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Chlorites are not as abundant as some other clay minerals in soils, but 
when present they play significant roles in the chemical environment. 
Chlorites are less stable than most of the other clays when placed into 
acidic environments, and therefore may be rapidly altered. This weath
ering process may account for significant amounts of Mg2+ and other 
cations that occupy exchange sites of clay minerals of such soils. 

In addition to the minerals considered for this chapter, the chlorite 
layer may be an important part of mixed layer sequences (see Sawhney, 
chapter 16, this book). Confusion may occur from casual reading of the 
literature, since the word chlorite appears in many earlier reports. Such 
minerals are presently classified as a type of interstratified mineral se
quence. For example the term "swelling" chlorite was first used by Ste
phen and MacEwan (1950, 1951) to describe a mineral sequence that has 
a 1.4-nm basal spacing. This mineral contracts slightly upon heating to 
500°C and swells to 1.7 to 1.8 nm with glycerol. 

Hydroxy-interlayered 2:1 clay minerals [HIV (vermiculites) and HIS 
(smectites)] can be considered to form a solid-solution series, with the 
"pure end-members" consisting of smectite or vermiculite at one extreme 
and pedogenic or aluminous chlorite at the other. There exists a myriad 
of possibilities in between, ranging from sparse, weakly interlayered to 
extensive, well-developed interlayered minerals that are arbitrarily dis
tinguished from aluminous chlorite by their inability to maintain their 
1.4-nm spacing after a 550°C heat treatment. This diversity makes the 
hydroxy-interlayered 2:1 clays among the most unusual of the commonly 
occurring soil minerals. It is important to distinguish between the chlor
itic end-member of this solid-solution series and primary chlorite min-
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erals discussed above. Primary chlorites are unstable in acidic weathering 
environments and are usually found primarily in recent deposits, Ari
disols, or Mollisols, while aluminous or pedogenic chlorites are generally 
found associated with HIV (HIS) as a relatively stable mineral phase in 
more highly weathered soils such as Ultisols. 

The variability ofthe hydroxy-interlayered minerals in nature is largely 
a function of the specific synthesis or weathering environment. Because 
of their dynamic nature, however, hydroxy-interlayered 2:1 clay minerals 
are susceptible to transformations in depositional environments and also 
as a result of soil management practice-a characteristic atypical of most 
solid-solution series. Polymeric hydroxy-AI components significantly 
modify the physicochemical properties of soil minerals. Modifications to 
these characteristics are dependent upon the degree of interlayer filling 
and the relative stability of the interlayer components. Because these 
characteristics can differ widely, there is a tremendous range in the phys
icochemical properties of soils dominated with HIV and HIS, and this 
makes these mineral phases among the most intriguing for soil miner
alogical investigations. 

I. ORIGIN AND SOURCES OF CHLORITE 

The minerals that comprise the chlorite group are commonly green
colored specimens occurring as fine-grained earthy masses. These min
erals are associated with metamorphic rocks with low- to medium-grade 
regional metamorphism. Chlorites in soil are largely inherited as primary 
minerals found in metamorphic or igneous rocks, or they occur as alter
ation products from minerals such as hornblende, biotite, and other ferro
magnesium minerals. Chlorites are also found in significant amounts in 
sedimentary rocks. In such cases, it is more likely that the chlorite had 
a detrital origin. However, examples of chlorite in sedimentary rocks as 
a result of diagenesis may be found in the literature (Sartori et aI., 1979; 
Ahn & Peacor, 1985). The abundance and frequency of occurrence of 
chlorites in soils are relatively low, and the geographic distribution is 
related to the parent material. The low frequency is mainly due to the 
low stability of chlorite, and in some cases to the difficulty of distin
guishing small amounts of chlorite in the presence of kaolinite, vermic
ulite, and smectite-especially if these latter minerals contain hydroxy
Al (or hydroxy-Fe) interlayers. 

