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Arsrnlgr
'fhe 

widely used studies publishecl by the Anrerican Petroleum Institute on reference

cla,y pitt"tu1. are supplemented by revised r-ray difiraction information based on the

original specimens. Chemically analyzed samples of kaolinite, dickite, halloysite, non-

tronite, montmorillonite, ill ite, attapulgite and pyrophyllite are re-examined by recent

v-ray cliffractometer techniques Spacing ancl intensity measurements and the correspond-

ing dilTractometer patterns are furnished for specimens oriented to enhance the basal reflec-

tions, subjected to gly66lalion ancl given 550' C. heat treatment Constant instrument

settings permit diffraction intensity comparison betrveen different specimens, treatments,

and species 
'lhe interpretation of the r ra1'diffraction patterns in terms of the structurai

ancl thermal stability of the minerals is discussed

INrnooucrroN

In 1950, cooperative studies of reference clay minerals, localit ies, and

occurrence were published as reports on Research Project 49 of the
American Petroleum Institute. Among the data presented were chemical
analyses, eiectron micrographs, infra-red spectra, pH data, r-ray powder
fi lm measurements, semi-quantitative spectrographic analyses, base-
exchange data, magnetic susceptibil i ty, particle size determinations,
optical measurements, and staining tests.

Since the publication of the A.P.I. studies there has been considerable
development in the field of electronic devices for measuring the intensity
and position oI r-ray reflections. The convenience and accuracy oI cc-tay
diffractometers in distinguishing and analyzing the clay minerals have
led to the widespread use of diffractometer equipment in clay mineralogy.
Visual recognition of the difiractometer pattern, together with profi le

characteristics such as peak amplitude, sharpness, and asymmetry are
important improvements made possible by strip-chart recording. The
facil ity with which structural changes such as lattice expansion and
collapse may be observed, and even recorded continuously, has led to the
repiacement of f i lm methods for many theoretical, and most routine'
applications.

The data reported in A.P.I. Project 49 have frequently been quoted,
and since the specimens were widely distributed numerous supplementary
measurements have been published. In view of the scientif ic application
the reference clay minerals have received, revised data on the original
specimens should be of value. It is the purpose of this paper to give an
improved sequence of *-ray diffractometer patterns and measurements
on selected A.P.L clay minerals uniformly applicable to the set as a
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whole. In view of the widespread use of 'the technique of orienting clay
mineral specimens to enhance basal r-ray reflections, it is of additional
interest to furnish patterns and data of the reference clay standards
oriented in this manner. Similarly, the employment of organic com-
pounds to expand, and thereby distinguish the montmoril lonite-type
lattices, and the use of heat treatment to collapse the lattice of the
kaolin group, are now common techniques for the analysis of clay min-
crals. Diffractometer patlerns for the A.P.L standards subjected to these
treatments are also given, together with diffraction intensity and spacing
measurements when these differ significantly from the untreated speci-
men.

The reference clay minerals studied include kaolinite, dickite, non-
hydrated halloysite, nontronite, montmoril lonite, i l l i te, attapulgite and
pyrophyll ite. The particular minerals and specimens chosen were re-
stricted to the chemically analyzed material. In most cases it was possi-
ble to study more than one specimen of a particular mineral, thus verify-
ing the difiraction reflections which were obtained. In addition, the
specimens of kaolinite yielded in their diffractometer patterns a rep-
resentative range in crystall inity.

Clay minerals are rarely monomineralic or entirely free from im-
purit ies. While the American Petroleum Institute clay mineral set in-
cludes some of the most satisfactory reference clays which have been
collected, it must be reryrembered that impurit ies were frequently noted
in the original descriptions. It is possible by r-ray diffractometer tech-
niques to identify impurit ies indicated by thermal, optical, or other
techniques. Glycolation provides a method for recognition of small
amounts of expandingJattice, montmoril lonoid minerals, and the inter-
pretation of mixed-layer structures which were only theoretical possi-
bil i t ies at the time of tfe original A.P.L study. Additional thermal, c-
ray, and electron micrographic observations have increased knowledge
of clay structures and the behavior of clay lattices during expansion and
heat treatment. Similarly, the developments in mica polymorph studies
during the past ten years have considerably clarif ied the i l l i te problem.

In preparing the discussions and interpretations of the r-ray dif-
fractometer patterns, the authors have drawn extensively from Brindley
(1951), "The Identif ication and Structure of the Clay Minerals"; Grim
(1953), "Clay Mineralogy"; and Mackenzie (1957), "The Difierential
Thermal Investigation of Clays." Many of the conclusions from the
original American Petroleum Institute Research Project 49 report (Kerr
et al., l95l) have also been incorporated in the present paper.

This study has been carried on with the assistance of a graduate fel-
lowship in geology awarded by the Union Carbide Ore Co., a division of
the Union Carbide Corporation.
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INStnultcNtetrox

A porLion of the original A.P.I. specimen remaining after chemical

analysis has been crushed, dispersed in disti l led water, and sedimented

onto glass slides. The entire specimen has been used, not merely the sus-

pended fraction, so that the diffraction pattern represents the material

used for chemical analysis.
An improved Norelco r-ray Diffractometer was used for the patterns

after precise alignment and checking. The eleclronic circuit was equipped

for pulse height analysis to reduce the background of hard radiation

scatter. The patterns were completed within a short period to minimize

lhe  e f f ec t  o f  equ ipmen t  d r i f t ,  and  the  i ns t rumen t  se l l i ngs  we re  ma in -

tained without change throughout this time.

