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I. INTRODUCTION 

The purpose of this chapter is to very briefly summa- 
rize the applications and limitations of NMR spectroscopy 
in the study of the silicates and oxides that make up the 
earth’s crust and mantle, and to tabulate the most useful 
data. More extensive reviews have been published recently 
that give background on the fundamentals, as well as de- 
tails of applications [2,11,29,33,34,42,61,62,88,116, 
1411. Extensive tabulations of NMR data on silicates 
have also been published [34,43,56,78,118,128,161]. 

The utility of NMR in understanding the chemistry and 
physics of materials comes from the small perturbations 
of nuclear spin energy levels (non-degenerate only in a 
magnetic field) that are caused by variations in local elec- 
tron distributions, by the distributions of other neighbor- 
ing spins (electronic or nuclear), and by the time depen- 
dence of these interactions. Any nuclide with non-zero nu- 
clear spin thus can, in principle, be observed by NMR, 
but the practicality of the experiment varies tremendously. 
Detection of signals from nuclides with low natural abun- 
dance and low resonant frequency is often difficult or im- 
possible, although isotopic enrichment can be useful. The 
same can be true for even abundant nuclides of heavy ele- 
ments, which may have extremely wide ranges of frequen- 
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ties and correspondingly broad NMR spectra. Potentially 
interesting nuclides are listed in Tables 1 and 2, which 
contain a simple comparison of the relative ease of obser- 
vation in a liquid sample, based on resonant frequency, 
spin quantum number, and abundance. These data serve 
only for rough comparison, however (especially for 
solids), because they contain no material-specific infor- 
mation on relaxation rates and line widths. 

NMR is an element specific spectroscopy, and spectra 
are primarily sensitive to short-range effects. Thus, like 
techniques such as x-ray absorption and Mossbauer spec- 
troscopy, NMR is a good complement to diffraction 
methods, and is particularly useful in amorphous materials 
and liquids. NMR can be highly quantitative, with a 1 to 
1 correlation between signal intensity and the abundance 
of a nuclide in a given structural site, regardless of the 
structure. In practice, of course, experiments must be car- 
ried out carefully to be accurately quantitative. A major 
drawback of NMR is its low sensitivity when compared to 
spectroscopies involving higher energy transitions (e.g. 
visible, infrared and Raman). Interpretations of solid-state 
NMR spectra still rely primarily on empirical correla- 
tions, but these are now well understood in a qualitative 
sense. Another limitation of NMR is a severe one for the 
study of natural silicate minerals: paramagnetic ions in 
abundances greater than a few tenths of one percent can 
broaden NMR spectra to the point of being impossible to 
observe or interpret [87]. 

Most of the data reported in the tables has been col- 
lected by high resolution magic angles spinning (MAS) 
techniques, with important contributions from the new 
technique of dynamic angle spinning (DAS), and from 
single crystal and static powder spectra. Figure 1 suggests, 
however, that some of the orientational information that 
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TABLE 1. NMR parameters for some nuclides of interest in geochemistry: 
spin l/2 nuclides 

Isotope Natural NMR frequency 
abundance, % at 9.4 T, MHz 

Receptivity 
relative to 29Si 

1H 99.99 400.0 2700 

1% 1.1 100.6 0.48 

15N 0.4 40.6 0.010 
19F 100 376.4 2252 

29Si 4.7 79.5 1 
31P 100 161.9 180 
57Fe 2.2 12.8 0.002 

77Se 7.6 76.3 1.43 
89Y 100 19.7 0.32 

lo3Rh 100 12.7 0.09 

losAg 48.2 18.6 0.13 

1 13Cd 12.3 88.7 3.7 

l19Sn 8.6 149.2 12.2 

1 25Te 7.0 126.2 6.1 
129Xe 26.4 111.2 15.4 
l@Trn 100 33.1 1.5 
171Yb 14.3 70.4 2.1 
183~ 14.4 16.6 0.03 

195pt 33.8 85.6 9.1 

199Hg 16.8 71.6 2.7 
*05T1 70.5 230.5 377 

*07Pb 22.6 83.7 5.4 

Notes for Tables 1 and 2: 
Data are primarily from tabulation in [49]. Noble gasses, lanthanides, less favorable iso- 
topes of elements listed, and unfavorable radioisotopes are excluded. Relative receptivity is 
calculated for low-viscosity liquid samples. Line width and relaxation behavior in solid 
samples can make this estimates quite misleading. In particular, nuclides with large 
quadrupolar moments (Table 2), and heavy nuclides with very large chemical shift ranges 
may be difficult to observe in solids. 

is lost in MAS may prove to be useful in characterizing 
anisotropic materials. 

