
27AI, single-crystal studies have in many cases provided complete 
descriptions of the relation between structure and the electric field 
gradient. These results have been useful in understanding more 
recent magic-angle spinning (MAS) NLMR data (described below), 
in which the quadrupolar effects are averaged by spinning about a 
single axis oriented at 54.7" to the magnetic field. 

Analogous studies of the chemical shift anisotropy (CSA) tensor 
for low-abundance spin-112 nuclei in minerals are, however, much 
less common. The most or second most abundant cation in the 
earth, Si, has a spin-112 isotope, 2 9 ~ i  (4.7% abundance). Although 
for cation sites with high symmetry much can be learned from 
powder spectra ( l o ) ,  complete characterization of the NMR proper- 
ties must again come from single-crystal work. Only two such 
studies have been made, on forsterite (Mg2Si04) (11) and quartz 
(SO2) (12, 13). This type of data has begun to be important in 
characterizing bonding in minerals (lo), as it has been for 13C 
in organic solids (14). Future work of this type should improve 
our understanding of the relations between structure and NMR 
spectra. 

Information on the orientation dependence of chemical shifts in 
minerals can also be used for detection of nonrandom orientations 
of minerals in deformed rocks, which have often been studied by 
optical microscopy and used to infer past strain and stress histories. 
A test case is illustrated in Fig. 1. It is unlikely that NMR will replace 
traditional methods of fabric analysis of coarsely crystalline rocks, 
but the technique has potential for analysis of poorly crystalline, very 
fine-grained, and even amorphous materials. For example, orienta- 
tion studies have been used recently to search for structural orienta- 
tion in highly sheared silicate glass fibers (15). 

Complete single-crystal studies are time-consuming and, at least 
for work with 29Si at its natural abundance, require relatively large 
crystals (usually about 5 by 5 by 5 mm). For abundant nuclei such as 
27Al, dipole-dipole couplings can broaden lines and reduce chemical 
shift information. However, many of the line broadening effects 
seen in both single-crystal and powder spectra of silicates are 
eliminated with MAS NMR (16); as a result, many applications to 
silicate mineral structure have developed. Because calculation of an 
NMR spectrum for a complex structure from first principles is not 

Fig. 1. Static (non-MAS) 
29Si NMR spectra of a high- 
ly strained quartzite (12, 
13). Scale is in parts per 
million relative to tetra- 

4 
methylsilane (TIMS) . (A) 
Quartz grain crystallograph- 

)J?/ \ 
ic c-axes are distributed at all 
angles to the external mag- 

/; !\ 
netic field Bo (Bo is perpen- 
dicular to the foliation tJ"lp\& 
plane). A relatively broad @.& 
spectrum is produced. (8) ---- ----,"' I , ' , , l  

With the foliation plane ro- -80 9 0  -100 -110 -120 -130 
tated 90" so that it and the PPm 

lineation drection are parallel to Bo, a high proportion of the quartz grains 
have c-axes perpendicular to Bo, producing a shifted and narrower line. Data 
collected at 79.5 MHz in a Var~an VXR 400 spectrometer. One single ~ 1 2  
pulse was given for each spectrum, preceded by a 4- to 12-hour equilibration 
period in the magnet. 

yet possible, the first step in applying MAS NMR is empirical 
calibration of the effects of known structure on the isotropic average 
chemical and quadrupolar shifts that are observed by the technique. 

The most progress in the study of inorganic solids has been made 
for 29Si in silicates. The largest influence of structure on 2 9 ~ i  spectra 
of silicates is the number of first neighbor oxygens. The high- 
pressure (>8.5 GPa), octahedrally coordinated polymorph of Si02 
(stishovite), for example, has a chemical shift 80 or more parts per 
million away from silicates with four-coordinated Si, and can 
therefore be detected by NMR with relatively high sensitivity. 
Stishovite has been found only at known sites of meteor impacts and 
not in igneous rocks even of the deepest origin. Recently NMR has 
demonstrated that stishovite is present in a clay deposit at the 
Cretaceous-Teritary boundary (17), where it had not been previous- 
ly detected with other techniques such as x-ray diffraction. This 
discovery further strengthens the case for a catastrophic impact at 
this time of widespread mass biological extinction. 

