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Abstract. Clay minerals are of non uniform composition and particle size. Also their identi- 
fication and nomenclature have given much confusion. Examples are given. 
Quantitative analysis of clay minerals from deposits and soils, by X-ray, thermo- and infrared 
analysis is treated. Examples are given of the large variability in the results; even for X-ray 
and electron microscope pure- and 85 to 90% chemical pure samples of kaolinite a well 
defined clay mineral. They are caused mainly by varying conditions of crystal growth from 
which result differences in isomorphous replacements, structure, ordering and strain. 
An amorphous weathering substance coating the mineral particles (Beilby layer) upsets in 
particular quantitative analyses of the finer kinds of clay minerals. 
Clay minerals from soils have, as compared to those from pure deposits, in particular formed 
by hydrothermal action, only poor characteristics of small intensity. Examples are given. 
Quantitative analyses are further hindered by specific characteristics for a certain mineral 
being masked by those of other minerals which usually occur in the same sample. Examples 
are given. 

Introduction 
A b o u t  150 well defined types  of clay minerals  and  the i r  admix tu res  are known 
to occur in the  c lay separa te  of soils. Because there  exists  non un i fo rmi ty  in 
the  methods  of the i r  ident i f ica t ion  and the  in t e rp re t a t ion  of the  results ,  var ious  

names for one and the same minera l  are synonyms.  
Quan t i t a t ive  analysis  of even the  well def ined types  is largely d i s tu rbed  because 
they  do not  have  cons tan t  composi t ion,  shape, X- ray ,  inf rared and  the rmal  
characteris t ics .  Other  difficulties arise from the  way  the  sample  is p repared  

before i t  is inves t iga ted  b y  the  ins t rument .  
I n  the  following is an out l ine of the  m a n y  ~;~ficulties in quan t i t a t i ve  analysis  
which m a y  be encountered  when samples  are inves t iga ted  with  var ious  minera l  

composi t ion from var ious  origin. 

A. Nature of Clay Minerals in Sediments 

I. Identification and Nomenclature 
The minerals  of the  chlori te group have  on a to ta l  of 88 names,  52 synonyms  
(59%) - -  for detai ls  vh~  DER MAR~L (1964). F o r  the  minerals  of the  i l l i te group 
is found 84 synonyms  on a t o t a l  of 120 names  (70%) - -  to  be publ ished.  The  
names  and the i r  ident i f ica t ion  character is t ics  of bo th  groups are sp read  over  
180 and 240 papers  respect ively.  
I n  the  1951--1960 per iod 419 "new"  minerals  in all branches  of minera logy  
ment ioned in l i te ra ture ,  44% of t hem were synonyms  (53% over 1941--1950 
period) - -  FLEISCHER (1961). 

I I .  Chemical Composition 

The chemical  composi t ion of 85 to 95% X - r a y  pure  minerals  is even for well 
defined c lay minera ls  var iab le  - -  see l i te ra ture .  Quan t i t a t i ve  anMysis of clay 



Quantitative Analysis of Clay Minerals and their Admixtures 97 

minerals based on their chemical composition, f.i. the K20% of illite thus are 
not allowed. 
The differences are caused by isomorphous substitutions, replacement of K ÷ by 
(H30) ÷, of 0 by OH and of vacant holes with non compensated charges at crystal 
dislocations. For the chlorite-related minerals, the intermediates and the badly 
defined minerals formed by interlayering of Fe and A1 hydroxides in expanded 
illite, swelling illite or soil montmorillonite, the differences are much larger. 
The variation in chemical composition cause differences in particle shape and 
size, heat of conductivity, heat of reaction, intensity of X-ray diffraction and 
infra-red extinction. 
See [or E.M.: BATES (1959) ]or d.t.a.: ORCEL (1935), BUDNIKOV and BOBROVNIK 
(1938), GRIM and ROWLAND (1942), K~.LLEY and PAGE (1943), PAGE (1943), 
CAILL~RV. and H~.NIN (1948, 1949), KULP et al. (1951), GRAF (1952), EARLV.Y et al. 
(1953), F6LDVARI-VSGL and KOBLENCZ (1955), MUMPTON and RoY (1956), 
WEBER and GREER (1965). For X-ray: GRIM et al. (1951), BROWN (1955), BRIND- 
LEY and GILLERY (1956), PETRUCK (1959), MITCHELL (1960), WI~.OMA~N and 
KRA~Z (1961), SCHOEN (1962), DE MUMBRUM (1963), LAPHAM and JARON (1964). 
For I.R.: TUDDENHAM and LYON (1959), SAKSENA (1960), LYON and TUDDElgHAM 
(1960), STUBXqAN and RoY (1961), VEDDER (1964), HAYASHI (1965). 

I I I .  Particle Size and Shape 

Electronmicrographs of clay minerals show wide variations in particle size and 
shape. After BATES (1959) the relation between ion composition and morphological 
structure for minerals of 1 : 1 type layer lattices can be indicated by a SiO~-R" 
(Mg0, Fe0,  Mn0)-H20 diagram. The morphological index M---- sin 45 °. (x -- y - -  
0.285). 1000 (x and y are the average radii of the oetahedral and tetrahedral 
cations respectively), measures the amount of misfit of the two sheets within 
the layer. 

Thus small variations in mineral composition caused by small differences in 
environmental conditions at their growth, may considerably effect shape and 
particle size of a mineral. Crystal structure will also be the most ordered, e.g. 
the "period bond chain vector" -- HARTMAN and PERDOK (1955) -- the highest 
in pure dilute solutions with only a small number of non complicated ions. 
Soil clay minerals are ~ormed under various conditions. Consequently the same 
mineral may be found in various particle size and shape e.g. : 
Kaolinite in the clay separate of soils may have a diameter and thickness of 
only 0.1 ~ and 0.005 ~ respectively, thus escaping quantitative estimation by 
the X-ray method. Perfectly crystallized kaolinite, but  very fine from Provence 
has a disordered structure after X-ray and I .R.  analysis. Also halloysite is found 
in various particle sizes and shapes from tubular to fibrous and conchoidal. The 
latter is an intermediate product between halloysite and uproIled kaolinite. 
Montmorillonite and soil montmorillonite have about the same morphological 
habit; only the latter is coarser and thus appears less fluffy. Also illite may be 
found in various sizes and shapes depending on the conditions during their 
growth. 
Thermal products are better crystallized than those formed by authigenic action. 
Thus the sample from Sarospatok formed hydrothermally, is very well crystallized. 
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Such in contrast to the "Hudig biogene" illite resulting from plant debris in 
marshes. 
Many examples are given by BEUTELSrACHE~ and VAN DERMAREL (1966) in 
their "Atlas of electronmicroscopy of clay minerals and their admixtures" which 
contains 240 selected micrographs out of a total of about 4000 samples (published 
by Elsevier Publ. Comp., Amsterdam, New York). The E.M. method is very 
suited to identify certain clay minerals in mixtures; even in very small amounts. 
Rather this method is not suited for quantitative analyses because the very 
small amount which can be investigated z only some 10 -~ g. 

B. Thermo Analysis 
I .  Theoretical Approach  

After SPEIL (1944, 1945), KERR and KULr (1948) the peak area (°C sec) enclosed 
by base line and curve of differential temperature (A T- -°C)  versus duration 
of thermal reaction (t2 -- t 1 sec), is related to the specific heat of reaction (LI H - -  
cal g-l) released (exothermal) or absorbed (endothermal) when the sample is 
heated in an oven in a nickel sample holder (block): 

t ,  
Peak area = f A T dt  ~- A H M / g  4. 

tt  

M = m a s s  of sample  (g), g = geometr ica l  (body) fac tor  (cm) accoun t ing  for t e m p e r a t u r e  
g rad ien t  d i s t r ibu t ion  in sample ,  ~ ~ t h e r m a l  conduc t iv i t y  of s ample  in s ample  holder  
(eal sec -1 °C -1 em -2 cm). 

Thus the "calibration factor" 
(W) -- peak  a rea  

A H  --  M/g  ~. 

KRo~m and SNOODIJK (1951) and ERIKSSON (1952, 1953, 1954) found the follow- 
ing equation for a sample in a cylindrical metallic (nickel) block: 

Peak area : L ~ r2/4 ~. 

L = heat of reaction per unit volume of sample; r = radius of sample holder (cm); ~ = 
density of sample (g cm-a). 

Its derivation was more complicated as given by SPEIL, KERR and KvLr. The 
physical character of the dissipation process of heat in the sample as outlined 
by CARLSLAW and JAEGER (1947) was regarded. I t  is not proportional to the 
temperature difference between centre of sample and nickelblock and also the 
sample temperature during the thermal process is not uniform throughout as 
was assumed by SPEIL, KErR and KULr. BOE~SMA (1955) avoiding the use of 
Bessel functions came to the same result. SEWELL (1952, 1955) arrived at a similar 
equation : 

Peak area ~- L ~ a 2 Wo/~. 

a = rad ius  of cylindrical  s ample ;  w 0 = a fac tor  d e t e rmined  b y  t he  shape  of t h e  sample .  

