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CRYSTAL CHEMICAL DIFFERENCES IN A1-RICH SMECTITES 
AS SHOWN BY MULTIVARIATE ANALYSIS OF VARIANCE 

AND DISCRIMINANT ANALYSIS 
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Abstract--Multivariate analysis of variance and discriminant analysis were used to establish the crystal 
chemistry of several Al-rich smectites. The statistical analyses were carded out on 78 samples taken from 
the literature which were classified on the basis of their physicochemical properties. A strong discrimination 
exists between beidellites and montmorillonites, 'non-ideal' montmorillonites and 'ideal' montmorillon- 
ite8, and Wyoming-type and Cheto-type montmorillonites. Of the Cheto-type montmorillonites, the 
Tatatilla-type samples are strongly discriminated, whereas the distinction between Chambers- and Otay- 
types is not strong. AF v, A1 vI, Fe, Mg, and Ca are generally important discriminating variables, whereas 
the tetrahedral portion of the layer charge, commonly used as a discriminating factor among these minerals, 
is only moderately significant. 
Key Words--Aluminum smectite, Beidellite, Chemical composition, Classification, Crystal chemistry, 
Discriminant analysis, Multivariate analysis. 

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

It has long been known that many of  the physico- 
chemical properties of  smectites, e.g., cation-exchange 
capacity and thermal behavior,  differ widely from sam- 
ple to sample and that this behavior  appears to be a 
function of  the chemical composi t ion of  the samples. 
It therefore seems advisable to classify in a statistical 
manner  various crystal chemical types of  smectites on 
the basis of  such physicochemical properties. 

Historically, smectites have been divided into di- 
(Al-rich) and trioctahedral (Mg-rich) groups, of  which 
the Al-rich, dioctahedral types will be treated here. 
Dioctahedral  smectites have been further divided into 
montmori l loni tes  and beidellites (see, e.g., Weir  and 
Greene-Kelly, 1962), wherein beidellites represent the 
Al-rich members  o f a  montmori l lonite-beidel l i te  series 
in which the net negative layer charge arises chiefly 
from tetrahedral substitutions rather than from octa- 
hedral substitutions. Conversely, in montmori l loni tes  
the net layer charge from octahedral substitutions is 
greater than or equal to that from tetrahedral substi- 
tutions. Montmori l loni tes  and beidellites can be dis- 
tinguished by a variety o f  tests, the most  common being 
the l i thium expansion test proposed by Greene-Kelly 
(1953) and improved  upon by Byst r rm Brusewitz 
(1976). 

Gr im and Kulbicki (1961) subdivided montmori l -  
lonites into Cheto-type and Wyoming-type materials 
on the basis of  differences in cation-exchange capacity, 
thermal behavior  after K and Mg treatments,  and in- 
frared absorption properties. These types also differ 
crystal chemically in that more Mg appears to be pres- 
ent in the octahedral layer of  the Cheto-type than the 

Wyoming-type and that  the cations in octahedral co- 
ordinat ion are regularly distr ibuted in the former and 
randomly distributed in the latter. Schomburg (1976) 
distinguished these two types on the basis of  their di- 
latometric curves, and Landgraf  (1979a, 1979b) re- 
ported differences in the relative intensity of  the 001 
X-ray diffraction reflections and in the optical prop- 
erties of  Cheto-type and Wyoming-type montmori l -  
lonites that had been treated with organic liquids. 

Shultz (1969) retained the term Wyoming-type after 
Gr im and Kulbicki (1961), but  subdivided the Cheto- 
type into Otay,- Tatatilla-, and Chambers-types on the 
basis of  differences in their differential thermal analysis 
(DTA) curves, the nature of  their fired products, and 
their degree of  re-expansion with ethylene glycol after 
K-saturat ion and heating to 300~ Schultz (1969) also 
introduced the term "non- ideal"  for those samples that 
showed a dehydroxylat ion D T A  peak between 550 ~ 
and 600~ instead of  a normal  temperature o f  about 
700~ and which possessed less than an ideal 4 OH 
per unit  cell. Brigatti and Poppi  (1981) presented a 
mathematical  model  for distinguishing dioctahedral  
smectites using three variables which are functions of  
the chemical data. They examined literature analyses 
and included in their study materials  classified on the 
basis of  physicochemical properties as well as materials 
classified on the basis of  chemical data alone. The use- 
fulness of  their statistical classification was l imited due 
to the non-homogeneity of  the literature data. 

The aim of  the present investigation was to extend 
the work of  Brigatti and Poppi  (1981) by (1) comparing 
the subdivision ofAl-rich, dioctahedral smectites based 
on previously determined physical properties and 
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Table 1. Chemical fonnulae of smectites recalculated on the basis of Om(OH)2. 

547 

Anal- 
ysis 

Sample num- 
number AY v AI w Fe Mg Mn Ti Ca Na K fit ber 2 Reference 

Wyoming-type 
1 0.162 1.524 0.210 0.263 0.000 0.004 0.010 0.398 0.002 0.389 1 Schultz (1969) 
2 0.101 1.548 0.172 0.338 0.000 0.005 0.008 0.213 0.030 0.409 2 Schultz(1969) 
3 0.156 1.556 0.206 0.235 0.000 0.004 0.016 0.352 0.003 0.407 3 Schultz (1969) 
4 0.094 1.562 0.175 0.283 0.000 0.006 0.019 0.233 0.028 0.326 4 Schultz (1969) 
5 0.069 1.565 0.161 0.324 0.000 0.006 0.017 0.175 0,025 0.315 5 Schultz (1969) 
6 0.179 1.541 0.278 0.182 0.000 0.009 0.000 0.316 0.011 0.554 6 Schultz (1969) 
7 0.136 1.431 0.281 0.233 0.004 0.037 0.002 0.319 0.055 0.362 7 Schultz (1969) 
8 0.188 1.369 0.348 0.321 0.000 0.028 0.100 0.022 0.084 0.664 8 Schultz (1969) 
9 0.137 1.520 0.190 0.252 0.000 0.007 0.005 0.520 0.004 0.288 10 Schultz (1969) 

