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M E A S U R E M E N T  OF F U N D A M E N T A L  ILLITE PARTICLE THICKNESSES 
B Y  X-RAY DIFFRACTION USING PVP-10 INTERCALATION 

D. D.  EBERL, 1 R. NUESCH, 2 V. SUCHA 3 AND S. TSIPURSKY 4 

1 U.S. Geological Survey, 3215 Marine Street, Boulder, Colorado 80303 

2 ETH, IGT-ClayLab, Institut fiir Geotechnik, Sonneggstrasse 5, CH-8092 Ztirich, Switzerland 

3 Dept. of Geology of Mineral Deposits, Comenius University, Mlynsk~ Dolina G, 842 15 Bratislava, Slovakia 

4 Nanocor, 1350 W. Shure Drive, Arlington Heights, Chicago, Illinois 

A b s t r a c t ~ T h e  thicknesses of fundamental illite particles that compose mixed-layer illite-smectite (I-S) 
crystals can be measured by X-ray diffraction (XRD) peak broadening techniques (Bertaut-Warren- 
Averbach [BWA] method and integral peak-width method) if the effects of swelling and XRD background 
noise are eliminated from XRD patterns of the clays. Swelling is eliminated by intercalating Na-saturated 
I-S with polyvinylpyrrolidone having a molecular weight of 10,000 (PVP-10). Background is minimized 
by using polished metallic silicon wafers cut perpendicular to (100) as a substrate for XRD specimens, 
and by using a single-crystal monochromator. XRD measurements of PVP-intercalated diagenetic, hydro- 
thermal and low-grade metamorphic I-S indicate that there are at least 2 types of crystallite thickness 
distribution shapes for illite fundamental particles, lognormal and asymptotic; that measurements of mean 
fundamental illite particle thicknesses made by various techniques (Bertant-Warren-Averbach, integral 
peak width, fixed cation content, and transmission electron microscopy [TEM]) give comparable results: 
and that strain (small differences in layer thicknesses) generally has a Gaussian distribution in the log- 
normal-type illites, but is often absent in the asymptotic-type illites. 

Key Words---Bertaut, Fundamental Elite Particles, Illite, I11ite-Smectite, Mixed-Layering, Peak Broad- 
ening, Polyvinylpyrrolidone, Warren-Averbach, X-ray Diffraction. 

I N T R O D U C T I O N  

Mixed- l aye r  I - S  crysta l l i tes  tha t  are less than  50% 
expandab le  are c o m p o s e d  of  s tacks o f  ve ry  th in  ill i te 
crys ta ls  tha t  have  wate r  and  exchange  ca t ions  ab- 
sorbed  on  the i r  basa l  surfaces.  E x p a n d a b l e  in ter layers  
in  such I~S crys ta l l i tes  are the  basa l  surface  in terfaces  
be tween  adjacent  ill i te crystals .  The  illi te crys ta ls  that  
fo rm a s tack are t e rmed  fundamen ta l  il l i te par t ic les  
(Nadeau  et al. 1984b),  whereas  the  s tacks themse lves  
are t e rmed  M a c E w a n  crys ta l l i tes  (Al taner  et  al. 1988). 
The  process  by  wh ich  coheren t ly  diff ract ing stacks of  
i l l i te c rys ta ls  and  the i r  in ter faces  yie ld  an  X-ray  pat- 
te rn  for  I - S  is t e rmed  in terpar t ic le  d i f f rac t ion (Nadeau  
et al. 1984c). 

One  would  l ike to be  able  to measure  the  thick-  
nesses  of  bo th  M a c E w a n  crysta l l i tes  and  fundamen ta l  
i l l i te par t ic les  because  these  th icknesses  and  thei r  dis- 
t r ibut ions  m a y  be  re la ted  to phys ica l  and  chemica l  
proper t ies  and  to geologic  his tory.  Such  m e a s u r e m e n t s  
have  b e e n  made  on  par t ic les  separa ted  f rom rocks  us- 
ing T E M  (Nadean  et al. 1984a; M e r r i m a n  et al. 1990; 
Srodori  et al. 1992; Srodofi  and  Elsass  1994; Sucha  et 
al. 1996; ~ r k a i  et al. 1996), and  us ing  a tomic  force 
and  scann ing  force mic roscopy  (L indgreen  et al. 1991; 
Eber l  and  B l u m  1993). These  m e a s u r e m e n t s  are tedi- 
ous,  expens ive  and  so t i m e - c o n s u m i n g  that  it is im-  
pract ical  to measu re  more  than  approx imate ly  100 
crys ta ls  pe r  sample .  This  m a n y  m e a s u r e m e n t s  m a y  
yie ld  an  accurate  m e a n  th ickness  for a sample ,  bu t  

of ten  are inadequa te  to de t e rmine  an  accurate  distr i-  
bu t ion  of  th icknesses .  