Quantitative local structural information on minerals 
and melts is important to many problems in geochem- 
istry and geophysics. NMR has proven to be very useful 
in this area. A second nearly unique utiliiy of NMR, that 
is just beginning to be applied in the geosciences, is in 
studying dynamics at the time scale of seconds to 
nanoseconds. For many geochemically interesting pro- 

cesses, such as diffusion, viscous flow, and displacive 
phase transitions, the fundamental rate may be within 
this range. 

1.1. Definitions 
The chemical shift 6 is the perturbation in the reso- 

nant (Larmor) frequency v of a nuclide in a particular 
chemical environment, caused by screening of the external 
magnetic field by the surrounding electrons. 6 is genemlly 
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TABLE 2. NMR parameters for some nuclides of interest in geochemistry: quadrupolar nuclides. See Table 
1 for notes. 

Isotope Spin Natural Quadrupolar 
abundance, moment x102*, 

% me2 

NMR frequency 
at 9.4 T, MHz 

Receptivity 
relative to 29Si 

2H 1 0.02 0.0028 61.4 0.004 

6Li 1 7.4 -0.0008 59.0 1.7 
7Li 312 92.6 -0.04 155.6 737 
9Be 312 100 0.05 56.2 37.5 
1OB 3 19.58 0.085 43.0 10.6 
1lB 312 80.4 0.041 128.4 360 
14N 1 99.6 0.01 28.9 2.7 

I70 512 0.04 -0.026 54.2 0.03 
23Na 312 100 0.10 105.9 250 
25Mg 512 10.13 0.22 24.5 0.7 
27A1 512 100 0.15 104.3 560 
3% 312 0.8 -0.055 30.7 0.05 
35Cl 312 75.5 -0.10 39.2 9.6 
37Cl 312 24.5 -0.08 32.7 1.8 
39K 312 93.1 0.05 18.7 1.3 
43Ca 712 0.15 0.2 27.0 0.02 
4ssc II2 100 -0.22 97.3 819 
47Ti 512 7.3 0.29 22.5 0.4 
49Ti 712 5.5 0.24 22.6 0.6 
5lV 712 99.8 -0.05 105.4 1035 
53Cr 312 9.6 0.03 22.6 0.23 
55Mn 512 100 0.4 98.8 475 
59co 712 100 0.38 94.4 750 
61Ni 312 1.2 0.16 35.8 0.11 
63cu 312 69.1 -0.21 106.1 174 
65cu 312 30.9 -0.20 113.7 96 
67Zn 512 4.1 0.16 25.1 0.32 
71Ga 312 39.6 0.12 122.2 152 
73Ge 912 7.8 -0.18 14.0 0.30 
75As 312 100 0.29 68.7 69 
81Br 312 49.5 0.3 1 108.4 133 
87Rb 312 27.9 0.13 131.3 133 
87Sr 912 7.0 0.3 17.4 0.5 1 
91Zr 512 11.2 -0.21 37.3 2.9 
93Nb 912 100 -0.22 98.2 1320 
95Mo 512 15.7 fO.12 26.2 1.4 
99Ru 512 12.7 0.08 18.4 0.4 
lolRu 512 17.1 0.44 20.7 0.7 
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TABLE 2 (continued) 

