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COMPOSITIONAL END MEMBERS A N D  THERMODYNAMIC 
COMPONENTS OF ILLITE A N D  DIOCTAHEDRAL ALUMINOUS 

SMECTITE SOLID SOLUTIONS 
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Abstract--Consideration of XRD, TEM, AEM, and analytical data reported in the literature indicates 
that dioctahedral aluminous smectite and illite form two separate solid solutions that differ chemically 
from one another primarily by the extent of A1 substitution for Si, the amount of interlayer K, and the 
presence of  interlayer H20. The data indicate that limited dioetahedral-trioctahedral and dioctahedral- 
vacancy compositional variations occur in both minerals. Excluding interlayer H20 and based on a half 
unit cell [i.e., Oto(OH)2], natural dioctahedral smectite and illite solid solutions fall within the compo- 
sitional limits represented by Ao.3R~*Si40,o(OH)2-AR2+ R3+ Si40,o(OH)2-Ao2sR~3 R3178Alo.25Si3.7,Ojo(OH)2 
for smectites and A~.sR3)`~d~5Sis.~'~(~H)2-A~5R~+5R3.~s~.'Si~9~'~(~H)2-~.9R2+R~9Si3.'~(~H)2 
for illites, where A represents either monovalent  cations or divalent cations expressed as their monovalent 
equivalent (e.g., Ca 2 § R-" + stands for the divalent cations Mg 2§ and Fe 2 § and R 3 + refers to the trivalent 
cations AP § and Fe -3§ Taking account of  these compositional limits, smectite and illite solid solutions 
can be described in terms of nine and six thermodynamic components, respectively, all of which are 
consistent with both the law of definite proportions and the concept of a unit cell. Thermodynamic 
components that can be used to describe natural smectite solid solutions in terms of a half unit cell [i.e., 
Ojo(OH)2] can be expressed as NaA13Si30~o(OH)2, NaA13Si30~o(OH)2.4.5H20, A12Si40~o(OH)2 , 
Fe2Si, Ot0(OH)z, Mg3SiaO,o(OH),,  Fe3Si40~o(OH)2, K3AISi40,o(OH)2, KAI3Si30~o(OH)2 , and  
Cao.~A13Si3Oto(OH)2. Of these, NaAI3Si30~o(OH)2 " 4.5H20 provides explicitly for the presence of interlayer 
H20 in the mineral. Thermodynamic components representing illite solid solutions in natural systems 
can be written for a half unit cell as KA13Si30,o(OH)2, KMg3AISi30,o(OH),, KFe3AISi3OIo(OH)2 , 
AIzSi40~o(OH)~, KFe2AISi~O~o(OH)_,, and K3AISi40~o(OH)2. The calculations and observations sum- 
marized below indicate that neither smectite nor illite occur in nature as stoichiometric phases and that 
the two minerals do not form a mutual solid solution corresponding to mixed-layered illite/smectite. 

Key Words--Clay minerals, Composition, End members, lllite, I/S clays, Mixed-layered clays, Smectite, 
Stoichiometry, Structural formula, Thermodynamic components, Thermodynamic status. 

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

Ill i te a n d  the  d ioc t ahed r a l  a l u m i n o u s  m e m b e r s  o f  
the  smec t i t e  g roup  are m a j o r  cons t i t uen t s  o f  s ed imen-  
tary  rocks  a n d  pa r t i c ipan t s  in m a n y  chemica l  r eac t ions  
t h a t  occur  d u r i n g  wea the r ing  a n d  s e d i m e n t  diagenesis .  2 
Accura t e  chemica l  r e p r e s en t a t i on  o f  these  two mine ra l s  
is f u n d a m e n t a l  to p red ic t ion  o f  the i r  t h e r m o d y n a m i c  
b e h a v i o r  in geochemica l  processes.  A l t h o u g h  the  
chemica l  and  physical  cons t i t u t i on  o f  illite a n d  smec-  
ri te h a v e  rece ived  widespread  a t t en t ion ,  fai lure to doc-  
u m e n t  adequa te ly  the  mine ra logy  o f  clay samples  be-  
fore c o m p u t i n g  s t ruc tura l  f o rmu la s  f rom c o m b i n e d  
X- ray  di f f rac t ion ( X R D )  da ta  a n d  bulk  chemica l  ana l -  
yses ha s  resu l ted  in cons ide rab le  con fus ion  o v e r  the  
ex ten t  to  wh ich  illite a n d  smec t i t e  exh ib i t  m u t u a l  solid 

E Current address: Geosciences Research Division 0220, 
Scripps Institution of Oceanography, University of California 
at San Diego, La Jolla, California 92093-0220. 

2 In accord with the classification system established by the 
AIPEA (Bailey et al.. 1984), the terms smectite and illite are 
used in the present communication to refer to two separate 
mineral groups that have specific crystallographic and chem- 
ical characteristics that distinguish the species in one group 
from those in the other. 
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solubi l i ty .  Fo r  example ,  i t  can  be  seen in Figure  1 t ha t  
ex tens ive  c o m p o s i t i o n a l  ove r l ap  occurs  a m o n g  m i n -  
erals  des igna ted  in the  l i t e ra tu re  as smect i tes ,  illites, 
a n d  w h a t  are c o m m o n l y  cal led mixed - l aye red  I /S clays. 
A l t h o u g h  th i s  ove r l ap  has  been  ci ted as ev idence  t h a t  
smec t i t e  a n d  illi te fo rm a m u t u a l  sol id so lu t ion ,  it is 
no t  necessari ly ind ica t ive  o f  solid so lu t ion  be tween  t h e m  
( R a n s o m  a n d  Helgeson,  1989; W a r r e n  a n d  R a n s o m ,  
1992). 3 T h e  pu rpose  o f  the  p resen t  c o m m u n i c a t i o n  is 
to d e t e r m i n e  accura te  c o m p o s i t i o n a l  l imi t s  o f  sol id 
solubi l i ty  in smec t i t e  a n d  il l i te by  cr i t ical ly ana lyz ing  
c o m p o s i t i o n a l  da ta  r epor t ed  in the  l i te ra ture  in  o rde r  
to genera te  sets o f  t h e r m o d y n a m i c  c o m p o n e n t s  t h a t  
can  be  used to descr ibe  the  chemica l  i n t e rac t ion  of i l l i t e  
a n d  smec t i t e  wi th  the i r  mine ra log ic  a n d  aqua t ic  en-  
v i r o n m e n t .  