For 27Al, the difference in isotropic chemical shift between four 
and six coordinated sites is also relatively large (50 to 70 ppm). 
Although problems of quadrupolar broadening can complicate 
interpretations, this effect has allowed determination of site occu- 
pancies in minerals containing both tetrahedral and octahedral Al. 
The case of spinel (MgA1204) is a good example. This mineral is one 
end-member of a series of oxides that are commonly used in 
calculation of pressures and temperatures from coexisting mineral 
assemblages. Its overall average structure has long been known from 
x-ray diffraction, but site occupancies (crucial for calculating entro- 
pies) could not be precisely determined because of the similar x-ray 
scattering factors of Mg and Al. Both single-crystal (9) and MAS 
NMR (18) have now quantified the transition from a fully ordered, 
low-temperature cation distribution to a high-temperature, disor- 
dered phase. However, this mineral group also exemplifies one of 
the greatest limitations for the application of NMR to minerals: 
many natural spinels contain substantial amounts of paramagnetic 
Fe and Cr, which can broaden NMR lines to the point of being 
unobsen~able. 

In most minerals of the earth's crust, Si and Al are in tetrahedral 
sites. Here, framework silicates are by far the most abundant (for 
example, quartz and feldspars), as well as being the major constitu- 
ent of most common ceramics and of catalysts such as zeolites. For 
a given Si site in a mineral of this group, the isotropic chemical shift 
systematically changes with the relative number of Si and A1 second 
neighbors (2). This relation often allows 2 9 ~ i  MAS NMR peaks to 
be uniquely assigned in terms of numbers of A1 and Si neighbors and 
rhe real, short-range distribution of these tetrahedrally coordinated 
cations to be determined. In many cases, this determination cannot 
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Fig. 2. 19Si MAS NMR spec- 
tra of crystalline (below) and 
glassy (above, dashed line) 
diopside (CaMgSi2O6). Scale 
as in Fig. 1. Also shown is the 
cross-polarization (CPMAS) 
spectrum for a finely ground 
crystalhe sample, in which 
Si sites near to surface pro- 
tons are accentuated (abbve, & 'L solid h e )  (29). In the spec- ____-_-,' 
trum for the crystal, note the 1 
oresence of sm& amounts of 1 I 

I /I 

iorsterite (Mg2Si04, chemi- -2 -- -----i -i--- L - -- -1- --- 
cal shift, ' = -62 pprn)> m m . 7 0  -80 -90 -100 -110 .I20 
enstaute (MgSiO,, - -82 
~ o m i .  and wollastomte iCa- 

PPm 
' L  f ,  

Si03, 8 = -89 ppm), whch were by-products of the synthesis. The first two 
were of too-low abundance to be detected by routine powder x-ray diffraction. 
Dots mark spinning side bands. 

be made by any other method: even single crystal x-ray diffraction 
analyses generally provide information on only the long-range 
average structure. 

In several cases. 2 9 ~ i  MAS NMR spectra have revealed that short- 
range order prevails even when x-ray data suggests that there is 
substantial long-range disorder. In the nepheline group [ideally 
(Na,K)AISiO4], for example, samples formed at high temperature in 
volcanic systems appeared from diffraction studies to have partial Al- 
Si disorder (19), but NMR work showed that they had nearly 
complete short-range order (20). This kind of result can have real 
thermodynamic significance. The calculated ideal configurational 
entropy of disordered nepheline (9.9 J mol-' K-I) (21) is about 4% 
of its total entropy at 1000 K and is nearly equal to the total entropy 
change for the reaction with quartz to form albite (NaAlSi308). 
This equilibrium is important in igneous processes and has been 
used to define the thermodynamic activity of silica in magmas (22). 
The finding of an ordered structure in nepheline resolved a major 
inconsistency in the systematic effects of composition on entropies 
of fusion of silicates, which are essential in predicting high-tempera- 
ture phase equilibria (23). It also further supported-theprinciple of 
aluminum avoidance, which states that A104 tetrahedra do not share 
corners with each other if stoichiometry allows. This effect may be 
the prime cause of ordering in minerals with a 1 : 1 AVSi ratio such as " 
nepheline and has largely been confirmed for alkali aluminosilicates 
with both 29Si and 27Al MAS NMR [with a few exceptions (24)l. 
In addition, a recent 2 3 ~ a  MAS NMR study of nepheline at 
temperatures as high as 500°C (25) has shown that there is a 
dynamic exchange of Na between alkali sites: such exchange influ- 
ences both thermodynamic and transport properties. 