The pat terns were run wi th Ni  f i l tered Cu radiat ion (X:1 '5418 A) at
zl0 kv, 17 ma potential, scanning speed oI l" 29 per minute, with 1o and

.003" slits and a 17 cm. goniometer radius. Instrument settings of : scale

factor 4, multiplier.6, t ime constant 4 sec., proportional counter voltage

1470 vdc, amplif ier gain 50, base line 23 v, and channel width 11 v' were

employed for all the patterns. The pulse height analyzer settings were

chosen to discriminate in favor of Cu Ka radiation, sacrif icing about 10

per cent of the init ial intensity in the process, but supressing the back-

ground by a larger factor.
The scans were l imited to the 4-60" 20 range which corresponds to

spacings ftom 22 to 1.55 angstroms. Three sedimented slides were pre-

pared for each specimen by warm air drying. One was used as the un-

lreated sample. A second was sprayed with a fine mist of diethylene
glycoi monobutyl ether unti l saturation, and then used as the glycolated

specimen. The last slide was placed in an electric furnace at 550o C.,

t 10" C., for two hours, and then slowly cooled.

The instrument settings were intentionally maintained constant

throughout the examination of all specimens so that intensity measure-

ments might be compared directly. The background reading was not

subtracted from the measurements in order to eliminate this arbitrary

factor. Two types of intensity measurements are presented, the relative
( Inn r - ) ,  and  the  abso lu te  ( l , nes ) .  The  re la t i ve  measu remen ts  g i ven  i n  pe r

cent of the strongest reflection permit comparison with other published

patterns, while the absolute intensities in units above the base allow

comparison between different specimens, treatments, and species in this

work. Thus the influence of admixed kaolinite upon the intensities in the

diffractometer pattern of halloysite may be estimated, as weli as the

range in the degree of crystall inity among the kaolinites themselves.

The difiractometer patterns have been measured by direct overlay on

a precise template reading in dA. The template aids the search for' and
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determination of, minor orlmissing peaks, as well as the distinction of
several overlapping patterns produced by the same specimen.

The chemical analyses of the A.P.I. specimens are given in Table L
Other data may be obtained by reference to the original descriptions
(Kerr, et a1,., l95l).

KeorrNrre

X-ray diffractometer patterns of kaolinite (Fig. 1) are characterized
by intense (001) and (002) reflections accompanied by a series of lesser
peaks. Glycolation yields no noteworthy shift in the spacing or intensity
of the peaks observed in the untreated pattern. Heating the specimens
to 550o C. results in complete destruction of this pattern.

The number, intensity, and sharpness of the difiraction peaks re-
corded for a particular kaolinite sample depend primarily on the degree
of crystall inity of the specimen. Brindley and Robinson (1946), and
Murray and Lyons (1956) have presented studies showing the range in
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Frc. 1. X-ray diffractometer patterns of oriented A.P.I. Kaolinite.

crystall inity observed in kaolinites, and the gradual merging, broaden-
ing, and loss of diffraction l ines with decrease in crystall inity. Similar
efiects may be noted by a comparison of measuiements in Table IL
In all cases, however, the (001) and (002) reflections at 7.1 and 3.58 A,
respectively, were recorded, together with groups of l ines in the 4.5-3.6,
2 .56 -2 .34 ,  and  1 .67 -1 .48  A  ranges .

The difiractometer pattern of the untreated sample is usually suf-
ficie-nt to distinguish kaolinite from other non-kaolin minerals. If the
14 A (001) reflection of chlorite is not observed, the (003) reflection at
+.7 A is usually present. Heating the sample to 550o C. wil l destroy the
kaolinite pattern, ieaving a chlorite pattern visible, together with other
impurit ies which are thermally stable at that temperature. Montmoril-
lonite is visible in the pattern of A.P.L 8 (Fig. 1) with a small reflection
at 14 A which shifts to a larger spacing upon glycolation. Approximately
2 per cent quartz is responsible for the small, sharp peak recorded at

3.34A in the heat  t reated pat tern of  A.P. I .  10.
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TABLE U X-UY DIFFRACTOMETER SPACINC AND INTENSITY

K A O L I N I T E

A S T M  5 _ 0 4 l 3 r

( h E )  4  t _ _ _

( 0 0 r )  ?  1 5  l o o

{ . 4 5 \  5 0

4 . 3 5 )  6 0

4 t 7  6 0

4 t z  3 0

3_ 84  40

3 73  ZO

loo?t  7  57  loo

3 3 7  4 0

3 t 4  z o

3 0 9  Z O

z  7 5  Z O

2 5 5  7 0

z 5 2  4 0

z  4 a 6  8 0

( 0 0 3 )  2  3 ? 4  7 0

z  l 3 I  9 0

z  za4 80

z z 4 3  5

2  I 8 Z  3 0

z  t z l  z o

z o 5 7  5

I  9 8 5  ? 0

l  9 3 5  4 0

I  a9z  zo

1 8 6 5  5

I  8 3 5  4 0

l E 0 5  5

(004)  I  7?8 60

l ? 0 4  5

|  6 A 2  t 0

I  6 5 9  E 0

I  6 1 6  7 0

A . P . I  l a Z

d l rc lne"