11 0.197 1.580 0.200 0.240 0.000 0.010 0.041 0.241 0.018 0.584 13 Schultz (1969) 
12 0.047 1.527 0.180 0.324 0.000 0.008 0.122 0.000 0.007 0.191 14 Schultz (1969) 
13 0.154 1.567 0.200 0.250 0.000 0.000 0.000 0.362 0.003 0.438 15 Schultz(1969) 
14 0.065 1.479 0.223 0.245 0.004 0.011 0.109 0.204 0.048 0.156 18 Schultz(1969) 
15 0.122 1.641 0.091 0.272 0.001 0.023 0.140 0.027 0.000 0.425 20 Schultz(1969) 
8G 0.000 1.791 0.088 0.148 0.000 0.000 0.000 0.048 0.000 0.000 8 Grim and Kulbicki(1961) 
9G 0.089 1.653 0.194 0.087 0.000 0.000 0.046 0.088 0.212 0.239 9 Grim and Kulbicki(1961) 

10G 0.058 1.694 0.179 0.184 0.000 0.000 0.021 0.049 0.002 0.830 10 Grim and Kulbicki(1961) 
l l G  0.035 1.620 0.245 0.189 0.000 0.000 0.039 0.001 0,010 0.571 11 Grim and Kulbicki(1961) 
12G 0.202 1.619 0.285 0.199 0.000 0.000 0.000 0.099 0.018 2.171 12 Grim and Kulbicki(1961) 
13G 0.157 1.623 0.302 0.139 0.000 0.016 0.009 0.011 0.015 3.857 13 Grim and Kulbicki(1961) 
14G 0.122 1.614 0.293 0.137 0.000 0.018 0.012 0.016 0.017 2.307 14 Grim and Kulbicki(1961) 
15G 0.134 1.538 0.326 0.207 0.000 0.016 0,024 0.011 0.009 2.093 15 Grim and Kulbicki(1961) 
16G 0.286 1.754 0.193 0.189 0.000 0.000 0.000 0.076 0.015 4.290 16 Grim and Kulbicki(1961) 

Tatatilla-type 
18 0.102 1.572 0.003 0.424 0.004 0.000 0.263 0.000 0.000 0.197 28 Schultz (1969) 
19 0.130 1.615 0.016 0.409 0.001 0.000 0.213 0.009 0.000 0.312 29 Schultz (1969) 
20 0.260 1.660 0.047 0.356 0.000 0.000 0.184 0.009 0.055 0.607 30 Schultz (1969) 
21 0.248 1.692 0.013 0.312 0.000 0.003 0.244 0.011 0.000 0.501 31 Schultz (1969) 
22 0.256 1.773 0.025 0.242 0.000 0.000 0.159 0.067 0.000 0.672 32 Schullz (1969) 

6G 0.099 1.576 0.003 0.425 0.000 0.000 0.257 0.000 0.000 0.194 6 Grim and Kulbicki (1961) 

Otay-type 
24 0.026 1.344 0.057 0.686 0.001 0.007 0.005 0.416 0.002 0.061 34 Schultz (1969) 
25 0.111 1.344 0.050 0.752 0.000 0.000 0.103 0.179 0.044 0.261 35 Schultz(1969) 
26 0.032 1.369 0.090 0.576 0.011 0.013 0.190 0.045 0.012 0.075 36 Schultz (1969) 
27 0.046 1.390 0.098 0.534 0.000 0.016 0.007 0.430 0.024 0.101 37 Schultz (1969) 
28 0.037 1.385 0.087 0.565 0.000 0.005 0.240 0.000 0.000 0.078 38 Schultz (1969) 
29 0.086 1.412 0.096 0.533 0.001 0.019 0.186 0.025 0.046 0.203 39 Schultz (1969) 
30 0.077 1.396 0.142 0.503 0.000 0.016 0.174 0.025 0.037 0.197 40 Schultz(1969) 
31 0.020 1.471 0.053 0.451 0.002 0.007 0.003 0.500 0.012 0.039 41 Schultz (1969) 
32 0.009 1.452 0.065 0.519 0.003 0.004 0.189 0.020 0.010 0.024 42 Schultz (1969) 
33 0.049 1.454 0.127 0.459 0.000 0.051 0.055 0.037 0.041 0.268 44 Schultz(1969) 
34 0.009 1.547 0.039 0.361 0.00l 0.035 0.189 0.011 0.001 0.024 45 Schultz (1969) 

2G 0.046 1.529 0.109 0.540 0.000 0.000 0.000 0.080 0.000 0.901 2 Grim and Kulbicki(1961) 

Chambers-type 
35 0.123 1.399 0.175 0.427 0.002 0.018 0.010 0.455 0.003 0.260 46 Schultz (1969) 
36 0.111 1.468 0.144 0.401 0.003 0.014 0.193 0.021 0.028 0.269 47 Schultz (1969) 
37 0.222 1.375 0.242 0.391 0.002 0.028 0.045 0.382 0.006 0.467 48 Schultz(1969) 
38 0.008 1.434 0.088 0.469 0,000 0.015 0.007 0.423 0.006 0.018 49 Schultz (1969) 
39 0.160 1.531 0.225 0.316 0.000 0.007 0.107 0.019 0.027 0.685 50 Schultz (1969) 
40 0.076 1.317 0.147 0.525 0.000 0.010 0.055 0.421 0.074 0.128 51 Schultz(1969) 
41 0.087 1.427 0.134 0.529 0.001 0.010 0.042 0.191 0.041 0.288 52 Schultz (1969) 
42 0.125 1.357 0.266 0.461 0.001 0.031 0.111 0.043 0.011 0.595 55 Schultz(1969) 
43 0.021 1.645 0.087 0.335 0.001 0.027 0.008 0.013 0.020 0.462 60 Schultz (1969) 

1G 0.041 1.459 0.094 0.531 0.000 0.012 0,130 0.009 0.007 0.149 1 Grim and Kulbicki (1961) 

Non-ideal montmorillonite 
120 0.250 1.435 0.346 0.308 0.003 0.005 0.104 0.049 0.011 0.945 12 Brigalti(1983) 
121 0.178 1.352 0.307 0.445 0.002 0.003 0.120 0.018 0.042 0.602 13 Brigatti(1983) 
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Table 1. Continued. 