- 

Similar relations between 2 9 ~ i  isotropic chemical shifts and second 
neighbor distributions occur in other mineral groups as well (2, 16). - - 
In framework silicates. all of these neighbors are tetrahedral Si or Al " 
cations, and the four linking oxygens are described as "bridging." 
The tetrahedral site is described as Q ~ ,  or quaternary, with four 
bridging oxygens. Successively replacing each of the surrounding 
tetrahedral cations with a larger, lower charged species such as Na' 
or ca2+ causes a reasonably systematic change of about 10 ppm 
toward less negative (less shielded) chemical shifts as each bridgin B oxygen becomes a "nonbridging" anion. Thus, sites labeled Q3, Q , 
Q1, and Q0 are produced. Generally, the abundance of such sites in 
minerals is well known from x-rav work: this correlation can be 
particularly useful for characterizing unknown structures of glasses 
and liquids (discussed below). 

Chemical shifts in 29Si are also systematically related to local 
structural variables such as bond lengths and angles (1-5). Consider- 
ation of these effects together in a single geometric term produces a 

good linear relation for most silicates (26). Recently, better under- 
standing of quadrupolar effects has allowed the calculation of 27Al 
isotropic chemical shifts for tetrahedral sites from MAS data (27), 
and relations between structure and shift similar to those for 29Si 
have been demonstrated. 

The interaction of all of the effects of structure on chemical shift 
can, of course, lead to ambiguities in assignment of peaks in spectra 
of unknown structures. In many cases, useful information can still be 
obtained by detailed comparison of line shapes between two 
materials, however. Good examples are recent studies of the disor- 
dering processes that occur at mineral and glass surfaces (28, 29). 
This type of work has wide applicability: most geochemical process- 
es involve multiphase systems, and surface reactions often govern 
kinetics and even equilibrium. The effect of water on surfaces is 
particularly important in problems ranging from the formation of 
hydrothermal ore deposits to the diagenesis of sediments to the 
effect of radioactive waste on storage media. The technique of cross- 
polarization MAS (CPMAS) NMR, in which nuclear spin energy is 
usually transferred from 'H to other nuclei such as 29Si, can greatly 
enhance the strength of the signal from sites within a few angstroms 
of a proton (2, 5) and can therefore accentuate the sites in a mineral 
that have interacted with water. Even water adsorbed from the air 
onto a silicate surface can provide enough proton coupling to 
observe near-surface sites. For example, in Fig. 2, the 29Si CPMAS 
spectrum of the surface of diopside (cakfgsi206) can be seen to be 
nearly identical to that of the glass produced directly from the 
molten phase (29). This suggests that the disordering that takes 
place on melting is closely related to that which results from 
grinding. The overall extent of this disorder can be appreciated by 
comparison with the spectrum for crystalline diopside, even though 
specific structural differences cannot be uniquely determined (30). 