Isotope Spin Natural 
abundance, 

NMR frequency 
at 9.4 T, MHz 

Receptivity 
relative to 2gSi 

I”5Pd 512 22.2 0.8 18.4 0.7 
l 151n 

121Sb 
1271 

133CS 

137Ba 
139La 
177Hf 
181Ta 
187Re 

912 
512 
512 
712 
312 
712 
712 
712 
512 

95.7 
57.3 

100 
100 
11.3 
99.9 
18.5 
99.99 
62.9 

0.83 
-0.28 
-0.79 
-0.003 
0.28 
0.22 
4.5 
3 
2.2 

88.1 
96.2 
80.5 
52.8 
44.7 
56.8 
16.2 
48.0 
91.8 

910 
251 
257 
130 

2. 
163 

0. 
99 

238 

1 

7 

18gOS 312 16.1 0.8 31.4 1.0 
lg31r 312 62.7 1.0 7.6 0.06 
lg7Au 312 100 0.59 6.9 0.07 
201Hg 312 13.2 0.44 26.6 0.5 
209Bi 912 100 -0.38 64.9 381 

expressed in parts per million relative to a standard, with 
6 = ~06hnple - Vstandard)/Vstandard. The chemical 
shift is orientation dependent, and is described by the 
chemical shift anisotropy (CSA) tensor, whose principle 
components are usually denoted 611,822, and S33 and 
which has a unique orientation with respect to the local 
structure (or with respect to crystallographic axes in a 
crystalline material). The isotropic chemical shift, Siso, is 
the average of these three components. For spin l/2 nu- 
elides, Siso is observed experimentally in liquids where 
molecular rotation produces rapid isotropic averaging, and 
in solids by rapid sample spinning (MAS NMR) at the 
“magic” angle 8 with respect to the external field (t3 = 

r’ ,/’ 
tions may be observable. The frequencies of these transi- 
tions are controlled by the energy of interactions with the 

i 
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Fig. 1. Static (non-MAS) 2gSi spectra for quartz. Top 

,’ 
random powder 

/$-LAN 
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spectrum shows three magnetically inequivalent Si sites: 
bottom spectrum shows spectrum for randomly oriented 
powder; center spectrum shows effect of strong preferred 

i 

&- L 

‘2 

54.70, l-3cos28 = 0). 
For nuclides with spin I > l/2, a total of 21 transi- 

orientation in a quartz mylonite [132]. Scales in this and 
other figures are in ppm. 
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electric field gradient, often summarized by the nuclear 
quadrupolar coupling constant QCC=e2qQ/h. Here, eQ is 
the nuclear quadrupolar moment, and eq is the principle 
component of the electric field gradient at the site of inter- 
est. The full description of the quadrupolar interaction re- 
quires the electric field gradient tensor and its orientation 
relative to the structure. The deviation from cylindrical 
symmetry of this tensor is given by the asymmetry pa- 
rameter n, which varies from 0 to 1. In liquids with suffi- 
ciently rapid isotropic rotation of molecules, the field gra- 
dient and the quadrupolar interaction average to zero and 
Gire is observed. In MAS NMR, the central l/2 to -l/2 
transition remains shifted and broadened by a second order 
quadrupolar interaction; in DAS NMR, Siso is shifted by 
the isotropic average of the second order quadmpolar inter- 
action, but is not broadened. 

2. APPLICATIONS TO CRYSTALLINE 
SILICATES AND OXIDES 

2.1. 29S i 
Isotropic chemical shifts for 29Si and CSA data are 

listed in Tables 3 through 5. In silicates, the largest effect 
of structure on chemical shift is that of coordination num- 
ber. Thus, 6 for SiO6 groups is in the range of about -180 
to -220 ppm relative to tetramethyl silane (TMS), and is 
in nearly all cases between about -65 and -120 ppm for 
SiO4 groups. Signals near to -150 ppm are probably 
from SiO5 groups [58,166]. 

The second most important effect is that of the number 
and identity of first cation neighbors. If bridging oxygens 
are considered as those shared with tetrahedral Si or Al (or 
B or P) neighbors, and non-bridging oxygens to be those 
shared with larger and/or lower charged M cations, an 
Si04 site can be labeled as Q”, where n designates the 
number of bridging oxygens (and Q stands for quaternary). 
For a fixed M cation type, decreasing n by one tends to 
increase 6 by about 10 ppm to less negative, higher fre- 
quencies. Each Q” species thus has a distinct, but some- 
what overlapping range of 6. In a similar fashion, the 
substitution of tetrahedral Al for a tetrahedral Si neighbor 
tends to increase 6 by about 5 ppm. As a result, 29Si 
MAS NMR spectra of aluminosilicates often have mul- 
tiple, partially overlapping peaks for Si sites with vary- 
ing numbers m of Al neighbors [Q”(mAl)]. This effect is 
particularly obvious and well-exploited in tectosilicates, 
where it has often provided the key to unraveling quite 
complex Al/Si ordering patterns. The bond angle between 
tetrahedra has a related effect, again best calibrated for tec- 
tosilicates. Increasing the mean Si-O-T angle systemati- 
cally decreases 8. A number of semi-empirical correlations 