Anal -  
ysis 

Sample  n u m -  
n u m b e r  AIrv A1 w Fe M g  M n  T i  Ca  N a  K fl~ ber  2 Reference 

45 0.138 1.088 0.627 0.240 0.000 0.021 0.008 0.455 0.015 0.323 64 Sch-ultz (1969) 
46 0.173 1.328 0.293 0.454 0.001 0.034 0.078 0.086 0.037 0.647 65 Schultz (1969) 
47 0.170 1.357 0.274 0.313 0.000 0.054 0.009 0.408 0.025 0.391 66 Schultz(1969) 
48 0.118 t.358 0.312 0.449 0.000 0.024 0.059 0.000 0.000 1.026 67 Schultz (1969) 
49 0.074 1.256 0.383 0.391 0.000 0.000 0.000 0.388 0.003 0.198 68 Schultz (1969) 
89 0.172 1.339 0.320 0.460 0.002 0,011 0.140 0.021 0,049 0.758 5 Popp iand  Brigatti(1976) 
90 0.156 1.123 0.589 0.359 0.006 0.008 0.170 0.039 0,029 0.610 6 Popp iand  Brigatti(1976) 
97 0.159 1.339 0.320 0.430 0.003 0.008 0.140 0.100 0.030 0.557 13 Popp iand  Brigatti(1976) 

117 0.163 1.115 0.566 0.350 0.002 0.005 0.167 0.038 0,027 0.411 9 Brigatti(1983) 
118 0,449 0.866 0.531 0.817 0.005 0.002 0.263 0.026 0,055 0.745 10 Brigatti(1983) 
119 0.589 1,397 0.461 0.392 0,005 0,003 0.077 0.028 0.028 2.845 11 Brigatti(1983) 

Beidellite 
50 0.513 1.990 0,022 0.009 0,000 0,000 0.001 0,454 0.008 1.116 69 Schultz(1969) 
52 0.416 1.395 0,495 0.079 0.000 0,000 0.223 0.143 0,000 0.710 71 Schultz (1969) 
53 0.439 1.443 0.323 0.262 0.003 0,031 0.175 0.087 0,066 0.898 73 Schultz (1969) 
54 0.385 1.285 0.334 0.376 0.000 0.030 0,082 0.371 0,126 0.585 74 Schultz (1969) 
55 0.314 1.350 0.444 0.142 0.000 0.033 0.121 0.040 0.253 0.613 75 Schultz(1969) 
51 0,541 1.964 0.046 0.018 0.000 0.000 0.226 0.015 0.012 1.140 70 Schultz(1969) 
56 0.364 1,833 0.020 0.197 0.000 0.013 0.156 0.011 0.040 1.014 76 Schultz(1969) 
57 0.703 2.022 0,026 0.000 0.000 0,000 0.021 0.510 0.009 1.263 77 Schultz(1969) 
58 0.496 1.902 0.147 0.154 0,001 0,000 0.000 0.029 0,034 9.990 78 Scbultz (1969) 
59 0.670 2.001 0.000 0.000 0,000 0.000 0.000 0.670 0.000 1.005 79 Sehultz(1969) 
60 0,329 2,001 0,000 0.000 0.000 0.000 0.000 0.330 0,000 1.012 80 Schultz(1969) 

Cheto-type 
3G 0.000 1.384 0.095 0.700 0,000 0,013 0.016 0.020 0.013 0.000 3 Grim and Kulbicki(1961) 
4G 0.044 1.505 0.118 0.580 0.000 0.000 0.000 0.037 0.000 3.277 4 Grim and Kulbicki(1961) 
5G 0.100 1.464 0.119 0.653 0.000 0.000 0.021 0.029 0.000 2.128 5 Grim and Kulbicki(1961) 

J Tetrahedral portion of layer charge. 
2 Sample number  used in quoted references from which values were recalculated. 

phys i cochemica l  tes ts  on ly  a n d  the  s u b d i v i s i o n  b a s e d  
o n  the  c h e m i s t r y  o f  the  samples ;  (2) def in ing the  c h e m -  
ical va r i ab les  w h i c h  are m o s t  s ignif icant  in  th i s  sub-  
d iv i s ion ;  a n d  (3) p r o v i d i n g  d i s c r i m i n a n t  func t ions  
w h i c h  descr ibe  the  differences o f  the  g roup  w i t h i n  a 
s imp le  m o d e l  t h a t  m a x i m i z e s  these  differences  a n d  
yields c lass i f icat ion func t ions  t h a t  are able  to place a 
s ample  in to  i ts correc t  type  solely f r o m  its chemica l  
compos i t i on .  To  th i s  end,  m u l t i v a r i a t e  fac tor  analys is  
a n d  d i s c r i m i n a n t  analys is  were used. 

C H O I C E  O F  D A T A  

T h i s  work  used  chemica l  ana lyses  o f  samples  t h a t  
o the r  a u t h o r s  h a d  classified in to  the  different  types  o f  
Al - r ich  smect i tes  accord ing  to t he i r  p h y s i c o c h e m i c a l  
p roper t i e s  on ly  (for e x a m p l e  Li- a n d / o r  K-tes ts ,  hea t ing  
behav io r ;  G r i m  a n d  Kulbicki ,  1961; Schultz,  1969) or  
t ha t  we h a v e  classified o n  the  bas is  o f  s imi la r  tests  
p r o v i d e d  by  the  au thors .  C h e m i c a l  ana lyses  were  used  
on ly  w h e n  the  i m p u r i t i e s  were  f o u n d  to be  n o  grea ter  
t h a n  10% a n d  due  to n o  m o r e  t h a n  two phases  w i th  
well-defined chemica l  compos i t ions .  Such  analyses were 
subsequen t ly  ad jus t ed  for  impur i t i e s .  G r i m  a n d  Kul -  

b icki  (1961)  d id  n o t  s u b d i v i d e  t he i r  Che to - type  m o n t -  
mor i l lon i tes  in to  Otay-,  Chambers - ,  a n d  Tatat i l la- types.  
In  the  pa r t  o f  the  p re sen t  s tudy  t h a t  r equ i r ed  th i s  sub-  
d iv i s ion ,  on ly  the  analyses  o f  those  samples  f o u n d  in  
the  s a m e  local i t ies  s tud ied  a n d  classified by  Schul tz  
(1969) were  cons idered .  

Ana lyses  wi th  a n  Fe203 + FeO > 11% were  e l imi -  
n a t e d  because  a b o v e  th i s  va lue  the  b cell p a r a m e t e r  
var ies  as a f unc t i on  o f  Fe con ten t ,  as in  n o n t r o n i t e s  
(Russel l  a n d  Clark,  1978; Brigatt i ,  1983). F o r m u l a e  
whose  oc tahedra l  ca t ion  con ten t s  were greater  t h a n  2.26 
o n  the  bas i s  o f  Olo(OH)2 were  re jec ted  e v e n  i f  t he  b 
cell p a r a m e t e r  s h o w e d  t h a t  the  s a m p l e  was d ioc t ahe -  
dral .  In  ou r  data ,  in  fact, a gap be tween  2.26 a n d  2 .40 
was found.  Schul tz ' s  s a m p l e  27 was ignored  in  the  
d i s c r i m i n a n t  analys is  because  i t  was def ined b y  h i m  as 
a n  i n t e r m e d i a t e  b e t w e e n  the  W y o m i n g -  a n d  C h a m -  
bers- type .  