Several recent technical innovations are widening the applicability 
of MAS NMR techniques even further. For spin-312 and spin-512 
nuclei such as 2 3 ~ a ,  27Al, and 170, second-order quadrupolar effects 
are not completely averaged by the usual MAS technique and often 
cause broadening that is severe enough to limit resolution substan- 
tially. This broadening can be reduced, however, at higher magnetic 
fields, and some relatively high-resolution quantitative work has 
been done, particularly for 27Al (2, 3). Second-order quadrupolar 
broadening can be a particular problem in work on amorphous 
materials, where local structural variations lead to distributions in 
quadrupolar coupling constants and asymmetry parameters, as well 

Fig. 3. "0 spectra of crys- 
talline diopside, CaMgSilOs 2 

(32).  Scale in parts per d- 
lion, relative to H 2 0 .  (A) 
Standard MAS spectrum 
showing severe broadening B 
by second-order quadrupo- 
lar coupling. (B) Double ro- 
tation or DOR spectrum. 
Three numbered, narrow 
lines are present, corre- 
sponding to the three non- 
equivalent oxygens in the I I I I I I I I 

structure. AU other peaks are I 20 80 40 0 
spinning side bands. Frequency (ppm) 
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as in chemical shifts. These complications have made it difficult to 
determine the real extent of disorder. Second-order quadrupolar 
broadening can be eliminated with two new techniques (31, 32), 
which can greatly simplify spectra. Both methods work by averaging 
out not only the second rank spherical harmonics that appear in 
expressions for the orientation dependence of frequency (as in 
MAS) but also the fourth-order terms. In the first technique, double 
rotation or DOR, a powdered sample is spun about an axis that 
itself is spinning about a second axis. In what is a real advance in 
mechanical engineering as well as in NMR physics, double rotor 
spin rates of up to 1 and 3 kHz have been simultaneously achieved. 
In the second method (dynamic angle spinning, or DAS), a single 
rotor is flipped back and forth between two orientations, and a two- 
dimensional spectrum is recorded and analyzed. Wide 1 7 0  MAS 
NMR lines in the mineral diopside (CaMgSi206) have been reduced 
in width by a factor of about 20 by the DOR method (Fig. 3) (32). 
This great increase in resolution should allow much more accurate 
determination of isotropic chemical and quadrupolar shifts and 
permit the distinction among oxygen sites with subtle differences in 
local structure. 

Silicate Liquids 
Much or most of the crust, and perhaps most of the mantle of the 

earth, originally crystallized from silicate liquids at high tempera- 
ture. Natural magmas are chemically complex and contain nine or 
ten major oxide components as well as a number of volatile 
constituents. They are highly viscous, structured materials, whose 
behavior falls somewhere between the relatively well-understood 
realms of molten salt and organic polymer chemistry. The role of 
silicate liquids in the glass and ceramics industries has led again to a 
long history of fertile interactions between materials and earth 
scientists. 

Basic ideas about silicate liquids combine concepts of structure 
and dynamics. Small, highly charged cations (such as Si4+ and A13+) 
that are four-coordinated and form strong, partially covalent bonds 
to oxygen are considered to be "network formers." Larger, lower 
charge cations that have six or more oxygen neighbors (such as Na+ 
and Ca2+) are termed "network modifiers," because addition of 
their oxides to Si02 liquid dramatically lowers viscosity. Silicate 
liquids are volumetrically dominated by oxygen anions, which may 
be bridging if bonded to two network-forming cations, or 
nonbridging if bonded to a network former and one or more 
network-modifying cations. These distinctions are not always clear: 
cations such as Fe2' and Li+ are at least sometimes four-coordinated 
in silicate liquids but are bonded weakly enough to still depolymer- 
ize the silica network structure. Models of viscosity often are based 
on abundances of bridging and nonbridging oxygens, and models of 
thermodynamics are often formulated on assumptions of the distri- 
bution of cations and of anionic species that may contain many 
linked polyhedral units. Identifying the roles played by different ions 
and the short- and intermediate-range order that they create in a 
liquid are thus needed for structural understanding. Specifically, the 
size and distribution of anionic species enters into calculations both 
of total configurational entropy and of activity coefficients for 
thermodynamic components, whose formulae are often chosen to 
match ideas of what structural units are present. In addition, 
characterization of the energetics and lifetimes of links between 
structural units is required for understanding transport properties 
such as viscosity and difisivity. 