?  l z  7 E  l o o

4 4 4  2 7  2 9

4 3 5  4 4  3 6

4  I 7 B  4 2  5 4 ]

I
t . 8 4  2 6  3 3

1 ? 3  t 7  2 2

3 5 7  5 9  ? 6

3 3 7  Z O  2 6

r  0 9  t l  l 4

2 7 6  t o  t 3

2 5 6  1 5  1 9

2 5 2  1 6  Z I

2 4 8  Z 0  2 6

2 3 8  l t  1 4

2 3 3  Z 7  3 5

z z 8  z o  2 6

z 2 4  8 1 0

z 1 7  9  1 2

z - l t  8  l 0

z o 5  7  9

r 9 9  t z  t 5

r 9 l  l 0  1 3

1 6 9  9  t Z

r 8 7  7  9

l 8 2 B  8  l 0

{ r 3  5 - 1 4  ? )
{ r 0  r }

7 t 6
( 5  0 U
4 4 4

4  t 6 E

3 0 9

2 5 6
z 5 2
2 4 9

2 3 8

z 3 2

z 2 9

z z 3

|  6 8 8

d lss  ' ^ "

?  l {  1 r 0 8  1 0 0

4 4 4  2 4  2 2

4 ) 4  3 0  2 8

n s  R E I ,

A . P  I .  l o 5

Ilu 
s

25 ZO
t E  t 4

! 1 3 2  r 0 0
l l  I
z l  1 6

2 t  1 6

! 1 0 2  l 0 o

zo zo
29 za
30 29

2 6  2 1

zo zo

1 6  1 6

7 t  6 8

l 9  t 9

4 4 4  2 6  1 9

4 7 5  3 4  2 5

4 t 7  3 2  Z l

3  5 7  t u t l {

1 3 0  2 l

a7

4  1 6

4 t z

3 8 3

3  7 Z

3 5 7

3 1 7

2 558

z 5 l

z 4 a

2 3 7

z 3zD

z z 8

3 5  3 2

1 t  2 9

l ?  1 6

1 6  l 5

7 9  7 t

l 7  t 6

z  1 6

5 6

2 5 3

2 4 9

2 1 9

2 3 4

z 9

z z  ) 6

z 0  1 5

2 9  Z Z

2 3  t 7

3 9  2 9

z 7  z o

9 1
8 6z  l o B

z 0 9

9 9 8  l 0  l 0

9 5 8 8

9 3  8  8

I  9 8 B  l 0

1 8 0  7  9

I  ? a  7  9

t ? 0  1  9

I  6 8  1 I  t 4

I  6 6 8  l Z  1 5

t 6 2 B  9  r z

l  7 8

l -  6 8

1 6 5

L 6 2

r  ? 9  l l

r  U n o r i e n t e d  s p e . r m e n ;  B r i n d e y  a n d  R o b i D s o n .  M i n  M a g , ,  2 7 ,  2 4 2 - 2 5 4  1 1 9 4 6 l
Z U a a y e r e a ;  M u l l r e e € b o ! o ,  A ! k a n 6 a 3 .  B  =  b . o a d .
- C r u d . ;  

B a t h ,  $ u ! h  C a r o l i n a .  M o n t m o r u l o n i t e  a n d  h a u o y e i t e  r e f l € c l i o n .  a r e  e n c l o ! e d  i n  p a r e n r h e s e s
{ V h i r e ;  M e 3 a  A l t a ,  N e w  M e x r c o .

5 B i r c h  P i t ,  M a c o n ,  C € o l t r a
o  L e w i . r o d .  & n t a n a .

The distinction of kaolinite from other kaolin minerals is not as
simpie. Hydrated halloysite may be distinguished in the untreated pat-
tern of  A. . I .8  (F ig.  1)  by the (001)  spacing of  10.1 A.  Howe., rer ,  non-
hydrated halloysite, dickite, and nacrite yield patterns that are not
greatly different from kaolinite.

Comparison of Figs. l, 2, and 3 shows the principal similarit ies and
differences between the r:-ray diffractometer curves of kaolinite, dickite,
and non-hydrated halloysite. The halloysite curve is far more diffuse
than the curves for dickite or kaolinite, and the lattice spacings (Table
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TABLE UI. X-RAY DIFFRACTOMETER SPACING AND INTENSITY
MEASUREMENTS FOR ORIENTED A. P. I. DICKITE
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IV) are somewhat larger than the corresponding spacings for the two
other minerals (Tables II and III). Dickite, however, is somewhat simi-
lar to kaolinite in the number, spacing, sharpness, and intensity of the
reflections. The main differences are in the larger number and increased
sharpness of the dickite reflections, and in small changes in dif iraction
spacings. The dickite pattern, unlike kaolinite, persists upon careful
heating to 550o C., the distinction between the two minerals being par-
Licularly apparent after heat treatment.

Frc. 2. X-ray difiractometer patterns of oriented A.P.I. dickite.

Differences in r-ray pattern and thermal behavior among the kaolin
minerals are best revealed by reference to structural considerations. The
basic structure common to the members of the group is that of kaolinite.
This consists of a planar network of sil ica tetrahedra, joined at the base
and with vertices pointing in the same direction. The vertices of the
sil ica tetrahedra in turn are crosslinked in an octahedral pattern with
aluminum and hydroxyl ions to form a stable, Iayer-l ike unit with a
thickness of approximately 7 A. Stacking these one-layer units above
each other results in the kaolinite structure. The stacking pattern results
in either a tricl inic (kaolinite ?) or pseudo-monoclinic (kaolinite pM)
form. According to Gruner (1932), Ksanda and Barth (1935), and Hen-
dricks (1938a), the dickite structure is formed by a stacking of two-
layer units, and nacrite (Hendricks, 1938b) by a stacking of six-layer
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kaolinite units. Thus, if the polymorph notation of Ramsdell (1947) is
extended to kaolinite as proposed by Holdridge and Vaughn (Mackenzie,

1957, p. 98), then dickite would be kaolinite 2M, and nacrite kaolinite
6M.