T h e  i r on  in  all ana lyses  was cons ide red  as Fe  3+ in-  
a s m u c h  as m a n y  au tho r s  r epo r t ed  to ta l  i ron  as Fe  3+ 
only  a n d  because  Fe  3+ a n d  Fe 2+ are b o t h  f o u n d  in smec-  
ri tes in  oc t ahed ra l  sites, n o r m a l l y  w i t h  Fe  3+ > >  Fe  2+ 
( R o z e n s o n  a n d  Hel le r -Kal la i ,  1977). 
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The weight percentage o f  adsorbed H 2 0  in mont-  
morillonites is a function of  environmental  parameters 
that are difficult to standardize (relative humidity,  tem- 
perature at the t ime of  analysis, etc., Prost, 1976; Del 
Pennino et aL, 198 l). In addition, the H20 percentage 
was not reported for many materials  as the analysis 
was carried out on ignited samples. For  this reason 
water was not considered in the statistical analysis even 
i f  it  may be an important  discriminating element. Fi- 
nally, structural formulae were rejected i f  the unbal- 
ance between the layer charges and the interlayer charges 
was >0.05 and Si >4,  on the basis of  Olo(OH)2. 

Structural formulae were used in the statistical anal- 
ysis; the literature sources of  the chemical analyses 
from which the formulae were recalculated are listed 
in Table 1. The formulae were recalculated by: (1) bal- 
ancing the cation charges on the basis o f  22 negative 
charges O~o(OH)2; (2) assigning all Si to the tetrahedral 
layer together with enough A1 to bring the total to 4; 
(3) assigning only Ca, Na, and K to interlayer positions; 
and (4) assigning all other cations to the octahedral 
layer. 

According to many authors, Mg and A1 can also be 
present as exchangeable cations because these cations 
are common in the exchange liquid. Mg and A1 were 
not assigned to exchangeable posit ions because of  the 
following: (1) As stated by Fripiat  et al. (1971), octa- 
hedral cations may enter in the exchange liquid because 
of  octahedral hydrolysis during the process. Also, No-  
vfik and Ci6el (1978 ) showed a remarkable dependence 
of  the apparent  dissolution rate of  the octahedral layer 
of  smectite on the degree o f  substitution of  Fe 2+ and 
Mg 2§ for A13+ in octahedral positions. Thus, cation 
distributions in smectites may be far from the ideal net 
dioctahedral occupancy in the montmori l loni te-bei-  
dellite series. (2) No crystal chemical evidence exists 
that favors a strictly dioctahedral  smectite over a smec- 
tire with an octahedral occupancy greater than 2.0. (3) 
The amount  of  A1 and Mg in interlayer posit ions is 
normally low. (4) For  a considerable number  of  anal- 
yses used in this work, Mg and AI were not determined 
in the exchanged liquid. 

An at tempt  was also made to verify whether the 
statistical analysis was in agreement or not  with these 
selection criteria. A discriminant  analysis and a multi-  
variate analysis of  variance were carried out to this end 
both on the structural formulae re-calculated by us and 
on those calculated by Schultz (1969) using the Ross 
and Hendricks (1945) method.  Using the Wyoming- 
type and Cheto-type subdivision as a check and the 
subdivision that comprises all species and/or  types, the 
results show comparable significance in discrimination 
o f  sample groups. 

Table 2 summarizes the subdivision of  the Al-rich 
smectites adopted in the present study. The ' ideal '  and 
'non-ideal '  (Schultz, 1969) subdivisions of  beidellites 
is not  considered here inasmuch as Schultz found all 
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Table 3. Minimum, maximum, mean, and standard deviations for cation concentration and fl.~ 

No.  
o f  

sa/n- 
Smect i te  type pies A1 Iv A1 vt Fe  M g  M n  Ti  Ca  N a  K 

Otay 

Tatatilla 

Chambers 

Cheto (Otay + 
Tatatilla + 
Chambers) 

Wyoming 

'Ideal' montmorillonite 
(Wyoming + Cheto) 

'Non-ideal' 
montmorillonite 

'Ideal' + "non-ideal' 
montmorillonite 

Beidellite 

Whole population 

{ x ~  0.009 1.344 0.039 0.361 0.000 0.000 0.000 0.000 0.000 0.024 
12 x,~x 0.111 1.547 0.142 0.752 0.011 0.051 0.240 0.500 0.046 0.901 

0.046 1.424 0.084 0.540 0.002 0.014 0.112 0.147 0.019 0.186 
a~ 0.031 0.067 0.032 0.103 0.003 0.015 0.092 0.189 0.018 0.242 

{ x~i. 0.099 1.572 0.003 0.242 0.000 0.000 0.159 0.000 0.000 0.194 
6 xm~ 0.260 1.773 0.047 0.425 0.004 0.003 0.263 0.067 0.055 0.672 

0.183 1.648 0.018 0.361 0.001 0.001 0.220 0.016 0.009 0.414 
ax 0.080 0.077 0.166 0.073 0.002 0.001 0.042 0.025 0.022 0.208 

{ xmi . 0.008 1.317 0.087 0.316 0.000 0.007 0.007 0.009 0.003 0.018 
10 x ~  0.222 1.645 0.266 0.531 0.003 0.031 0.193 0.455 0.074 0.685 

0.097 1.441 0.160 0.439 0.001 0.017 0.071 0.198 0.022 0.332 
a~ 0.066 0.094 0.065 0.078 0.001 0.009 0.062 0.199 0.022 0.214 

{ x,~in 0.000 1.317 0.003 0.242 0.000 0.000 0.000 0.000 0.000 0.000 
31 X~n~x 0.260 1.773 0.266 0.752 0.011 0.051 0.263 0.500 0.074 3.277 

0.089 1.476 0.099 0.483 0.001 0.012 0.110 0.127 0.017 0.434 
a~ 0.075 0.114 0.066 0.120 0.002 0.012 0.092 0.174 0.020 0.665 