Th ickness  m e a s u r e m e n t s  by  X R D  are m u c h  more  
efficient,  because  an  au tomated  X R D  scan can  mea-  
sure b i l l ions  o f  nano-s ize  crys ta l l i tes  in  a few minu te s  
to a few hours.  Crys ta l l i te  sizes then  are deduced  f rom 
X R D  p e a k - b r o a d e n i n g  ca l cu l a t i ons .  Two  m e t h o d s  
h a v e  been  deve loped  for  measu r ing  the  th ickness  o f  
M a c E w a n  crystal l i tes:  an  in tegra l  peak  wid th  m e t h o d  
based  on  a modi f ied  fo rm of  the Scher re r  equa t ion  
(Dri ts  et  al. 1997) w h i c h  measures  m e a n  th icknesses ,  
and  the  B W A  method ,  ba sed  on  Four ie r  analys is  o f  
X R D  peak  shape  (Drits  et al. 1998) w h i c h  measu res  
m e a n  th icknesses ,  th ickness  d is t r ibut ions  and  strain. 
B o t h  me thods  use  K-saturated,  dehydra t ed  I -S  to de-  
t e rmine  the th ickness  of  stacks of  f undamen ta l  i l l i te 
par t ic les  ( M a c E w a n  crystal l i tes) .  The  m e a n  th ickness  
of  the fundamen ta l  i l l i te part icles  t hemse lves  can  be  
de t e rmined  indirect ly  f rom ei ther  o f  these  X R D  thick-  
ness  m e a s u r e m e n t  t echniques  w h e n  c o m b i n e d  wi th  ex- 
pandab i l i ty  de te rmina t ions  (Equa t ion  [19] in  Dri ts  et 
al. 1997). 

Th i s  paper  descr ibes  a new m e t h o d  for  measu r ing  
m e a n  th ickness ,  th ickness  d is t r ibut ion  and  s t ra in  o f  
fundamen ta l  i l l i te par t ic les  d i rect ly  f rom X R D  peak  
b roaden ing  data. Na-sa tu ra ted  I - S  is in te rca la ted  wi th  
a po lymer  (po lyv iny lpyr ro l idone)  to p reven t  funda-  
men ta l  i l l i te part icles  f rom unde rgo ing  in terpar t ic le  
diffract ion.  This  in terca la t ion  t echn ique  is based  on  a 
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Table 1. XRD thickness measurements for PVP-dispersed illite samples. Samples have been described previously in the 
following publications, and in references found therein: Sucha et al. (1996), Drits et al. (1997, 1998), Eberl et al. (1987) and 
Hunziker et al. (1986). Units are nm unless indicated otherwise. 

%S ~ a /32 ~ ~ ~ strain ~ ~ ~ l l i  
Sample XRD 001 001 001 002 003 005 ~ (~-~2) �89 TEM Nnx 001 001 (l/deg) 

Lognormal 

AR1R 
SG4 
RM30 
RM3 
RM28 
RM31 
RM4 
LF7 
RM5 
M l l  
LF10 
RM21 
RM6 
RM35C 
M8 
R M l l  
1603 
RM35A 
TRH 1/37 
1602 
ZEMP 
1555 

