
INFRARED ANALYSIS OF CLAYS AND RELATED MINERALS 
HY P A I L G . X A H I N ' 

Introduction. The identification of clay minerals 
either in pure form or admixture with other minerals is 
not always easy. In some few instances it is sufficient to 
use only one of the many methods now available. Usu
ally, however, the composition of the mineral sample is 
complex and requires the use of two or more supple
mentary analytical teclniiqucs for establishing the 
na ture of the minerals and their relative amounts. The 
petrographic microscope, chemical analysis, dye adsorp
tion, determination of cation-exchange capacity, diifer-
ential thermal analysis, X-ray dififraction, and the 
electron microscope provide us with a bat tery of tools 
which, employed as a team, is adequate for the solution 
of mos^t problems of mineral analysis. Recently, a prom
ising new method of analvsis has been developed ( H u n t 
1950; Keller and Pickett 1949, 1950; Xahin et al. (1951) 
based on the absorption of infrared radiat ion by min
erals. The purpose of the following discussion is to 
survej^ the available information in this field, to make 
some brief correlations among the spectra, and to outline 
a few problems which, if clarified, might increase the 
value of the method. 

The infrared spectrum comprises the portion of the 
electromagnetic spectrum lying between the long-wave
length edge of the visible and the short end of the radio-
microwave spectrum. Roughly, the infrared region is 
sometimes divided into two sections: the near-infrared 
from 0.75 to 25 microns and the far-infrared from 25 
to 1000 microns. The spectra obtained in the near-infra
red arise from the resonance absorption of monochro
matic radiat ions of wavelengths corresponding exactly 
to those vibrational frequencies of specific atoms or 
groups of atoms involved in a change of dipole moment 
of the molecule. Absorption of radiat ion in the far-
infrared reflects the presence of complex molecular 
rotat ional or massive lattice vibrational energy levels, 
for which no data are available for mineral sj'stems. 
The region of the infrared sjtectrum which has proved, 
thus far, to be of greatest interest for most types of 
molecules including minerals lies in the fundamental 
vibrational region from 2 to 16 microns. Fo r detailed 
discussions of the origin of spectra the reader is re
ferred to text books on spectroseopv (Barnes et al. 1944; 
Harr ison et al. 1948; Mellon 1950). 

Most infrared spectra being reported in the l i terature 
are now obtained with commercially available instru
ments having resolving powers of the order of a few 
hundredths of a micron at all wavelengths. The essential 
elements of all these instruments, in one or another 
arrangement , are shown schematically in figure 1 for a 
single beam. The radiat ion from an infrared glower is 
focused on the sample; the t ransmit ted portion of the 
beam is collimated and monochromatized by a prism 
and mirror optics and measured by a thermal detector. 
A light chopper, CII, with a frequency usually of 10 
cycles per second is included to minimize the effect of 
false radiat ion within the inst rument . The spectrum is 
constructed either manually or automatically from de
terminat ion of the ratios of the t ransmit ted to incident 
intensities as a function of the wavelength. 
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Gross Features of Mineral Spectra. As is t rue for 
other classes of eompounds, the infrared speetnim is a 
"molecular fiiijierpriiit" and can be used to differentiate 
the various minerals including the clays. An example of 
this specificity is shown in figure 2. Here, there is no 
difficnlty in noting tha t the spectra of the two-layer 
minerals kaolinite and halloysite and the three-layer 
mineral nontroni te are obvionsly different as emphasized 
by the indicated absorptions in the 10 to 11 micron 
region. This example is one of many which establish the 
basis for infrared spectroscopy as a clay identification 
method: (liferent minerals proeluce different infrared 
ahsorption spectra. However, not all combinations of 
clay mineral spectra are as obviousl,v uniqne as that of 
figure 2. An important a r ray of similar spectra is shown 
in figure 3. Here, montmorillonite, illite, and mnscovite 
are compared in the 9 to 10 micron region. All three 
appear generally similar visually except tha t mnscovite 
has a pronounced absorption at 9.35 microns. Usually, 
montmorillonite and illite are difficult to distinguish, 
although it has been stated ( H u n t et al. 1950) this may 
be done on the basis of the peak position of the strongest 
band, 9.6 microns in montmorillonite and 9.7 microns 
in illite. The potassia contents are included in figure 3 
to underscore the value of supplementary data for clay 
identifications. 