{ x~i~ 0.000 1.369 0.088 0.087 0.000 0.000 0.000 0.000 0.000 0.000 
23 X ~  0.286 1.791 0.348 0.338 0.004 0.037 0.140 0.520 0.212 4.290 

0.126 1.579 0.218 0.228 0.000 0.009 0.032 0.164 0.027 0.951 
a~ 0.065 0.094 0.067 0.067 0.001 0.010 0.043 0.154 0.045 1.176 

{ Xmin 0.000 1.317 0.003 0.087 0.000 0.000 0.000 0.000 0.000 0.000 
54 X~n~x 0.286 1.791 0.348 0.752 0.011 0.051 0.263 0.520 0.212 4.290 

0.105 1.520 0.150 0.374 0.001 0.011 0.077 0.143 0.021 0.654 
a~ 0.072 0.117 0.089 0.162 0.002 0.011 0.084 0.166 0.033 0.944 

{ X~m 0.074 0.866 0.274 0.240 0.000 0.000 0.000 0.000 0.000 0.198 
13 X~x 0.589 1.435 0.627 0.817 0.006 0.054 0.263 0.455 0.055 2.845 

0.215 1.258 0.410 0.416 0.002 0.014 0.103 0.127 0.027 0.774 
a~ 0.144 0.163 0.127 0.138 0.002 0.016 0.076 0.168 0.017 0.666 

( x~m 0.000 0.866 0.003 0.087 0.000 0.000 0.000 0.000 0.000 0.000 
67 X~x 0.589 1.791 0.627 0.817 0.011 0.054 0.263 0.520 0.212 4.290 

0.126 1.469 0.200 0.382 0.001 0.011 0.082 0.140 0.022 0.677 
tr~ 0.099 0.163 0.142 0.157 0.002 0.012 0.083 0.165 0.031 0.893 

{ x~t, 0.314 1.285 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.585 
11 Xm~x 0.703 2.022 0.495 0.376 0.003 0.033 0.226 0.670 0.253 9.990 

0.470 1.744 0.169 0.112 0.000 0.010 0.091 0.242 0.050 1.759 
a~ 0.130 0.305 0.192 0.127 0.001 0.014 0.093 0.234 0.077 2.739 

{ xm~ 0.000 0.866 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
78 x ,~  0.703 2.022 0.627 0.817 0.011 0.054 0.263 0.670 0.253 9.990 

0.174 1.508 0.196 0.344 0.001 0.011 0.083 0.154 0.026 0.830 
a~ 0.159 0.210 0.149 0.180 0.002 0.013 0.084 0.178 0.041 1.342 

1 ~2 = tetrahedral portion of the layer charge. 

natura l  beidellites to have a ' non- idea l '  behavior .  The  
variables used in  the statistical analysis  were A1TM, A1 vI, D E S C R I P T I O N  O F  T H E  M E T H O D S  

Fe, Mg, Mn,  Ti, Ca, Na, K, and  ~2, where fl is the The p rob lem was to d iscr iminate  a collection of  n 
tetrahedral  por t ion  of  the layer charge. This  ratio is samples of  Al-rich smectites, for each one of  which m 
> 1.0 when  the octahedral  charge is > 6.0 on  the basis chemical  e lements  had been determined,  between g 
of  O~0(OH)2. In  the statistical analysis 9.99 was arbi-  different groups on  the basis of  chemical  analyses. The 
trarily assumed to be the m a x i m u m  value of~2. Table  groups were obta ined  with an  a priori criterion, i.e., 
3 conta ins  the m i n i m u m ,  m a x i m u m ,  and  m e a n  values, by means  of  their physicochemical behavior  only. The 
and  the s tandard  dev ia t ion  for the variables  used of  samples can be considered to be dis t r ibuted in  a 
all types, m-dimens ional  space, in  more  or less g-elliptical clouds 
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Table 4. Parameters derived for the canonical discriminant 
functions. 

A n a l y s i s  ~ Func t ion-"  W i l k s '  A 2 A p p r o x .  F 2 S i g n i f i c a n c e  

1 1 0.3165 25.552 0.0000 
2 1 0.1062 1 9 . 2 2 9  0.0000 
3 1 0.3705 35.677 0.0000 
4 1 0.2278 32.545 0.0000 

1 to 2 0.0473 9.764 0.0000 
5 2 0.4553 3.889 0.0082 
6 1 0.3481 4.681 0.0064 

1 to 5 0.0232 9.365 0.0000 
2 to 5 0.1240 6.315 0.0000 

7 3 to 5 0.4090 3.679 0.0000 
4 to 5 0.7727 1.748 0.0684 
5 0.9930 0.113 0.9761 

J See text for samples included in analysis. 
2 See text. 

of  points whose center of  gravity is designated a cen- 
troid. 

If  g is equal to 2, an opt imum way to separate the 
two clouds is by means of  a line whose perpendicular 
is called a discriminant function. The projection of  all 
of  the specimens onto this line should show that most  
of  those in group 1 fall to the left of  a central point, 
and that most o f  those in group 2 fall to the right of  
the point. The first objective was to verify whether the 
"null hypothesis," that is, whether the group cannot 
be discriminated, can be rejected. Such a discrimina- 
tion is normally estimated by the Wilks test named 
"Wilks '  k criterion" (Wilks, 1932). A low Wilks'  A 
value indicates a good discrimination, i.e., most spec- 
imens fall on the same side of  the central point of  a 
separation line (for example on the left) i f  they belong 
to group 1, or fall on the other side of  the central point 
i f  they belong to group 2. The Wilks' 3, value, an ap- 
proximate F test for A (SPSS-X Statistical Algorithms, 
1983) and the significance of  the "null  hypothesis" for 
the present discriminant analyses are shown in Tables 
4 and 9, whereas the significance for all the variables 
individually for the same analysis is listed in Tables 5 
and 10. 

The discriminant function can be expressed as an 
equation of  the form: 

Zn = biXln, 

where Zn is the discriminant score, i.e., the projection 
of  the nth specimen onto the line, bi is the weight to 
be obtained by the statistical method of  discriminant 
analysis, and X~ is the number of  the atoms of  each 
chemical element per unit cell. 

The method can be extended to more than two groups 
of  samples; here (g - 1) discriminant functions are 
required. Every function has a different discriminating 
power, and under certain circumstances the number of  
functions can be less than ( g -  1) without a consid- 
erable loss of  discriminating power. Together with the 
bl coefficients, coefficients of  the canonical discrimi- 
nant functions can be obtained. These coefficients give, 
when the sign is ignored, the contribution of  their as- 
sociated variables to the discriminant functions (Ta- 
bles 6 and 10), whereas the discriminant functions give 
the best separation among the groups. Classification or 
Fisher's functions give for each specimen, which may 
or may not be part of  the original set, the group to 
which it most likely belongs (Tables 7 and 10). 