Halloysite is apparently a kaolinite-l ike structure with considerable
disorder in the arrangement, and perhaps also in the components, of the
lattice. The mineral seems to be a species distinct from kaolinite as there
is no intergradation known between the two. When fully hydrated, the
halloysite lattice is thicker than kaolinite by approximately one layer of
water. The resulting structure is asymmetric, curling to form long tubes.
Upon dehydration the tubes often unroll and split, as seen in the ex-
cellent electron micrographs of Bates et ol. (1950).

HALLOYSITE I o l
too2 l

Frc. 3. X-ray diffractometer patterns for oriented, non-hydrated A.P.I. hallovsite

DrcrrrB

Dickite is a less common member of the kaolin group (Ross and Kerr,
1931), structurally similar to kaolinite, differing principally in the stack-
ing of the layers.

The r-ray diffractometer patterns of dickite (Fig. 2) are distinguished
by a series of sharp, intense reflections which are unaffected by glycola-
tion, but reduced in intensity upon heating to 550o C. The two most in-
lense peaks occur at 7.1 and 3.58 A, representing, respectively, (001) and
(002) reflections. Unlike kaolinite, where the diffraction pattern is de-
stroyed at approximately 530o C., the pattern of dickite persists unti l
above 600o C., at which point dehydration is complete. Differential
thermal analysis records show dehydraticln as an endothermic reaction
nerar 67.5o C., a considerir"bly higher peak temperal.ure than prevails
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for other minerals of the kaolin group. This emphasizes the thermal
stabil ity of the dickite structure.

Electron micrographs show well-crystall ized, cuhedral plates with
elongate hexagonal outl ines, approximateiy 1-10 microns in diameter.
Individual crystals of the mineral may be 1 mm. or more in diameter,
sufficiently large to be easily visible to the unaided eye. Many smaller
crystals are observable with an ordinary microscope, emphasizing ex-
cellent crystall inity, since the most ordered minerals usually give the
iargest crystals.

The two-layer unit cell of dickite is similar to the less common nacrite,
a six-layer kaolinite structure, and the two are believed to be randomly
and intimately intergrown in the San Juanito specimens (A.p.I. 15o and
15c). The diffraction patterns (Table rr) indicate that the sampres are
otherwise pure, with quartz absent, and only a lrace of chlorite in the 14
and 4.7 A peaks of the heat treated A.P.I. 15c specimen.

Hlnoysrrl;

The partly hydrated and fully hydrated forms of halioysite differ in
the presence of a single molecular iayer of water in the fully hydrated
form. This results in an increase from the 7.4 A (OOt) spacing of the
non-hydrated form to 10.1 A in hydrated halloysite.

The two specimens examined in this study were of the non-hydrated
form, with an bray difiractometer pattern (Fig. 3) characterized by
three weak, diffuse reflections at 7.4,4.4 and 3.62 L, and a series of
smaller peaks in the 2.3-2.6 A vicinity (Table rv). The difiuse diffrac-
tion pattern apparently results from considerable clisorder in both the
stacking and degree of hydration of the structural layers.

Although some workers have reported the formation of an organic-
halloysite complex when the hydrated form is glycolated, there is no
shift noted in the structural spacing of the non-hydrated specimens.

Heating halloysite to 550o c. results in a complete destruction of the
r-ray diffractometer pattern (Fig. 3). This represents both the non-
reversible loss of water from the hydrated form below 100o C., and the
progressive loss of hydroxyl ions in octahedral coordination in the
range from 400 to 500" C.

NoNrnourrp

Nontronite is the iron-rich member of the montmoril lonite group.
Since the r-ray dif iractometer patterns of nontronite summarize the be-
havior of the montmoril lonite minerals, they are given first.

The few, diffuse reflections recorded for nontronite in Fig. 4 represent
only (001) and (hhj) spacings. The lack of crystallographic orcler in the
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stacking of the iayers causes the absence of true (hk-l) reflections. The
strongest peak, (001), ranges between 9.2 and 15.8 A in the untreated
specimen, depending upon the number of water layers, and the nature of
the cations in the intersil icate position. Thus the lattice is of the "ex-
pandable" variety. The only other distinct reflection occurs at 4.5 A and
is about one half the intensiLy of the (001) peak (Table V). The intense
background in the nontronite patterns is caused by fluorescence of iron

under the copper radia l ion,

TABLE IV. X-RAY DIFI'RACTOMETER SPACING AND INTEISITY
MEASUREMENTS FOR ORIENTED, NON-I{YDRATED A. P. I. HALLOYSITE

H A L L O Y S I T E

(hkl) dA I REr.

( 0 0 1 1  7 . 4 8  6 0

4 . 4 4  1 0 0

(002 )  3 .62  40

2 . 6 0  8 0

( 0 0 3 )  2 . 3 3  8 0

l .  7 0

r . 5 4

dA

7 . 4 8

4 . 4 l B

4.  t4

3 .628

2 . 5 8 8

z .5zB

2 . 4 9 8

z . 3 z - ? . . 3 9

r .  9 9

l .  o r - r .  t u

39  98

40  100

z8  ?0

dA le-as IRer.