M a n y  smec t i t e  and  illi te ana lyses  h a v e  b e e n  pub-  
l i shed  ove r  the  pas t  50 years  (Ross  a n d  Hendr icks ,  
1945; Ke r r  et aL, 1950; Earley et aL, 1953; Y o d e r  a n d  
Eugster,  1955; Foster ,  1951, 1953, 1954; H o w e r  a n d  

3 As discussed by Warren and Ransom (1992), composi- 
tional ambiguities in Figure I also arise in part from plotting 
the compositions of clay minerals that are not perfectly di- 
octahedral on coordinates which require them to be so. 
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Figure 1. Fields of compositional variation for smectite, illite, celadonite, and mixed-layered clays reported by Weaver and 
Pollard (1973). The chemical formula groups at the apices of the triangle correspond to generic formulas in which A denotes 
monovalent cations or divalent cations expressed as their monovalent equivalent (e.g., Ca~+/2), R 2§ refers to the divalent 
cations Mg 2§ and Fe 2. , and R 3§ stands for the trivalent cations AI 3§ and Fe ~+. 

Mowatt,  1966; Schultz, 1969; Weaver  and Pollard, 
1973; Hower et al., 1976; Gr im and Guven, 1978; 
Brigatti and Poppi, 1981; Merino and Ransom, 1982; 
Inoue and Utada, 1983; Srodofi and Eberl, 1984; Sro- 
doff et al., 1986; Velde and Brusewitz, 1986; Nadeau 
and Bain, 1986; Guven, 1988; Newman and Brown, 
1987; Warren and Curtis, 1989; Jiang et aL, 1990; and 
others). However,  most  of  the resulting structural for- 
mulas were not generated from chemical analyses o f  
single crystals, but rather from bulk composit ions of  
clay samples that appear  from XRD analyses to be 
composed solely ofsmect i te  or illite. It has been shown 
recently (Warren and Ransom, 1992) that XRD anal- 
ysis alone cannot be used to characterize unambigu- 
ously the mineralogy of  clay samples. For  example, 
s tandard X R D  analyses of  powdered samples in the 
35-40 micron size fraction cannot detect less than ~0.5 
wt. % quartz or ~ 7 wt. % discrete illite grains in any 
given bulk sample (Pawioski, 1985). In addition, as the 
grain size o f  the minerals that are present in minor  
amounts  in the sample decreases, the percentage that 
escapes detection by XRD increases (Till and Spears, 
1969; Maniar  and Cooke, 1987). In the clay size frac- 
t ion of  sediments, powder X R D  techniques generally 
cannot detect accessory oxides and hydroxides at levels 
below ~ 5% of  the total sample weight (Reynolds, 1980). 
Similarly, uncertainties in determining the concentra- 
tions of  structurally similar 2:1 phyllosilicates in the 
sample can range up to 20% (Srodofi, 1980). As a result, 
there is a high probabil i ty  that clay mineral structural 
formulas generated solely from XRD-bulk  chemical 
analyses reflect the composi t ions of  sample impurities.  

Furthermore,  the common practice o f  assigning min- 
eral names to expandable and nonexpandable layers 
of  uncertain chemical composi t ion strictly on the basis 
of  X R D  data contributes another dimension of  uncer- 
tainty in assessing the mineralogy of  clay mineral sam- 
ples. For  example, the expandabil i ty of  a clay sample 
detected by XRD may be caused by interparticle dif- 
fraction rather than the presence of  smectite (Nadeau 
et aL, 1984a, 1984b; Eberl et al., 1987). Consequently, 
the actual composit ional  variation in smectite or illite 
is probably much more restricted than that inferred 
from most  compilat ions of  composit ional  data, such 
as that shown in Figure 1. This observation is sup- 
ported by the analysis o f  composit ional  data summa- 
rized in the following pages, which is based on objective 
selection criteria designed to minimize the uncertain- 
ties adduced above. 

A number  of  recent at tempts to distinguish chemi- 
cally between smectite and illite rely on coupling trans- 
mission electron microscopy (TEM) with analytical 
electron microanalysis (AEM) and/or  other micro- 
chemical techniques to study single crystals of  clay 
minerals (Ireland et al., 1983; Duplay, 1984; Lee et al., 
1985; Ahn and Peacor, 1986; Yau et al., 1987; Huffet  
aL, 1988; Warren and Curtis, 1989; Inoue et al., 1987, 
1990; Jiang et aL, 1990). However,  studies of  this kind 
have been performed only on samples from a l imited 
number  of  sites and geologic environments.  Although 
some trends in the composit ions of  smectite and illite 
have been identified from high resolution TEM studies, 
enough data of  this kind are not yet available or suf- 
ficiently quanti tat ive to resolve the composit ional  am- 
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biguities represented by the overlapping fields in Figure 
1. Consequently,  most of what we know about the 
chemistry of smectite and illite comes from combined 
XRD and bulk chemical analyses of clay samples that 
are reported in the literature to consist solely of smec- 
tite or illite without confirmation by TEM or AEM 
studies. Combining these data with compositional 
trends identified by TEM/AEM and other bulk tech- 
niques such as M6ssbauer spectroscopy and NMR fa- 
cilitates critical analysis of smectite and illite compo- 
sitions. 

ANALYSIS OF COMPOSITIONAL DATA 

As discussed by Aagaard and Helgeson (1983), der- 
ivation of the structural formulas of clay minerals from 
chemical analyses of bulk samples may result in com- 
positional ambiguities arising from sample heteroge- 
neity. However, such ambiguities can be minimized if 
objective selection criteria are established to discrim- 
inate among sample analyses in order to identify those 
most representative of smectite or illite. The following 
selection criteria were used in the present study to eval- 
uate all of the sample analyses of smectite and illite 
that could be found in the literature over the past four 
decades. These were: l) no sample impurities were 
detected by XRD, 2) the reported composition of the 
mineral in oxide weight percent sums to 97-102%, 3) 
analytical determinations were made independently for 
FeO and Fe203, 4) the illite samples contained - 15% 
expandable layers and/or had a cation exchange ca- 
pacity (CEC) of -<45 meq g ~, and 5) the smectite 
samples contained >-85% expandable layers and/or had 
a CEC of >-90 meq g- ' .  Because interpretation of both 
CEC and measurements of sample expandability are 
subject to a host of uncertainties (Ransom and Helge- 
son, 1989), the last two criteria were established simply 
as gross, but not necessarily reliable, indicators of 
smectite or illite sample purity. The CEC and expand- 
ability criteria for smectite were set at high values to 
guarantee selection of samples composed primarily of 
sheet silicates with low layer charges. Less restrictive 
criteria were adopted for illite because CEC and sample 
expandability are affected by grain size. For example, 
TEM studies ofillite samples show that many of them 
consist primarily of thin particles. These particles may 
increase CEC values to moderate levels as water or 
ethylene glycol molecules are adsorbed on the upper 
and lower free surfaces of the particles. As a result, 
sample expandability may occur even in the absence 
ofsmectite (Nadeau et al., 1984a, 1984b, 1984c; Eberl 
et al., 1987). 