The form of  the classification functions (Fisher's lin- 
ear discriminant functions) is: 

Ck = Cko + ~ %Yjn, 
j = l  

where Ck is the classification score for the group k, Yjn 
is the value of  the j t h  chemical element of  the nth 
sample to be classified, ckj are the classification coef- 
ficients, and ck0 is a constant. The Yn vector variable 
will be one of  the Xn-dependent vector variables i f  the 
sample has been used in the discrimination process: it 
will not be one of  the Xn-dependent vector variables 
i f  the sample is used only in the classification process. 
For every sample, knowing its chemical formula on 
the basis of  22 negative charges O1o(OH)2 and the % 
coefficients, the classification functions give g classi- 
fication scores Ck, one for each of  the g groups consid- 

Table 5. Significances of the "null hypothesis" for the chemical variables on analyses 1-77 

A n a l y s i s  ~ A] Iv AI  vj Fe  M g  M n  T i  C a  N a  K 0 2 

1 0.000 0.000 0.522 0.000 0.237 0.729 0.727 0.078 0.037 0.012 
2 0.000 0.000 0.001 0.000 0.012 0.530 0.745 0.178 0.310 0.221 
3 0.000 0.000 0.000 0.394 0.015 0.409 0.313 0.766 0.532 0.667 
4 0.065 0.001 0.000 0.000 0.158 0.411 0.000 0.413 0.276 0.045 
5 0.000 0.000 0.000 0.001 0.754 0.022 0.002 0.144 0.465 0.117 
6 0.025 0.631 0.002 0.019 0.579 0.611 0.247 0.550 0.712 0.154 
7 0.000 0.000 0.000 0.000 0.053 0.118 0.000 0.215 0.424 0.059 

J See text for samples included in analysis. 
2 f~ as in Table 3. 
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ered. The sample is attributed to a group on the basis 
of the highest score. 

The probability of group membership Pk (posterior 
probability) can be calculated from 

g 

ak = e x p ( C k ) / ~  exp(Ck). 
k=l 

A statistical package for the social sciences (SPSS) 
(subprograms MANOVA and DISCRIMINANT) was 
used in this research (Nie et al., 1975). In  the discrim- 
inant analysis, independent variables were selected on 
the basis of their discriminant power using an upward 
stepwise method. This method was preferred to one 
that uses all p independent variables because generally 
a number  of discriminating variables p '  < p achieves 
an equally satisfactory discrimination. The discrimi- 
nation criterion selected is the "Mahalanobis" distance 
which seeks to maximize the distance between the two 
closest groups (Mahalanobis, 1936). 

A detailed discussion on multivariate factor analysis 
can be found in Morrison (1978) and in Cooley and 
Lohnes (1971). 

RESULTS 

Analysis (1). Montmorillonite and beidellite 
To define types or species of Al-rich smectites, the 

two end members, montmorillonites and beidellites 
were compared. The discrimination between the two 
species is significant as shown by the Wilks A values 
reported in Table 4. Al TM, A1 vl, and Mg, are highly 
significant elements; s is a significant variable, as well 
(Table 5). The canonical variables listed in Table 6 
indicate that A1TM, A1 v~, and, to a lesser amount,  K and 
Na are the discriminant variables of greatest signifi- 
cance for discrimination. 

According to Weir and Greene-Kelly (1962), the term 
beidellite should be used for the Al-rich members of 
montmorillonite-beidellite series with charge of the tet- 
rahedral sheet greater than or equal to the charge of 
the octahedral sheet. Our results confirm the great im- 
portance of the A1 content in both the octahedral and 
in tetrahedral sheets in discrimination and classifica- 
tion. For this and subsequent analyses, Fisher's clas- 
sification-function coefficients for the two species are 
reported in Table 7. Only one of the 78 samples, a 
'non-ideal '  montmorillonite, was classified incorrectly 
as shown in Figure 1. 

Schultz (1969) showed that the dehydroxylation 
temperature of natural beidellites is ~550~176 a 
temperature range that is more or less characteristic of 
'non-ideal '  montmorillonites; this similar thermal be- 
havior, together with the fact that the only incorrectly 
classified sample was a 'non-ideal '  montmoril lonite 
suggested the following comparison of these two groups 
of samples. 

10 :REOUENCY 

8 

6 

4 

2- 
n 

I mm 0 montmoriltonitos 
J ~ ~  [~ beidellites 

-6.0 -ZOf -80. - . 10 :12.0 -13.0scoles 
montmoril|onite field beidellite field 

[~'non-ideal' montmorillonites [~ beidellites 

l n' ;m0 
4] FREQUENCY 

O . . . --i~,O -2.u - 310 - 4,0 -50 scores _L- 
'non-ideal' mont. field -' beidellite field 

10- 

8- 

6 

4 

2~ 

lm ~ 'ideal' montmorillonites 
i 

:REQUENCY 
It [~ 'non-ideal' mont morillonites 

r ~ [ J ~  i ran'i" 

-1.b -~2'0 -3~0 -4~o[-L~.or~-6'.o ~-7,'0 -80~-~'0 ~s-~Ores 
'ideal' mont. field ~ 'non-ideal' mont, field - -  

6]FREQUENCY I mw 

2 10.' O.' l~O - .1 -~  

~Wyoming-type 

mcl [~Cheto-type 

-3b -4.b -5b -610 -Tb scores 

Wyoming-type field-;- Cheto-type field 

Otay-type 

2t 

_1 5'~.0 50.0 56.0 57.0 58.0 590 66.0 61,0 scores d_ 
Otay-tvpe lielo r~- Chambers-type field- 

Figure 1. Histogram of the sample scores, as given by the 
unstandardized discriminant function, and their classification 
on the basis of Fisher's functions for the analyses: (1), (2), (3), 
(4), and (6) (see text), m represents the centroid for the re- 
ported species and/or types. 
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Analysis (2). "Non-ideal" montmorillonite 
and beidellite 

'Non-ideal '  montmori l loni tes  and beideUites were 
strongly discriminated (Table 4; Figure 1) with A1 w, 
AI TM, Mg, and Fe being the best discriminating chemical 
variables (Table 5). In 'non-ideal '  montmoril lonites,  
Fe and Mg compensate for the shortage of  AIVL Step- 
wise analysis shows that Mg and Fe are sufficient for 
a proper  classification (Table 6). All  samples examined 
were correctly classified (Figure 1). 

