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Abstract-The electrostatic potentials of approximately 500 anion sites in 165 rock-forming mineral end-members 
have been computed and presented along with coordination numbers, coordinating cations, and mean cation-anion 
distances. The electrostatic potentials computed for the individual oxygen sites range from a low of 19.56 v for the 02 
site of &Mg$iO, (wadsleyite) to a high of 36.4 v for soda niter, with an unweighted average of 28.58 v and standard 
deviation of 2.5 I v. The site potentials tend to vary inversely with coordination number, so that in the silicates the 
bridging oxygen sites have the highest potentials, oxygens bonded to one Si have lower potentials, and oxygens not 
bonded to silicon have the lowest. The site potentials of hydroxyl oxygens (with well-determined H-positions) average 
28.3 v with a standard deviation of 2.0 v. The potentials of fluorine sites and hydroxyl sites modeled without the H, 
as a single charge of - 1, range from 10.3 v to 16.8 v, with an average value of 10.87 and a standard deviation of 1.85 
v. The electrostatic site potentials may thus be used along with coordinating cation types to identify possible sites for 
hydroxyl substitution in minerals. 

The average oxygen site potentials for various minerals weighted on the number of sites per unit cell range from a 
low of 20.9 v for lime (CaO) to a high of 36.4 v for soda niter and are strongly correlated with observed oxygen isotope 
fractionation trends in minerals. This correlation is best for minerals containing light cations (Z < 20), so that minerals 
with larger oxygen site potentials tend to concentrate the heavier oxygen isotope. This correlation is sufficiently good 
to permit qualitative estimation of oxygen isotope fractionation factors of minerals such as high-pressure silicates that 
have not been measured experimentally. With further work on experimental measurement of oxygen isotope fractionation 
between mineral pairs, quantitative prediction of isotope fractionation factors may become possible based on electrostatic 
site potentials of anion sites. 

INTRODUCIION 

MOST SILICATE AND OXIDE minerals contain a single anion 
(oxygen) and several different cations, so that each oxygen 
atom in a mineral structure typically coordinates several very 
different cations (e.g. Si and Mg in forsterite), whereas each 
cation is coordinated by only one type of anion (oxygen). 
The only substituents for oxygen are hydroxyl and fluorine, 
but these may only occur at very specific sites in a limited 
number of minerals. This means that oxygen sites in minerals 
are not easily characterized by coordination number, mean 
cation distance or volume of coordination polyhedron in a 
way that would form a useful comparison between oxygen 
sites in different minerals, as has been done for cations 
(SMYIN and BISH, 1988). These authors found, however, that 
in addition to the above coordination parameters for various 
cations, the electrostatic site energy, or site potential, was 
also a useful parameter which could be readily calculated for 
each cation site, formed a useful qualitative comparison be- 
tween cation sites and could help predict the types of cation 
substitution that commonly occurred at various cation sites. 
In lieu of other parameters, the electrostatic site potential 
may prove useful in anion site characterization and prediction 
of geochemically significant anion substituents. This param- 
eter has been very useful in predicting possible hydroxyl sub- 
stitution in &MgSiO, (wadsleyite) (SMYTH, 1987). Conse- 
quently, I have undertaken to compute and present electro- 
static site potentials for a wide variety of oxygen-bearing 
minerals. 

The electrostatic model assumes that the crystal is fully 
ionic. The electrostatic site potential is computed by assuming 
that each atom is a point charge of full nominal valence lo- 

cated at the nucleus or atom center, and by summing charge 
(q) to distance (r) ratios until convergence is achieved: 

V = C qi/ri. 

This function does not converge rapidly because electrostatic 
forces act at relatively long distances (significant to at least 
10 A). However, two mathematical methods to achieve fairly 
rapid convergence have been developed by EWALD (1921) 
and BERTAUT (1952). The units of q/r may be electron/Ang- 
strom, but a more useful unit is volts, so that when multiplied 
by the charge of the ion in electrons, the value will yield an 
energy in electron volts. The sum of all site energies in the 
crystal will then yield rwice the total electrostatic energy of 
the crystal, since each atom pair is counted twice in this pro- 
cedure. SMYTH and BJSH ( 1988) reported electrostatic energies 
in kcal/mole (1 kcal/mole = 23.048 ev) for a large number 
of cation sites in rock-forming minerals. Anion site potentials 
and their implications are considered here. 