Another characteristic of mineral spectra is tha t gen
erally they have fewer infrared absorption bands than 
have most organic compounds. This is shown in figure 4 
for the cases of a loam, an inorganic compound and an 
organic salt. Many organic compounds do not absorb 
strongly ( H u n t and Turner 1953) beyond 15 microns 
as do some of the feldspars, barite, ilmenite, and other 
minerals ( H u n t et al. 1950). 

In addition to the various ins t rumental performance 
factors, the shape of the spectral curve is intimatelj^ as
sociated with the refractive index and particle size of 
the sample. Since the dispersion curve of quar tz for the 
ordinary ray from 1 micron to 14 microns is known 
(Henry , 1948) it is possible to exhibit this dependence 
(fig. 5 ) , using the part icle size da ta of Huiit , Wisherd 
and Bonham (1950). F igure 5 shows that the transmis
sion is greatest at wavelengths corresponding to refrac
tive indices near uni ty except a t about 9.2 microns where 
the absorption can be ascribed to an assigned (Plyler , 
1929) fundamental mode of vibration. The effect of re
ducing the particle size to below 5 microns can be seen 
in the increased transmission and degree of resolution 
at tained throughout most of the spectrum. Experience 
has shown that the best spectra are obtained with samples 
having a nar row part icle size distr ibution (Lecomte, 
1951; Nahin et al., 1951) with maximum particle diam
eter not greater than, and preferably less than, the 
shortest wavelength used. F igure 6 provides verification 
of the particle size requirement for montmorillonite. The 
arrows indicate significant absorptions either absent or 
almost indiscornable in the coarse powder spectrum. 

Preparation of Samples. As is clear from the preced
ing discussion, satisfaction of the particle size require
ment is crucial for obtaining definitive spectra of 
minerals. In some of the earlier work on infrared spectra 
of minerals the sample was t r i tu ra ted in refined mineral 
oil (nujol) , spread on a salt plate and inserted in the 
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sample cell of the speetrometer. Even with susiiension 
in the nujol of properly sized particles, the teclmiqne 
is unsatisfaetory both from the standpoint of stability 
of the snspension and from the necessity for subtraetini>-
its absorjition speetnini to obtain the mineral spectrum. 
The techniques used by Hun t and his associates at Carter 
Oil Company and those employed by Union Oil Com
pany are reyiresentative of present practice and are here 
described briefly. 

In the Carter method ( H u n t and Turner , 1953) a 
5- to lO-gram sample is iiround to smaller than 250 mesh 
and jet-pulverized in a " i l i c r o n i z e r " to a particle size 
less than 5 microns. Approximately 10 to 20 millig'rams 
of the powder is i)laced on a sodium chloride window, 
made into a paste with a few drops of isopropyl alcohol, 
smoothed with a microscope slide and dried in air. After 
obtaining' the speetroi>Tam, the film weight and other 
data descriptive of sample thickness and extent of 
coverage are determined. 

The Union method (Nahin ct al., 1951) differs some
what from the Carter method. The clay sample, sus
pended in distilled water, is fractionated with a Sharpies 
supercentrifuge to yield a colloid fraction of particle 
size in the range of 0.1 to 1,0 micron diameter as checked 
by electron micrographs. The fine fraction is suspended 
in 0.00] N aqueous ammonia, deposited drop by drop on 
a single crystal silver chloride ( I l a r shaw Chemical Co.) 
cell window to cover completely the area traversed by 
the beam. The cell window' and suspension are dried in 
a vacinnn oven at 50°C and scanned in a Beekman 
IR-2T infrared spectrophotometer. The sample weight 
is determined by calibration of the dilute clay suspension 
and by weighing of the dried film. 

Recently, the two new techniques of lamination and 
impregnation for the mounting of solid samples have 
been described (Sands and Turner , 1952). Although 
they have not yet been applied to minerals, the authors 
recommend these methods as potential ly valuable for 
the s tudy of inorganic and non-plastic materials. In the 
lamination technique the sample pellet is placed between 
two sheets of nuca or silver chloride. The laminate is 
inserted between two stainless steel a luminum or 
chromium foil protected platens in a hydraulic press, 
heated to plastic temperature and sheeted out under 
pressure to a total thickness of about 0.004 inch. The 
impregnation technique is used w'hen lamination is not 
feasible. The sample pellet is placed on a polyethylene 
sheet, pressed between foil protected platens, rolled into 
a ball, and sheeted out on the press ; the process is re
peated unt i l homogeneity is at tained. 