7 . 4 8  3 9  1 0 0

4 . 4 2 8  3 7  9 5

4 . 3 4  3 2  8 Z

3 . 5 8 B  2 6  6 7

2 . 5 7 8  1 6  4  I

2 . 5 0 - 2 . 5 2  1 6

z5

t z

l 3

l 3

l 4

8

8

63

3 0

, r'l
I

33 t
4 l

49
4 L

z8

2 . 3 3
)  7 0 4

r 9
l 5

^  Unor ien ted  spec imen;  To l le r  Graben,  E lb ingerode,  Harz ,
G e r m a n y  N a g e l s c h m i d t ,  c . ,  Z .  K r i s t . ,  8 7 ,  l 3 I  ( I 9 3 4 ) .

2  B lue :  BedJord .  Ind iana.  B  =  brbad.
3  Eureka,  Utab .

Glycolation of the specimen results in the characteristic expansion of
the lattice as the polar organic molecules orient themselves in the in-
tersil icate position. The degree of expansion depends upon the particular

organic molecule employed. Glycerol results in a (001) spacing of ap-
proximately 17.8 A, while diethylene glycol,monobutyl ether, employed
in th is  s tudy,  caused an expansion to 15.4 A.  ' l . t re  -1.5 A ref lect ion is  re-
duced slightly in intensity by the treatment, but does not shif t in position.

Heat treatment of nontronite to 550o C. results in a decrease in the
(001) spacing to approximately 9.6 A; a decrease in the intensity of (001)

U n t r e a t e d

ASTM 2 -0229 A ,  P .  I .  l ZaZ
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and 4.5 A peaks; and the appearance of a strong, broad reflection at
approximately 3.16 A, probably corresponding to (003), a spacing which
is not present in the untreated or glycolated structures. As this peak
also appears in the heaL treated patterns of montmoril lonite, it is seem-
ingly characteristic of the group. The 9.6 A spacing represents the
anhydrous nontronite structure after the loss of intersil icate water be-
tween 150-250o C., and partial loss of hydroxyl ions coordinated about
Fe+3 ions in the octahedral position. The hydroxyl ions are not com-
pletely driven off unti l about 950o C., and the r-ray diffraction pattern
persists unti l this point. The nature of the residual cations trapped in
the intersil icate position af ter the loss of the H:zO with which they were

ftc 4. X-ray diffractometer patterns lor oriented A p.I. nontronite

coordinated wil l largely determine the position of (001) in the range
e.2-e.8 h.

The problems introduced by mixed-layer structures in the diffrac-
tometer palterns of the group wil l be discussed under monlmoril lonite.

MoNruonrr,LoNrrrr
'rhe structural features of nontronite are characteristic for the cntirc

montmoril lonite group. x-ray diffractometer patterns of the untreated
specimens (Fig. 5) show a few, dif iuse reflections which are more intense
than the corresponding peaks of nontronite. The most intense peak
(Table VI) ranges in spacing from 12-15 A, depending upon the number
of water layers in the intersil icate position. The next more intense peak
occurs al- approximately 4.5 A, and an asymmetric increase in back-
ground intensity is noted in the vicinity of 2.5 A.

These three reflections persist in the glycolated patterns, with the
characteristic expansion of (001) spacing. Diethylene glycol mono-
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TABLE V. X-RAY DIFFRACTOMETER SPACING AND INTENSITY

MEASUREMENTS FOR ORIENTED A. P. I. NONTROMTE

N O N T  R O N I T  E

ASTM 2-OOO8t

dA IRBL

t 5 . 4  I 0 0

4 .  56  100

3 .  I l

3 . 0 3

2 . 6 4

2 . 5 6

2 . 4 3

r . 7 z

dA tots tR""

.  I - 1 3 . 5  6 3  1 0 0

4 .  51  38  60

1 . 4 9  3 1  4 9

A. P.  I .  33bz

dA to"s

1 5 . 4 8  6 8

4 . 4 9 - 4 . 5 1  3 6

! .  z9
3 .  l 8

ABS

4Z
z 8
? o

z8

3 8

z7

z5
z 5

J J

3 l

dA

9 . 6
5 . 7 0
4 .498

3 .  5 l

ZO

z0

80

80

40

40

40

2 . 5 9 8

z. a4

2 . 5 7 8
2 . 4 7

t . 7 4

I  Unor ieoted apecimen; Nontron,  Dord.ogne. Nagelschmidt ,  G.,  Min.
Mag . ,  25 ,  I 40 - r55  ( r 938 ) .

Z Manito, Washington. B = broad.

butyl ether was employed in this study to expand the montmoril lonite

lattice. A number of organic molecules cause similar expansion, and

MacEwan (1943) and others have described the organic complexes

formed, and the expansion observed.
As in  the case of  nontroni te (F ig.  a) ,  upon heat ing to 550'C' ,  monl-

moril ionite collapses to an anhydrous spacing of about 9.6 A for (001)

and a pronounced rcf lect ion appears near 3.17 A.  
- |he 4.5 A spacing de"-

creases slightly to about 4.+2 L, while the asymmetric peak near 2"5 A

remains unchanged.
The five montmoril lonite patterns shown in Fig. 5 are somewhat

compl icated by rhe presence of  several  in tense extraneous ref lec l ions.

These are particularly noted in the patterns of A.P.L 27.Five of the in-

tense peaks in this pattern are caused by quattz ("Q") .The remaining

reflections are best explained (Table VI) as caused by a mixed-layer

structure of montmoril lonite-chlorite ("M-C").