Asymptotic 

MF59 
MF34 
MF22 
MF20 
MF4 
Le Puy 
RM35D 
T9 
M10 
MB 
DV4 

0 28.2 3.25 0.20 24.7 25.1 19.4 27.8 0.06 - -  29.7 35.8 24.1 3.73 
1 21.7 2.95 0.27 19.3 19.2 16.0 21.5 0.06 17.8 17.8 29.5 20.4 3.21 
2 11.8 2.41 0.16 10.8 11.0 8.8 12.0 0.09 11.6 10.0 14.2 10.0 1.69 
3 15.7 2.62 0.26 12.7 14.8 11.2 15.5 0.09 - -  11.1 20.3 14.1 2.30 
3 11.7 2.36 0.20 10.5 10.3 8.9 11.5 0.09 - -  9.9 14.8 9.9 1.68 
3 13.5 2.52 0.16 12.1 11.8 9.2 13.7 0.12 - -  12.7 16.1 10.6 1.79 
4 11.6 2.36 0.18 9.9 11.5 8.8 11.8 0.09 - -  8.1 14.0 10.0 1.70 
5 11.0 2.30 0.18 9.7 11.2 8.0 11.2 0.10 - -  8.9 13.2 9.5 1.61 
5 10.8 2.29 0.23 9.8 9.5 8.2 10.6 0.09 - -  11.1 13.4 9.3 1.58 
5 6.3 1.71 0.28 5.4 6.1 6.6 - -  N.D. 5.4 5.3 8.7 6.3 1.23 
6 9.6 2.22 0.21 7.2 8.2 7.5 8.4 0.09 - -  6.8 12.4 8.1 1.38 
6 7.0 1.96 0.21 6.6 6.8 6.2 6.9 0.09 - -  5.2 9.2 6.4 1.13 
7 9.9 2.22 0.17 8.3 9.3 7.1 10 0.13 - -  8.6 12.2 8.0 1.38 
7 9.3 2.13 0.21 8.1 8.1 7.2 8.9 0.09 - -  6.4 10.8 7.8 1.33 
7 5.6 1.58 0.27 5.0 5.1 4.4 5.5 0.07 - -  4.1 7.5 5.1 0.90 
8 8.5 2.09 0.15 8.3 8.1 7.0 8.7 0.09 - -  7.4 10.1 7.1 1.30 
8 6.6 1.76 0.23 6.3 5.8 5.0 6.6 0.15 4.1 3.2 8.4 5.9 0.96 

12 7.2 1.92 0.15 7.0 7.0 6.1 7.4 0.09 6.9 6.8 8.9 6.2 1.08 
13 4.9 1.49 0.22 4.8 3.7 3.7 5.1 0.20 3.4 - -  6.1 4.6 0.80 
14 5.4 1.59 0.19 5.6 5.0 4.8 5.4 0.09 3.8 2.7 6.5 4.5 0.77 
15 4.8 1.48 0.21 4.2 4.6 4.0 4.7 0.07 - -  4.5 5.9 4.3 0.73 
21 4.0 1.29 0.19 3.7 3.5 3.5 - -  N.D. 2.7 2.4 5.2 3.2 0.58 

0 13.1 2.26 0.71 8.0 9.1 9.8 9.9 0.04 - -  - -  22.0 N.A. 2.66 
0 13.3 2.25 0.76 8.2 9.2 9.4 10.1 0.04 - -  - -  21.5 N.A. 2.60 
0 8.7 1.84 0.63 7.0 - -  8.7 - -  N.D. - -  - -  15.3 N.A. 2.05 
0 5.8 1.48 0.51 4.6 5.2 5.7 - -  N.D. - -  - -  10.9 N.A. 1.70 
0 8.9 1.84 0.68 5.9 - -  8.9 - -  N.D. - -  - -  15.8 N.A. 2.29 
0 4.8 1.33 0.42 3.1 3.5 4.3 - -  N.D. - -  3.6 9.5 N.A. 1.25 
7 5.8 1.54 0.41 5.6 5.6 5.4 - -  N.D. - -  3.9 8.5 N.A. 1.27 

20 3.5 1.18 0.18 3.2 3.6 3.2 - -  N.D. 2.7 2.7 4.0 N.A. 0.57 
31 2.9 1.00 0.14 3.0 2.8 3.0 - -  N.D. - -  2.2 3.4 N.A. 0.46 
38 3.5 1.14 0.20 3.3 3.2 3.2 - -  N.D. - -  1.8 4.6 N.A. 0.60 
45 2.7 0.93 0.12 2.8 2.6 2.8 - -  N.D. 2.1 2.1 3.8 N.A. 0.35 

Key: %S = percentage of expandable layers prior to PVP intercalation; I"~ = extrapolated, area-weighted mean thickness 
(BWA method) of  fundamental illite particles measured using the reflection orders listed; a and /32 = lognormal parameters 
for the distribution of fundamental particle thicknesses measured by the BWA method for 001 reflections; T c = extrapolated 
mean thickness (BWA method) determined from data for the 005 reflection, corrected for strain using the 001,002,  003 and 
005 reflections; strain = root mean square of  the strain determined from the same reflections; Ta-Era = area-weighted mean 
thickness of  fundamental illite particles measured from Pt-shadowed samples by TEM; Nnx = area-weighted mean thickness 
of fundamental illite particles calculated by the fixed cation method; T~v = volume-weighted mean thickness of fundamental 
illite particles calculated from BWA-measured area-weighted thicknesses using Equation [22] in Delhez et al. (1982); T~ = 
area-weighted mean thickness of fundamental illite particles calculated by the integral peak width method (Drits et al. 1997); 
1/i = reciprocal of  integral peak width in reciprocal ~ dash = not analyzed; N.D. = not detectable; N.A. = not applicable. 