In the ionic model, the total electrostatic energy is not the 
total energy of the crystal, because it does not include nearest- 
neighbor repulsive forces, van der Waals attractive forces, 
aspherical distortion energies of the ions and dynamic effects 
of lattice vibrations, which together may cause the electrostatic 
energy to exceed the observed enthalpy of formation from 
the elements corrected for ionization, dissociation and va- 
porization (Born-Haber cycle) by up to 15%. The electrostatic 
energy of the crystal is, however, the largest term in the total 
energy of the ionic crystal, and, since the electrostatic potential 
can be readily computed from crystal structure data alone, 
it forms a useful basis of comparison for anion sites in min- 
erals that may have significant geochemical applications. 

Fully charged ionic models have had reasonable success 
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in prediction of silicate and oxide crystal structures (e.g. 

PARKER etal., 1983; CATLOW etal., 1982; WALL~~~PRICE, 
1988). These studies have been particularly successful in pre- 
dicting dense oxide structures and have been able to reproduce 
observed atomic positions without constraint of symmetry. 
In general, these ionic models have had greater success in 
predicting structures than molecular orbital models which 
consider only nearest-neighbor interactions. SMYTH et al. 
(1987) showed that coesite structure does not strictly obey 
the predictions of bond length versus angle variation accord- 
ing to the covalent model of GIBBS et al. ( 1982). The observed 
bond length versus angle relationship is equally consistent 
with a fully ionic model of the structure. Whether the atoms 

are fully charged ions or not, they are certainly not point 
charges, so a model computing energies from point charges 
must contain some inherent error. 

The electrostatic site potential can be used to readily iden- 
tify the hydroxyl positions in a mineral. SMYTH (1987) com- 
pared site potentials of several oxygen and hydroxyl positions 
in upper mantle mineral phases and concluded that one of 
the oxygens in /3-Mg,Si04 (wadsleyite) was a possible sub- 
stituent site for hydroxyl and predicted that hydroxyl might 
affect the stability of the phase. Hydroxyl was subsequently 

identified in this phase spectroscopically (MCMILLAN et al., 
1987). In this study, the electrostatic site potential proved 
much more useful than the Pauling bond strength sum, be- 
cause it is much more precise and also permits comparison 
of mean oxygen bond strengths among different minerals. 

In addition to predicting hydroxyl and fluorine sites in 
minerals, the electrostatic site potential may also be a useful 
indicator of oxygen isotope fractionation which is strongly 
controlled by the mean binding energy of oxygen sites in a 
mineral. In a potential energy well of given depth, the zero- 
point vibrational energy of a heavier isotope will be less than 
that of a lighter isotope. Therefore, minerals with strongly 
bound oxygens will tend to concentrate the heavy oxygen 
isotope over the light; and for isotopic substitutions, the elec- 
tron configurations are identical, so there will be no net effects 
from differences in site size or distortion. The electrostatic 
site potential is a relatively good indicator of oxygen binding 
energy, and a preliminary comparison of site potentials with 
oxygen isotope fractionation trends showed a very strong 
correlation for silicates and oxides (SMVIYTH, 1988). 

CALCULATIONS 

For calculation of electrostatic site potentials, the FORTRAN code 
of Ohashi (pers. comm.) was modified to compute the potentials in 
volts. This code uses the computation method of BERTAUT (1952). 
Values of cation site energies in electron volts, coordination geometries 
and unit ceII information were reported by SMYTH and BISH (1988) 
for each of the minerals considered here. Results of the calculations 
for oxides and hydroxides are reported in Table 1. Also reported for 
each anion site is the Wyckoff notation (which includes the number 
of times each site occurs in the unit cell), the point symmetry, the 
coordination number (taken as the number of cations with a distance 
of 2.5 A), the number and type of coordinating cations, the mean 
distance (A) of those cations and the standard deviation of these 
distances. For each structure containing more than one oxygen site, 
the mean oxygen site potential is computed for comparison among 
different structures. Results of the calculations for oxygen sites in 
carbonates, nitrates, sulfates, and phosphates are reported in Table 
2, and for orthosilicates in Table 3, for sorosilicates and cyclosihcates 
in Table 4, for chain silicates in Table 5, for sheet silicates in Table 

.cJo, 

.ooo 

,009 

Al11 

.007 

.‘I45 

,065 

.074 

.ot9 

.059 

.“I9 

,008 

.llOJ 

,030 

,015 

.“W 

.“64 

6 and for framework silicates in Table 7. All structure data used for 
these catcuiations are those cited by SMYTH and BISH (1988). 
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those structures for which the hydrogen positions are known. Poten- 
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Oxygen isotope fractionation in igneous rocks has long 
been known to be related to the number and type of bonds 
reaching the oxygens. TAYLOR and EPSTEIN ( 1962) developed 

empirical relationship silicates in they assigned 
&I80 value 6.0 to with only type bonds 

increased this by up 2.0 for percent Si-O- 
type bonds by 4.0 100 percent type bonds. 