Structural formulas of smectite and illite written in 
terms of a half unit  cell [i.e., O~0(OH)2] that fit all of  
the selection criteria stipulated above were computed 
in the present study from reported oxide weight per- 
cents using the procedure described by Newman and 
Brown (1987, p. 15) after removing the weight percents 

of TiO2 and MnO from the analyses; these were then 
normalized to 100%. The analyses of TiO 2 and MnO 
were excluded because Ross and Hendricks (1945), 
Schultz (1969), and Weaver and Pollard (1973) con- 
cluded that Ti 4+ and Mn 2+ in most chemical analyses 
of smectite and illite are caused by small amounts of 
cryptocrystalline rutile and manganese oxides that can- 
not be detected by XRD. This conclusion is supported 
by recent AEM analyses ofsmectite and illite that have 
been identified as such by careful TEM studies. No Ti 
or Mn is reported in these analyses, except for two 
illites analyzed by Warren and Curtis (1989), which 
contain only 0.02 atoms of Ti based on a structural 
formula for Oio(OH)2. 

Site occupancies in smectite and illite structural for- 
mulas computed from chemical analyses reported in 
the literature are listed in Tables 1 and 2. Although 
hundreds of analyses were considered, only those rep- 
resented by the occupancies shown in these tables met 
the selection criteria described above. Despite the fact 
that the analyses in Tables 1 and 2 are small in number,  
they represent a wide range of geologic environments 
and lithologies. It can be deduced from these tables 
that both smectite and illite exhibit substantial varia- 
tion in their 2:1 silicate layer compositions. It is also 
apparent that the negative layer charge is small (~ 0.3-  
0.5) in the smectite samples. This charge is generally 
satisfied in geologic systems by Na +, Ca 2§ and K + on 
the interlayer sites in the mineral. In contrast, the layer 
charge in illite is more negative (~0.6-0.8) with inter- 
layer sites that are nearly all occupied by K +. The mole 
fraction of trivalent cations in the octahedral sites 
(XVL) of the smectites and illites represented by the 
analyses in Tables 1 and 2 are plotted in Figure 2 as a 
function of the mole fraction of AI in the tetrahedral 
sites (XkV). Smectite analyses are represented in this 
figure by circles and illite analyses by triangles. It can 
be seen that all but one of each type of symbol fall into 
separate groups in Figure 2. These groups are separated 
by a dashed vertical line at Xk v -~ 0.06. Note that the 
symbols representing smectite and illite in Figure 2 are 
in adjacent fields, rather than being separated by a field 
of mixed-layered clays, such as that shown in a similar 
diagram generated by Aagaard and Helgeson (1983). 

The difference in both the mole fraction of tetra- 
hedral A1 and the identity and concentration of the 
interlayer cations in the site occupancies shown in Ta- 
bles 1 and 2 suggests that no continuous solid solution 
exists between smectite and illite. This conclusion is 
supported by site-charge correlations for smectite and 
illite (see below) as well as recent Mrssbauer studies 
of these minerals (Heller-Kallai and Rozenson, 1981) 
and TEM/AEM studies of the chemistry and textural 
relations of illite and smectite clays in mineral sepa- 
rates and ion-milled thin sections (Ahn and Peacor, 
1986; Yau et aL, 1987). The latter studies indicate that 
smectite reacts to form illite via a dissolution/precip- 
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itation mechanism, rather than by exsolution or through 
coupled tetrahedral-interlayer substitutions that take 
place in the solid state. It thus appears that smectite 
and illite form separate solid solutions, each of  which 
involves the substitution of  A1 for Si on the tetrahedral 
sites and/or divalent cations for trivalent cations on 
the octahedral sites. These substitutions, in turn, may 
be coupled to each other and/or the cation occupancy 
of  the interlayer sites. Furthermore, evidence adduced 
below indicates that limited solid solubility may occur 
between dioctahedral and trioctahedral components in 
both smectite and illite solid solutions. 

Site-charge correlations and 
compositional end members 

Structural considerations (Newman and Brown, 
1987) and thermodynamic analysis of  aqueous solution 
compositions coexisting with smectites and illites in 
natural systems (Garrels, 1984) suggest that the num- 
ber of  cations occupying the octahedral sites of  illites 
and smectites ranges from ~ 1.9-2.1 [per OIo(OH)z]. 
The site occupancies in Tables 1 and 2 support this 
conclusion. The extent of  the variation in octahedral 
site occupancy (Ooc) in these minerals can be assessed 
in Figure 3, where the octahedral occupancies of  the 
illites and smectites given in Tables 1 and 2 are indi- 
cated by black bars. It can be seen in this figure that 
octahedral site occupancies in smectite vary from ~ 1.9- 
2.13 and those in illite from ~ 1.95-2.11. It can also 
be seen that the distribution of  Ooc for both minerals 
is skewed to values greater than 2.0. Although total 
octahedral site occupancies that differ from 2.0 [per 
O,o(OH)2] by more than ~ +0.05 are generally taken 
to indicate the presence of  undetected cryptocrystalline 
impurities in the clay samples (Weaver and Pollard, 
1973; Newman and Brown, 1987), octahedral occu- 
pancies slightly greater or less than 2.0 may also result 
from limited dioctahedral-trioctahedral and diocta- 
hedral-vacancy solid solution (Kelley, 1945). Because 
the samples represented by the site occupancies shown 
in Tables 1 and 2 meet the selection criteria described 
above, the variation of  Ooc in the tables can be attrib- 
uted to solid solution. Taking account of  the spread of  
octahedral occupancies shown in Figure 3, it seems 
reasonable to assume limits of  total octahedral site 
occupancy of  2.0 + 0.1 for both smectite and illite. A 
search o f  the literature reveals that other dioctahedral 
2:1 layer silicates such as coarsely crystalline muscovite 
exhibit a similar spread in octahedral occupancy. This 
similarity in the octahedral occupancies of  large flakes 
of  muscovite and fine-grained clay samples suggests 
that limited dioctahedral-trioctahedral and dioctahe- 
dral-vacancy solid solution in illite, smectite, and other 
layer silicates is commonplace. 4 