The first approach to determining the structure of magmatic 
liquids has been spectroscopy on glasses, as most if not all of 
geological compositions and their representative simplified systems 

Fig. 4. Statlc 29S~  NMR 
spectra of Na2S1205 glass 
(45). Scale as In Flg. 1. The 
large, asymmetric, broad 
peak 1s due prlmarlly to Q3 
sltes, the small central peak 
(cross-hatched) 1s due to Q4 
sltes The slgnal from the 
htter 1s greatly accentuated 
because of the hlgh local 

-- symmetry. S O L ~  curve n for 
a rapldly quenched sample. 

-200 -150 -100 -50 
PPm 

O Dashed curve 1s for a slowly 
cooled sample, whlch has a 
sllghtly smaller proportlon 
of Q4 sltes 

form glasses on quenching. Significant contributions have been 
made with both static and MAS NMR. As for crystals, these 
techniques have served at least qualitatively to constrain models of 
thermodynamics used in calculating phase equilibria and of proper- 
ties, such as viscosity, that are needed for prediction of mass 
transport. In amorphous materials, NMR is particularly useful 
because it samples local structure. Intepretation of spectra are based 
on relations derived from known mineral structures. Again, the 
largest and clearest changes in chemical shifts are those attributed to 
coordination changes. 

Shifts from fourfold to sixfold coordination of Al as a function of 
composition or increased pressure have frequently been used to 
rationalize bulk property data for aluminosilicate melts. Adding 
M2o3 in excess of charge-balancing network modifiers, for example, 
reduces viscosity, suggesting that some A13+ shifts out of network- 
forming sites. One major finding of MAS NMR has been a largely 
negative result: in most systems for which the higher coordinates 
have been suggested, well-defined sixfold Al seems to be absent. 
Exceptions are seen for some compositions in the AI2O3-Si02 binary 
(33). In some glasses, however, some of the Al may be in sites that 
are distorted enough to be difficult to detect with NMR, and thus 
their coordination cannot be resolved (2). In low-pressure glasses, 
six-coordinated Si in glasses has been detected by NMR only in 
samples rich in P2O5 (34). 

Measured density increases of silicate liquids at high pressure are 
consistent with increases in both Al and Si coordination (35). 
Increasing pressure also reduces the viscosity of many silica-rich 

Fig. 5. Comparison of ther- 0 
modynamic activity of silica, 
a(Si02), estimated from sol- 
id-liquid phase diagrams 
(solid curves at high tem- 
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liquids (36), again perhaps indicating a shift of structural roles. 
Studies by vibrational spectroscopy and x-ray scattering of samples 
quenched from pressures as high as 4 GPa have not shown clear 
evidence for these changes (37), but *'Al MAS NMR on a sample of 
NaAlSi30s glass quenched from 8 GPa has, however, suggested the 
presence of six-coordinated Al (38). Study of isotopically enriched 
samples with 29Si MAS NMR has recently documented that small 
amounts of both six- and five-coordinated Si are present in alkali 
silicate liquids even at pressures as low as 1.9 GPa (39). 

More subtle features of glass structure are often masked by the 
broadening of NMR lines caused by positional disorder. However, 
this disorder is the primary distinction between a glass and a crystal, 
and needs to be quantified to estimate entropies (40). The overall 
extent of disorder is in good qualitative agreement with what is 
expected from other properties. For example, 2 9 ~ i  MAS NMR line 
widths systematically increase as the field strength of the network- 
modifying cation increases (41). This trend correlates with trends in 
liquid heat capacities, entropies of fusion, and thermodynamic 
activities that also suggest increasing disorder as interstitial cations 
interact more strongly with oxygens (23). 