of the potential at site accom- 
the estimation the total strength reaching 

oxygen, which independent of measurement of 
isotope fmctionation is applicable any oxygen- 
crystal structure. 1 plots mean electrostatic 

potentials for minerals versus average 6”O 
in igneous by TAYLOR EPSTEIN (1962). 

correlation is strong that reliable quantitative 
of oxygen fractionation between 

may be in the provided significant 
from the correlations can understood and 
mated quantitatively. 

for these were computed on a ionized oxygen 
ion and (+ 1) and are in the 

Potentials for fluorine sites also reported on a 
charge of 1 but excluded in averages of oxygen sites. 

for fluorine hyroxyl sites from a with 
an charge of 1 far common hydroxyl- fluo~n~~ng 
silicates reported by (1987), and from 10.3 to 
16.8 with an of 12.3 and a deviation of v. 

DISCUSSION 

major advance the understanding fractionation 
of isotopes in was made KIEFFER (1982), 
who developed a model to predict the vibrational frequency 
spectra of various minerals. She then used the model to es- 
timate the frequency shifts and associated energies due to 
isotopic substitutions in a given structure. From substitution 
energies she was able to calculate the permil oxygen isotope 
fractionations between quartz and various silicate and oxide 
phases. 

Several general features of these calculations can be readily The current electrostatic approach differs from that of 
seen from the tables. First, the coronation number and KIEFEER ( 1982) in that it is a theoretical computation of elec- 
mean oxygen distance are not particularly useful parameters trostatic binding energies at various sites in the mineral 
for comparing sites that are coordinated to different types of structures from precisely measured crystallographic data. 
cations, but are useful for comparing members of an iso- With this method, we are able to determine large differences, 
morphous series or for comparing similarly bonded anions. 
Second, the site potentials show a relatively small range of 

approaching a factor of two, between potentials for various 
sites within a given mineral structure and, by summation, 

values that are s~temati~ly related to the number and type between different minerals. The differences between different 
of coordinating cations. The lowest potentials are associated StNCtUIW correlate strongly with observed oxygen isotope 

with sites in which oxygens are bonded only to cations of low 
charge (e.g. cuprite) or with sites of high coordination number 
(e.g. u~ninite), whereas the highest potentials are found for 
sites in which oxygens are bonded to cations of high charge 
and low coordination number (e.g. carbonates, nitrates and 
sulfates). Among the silicate oxygen sites considered, the order 
of decreasing potential is: I) oxygen sites that bridge between 
two tetrahedrally coordinated Si atoms (e.g. the oxygen site 
in quartz); 2) those that bridge between a Si and a Si/Al site 
(e.g. all alkali feldspar oxygen sites); 3) those that bridge be- 
tween Si and Al (e.g. all anorthite oxygen sites); 4) nonbridging 
oxygens that are bonded to one Si (e.g. all olivine oxygen 
sites); and 5) oxygens not bonded to Si. Among the silicates, 
there are no cases of a hydroxyl bonded to Si or of hydroxyl 
or fluorine entering a ordination polyhedron of coordi- 
nation number less than six. The hydroxyl oxygen sites show 
a fairly broad range of electrostatic potentials, and the mean 
value is not significantly different from the mean for all ox- 
ygen sites. However, potentials for hydroxyl oxygen sites are 
very sensitive to small errors in the position of the H, so that 
accurate determination of the H position, usually requiring 
neutron diffraction analysis, is required for calculation of the 
site potentials. 
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fractionation between minerals, particularly for silicates con- 
taining cations of light elements (Ca and lighter) only. How- 

ever, the electrostatic method is not yet quantitatively ap- 
plicable to the prediction of isotopic fractionation factors, 
other than by the simplest empirical methods, because it does 
not include cation mass, which also appears to affect vibra- 
tional frequencies and, hence, oxygen isotope fractionation. 
Results, however, are sufficiently encouraging that a more 
rigorous approach using electrostatic potentials and cation 
mass effects, and relating these to vibrational frequencies, 
may prove fruitful. The results of the electrostatic and crys- 
tallographic characterization of oxygen sites in various min- 
eral groups are discussed below. 