The montmoril lonite species are particularly subject to the phenom-
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enon of mixed-layer structure. The basic i l l i te, chlorite, vermiculite,
and montmoril lonite structures are similar; the main distinction being
in the composition of the intersil icate layer. Although the different
compositions of this layer result in considerably different unit cell spac-
ings in the c direction, the structures are often found interlayered in
both random and regular patterns. The (001) series of reflections occur
in an integral sequence in the regular mixedJayer clays, in distinction
to the random mixed-layer structures. A new field has developed in the
interpretation of mixed-layer clay structures (Earley et a.l., 1956;
Weaver,  1956,  1958).

Electron micrographs of montmoril lonite samples show irregular f lakes
with only slightly more evidence of crystall inity than allophane. Hec-
torite, saponite, and nontronite may show lath-l ike forms, occasionally
with striations parallel to their length, indicating cleavage resulting from

Frc. 5. X-ray difiractometer patterns of oriented A.P.f. montmorillonite. Impurity
reflections are labelecl : Q : quartz; M-C : montmorillonite-chlorite.

MOIITIi/|ORILLONITE
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4 4 5  ! 2

3  ) 3 , !  4 t  Z O

2 A !
2  50-2  53  r7

1 6 9  l l

4 t 0  2 5

1 3 5  a 7
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\z 231
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strains induced in the structure by differences in the ionic radii of
octahedraliy coordinated cations. variation in the spacing and intensity
of r-ray reflections similarly indicate differences amons the mont_
moril lonite minerals.

fr,rrru

The term il l i te is applied to the mica-like ciay mineral with a 10 A c-
axis spacing and a non-expanding lattice. yoder and Eugster (1955)
suggesL the use of i l l i te as a field term describing polymorphic forms of

Frc. 6. x-ray difiractometer patterns for orientecl A.p I ill ite. rmpurity reflections
are labeled:  M:montmor i l loni te;  e:quartz;  K:  kaol in i te.

mica, which may be interlayered with montmoril lonite. The principal
difference between il l i te and muscovite-sericite is in the degree of
crystall inity which reflects the greater compositional range permitted in
the i l l i te lattice. x-ray dif iractometer charts of i l i te show a few, broad,
d i f fuse,  weak ref lect ions (F ig.6) ,  in  contrast  to  the numerous sharp,
strong peaks of muscovite and sericite (Table VII). Electron micro_
graphs reveal the platy, irregular aggregates of i l l i te, against the large,
clean-cut plates of sericite and muscovite.

Except for a series of sharp quaftz reflections, the r-ray diffractome ter
patterns of i l l i te (Fig. 6) are characterizedby several weak, broad ptaks.'fhese 

remain constant in spacing ancl intensity after grycolation. Heat
treatment causes no shift in lattice spacing, but results in a sliqht increase
in the peak intensities (Table VII).
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The asymmetry of the 10.0 A, (001) reflection probably indicates the
presence of rnixed-layer slructures of montmoril lonite-i l l i te. Upon
glycolat ion th is  ref lect ion is  reduced in in tensi ty  and in A.P. I .36 shi f ts
to slightly larger spacings. After heating to 550" C., the intensity is re-
stored and the peak becomes symmelrical, indicating the collapse of the
hydrated montmoril lonite lattice to the anhydrous spacing, and a
possible increased ordering of the i l l i te lattice components.

Differential thermal analyses of these il l i te specimens (Kerr el a1.,
1951) reveal a series of reactions upon heating, which may be attrib-

TABLE Vtr X RAY DIFFRACTOMETER SPACINC AND INTENSITY

I O  G

(3  r r )  ?9  r33

3  2 t  2 2

3 5 r  l t

3 2 9  2 6

t2  93)  r5

5

. , 1.,I

t2 911
z s 9

(2 34t

t o d . r . n d E u 8 . r . r , G $ c h i m . . ! 6 d m . a c E . i € , 2 2 5 ( 1 9 5 5 ) .  R e n € c t b b € w i h r &  t o . . ! d l i . r . d

; : a r e h  
s m 4  s . r k e ! ,  c  F . ,  M , n  M a s  .  2 c .  ? r . s {  { r c 5 o r .

; l':::::: li:;t:: 1..ii't:""!,:I.,.;.T".1T"i$::':.i"#"it:i:"* 
..d,i.-s ar. .nc,.sed ,n pa!en,hes.s

uted to montmoril lonite and kaolinite, with which i l l i te is frequently
interlayered. The diffractometer pattern of A.P.I. 35 indicates the pres-
ence of both of these minerals, while kaolinite is absent in A.P.I. 36.

The coincidence of the (003) reflection of i l l i te with the 3.34 A, most
intense qtartz peak, has resulted in certain problems. Although other
reflections are present, cluartz is often overlooked because of the masking
of the most intense peak. Similarly, the precise spacing of the i l l i te (003)
reflection is diff icult to determine because of the overlap of the intense
qu,artz peak. Because of intensity ratios of the (001) and (003) muscovite
peaks, and the asymmetrical small angstrom side of this reflection on the
il l i te patterns, it is beiieved that the (003) reflection of i l l i te approximates
3.30 A, and these peaks are separately l istecl in Table VII.

l0o4l 2 .t0 z2
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Amapur,crrn

The clay-like mineral attapulgite is considered to be a l inely crystal-
I ine relative of the palygorskite group.

A single intense reflection of 10.5 A and a series of weak, broad lines
at lesser angstrom spacings constitute the r-ray diffractometer pattern
of attapulgite (Fig.7). The intensities are slightly decreased and some
peaks broadened by glycolation. Heating to 550o C. for two hours causes
almost complete destruction of the pattern; the peaks which remain are
primarily caused by montmoril lonite and quartz (Table VIII).