In many cases, Raman, infrared absorption, and other types of 
spectroscopy may provide more details of glass structure than 
NMR; however, NMR provides the potential for highly quantita- 
tive data. Some MAS spectra for simple compositions can be curve- 
fit to yield quantitative estimates of Q-species abundances, although 
this practice has generated considerable controversy (2, 4, 30, 42). 
For a relatively small range of compositions, static spectra on glasses 
can be more definitive because the small chemical shift anisotropy 
(42) of the Q4 species compared with those of the Q2 and Q3 species 
allows even small Q4 peaks to be distinguished (Fig. 4). Identifica- 
tion of peaks has allowed accurate quantitation of one of a series of 
disproportionation reactions that describe the relation between a 
system with a highly ordered distribution of Q species and one with 
greater disorder: 2Q3 = Q2 + Q4. Again, trends of speciation with 
composition agree with those inferred from other methods (42, 43). 
Simple entropy calculations suggest that as much as half of the total 
difference in disorder between glass and crystal could be attributed 
to the mixing of these species in the glass. The distribution of Q 
species can also be related directly to the extent of disorder among 
the bridging and nonbridging oxygens, which enters into models of 
viscosity. 

In many systems, the change in heat capacity from glass to liquid 
is as large or larger than the gas constant R per gram atom (23, 44). 
This relation suggests that there is a major configurational compo- 
nent to the entropy caused by a continuous change in structure with 
temperature above the glass transition temperature T,. The struc- 
ture of a given glass thus reflects that of the liquid only at T,, which 
at normal cooling rates in many systems is many hundreds of 
degrees below the melting points of interest to geologists. We thus 
must seek to explain both the structural cause of the increase in heat 
capacity (as well as in expansivity and compressibility), as well as to 
determine how glass structures change at higher temperatures. 

One aspect of this problem has been examined by taking advan- 
tage of the kinetic nature of the glass transition: liquids quenched 
more rapidly transform to glassy solids at higher T,'s. The abun- 
dance of Q~ species in alkali silicate glasses tends to increase as values 
of T, increase (Fig. 4), indicating corresponding increases in Q2 
abundances and greater disproportionation from the ordered Q3 
distribution (45). The contribution to the overall configurational 
entropy change from this effect is minor. However, it may have real 
significance in controlling the thermodynamic activity of silica, 
a(SiOz), which is the most abundant component of most magmas. 
The a(SiO2) has major influence on solid-liquid phase equilibrium, 
which in turn controls the chemical evolution of magma systems. 

Relations between a(Si02) and the abundance of the locally silica- 
like Q4 species have been suggested from the systematic effect of 
cation field strength on the position of the silica liquidus in binary 
phase diagrams (43, 46). The spectroscopic observation of a change 
in the Q4 abundance with temperature implies that there is a 
comparable change in a(SiO2). For example (Fig. 5), the slopes 
[dloga(SiOz)/dT] calculated both from the Na20-SiOz phase dia- 
gram and from a solution model of complex natural magmas (47) 
agree surprisingly well with that estimated by long extrapolation of 
NMR data on Na2Si205 liquid. This result provides hope that 
models of magma solution chemistry, firmly grounded in quantita- 
tive spectroscopic data, may eventually be feasible. 

One recent success in relating structure to thermodynamics was 
initially based on infrared absorption spectroscopy of water dis- 
solved in glasses. This work has shown that both O H  and H 2 0  
groups can be abundant in such glasses (48) and that such systems 
can be accurately treated with spectroscopically based models. The 
solution of water in magmas is of crucial importance in explosive 
volcanism, the formation of granitic intrusions, and in the genesis of 
many kinds of ore deposits; 'H, *H, and 2 9 ~ i  NMR have all been 
applied to confirm and extend these findings (49). For example, 
NMR data have begun to show which cations are attached to the 
O H  groups and the extent of hydrogen bonding. 