Oxides 

The oxides as a group show a broad range of electrostatic 
potentials, but, in general, the values are below those for ox- 
ygen sites in silicates and other mineral groups with very 
highly charged cations. The potentials in the oxides considered 
range from a low of 20.9 v for lime (CaO) to a high of 28.9 
for bromellite (BeO). Within each isostructural group, the 
potential varies regularly with mean oxygen-cation distance. 
In the spinels, magnetite has among the lowest values, 24.6 
v, and also typically the lowest 6j80 value in silicic igneous 
rocks. The values of the site potentials for uraninite and tho- 
rianite are low, but not sufficiently low to account for their 
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FIG. 1. Average A’*0 compared to olivine (=6.0) typically observed 
for minerals in igneous rocks (TAYLOR and EPSTEIN, 1962) plotted 
versus electrostatic site potential for quartz (Q), K-feldspar(K), so&c 
feldspar (N), calcic plagioclase (C), pyroxene (P), hornblende (H), 
olivine (0) and magnetite (M). 

very low 6”O values, suggesting that there may be a significant 
effect on oxygen isotope fractionation by the mass of the 
cation, which does not enter the potential calculation (HAT- 
TORI and HALAS, 1982). Also, it is interesting to note that 
the hydroxides have oxygen site potentials significantly higher 
than those of the corresponding oxide. 

Carbonates 

The electrostatic site potentials for carbonate oxygens show 
very little variation, having a mean value of 3 1.3 v with a 
standard deviation of only 0.3 v. The oxygen isotope frac- 
tionation for calcite does not lie on the trend in Fig. 1. Calcite 
has a higher site potential than quartz, but its oxygen isotope 
fractionation is slightly lower than that of quartz. This dif- 
ference may be due to significant covalence of the C-O bond 
or to the substantial aspherical distortion of the oxygen atoms 
in carbonates which are not considered in the electrostatic 
model. There appears to be significant ?F bonding in the CO3 
group as well as strong aspherical distortion of the oxygen 
atoms because the C-O distance (1.28 A) is less than the nom- 
inal radius of Oz- (1.4 A), and the O-O distance (2.2 A) is 
less than twice the nominal radius O*-. 

Further, the rhombohedral carbonates show a regular 
variation in mean site potential with the radius of the divalent 
cation. This trend is not consistent with the oxygen isotope 
fractionation trends observed in these minerals in experi- 
mental studies. O’NEIL et al. (1969) found that the isotope 
fractionation at 20 and 200°C between various carbonates 
and aqueous solution varied strongly with the mass of the 
divalent cation and was relatively independent of cation ra- 
dius. Cation mass is not included as a variable in the calcu- 
lation of the oxygen site potentials in Tables 1 through 6, 
although it must certainly be an important secondary factor 
a&cting oxygen isotope fractionation, inasmuch as it strongly 
affects the vibrational energy levels in the structure. The 
magnitude of this effect should be most apparent among the 
carbonates, where the oxygen site potentials show little vari- 
ation while the cation mass varies by a factor of eight from 
Mg to Pb. Cation mass might be less significant in oxygen 
minerals containing only elements between Li, and Ca. 

Phosphates, sulfates, and nitrates 

The hydroxy-apatites in Table 2 show a strong variation 
of more than 10% in the oxygen site potentials between the 
hydroxyl and the oxygens bonded to P. This indicates that 
intracrystalline ordering of oxygen isotopes might occur, al- 
though there are no convenient means of measuring such 
distributions and also means that the oxygen isotope frac- 
tionation of hydroxy-apatite and fluor-apatite would be ex- 
pected to be quite different. 

The five sulfate phases reported in Table 2 all have oxygen 
sites with large electrostatic potentials, averaging 3 1.44 with 
a standard deviation of 0.73. This is consistent with anhydrite 
having a larger 6”O than quartz in some igneous rocks. 

The single nitrate structure reported, soda niter (NaNOA 
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mean coordination number of Al increases from sillimanite 
to andalusite to kyanite. Andalusite and sillimanite are rather 
similar in their oxygen site potentials and both are signifi- 
cantly higher than kyanite; each of them is higher than most 
other orthosilicates. 

Most humites contain fluorine rather than hydroxyl, but 
some substitution of OH for F is common. However, no 
crystallographic data for H positions in these minerals are 
available. Consequently, I have assumed the anion positions 
not bonded to Si to be fully occupied by F with a charge of 
- 1, and these sites have been excluded from the mean oxygen 
site potential calculation and are listed separately in Table 
3. The mean oxygen site potentials are nearly identical across 
the group and are all slightly higher than forsterite, with which 
the humites are structurally and compositionally similar. 
Until H position data become available for these structures, 
it will not be possible to estimate the effect of hydroxyl sub- 
stitution for F on the average oxygen site potentials of the 
humites. 