The above equations are similar to the SPEIL, KERR and KULP one, when for 
g the body factor in their notation is read 4~ h and g h/w o respectively but 
they both contain the factor L ~ the heat of reaction per unit volume. 
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Also the experiments prove that  peak area depends on the sample's dimensions 
and the place of the thermocouple in the sample holder. I f  the sample height 
surpasses a certain limit, the surplus material is even almost out of the influence 
zone of the thermocouple - -  SM:CTH (1951), BARSHAD (1952), T)~LIBUDEEN (1952), 
ERIKSSO~ (1952, 1953, 1954), JOSSELIN DE JONG (1957), COLE and ROWLAND 
(1961). 
From the above follows that ,  to obtain quantitat ive analysis of minerals, the 
heat flow (~) through the samples and the reference material usually Al~0a, 
must  be a constant during the whole thermal traject  investigated. 
Hea t  conductivity of different clay minerals and reference material, at  various 
temperatures and packing densities are not constant either - -  see literature. 
Moreover heat  is also transferred along the thermocouples - -  SOUL~ (1952), 
SEWELL (1955), BOERSMA (1955), JOSSELIN DE JONG (1957), COLE and ROWLAND 
(1961). Variations of 20 to 30% are observed for different thermoeouples and 
the peak area registrated may  even be reduced to 20 to 50% of its theoretical 
value. 

By introduction of the thermocouple influence the calibration factor can after 
BOERSMA (1955) be represented by the equation: 

~o (°C sec gca1-1) = e a2 a -~ -{ (1 - - r~ ] ( l a2  ] + 2 l n  r ! ) } / ( 1  + ~ l n - ~ 0  ) • 

r o = radius of thermoeouple junction (cm), A = heat transfer through the thermocouple 
wires (cal see -x °C -1 cm -2 cm). 

II .  Determination o/Intensity o[ Thermal Reaction 

1. Directly from peak area (°C sec), radius of sample holder, density and specific 
conductivity of sample. The latter was determined separately from a sample 
equally packed - -  R~,Y and KOSTOMAROFF (1959). 
2. Calibration of sample against a reference sample of well known heat capacity 
at  various temperatures and both samples packed in the crucibles of same den- 
sity - -  COHN (1924), MAcGEE (1926), ALLISON (1954), etc. 
3. Determination of electrical energy to maintain a temperature difference ~ 0, 
between sample to be investigated and the reference by a recording wattmeter.  
Both samples are mixed before with 25% graphite - -  LAKODEY et al. (1956). 
4. Determination of peak area enclosed by base line and curve of the differential 
temperature when heating sample in an oven at  a constant heating rate. Peak 
areas in cmz are converted to cal]g by:  
a) Electrical calibration a t  different temperatures with a certain current of well 
defined caloric heat flowing through a coil placed in sample holder --  FISCHER 
and LORENZ (1956), LEHMAN and HASZLV.R (1958). 
b) Calibration with substances of well known heats of reaction, heats of fusion 
or heats of transfer and with thermal reactions at  different temperatures - -  
BARSHAD (1952), SABATIV, R (1954), DE BRUIN and VAN DER MAREL (1954). 
To avoid differences in heat conductivity between reference sample and sample 
to be investigated, the sample is diluted with an excess of the inert reference 
material - -  GRIM and ROWLAND (1944), ERIKSSON (1952), SOUL~, (1952), GRIM- 
SHAW and ROBERTS (1953), SABATIER (1954). 

7* 
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I t  is further packed in the same way as the reference sample to such a degree 
(volume) that  their densities and porosities and therefore their heat conductivities 
and heat capacities also at the higher temperatures ( > 8 0 0 ° C  with radiation 
effects of T a) are determined principally by tha t  of the inert material - -  dilution 
technique. Thus heat transfer (the geometrical factor) will hardly change during 
analysis; this regardless of shrinking, sintering, gasevolution or liquefaction of 
sample which phenomena would otherwise completely change heat conductivity. 
5. Exponential decay of differential temperature curve after thermal reaction 
has ceased delivering the thermal conductivity of sample. An air oven is used 
which, because of bad conductivity, delivers a relaxation time large enough to 
be interpretable after reaction has ceased - -  VOLD (1949). Because of the air 
heating, this method is only suited for low temperature reactions e.g. melting 
points of organics. Moreover heat capacity of the sample which is determined 
separately is not constant but changes because of loss of reaction products. 
6. Vapour pressures (p) at isothermal temperatures (T) by thermovolumetry,  
which by a graphical plot delivers the heat  of dissociation Q/kcal mole-1 after the 

Van ' t  Hoff equation : 
d In Kp Q 

d T  - -  R T  ~ 
or in its integrated form: 

Q 
In PH,O --  n R T -[~ C" 

n = number of H20 mo]ecules lost on 1 molecule of reaction material: kaolinite ~ 2, 
calcite = 1. Kp ~ equilibrium constant, R ~ gas constant, T ~ absolute temperature. PHIO, 
Pcos = vapour pressure tt20 and CO~. 
- -  PIET~RS (1928), BmCHOFF (1950), SCHWOB (1950), ROWLAND and Ls.wIs 
(1951), etc. 
7. Reaction rate constants (k) of unit order at  isothermal sample temperatures 
(T) by thermogravimetry which by  a graphical plot of log k T against 1/T delivers 
the activation energy E (k eal mole -1) after Arrhenius: ]s T = A  exp --  E / R  T (A  --- 

frequency factor of effective collisons). 
- -  MURRAY and WHITE (1949a, b, 1955), VAUGHAN (1955), KISSING~R (1956), 
BRINDLEY and NAKAHIRA (1957, 1958), etc. 
8. Reaction rates at isothermal sample temperature by conductivity measure- 
ments and which by a graphical plot delivers E - -  FRIeIAT and TOUSSAINT (1963). 
9. Reaction rates at  isothermal sample temperatures calculated from specific 
heat calibration curves of sample against calcined alumine the heat capacity of 
which is known and sample temperatures which by a graphical plot delivers E --  
ALLISON (1954). 
10. Reaction rates calculated from the exponential decay of the differential tem- 
perature curve after the thermal reaction has ceased and sample temperatures 
which by a graphical plot deliver E - -  ALLISON (1954). 
11. Heating rates (dT /d t )  and sample peak temperatures (Tin) by differential 
thermal analysis and by a graphical plot delivering E after the KISSINGER (1956) 

equation: din ( ~  -Tm~ ) E 

1 -- R 
d - -  Tm 
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12. Reaction rates (dw/dt),  total  weight loss (wr) and sample temperatures (T) 
by thermogravimetry delivering by  a graphical plot x ~ the order of the reac- 
tion and E after the FREEMAN and CARROLL (1958) equation: 

- -E  _ _ A T - 1  
LJ log dw/dt 2.3 R 

logwr - -  x -~ A log w r 

- -  see also JACOBS (1958, 1961) and own analyses. 
From the above follows tha t  the thermal effect of a heated mineral can be 
estimated in several ways and based on several principles, although theoretically 
not always justified e.g. the thermal reaction of kaolinite etc. is not reversible 
(condition for Q) and does not begin at  a n y  temperature (condition for E) but 
only from a certain temperature. Moreover the methods used are not always 
accurate enough for their particular purposes - -  see 1, 2, 3, 9, 10. 
The results obtained are very variable - -  Table. Even for pure well crystallized 
"s tandard"  kaolinite when conditions are uniform and which mineral is the 
simplest of structure and the most homogeneous of composition. 

I I I .  Quantitative Ana ly s i s  - -  General 

For quantitative analyses the magnitude of the thermal reaction registered by 
a dta or dtg (tg) apparatus when the mineral is heated in an oven, should be 
strong, not overlapped by  tha t  of neighbouring reactions of the same mineral 
or of other minerals. I t  should further be constant for each mineral, regardless 
of its origin or particle size. Fig. 1 represents the dta results of the commonest 
clay minerals and their admixtures. The samples were diluted before with AlcOa 
150:250 and moreover the same pair of thermocouples were used for the sample 
or the calibration substance and the reference material, Many thermal reactions 
overlap each other; even those of the same minerals but of various origin. Their 
intensity is also variable - -  see also literature. 
Particle size. A particle size effect has been observed by various investigators. 
For coarse particles, the reaction rate when heated is decreased, the peak is 
broadened and its area decreased f.i. coarse samples of calcite magnesite and 
dolomite when finely ground, give an increase in the heat of reaction of 40 %, 
34% and 77% (first peak), 61% (second peak) respectively - -  W~BB (1958). In  
particular chlorite has a large particle size effect - -  SABATI~R (1950). In  literature 
likewise examples are found for biotite, vermiculite, muscovite, dickite, kaolinite, 
antigorite, goethite, lepidocrocite, quartz, talc, diaspore, etc. 
For very fine particles there is a decrease in thermal effect because of an amor- 
phous (BEILBY) layer coating the minerals when ground or when they weather 
under natural  conditions (chemical processes, mechanical disruptions). I t s  thick- 
ness is for coarse ground quartz 0.03 to 0.15 tt --  see literature. For common 
kaolinite was found 1 to 10 A --  ENGELHARDT (1955). Fine kaolinites with a 
specific surface of 75 m~/g thus will contain 1.5 and 15% amorphous matter  
respectively assuming a density of 2. 
A negative particle size effect is also caused by a decrease in the structural 
ordening of the various components of the mineral. 
Heat  o/reaction.  The thermal reaction of a mineral when heated is not a constant 
either. I t  will be largest when the mineral occurs in its most perfect state of 
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ordering. Thus e.g. aragonite may  be distinguished 
from calcite by  the small (3 to 6 cal/g) exothermal 
reaction in the 350 to 550°C traject caused by 
recrystallization to calcite - -  PRUNA et al. (1949), 
GRUVER (1950). Disordered calcite (vaterite) and 
disordered dolomite (protodolomite) have their 
thermal reactions at a lower peak temperature as 
the better  ordered forms - -  P~UNA et al. (1949) and 
GRAF and GOLDSMITI~ (1956) respectively. 

