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ABSTRACT

The interaction of the functional molecular group, soaF, in sulfate minerals r,vith its

tion of the symmetry of the sulfate ion from la to various lower symmetries. The spectral
data for alunite and jarosite show more vibrational components for v1 than permitted by
the site symmetry of the sulfate ion, thus indicating the presence of non-equivalent ions.

hgtnooucrror.r

rn recent years there has been increasing interest in infrared applica-
tion to mineral analysis. As a result the need for more informatlon on
factors afiecting variation of characteristic molecular group frequencies
has become evident, for without this knowledge there is l i tt le poisibil i ty
of deriving unambiguous information of structural significance from
complex mineral spectra.

certain general principles that govern the correlation of the vibrational
spectra of molecular ions with their structural features are implicit in
every application of absorption spectroscopy. First, each vibrational
frequencv is associated with a different motion of the vibrating nuclei;
second, each specific configuration of the nuclei forming the molecule will
produce a characteristic vibrational spectrum; third, the vibrational
spectrum is dependent both on the masses of the nuclei and the internal
forces that maintain the equilibrium configuration of the molecule; and,
fourth, the functional molecules mav exist in crystals in differing environ-
ments which more or less alter the equilibrium parameters of the mole-
cule. From what has already been done, it is apparent that the interaction
of functional molecular groups with their surrounding ions is an impor-
tant aspect of molecular absorption spectroscopl, of minerals.

Recent spectral investigations (Adler and Kerr, 1963a,b) emphasizing
the dependence of functional molecular groups on intermolecular environ-
ment have shown that the spectroscopic distinction between minerals in
both the calcite and aragonite groups has as its basis the modification of
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INFRARE,D SPECTRA OF SULFATES

intramolecular forces by the introduction of cations of different sizes and

electronic properties between ionic carbonate moiecules. The relevant

structural effect of these substitutions is thought to be the constriction or

dilation of the molecular COa'- ion as oxygen atoms of neighboring mole-

cules are either drawn nearer or apart on substitution of extramolecular

cations of different size (Weir and Lippincott, 1961). The resultant func-

tional effect is a corresponding increase or decrease in molecular vibration

frequency which is evident in spectral shifts. The vibrational frequencies

are observed to vary more or less linearly with change in radius of the

intermolecular cation, but this relationship appears generally to hold

true only for cations belonging to the same periodic group'

Molecuiar vibrations also respond to the structural arrangement of the

adjoining extramolecular ions. These environmentai ions provide as a

general expression of their geometric configuration the site svmmetry of

the molecule. The effective property of the site symmetry is the restric-

tion it imposes on molecular symmetrv, for, generallv, a molecule has

lower symmetry in a crystal than in the free state because of the deforma-

tional forces exerted by the surrounding ions. It is of considerable impor-

tance that the molecular symmetry suggested in almost all inorganic

compounds is equivalent to or higher than the site symmetry'

The effects of low symmetry in the molecule are evident usually in

splitting of degeneracies and in the appearance of latent bands represent-

ing vibiations sensitive to dipole adjustments. These effects account for

the spectral differences between calcite and aragonite as well as other

structuraliy dissimilar carbonate minerals (Adler and Kerr, 1963a,b). It

is also of considerable importance that in some cases either the magnitude

of the splitting is too small or the amplitude of one component is too low

to permit resolution of the split degeneracy. The spectra of certain carbon-

atis, e.g. aragonite and witherite, vary for this leason, particularly in

the character of the va mode. If it were not for such inconsistencies in the

resolution of splitting, the spectral characteristics of a molecule could be

treated practically in terms of its site symmetry, i.e., one could predict

exactly the nature of the molecular absorption spectrum from site sym-

metry data. It should be emphasized, however, that in spite of this de-

ficiency site symmetry provides very useful information in that it re-

stricts consideration of molecular symmetry to specific point groups and

places certain limitations on vibrational and corresponding spectral

variations. These restrictions are an invaluable aid in utilizing absorption

spectra to detect the possible presence of non-equivalent molecules in

crystals, particularly when the spectral enrichment does not exceed the

maximum number of fundamental bands prescribed for non-linear mole-

'cules by the 3N-6 relationshiP.
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134 H. E. ADLDR AND P. F. KERR

Although this investigation deals specifically with structural and
vibrational aspects and features of the molecular sulfate ion, SOa2-, the
considerations are also applicable to other tetrahedral molecules.