Discussion of Particular Ahsorption Bands. A suf
ficiently large number of infrared spectra of solids is 
now available so tha t by a process of elimination certain 
recurr ing frequencies within series of reasonably ho
mologous minerals can be inferred to represent particu
lar atomic groupings. In this sense, the absorptions in 
the ranges of 2.7 to 3.2 microns, 6.0 to 6.2 microns (and 
sometimes the weak absorption at about 7.55 microns 
( lUint et al., 1950)) are assigned to hydroxyl and hydrate 
water respectivelj ' . A careful s tudy (Buswell, Krebs, 
and Bodebush, 1937; Buswell and Dudenbostel, 1941) 
of the dehydrat ion behavior of a series of montmorillo-
nite salts demonstrated that the characterist ic absorp-
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tion at 2.75 microns represents the presence of essential 
or lattice hydroxyl of s t ructure sometimes called " u n 
bonded ' ' or free hydroxyl because of its crystallographic 
similarity to the hydroxyl of the strong alkali metal bases 
(Wells, 1945). The absorption at 2.92 microns is ascribed 
to hydrogen bonded hydroxyl, perhaps mainly hydroxyl 
of the clay surface. F igure 7 illustrates the relation
ship between these absorptions and the hydrat ion states 
of some montmorillonitc salts. The curves for the sodium, 
ammonium and hydrogen analogues are also consistent 
with this assignment. The hydra t ion water assignment 
is made from the infrared spectrum of water as well as 
by direct correlation with the spectra of the hydra ted 
and dehydrated forms of simple inorganic crystals. 

Keller, Spotts and Biggs (1952) have jus t published a 
thorough study of silicate spectra. Their work indicates 
that the phyllosilicates or sheet-silicates, of which the 
clays are representatives, are characterized by one main 
absorption band centered between 9.0 and 10.0 microns. 
This position is assigned to the SiOi group. Quartz has 
a well defined spectrum with major absorptions at 8.6 
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and 9.20 microns and a diagnostieally useful doublet at 
12.50 and 12.84 microns. These positions, tog-ether with 
the principal absorptions for carbonates, sulfates and 
phosphates, are shown in figure 8. Fo r the carbonates it 
has been demonstrated ( H u n t and Turner , 1953) tha t 
tlie 11.2 to 11.9 micron region is diagnostic, the absorp
tion here being shifted to longer wavelengths with in
creasing atomic weight of the cation. Conclusive dis
tinction between absorptions due to silica te t rahedra and 
aluminum octahedra has not been made although Adler 
(1950) has suggested a number of frequencies which may 
apply in the case of montmorillonite and a few related 
minerals. 
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Qualitative and Quantitative Analysis. Nearly all of 
the published work on infrared analysis of minerals is 
concerned witli the recording and qualitative interpreta
tion of the spectra. The one exception is the paper of 
H u n t and Turne r (1958) which presents quanti ta t ive 
data obtained in the analysis of both synthetic rock mix
tures and na tu ra l sediments. For the largest available 
l ibrary of clay infrared spectra, the reader is referred 
to Pre l iminary Report Xo. 8 of A P I Pro.iect 49 (Hun t 
et al. 1950). Rapid identification can sometimes be made 
by superposing a template of mineral curves on the spec
t rum of the unknown. F igure 9 ( H u n t and Turner 1958) 
is an example of such a device, representiu'i ' a condensed 
a r ray of the major ab.sorptions of some of the most fre
quently encountered clays and related minerals. 

The qualitative and quant i ta t ive analysis of mineral 
mixtures from their infrared spectra depends on the in
dependent appearance of the major diagnostic absorp
tions of each constituent provided that the peak positions 
are sufficiently resolved and non-interfering. According 
to Hunt , ! kaolinite is determined (piantitatively from 
measurement of the 10.95-micron b a n d ; illite and mont
morillonite can often be distinguished qualitatively but 
they have not yet yielded to quant i ta t ive analvsis. The 
method of H u n t and Turner (1953) for qua'ntitative 
analysis is to construct working curves from spectra of 
the pure minerals by plott ing the optical densities of se
lected absorptions against different film weights in milli
grams per square centimeter. F rom the optical densities 
of the corresponding absorptions in the spectrogram of 
the unknown mixture, the percentage of each mineral 
can be determined to within about 5 to 10 percent of the 
amount present. 