The ~/fi transition reaction of quartz, commonly 
z 4.2 cal/g, may largely be decreased and even 
suppressed --  BERKELttAMER (1944), TUTTL~ (1949), 
MIDGLEY (1951), SABATIER (1954), etc. in fine grained 
X-ray positive cryptocrystalline samples, called 
chalcedonite - -  FIELD,S (1952). I t  is caused by 
crystal defects from which results a strained lattice. 
Thus when the mineral is powdered, the transition 
effect may  appear again --  PELTO (1956). Pure calcite 

II of various origin, but ground to about the same 
+ particle size ( <  149 ~t) delivered a peak area varying 

from 62.8 to 80.8 cmz --  W]~B (1958), etc. 

Small differences in chemical composition may  
II largely change the heat of reaction --  e.g. dolomite 

+ 

+ BUDNIKOV and BOBROVNIK (1938), BERG (1943), 
C~LL~RE and H~NIN (1948), KULP et al. (1951), 
GRAF (1952), F(SLDVAI~I-VSGL and KOBL~NCZ (1955), 

+H WEBB (1958). Small amounts of Fe increase the area 
of the second endothermic peak of dolomite --  KuLe 

e~ 
et al. (1951) and hematite tha t  of goethite --  KuLr  
and T~ITES (1951). Well-defined and well- crystallized 
pure chlorites of igneous origin show considerable 
variations in ~heir thermal effects even in samples 
of a certain type ~ 0RCEL (1927). 

II 
Heat  of reaction per gram mass and per gram H~O 

= evaporated of X-ray  and electron microscope pure 
kaolinites < 2 fz of 85 to 95 % chemical puri ty varying 
from 100 to 180 and from 800 to 1400 respectively, 

II is inversely related to their specific surface - -  
Fig. 2 - -  V A N  D E R  MAREL (1960). 

After CA~THEW (1955) for kaolinite a direct relation 
exists between the ratio peak area/width of the 

E peak at  half its height ---- (A/W) and the slope 
II ratio tan ~/tan ft. This relation should be independ- 
¢ ant of the particle size and the degree of 

crystallinity. As furthermore the A/W ratio is 
~ proportional to the amount of kaolinite, it should 
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be possible to estimate the percentage of kaolinite in any sample regardless of its 
particle size or degree of crystallinity. 
By application of this method to a large number of the samples, there was a 
wide spreading of the observations, although the slope of the line representing 
the above equation was similar - -  VAN DER MAREL (1960). 
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Fig .  2. H e a t  of react ion and  specific surface for endothermal  react ion ( ±  600 ° C) of var ious  kaol in  minerals .  - -  
Wi th  permiss ion of Silicates Indus t r . ,  Be lg ium (1960) 

IV. Application to Clay Mineralogy 
Fig. 3 represents dta  results of some pure clay minerals and the clay separate 
( <  2 ~) of some soft types. Their composition was verified by  X-ray analysis. 
All diagrams show very poor thermal effects as compared to those of minerals 
from pure deposits formed under optimal conditions. Consequently the minerals 
are better  ordered, not so fine and will thus give thermal reactions of larger 
intensity. The figure moreover shows tha t  the occurrence of many  common clay 
minerals in soils is masked by  tha t  of others. 
For mixtures of minerals the overlapping effect is increased part ly  by  changes 
in the peak temperatures of minerals with their thermal effects close to each 
other e.g. small amounts (5%) of calcite decrease the first endothermic 770 ° 
peak of dolomite to 850°C --  HEADY (1952). The shape and intensity of the 
exothermie peak of kaolinite is largely decreased by iron oxides and mica. The 
overlapping effect is also caused by differences in the amount  of a certain mineral 
in the mixture investigated. The smaller the amount  the lower its peak tem- 
perature. 
At tempts  have been made to increase the thermal reaction by  use of high heating 
rates, piper•dine - -  AI~AWAY (1949), CAa~THEW (1955), vacuum --  WErr]~]~EAD 
and BREGER (1950), LINS~,IS (1951), WITT~LS (1951), or to bet ter  separate thermal 
reactions close to each other e.g. addition of ethyleneglycol to hydrated halloysite 
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halloysite --  kaolinite mixtures - -  SAND and BATES (1953), use of high 
C02 pressures for calcite-dolomite mixtures - -  ROWLAND and L~wIs  (1951), 
ROWLAND and BECK (1952), HAUL and HEYSTI~K (1952), and calcite-magnesite 
mixtures - -  STONE (1954). 
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Fig. 3. D. t. a. of pure minerals from deposits and of the clay separate ( <  2g) of soils from various origin 

But all these methods are only successfull for some particular minerals and some 
particular combinations of minerals which are rare in soft clays, and therefore of 
very restricted application. As a result many  of the commonest  minerals in the 
clay separate of softs cannot be distinguished from each other e,g. illite and 
expanded illite, soil montmorillonite and swelling ftlite~ soil chlorite and sedi. 
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men ta ry  chlorite, chrysotile, antigorite, lizardite. Nor  can the numerous types  of 
interstratifiedm inerals, regular or non regular, which are so frequently found in soil 
clays, be distinguished from each other  and from their bases components.  
Therefore the thermal  method is unsuited for quant i ta t ive analysis of soft clays; 
- -  VAN DER MAR~L (1956, 1960, 1961) such notwithstanding the great  perfection 
of the modern d ta  equipment  and the great  propagat ion made for it. The suc- 
cesses are based mainly on examples of pure minerals of non complicated mixtures 
e.g. circumstances most ly  absent in the clay separate of softs of various origin 
and type.  About  20 years ago SPOIL the grounder of quant i ta t ive  dta, already 
warned for the doubtful  existence of "S tandard  minerals" with well defined 
constant  thermal  effects - -  see p. 24. 
Quanti ta t ive d ta  determinations are only possible for samples with high thermal  
reactions and coming from a certain locality e.g. a hydrargfllite pit  defiled with 
kaolinite, a kaolinite pi td efiled with quartz,  etc. 

C. X-ray Diffraction 

I. Theoretical Approach 
When  X-rays  of intensi ty I 0 and wave length 2 (A) fall on a small area of 
randomly  oriented crystalline particles as conditions prevailing in the goniometer 
diffraction technique, the following relation exists for the intensi ty I of a certain 
reflection minus its background (white radiation, Compton- and air scattering, 
noise) --  see l i terature:  

I =Iok~V j P L N  ~OAF ~ 
k ~ constant depending on slit width, current density, effective surface of the incident rays. 
j ~ multiplicity factor accounting for the number of superposing crystal planes delivering 

a certain reflection. 
~0 ~ factor for preferred orientation of the sample. 
P =  polarization factor accounting for the amount of partly polarized radiation = 

1 + cos 220 
2 

L = Lorentz factor accounting for the partly, non equal strong radiation of the incident 
1 1 

X-rays = y .  sin~ O cos O" 
N = number of unit cells per cm a. 
0 -~ effective surface of the incident rays diffracted by the sample. 
A = absorption factor accounting for the amount of absorbed radiation when the X-rays 

penetrate the sample. 
F = structure factor accounting for the amount of diffracted radiation by a certain crystal 

because of scattering of the X-rays by atoms in different positions in the unit cell. 

When  a certain mineral is investigated under  s tandardized circumstances of 
wave length, intensi ty of the incident rays  and their effective surface and sample 
mount ing  represented by  the factor  K,  the above equat ion is simplified to  
I =IoK~fAF2. 
a) Absorption/actor (A). Absorpt ion of X-rays  by  a solid medium can be repre- 
sented by  the equat ion:  

I* Ol 

I = I 0  e 

/~/e ~- mass absorption coefficient (cm~/g); /~ = linear absorption coefficient; ~ = density. 
1 = depth to which the X-rays have penetrated (cm). 
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Tables of mass absorpt ion coefficient of various elements for various wave lengths 
are given in  the In t e rna t iona l  Tables for X-ray  Crystal lography Vol. I I I ,  1962. 
Thus  e.g. for 2 = 1.55/k (Cu radia t ion ---- 1.54 A) : Li = 0.72, Na ----- 30.6, K = 
145, Mg = 39.2, Ca = 164, Mn = 289, Fe = 313, Si ---- 61.6, A1 = 49.4, t t  ----0.44, 
C = 4.67, 0 ---- 11.7. 
To obta in  m a x i m u m  diffracted in tens i ty  the sample's thickness mus t  exceed a 

certain m i n i m u m  e.g. ~ 3.2 ~ sin O. 
t L ~1 

= average density of the solid sample, ~1 = density of sample powder including the inter- 
stices -- ALnXAm)ER and KLUO (1948). 

b) S t ruc ture /ac tor  (F).  The scattering power of an un i t  cell for a wave in a crystal 
direction defined by  h k l  is given by:  see In t e rna t iona l  Tables for X- ray  crystallo- 
graphy etc. 