Exprnrupnrar Mrrnoo

The infrared spectra shown here were obtained on a perkin-Elmer
Model 21 spectrophotometer using NaCl optics. Samples for spectral
runs were prepared from finely ground (minus 300-mesh) material. For
most samples an amount varying from 0.75 to 1.5 mg was mixed and
ground with 300 mg of KBr in a dental amalgamator; for the heavy
sulfates a slightly larger quantity of mineral was used. The mixture was
pressed in a tool-steel die at about 19,000 psi to form a translucent pellet
approximately 12 mm in diameter. A standard pellet of KBr placed in the
reference beam compensated for energy loss caused by KBr in the sample
pellet.

It warrants mentioning here that anglesite, pbSO4, reacts with the KBr
matrix and may yield a range of spectra depending on the degree of inter-
action and KrSOr formation (Meloche and Kalbus, 195g). The absorption
band positions for anglesite may be established, however, if the reaction
has not advanced to the stage where the KzSOr band at 9.00 trl becomes
conspicuous or the intensity of the r'1 band (10.3a p) for anglesite is
considerably diminished.

Mineral specimens for this study were made available from the collec-
tions of the U. S. National Museum, Washington, D. C., through the
courtesy of Dr. George Switzer, whereas commercially available chemical
salts were used to obtain spectra of compounds not available in mineral
form. rdentification of ali minerai species and compounds was confirmed
by r-ray analysis.

The writers are indebted to Dr. rrving Breger and the u. S. Georogical
Survey for the use of the spectrophotometer and to Dr. Ralph S. Halford
of columbia university for suggestions concerning arternative interpreta-
tions of certain spectral features. Dr. Howard T. Evans, Jr., furnished
many helpful comments on crystal structure data.

Spncrner FBerunps or ANnynnrrE AND BanrtB-cnoup MrNpnars

The barite group consists of the minerals barite, BaSOa, celestite,
SrSOa, and anglesite, PbSOa, having cations of relatively large size. The
ca ion, which is comparatively small, does not produce a structuraily
analogous sulfate but forms instead the mineral anhvdrite, CaSOa, of
difierent structure type. rnfrared spectra of these minerals are shown in
Fig. 1 and wavelength data are given in Table 1.

Barite-group minerals f ield three intense bands in the g to 10 & resion
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Frc. 1. Infrared spectra of anhydrite and barite-group minerals. The spectral shift of

the v3 (8.5 to 9.5 p) and v1 (10 p) modes for the barite group is a function of cation sub-

stitution.

(Fig. 1), which correspond to the va vibrations of the sulfate ion' Al-

though this fundamental is triply degenerate when the sulfate molecule

has the ideal tetrahedral configuration, it is here resolved into its three

component modes because of the low molecular symmetry imposed by

the environment of the sulfate ion. The weak band siightly above 10 pr

corresponds to the vr vibrational mode which is non-degenerate and,

therefore, yields only one band. The anhydrite spectrum shows a doubly

split v3 band but is lacking apparent absorption correspondin$ to vl.

Absorption at 14.8 trr is attributed to the va mode.
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r36 H. II. ADLER AND P. F, KERR

The barite-group shows a spectrai shiit of the ve and vr modes which is

celestite and barite. These trends are qualitatively similar to those ob-
served (Adler and Kerr, 1963a) for the isostructural anhvdror,rs normal
carbonates of these metals. The seemingly anomalous position of the
anglesite spectrum may be caused by a mass effect, but in accord with our

omori and Kerr (1963) recently published the spectra of saline sulfate
minerals and noted qualitative differences in their infrared absorptions.

Trt'slr 1. rNrnannn Aesonprron Maxrlra (rN Mrcnoms .q.NTo cM-1) or ANnyonrre

Minerai Locality V4

Anhydrite

Anhydrite

Celestite

Celestite

Champo, Isere, France,r 463932

Lyon Co., Nevada

Lampasas, Texas,l 46918

Mt. Bonnell, Texas

8.  65 ,  8  .92
1156,112r

8 . 6 7 , 8 . 9 4
1 1 5 3 , 1 1 1 9

8 .36 ,  8  .84 ,  9 .  13
1196, 1131, 1095

8.38 ,  8  .83 ,  9 .  15
1 1 9 3 , 1 1 3 3 , 1 0 9 3

8 . 4 8 , 8  . 9 3 , 9  . 2 3
1179, 1120, 1083

8 . 54, 8 .98, 9. 26
1171,1114,1080

8.  s9 ,  9 .  06 ,  9 .  53
1164,1104,1049

14.78
677

14.82
675

Anglesite

Buck Creek,

Felsobanya, Roumania

Monte Poni, Sardinia,r C4587

10.05
995

10.06
994

1 0 . 1 5
985

1 0 . 1 8
982

10.34
967

aNo Benrrr:-Gnoup MrNnners

I Infrared spectra are shown in Fig. 1.
2 U. S. National Museum number.
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8.4 A6 8.8 9'O 9.2 9'4 9'6