" It has been shown that muscovite flakes that appear from 
XRD diffraetograms or petrographic analysis to be pure may, 

,.or, , PYRO 

os I 0  . /X - 

.,- I 

0.8 

o.71 I I I 
0 QI Q2 

Figure 2. Mole fractions of trivalent cations in the octahe- 
dral sites (XV]~) of the smectites (circles) and illites (triangles) 
represented by the site occupancies given in Tables 1 and 2, 
as a function of the mole fraction of tetrahedral A1 (X TM) in 
the minerals. The dashed vertical line at Xi v = 0.06 represents 
the approximate maximum and minimum values of tetra- 
hedral substitution in smectites and illites, respectively. Val- 

VI ues of XR3. and X~A'~ corresponding to those for stoichiometric 
pyrophyllite (PYRO) and muscovite (MUSC) are indicated 
in the upper corners of the diagram. The size of the symbols 
corresponds to the minimum uncertainty in the amount of 
tetrahedral A1 or octahedral R 3 § calculated for each structural 
formula (Warren and Ransom, 1992). 

Because demonstrable variation occurs in the octa- 
hedral occupancy ofsmecti tes and illites, four descrip- 
tive generic variables are required to describe the com- 
positions of  these minerals: one accounting for the total 
number ofoctahedrally coordinated cations (Ooc), and 
three others representing the total cation charge on the 
interlayer (Z,), octahedral (Zo), and tetrahedral (Zr) 
sites. These quantities are given in Tables 3 and 4 for 
the site occupancies listed in Tables 1 and 2, respec- 
tively. It should be noted that only two of the three 
charge variables shown in Tables 3 and 4 are indepen- 
dent of  one another, owing to the requirement that 
electrical neutrality be maintained (see below). 

Illite solid solutions. The tetrahedral, octahedral, and 
interlayer cation charges for illites shown in Table 3 
are plotted against each other in Figures 4-6. As dis- 
cussed by Warren and Ransom (1992), site occupancies 

in fact, contain small inclusions of other minerals. However, 
the volume of these inclusions and their contribution to the 
bulk chemistry and stoichiometry of the mineral are generally 
negligible (Page, 1980). 
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Figure 3. Histograms representing the octahedral occupancies (Ooc) of the smectites and illites given in Tables 3 and 4. 
Each bar represents the number  of smectite or illite analyses that fall within the range defined by the labeled Ooc --- 0.01. 

specified in m o s t  clay m i n e r a l  s t ruc tura l  fo rmulas  de-  
r ived  f r o m  X R D - b u l k  chemica l  da ta  are at  bes t  sig- 
n i f icant  to  the  first dec ima l  place. T h e  size o f  the  circles 
p lo t t ed  in Figures  4 - 6  represen t s  th is  m i n i m u m  un-  
ce r t a in ty  (i.e., _+0.05). T he  whi te  a n d  gray s ym bo l s  
s h o w n  in these  figures d e n o t e  Ooc > 2.03 and  Ooc = 
2,0 -+ 0.03,  respect ively.  Hence,  the  circles des ignate  
va lues  o f  Ooc t ha t  fall e i the r  above ,  on,  or  be low the  
p l ane  o f  the  paper ,  wh ich  represen t s  Ooc = 2.0. It  can  
be  seen in Figure  4 t ha t  the  t e t r ahedra l  ca t ion  charge  
in illites correla tes  well wi th  the  in ter layer  ca t ion  charge. 
F o r  m o s t  na tu ra l  illites, th is  co inc ides  wi th  the  n u m b e r  
o f K  + ca t ions  in  the  in te r layer  sites. A s imi la r  bu t  less 
p r o n o u n c e d  cor re la t ion  o f  t e t r ahedra l  a n d  oc tahedra l  

Table 3. Octahedral occupancy (Ooc) and site charges on the 
interlayer (Z0, octahedral (Zo), and tetrahedral (Zr) sites in 
the illite solid solutions represented by the site occupancies 
shown in Table 1. 

Ooc Z, Z~, ZT 

1.99 0.55 5.56 15.90 
1.92 0.76 5.58 15.66 
2.13 0.39 5.86 15.75 
2.03 0.39 5.68 15.92 
2.02 0.37 5.79 15.85 
2.01 0.49 5.71 15.80 
2.04 0.39 5.64 15.97 
2.02 0.37 5.79 15.85 
2.06 0.44 5.63 15.93 
2.06 0.21 5.85 15.94 
2.06 0.41 5.65 15.93 
2.03 0.44 5.67 15.90 
2.08 0.26 5.90 15.84 
2.02 0.48 5.55 15.97 
2.02 0.50 5.63 15.87 
2.02 0.42 5.74 15.81 
2.02 0.43 5.66 15.91 

charge is appa ren t  in Figure 5. Stra ight  l ines were d rawn  
t h r o u g h  the  gray symbo l s  in  Figures  4 a n d  5 repre-  
sen t ing  the  da ta  for  wh ich  Ooc = 2.0 + 0.03. It  is 
a p p a r e n t  in these  figures tha t  the  l ines in te rsec t  m o s t  
o f  the  gray circles a n d  t ha t  the i r  cen ters  fall w i t h i n  0.1 
charge  un i t s  o f  the  lines. T h e  la t ter  difference is well 
w i th in  the  ana ly t ica l  unce r t a in t i e s  o f  the  da ta  repre-  
sen ted  by  the  symbols .  T h e  s t ra ight  l ines d r a w n  in 
Figures  4 a n d  5 are cons i s t en t  wi th  electr ical  neut ra l i ty ,  
wh ich  requi res  

Z r  + Zo + Z I = 2 2  (1) 

where  22 deno te s  the  nega t ive  layer  charge  o f  the  ra in -  

Table 4. Octahedral occupancy (Ooc) and site charges on the 
interlayer (Z0, octahedral (Zo), and tetrahedral (Z-r) sites in 
the srnectite solid solutions represented by the site occupan- 
cies shown in Table 2. 