F - - - -Z  n / n e x p  2 ~ i  ( h x  n + k y  n + lz~) 

= [{Z,, ] ,  cos 2 ~ (h x n + k Yn + 1Zn)} 2 + {Z, / ,~  sin 2 z~ (h x n + k Yn ÷ 1 z,)} 2] 

/ = ]o × temperature factor. 
[0 = the scattering intensity of a single atom at rest at the point x, y, z, relative to that of 

e2 
a single electron( mc ~ : 2.819 • 10-13; e = charge of electron = 4.802 • 10 -10 e.s.u.; c = 

velocity of light = 2.9986 • 1010 cm sec -1, m = mass electron = 9.108 • l0 -~a g.) 

Temperature factor = e ~ /  which accounts for the temperature dependent thermal 
vibration of the atoms (B = a constant depending on temperature ~ud mass atom). 

Tables of ]e ratios which depend on sin O/~ for several atoms and  ions are given 
in  the In t e rna t iona l  Tables of X- ray  Crystal lography Vol I I I ,  1962 p. 202--206. 
Thus e.g. for small  angles and  Cu radia t ion (~ = 1.54 A) and  sin O/~.  10 -s = 0 . 1  
and non  ionized elements:  Li = 2.21, Na = 9.76, K ~-16.73, Mg = 10.51, 
Ca = 17.33, Mn = 22.61, Fe = 23.68, Si ~ 12.16, A1----11.23, H ~ 0.81, C 
5.13, O = 7.25; H20 = 8.87 and  (It30) + ---- 9.68. 
Therefore subst i tu t ions  of (A1/Fe), (K/HaO), (Mg/Ca), (Ca/Na) in crystal struc- 
tures may  produce appreciable differences in the in tens i ty  of the observed re- 
flections. The other members  of the above s t ructure  factor equat ion conta in  
terms which are a measure of the a r rangement  of the atoms in the crystal  planes 
of the un i t  cell and  their  mu ta l  influence - -  see for values of cos 2 ( . . . )  and  
sin 2 ( . . . )  for various space groups the s t ructure  tables of LoNSDALE (1936) etc. 
I n  the ideal case of a perfect crystal  F s tands in the in tens i ty  equat ion as F,  
bu t  as F ~ in case of an ideal mosaic crystal. The la t ter  consists of a large n u m b e r  
of small perfect blocks each of which being so small t ha t  absorpt ion and  ext inct ion 
can be neglected and  each independent ly  scattering the X-rays.  For  A1 and  
calcite the intensit ies of the in tegrated reflections ma y  vary  30 × and 5 × - -  
JA~ES (1934) and  for d iamond 50 × - -  LONSDXLE (1949). 
I n  an  ideal lattice, identical  atoms occupy equivalent  sites. Each a tom en- 
countered by  the inc ident  X-rays  is in  the correct position to reflect it. Shght 
differences in the a r rangement  of these elements, will broaden the Bragg reflec- 
tions. If  these deviat ions are sufficiently large, there is no loss of in tens i ty  as 
the effect can be measured by  integrat ion.  If  no t  there is a decrease in  in tens i ty  
since the effect cannot  be discerned from background radiat ion.  Strain greatly 
increases the abi l i ty  of a crystal  to diffract X-rays - -  WHIT~ (1950). 
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Crystals are of varying degree of structure,  strain and mosaic const i tut ion;  
especially those as are found in the clay separate of sediments. Therefore the 
intensi ty factor  of the diffracted radiat ion for a certain Bragg reflection is not  
a constant  for a certain mineral species. 

c) Factor ]or Pre/erred Orientation (y~). P la ty  minerals may  be orientated along 
their basal planes when they  are investigated in the sample holder. Even  fine 
particles when dried before and pressure is not  applied to fill the sample holder 
m a y  do so. 

II. Determination o/the Intensity o/an X-ray Reflection 
Best suited for lattice cell dimensions are determinations of the higher angle 
reflections. This follows f rom the Bragg relation 2 d s i n O : n 2  delivering: 

O = --  tg  O ~ d/d when its first differential is equalized to zero. 
However,  for quant i ta t ive  analyses the  lower reflections are bet ter  suited as 
they  are the least overlapped by  those of other minerals. 
For  a powder sample infinitely thick for the incident radiat ion with no appreciable 
extinction or preferential orientation of the particles, the lat ter  consisting of 
several minerals of weight fraction xl, x2, . .- ,  xi, densi ty ~1, ~2 . . . . .  ~o~ and linear 
absorption coefficient/~1, #2, -..,/~i, t h e  following relation exists for the intensi ty 
I 1 of a certain reflection of the sample component  x 1 - -  ALEXANDER and KLUG 
(1948). 

K x 1 
I 1 = e l i x l ( ~ i , _ ~ l , ) + ~ .  ] 

K = a constant depending on instrumental equipment, crystal structure of the sample 
component. 

g* = mass absorption coefficient of sample component = ~AI; ~ , =  g~ etc. 
~1 Q2 

/ ~ =  ditto of matrix (other components than xl) =/~* x2 +/~* x a + "" (1 -- xl-) 

Mass absorption coefficients (cm~/g) for Cu radiat ion (1.5418 A) va ry  for several 
minerals:  quar tz  = 34, kaolinite = 30, fllite = 51, montmoril lonite = 38, mica 
= 42, Na  feldspar = 33, K feldspar = 48, Ca feldspar = 50, calcite = 71, 

goethite = 198, hemati te  = 219, cellulose = 8. Moreover most  clay minerals are 
of non uniform composition - -  Chapter  I .  
Thus great  errors m a y  be made in quant i ta t ive  analyses of complicated minerals 
by  direct intensi ty measurements.  A solution is to dilute the sample with an 
excess of inert  material  e.g. gum arabic to 80% by  volume - -  MITCHELL (1960) 
which is only possible at  high intensities of the sample reflections. 
Quanti ta t ive analyses can also be obtained by  mass absorption - -  diffraction 
analysis if the sample consists of binary mixtures of well defined components  - -  
L~ROUX et al. (1953). Intensities of the reflections and mass absorption coef- 
ficients of the sample components  were used for quant i ta t ive  analyses by  E~O~L- 
HARDT (1955) and S:EHLKE (1963). 
However  the estimation of packing densities and the product ion of a certain 
radiation of constant  intensity, create other  problems. Therefore a certain amount  
of a Standard  mineral is added to the sample for calibration. The Standard  m a y  
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thereby serve as a diluent if its intensity is weak compared to tha t  of the mineral 
to be investigated. Recommended Standards with only few reflections (cubic 
crystals), their use depending on the kind of mineral to be investigated (reflection 
of Standard and of mineral should be very near but  not overlapping) are stearic 
acid, LiF, NaF, AlcOa, Sr(NOa)2, CaF~, KC1, etc. with #/~ ---- 5, 12, 24, 31, 58, 91, 
125 respectively. Artificial AIOOH (cerahydrate) recommended by GRIFr~N (1954) 
has 28 which is about that  of various clay minerals and thereby its most intensive 
reflection d = 6.06 A (020) is nearest to tha t  of the basal spacing of the layer silicate 
clay minerals. Cholestrine has strong low angle reflections (33.2 A, 17.1/~) but 
/~/~ is only 4.4. 
The goniometer is run 4 x over the specified 2 0  range and an average value is 
calculated from the countings. The registered intensities are corrected for base 
line (background). The latter depends on optical conditions of the instrument 
(surface of the focus, intensity of the current, thickness of the metalfilter, slit 
width, discriminator system); also on properties inherent to the sample (particle 
size, amorphous matter).  
Preferred orientation of the sample in the sample holder can be decreased by 
dilution of the sample, first with ethylcellulose (dissolved in toluene) and there- 
after by evaporation of the latter - -  REDMOI~ID (1947), cork meal - -  EI~GELHARDT 
(1955), FL(3RKE and S~AL]~EU) (1955), or a thermoplastic cement - -  BRINDLEY 
and KURTOSSY (1961) which materials also act as dilnents. For cork meal 
(100:100 volume %) was found for 5 kaolinites a spreading in the intensity of 
the (001) reflection of 177:100. For the thermoplastic cement (1:5) was found 
for 15 kaolinites calibrated against AIOOH (boehmite) a decrease in the limits 
of the I (001, K)/I (020, B) quotient from 167 : 100 to 147 : 100 (without sample 
G : 135:100).Analogous results were found for the paired reflections : I (002, K)/I 
(021, B) --~ from 185:100 to 178 : 100 (without G --~ 143 : 100) and the I (001, K)/I 
(060, K) reflections : from 233:100 to 151:100 and I (002)/I (060) from 193:100 
to 157:100. The disorientation effect of the cement is perfect. 