The relative abundances of different types of species and bonds, as 
frozen in at T,, place some constraints on dynamics at higher 
temperatures. Spectroscopy on glasses can only reveal part of the 
information needed to understand equilibrium liquids, however. 
Liquids are fundamentally different, in that their structure is mobile 
enough to adapt to rising temperature through continuously in- 
creasing configurational disorder. The dynamics of this change can 
reveal something about the nature of the structural change and thus 
plays a central role in thermodynamic properties. Theoretical work 
recently applied to silicates has successfully linked configurational 
entropy to viscosity (44), suggesting the possibility that the same 
local-scale dynamics may be hndamental to both. Viscosity is one of 
the major variables controlling the style of magma emplacement, 
dictating whether a volcanic eruption will produce a catastrophic 
explosion or a quiescent lava flow. Models of dynamics in silicate 
liquids range from the simple pair interactions of molecular dynam- 
ics simulations (50) to systems involving chains and sheets of many 
atoms. In the former, flow is assumed to be dominated by short- 
range processes of transition state formation, bond breaking, and 
bond formation. In the latter, viscosity is related to entanglement 
models from polymer science. At present, there is little direct 
information on atomic-scale dynamics in silicate liquids. NMR 
spectroscopy is particularly useful here, because line shapes and 
relaxation times are sensitive to changes in local bonding arrange- 
ments at a frequency scale appropriate to viscous liquids. The NMR 
dynamics of an ionic liquid are thus expected to be significantly 
different from those of a polymeric system. 

Use of NMR spectroscopy to study nonspinning samples of 
molten silicates at temperatures as high as 1300°C has recently 
begun to quantify such dynamics (51-53). As is true in general for 
NMR studies of dynamics, two types of measurements are made 
(54). The first is the determination of spin-lattice relaxation times 
( t l ) ,  which are inherently sensitive to local atomic or molecular 
motion on diffusional time scales. This sensitivity is present because 
energy transfer out of a nuclear spin system in general must be 
stimulated by local fluctuations in magnetic field (or electric field 
gradient for quadrupolar nuclei) at the Larmor resonant frequency. 
This frequency is on the order of tens to hundreds of megahertz in 
modern spectrometers, many orders of magnitude below typical 
vibrational frequencies. In detail, data on relaxation times for 
complex systems such as silicates can be difficult to interpret. 
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However, the qualitative meaning is clear: close to or at the bulk T, 
in all silicate liquids studied, a radical change in the mechanism of 
relaxation occurs. Thus, the style of atomic motion of the anionic 
network structure changes hdamentally just at the point where 
thermodynamic properties change abruptly (52, 53). The traditional 
view of T, as the point where the silicate network can begin to 
rearrange on heating is well supported by these results. 

In contrast, 2 3 ~ a  t l  data on these same systems show only minor 
inflections at T,, indicating a subsidiary role in bulk thermodynamic 
properties for network-modifying cations (52). However, high- 
temperature activation energies are the same as those determined for 
tracer diffision, indicating that NMR may prove useful for studying 
this geochemically important aspect of mass transport as well. 

More direct information of rates of structural change can be 
obtained by analysis of line shapes. Shown in Fig. 6 are the static 
2 9 ~ i  spectra of a silica-rich liquid as a function of temperature (53). 
Just above the annealed T,, the spectrum is identical to that at room 
temperature (43 ) ,  which is dominated by the signals from Q3 and Q4 
species. As temperature rises, these two signals begin to narrow and 

Fig. 6. Static 29Si spectra of K2Si409 liquid at high temperature (53).  Scales 
as in Fig. 1. Data are shown on left; simulations with a multisite exchange 
model are shown on the right. In lowest temperature spectrum, the line 
shape is the same as that in the glass at room temperature. As in Fig. 4, the 
narrow central peak is due to Q4 groups, and the broad asymmetric peak is 
primarily due to Q3 sites. With increasing temperature, the nvo features 
narrow and merge. Simulations give exchange frequencies noted. 