Ooc z, z~, z~ 

2.02 0.82 5.62 15.57 
2.12 0.66 5.98 15.36 
2.00 0.68 5.73 15.59 
2.09 0.76 5.89 15.35 
2.00 0.77 5.70 15.53 
2.00 0.78 5.64 15.59 
2.02 0.73 5.73 15.54 
2.03 0.67 5.66 15.67 
2.04 0.78 5.75 15.47 
2.02 0.73 5.82 15.45 
2.03 0.66 5.77 15.57 
2.03 0.64 5.66 15.70 
2.01 0.59 5.72 15.69 
2.00 0.60 5.60 15.80 
2.04 0.79 5.76 15.45 
2.01 0.70 5.65 15.64 
2.02 0.79 5.65 15.59 
1.97 0.86 5.66 15.47 
1.99 0.88 5.76 15.36 
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Figure 4. Interlayer charge (Z0 in illite plotted as a function 
of the tetrahedral charge (Z~) for the site charges given in 
Table 3. The white and gray circles represent stoichiometries 
for which Ooc < 2.03 and Oo~. = 2.0 _+ 0.03, respectively. 
The black circle denotes a glauconitic compositional end 
member designated for the purposes of this communication 
as GLAUC (see text). The straight line drawn through the 
symbols represents data for which Oo~- = 2.0 +_ 0.03. 

eral per Oio(OH)~. As a consequence, the slope and 
intercept of  the straight line in Figure 6 are determined 
by those in Figures 4 and 5. Although the symbols in 
Figures 5 and 6 are clustered over small intervals of  
Zo, it can be seen that the line in this figure is never- 
theless consistent with the distribution of  the bulk of  
the symbols. Inspection of  the data shown in Figures 
4-6 indicates that the bulk of  the cation charge in the 
interlayer sites in illites is compensated predominantly 
by the cation charge-deficiency in the tetrahedral sites 
of  the mineral. Despite the fact that the symbols in 
Figures 4-6 are somewhat scattered, they are for the 
most part consistent with limited trioctahedral-dioc- 
tahedral and dioctahedral-vacancy solid solution. 

Following Holdaway (1980), the term compositional 
end member  is used in the present communicat ion to 
refer to a nonstoichiometric limit of  compositional 
variation exhibited by a solid solution. 5 As such, the 
compositions of  these end members are arbitrary, pro- 
vided they fulfill the criteria that they bracket the range 
of  compositional variation in the mineral. In the case 
o f  the illites considered in the present study, an ade- 
quate set of  compositional end members must not only 
satisfy the trends shown in Figures 4--6, but must also 
bracket total octahedral occupancies (Ooc) from 1.9- 
2.1 (see above). The lines in Figures 4-6 permit a gen- 
eralized compositional end member  to be selected for 

Figure 5. Octahedral charge (Zo) in illite plotted as a func- 
tion of the tetrahedral charge (Zr) for the site charges given 
in Table 3 (see text and caption of Figure 4). 

illite solid solutions with Ooc = 2.0. This generalized 
composition is indicated by the black G L A U C  circles 
in Figures 4-6, which represents the formula unit 

2+ 3+ A0.55 R0.45Ri 55A10.1 S13. 9010 (OH)2  (2) 

where A denotes a monovalent  cation or its divalent 
charge equivalent (e.g., Ca2+/2), and R ~+ and R 3+ stand 
for divalent and trivalent cations, respectively. 

It has been shown by Garrels (1984) that illites in 
equilibrium with natural waters can be described in 
terms of  an end member  with an octahedral occupancy 
of  1.9 (AL-ILL) and a generalized chemical formula 
corresponding to 

For example, the end-member formula for chlorite in pe- 
litic rocks saturated with At and Si corresponds to 
Fe454A12~2Si2540)o(OH)~ (Holdaway, 1980). 

Figure 6. Interlayer charge (Zt) in illite plotted as a function 
of the octahedral charge (Zo) for the site charges given in 
Table 3 (see text and caption of Figure 4). 

https://doi.org/10.1346/CCMN.1993.0410503 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1993.0410503


544 Ransom and Helgeson Clays and Clay Minerals 

Figure 7. Interlayer charge (Z0 in smectite plotted as a func- 
tion of the octahedral charge (Zo) for the site charges given 
in Table 4. The gray and white circles represent stoichiom- 
etries for Ooc > 2.0 _+ 0.03 and Oc• < 2.03, respectively. 
The striped circle denotes O(• < 1.97 and the black circle 
designates stoichiometric celadonite. The straight line drawn 
through the symbols represents O ~  = 2.0 + 0.03 (see text). 

Figure 8. Octahedral charge (Z~) in smectite plotted as a 
function of the tetrahedral charge (Zr) for the site charges 
given in Table 4 (see text and caption of Figure 7). 

Figure 9. Octahedral charge (Z0 in smectite plotted as a 
function of  the tetrahedral charge (Z,r) for the site charges 
given in Table 4 (see text and caption of Figure 7). 

A08R33A10 ,Si3.,O,0(OH)> (3) 

Th is  fo rmula  uni t  was selected in the present  s tudy 
as the il l i te solid solut ion end m e m b e r  for Ooc = 1.9. 
End m e m b e r  (3) and the equa t ions  o f  the lines shown 
in Figures  4 -6  for Ooc = 2.0 de t e rmine  the c o m p o -  
s i t ion o f  a third genera l ized  solid solut ion end m e m -  
ber  ( M G - I L L )  for which  Ooc  = 2.1. The  genera l ized 
chemica l  fo rmula  o f  this end m e m b e r  is shown in 
Table  5, together  wi th  those  o f  end m e m b e r s  (2) and 
(3). These  three end m e m b e r s  form a compos i t i ona l  
plane that  is r epresen ta t ive  o f  the compos i t i ons  o f  the 
bulk o f  the il l i te sol id solu t ions  represented  by the 
site occupancies  shown in Table  1. The  equa t ion  o f  
this p lane  is g iven  by 

565.5 = 4.5 Zo + 30.0 ZT + 31.5 O o o  (4) 

Eq. 4 is closely consistent  wi th  the compos i t iona l  data  
shown in Table  1. 

Smectite solid solutions. Diagrams s imilar  to those de- 
scribed above  for illite are depicted in Figures 7-9  for 
the smect i te  site occupancies  shown in Table  2. Al-  
though no inter layer  H 2 0  appears in this table, the 
composi t ional  consequences o f  interlayer hydrat ion are 
taken into account  below. The  diagrams shown in Fig- 
ures 7-9  were generated using the values ofZx, ZT, and 
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Zo given in Table 4. The gray, striped, and white circles 
shown in these figures represent Ooc = 2.0 _+ 0.03, 
Ooc < 1.97, and Ooc > 2.03, respectively. As expected, 
there is a correlation in Figure 7 between the cation 
charge on the octahedral and interlayer sites of  smec- 
tite. A similar but less pronounced correlation is ap- 
parent in Figure 8 between the cation charges in the 
octahedral and tetrahedral sites in the mineral. 