WAVELENGTH (MICRONS)

Frc. 2. Variation of the barite-group v3 sulfate absorption bands with change in cation mass.

not been confirmed by r-ray difiraction studies. Moreover, the bands

attributed to S2O52 ions are readily identifiable with the normal vibra-

tions of the va and v1 modes of the SOa2- ion. We can expect rather confi-

dently, therefore, that the Szos2- bands shown in this earlier survey are

caused bv vibrations of the sulfate ion.

to,o lo2 lo4
WAVELENGTH (MICRONS)

Frc. 3. Variation of the barite-group vr sulfate absorption band
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i 8,8 so c2 94 s6
WAVELENGTH (MICRONS)

Fro. 4. Wavelength variation of the barite_group v3 sulfate absorption
bands with change in cation radius.

. VrsnATroNAL CnanecrBnrsrrcs oF MorBcuros wrru
TntnArrnonel AND MoDTFTED SyMMETRTES

Any molecule of high symmetry may react with its environment in a
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Frc. 5. Wavelength variation of the barite-group vr sulfate absorption

band with change in cation radius.
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Ttnt-n2. VrsnlTtoNs ol rnn SOIF IoN,ts a FuNcrror or'

Mor-rculan Svuunrnv

Number of Infrared Active Vibrational Modes
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Molecular
Point Group
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metr.v properties, a simplifi.cation of the normal vibrations is brought

about by increasing molecular symmetry. Hence, the maximum number

of symmetry vibrations occur when the molecule either lacks or has low

sy,mmetry, and the minimum number occur when the molecule is in its

highest symmetrical form.
Polyatomic molecules, such as the sulfate ion, SOa2-, perform compli-

cated vibrational motions which are resolved into specific sets of vibra-

tions or normal vibrational modes. Each normal mode is independent and

vibrates with a given frequency. Since there are for non-linear molecules

3N-6 normal modes of vibration, where N is the number of atoms in the

molecule, the sulfate ion has nine possible vibrational modes. These occur

as the va, vr, vn and v2 modes, listed in order of decreasing vibrational

frequency.
Ii during a symmetry operation one vibration of a particular mode is

indistinguishable from a second, the vibrational frequencies will neces-

sarily be identical, and the mode is then referred to as being doubly

degenerate. Similarly, certain modes are endowed by their symmetry

properties with triple degeneracy or non-degeneracy. Degenerate vibra-

tions necessarily occur only for molecules having at least one rotation

axis with more than two-fold symmetry, and triple degeneracy can occur

only if a molecule possesses more than one three-fold axis and is therefore

restricted to tetrahedral and octahedral molecules. The tetrahedral sul-

fate ion has two triply degenerate vibrations, v3 and va, one doubly

degenerate vibration, v2, &rrd one non-degenerate vibration, v1'

Among the possible molecular subgroups (Table 2) produced by vari-

able external binding forces acting on the SOa2- ion, only subgrouPs Dza

and C3, have degenerate vibration species. The vr mode of subgroup C2,

I
2
2
3
3
3

3

f d

Dza

Cu
Dz

Cz,
C2

C"
Cr

1

z
3
J

J

J
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also appears degenerate though the group does not have the requisite
svmmetry property for degeneracv. Actually, V2 occurs as a single vibra_
tion because one of its two vibration species is infrared inactive-

The spectral activity of a molecule is also dependent on whether or not
the vibration of the molecule produces a change in the dipole moment of
the molecule. A vibration may be infrared active onry if the centers of
positive and negative charge in the molecule are separated during the
vibrations of its positive and negative ions. rn other words, if the vibra-
tional motions of the participating atoms produ ce zero dipole moment in
all vibrational positions, the vibrational mode will be inactive in the
infrared.

Normaliy, degenerate modes of a molecule of low or no symmetry split
observably into several components. rn some cases, however, splitt ing is
not resolved in the spectra, particularly those obtained in routine or
survey studies, because of the low magnitude of the split or the low
intensity of one component. This factor frequently accounts for the dis-
parity in number of bands reported by various investigators. such differ-
ences are usually restricted to modes having split components that vary
only slightly in frequency.