among number of Al neighbors, bond angles, and 6 have 
been developed that allow rather precise estimates of 6 for 
tectosilicate structures 1343. A few correlations have been 
developed for Si04 groups in general that allow estima- 
tion of 6 for most silicate structures [56,118]. Similar ap- 
proaches have been taken for SiO6 groups [47,146]. 

Structures correlations have been used to derive im- 
portant constraints on Al/Si ordering in a number of min- 
erals. The greatest efforts have been on synthetic zeolites, 
because of their tremendous technological importance 
[34,72]. In geochemistry, the most important examples 
have been in determining the ordering state in feldspars 
[64,102,103,120,127,169], other tectosilicates 
[12,53,95,104,117,148], cordierite [107] and sheet sili- 
cates [5,20,52,60,74,112,160]. In several cases, discrep- 
ancies in thermodynamic data that had been tentatively as- 
cribed to underestimates of the entropy of disordered syn- 
thetic phases have been displaced to other parts of the data 
base by findings of nearly complete order, such as for sil- 
limanite [59,140] and prehnite [139]. For a few systems, 
careful combination of NMR spectroscopy with calorimet- 
ric observation has provided new insights and details of 
the energetic control and consequences of Si/Al disorder 
[17,53,103,1063. 

Very recently, 29Si MAS NMR has begun to be ap- 
plied to high pressure mantle phases that contain SiO6 
groups. In MgSiOg ilmenite and perovskite, and p- 
Mg2SiO4, Mg./Si disorder has not been detected [63,146], 
but both Mg/Si and WA1 disorder are significant in ma- 
jorite and majorite-pyrope solid solutions, as shown in 
Figure 2 [101,146]. 

2.2. 27A 1 
NMR studies of 27Al in minerals have been reviewed 

recently [66], and data are listed in Tables 6 and 7. Most 
early studies of this nuclide were of single crystals, with 
complete determinations of quadrupolar coupling con- 
stants, asymmetry parameters, and electric field gradient 
tensors, but without precise isotropic chemical shifts. 
The quadrupolar parameters have been shown to be 
roughly correlated with the extent of distortion of the Al 
site for both octahedral and tetrahedral geometries [43]. 
Single-crystal work on MgAl204 spine1 allowed quantifi- 
cation of octahedral and tetrahedral Al site occupancies and 
ordering state [ 141. 

As for 29Si isotropic shifts for 27Al in oxides (now 
determined most commonly by high resolution MAS 
NMR) are most strongly influenced by coordination 
number. 6 values for Al04 groups fall roughly in the 
range of 50 to 90 ppm relative to aqUeOUS fi@20)(j3+, 

and for Al06 groups in the range of -10 to 15 ppm. 
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TABLE 3. 29Si NMR data for Q”, Q’, and Q2 sites in crystalline silicates. 

mineral 
(s)=synthetic 
Q” sites: 
chondrodite 
forsterite(s) 

(s) 
monticellite(s) 

6) 
6) 

majorite garnet(s)g 
6) 
6) 

afwillite 
lamite(s) 
PyropeW 
Ca-olivine(s) 

6) 
(9 

phenacite 
rutile 
titanite 
andalusite 
kyanite 
zircon 
piemontiteg 

nominal formula 4soa 

CSAb 
-611 422 433 ref. 