Straight lines were drawn through the gray symbols 
in Figures 7 and 8 representing the data for which Ooc 
= 2.0 _+ 0.03. It can be seen in these figures that the 
lines are within 0.1 charge units of  the centers of  the 
gray circles, which is well within the analytical uncer- 
tainty o f  the data represented by the symbols. As in 
Figures 4 and 5, the lines shown in Figures 7 and 8 are 
consistent with electrical neutrality (Eq. 1), which con- 
strains the position and slope of  the line in Figure 9. 
Although the symbols in Figure 9 are clustered over 
short intervals of  Zr, it can be seen that line 15 is 
consistent with most of  the data represented by the 
symbols. It is apparent in Figures 7-9 that the bulk of  
the octabedral deficiency in smectite is compensated 
by the total charge of  the cations in the interlayer sites. 
The data shown in these figures are generally consistent 
with limited trioctahedral-dioctahedral and dioctahe- 
dral-vacancy solid solution. 

The lines drawn through the circles in Figures 7-9 
representing Ooc = 2.0 intersect the generalized com- 
position of  stoichiometric celadonite (CELAD), which 
is represented by 

AR 2 + R 3 ~ Si40,o(OH)2 (5) 

where A denotes a monovalent  cation or its divalent 
charge equivalent and R 2t and R 3+ stand for divalent 
and trivalent cations, respectively. Celadonite is thus 
a compositional end member  of  smectite solid solu- 
tions for which the octahedral occupancy is 2.0. As in 
the case of  illite, the smectite end member  adopted in 
the present study to represent Ooc = 1.9 (AL-SMEC) 
corresponds to the smectite end member  proposed by 
Garrels (1984). This end member  was selected because 
it is consistent with water compositions reported to be 
in equilibrium with smectites in natural systems (Aa- 
gaard and Helgeson, 1983; Garrels, 1984). The gen- 
eralized chemical formula of  the end member  is 

A0.3All.gSi40~0(OH)2. (6) 

Taking account of  the compositions ofsmecti te  solid 
solution end members (5) and (6), together with the 
equations of  the lines shown in Figures 7-9 for Ooc = 
2.0, the site occupancy in a third smectite solid solution 
generalized end member  (MG-SMEC) can be calcu- 
lated for Ooc --- 2.1. The result o f  this calculation is 
shown in Table 5, together with the chemical formulas 
of  the other two smectite solid solution end members. 
As in the case of  illite solid solutions, these three end 
members form a compositional plane which is repre- 

Table 5. Generalized compositional end members of the il- 
lite and smectite solid solutions represented by the site oc- 
cupancies shown in Tables 1 and 2. 

AL-SMEC 
MG-SMEC 
CELAD 

AL-1LL 
MG-ILL 
GLAUC 

Smectite solid solutions 
Ao.3R3+ t 9Si40~0(OH)2 
Ao.25R2+0 ~R3+ j sA10.zsSi3.75O10(OH)2 
AR 2+ R ~+ Si40,0(OH)2 

lllite solid solutions 
Ao.8 R3+ ,.gAlo.sSi3.50~o(OH)2 
Ao.9R2+o.3R3 + ,.8Alo.gSi3A Olo(OH)~ 
Ao.5~R2+o45R3+~.5~AIo i Si~.9Om(OH)2 

A represents monovalent cations or divalent cations ex- 
pressed in terms of their monovalent equivalent (e.g., Ca2+/ 
2), R 2~ stands for the divalent cations Mg 2+ and Fe 2+, and 
R 3+ refers to the trivalent cations A13+ and Fe 3+. 

sentative of  the compositions of  the bulk of  the smec- 
tire solid solutions with the site occupancies shown in 
Table 2. The equation of  this plane is 

25.0 = 2.0 Zo + Zr - O o c ,  (7) 

which represents closely the bulk of  the compositional 
data for smectite solid solutions in Table 2. 

T H E R M O D Y N A M I C  COMPONENTS 

The term thermodynamic component is used in the 
present communicat ion in its strict sense. A thermo- 
dynamic component  of  a mineral corresponds to a 
chemical formula unit representing one of  the mini- 
mum number of  independent variables required to de- 
scribe the composition of  the mineral. Any set of  ther- 
modynamic components can be chosen for this purpose, 
none of  which is uniquely suitable. However, one set 
may be more convenient to use in a particular context 
than another. A thermodynamic component  need have 
no physical significance and (assertions to the contrary 
by Lippmann, 1977 and 1982, notwithstanding)the 
chemical formula representing a thermodynamic com- 
ponent does not necessarily have to conform to both 
the law of definite proportions and the concept of  a 
unit cell, provided that it satisfies the requirement that 
it is one o f  a min imum number of  independent com- 
positional variables in the system. As such, it can be 
either added to, or subtracted from a system to describe 
the composition of  a phase. Unlike solid solutions, 
stoichiometric minerals consist of  only one component  
with a chemical formula corresponding to that of  the 
mineral. In the case of  smectite and illite solid solu- 
tions, thermodynamic components corresponding to 
phyllosilicate species for which the thermodynamic 
properties are known facilitate calculation of  the rel- 
ative stabilities or metastabilities of  illite and smectite 
solid solutions in geologic systems. 

The compositions of  each set of  the three nonstoi- 
chiometric end members of  illite and smectite solid 
solutions shown in Table 5 can be expressed in terms 
of  four generic thermodynamic components. These are 
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Figure 10. Generalized composition diagram for the generic 
system AR:+AISi, O,, (OH),-R:+Si, O,, (OH),-A, AISi O,, 
(OH),AR~+AlSi30,,(OH)z (see text). 

AR:+AlSi, O,,(OH), , R:+ Si, O,,(OH), , A, AlSi,- 
O,,(OH),, and R;+Si,O,,(OH),, for smectite solid so- 
lutions and AR~+AlSi,O,,(OH),, AR:+AlSi,O,,(OH),, 
R~+Si,O,,(OH),, and A,AlSi,O,,(OH), for illite solid 
solutions. The representative compositional planes de- 
scribed by Eqs. 4 and 7 are depicted in Figures 10 and 
11, respectively, in terms of these two sets of generic 
thermodynamic components, which correspond to the 
apices of the compositional tetrahedrons shown in the 
figures. The end members of the two solid solutions 
plot on the horizontal reference planes in these tetra- 
hedrons. I t  can be deduced from Figures 10 and 11 
that the two tetrahedrons share a common face cor- 
responding to  the subsystem R:+ Si, 0 ,,(OH),- 
AR~+AlSi,0,0(OH),-A3AlSi4010(OH),. It follows that 
the two tetrahedrons can be combined to form the 
trigonal bipyramid shown in Figure 12. The end mem- 

Figure 1 1. Generalized composition diagram for the gener- 
icsystem AR~+AISi,0,,(OH),-R~-Si,0,,,(OH)2-A,AISi,01,- 
(OH)2-AR~+-Si,0,0(OH)2 (see text). 