The collapse of the attapulgite structure upon heating is a result f irst
of the loss of HzO and then of octahedrally coordinated OH ions. De-
hydroxylation of the structure is almost complete at 550" C.

Unlike the other minerals examined in this study, attapulgite is not a
sheet sil icate structure. Bradley (1940) has described the mineral as a
framework formed by the cross-linking of double-ribbed sheets. The
double-ribbed effect represents the alternate pointing of the sil ica tetra-
hedra vertices to opposite sides of the "tetrahedral" Iayer. The channel-
ways thus formed contain the HzO molecules.

Electron micrographs reveal long straight f ibers approximately
0.1X3 microns in width and length. Cleavage parallel to the ribs is con-
sidered responsible for the fiber-l ike habit.

Pynopttvtutp

Pyrophyll ite, the dioctahedral analogue of talc, was included in the
original set of A.P.I. reference clays.

Frc. 7. X-ray diffractometer patterns of orientecl A.P.I. attapulgite Impurity
reflections are labeled: Q:quartz; M: montmorillonite.
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TABLE VI I I .  X .RAY DIFFRACTOMETER SPACING AND INTENSITY
MEASUREMENTS FOR ORIENTED A. P. I. ATTAPULGITE

A T T A P U L G I T E

U n t r e a t e d I  c l y c o t a t e d  I  s s o "  c .

A S T M  5 - O O 9 9 l e , . p . L  4 q 2

(hkr) dA InnL

( l  r o )  r 0 ,  5 0  r 0 0

(zoo )  6 .44  60

(  l  3 0 )  5 . 4 2  4 0

(040 )  4 ,49  8o

( 3 l o )  4 ,  1 8  2 o

( 2 4 0 )  3 . 6 9  4 0

( 3 3 0 )  3 . 5 0  z o

( 4 0 0 )  3 . 2 3  1 0 0

( 4 Z o )  3 . 0 3  r o

dA Iors lR"t-

( 1 3 .  r )  3 3  3 6
I 0 . 5  9 r  r 0 o

6 ,428  l 8  Z0

5 , 3 2 - 5 . 4 9  t 5  l 6

4 . 6 5  t 4  1 5
4 . 4 5 8  Z 0  Z Z

14. 26l  l7 19
4 .  14  L1  19

3 . 5 1  L 7  1 9

3 . 4 8  1 5  1 6
( 3 . 3 4 )  3 2  3 5

a  t 2  , a  7 \

2 .  8 0  1 3  1 4
2 . 6 9  1 4  1 5

2 . 5 0 - 2 . 6 3  1 6  l 8

( 2 . 4 6 1  ! 4  l s
2 . 4 0  l t  r z
2 . 1 9  l z  1 3
2 . 3 8  I I  1 2

z .  1 4  r z  1 3
( 2 . 1 3 )  r r  t z
z .  I 0 B  1 2  1 3
I . 8 2  1 0  l l

d A  I ^  - ^
A b J

( 1 6 8 )  2 8
r n  (  a )

6 . 4 3 8  t 4

5 . 4 4  l  5
5 , 3 5  1 4
4 , 6 5  1 4
4 . 4 9  Z Z

14 .261  19
4. t4B t9

3 ,  61  -3 .  7  L "  16

3 . 4 9  I  5
( 3 . 3 4 )  2 4
l . z l B  z z
3 .  1 3  1 9
3 . 0 4  1 4

2 . 7 9  L Z

2 . 6 t 8  l 5

L .  r l - 2 .  ) a  r )

z .  t9B 9

2 . 1 5  l l
( 2 .  r z B )  l I

l . 8 z  8

r . 6 2  9

dA lans

( 9 . 6 n 1  z o

6 ,  z 3  t ?

4 . 9 5 - 5 .  r Z  1 7
14,629l 24

4 . 3 4  2 5
( 4 . 2 6 1  z 0

( 3 .141  25

(2.  941 l8

l z . 57 l  t 4
( 4 4 0 )  Z . 6 L

( 5 r 0 )  2 . 5 5

( 5 3 0 )  2 . 3 8  z o

( 6 0 0 )  2 .  1 5  4 0

( 3 9 0 )  l . 8 Z  l 0

( 8 0 0 )  r . 6 2  l 0

80.l

Izo)

I  U n o r i e n t e d  s p e c i m e n ;  A t t a p u l g u s ,  G e o r g i a .  B r a d l e y ,  w .  F '  '  A m  M i n e r a L '  '

2 5 ,  4 O 5 - 4 L O  ( l 9 4 0 l ,

Z A t t a p u l g u s ,  G e o r g i a .  Q u a r t z  a n d  m o n t m o r i l l o n i t e  r e f l e c t i o n s  a r e  e n c l o s e d

i n  p a r e n t h e s e s .  B  =  b r o a d .

The sharp, intense reflections seen in the r-ray diffractometer patterns
(Fig.8) indicate excellent crystall inity, but only a few of the reflections
are caused by pyrophyli ite. The majority of the peaks represent well
crystallized impurities including qttartz, muscovite, and kaolinite or
dickite (Table VIII), which comprise about 30 per cent of this specimen.

The diffraction pattern of pyrophyllite is unaffected by glycolation,
and only slightly intensified by heating to 550o C. Dehydration is not
noted, while dehydroxylation of the mineral has only begun at this
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temperature and is not complete unti l above 780' C. Similarly, the low
base exchange and isomorphous replacement reported for pyrophyll ite
explain the lack of response to glycolation.