III.  Quantitative Analysis -- General 

For quantitative analyses the intensity of the reflection of the sample registered 
by the instrument should be strong, not overlapped by  that  of other minerals 
and constant for each mineral, regardless of its origin or particle size. 
Fig. 4 represents the X-ray  data of the commonest clay minerals and their ad- 
mixtures. Many reflections overlap each other. Their intensities are also variable, 
even for kaolinite which mineral has still the most uniform composition of all 
clay minerals. In  particular kaolinite in the clay separate of soils gives weaker 
intensities and several reflections are lacking in the diagram. The same holds 
for halloysite. 
a) Particle size. Coarse crystallites > 5 to 10 9 lose diffracted radiation by re- 
flection, interaction of incident and reflected rays which differ g/2 in phase, 
entrapment  of the rays in crevices, rays prevented to reach crystals in lower 
layers which are in the right position to give a Bragg reflection by absorption 
of crystals in upper layers. When the sample is rapidly rotated in its own plane, 
more crystallites are allowed to participitate in diffraction. The intensity of the 
reflections is increased and the statistical fluctuations in the intensities are 
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greatly reduced. Various equations have been suggested to determine particle 
size in the range 0.1 to 10 ~ from loss of intensity - -  see literature. 
I t  is recommended to dry grind the 200 mesh quartz to be measured and the 
standard quartz from about 0.5 to 1 hour in a mill - -  BRINDL~.Y and UDAGAWA 
(1959). After GORDON and HARRIS (1955) the errors with quartz particles of 
1 to 20 ~ are in the order of 12%. ALEXANDER et al. (1948) and LONSDALE (1949) 
suggest using a crystallite size < 5 ~. For silica was found 5 to 10 ~ the best 
size for quanti tat ive analyses - -  DE WOLFF et al. (1959). 
sipart from this the quantitat ive estimation of mixtures of coarse, irregularly 
Azed minerals with different linear absorption coefficient is a complicated problem. 
Failures to 30% can be made, unless the particle size of the several constituents 
of the sample and their absorption coefficient are standardized. 
I f  the crystallite size decreases to below 0.1 ~ depending on absorption coef- 
ficient, crystallite size and shape and grade of distortion of the lattices, the 
Bragg reflections are broadened with decreasing particle size. This effect (directly 
related to 1/cos 0),  is caused by  small deviations from the path  of the mean 
diffracted X-ray  direction which are not ruled out or intensified by accumulation 
in successive underlying planes. Various equations have been suggested to esti- 
mate the crystallite size of the sample from line broadening - -  SCHEI~R~.R (1918), 
etc. At a particle size of 0.01 ~ and below the method is very inaccurate. Line 
broadening which may  also be caused by strain and stress or crystal defects, 
means loss of intensity when the effect is large because too weak intensities can- 
not be measured and thus fade away in the background. 
Decrease in intensity at decreasing particle size is also due to a BErLBY layer 
(1921) effect - -  GO~DON et al. (1952), GORDON and H~R~S (1955). For quartz 
as measured from the decrease in density, the decrease in dta reaction and the 
amount of Si02 dissolved by a borate buffer the thickness should be 0.03 to 0.05 ix, 
0.11 to 0.15 ~ and 0.02 to 0.03 ix respectively --  DEMPSTER (1951), CLWLLAND et al. 
(1952), CL~LLA~I) and RITCHI~ (1952), DEMPSTER and RITCHIE (1952, 1953). 
By extraction with H F  NAGELSCHMIDT et al. (1952) found 0.03 ~. GIBE et al. 
(1953) found by extraction with t t F  and borate buffer 0.03 to 0.06 ~, JE~SEN 
(1954) by etching with increasing H F  concentrations 0.01 to 0.09 t~. RIECK and 
KOOPMANS (1964) even found 0.4 ~t from X-ray line profiles for wet ground 
quartz particles of 3 ~ size. 
But  also the surface of clay minerals is coated with an amorphous layer. I t  
should be formed however by hydrolysis as a result of weathering action and not 
by deformation as a result of grinding. ENGELHARDT (1955) estimated for kaolinite 
particles a thickness of 1 to 10 A. When calculated on a specific surface of 
100 m2/g (fine illite) and 400 m~/g (montmorillonite) thereby assuming a s p .  w. 
of the amorphous mat ter  to be about 2 as in permutites and the thickness of 
the layer to be 10 A, the clay particles should contain 20% and 80% amorphous 
matter.  
b) Intensity. Many authors have already pointed to the large variability of the 
intensity of the Bragg-refleetions of clay minerals - -  DYAL and HENDRICKS 
(1952), SCHROEDER (1954), GRIFFIN (1954), GORDON and ~AGELSCHMIDT (1954), 
ENGELHARDT (1955), JARVlS et al. (1957), GALAN et al. (1958), VAN DERMAREL 
(1960). 
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Isomorphous replacements to varying degrees as common in feldspars, micas, 
mica-related, chlorite and chlorite-related minerals change the intensity of the 
reflections - -  see also GI~IM et al. (1951), BRows (1955), BI~INDLV.r and GILLERr 
(1956), PETRUCK (1959), MITCH]~LL (1960), WIEGMANN and KRA~Z (1961), SCHO~ 
(1962). When K + of muscovite or illite is replaced by  (HaO) + because of weath- 
ering action, its (001) reflection is increased - -  BRows (1955),WHIT]~ et al. (1961). 
However when K~0 is lost the reflections are broadened and peak intensities 
decreased - -  LXeHAM et al. (1964). X-ray  diffraction intensity decreases also by  
K loss from K-feldspars - -  DE MUMBRUM (1963). 
The intensity of the basal reflections of interstratified minerals is lost to about 
30% as compared to those of their single components - -  MAC EwA~ (1961). 
Vermiculite, montmorillonite and expanded illite when saturated with several 
cations have varying intensities of their basal reflections - -  B.~RSHAD (1950). 
Interlayering of Fe(0H)~, Fe(OH) ++, Mg(0H) +, Mg(OH)~ and to a less degree 
AI(OH)~, AI(0H) ++ between expanded layers of montmorillonite and the illite- 
related minerals, also change their intensities. Even kaolin minerals which have 
the most homogeneous composition and structure of all clay minerals, show 
large differences in the relative intensities of the reflections of samples from 
various origin for each group --  Fig. 5. Badly crystallized kaolinite (fire clay 
mineral) cannot be distinguished from better  ordered halloysite. 
By calibration of the (001) reflection of kaolinite d = 7.09 A against the(020) 
reflection of Cerahydrate (trade name for A1OOH) d = 6.08 A, an inverse rela- 
tion was found between the peak intensity or the integrated peak intensity and 
the specific surface of the kaolinite investigated - -  vAs D~R MAREL (1960). The 
samples investigated were all from well known deposits, not defiled with other 
minerals after X ray- analysis and after chemical analysis containing only 5 to 
15 % impurities. 

For kaolinite with a specific surface of about 70 m2/g the decrease in peak in- 
tensity or integrated intensity was f r o m  1.5 to 0.5 and from 1.8 to 0.9 (relative 
values) respectively as compared to tha t  of well crystallized kaolinite with a 
specific surface of about 16 m2/g. These large differences are not relative to the 
small differences in the amount  of impurities. 
BRI~DLEY and KURTOSSY (1961) believe that  preferred orientation effects are 
the main cause of the above results. But  the remaining spreading of the cement 
treated (disoriented) samples = 147:100, and 178:100 for the (001) and (002) re- 
flection of kaolinite respectively, is too large to be tolerated in quanti tat ive 
analyses. 
When using the (060), (33]), (33I) reflection, which is less affected by preferented 
orientation owing to the bo/3 displacements in disordered kaolinites, better  re- 
sults are obtained - -  ESGELHARDT (1955), WI]:GMASS and KRANZ (1961). 
Fig. 6 gives the results for several types of pure to nearly pure (85%) kaolin 
minerals from various origin for which the (001), (002), and (060), (33I) 
(33I) reflections were calibrated against the (111)reflection of 10% CaF~. Further 
the results of the same samples but treated before with Vertex Sc. 1 a poly- 
merizable harshon two component basis. 

1 Vertex selfcuring wax (methylmetaerylate) on two component basis fabricated by 
Kunstharsfabriek DIVO, Zeist, Netherlands. 