Applications of Infrared Mineral Analysis. F rom the 
l i terature only a few pract ical applications are known, 
all having some connection with oil production. The Car
ter group (Hunt , Wisherd, and Bonham, 1950; H u n t and 
Turner 1953) has exhibited spectra of a Wisconsin reef 
limestone, a limy oil shale and a limy shale from the 
Uinta Basin in Utah, a mahogany shale from the same 
source, three na tu ra l sediments from Utah, Oklahoma 
and Texas, a (juantitative analysis of four inter-reef 
limestones, and an analysis of dri l l ing mud penetrat ion 
into a Mississippi sandstone core. The TTnion group 
(Nahin et al. 1951) has published spectral curves of the 
fractionated clays extracted from California cores taken 
in the Gatchell zone of Northeast Coalinga field and in 
the Stevens zone of Paloma field. 

Needed Research. I t is evident from the preceding 
survey that much remains to be done before this method 
of mineral analysis, par t icular ly as applied to the clay 
minerals, can be said to have gotten off to more than 
just a good beginning. Perhaps a listing of some of the 
problems which must be answered to obtain an under
standing of clay-mineral infrared-absorption spectra may 
challenge the interest of other academic and industr ia l 
workers in the field of clay mineralogy. I t is with this 
hope that the following suggestions are offered. 

1. The spectra of quant i ta t ively described surface-
homoionic and surface-heteroionic clays should be ob
tained for all of the clay mineral types. Bet ter and 

1 P r i v a t e communicat ion . 
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easier methods of homoionization of a clay surface are 
needed. Perhaps the use of synthetic, organic ion-ex
change resins may be an answer (Wicklander 1951; 
Lewis 1953). 

2. The complex relationships among the clay struc
tures and their spectra are almost completely unknown, 
although Adler and the Hunt and Keller groups have 
made a good beginning. 

Can specific absorptions be correlated with tetrahe-
drally bonded ions (Si*"̂ ** and AP** in montmorillonite 
and beidellite) and others with octahedrally positioned 
ions to give us another measure of structural distinction 
between the two- and three-layer clays? 

The manner in which the spectra reflect isomorphous 
replacement within the lattice might be advantageously 
studied by comparison of highly resolved and sur-
face-homoionized samples of reasonably homologous 
series such as pyrophyllite, nontronite, sauconite (Ross 
1946), hectorite, saponite (Ross and Hendricks 1945), 
and talc in which the essential octahedral positions 
are occupied by AP**, Pe***, Zn*", Mg**, Li*. Mg"*, Ug*\ 
respectively. Of course, the degree of tetrahedral proxy-
ing of AP** for Si**** will have to be taken into account 
both in selection of suitable samples and in interpreta
tion of the spectra. 

It appears that the infrared spectra may prove useful 
for classifying the nature of the bonds in minerals in 
terms of percent eovalent or ionic character, Pauling 
(1948), Gruner (1950), and Keller, Spotts and Biggs 
(1952) have called attention to the eovalent character 
of mineral bonds. Keller and co-workers make the point 
that wholly ionic-bonded minerals do not absorb appreci
ably in the infrared, indicating thereby that the signifi
cant infrared absorption by minerals is evidence for some 
eovalent bonding. 

What is the effect of the exchange cation upon the 
positions of the major infrared absorptions of the clay 
minerals? Do we find a shift toward longer wavelengths 
with increasing atomic weight as in the case of carbo
nates (Adler 1950; Hunt and Turner 1953) and non-
clay silicates (Keller, Spotts, and Biggs 1952) ? 

Since the absorption spectra are presumed to be func
tions of the geometrical configurations not only of indi
vidual atomic groupings but also of the massive lattice, 
what aspects of the infrared spectra of kaolinite, dickite, 
nacrite, anauxite, hydrated h alloy site, and metahalloysite 
reflect the order of stacking in the c-axis direction ? Does 
allophane show up as the silica-alumina analogue of zero 
order ? 

Closely related to the preceding suggestion would be 
a study of the effect of sample orientation upon the 
spectra; e.g., compare the spectra of kaolinite laminae 
parallel to and perpendicular to the incident radiation. 

What is the relation between the degree of hydrogen 
bonding and the exact location of the hydroxyl absorp
tion in the interval 2.7-3.2 microns? Does deuteration of 
hydrated clays produce sufficient separation of the lat
tice hydroxyl and bonded-hydroxyl absorptions to per
mit estimating the relative amount of each form present ? 

If the presumption is correct that the characteristic 
absorption at 2.75 microns represents unbonded hy
droxyl of structure then upon calcining the clays at 
various temperatures up to 800° C. there should exist a 

1:1 correspondence between its appearance in the infra
red spectrum and the intensity of the diagnostic lines in 
the X-ray diffraction pattern of any given clay. 