Sorosilicates and cyclosilicates 

The sorosilicates contain S&O, groups and include: epidote 
(Caz(A1,Fe)&OIz(OH)); the melilite group-melilite 
(CaNaAlSizO,), gehlenite (Ca2Al(Al,Si)20,) and akermanite 
(C&MgSizO,); and wadsleyite (/3-Mg,SiO,). In these minerals, 
the bridging oxygens have significantly larger electrostatic 
potentials than any other anions, and oxygens not bonded 
to silicon have the lowest potentials. For wadsleyite, this dif- 
ference is extreme, and the oxygen site not bonded to Si (02) 
has the lowest potential of any oxygen in the data base. This 
anomalously low electrostatic potential led to the prediction 
that this site would be a likely host for hydroxyl if charge 
could be compensated by partial M-site vacancy (SMYTH, 
1987). The presence of O-H bonds in this structure was sub- 
sequently confirmed by Raman spectroscopy (MCMILLAN et 
al., 1987). 

The epidote structures used for the calculation were those 
reported by GABE et al. (1973) and the H position data es- 
timated from X-ray diffraction data contain substantially 
higher experimental errors than other atom position data. 
Structure refinements of epidote group minerals-zoisite, 
clinozoisite and epidote-from single-crystal neutron data 
would yield a more reliable mean oxygen site potential for 
these important metamorphic (and occasionally igneous) 
minerals. 

The cyclosilicates contain S&O18 rings and, therefore, a 
higher proportion of bridging oxygens than the sorosilicates. 
The principal mineral groups are tourmaline (dravite, schorl 
and elbaite) and beryl. Cordierite has a structure very similar 
to beryl and is included here, although both are more properly 
termed tektosilicates. 

The tourmaline structure used is that of FOIT and ROSEN- 
BERG (1979), as refined from X-ray data. The H position 
associated with 03 is consistent with an earlier neutron dif- 
fraction study (TIPPE and HAMILTON, 197 l), but neither study 
reports position data for the H associated with 01, which 
may preferentially incorporate F. Further neutron diffraction 
study of a fully hydroxyl tourmaline might be useful in re- 
fining the mean oxygen site potential of tourmalines. 

Chain silicates 

The orthopyroxene group has end-members enstatite 
(MgrSizQ) and ferrosilite (Fe2Si206). Both have higher mean 
oxygen site potentials than corresponding olivines, consistent 
with their higher proportion of bridging oxygens. The differ- 
ence between the mean oxygen site potentials of the two end- 
members is due to the different radii of Fe and Mg. The 
primitive clinopyroxene polymorphs of these two end-mem- 
bers are nearly identical to the orthorhombic versions. 

The C-centered clinopyroxenes show some interesting 
variation in oxygen site potentials with the heterovalent cation 
substitution that occurs in this structure. Diopside (Ca- 
MgSi206) and hedenbergite (CaFeSi206) have only divalent 
cations in the M-sites and the lowest mean site potentials of 
any of the pyroxenes. The pyroxenes with monovalent and 
trivalent cations in these sites have larger mean oxygen site 
potentials than other pyroxenes, and within this group, the 
mineral with the smallest mean cation radius, spodumene 
(LiAISizOe), has the largest oxygen site potential. 

The pyroxenoids-wollastonite (Ca,Si,O& bustamite 
(CaaFeSi,Og), and rhodonite (Mn5Si5015)-show similar 
mean oxygen site potentials to other divalent cation pyrox- 
enes. As with the pyroxenes, the pyroxenoids show wide vari- 
ations between site potentials for bridging and non-bridging 
oxygens. 

The amphiboles have a slightly higher proportion of bridg- 
ing oxygens than the pyroxenes, and this correlates with a 
slightly higher mean oxygen site potential for tremolite (Na.4, 
K.,)(Cal.&lg.~) Mg,(Al.*Si,.8)022((OH),.3F.7) relative to the 
pyroxenes. However, as with other hydrous phases, the H 
position must be well determined (i.e. by neutron diffraction) 
in order to obtain a reliable site potential for the hydroxyl 
oxygen, and the only neutron structure refinement available 
is that of tremolite (HAWTHORNE and GRUNDY, 1976). In 
the electrostatic calculations from X-ray structure refinements 
of other amphiboles it appears that the mean site potential 
is very sensitive to the A-site occupancy. In fact, many of the 
A-site potentials appear to have the incorrect sign to contain 
a cation, and this strongly affects the mean oxygen site po- 
tential of amphiboles having occupied A-sites. This points to 
a need for further neutron structure refinements for amphi- 
boles and indicates that natural amphiboles may exhibit a 
range of oxygen isotope fractionation behavior depending on 
A-site occupancy. 