Contr. Mineral. and  Petrol., Vol. 12 8 
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the  harsh,  there st i l l  remains  a large spreading in  the  in tens i t i e s  of var ious  
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samples for each kaolin type. For the (002) reflection of kaolinite from deposits, 
the spreading of the peak intensities (between bracelets : peak surface) of the 
harsh treated kaolinite samples --~ 109% (100%), for ditto from soils -=-- 218% 
(185 % ), for fire clay, ball clay ~ 217 % (234 % ), for halloysite--7 A from deposits 
180% (150%), for ditto from soils ---- 71% (83%). The intensities of the (060) 
reflection is even somewhat increased by the harsh t rea tment ;  in particular for 
kaolin minerals with a large orientation effect. Such because by the disorientation 
relative a larger number of (060) layers are available for the X-rays to produce 
a reflection. 
For the (060) intensities of the harsh treated samples is found for kaolinite from 
deposits = 79% (88%), ditto from soils ---- 62% (62%), fire clay, ball clay ~ 57% 
(63 % ), halloysite from deposits = 56 % (80 % ), ditto from soils ---- 29 % (43 % ). 
There is a decrease of the intensities with breadth and particle size - -  see also 
VAN D~R MAR~L (1960, 1961). 
Apparently the smallest particles are the less ordered, the most strained and 
have the largest thickness of amorphous Beilby material coating their surface. 
For, when the crystal is highest ordered there will only be a minimum of loss 
of X-rays which do not participitate at  a Bragg reflection as a result of atoms 
which are situated at regular distances from each other and also in planes parallel 
to each other. Assuming a Beilby layer of 1 and I0/~,  the finest kaolinite sample 
investigated (128 m2/g), should consist of 2.56 and 25.6% amorphous material. 
Fig. 7 shows the results of analogous experiments with several pure to nearly 
pure (85 %) Na-saturated montmorillonites of various origin. In  this case of fine 
particles the orientation effect is absent. The Vertex treated samples even show 
an increase of the intensities of their basal spacings which is caused by a better  
orientation of the plates. 
The remaining variability is for the (060) reflection, which is the least affected 
by orientation, still 36 % (peak height) and 77 % (peak surface). Surface intensities 
are for weak reflections less accurate as peak height intensifies because of instru- 
mental  errors in the readings and the unsharp border of the background. 
This figure further shows tha t  a particle size/X-ray intensity relation for the 
various samples investigated is absent. 
But  also non platy minerals like hydrargillite, boehmite, goethite, limonite, 
hematite show a large variability in the intensities of their X-ray  reflections - -  
VAZq ])~R MAR~L (1961). 
Even non complicated minerals like rock salt - -  R~NI~GER (1934), quartz - -  
POLLACK et al. (1954), D~sPuJoLs (1957), LEORAI~D and NICOLAS (1958), tr idymite 
and cristobalite - -  SWlNDALW (1955), FL6RK~ (1955) show appreciable variations 
in the intensities of their reflections from one individual to another. In  this 
case they are mainly caused by  differences in their mosaic character. I f  the 
particles are too small or ff the crystallites have crystal defects (mosaic structure) 
there is increased scattering of the X-rays - -  Dr~sPuJOLS (1957). 

IV. Application 
Fig. 8 shows the X-ray  spectra of the organic poor clay ( ~ 2  ~) separate of 
various soil types. The reflections are all broad at  their base and of an intensity 
of maximal 30 cts/sec ---- 10 cm on the diagram. 
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As a contrast those of pure minerals are much stronger: hal loysite  = 25, fllite = 50, 
montmori l louite  ~- 75, kaol inite  = 175, quartz = 300 cm. Vermicul i te  has,  when 
measured with the X-ray equipment  used, even a peak of 2400 cm. 
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The poor spectra of the clay separates of the soils are caused by bad ordering, 
isomorphous substitutions and defects in the crystals. The latter are partly of 
primary (inherent to the minerals) and partly of secondary (caused byweathering) 
origin --  see also CLARK et al. (1937). Another cause is small particle size (broaden- 
ing, loss intof ensity) and contamination with fine amorphous inorganic and organic 
matter (scattering of the rays). The latter can be removed by 10% HzO~ which 
gives an improvement - -  for details of various treatments - -  BEUTELSrACHER 
and vAs DER MAREL (1961a, 1961b). 
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Fig. 9. Basal spacings of the clay sepaxate ( <  2it) of some soil types (A Loess-Nethcrland% B Alluvial-Nether- 
lands) as related to their pretreatment 

Also the line which can be drawn through the bases of the separate reflections 
is very irregular. This is caused by overlapping of several reflections. In particular 
when the diffraction maxima are close together and the concentration of one 
mineral far exceeds that of the other, the effect is large. 

Apart from the above difficulties there is the severe problem of finding one and 
the same mineral in various sediments. Even kaolinite which still has the most 
uniform composition and structure has a large variability. For the interstratffied 
minerals which are very common in the clay separate of soils, this will be even 
larger. The same holds for various mineral types which are formed by deposition 
of A1- and Fe hydroxy groups in the interlayers of expanded illite, swelling 
illite and soft montmorillonite by weathering action. 



Quantitative Analysis of Clay Minerals and their Admixtures 121 

All these expanded minerals with various charge densities of their interlayers 
and the lat ter  filled to  various extents  with cations of various polarizability, 
hydroxides of various composition or H20 molecules have (001) reflections which 
position and intensi ty moreover  depend on conditions during the separation of these 
minerals f rom the sediments and the preparat ion of the sample afterwards before 
its spectrum is registered b y  the instrument .  This is i l lustrated by  Fig. 9. 
Peak  intensities of montmorll lonite  which contain a large amoun t  of exchange- 
able cation between the  layers surrounded by  hydra t ed  t120 molecules, depend 
largely on the amount  of oriented H20 layers - -  BAI~SHAI) (1950). The Ca and 
Mg saturated samples with 2 oriented H20  layers give the highest intensities, 
because parallelism and preferential orientation are enhanced - -  TALVE~HEIMO 
and WHITE (1952). 
Other  examples of the influence of pre t rea tment  of the sample on the shape 
of the spectra are given by  MILNE and WARSHAW (1956), W~-RSHAW (1960), 
HELLER (1961). BEUTELSPACHER and FIEDLER (1963), SAY~GH et al. (1965). By  
different mount ing  techniques the results m a y  va ry  in the order of even 250 % - -  
GIBBS (1965). 

D. Inirared Analysis  

I. Theoretical Approach 
When  under  normal  (room) temperature  conditions a toms and molecules which 
continuously vibrate at  1012 to  1014 Hz  around their equilibrium positions, are 
radiated with electromagnetic rays of the infrared range 3 to 30 ~t (1013 to  1014 Hz),  
they  ~ l l  absorb energy when the energy of the rays is in resonance with the 
energy needed for their vibration. Only those vibrations are infrared active 
where the dipole moment  of the a toms or molecules is changed in direction and 
magni tude  by  the vibrat ional  movemen t  (non active I . R .  vibrations m a y  be 
R a m a n  active for which a change in polarizabili ty is needed). I n  the  ideal case 
of two free moving atoms of small ampli tude and a highly symmetr ical  stretch- 
ing path,  the following relation exists - -  BXRNES et al. (1944). 

a h 
E- - - - (v+  / 2 ) - ~ - ~ V ~ = ( v + l / 2 ) 5 . 1 1  × 10-4 V ~ .  

E = vibration energy (eV mole -1 = 23.04 k cal atom-l). 
k = bond force constant between the two atoms (dyne cm -1) = 1.86 • 105/(r -- dii)3 in which 

r = interatomic distance (A), dii = a characteristic for a diatomic molecule consisting 
of an atom of the i-th and the j-th row respectively in the periodic system -- BADGER 
(1934). 

ml × m2 (m 1 and m 2 = mass atom m 1 and m 2 respectively in g. u = the reducing mass = ml W m2 
h = constant of PLA~eK = 6.625 • 10 -27 erg sec. 
v = vibrational quantum number (0, 1, 2, 3 . . . .  ). 

The vibrat ion energy is commonly  expressed in the frequency ~ of the rays = 1/2 
in which 2 ~ the wave length in A. Thus when 1/2 = 1 cm -1 also called Kaiser 
(K) uni t :  

1 
K ---- ~-  = h c = 1.986 × 10 -s erg.  

Ideal ly the vibrat ing frequency of two atoms varies inversely with the root  of 
their a tomic mass. Thus if A1 is replaced b y  Fe, the  absorption band  shifts to  
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a lower energy (era -1) level. Vibrational energy depends also on the bond force 
constant (k) between the two atoms. For atoms in tetrahedral configuration (AB4)  

the following relation exists - -  GOODY (1946): 

k ( A B )  = 3.29 ( ~ ) ' h  - -  0.40 • 

xA and XB are electronegativities of the bonded atoms; r ~ internuclear distance. 

For tetrahedral configuration k (S i - -0 )  = 5.85.105 dynes/cm and k(Al--O) ---- 
5.06 • 106 dynes/era (r = 1.62 A, xs~ -~ 1.8 eV, xA~ : 1.5 cV, x o = 3.45 eV) there 
will be a shift of the I .R .  band to lower em -I values when Si is replaced by  A1 
in increased amounts. 

However, in reality the above equations for a stretching vibration give only a 
simple representation of what  actually happens e.g. the repulsing forces between 
the atoms considerably increase at  small distances. A crystal consists of a frame- 
work of densely compacted atoms and atomgroups with numerous types of 
vibrations in case of polyatomie structure. Thus the vibration energies of two 
atoms in a crystal may  be changed and even damped because of dipolar association 
effects from surrounding atoms and molecules. For bending and wagging, rocking, 
twisting movements  indicated by  ~ and y, vibrating in a direction parallel 
and perpendicular or oblique to the molecule plane respectively, the calculations 
of the vibrational energies are very complicated and mostly impossible. Apar t  
from the fundamentals and their weaker sums (COs: ~l~-va-~ 3716cm -1 and 
multiple overtones (H~O: 2~ 1 = 7251 cm -1, 3v 1 = 10631 em -1) also vibrations of 
somewhat higher or somewhat lower energy level may  exist. They result from 
perturbations by neighbouring components, anharmonie coupling, interactions, 
crystal dislocations, strain, stress, vacant  holes, Frenkel and Schot tky crystal 
defects, isomorphous substitutions of incidental character (impurities), disorder 
in the arrangement of the atoms which all modify the electronic structure in 
their neighbourhood. The effect is a broadening of the bands. 