MgdSQh(OKF)2 
MgzSiO4 
Li2SiOq 
CaMgSiOq 
NaHgSiO4 
Na2H2Si04.8.5H20 
Mg4SiV1Si1V3012e 
Ba2SiO4 
cKa2Si04 
Ca3(HSi04)2.2H20 
P-Ca2SiOq 
Mg3A1$G3012e 
Y-CaTSi 
Ca3SiOg 
CaNaHSi04 
Be2SiOq 
~1% SiO2 in Ti02 
CaTiSiOg 
A12Si05 
A12Si05 
ZrS i04 
~a2(Al,MnPeh 

(Si207)(Si04)OH 
Ca3A12(SiO& 
Al$i04(0H,F)2 

6oc [781 
61.9 38.8d 55.3 95.4 [78,159] 
64.9 
66 44 
66.4 
67.8 
68 to 90f 
70.3 
70.3 
71.3,73.3 
71.4 
72.0 
73.5 
69 to 75h 
j3.5 
74.2 
77.2 
79.6 
79.8 45 
82.3,83.2 50 
81.6 
81.9 

L'81 
60 94 W81 

b'81 
[781 

[101,1461 
[781 
[781 
[341 
1781 

UOll 
[781 

[78,124] 
[781 
[781 

u391 
11181 

78 116 [78,128] 
79 120 [118,128] 

[781 
11181 

grossular 
topaz 

Q’ sites.. 

6) 
(s) 

gehlenite(s) 
akennanite(s) 
m&bite(s) 
hemimorphite 

6) 
lawsonite 

6) 
6) 
6) 

83.4 WI 
85.6 [781 

Na6si207 68.4 
Ligsi207 72.4 
Ca2A12Si07 72.5 122 
Ca2MgSi207 73.7 134 
Ca3Si207 74.5,76.0 
ZnqSi207(OH)2.H20 77.9 
p-Mg2SiO4 79.0 
CaA1$$07(OH).H20 81 123 
a-Y2Si207 81.6,83.5 
a-La2Si207 83.2 
Ca&O7(OH)6 82.6 109 

WI 
r341 

74 20 WI 
84 1 WI 

[781 
[781 

11461 
92 28 [I281 

r341 
[781 

109 35 [34,461 
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TABLE 3 (continued) 

mineral 
(s)=synlhetic nominal formula -&ma 

CSAb 
-611 422 433 ref. 

piemontiteg 

(9 
6) 

thortveitite 
zunyiteg 

Q2 sites.. 

(s) 
w 
6) 
(s) 

orthoenstatite 
clincenstatite(s) 
diopside 
omphacite 
spodumene 
jadeite 
pyroxene phase(s)g 
alamosite 

prehniteg 
tchermakitic 

amphibole(s)g 
triple-chain 

phase(s)g 
SC-F pargasite (s) 

(Q2+Q3) 
tremoliteg 
hillebrandite(s) 
pectolite(s) 
foshagite(s) 
xonotlite(s)g 
walstromite phase 

wollastonite 
P-wollastonite(s) 

Ca2W,MnPe)3 
(Si207)(Si04)OH 

In2Si207 
p-Y2Si207 
SqSi207 
A113Si502($OH)14F4Cli 

LizSiOg 
Na2S iO3 
BaSi03 
SrSi0-j 
MkZSi206 
%X&206 
CaMgSi206 
(Ca,Na)(Mg,Al)Si$I& 
LiAlSi206 
NaAlSi206 
NaMgg.SSiV1g.SSiIV206 
Pb12Si12036 

Ca2A12Si301o(OH)2 
Ca2(Mg4Al)(AlSi70&- 

KW2 

N~2W&kQ tdW2 

NaCa2MgqScSigA12022- 
F2 

Ca2MMWh1)2(OW2 
Ca$i03(0H)2 
Ca2NaHSi309 
CaqWMOW2 
Ca6Si6017@Hh 
CagSi309 

Ca3Si309 
P-Ca3Si309 

86.4,90.4 UW 

87.7 E'81 
92.9 [781 
95.3 [781 
91.2,96.9 U181 

74.5 
76.8 
80 
85 
82c 
81.8,84.2 
84.8 
85.4 
91.4 
91.8 
92.1,97.6 

84.1,86.5, 
94.3 

84.6k 
83.4,87.4 

18 
29 
30 

4oi 
31 

53 

59 156 
71 140 
71 154 

73 132 
73 148 

81 142 

c781 
[78,136] 
W81 
W81 

L7781 
[56,128] 
[118,128] 
[1181 
ill81 
1-W 

w61 
WI 

u391 
[181 

85.3 WI 

86m N31 

87.2 
86.3 
86.3 
84.8,86.4 
86.8 
73.8,78.5, 
79.0 
87.6,91.7l 
89.0 

50 77 137 [18,1281 
[781 
[781 
[781 
[781 
WI 

24 85 158 Cl181 
1781 



TABLE 3 (continued) 

mineral 
(s)=synthetic nominal formula 

CSAb 
-&ma -611 422 433 ref. 