m e t h o d  d e v e l o p e d  p r e v i o u s l y  fo r  in te rca la t ing  smec t i t e  

c rys t a l s  (Beal l  et  al. 1996a,  1996b),  and  w a s  i n sp i r ed  

b y  an  ear l ier  m e t h o d  that  u s e d  P V P  as a d i s p e r s i n g  

agen t  du r ing  the  zona l  cen t r i fuga t ion  o f  soi ls  (F ranc i s  

1973). T h e  s h a p e s  o f  r e su l t ing  X R D  peaks ,  f ree  f r o m  

the  ef fec ts  o f  swe l l ing ,  t hen  are ana lyzed  b y  the inte- 

gral  p e a k  w id th  and  B W A  m e t h o d s .  Th i s  t e c h n i q u e  

c a n n o t  detect  m o n o l a y e r s  ( e l e m e n t a r y  smec t i t e  part i -  

c les) ,  b e c a u s e  the i r  e f fec t  o n  X R D  p e a k  b r ead t h  is lost  

in  the  b a c k g r o u n d ,  The re fo re ,  the  t e c h n i q u e  is l imi ted  

to m e a s u r i n g  the  t h i c k n e s s  o f  f u n d a m e n t a l  illite par-  

t icles that  are a p p r o x i m a t e l y  >-2 n m  thick,  w h i c h  

m e a n s  that  the  m e t h o d  g ives  accura te  m e a n  th i ckness -  

es  fo r  I - S  c lays  that  are less  than  a p p r o x i m a t e l y  5 0 %  

expandab le .  

M A T E R I A L S  A N D  M E T H O D S  

N a - s a t u r a t e d  s a m p l e s  o f  d iagenet ic ,  h y d r o t h e r m a l  

and  l o w - g r a d e  m e t a m o r p h i c  I - S  p r e v i o u s l y  d e s c r i b e d  

(see  Table  1 cap t ion)  w e r e  pu t  in to  di lute  s u s p e n s i o n  

(1 m g  c l a y / m L  dis t i l led water ) ,  and  then  m i x e d  wi th  

a q u e o u s  so lu t ions  o f  p o l y v i n y l p y r r o l i d o n e  ( m o l e c u l a r  

w e i g h t  = 10,000; he rea f t e r  re fe r red  to as  P V P - 1 0 )  in 
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Figure 1. XRD patterns of PVP-10 intercalated sample 
RM30 (upper 3 patterns) showing the effect of PVP-10:clay 
ratio on mean particle thicknesses determined by the BWA 
technique. Thickness values, in nm, are displayed adjacent to 
the peaks. The lowermost pattern is for pure PVP-IO on a Si- 
substrate. 

the proportion of 5 to 10 mg (solid) PVP-10 to 2.5 mg 
clay. 

The mixtures were sonified at low power for ap- 
proximately 1 rain using a Heat Systems-Ultrasonics, 
Inc. ultrasonic probe. The mixtures (1.5 to 2 mL) then 
were hardened at 60 to 90 ~ on 2 cm • 4 cm polished 
Si-metal wafers that had been cut perpendicular to 
(100) and glued to glass slides. The Si-substrates pro- 
duce low-background XRD intensities (Li and Albe 
1993), and the polished surface, together with the ef- 
fects of the gel, help maximize preferred orientation 
of the crystals. It is evident from the XRD patterns 
that the illite crystals are highly oriented in the prep- 
aration, with their basal surfaces parallel to the surface 
of the slide, because no reflections with hk  > 0 were 
observed, and because a small amount of clay (2.5 mg) 
often yielded large XRD intensities for 00l reflections. 
Samples were analyzed from 2 and 50 ~ using a 
Siemens D500 XRD system with a diffracted beam 
graphite monochromator (necessary for decreasing 
XRD background noise), CuKct radiation, and a scin- 
tillation counter. The tube current and voltage were 30 
mA at 40 kV, respectively. The following slit sizes 
from tube to detector were used: 1 ~ 1 ~ sample, S611er, 
1 ~ 0.15 ~ 0.15 ~ The step size was 0.02 ~ and the 
count time normally was 5 s per step, but up to 20 s 
per step. 