Crystals have a large number  of low level ( < 3 0 0  cm -1) lattice (skeletal) 
vibrations. They also broaden the bands of sharp harmonic vibrations by an- 
harmonic coupling with lattice vibrations or even cause forbidden vibrations to 
appear in the spectrum by  combination e.g. that  of the strong NH4-ion band 
at  1754 em -1 of NH4CI or )~vtt4Br crystals - -  HOR~IG (1948). 

By association with other atoms or atomgroups, the bands move to lower energy 
levels e.g. the 3300 era-1 polymer of the O - - H  stretching vibration of ethyl- 
alcohol moves to 3630 cm -1 of its monomer thereby increasing in intensity when 
this liquid is largely diluted with an inert solvent like CC14 or CS~. The O - - H  
stretching band at  3756 cm -1 of monomerie H~O molecules in vapour  or in in- 
active solvents, is replaced by an intensive doublet at  3515 and 3575 cm -1 of 
its polymer, when water is dissolved in dioxane or pyridine - -  ERRERA and 
SACK (1938). The O - - H  stretching vibration may  even fail in organics like 
m-nitrophenol, salicylic aldehyde and 2.6-dihydroxybenzoic-aeid as the protons 
are in this case in a "chelated" position between two oxygen ions - -  H~BERT 
et al. (1935). Also in spectrography of crystals analogous association effects are 
known - -  see further. 
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I I .  Determination o] the In tens i t y  o / a  Vibration Band 

Afte r  Lamber t -Bee r ' s  law the  in t ens i ty  of the  t r a n s m i t t e d  r ays  of a cer ta in  
f requency (v) a t  a cer ta in  t e m p e r a t u r e  is re la ted  to  the  concent ra t ion  of the  
sample  absorbing  the  r ays  in the  iner t  solvent  in which the  sample  is homo- 
geneously  dissolved : 

I ~ I 0 e x p  - ~ c Z  
which delivers : 

E (extinction) ~ - -  log I / Io  ~ A (absorbanee) ---- log Io / I  ~ e, cl. 

I and I 0 : intensity of the transmitted and incident radiation. 
c ~ concentration of the sample (mole/liter). 
e v : molar extinction coefficient (liter cm -1 mole-l). 
1 : thickness of the sample (cm). 

F r o m  the  above  follows tha t ,  given a cer ta in  th ickness  of the  sample,  a l inear  
re la t ion exists  be tween ex t inc t ion  and  concentra t ion.  F o r  spherical  par t ic les  of 
d i ame te r  d when pressed in a non absorbing  med ium like K B r  can be wr i t t en :  

3 m 
E - ~  2 F ~ K d  l o g [ ( 1 - -  K) ~ - K O ] .  

m ~ mass of the sample dispersed in the KBr disc. 
: density of the particles. 

d ~ diameter of the particles. 
F : cross sectional area of disc. 

1 - -  ( k d ~  1)e -kd 
O : transmittance of the particles : k2 d2/2 (k : linear absorptivity). 

K ~ the geometrical fraction of the surface normal to the incident rays that is covered by 
the particles. 

As par t ic le  size increases there  is a decrease in the  ext inc t ion .  F o r  calcite par -  
t icles to  abou t  ~ 10 ~ the  effect however  is small ,  b u t  i t  increases largely  for 
coarser  sizes. 

F o r  molecular  dispersion of the  par t ic les  (kd --> O) in the  K B r  pel le t  the  re la t ion  
exists  : 

m k 
E(kd~O) ~ ~ X 2.3 

which equa t ion  is s imilar  to  t h a t  of L a m b e r t  Beer  for absorbing  l iquids in a 
k m 

solvent  when r ead  for ~3 -  : ~ and for ~ --~c 1 - -  for deta i l s  OTV6S et  al. (1957) 

and  DUYCKAERTS (1959). 
I f  a double  beam ins t rumen t  is used wi th  a lways  the  same slit  w id th  and  pel le t  
surface, add i t ion  of a s t a n d a r d  minera l  is superf luous unless L a m b e r t - B e e r ' s  law 
is no t  followed. Non  l inea r i ty  of the  l a w  is caused b y  non l inea r i ty  of the  photo-  
cell, a symmet r i c  v ibra t ions ,  associat ion effects f rom o ther  a toms  and  a tom-  
groups.  
F o r  mix tures  wi th  non l inea r i ty  of the  L a m b e r t - B e e r ' s  law ca l ibra t ion  curves 
should be made  b y  a p lo t  of the  ra t ios  for E minera l  to  be i nves t i ga t ed /E  in te rna l  
s t a n d a r d  aga ins t  the i r  weight  rat ios .  The a m o u n t  of the  in te rna l  s t a n d a r d  a d d e d  
to the  samples  should be t aken  cons tan t  and  t h a t  of the  minera l  to  be inves t iga ted  
var iable .  Ano the r  procedure  is to ca l ibra te  the  % of the  unknown componen t  
in the  mix tu re  agains t  increasing amount s  of the  pure  componen t  in the  reference 
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sample z differential absorbance method  - -  HAMMER and R o ~  (1953). An esti- 
mat ion  of the m a x i m u m  ext inct ion of a band for quantitat ive purposes can be 
obtained by  the WRIOHT (1941) and HEIGL et  al. (1947) procedure for base line 
correction. In  the Nujol  technique a certain amount  of the sample  is mulled 
together with  a certain amount  of a Standard mineral e.g. dl-Alanine = 851 cm -1 
- -  BARN]~S et  al. (1947), CaCO a ---- 875, 1435 cm -1 - -  KUWNTZEL (1955), KCNS ---- 
2041 and 2127 cm -1 - -  WIBERL~Y et al. (1957), Pb(SCN)2 ---- 2041 cm -1 - -  
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F i g .  10. Mineral concentration in m g  on 300 m g  KBr and ext inct ion - -  Lambert-Beer law 

BRADLEY and POTTS (1958). The spectrum of this mixture  is compared to similar 
mull  spectra in which a pure compound of the sample  replaces the unknown 
in increasing amounts .  
In  the KBr  pellet  (disc) technique of STIMSON and O'DoN~V.LL (1952) and SC~*EDT 
and REINWEIN (1952) a certain amount  of the sample  is first mixed  and slightly 
ground with infrared pure K B r  (for spectroscopy)  in a mull i te  mortar.  After 
drying at 120 ° C the mixture  is pressed (ca. 10 tons /cm 2) in an evacuated die to 
transparent pellets of a certain constant  diameter inherent to the instrument  
used. 
Fig. 10 shows the ext inct ions  at increasing concentrations for kaolinite  ( <  2 ~z) 
and powdered pyrophyll i te ,  talk,  brucite, nacrite. Lambert-Beer's  law is followed. 
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Only at high extinctions there is some deviation. A measurement of the integrated 
intensity of an absorption band provides a closer approach to the real intensity 
of the vibrational movement ;  such in particular for broad, asymmetric bands. 
I ts  calculation by graphical way is very tedious however, but  modern instru- 
ments may  be provided with an automatic integrator. 

I I I .  Quantitative Analysis -- General 
Absorption bands suited for quanti tat ive analyses should be of high intensity 
and not be overlapped by neighbouring bands of other minerals. Moreover the 
band should be small and deep so tha t  the exact point where resonance absorption 
caused by a vibrational movement  of atoms or atomgroups has started and ended, 
can clearly be distinguished from background absorption caused by  noise of the 
detector circuit and conversion of absorbed radiation in unordered thermal 
motions of the crystal components. The background base line should be of 
minimum elevation at  either side of the peak. Finally the bands of a mineral 
should be reproducible regardless of its origin or particle size. 
The I .R .  spectra of most common clay minerals and their admixtures mainly 
show broaded bands of small intensity overlapping each other even for the 
minerals apart  - -  Fig. 11. 
Particle size. When particle size is much larger than or about equal to the wave 
length of the incident t ransmit ted infrared rays, in this case ---- 2.6 to 24 ~t, 
there will be a decrease of the intensity of the absorption band mainly because 
of non wavelength selective reflection and diffraction respectively - -  see for 
calcite: DtrYKAERTS (1959). Smooth (polished) surfaces and large differences in 
refractive index (Fresnel equation) give increased reflection and therefore poorly 
developed infrared spectra. The Christiansen effect which is characterized by  an 
asymmetrical shape of the band at its higher frequency side from which results 
a non linearity of the Lambert-Beer 's  law, is only negligible for particles smaller 
as their wavelength. This is caused by  a rapid change of the refractive index in 
the vicinity of an absorption band. 
I f  the particles are <0 .1  to 0.3 of 2 the intensity of the t ransmit ted rays is 
decreased (base line ~ background absorption increased) by  allsidc, wavelength 
selective Tyndall scattering. After RAyr,v.rOH's scattering equation - -  see VALESEK 
(1960), the intensity of scattering is inversely related to the 4th power of ~ and 
reversely to the 6th power of the radius. 

r~N V ~ 
Is = I 0  @--n)*n, (1 + cos20) R,~4 

I s ~ intensity scattered rays; I 0 = intensity incident rays. 
n I ~ refractive index of scattering particle; n = ditto of embedding medium. 
N ~ number of scattering particles; V ~ volume of ditto. 
t = wave length used; O = scattering angle. 
R ~ distance from the sample to the observer. 