Sheet silicates 

With increasing polymerization of silica, from amphiboles 
to micas, the mean oxygen site potential also increases. Within 
each structural group of the sheet silicates, the dioctahedral 
structures have higher mean oxygen site potentials relative 
to trioctahedral structures, consistent with the higher mean 
cation charge in the latter. Within each mineral the bridging 
oxygens have the highest potentials and non-bridging oxygens 
somewhat lower potentials. Hydroxyl oxygens, which are 
never bonded to Si, have oxygen site potentials similar to 
non-bridging oxygens. 

The muscovite structure (2M, polytype) used for the cal- 
culation was determined from neutron data (ROTHBAUER, 
197 I), and the H positions were well determined. Similarly, 
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the structure and H positions of phlogopite (1M polytype) 
were also determined from neutron diffraction data (JOSWIG, 

1972). The structures of talc (PERDIKATSIS and BUIULAFF, 
198 1) and pyrophyllite (polytype 1Tc) (LEE and GUGGEN- 
HEIM, 198 1) were determined from X-ray data, so the H po- 
sitions were not determined to high accuracy. 

this group, all oxygens 
tween two Si or between other cations 

earth cations 
these minerals, mean oxygen site with 
increasing earth cation- 

than 2.5 A and 
relatively site potentials. 

have similar mean oxygen site 

mean oxygen site 
than between disordered Na and K 

feldspars. mean oxygen site 
lower ofthe 

with the higher Al content lower oxygen isotope values 

Among the silica polymorphs mean oxygen site 
vary inversely with 

note the temperature polymorphs have 
site potentials, whereas coesite 

here for compari- 
son, 
with Si in octahedral coordination, and oxygen has coordi- 

three instead two. Accordingly, 
much lower site potential because of its longer 
Si-0 

site 
potential that if the 
oxygen-cation distance increases, site potential 
will and, conversely, mean oxygen-cation dis- 

decreases, site potential will 
phase change, 

hence on the electrostatic site 
Also, nearest neighbor distances necessarily increase 
with with increasing pres- 
sure. If a polymorphic transformation takes place 

which the coordination numbers of cations 
then the oxygen-cation distance 

will site potential will 
takes place that 

the coordination numbers of cations (e.g. 
coesite-stishovite), then mean oxygen site will 
decrease. 

However, very strongly 

where A is a constant. SMYTH and CLAYTON 
data showing very strong 

tween experimentally determined A factors 
site potentials. Further experimental 

these correlations scope 
of the current work. 

CONCLUSIONS 

anion 
sites have 
computed along coordination number, 
coordinating mean cation-anion distances. In 
the structures studied, there are no examples 

less Hence, there are no examples 
Si-OH in common natural 

ently OH and F may substitute anion sites that 
bond to Si (or C, N, P, S or tetrahedral Al). 

which is a low-temperature, low-pressure mineral 
having al., 
1983). 

The electrostatic potentials computed 
sites range from site of /3- 

Mg2Si0., (wadsleyite) to a of v for niter, with 
28.58 v and standard deviation of 

v. The potentials tend vary inversely with 
dination number, so in the silicates, 
have the highest potentials, whereas 

have the lowest. 
site potentials (with well- 

determined H-positions) 28.24 v a standard 
2.04 v. The potentials 

range v to v, an average value of 
and standard deviation of 2.0 v. The electrostatic site poten- 
tials may be along with types 
to identify possible sites for hydroxyl substitution in minerals. 

site potentials 
sites per range from 

20.93 v for (CaO) high of v for 
niter with observed 

This correlation best for 
minerals containing light cations that minerals 
with larger site potentials tend 

This correlation good 
to permit qualitative 
ation trends of phases that have not measured experi- 
mentally, such as high-pressure silicates. 

The cation mass 
site potential calculations, but is known have an effect on 
oxygen isotope that minerals containing 
heavier have lighter oxygen. It may be future 
refinements this electrostatic 
mass may permit quantitative 

whose structure well known. 
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