Because symmetry imposes certain restrictions on the number of per-
missible vibrations, it is theoretically possible by determining the num-
ber of distinct vibrations to obtain information about the molecuiar s1,m-
metry. Furthermore, the molecular vibrations are significantly altered
by changes of extramolecular environment that affect molecular sym-
metry. The question then arises whether site-symmetry considerations
alone will reveal the nature of the spectrum. we have examined this
problem and report our conclusions in the following sections.

Morpcuran Syuuprny, SrrB SvurwerRy AND
Spncrn.q.r Cuanacrnnrsrrcs

The fundamental frequencies of the sulfate ion are given by Herzberg
(1945) as 1104 cm-l (v3), 981 cm-r (v1), 613 cm-t (va) and a5i .rn-r (rrr),
corresponding to absorption at approximateiy 9, 10, 16 and 22 p, re_
spectively. When the symmetry of the SO+2- ion in a crystal is ?7, each of
the triply degenerate vibrations, vs and v4, gives rise to one band. These
are found near 9 and 16 p. The vr and v2 modes are totailv svmmetrical
for this molecular configuration and are, therefore, infrared inactive.



INFRARED SPECTRA OF SL.LFATES I4I

figuration; absorption at 10 pr in this case may be either very weak or ab-

sent.
Effects of modified symmetrv on vibrational frequencies of the sulfate

ion have been demonstrated for coordination compounds containing

strong metal-l igand bonds (Nakamoto, et aI-,1957). When functioning as

a unidentate iigand the one stronglv bonded oxygen of the SO+2- group is

no longer symmetrically equivalent to the other three, and the effective

symmetry of SOI is lowered to Cz,. When a bidentate bond is produced

the symmetry is further reduced to Cz,. The activities of the vibrations

increase observably with lowered symmetry and correlate very satis-

factorily with the vibrational characteristics expected from theoretical

considerations. The characterizing spectral differences for these two sub-

groups are given in Table 2 together with those for other possible molec-

ular configurations of the sulfate ion.
The spectra in Figs. 1,6,7 and 8 give evidence of various molecular-

configurational changes of the sulfate ion. The region of the infrared

spectrum studied was, regrettablv, restricted to wavelengths below 15 p;

hence, only v3 and vr were fuily recorded. Supplemental data on V4 w€r€,

however, available from Moenke (1959) for many of these minerals and

are included in Table 4.
It is clear from examination of the data in Tables 2 and 4 that the

spectral characteristics of the vibrational modes may not always provide

sufficient indication of molecular symmetry. For example, data on ve and

v1 for gypsum suggest Cao symmetry for the sulfate ion, and Moenke's

(1959) data orl Va or€ in accordl that is to say when va and v+ are doubly

split and vr is apparent, the ion, according to data in Table 2, should

have Cr, symmetr.v. Ilowever, if the site symmetry, Cz, of the SOrr- 
'ott

in gypsum (Strukturbericht IV, 1938) is considered, we find from inspec-

tion of Table 3 that the ion may have one of fi.ve possible configurations,

Terr.r 3. Possmlrosrtns 
:XlffHt"""J^n 

PorNr Gnoups

:

Molecular Point Grouo Molecular Site Group

C1, C", Cz, Cs, Cz,, Ce", Dr, Dra, S+, T, Ta

G, C", Cz, Cz,, Dz, Dza, St

Cy C", Ct,

Cr, C",
C1, C", Cz, Cz,

Cr, Cz

G, C"

Dza

Csox
Dz

Czo*
Cz*
c**

* Point groups to which a molecule with a dipole moment might belong'
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Tesr.n 4. Vran,lrrox,q.r- Dlrl, Smr Svlrurrnv axo Possrrrr Mor,rcur,.tn
Svuunrnrrs or Soue Sur-re.rn MrNrnlr,s

r43

Number of Observed
Absorption Bands

Mineral
Suggested Molecular

Symmetrys

thenardite
K-alum
tschermigite
aphthitalite
anhydrite

kieserite
glauberite

LizSOrHzO
K:SOr (arcanite)