Additional reflections have been noted in the pyrophyll ite pattern by
Gruner (Table IX) and others. Most are masked by the numerous im-
pur i ty  peaks,  but  the 4.15 A spacing is  absent .  Otherwise,  compar ison
of the A.P.I. with the A.S.T.M. pyrophyll ite pattern is satisfactory.

l lrc. 8. X-ray difiractometer patterns of oriented A P.I pyrophyllite. Impurity
reflections are labeled: Mu:muscovite; K:kaolinite or dickite; Q:quartz.

l 'he isomorphism of talc and pyrophyli ite structures, one dioctahedral,
the other trioctahedral, presents diff iculties in the distinction of these
minerals. The main r-ray dif iraction differences are the absence of the
strong 3.13 and 2.62 L talc spacings in the pyrophyll ite pattcrn.

CoNcrusrox

X-ray difiractometer techniques furnish an effective method f or
identifying and differentiating the clay minerals. Data for reference clay
minerals from other forms of analysis are supplemented by diffrac-
tometer patterns and spacing-intensity measurements on the original
chemically analyzed specimens of A.P.I. Research Project 49. Clay
lattice spacing shifts and reactions observed in these #-ray charts are
understandable in terms of changes within the clay mineral structure.

In conclusion, a schematic chart of dif iractometer patterns (Fig. 9) is
given for the clay minerals. described. Extraneous lines have been re-
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TABLE IX. X-RAY DI!.FRACTOMETER SPACING AND INTENSITY
MEASUREMENTS FOR ORIENTED A.P. I .  PYROPHYLLITE

P Y R O P H Y L L I T E

U n t r e a t e d  l G t y c o l a t e d  |  5 5 o o  c .

astu  z -o6ra l  I  .a .p . t .  +zZ
(hkl) dA rnpl

( 0 0 r )  9 .  t 4  4 0

dA ress hpr.
( 1 0 . 0 )  6 1  4 8

9.  Z  ^ /  I40  100
( 7 .  1 6 )  3 7  2 6
( 5 . 0 r )  3 2  2 3

4 . 5 8  8 9  6 4
( 4 . 4 7 1  2 6  1 9
( 4 . 2 6 1  3 8  2 1

3 , A 7  l I  I

( 3 . 5 9 )  2 3  t 6

( 3 . 3 4 )  . v 1 5 0  I 0 0

3.  04  ry  140 I00

( 2 . 8 ? )  t Z  9
( 2 . 7 8 B )  r o  6
( z . s 6 B l  r r  I
( 2 . 5 0 )  t l  I
( 2 .461  15  I  I
( z . 3e l  9  6

2 . 3 0  1 4  l 0
lz.  z8l  13 9
l z .  z3 l  9  6
(2. r4l 8 s
(2 .  13 )  l 0  7

( 2 . 0 0 )  z o  t 4
( r . 9 8 )  r z  9

dA regs

( 1 0 .  o )  7 5
9 . 2  r y 1 1 0

( 7 .  1 6 )  z 8
( 5 . 0 0 )  3 r

4 . 5 9  6 5
( 4 . 4 7 1  t 4

14.261 48

3 . 8 7  7

l 3 . 7 z l  7
( 3 . 5 9 )  1 8

13.49Bl  13
( 3 . 3 4 )  . v 1 4 0

( 3 .  1 9 )  1 3
3.  04  NLZ '

( 2 . 9 8 )  L z

lz.87l 9
( 2 .  ? 9 8 )  7
( 2 . 5 7 8 1  8

l z . 5 r l  7
lz .45 l  15

?  ? O R

lz.  z9, l
(2. z4l

lz. rzl
lz. o7l

I .  8 3
( 1 . 8 2 )
(  l .  6 8 )
(  l .  6 ? )

dA rees

( r 0 . 0 )  5 9
9 . 2  r y  1 5 0

( 7 .  1 6 )  2 0
( 4 . 9 8 )  2 4

4 . 5 7  8 8
( 4 . 4 7 1  r z

14. 261 5'l

( 3 .  5 7 )  1 5
( 3 . 4 8 8 )  r z
( 3 . 3 4 )  5 5

3 . 0 4  r y 1 5 0

( 002 )  4 .  s7

4 .  L 5
3 .  87

3 .  34

( 0 0 3 )  3 . 0 4

(004)

I .  8 8

( 0 0 5 )  r . 8 3

z .  t 4  l 0 - 2 0

2 . 0 7  l 0

z . o 4  I 0

z0
5

z0-40

100

z . 5 z  z o
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I Uuoriented apecimcn; Tree Ceritos, Maripo6a County, Galifornia. Gruner,

J .  Y . ,  Z .  K r i 8 t .  ,  8 8 ,  4 1 5  ( 1 9 3 4 ) .
2 Proccggod; Robbins, North Garolina. Refl.ections primarily caueed by

quartz, muacovite, and kaolinitc are encloaed in parentheBes'

moved, the symmetry or asymmetry of each peak is imitated, and the

intensities are absolute in terms of the equipment used. The correspond-

ing chemical composition of the minerals is based on the analyses of

A.P.I. Research Project 49. Dotted l ines indicate the approximate level of

background radiation in the charts.
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l.rc. 9. Schematic diagram of A.P.I. difiractometer patterns. Intensity, spacing, width
:Lnd symmetry of the principal reflections are imitated. Intensity is measured in units above
base. 'I'he 

dotted line indicates the backsround level.
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