eventually collapse to form a single narrow line. Line narrowing in 
liquids is a common phenomena in NMR, as orientation-dependent 
shifts are averaged by local rotation or other kinds of rearrangement. 
Here, however, the presence of only a single line requires that the 
multiple species not only reorient rapidly, but also exchange with 
one another at a rate much higher than the separation in frequency 
between the two lines. This exchange can only take place by 
breaking and reforming Si -0  bonds, which are the strongest in the 
system. Thus, molecules made up of interlinked tetrahedral units, if 
they are present at all in silicate liquids, can be estimated to have 
lifetimes of only microseconds to nanoseconds at melting tempera- 
tures. Simplified models of this exchange process can be generated 
that allow NMR spectra to be simulated. In the interpretation of the 
spectra in Fig. 6, a Si cation is assumed to jump rapidly among 
bonding states whose range of chemical shifts maps out the low- 
temperature static line shape. This process approximates the random 
motion of second-neighbor Si and alkali cations into and out of the 
second coordination sphere. Calculated line shapes can be matched 
to experimental data to estimate the exchange rate as a function of 
temperature. A linear correlation of the logarithms of these rates 
with inverse temperature gives an estimate of the activation energy 
of the process, which is within 10% of that determined from bulk 
viscosity measurements (53). Furthermore, simple approximations 
of shear moduli permit the viscosity to be predicted to within about 
0.5 orders of magnitude of the measured value. In that viscosity can 
vary by 13 or more orders of magnitude as a function of composi- 
tion and temperatures of interest in petrology, this agreement cannot 
be fortuitous. These findings strongly suggest that this species ex- 
change is closely related to the hdamental  mechanism of viscous flow 
in these systems: it is probably tied directly to the local &ive motion 
of 0 and Si atoms, which may dominate bulk dynamics (55). Future 
work on 1 7 0  NMR of such liquids should refine this picture. 

In conclusion, NMR spectroscopy has begun to play an impor- 
tant role in the earth sciences. It is becoming the method of choice 
for quantifying thermodynamically significant variations in short- 
range disorder in aluminosilicate minerals, glasses, and liquids. 
Applications of NMR to dynamics in geochemical processes are 
even newer, but should be increasingly important as studies of 
surface reactions, transport in liquids, and phase transitions pro- 
gress. 
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The Av~lications of Closure Phase 
I I 

Astronomical Imaging 

Closure phase is a number measured by triplets of Michel- 
son interferometers that is completely independent of 
certain types of otherwise severe instrumental errors. In 
the 30 years since closure phase was invented, it has been 
applied to a diverse number of different problems in 
astronomical imaging. Methods based on the closure 
phase now allow imaging of complex objects in the 
presence of severe aberrations and are vital to the success 
of modem, high-resolution astronomical imaging both at 
radio and at optical wavelengths. Over the past 10 to 15 
years, the concept of closure phase has been extended and 
generalized. One of the most important advances has been 
the development of automatic or self-calibration tech- 
niques. This article reviews closure phase methods and 
some of the many spin-offs and related ideas. 

A MICHELSON INTERFEROMETER CAUSES THE LIGHT COL- 

lected at two mirrors to undergo wave interference at a 
common focus (see Fig. 1). Interference fringes will be seen 

with a contrast that depends on the structure of the light source. A 
change in the optical path length in one arm (such as occurs if mirror 
A is moved to position A') will shift the fringe position. This fringe 

position is known as the fringe phase, and one can measure it by 
rapidly modulating a mirror between two different positions corre- 
sponding to a change in the delay of the signal by Ai4, where X is 
wavelength. The fringe phase contains useful information about the 
structure of the source, but it is nearly always corrupted by either 
mechanical instabilities or path length changes above the mirrors 
due to atmospheric turbulence. Furthermore, rapid changes in the 
fringe phase lead to washing out of the fringes, an effect that 
ultimately limited Michelson's original observations. 

Although Michelson first demonstrated interferometry at optical 
wavelengths, the sustained development of his technique was sub- 
stantially easier at radio wavelengths and was pursued vigorously in 
the late 1940s and early 1950s by a number of groups. The principal 
reason for preferring radio wavelengths was that the radiation could 
be amplified and detected easily with the electronics technology 
developed in World War 11. Ryle's phase-switching interferometer 
(1)  was used for cosmological studies and for studies of the structure 
of radio sources. Modern radio telescopes consist of arrays of phase- 
switching interferometers connected to sample the coherence func- 
tion of the electromagnetic field. From such samples, it is possible to 
image complex objects. However, even in radio interferometry, the 
difficult problem of measuring the phase of the interference fringes 
often remains. Fortunately, as I will show in this article, in many 
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