barite
antlerite
syngenite
langbeinite
bloedite
jarosite

alunite

I
0
I (vw)
1
0
1 (vw)
I (vw)
I

1
I (vw)
1 (vw)
I

1

I
3
L

Dz
Cs
Ca
Cs,
Cz,
Cz
w2'
Q2 or C|

Ls

L-

c"1
Cr or C"a

CI
Ca,
Cn

Dz or Dza

Cn,T, t
CsTa
Cs,
Cz,
Cz
C2, Dz, D2d
all but ?a
all but ?a

C", Cz,, Cu, Dza, Ta

C" or Cz,
C" or Cz"
Cy C", Cz or Czo

Cy C", Cz or Czo

Ct C", Cz or Czo
non-equivalent molecules
non-equivalent molecules

vw:very weak
I Data obtained from Moenke (1959).
2 Moenke (1959) also shows 2 vs bands.
3 Hass and Sutherland (1956) report 3 v3, 1 v1, 3 vq and 2 v, bands; their determination

is used as the basis for selecting G molecular symmetry.
a Site symmetry determined by the method described by Halford (1946); all others

obtained from Strukturbericht or Structure Reports.
5 Where more than one possibility is indicated, the molecular symmetry of choice, i.e.,

identical to site symmetry, is listed first.

Ta, Dza, Dr, Ct, or C2, but that it cannot have svmmetry Cso,If we attrib-
ute the 10 p band to coupling of molecular vibrations rather than to a
true v1 vibration, Dga would be the symmetry choice. One cannot, how-
ever, discount the possibility that both vg and v4 are incompletely re-
solved and, therefore, that the ion may have lower symmetry Cz, or Cz,
Hass and Sutherland (1956) have indeed determined this to be the case.
From a detailed study of the spectrum of gypsum they found that both
v3 and va have three component bands, the two closest va bands lying 11
cm-l apart and the two closest va bands lying only 2 cm-r apart. These
pairs obviousll '  could not be resolved without rigorous experimentation.
One v1 and two v2 modes are also reported. The data of Hass and Suther-

V 3

I
I

1
4

z
a

z

z
z

I
J

J

J

a

3
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T.qsln 5. AssorprroN Maxrun ol rup SOr2- IoN
rN Venrous Surr.lrr Mrxnnars

Absorption (in Microns and Cm-l)

potash alum

tschermigite

thenardite

K:SOr (arcanite)

anhydrite

glauberite

langbeinite

firSO4'HrO

gypsum

kieserite

szomolnokite

aphthitalite

syngenite

bloedite

Locality

Esmeralda Co., Nev., 157681

Dux, Czechoslovakia, 80401

Esmeralda Co., Nev., 9508+

reagent

Lyon Co., Nev., C4597

Saline Valley, Calif ., 87 37 7

Carlsbad, N. M., R10389

reagent

Carrizalillo, Chile, 1027 49

Hallstatt, Austria, 96536

Dividend, Utah, 104303

Searles Lake, Calif., 105969

Kalusz, Poland, R9779

Stassfurt, Germany, R6166

9 .  1 5
1093

9 . 1 4
1094

8 . 9 6
tll6

9 . 0 0
1 1 1 1

8  . 6 7  , 8 . 9 4
1153, ll19

8 .  8 1 ,  9 . 0 8
1 1 3 5 , 1 1 0 1

8 . 6 0 , 8 . 7 3
1163,1145

8.81 ,  9  .00
1 1 3 5 , 1 1 1 1

8.  76 ,  8  .98
t142, ttt4

8 . 5 7 ,  8  . 8 8
1767, t t26

8 . 8 0 ,  9 .  1 5
1136,1093

8 . 4 5 , 9 . 0 6
1183, 1104

8 . 4 1 , 8 . 8 0 , 9 . 0 5
1 1 8 9 , 1 1 3 6 , 1 1 0 5

8. 64, 8 .90, 9. 10
rr57, rr24,1099

Mineral

10.09
991

1 0 . 1 9
981

9 . 0 4
1106

9 . 9 0
1010

9 . 9 6
1004

9.60
r042

9.  84
1016

1 0 . 1 1
989

9 . 9 8
t002

10.  07
993

I Il. S. National Museum number.
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Tenr,r 5. (conti,nued)

145

Absorption (in Microns and Cm-r)

Buck Creek,

Chuquicamata, Chile, 97739

Chuquicamata, Chile, 105778

Death Valley, Calif., 87529

8 .48 ,8  .93 ,9  .23
1179,1120,1083

8.  68 ,  9 .00 ,  9 .34
1152, Llll, l07l

8 .44 ,9 .20 ,9 .94
1185,1087, 1006

8.30 ,9  .20 ,9  .74
t2o5, t087 ,1027

10 .15
985

10 .  13
987

?