The resulting 001 XRD peaks for highly oriented 
illite then were measured for mean particle thickness 
by the integral peak-width method (Drits et al. 1997) 
and for mean thickness, thickness distribution and 
strain by the BWA method (Drits et al. 1998) using 
the computer program MudMaster (Eberl et al. 1996). 
It is important that the XRD peaks be broadened only 

by particle size or strain effects, and not by swelling. 
If swelling is present, then d-values of  the higher order 
001 reflections may not equal that of the first-order 
reflection when multiplied by the reflection order. In 
addition, analysis of all of the 001 peaks should yield 
the same particle thickness unless strain broadening is 
present. With strain broadening, calculated particle 
thickness (not corrected for strain) decreases regularly 
with increasing reflection order. Moreover, glycol sol- 
vation of PVP-10 preparations should not shift or 
broaden the reflections, although it may tend to de- 
crease peak intensities by loss of  particle orientation. 
If swelling is indicated, then the sample should be re- 
intercalated using a larger proportion of PVP-10. 

The effects of improper preparation are obvious 
when an I -S  sample of large expandability is prepared 
with too little PVP, because XRD patterns exhibit extra 
peaks and shoulders. Conversely, it is hard to err using 
too much PVP for this type of sample because XRD 
peaks are so broad that excess PVP has little effect on 
peak broadening. The effects of  sample preparation on 
I -S  of  small expandability are more subtle (Figure 1). 
An XRD pattern for a properly prepared sample of  
small expandability (2%) is given in the upper pattern 
(Figure 1), for which the ratio of  PVF-10 to clay is 
the recommended 2:1. All peaks give approximately 
the same mean thickness (11 nm) when analyzed by 
the BWA technique. However, if  the ratio of PVP-10 
to clay is too small, iUite particles may not intercalate 
completely, resulting in XRD peaks broadened by 
swelling related to interparticle diffraction effects, as 
is demonstrated in the second pattern in Figure 1 (ratio 
PVP:clay = 1:2). By contrast, if  the ratio is too large 
(10:1 ratio in Figure 1), then diffraction from the ex- 
cess PVP structure itself (bottom pattern in Figure 1) 
may lead to a broadening of XRD peaks. Visual in- 
spection also can be used to determine the quality of  
sample preparation: the intercalated clay should be in- 
visible in the hardened gel. 

The  B W A  method requires analysis of  a sample's 
interference function, which is extracted from XRD 
intensities by dividing the intensities by the Lorentz- 
polarization and layer structure factors (LpG2; Drits et 
al. 1998). The layer structure factor for PVP-saturated 
illite has not been determined theoretically; therefore 
an approximate LpG 2 factor was devised by using a 
weighted sum of a normalized, experimental, PVP- 
smectite LpG 2 factor for illite particle basal surfaces, 
and of  a calculated illite LpG 2 factor for particle in- 
teriors. A previous approach for analyzing MacEwan 
crystallites which used a calculated LpG 2 factor cor- 
rected for the K-content of  the mixed-layer crystal 
(Drits et al. 1998) did not work for thin (<8 nm) PVP- 
saturated illites, because on division of  the experimen- 
tal intensities by the calculated LpG 2 factor the result- 
ing interference function became too distorted to an- 
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Figure 2. A = an experimental LpG 2 factor for PVP-inter- 
calated, Na-Kinney montmorillonite; B = calculated LpG 2 
factor for illite having 0.89 K per Ot0(OH)2; C = weighted 
mixture of the LpG 2 factors found in A and B according to 
Equation [1] in the text, for an illite sample having a mean 
thickness of 5 nm. 

alyze. Ev iden t ly  P V P - 1 0  is absorbed  on  il l i te surfaces  
and  diffracts  as a par t  of  the structure.  