Figure 12. Illustration of the relative positions of the smec- 
tite and illite compositional planes with respect to one another 
in a trigonal dipyramid representing the overall generic sys- 
tem, R~+Si40,,(OH)2-R~+Si4010(OH)2-A3A1Si4010(OH)2-AR 
~+AlSi,0,,(OH)2-AR~+A1Si3010(OH)2.The upper and lower 
pyramids correspond to the compositional tetrahedrons for 
illite and smectite in Figures 10 and 1 1, respectively (see text). 

bers of the smectite and illite solid solutions plot in 
Figure 12 on the planes circumscribed by the dashed 
and dotted lines, respectively. It can be seen in this 
figure that the representative compositional planes for 
the illite and smectite solid solutions (shown as dark 
planes) each have one compositional end member that 
falls on the horizontal plane of symmetry in the trigonal 
bipyramid. Nevertheless, the orientations of the dark 
planes are completely different, which precludes mutual 
solid solubility between smectite and illite solid solu- 
tions. 

The generic thermodynamic components that ap- 
pear at the apices of the tetrahedrons depicted in Fig- 
ures 10 and 11 can be recast in terms of actual ther- 
modynamic components by taking account of the site 
occupancies in natural smectites and illites shown in 
Tables 1 and 2. Sets of these components for illite and 
dioctahedral aluminous smectite solid solutions are 
given in Table 6. Although nine of the twelve different 

Table 6. Thermodynamic components of smectite and illite 
solid solutions for a half unit cell [Ol,(OH)2]. 

Smectite Illite 
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thermodynamic components shown in Table 6 corre- 
spond in composition to stoichiometric minerals, the 
remaining three [K3AISi~Oto(OH)2, Cao.sAl3Si3Olo- 
(OH)z, and NaAl3Si3Oto(OH)2-4.5H20] are fictive. The 
componen t  with the stoichiometry,  NaAI3Si3Oto- 
(OH)z-4.5H20, is included in Table 6 to provide ex- 
plicitly for the contribution of interlayer H20 to the 
compositions ofsmectite solid solutions. The chemical 
formula of this component  is consistent with both va- 
por pressure isotherm data for smectites reported in 
the literature and a regular solution model of interlayer 
hydration in smectite solid solutions (Ransom and 
Helgeson, 1993b). 

It can be seen in Table 6 that smectite solid solutions 
require nine thermodynamic components to account 
for the observed compositional and Ooc variation in 
this mineral. Because the illite solid solutions repre- 
sented by the site occupancies shown in Table 1 contain 
no interlayer H20 and so little Na +, Ca ~§ and NH2 
compared with K § in the interlayer sites of the mineral, 
for practical purposes only the six thermodynamic 
components shown for the illite solid solutions in Table 
6 are required to describe the compositions of these 
minerals. Note that nine oxide formula units (K20, 
Na2 O, CaP, i g O ,  FeO, Fe203, A1203, SiO2, H20) are 
required to describe the compositions of the smectite 
solid solutions in Table 2, which corresponds to the 
number  of thermodynamic components for these solid 
solutions in Table 6. In contrast, seven such units (K20, 
MgO, FeO, Fe203, A1203, SIP2, H20) are needed to 
account for the compositions of the illite solid solutions 
in Table 1. Because the latter number  exceeds that of  
the thermodynamic components for illite solid solu- 
tions in Table 6, this set of seven oxide chemical for- 
mula units does not constitute a valid set of  thermo- 
dynamic components of illite solid solutions. It is of 
interest to note in this regard that the end members in 
Table 5 that appear at the apices of the dark planes in 
Figure 12 are valid thermodynamic components of any 
solid solutions with compositions that coincide with 
the planes. 

In order to represent the structural formulas of nat- 
ural smectites and illites in terms of the thermodynam- 
ic components given in Table 6, appropriate mole frac- 
tions of the components must be added to and 
subtracted from one another. Strategies for describing 
illite and smectite solid solution compositions and site 
occupancies in terms of the thermodynamic compo- 
nents in Table 6 are given below, together with the 
mole fractions of the components in both hypothetical 
smectite and illite solid solutions. In the following dis- 
cussion, the lower case Greek letter v is used to indicate 
the number  of moles of a given subscripted species in 
one mole of either a smectite (s) or illite (i) solid so- 
lution, respectively, or a specific thermodynamic com- 
ponent (as for example in PNa,s and PNa,NaAI3Si3OI0(OH)2). 

The mole fractions of the components in both smectite 

and illite solid solutions are designated, for example, 

a s  XNaAI3Si30 I0(OH)2. 

Smect i te  solid solutions 

2+ 
3+ For example, (Nao.22Cao.o3Ko.ot)(Mgo.29Feo.o3Feo.12- 

AI L66)(Alo 27Si3.73)O~o(OH2)-2.2H20: 

1, Compute the mole fraction of NaA13Si30~o(OH2). 
4.5HzO needed to account for the number  of moles 
of interlayer H20 in the chemical formula repre- 
senting a half unit cell of  the smectite solid solution 
(VH2o,s). If the amount  of interlayer H20 in the min-  
eral is not reported, it can be estimated from equa- 
tions and data given by Ransom and Helgeson 
(1993a, 1993b). In the case of the above smectite 
formula, 

VH20,s 
NaAI3Si3OIo(OH) 4.5 H20  

PH20,NaAI3Si3OIo(OH)2 - 4.5 t-120 

2.2 
= 4.-'-'5 = 0.489. (8) 

2. Assess XNaAI3Si3OIo(OH)2 from 

X..A,,s~,o,o(O.)2 = "N.,. - [(v..,N.A,3si,o,0~o~)2 . 5 . 2 o )  

�9 XNaAI3Si3OI0(OH)2 "4.5 H20]  

-~- (//Na,NaAI 3Si3OI0(OH)2 ) 

= 0.22 - 0.489 = -0 .269.  (9) 

3. Calculate )(Cao.sAI3Si3Oto(OH)2 from 

.~Cao.5AI3 Si30 to(OH) 2 ~ ]l/Ca, s 
~Ca,Cao 5 A]3Si30 i 0 (OH)2 

0.03 
0.06. (10) 

0.5 

4. Compute XKAI3Si3OIo(OH) 2 from 

3 

VA,,',., -- ~ (4 -- Vsi.)Xj 
j ~ l  

XKAI3Si3OI0(OH)2 = 4 - -  l/si,KAl3Si3Oi0(OH)2 

= 0.27 - 0.489 + 0.269 - 0.06 

= - - 0 . 0 1  ( 1 1 )  

where AP v stands for tetrahedral A1 and the index 
j refers to the numbers of the smectite components 
( j  = 1, 2 . . . .  ) in Table 6. 