10.98  (? )
9 1 1

land (1956), therefore, provide evidence of molecular symmetry Cz which

is identical to the site symmetrv of the molecule.

As another example, data presented here on vs and vr for thenardite

sug€test Z.1 molecular symmetry whereas data by Moenke (1959) point to

Dza or C3a slmmetry. The site symmetry for thenardite, D2 (Struk-

turbericht II, lg27), allows a choice of D2, D26 or fd molecular symmetry,

but Ca, s-Ymmetr)' is not allowed. Since one cannot be certain that va and

va &r€ not triply separable, the true molecular symmetry is not dis-

cernible from the data at hand. Other examples are evident from the

data presented in Table 4.
Failure to identify the symmetry of the molecule from spectral con-

siderations alone is caused largely by the uncertainty of whether the

vibrational modes are completely resolved. Although it is probable that

molecular svmmetry conforms closell' to site symmetry' this cannot be

regarded as established from the data at hand. To obtain the agreement

betw"e.r site s.vmmetry and suggested molecular symmetry in Table 4 it

was necessary in some cases to assume that the spectra are incompletely

resolved. An extension of the spectra to include v+ and vz and work at

higher resolution might resolve this question'

NoN-nQurveLENT MoLEcuLAR SrrES rN SULFATES

Infrared criteria for the presence of non-equivalent ions in the unit cell

have been established in a previous paper on carbonate minerals (Adier

and Kerr, 1963b). Since a polyatomic molecule having N atoms can have

no more than 3N-6 normal modes of vibration, the fundamental spec-
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trum for any CO32- ion is limited to six vibrational modes. For the same
reason, Soa2- ions cannot have more than nine fundamental vibrational
frequencies. These fundamental vibrations are basicaily symmetric or
asymmetric with respect to certain svmmetry elements and are grouped
accordingly into distinguishable species such as vr, V2r etc. Any com_
ponent vibration of a mode may undergo position transformation with re-
spect to a particular svmmetry operation, and under proper symmetry
conditions wii l become degenerate. Molecular symmetry l imits the num-
ber of vibrational components for each species. Thus, as arready indicated
for the sulfate ion, v3 can have no more than three components, vi no
more than one and so on.

Because the vibrational behavior of the molecure must be in accord
with site symmetry, any enrichment of the spectrum beyond the l imita-
tions imposed by site symmetry may be an indication of the existence of
non-equivalent ions in the crystal. such ions may have similar site s1,-m-
metries but differ necessarily with respect to internal internuclear forces.
These intrinsic differences may be brought about in minerals by changes
in the molecular surroundings, e.g. by substitution of intermolecular cat-
ions of difierent radii or electronic properties.

For all of the sulfate minerals already considered there are never more
vibrational components than allowed by the site symmetry. However,
when considerations similar to the foregoing are appried to alunite and
jarosite we find that the number of vibrational components identifiable
with v3, namely three, exceeds the maximum number permitted b1, the
C3, site symmetry of the sulfate ion, namely two (Tables 2 and 4). Since
the molecule cannot have lower symmetry than the site, this enrichment
points to the existence in the crystals of each mineral of at least two mole-
cules that are not equivalent. This interpretation is in accord rvith
Hendrick's (1937) identif ication of two sets of sulfate ions with different
orientations. observation of more bands than necessarv to satisfy site-
symmetry requirements, therefore, is a very effective method for deter-
mining whether non-equivalent functional ions populate the unit cell, and
because of the simplicity of its application may be of considerable value
as an adjunctto r-ray structure studies,

rt should be pointed out that other mechanisms of spectral enrich-
ment exist. Hornig (1948), for example, has cautioned that combination
bands mav cause apparent violations of selection rules for internal vibra-
tions and that the intensity of these combination frequencies may be con-
siderable. rn some cases a forbidden fundamental may be represented by
a combination band in the vicinity of the fundamental. Coupling of
molecuiar motions is also a cause of spectral enrichment.

Although these alternative possibil i t ies cannot be overlooked, onry trvo
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of the eighteen sulfate minerals studied show evidence of multiplicities
exceeding the number expected on the basis of symmetry considerations,
and in both cases the enrichment is compatible with structural evidence
of the presence of non-equivalent functional groups. We may conclude
from this that other contributive mechanisms are unimportant. Our
studies of carbonate minerais have also led to this conclusion (Adler and
Kerr ,  1963b).
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