Calcu la t ion  o f  an  L p G  2 factor  for  i l l i te con ta in ing  
0.89 K pe r  O10(OH)2 was ca lcula ted  by  a s tandard 
m e t h o d  (Moore  and  Reyno lds  1989, us ing  1-dimen-  
s ional  a tomic  s t ructures  g iven  in thei r  Tables A.3 and  
A.4)  us ing  a p rog ra m  n a m e d  Ca lcLpG2,  wh ich  was 
wri t ten  as a Mic rosof t  Excel  spreadshee t  (avai lable  
f rom D. D. Eberl) .  A n  L p G  2 fac tor  for  a PVP-smec t i t e -  
Si meta l  subst ra te  sample  was measu red  us ing  2.5 m g  
of  a < 1.0 txm sample  of  N a - K i n n e y  montmor i l lon i t e  
(Khoury  and  Eber l  1981) wh ich  was  comple te ly  in- 
tercala ted wi th  10 m g  PVP. A n  X R D  pat tern  for  P V P  
on an  Si subst ra te  was  subt rac ted  f rom the  P V P - s m e c -  
t i te-Si pa t te rn  to r e m o v e  the effects  of  excess  P V P  and  
of  the S i -background.  T he  in tens i ty  m a x i m u m  be tween  
12 and  20  ~ for  this  cor rec ted  pat tern  then  was nor- 
ma l i zed  to a s imi lar  in tens i ty  m a x i m u m  for a calcu-  
la ted L p G  2 factor  for  smect i te  wi th  2 -H20  hav ing  a 
layer  charge  of  0 .66 (ca lcula ted  in the same m a n n e r  
as the ill i te L p G  2 fac tor  us ing  the C a l c L p G 2  program) .  
This  L p G  2 fac tor  is used  as a re ference  for  in tens i ty  
no rma l i za t ion  because  it s t rongly  r e sembles  the PVP-  
smect i te  pa t tern  in that  bo th  pa t te rns  have  the same 
genera l  shape  and  bo th  approach  zero  at the same 20 
values.  The  resu l t ing  pa t te rn  then  was smoo thed  us ing  
an  exponen t ia l  smoo th ing  func t ion  ( smoo th ing  con-  
s tant  = 0.8) in  the  Mic rosof t  Exce l  5 .0a program.  The  
resu l t ing  modi f ied  expe r imen ta l  L p G  2 factor  (Figure 
2A)  then  was  appl ied  to correc t  the ca lcula ted  illi te 
L p G  2 fac tor  (Figure 2B)  for  PVP-smec t i t e  basa l  sur- 
faces (Figure 2C) by  us ing  an average  of  the 2 L p G  2 
factors  that  was  we igh ted  according  to m e a n  crysta l  
th ickness  (T): 

2.7 nrn [ 11,3 A TEM thickness = 2,1 nm 

2.8 nm 2.6 nm 

' " ' 2,8 nm 

" - - " " "~- - -  PVP 

,~ ] 11.2 A 3.23 A 

2 

5.55A ) /  2.030 A 

L.~J'--,,._J L _ ~  AIR-DRIED 

10 20 30  4'0 50  

Two-theta (degrees) 

Figure 3. XRD patterns for sample DV4, normally a 45% 
expandable, Rl-ordered I-S. Mean illite fundamental particle 
thicknesses measured for each 001 reflection by the BWA 
technique for the upper, PVP-intercalated samople, are labeled 
in nm units. Peak positions are labeled in A units. Si = a 
weak peak at d = 2.715 A which is the Renninger double 
diffraction of (200) for the Si-metal substrate (according to 
Li and Albe 1993). 

(LpG2)pvP_il~te = (1 - A)(LpG2)pve.smec~te + A(LpG2)illite [1] 

where  A = (T - 1) + T. The  correct  va lue  of  T needed  
to de te rmine  the propor t ion  of  basa l  surfaces  for  the 
M u d M a s t e r  ca lcula t ion  was found  by  i terat ion of  the  
M u d M a s t e r  p rogram,  us ing  an educa ted  guess  b a s e d  
on in tegral  peak  wid th  (Drits  et  al. 1997) for  the  first 
i teration.  

The  M u d M a s t e r  p rog ram was run  for  all samples  
us ing  a smoo th ing  power  of  zero  for  f i rs t-order  reflec- 
t ions and  of  1 for  h igher  orders,  and  X R D  peaks  were  
f l ipped accord ing  to r e c o m m e n d a t i o n s  g iven  in Eber l  
et  al. (1996).  General ly ,  the ex t rapola ted  m e a n  was 
found  to equal  the th ickness  d is t r ibut ion  mean ;  but  i f  
the  lat ter  was  larger, as somet imes  occurs  i f  Four ie r  
coeff icients  are noisy  at large sizes, then  the  dis t r ibu-  
t ion was t runca ted  unti l  the 2 means  were  equal  (see 
Drits  et al. 1998). This  t runca t ion  p rocedure  e l iminates  
noise  f rom the dis t r ibut ion,  but  does  not  affect  the val-  
ue of  the ex t rapola ted  mean.  Use  of  an  ins t rumenta l  
s tandard and  cor rec t ion  for  the Koq - Ko t  2 double t  
p roved  to be  unneces sa ry  for  the range  o f  th ickness  
studied. 