5. Assess XK3AISi4OIo(OH) 2 from 

~ 
K3AISi4Ot0(OH)2 

/]K,s - -  (PK !r~|3Si3OI0(OH)2)XKA|3Si3OI0(OH)2 
/JK,K3 AISi4010(OH)2 

0.01 + 0.01 
- - 0.0067. (12) 

3 
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6. Evaluate:  

XMg3Si,t O j 0(OH) 2 __ PMg,s 
PMg,MgxSi4Oio(OH)2 

0.29 
= - - =  0.0967, 

3 

7. C o m p u t e  -]CFe3Si4Om(OH) z f r o m  

X~Fe3Si4Oio(OH)2 
//Fe2+ s 

~Fe 2 ~. Fe 3 Si40 I o(OH)2 

0.03 
= ~ = 0.01. 

3 

8. Solve: 

.r~ffFe2Si4Oio(OH)2 
PFe 3~ ,s 

PFe 3 ".re2 Si4010(OH)2 

0. t2 
= ~ = 0.06. 

2 

9. Calculate XAI2SiaO,o(OH}, f rom 

XAI2Si4OI0(OH)2 

Vsi.s - ~a Vs,,jXj 
j = l  

3.73 - 3 ( 0 . 4 8 9 ) +  3 ( 0 . 2 6 9 )  - 3 ( 0 . 0 6 ) +  3(0.01) 

4 

4(0.0067) + 4(0.0967) + 4(0.01) + 4(0.06) 
m 

= 0.5567. 

0.09 
= - ' - 7  = 0.045. (19) 

4 .  A s s e s s  XKAI3Si3Ot0(OH) 2 f rom 

XKA[  3Si3Q) to(OH)2 
(13) 

vA,'~.i - ~ (4 - Vs~.l)Xl 
= 

4 - Vsi KAI~Si~OI0(OH) 2 

= 0.57 - 0.0867 - 0.0067 - 0.045 

(14) = 0.4316. (20) 

where the index l refers to the n u mb er s  o f  the illite 
c o m p o n e n t s  (l = 1, 2 , . . . )  in Table  6. 

5. C o m p u t e  XK3AISiaOIo(OH) 2 f rom 

~K3AISi4OIo(OH) 2 

(15) vK. - ~ vK,IXI 
I=1 

VK,K3AISi4010(OH) ~ 

0.76 - 0.0867 - 0.0067 - 0.045 - 0.4316 

(16) 

Illite solid solutions 

2+ 3+ All 66)(Alo 57- F o r  example ,  Ko.76(Mgo.2e, Feo.o2 Feo.o9 . . 

S i3A3)Olo (OH)2 :  
1. Compute :  

2. Evaluate:  

PMg, i 

PMg,KMg3AISi3OI0(OH}2 

0.26 
- = 0.867. (17) 
3 

XKMg3AISi3OIo(OH)2 

PFe2+,/ 

VFe2 -, KFe3 AlSi30 I 0(OH)2 

0.02 
= - - =  0.0067. 

3 
(18) 

3. Solve: 

XKFe3AiSi30 t 0(OH) 

PFe3+ i 

l/Fe3 + ,KFe2 AISi3OIo(OH) 2 
XKFezAISi30 io(OH) 2 

3 

= 0.0633. 

6. Calculate Xa~:si~o,0(OH), f rom 

XAI2Si4OIo(OH)2 

Vsi,i -- ~.~ VsijXI 
/=1 

l/Si, AI2Si4010(O1~1)2 

(21) 

3.43 - 3(0.0867) - 3(0.0067) - 3(0.045) 

4 

3(0.4316) + 4(0.0633) 
= 0.3667. (22) 

C O N C L U D I N G  R E M A R K S  

As d e m o n s t r a t e d  above ,  illite and  smect i te  sol id so- 
lut ions are two minera ls  wi th  d is t inct  chemical  char-  
acterist ics that  require  different sets o f  t h e r m o d y n a m i c  

c o m p o n e n t s  to descr ibe  the i r  compos i t ions .  Neve r the -  
less, i n t ima te  in te rgrowths  o f  these minera l s  are c o m -  

mon ly  represen ted  in the l i terature by a single chemica l  
formula  and  referred to as r an d o ml y  interstrat i f ied il- 
l i t e / smect i te  mixed  layer clays. This  pract ice impl ies  
tha t  illite and  smect i te  actually exhibi t  mutua l  solid 
solubili ty,  which is not  the case. It should,  therefore ,  
be avo ided .  Instead,  such clays should  be descr ibed  
e i ther  as in te rgrowths  or  r ep lacemen t  features invo lv-  
ing two or  more  discrete  phases.  

More  and  be t t e r -cons t ra ined  T E M / A E M  data  for 

single crystals are needed  to more  closely ident i fy  the 

https://doi.org/10.1346/CCMN.1993.0410503 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1993.0410503


Vol. 41, No. 5, 1993 End members and thermodynamic components of smectite and illite solid solutions 549 

ex t reme l imits  o f  compos i t iona l  var ia t ion  in illite and 
smect i te  solid solutions as a funct ion o f  pressure and 
t e m p e r a t u r e .  C a l o r i m e t r i c  s tud ies  c o m b i n e d  wi th  
H R T E M  data for single crystals o f  these minera ls  are 
also needed to p rov ide  a foundat ion  for describing the 
t h e r m o d y n a m i c  behav io r  and relat ive stabilit ies o f  il- 
lite and smect i te  solid solutions in sedimentary  basins. 
Hopeful ly ,  the present c o m m u n i c a t i o n  will s t imulate  
such studies and p romo te  r igorous analysis o f  the min-  
eralogic, chemical ,  and textural  characterist ics o f  illite 
and smect i te  in geologic systems. 
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