Analysis (3). "1deal and "non-ideal" montmorillonite 
Statistical analyses showed that ' ideal '  and 'non-ide- 

al '  montmori l loni tes  that can be distinguished by their 
dehydroxylation temperature can also be differentiated 
by their chemical composit ion.  AI TM, A1 vI, and Fe are 
the best discriminating chemical variables (Table 5); 
the others are only very slightly significant. The sig- 
nificance of  Mn, as in analysis (2), is doubtful. The only 
variables used for discrimination in stepwise analysis 
were Fe, Mg, and Ca, and of  these, Fe was the most 
important  (Table 6). Three of  sixty-seven were mis- 
classified, as is shown in Figure 1. 

Analysis (4). Wyoming- and Cheto-type 
montmorillonite 

For  distinguishing between the Wyoming- and Che- 
to-type of  montmoril lonites,  A1, Fe, Mg, and Ca were 
found to be the most  important  discriminant  variables 
(Table 5). Mg, Fe, and Ca, in that order, contribute 
most to the discriminant  function. Of  the 54 samples 
examined, only two were misclassified (Figure 1). 

Analysis (5). Otay-, Chambers-, and Tatatilla-type 
montmorillonite 

Analysis (5) addressed the Cheto-type subdivision 
of  Schultz (1969). Here, three types were compared,  
and, consequently, there were two discriminant  func- 
tions. Only sample 30 (Table 1), an Otay-type mont-  
morillonite,  of  28 was misclassified into the Chambers-  
type field. Impor tant  variables in discrimination were 
found to be A1TM, AI vI, Fe, Mg, and Ca (Table 5). The 
most interesting result is the distinction between Ta- 
tatiUa-type and the Chambers-  and Otay-types (Figure 
2). The TatatiUa-type is clearly well-defined, which had 
not been clarified previously. Function 1 in Table 6 
gives the discrimination between the Tatati l la-type and 
the Otay- and Chambers-types.  The most  important  
variables were found to be A1 w, Fe, and, to a lesser 
degree, Ca and AI TM. Function 2 seems to be responsible 
for the Otay-type and Chambers-type subdivision. 

Analysis (6). Chambers- and Otay-type 
montmorillonite 

To clarify the discrimination of  the Otay- and Cham- 
bers-type of  montmoril lonites,  these two types only 

c~21 

O 
z2q 
td- 

<2, 
O fO 

~2; 

2Q 

~ 2 .  

§ TATATILLA 
z~CHAMBERS 
�9 O T A Y  

z~ ~ § 

&A & § 

§ 
§ 

-2.0 -4D -gD -K0 -ld.0 scores 
DISCRIMINANT FUNCTION 1 

Plot of the sample scores in analysis (5) (see text). 

were considered in analysis (6). Table 5 shows that Fe 
is the most  important  discriminating variable; Mg and 
A1TM were much less important .  The low significance 
of  all chemical variables, Fe excluded (Table 5), causes 
the relatively low significance of  the discrimination 
between Otay- and Chambers-type montmori l loni tes  
(0.0064) (Table 4). Only one sample, the same as in 
Otay-Chambers-Tata t i l la - type  analysis is misclassi- 
fled (Figure 1). In Schultz's (1969) analyses, Mg and 
A1 were commonly  found in interlayer sites. To verify 
whether this distr ibution was responsible for this low 
significance, discriminant analysis was made of  20 Otay- 
and Chamber s - t ype  m o n t m o r i l l o n i t e s  taken  f rom 
Schultz and using his formulae. The significant vari-  
ables were found to be Fe 3§ Mg, A1 w, and f] (0.001, 
0.022, 0.007, 0.004, respectively). In analysis (6) f~ was 
not significant (0.152 of  Table 5). The significance of  
the discrimination is 0.0008, a relatively low value 
when compared with the significance of  the other anal- 
yses, but  better than the 0.0064 value of  the analysis 
(6). Two samples are misclassified. The difference in 
the analysis significances is at tr ibutable to the differ- 
ences in the significance of  ~2 which were strongly in- 
fluenced by the two samples (2G and 1G of  Table 1) 
of  Gr im and Kulbicki  (1961). This result is surprising 
as those two samples are from Otay and Chambers 
localities, respectively. On the basis of  these results, a 
definite crystal chemical characterization of  the sub- 
division into Otay- and Chambers-type crystal chem- 
istry, as proposed by Schultz (1969), may not  be jus-  
tified. Unfortunately the present study was carried out 
on only a few samples. More samples might clarify the 
problem. 

Analysis (7). Whole population 
Multivariate analysis of  variance of  all types of  sam- 

ples showed A1 Iv, A1 v~, Mg, Fe, and Ca to be the most  
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Table 8. Summary of the correctness of the classification for 
analysis (7) (whole population). 

% of 
No. of  samples 

Species sam - correctly 
or lype ~ pies MOO M O T  MOC M O W  M O N  MOB classified 

MOO 12 10 2 83 
MOT 6 6 100 
MOC 10 3 6 1 60 
MOW 23 2 20 87 
MON 13 100 
MOB 11 100 

1 
13 

11 

MOO = Otay-type; MOT = Tatatilla-type; MOC = Cham- 
bers-type; MOW = Wyoming-type; MON = 'non-ideal' 
montmorillonite; MOB = beidellite. 

important variables (Table 5). The significance of other 
elements (e.g., ~) was weak, or non-existent. Five dis- 
criminant functions were obtained, but three explain 
96% of variance. The fourth function was not very 
significant, and the fifth was not significant (Table 4). 
Thus, only three functions were considered (discrim- 
inant function coefficients and canonical variables are 
listed in Table 6). Canonical variables showed that in 
discriminant function the weight of the elements is in 
order, for the first function--A1TM, Mg, AlVa; for the 
second function--Fe,  Al vI, Ca; for the third function--  
Mg, A1TM, Al w, Ca. Table 7 reports the coefficients of 
Fisher's classification functions. 

Table 8 reports a summary of samples correctly and 
incorrectly classified; nine of seventy-five samples were 
incorrectly classified: five of these were misclassified 
in the Okay- and Chambers-type field. This behavior 
is understandable if  the low discrimination between 
the two groups, as previously shown, is considered. 