E X P E R I M E N T A L  R E S U L T S  

The  effect  of  P V P  in terca la t ion  on  the X R D  pat te rn  
of  a h igh ly  expandab le  I - S  ( sample  D V 4 )  is s h o w n  in 
Figure  3. The  lower  pa t te rn  is f rom a sample  of  air- 
dried, mixed-layer ,  R l - o r d e r e d  I - S  h a v i n g  abou t  4 5 %  
expandab le  layers.  The  upper  pa t tern  is f rom the  same 
clay in terca la ted  wi th  PVP-10 ,  in wh ich  the effect  of  
in terpar t ic le  diffract ion,  and  therefore  o f  swel l ing,  has  
been  e l iminated .  For  the air-dried sample ,  d i f f rac t ion 
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Figure 4. Fundamental illite particle area-weighted thick- 
ness distributions measured by the BWA method (without 
smoothing) for PVP-intercalated illites using 001 reflections 
(circles) compared with theoretical lognormal distributions 
(solid lines) and with back-calculated distributions (crosses; 
see text). A = asymptotic-type of distribution for sample 
RM35D; B = lognormal-type distribution for sample RM30. 

is from stacks of fundamental illite particles and their 
interfaces; whereas diffraction for the PVP-10 inter- 
calated sample is from individual fundamental  illite 
particles. The upper pattern passes all of the tests 
listed previously for a nonswell ing sample: each 
peak gives approximately the same mean particle 
thickness (2.7 nm) on BWA analysis, and the spac- 
ing of each peak is related by n in Bragg's Law to 
that of the first-order reflection (10.02 .&). The first- 
order reflection is so broad that it is shifted to a 
larger d-value (11.3 ,&) by the LpG 2 factor; but when 
the LpG z factor is removed by division, the spacing 

of the 001 peak shifts to 10.03 Jk. Glycol solvation 
(not shown) has no effect on the 00l reflections, oth- 
er than to weaken their maximum peak intensities 
by decreasing particle orientation. 

Experimental results for other PVP-10 intercalat- 
ed I -S  samples are listed in Table 1. These results 
include samples studied (which have been classified 
into 2 types based on the shapes of their thickness 
distributions), expandabilities (measured by XRD 
according to the methods of Srodo6 1980, 1984); 
area-weighted mean thickness (measured by extrap- 
olation using the BWA technique); lognormal pa- 
rameters for thickness distributions (c< and 132); root 
mean square of the strain [(cr~) ~ which is the stan- 
dard deviation of the strain distribution; see Drits et 
al. 1998]; thicknesses determined from 005 reflec- 
tions that have been corrected for strain (To); 3 mea- 
sures of area-weighted mean particle thickness that 
are independent from the BWA method, including 
TEM measurements of Pt-shadowed samples (TTEM) 
that have been corrected for the ab-area of the par- 
ticles, thicknesses measured by fixed cation content 
(Nnx; Srodofi et al. 1992), and area-weighted mean 
thicknesses measured by an i n t eg ra l  peak-width 
method for the 001 reflection (T~; Drits et al. 1997); 
volume-weighted mean thicknesses (Te,,) calculated 
from BWA-determined area-weighted thicknesses 
(Equation [22] in Delhez et al. 1982) for 001 reflec- 
tions; and the reciprocal of the integral peak width 
for 001 reflections (1/i). 

Two types of crystallite thickness distributions 
can be distinguished (Table 1) using the BWA tech- 
nique: asymptotic, exemplified by sample RM35D 
(Figure 4A), and lognormal or pseudo-lognormal 
(approximately lognormal), exemplified by sample 
RM30 (Figure 4B). The circles in Figure 4 indicate 
the BWA-measured thickness distributions, the solid 
curves give the theoretical lognormal distribution 
calculated from these data and the crosses give 
back-calculated distributions, as will be discussed. 
Only the distribution in Figure 4B fits the theoretical 
lognormal curve, which is a common distribution 
for many types of minerals (Eberl et al. 1990). It will 
be shown in a future paper that the 2 crystal thickness 
distribution shapes likely originate from different crys- 
tal growth mechanisms; the asymptotic-type is formed 
by nucleation and growth in an open system with a 
constant nucleation rate, whereas the lognormal distri- 
bution is formed by surface-controlled growth in an 
open system without simultaneous nucleation. 

The distributions in Figure 4 were back-calculated 
to insure that MudMaster can distinguish distributions 
having asymptotic and lognormal shapes. The distri- 
butions calculated using MudMaster from XRD peaks 
for the natural clays (circles) were used to calculate 
an XRD pattern for illite (NEWMOD �9 program; Reyn- 
olds 1985). The NEWMOD-calculated 001 reflections 
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Figure 5. Extrapolated mean thicknesses measured for PVP-intercalated illites by the BWA technique for various 00l re- 
flection orders (A, B, C) and for the strain corrected 005 (D, using lognormal-type illites) compared with thicknesses measured 
from the 001 reflection. Data from Table 1. 

then were analyzed using MudMaster to give the back- 
calculated distributions (crosses), which closely match 
the experimental distributions. It has been shown pre- 
viously that many types of distributions can be deter- 
mined accurately using the MudMaster program (Drits 
et al. 1998). 