Q2 sites, rings: 
ps-wollastonite(s) 

6) 
tourmaline 

6) 
benitoite 
wadeite phase(s)g 

a-CajSi309 
W-W4012 
Na(Mg,Li,A1)3AlgSi6018- 

@03h@KF)4i 
Ba7Si702I.lOBaCl2 
BaTiSis 
K2SiV1SiIV309 

High P phases, uncertain structure: 
“phase E” (s) WmSii.3H2.406 
“phase Y” (s)g (CaO)XSiVSi1”04 

6) e-Na2Si205 
(SF CaSiV1SP05 

(SF Na2Siv1Si1”207 
(SF [-Na2SiV1Si1”0g 
(SF Naz(SiV1,Si1”)409 

83.5 0'81 
87.5 63 63 141 ]71,781 
88.1 U181 

92.5 1341 
94.2 [781 
95.0 W61 

75.7m 
80 
80.6,81.8 
88.9 
94.4 
97.9 

97 .0,107.7, 
108.9 

1581 
11461 

,14:1 
ee 
ee 
ee 

Notes for Tables 3,4, and 5: 
tMost intense peak. 

Si-O-B bonds are considered as “bridging”, placing the Si sites in beryl and datolite in the Q4 and Q3 groups, respec- 
tively. (a) Chemical shifts are in ppm relative to tetramethylsilane. (b) Unless otherwise noted, principle components of 
CSA tensor are derived from fitting spinning side bands, and are of relatively low precision; orientation of tensor with re- 
spect to crystallographic axes may not be known. In some cases, Giso and CSA data are from different sources and may 
therefore appear to be slightly discrepant [&so should = (61 I+622+633)/3]. Given typical errors in CSA measurements, 
this is generally not significant. (c) Broad peak (at least 5 ppm width). (d) CSA based on single crystal study. (e) Addi- 
tional data on solid solution series given in reference. (f) Multiple peaks due to partial disorder among octahedral Si and 
Mg. Main peak is at -74.3 ppm. (g) Data for another type of Si site listed elsewhere in table or in Table 4 or 5. (h) 
Nine Si sites, 7 resolved peaks. (i) Approximate formula. (j) CSA data are means for two sites. (k) Two additional 
peaks indicate a small amount of Si/Al disorder. (1) First peak is for Tl site, second for T2+T3. (m) Broad peak con- 
sistent with considerable disorder.(n) Ordering schemes can be complex, but can be characterized for tetrahedral Si and Al 
as (1) disordered, Al-avoidance violated; (2) ordered according to Al-avoidance only; (3) more ordered than required by Al- 
avoidance; (4) fully ordered or nearly so; (5) partially disordered. (0) Split peak reported by [4]. (p) CSA components: 
-43,-59, -147 ppm [1281. (q) CSA components: -49, -83, -129 ppm [128] . (r) CSA components: -107, -107, -59 ppm 
[128] . (s) small peak due to triple-chain site in partially disordered phase. (t) CSA components: -56, -72, -151 ppm 
[128] . (u) CSA components: -54, -70, -161 ppm [128] . (v) CSA components from single crystal study: 102.6, 107.0, 
109.1 [132] . (w) Approximately 5 peaks resolved for 12 sites. (x) Overlapping peaks due to multiple sites. (y) End 
member: complex series of peaks for intermediate compositions. (z) Approximately 8 peaks for 15 possible sites. (aa) 8 
peaks for 8 sites. (bb) all=-173.4 ppm; 622 = 633 = -183.1 ppm. (cc) Narrow peak consistent with complete Mg/Si 
order. (dd) Somewhat broadened peak consistent with some Mg/Si disorder. Reference contains data on solid solution 
with pyrope. (ee) Kanzaki, Stebbins and Xue, unpublished data. 












