DISCUSSION AND CONCLUSIONS 

Tables 5 and 6 show that a classification and dis- 
crimination of Al-rich smectites can be made by con- 
sidering cations in tetrahedral, octahedral, and inter- 
layer sites. The very high degree of discrimination 
shown by Table 4 and by Figures 1 and 2 confirm the 
classifications of Grim and Kulbicki (1961), Weir and 
Greene-Kelly (1962), and Schultz (1969) based on 
physical properties or on chemical-physical test be- 
havior. For the octahedral cations, the most significant 
elements were AI vI, Mg, and Fe; Ti was not at all sig- 
nificant. Mn was weakly significant for some analyses, 
but this element was not analyzed in all samples, e.g., 
the Grim and Kulbicki (1961) samples. Only Ca was 
a significant discriminating element among interlayer 
cations. A1 w was highly significant. 

According to Schultz (1969) two chemical variables 
only allow a subdivision of Al-rich smectites to be 
made: the total net layer charge and the percentage of 
the total net layer charge in the tetrahedral sheets. The 
first variable differentiates the Wyoming-type mont-  
morillonites from the remaining types and/or species; 

Table 9. Parameters of the canonical discriminant functions 
for the five smectite classes. 

Func- Wilks'  Approx. 
tions ~ A ~ F t Significance 

1 to 4 0.0261 10.6924 0.0000 
2 to 4 0.1367 7.4547 0.0000 
3 to 4 0.4124 5.0147 0.0000 
4 0.7767 3.0426 0.0095 

See text. 

the second variable differentiates among the Okay-, 
Chambers-, and Tatatilla-types and beidellites. 

Weir and Greene-Kelly (1962) emphasized that bei- 
dellite is an Al-rich end member  of the montmoril lon- 
ite-beidellite series; A1, in fact, is very high both in 
tetrahedral and octahedral sheets (Table 3), the amount  
of Fe is within the average for Al-rich smectites, and 
Mg is very low and has a very high significance (Table 
5). fl is very high in beidellites even if its significance 
was found to be much lower than was expected. The 
small amount  of K in interlayer position makes this 
variable quite important. This result is not in agree- 
ment  with the observations of Weir and Greene-Kelly 
(1962). 

The dehydroxylation peak temperature of both nat- 
ural beidellites and 'non-ideal '  montmorillonites is 
550~176 which is much lower than for other mont-  
morillonites. The difference in the chemical compo- 
sition of these two species is marked both in the tet- 
rahedral and the octahedral sheets, as shown in Table 
3 and in Figure 1. 

'Non-ideal '  montmorillonites differ from 'ideal' 
montmorillonites in their distribution of A1 in the tet- 
rahedral and octahedral sites and their higher amount  
in Fe. According to Brigatti (1983) the dehydroxylation 
peak at 600~ is typical of smectites with an iron con- 
tent in the range 0.60-0.25 atoms per half cell as in 
the 'non-ideal '  montmorillonites examined here. 

Gr im and Kulbicki (1961) divided Al-smectites into 
Cheto- and Wyoming-types on the basis of their oc- 
tahedral layer population. They suggested that the Mg 
in the Cheto-types leads to an ordered distribution with 
one fourth of the a luminum replaced by magnesium. 
In contrast, in the Wyoming-type montmorillonites the 
Mg content is lower, and the octahedral sites occupied 
by Mg are randomly distributed. The Mg average con- 
tent in Cheto-type montmorillonites is in agreement 
with the Grim and Kulbicki hypothesis as shown in 
Table 3. The analysis of variance, however, shows Fe 
also to be a very important discriminant variable in 
the octahedral sheets, whereas its tetrahedral content 
is of very small significance. Finally, the interlayer con- 
tent seems to play an important role in this discrimi- 
nation through the Ca content which is significantly 
higher in Cheto-type montmorillonites (Tables 5 and 
6). 
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Table 10. Analysis (7): whole population. Significance of the chemical variables, classification coefficients, unstandardized 
discriminant function coefficients, and canonical variables from analysis (7), whole population. 

Spec ies  or  t ype  F u n c t i o n  AI 'v A1 vI Fc 

Significance 0.000 0.000 0.000 
/ Wyoming { - 2 8 6 . 4 4  1736.77 1817.70 

Classification Tatatilla - 268.19 1692.80 1746.23 
coef f ic ien ts  Otay-Charnbers - 287.64 1725.36 1794.51 

'non-ideal' mont. -278.33 1752.75 1853.34 
beidellite -233.24 1690.55 1755.04 

Unstandardized 2 - 0.5037 10.2282 19.2307 
coefficients 3 7.3100 - 1.8847 0.2885 

4 3.7563 -2.9889 -6.1098 
1 { -0.6421 -0.4133 0.0807 

Canonical 2 0.2115 -0.2554 0.7438 
variables 3 0.5559 -0.5411 0.3300 

4 0.1847 0.0718 -0.2134 

' The symbol * is used when the upward stepwise method does not include the element in the statistical analysis. 
2 f~ as in Table 3. 

Schultz (1969) suggested a subdivision of Cheto-type 
montmorillonites into three different types: Otay-, 
Chambers-, and Tatatilla-types. These types are chem- 
ically characterized by a large net layer charge, which 
is almost entirely (85-100%) in the octahedral sheet in 
Otay-type samples, whereas in the Chambers- and Ta- 
tatilla-type samples, the octahedral charge is in the 
range 50-85% of the total layer charge. Multivariate 
factor analysis and discriminant analysis show that Ta- 
tatilla-type samples are strongly discriminated and seem 
to form a well-defined type within the Cheto-type group; 
whereas, according to the present data, a differentiation 
between the Chambers- and  Otay-types is not as evi- 
dent. A multivariate analysis therefore was carried out 
with the same samples but grouping the Otay-type sam- 
ples with the Chambers-type samples; thus only five 
types of smectites were considered. The results are re- 
ported in Tables 9 and 10. The significance of discrim- 
ination and all other discriminative parameters as well 
as the significance of all chemical variables are much 
better than those found with Al-rich smectites subdi- 
vided into six groups. Only 4 samples of 75 were mis- 
classified. 

In conclusion, multivariate analysis of variance and 
discriminant analysis emphasize the differences in the 
crystal chemistry of types ofAl-rieh smectites proposed 
earlier on the basis of their physicochemical behavior. 
The strong significance found in discrimination allows 
a high probable attribution of a sample to the correct 
type, given the chemical analysis only. 
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