Fundamental  illite particle mean thicknesses (To 
and To) measured by the BWA method for 001 re- 
flection orders greater than 1 are compared to those 
measured by the same method for the 001 reflection 
in Figure 5. The relations are linear, but higher-order 
reflections (Figures 5A, B and C) generally give 
smaller mean thicknesses than do the 001 reflec- 
tions. This pattern is expected if  strain is present 
within fundamental illite particles. Mean thicknesses 
calculated for strained illites from 005 reflections 
can be corrected almost exactly by the BWA method 

to equal mean thicknesses calculated from the 001 
reflections (Figure 5D). 

The root mean square of  the strain (~r2)" varies 
from zero to 0.20 ,~ between samples, and bears no 
systematic relation to mean illite particle thickness 
(Table 1). MudMaster  calculations show that (try)" 
for most samples is constant with distance within 
fundamental illite particles, thereby indicating that 
the strain (~)  distribution for each of  these samples 
is Gaussian (Drits et al. 1998). Strain is rare in illites 
having asymptotic-type crystalli te thickness distri- 
butions (Table 1). 

lllite particle thicknesses measured by the BWA 
method are compared with those measured by TEM 
from Pt-shadowed samples and by the fixed cation 
method (Figure 6). The TEM method gives slightly 
larger mean thicknesses in comparison to the BWA 
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Figure 6. Mean thicknesses measured by the BWA method 
for PVP-intercalated illites for the 001 reflection compared 
with thicknesses measured by TEM Pt-shadowing (A) and by 
the Nfix method (B). 

method, although the data are sparse. The fixed cation 
method also yields slightly larger (by about 1.6 nm) 
mean thicknesses (Figure 6B). 

A plot of thicknesses measured for lognormal-type 
PVP-dispersed samples by the BWA method and by 
the integral peak width method for 001 reflections 
(Figure 7) indicates that the latter method, which was 
developed using a specific model for the evolution of 
mean particle thickness with lognormal distribution 
shape (Drits et al. 1997), gives slightly larger mean 
thicknesses. Mean thicknesses calculated by the BWA 
method require no assumptions concerning the shapes 
of thickness distributions. New empirical relations are 
given in the equations in Figure 8, in which BWA 
mean thicknesses calculated for 001 reflections are 
plotted against the reciprocal of integral peak widths 
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Figure 7. Mean thicknesses measured by the BWA method 
for PVP-intercalated illites for the 001 reflection compared 
with thicknesses measured by the integral peak width method 
of Drits et al. (1997). 

(the reciprocal = maximum intensity/integrated inten- 
sity). These equations are a simpler alternative for de- 
termining mean illite thickness from integral peak 
width data than is the method described by Drits et al. 
(1997), and they take into account the 2 types of thick- 
ness distribution shapes. Figure 9 correlates BWA-cal- 
culated area-weighted means with corresponding vol- 
ume-weighted means (Delhez et al. 1982) for the 2 
types of distributions. 

SUMMARY 

Accurate measurement of fundamental iUite particle 
thicknesses from XRD peak shape requires minimizing 
the effects of clay swelling and of XRD background dur- 
ing XRD analysis. This measurement is accomplished by 
intercalating dispersed, Na-saturated I--S with PVP-10, and 
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Figure 8. Mean thicknesses measured by the BWA method 
using the 001 reflection for PVP-intercalated illites compared 
with the reciprocal of the integral peak width. 
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Figure 9. Area-weighted versus volume-weighted mean 
thicknesses determined from 001 reflections by the BWA 
technique. 

by mounting the specimens on metallic Si substrates. In- 
vestigation of  a variety of diagenetic, hydrothennal and 
low-grade metamorphic illites demonstrates that there are 
at least 2 distinct shapes for illite fundamental particle 
thickness dislributions, asymptotic and lognormal. Strain 
is rare in the asymptotic-type, and generally has a Gauss- 
ian distribution in the lognormal-type, mite fundamental 
particle mean thicknesses can be measured from PVP-10 
intercalated samples by the integral peak width method, 
by the BWA method or by empirical equations given in 
Figure 8. The 001 reflection is best used for particle thick- 
ness determinations because it is least affected by swain, 
which tends to lower the measured mean thickness with 
increasing reflection order. However, accurate thicknesses 
can be determined from higher-order reflections if these 
measurements are corrected for strain broadening. 
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