Is the calcination temperature dependence of the re
tention of fluorine-proxied hydroxyl in hectorite similar 
to that of the OH-montmorillonites ? 

The spectral differences among the various natural hy
drated and non-hydrated halloysites as well as the artifi
cially produced complexes such as "glycerol halloysite," 
etc., should be examined in detail and attempts made to 
correlate the spectra with their unusual morphologies as 
revealed by electron micrographs (Bates et al. 1950). 
Perhaps this will lead to a better understanding of the 
structural changes accompanying the irreversible dehy
dration of halloysite. 

3. The infrared absorption spectra of organo-clays 
should be investigated. The interest here lies in deter
mining the spectral effects of adsorption (as well as of 
real exchange in the ease of organic cations) of organic 
molecules on clay surface. Thus, studies of the magni
tudes of the bathochromic and hypsochromie shifts (to
ward longer and shorter wave-lengths, respectively) in
duced by the different clay surfaces should be made. It 
is conceivable that the resultant data might enable a 
larger number of different minerals in a rock mixture to 
yield to quantitative analysis through measurement of 
the degree of spectral shift of one or more of the promi
nent bands present in the organo part of the clay in a 
region of the spectrum which is normally featureless in 
the unclad clay. Along these lines, the work of Yaro-
slavskii and Terenin (1949) on the infrared absorption 
spectra of adsorbed molecules and of Vedeneeva (1947) 
on changes in the ultra-violet spectra of dyes when ad
sorbed on clay minerals is of interest. The latter found 
that different samples of bentonite gave malachite green 
maxima differing by as much as 60 millimicrons. An im
portant conclusion from this work is that intensification 
of the ionic bond between clay and dye causes a batho
chromic effect, and intensification of the dipole bond a 
hypsochromie effect. 

4. An important contribution would be the develop
ment of better techniques for quantitative mineral analy
sis, particularly of montmorillonite in the presence of 
illite, kaolinite, feldspar, quartz, and carbonate. 

5. The spectral range of study should be enlarged 
from the presently used 2 to 16 microns to from 0.75 to 
25 microns. It is realized that this involves a difficult 
instrumentation problem, but the rewards for finding ad
ditional fundamental frequencies could well be important 
for raising the level of clay mineral analysis. 

6. Finally, as an important aspect of the interpreta
tion problem, it is urged that many more spectra of 
widely diverse but carefully described clays and sedi
ments be obtained in order to expand the available li
brary of reference curves. 

Conclusion. It is concluded that the infrared absorp
tion spectra of clays and related minerals are, at present, 
of limited usefulness for the purpose of qualitative and 
quantitative analysis of complex and unknown mineral 
mixtures. However, the value of the method will undoubt
edly become greater as more is learned concerning the 
variations of the spectra with structure and chemical 
composition. In the petroleum industry, the infrared 
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spectra of minerals have served as an important supple
ment to the data provided by X-ray diffraction, electron 
microscopy, and the other well-known methods for ex
amining minerals. 
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D I S C U S S I O N 
A. M.Soldate: 

What i.s meant by the phrase "tailored surfates," and "homo-
ionie and heteroionic surfaces"? 

P. G. Nahin: 
P>,y a "tailored surface" I mean a surface of known composition, 

prepared in the laboratory accordins: to specifications of the experi-
mentor; a homoionic surface is one on which every e.Kchanse site 
is occupied by a single element, as in a Xn-montmorillonite; 
heteroionic surface is one on which the exchange sites are occupied 
by two or more elements, as in a Ca-Mg-montmorillonite. Jly 
purpose in mentioning such surfaces is to urge that studies be made 
\vith clays of known and desired surface composition rather than 
with clays just as they come in nature. 

R. L. Stone: 
Dr. Nahin, do you know of any study relating to the effect of 

particle orientation on infra-red absorption? 

P. G. Nah in : 
Xo, but I think that such a study would be very desirable; 

kaolinite may be the simijlest system to begin witli in such a study. 

Adolf Pabst: 
The effect of orientation on ab.sorption was examined extensively 

by physicists in many countries long ago. The matter has been 
summarized by Schiifer and Matossi (1930). 

P. G. Nahin: 
I believe that these deal with relatively large oriented crystals 

and not with powdered samples, the particle size of which are 
smaller than the smallest wave length used. The question of the 
effect on absorption of such oriented particles is still unanswered. 
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