The above equation is only valid if the amount  of light scattered per particle 
is small and the phase shift of the scattered light can thus be neglected - -  ZIMM 
and DANDLIKER (1954). 
Scattering of ZnO (n ~ 2.0) in water (n = 1.33) was found to be negligible for 
particles > 0.9 ~ at ~ ~ 0.48 to 0.63 ~. 
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Fig.  l l a  a n d b .  Inf ra- red  spect ra  of mos t  common  minerals  and  their  admix tu re s  in the  clay separa te  of soils. - -  
Wi th  permission of Acta  Uuivers i ta t i s  Carolinae, C.S.R. (1961) 

Maximum scattering occurred at about 0.25 ~. For smaller particles at equal 
concentrations by  weight, scattering decreases because of the V 2 factor - -  
STUTZ (1930), CL~,W~LL (1941). 
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For  c lay  part ic les  (n ---- 1.56) w i t h  a m a x i m u m  speci f ic  surface  of 60 to  450 m2/g 
( e q u i v a l e n t  part ic le  ~ = 0 .04  ~t t o  0 .005  ~ r e s p e c t i v e l y )  e m b e d d e d  in K B r  
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(n : 1.56) there will be some scattering only in the shortest range of their I .R.  
bands at ca 2.7 to 3 ~. Fine amorphous admixtures (Si, Fe, Al-gels) and organic 
matter (humus) ~-ill also give some scattering (background) in that  trajeet --  
BEUTELSPACttER and VAN D~R MAREL (1961). The latter can be removed by previ- 
ous oxidation with It~O~. 
Intensity o/a vibration. The intensity of an absorption band (E) depends on the 
magnitude of the dipole moment (/z) change of the atomgroups (atoms) during 
the vibrational movement. Therefore E of HC1 is stronger than that of t t J  
(/z. 10 is : 1.08 and 0.38 e.s.u, respectively). 
If  the polarity of one of the two vibrating atoms (or atomgroups) is increased 
by coordination with another atom (atomgroup), the intensity of the vibration 
increases too because of an increase in the dipolemoment -- see N - - H  in ethyl- 
enediamine and ethylenediaminebromoplatinum -- SVATOS et al. (1955). Irregu- 
larities in the crystal caused by incidental isomorphous substitutions, crystal 
defects and impurities, change the electronic structure in their neighbourhood 
and therefore the magnitude of the dipolemoment transition. The frequency and 
intensity of a certain vibration depends on the nature of the components, the 
surrounding components, their distances and the degree of association or chela- 
tion; in general on their geometric arrangement. In  a highly ordered crystal 
there will be a maximum of resonance absorption of I .R.  rays for a certain 
vibration of two atoms (or of an atom and an atomgroup etc.). For, the deviations 
in the distances between these atoms (or atoms and atomgroups etc.) are the 
smallest and their surroundings are in this case also the most constant as com- 
pared with those of a badly ordered crystal. In literature many examples are 
given -- LAvEs and HAF~ER (1956, 1957), SERRATOSa and BRADLEY (1958), 
BaSSETT (1960), MILKEY (1960), LYO~ and TUDgENHaM (1960), LIES~. (1963), 
MANGHNANI and HOWER (1964) --  see further A. 
The spectra of the same mineral but of various origin are not always constant 
either. This is demonstrated in Fig. 12 for the bands of free O--H,  octahedral 
O - - H  and O - - H  between the plates --  see also BEUTa~LSeaCHER (1956), VaN l)Ea 
MAREL and ZWIERS (1959), etc. for 85 to 95% pure kaolin minerals of various 
origin. 

There is an inverse relation between extinction and particle size for the 795, 
754 and 698 cm -1 bands of kaolinite. Also halloysite shows this relation -- 
vA~ DER MAREL (1960). I ts  specific surface however is relatively larger, because 
of strongly bonded ethyleneglycol molecules (Dyal-Hendricks method) between 
the layers. The same holds for the 3693 cm -1 band of free O--H.  The 3622 cm -1 
band of octahedral O - - H  is influenced by the strong 3440 cm -1 band of O - - I t  
of absorbed H20 molecules and therefore has a large spreading --  Fig. 13. 
In this case of well defined pure minerals of non scattering particle size (specific 
surface : 20 to 100 me]g or with equivalent ~ : 0.11 to 0.022 ~) differences 
in the I. R. traject investigated are mainly caused by differences in crystal ordering 
in such a way that the magnitude of the dipolemoment decreases as particle size 
decreases ; for the rest by a Beilby layer coating the particles with amorphous 
non I .R.  active material. Assuming a thickness of 1 and 10 A the decrease is 
0.4 to 2% and 4 to 20% respectively. Of the existing clay minerals the above 
example of kaolinite is still the best ordered and of most uniform composition. 
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Fig. 12. Infra-red spectra CaF:-prism of various kaolin minerals 0.58% in KBr pellets 

I V. Application 
Fig. 14 demonstrates I .R.  analyses of the clay separate ( <  2 ~) of various soft 
types --  vA~ der MAREL (1961). --  Their composition was verified by X-ray 
analysis. The spectra mainly show broaded bands of small intensity overlapping 
each other moreover. Their intensities are also smaller than those of minerals 
from pure deposits particularly those of organic liquids e.g. benzene; such by 
disorder in the crystals, scattering effects, the prevailing of an amorphous Beilby 
layer --  see before. The CaF~ traject is not suited for quantitative analyses of 
minerals with a large surface because of the strong 3430 cm-1 band, which largely 
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deform the 0 - - H  stretching vibrations of various minerals in the 3400 to 3700 cm-1 
traject. I t  is caused by losely absorbed water molecules on the particle surface 
with 0 - - H . . .  0 distance = 2.87 A. (Strongly absorbed monolayered H~O mole- 
cules on the particle surfaces, hydrated H20 molecules of cations and H~O mole- 
cules in narrow pores have 3220 cm -z with O - - H . . .  0 distance = 2.77 .~. 
H~O molecules in ice have 3180 cm -1 with O - - H . . .  O distance ----2.76 A). 
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Fig .  13. Ex t inc t ion  ( - - l o g  l]to)at 3622 and  3693 cm -~ (CaFz-prism) of var ious kaol in  minera ls  and  the i r  specific 
surface. Samples (0 .58%) pressed wi th  K B r  to pel lets  

In  the higher frequency level occur free 0 - - H ,  O - - H - - O  and M(meta l ) - -O- -H 
stretching bands of high energy. In  the middle level are 0 ~ H ,  0 - - I t - - O ,  bend- 
ing and M - - O - - H ,  M--O, M - - 0 - - M  stretching and ditto bending vibrations 
of lower energy level. In  the lower regions are mainly M--0, M--O--H and 
M - - 0 - - M  bending vibrations of lowest energy level. 
The spectrum of goethite is far better developed than that  of the less ordered 
limonite. Bayerite, hydrargillite and boehmite, common minerals in bauxite de- 
posits may easily be distinguished from each other. Also in this case the bands 
are overlapped by neighbouring bands of other minerals. Quartz and cristobalite 
may be distinguished from each other by  the 780 cm -I, 800 cm -1 doublet and 
790 cm -1 band. Quartz amounts of 1% may  be detected when not overlapped 
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Fig. 14. Infra-red spectra of separate < 2g from various soil types, kaolinite, quartz and benzene. Impurities 
between bracelets. - -  With permission of Acta Universitatis Carolinae, C.S.R. (1961) 

by  other bands and when particles are of uniform size - -  HCNT and TURNER 
(1953). 
Calcite m a y  be distinguished from aragonite by the 880, 1430 and 859, 1480 cm -1 
bands respectively.  Aragonite however  is a rare mineral in the clay separate 
of sediments .  Dolomite  m a y  be distinguished from calcite and magnesi te  by 
the 730, 715 and 750 cm -1 band respectively.  As these bands are sharp and not  
overlapped by others, they are - -  if particle size thereby is uniform - -  best  
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su i t ed  for q u a n t i t a t i v e  analys is .  F r o m  the  above  follows t h a t  (semi) q u a n t i t a t i v e  
ana lyses  b y  t he  I . R .  m e t h o d  will be  res t r i c ted  to  n o n  e o m p h e a t e d  m i x t u r e s  of 
the  b e t t e r  o rdered  mine ra l s  of well de f ined  compos i t ion ,  par t ic le  size a n d  sample  
loca l i ty  a n d  t h e r e b y  wi th  n a r r o w  b a n d s  of h igh i n t e n s i t y  a n d  sha rpness  e.g. 
quar tz ,  hydrarg i l l i t e ,  ca rbona tes ,  sulfates ,  etc. 
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