Minerals of the chlorite group and their classification have been re
viewed by Bailey (1975). Chlorites have diverse chemical compositions, 
and some chlorites exhibit x-ray diffraction patterns that may be mistaken 
for other minerals having 001 reflections of 0.7 nm rather than 1.4 nm. 
The trioctahedral minerals with a 0.7-nm layer thickness have been re
ferred to in the literature as "7-A" (or 0.7-nm) chlorites or serpentines. 
These minerals include antigorite, cronstedtite, berthierine (also referred 
to as chamosite), and amesite (see Dixon, chapter 10, this book). 
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Some minerals that have been called "swelling" chlorites may ac
tually be interstratified minerals, whereas others are not. The mineral 
described by Bain and Russell (1981) probably falls into the latter group. 
Swelling chlorites are believed to have a discontinuous hydroxide sheet 
between the 2: 1 layers (Brindley, 1961). This allows enough glycerol mol
ecules to fill discontinuities in the sheet for expansion to 1.8 nm, yet the 
sheets are of sufficient magnitude to prevent collapse to 1.0 nm upon 
heating to 500°C. 

At least three types of swelling chlorites have been described in the 
literature. Honeyborne (1951) and Stephen and MacEwan (1951) reported 
a chlorite mineral that adsorbed a monomolecular layer of glycerol ad
jacent to the hydroxide sheet in the interlayer. In the same article, Stephen 
and MacEwan also described a second mineral with alternating layers of 
swelling chlorite and chlorite as a regularly interstratified mineral. This 
regularly interstratified mineral has been referred to as corrensite by 
Lippmann (1956) for an irregular interstratified chlorite and swelling 
chlorite mineral collected form the Hanaoka mine in Japan. 

Considerations and/or discussions of corrensite will be restricted in 
this chapter except as to how they may apply to the weathering of chlor
ites, because the mineralogy of corrensite more appropriately follows that 
of an interstratified mineral phase (Sawhney, chapter 16, this book). A 
review article on corrensite was published by Brigatti and Poppi (1984). 

II. STRUCTURAL PROPERTIES AND MINERAL 
IDENTIFICATION OF CHLORITE 

A. Idealized Structures 

The crystal structure of minerals of the chlorite group has been the 
subject of numerous articles. In general, these minerals have been simply 
referred to as chlorite. Publications by Pauling (1930) and McMurchy 
(1934) served as the bases for subsequent crystal structure refinements, 
e.g., Robinson and Brindley (1948), Brindley et al. (1950), and Bailey and 
Brown (1962). A comprehensive discussion of these structures may be 
found elsewhere, e.g., Brown (1961) and Bailey (1975). The layer structure 
of trioctahedral chlorite is presented in Fig. 15-1. This structure is com
posed of four sheets of polyhedra. Three of the sheets are chemically 
bonded together to form a 2: 1 layer that is structurally similar to mica, 
consisting of two tetrahedral sheets, one on each side of an octahedral 
sheet. The thickness of the 2: I portion of the chlorite structure is about 
1.0 nm. The remaining portion ofthe chlorite structure has been described 
in the literature in several ways: an interlayer hydroxide sheet, an octa
hedral layer, a "brucite" or "gibbsite" layer. I The term "interlayer hy-

I The names brucite and gibbsite, although referred to in the literature as being a part of 
chlorite and other silicate clay minerals structures, are separate mineral phases with chemical 
compositions Mg(OH), and AI(OHh, respectively. 
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Fig. 15-1 Idealized crystal structure oftrioctahedral chlorite (modified from Brindleyet aI., 
1950; Jackson, 1964). 

droxide sheet" is the presently accepted expression for this part of the 
chlorite structure (Bailey et aI., 1971). The interlayer hydroxide sheet 
differs from the octahedral sheet in layer silicates in that it does not have 
a plane or planes of atoms shared with an adjacent tetrahedral sheet or 
sheets. The summation of the 2: 1 layer and the interlayer hydroxide sheet 
results in a chlorite layer having a thickness of about 1.4 nm. 

The chemical compositions of the octahedrally coordinated cations 
that make up the two types of octahedral sheets for the minerals in the 
chlorite group are not the same, even for one specific chlorite structure. 
Frequently either Al(OH)3 or Mg(OHh dominates the chemical com
position of the interlayer hydroxide sheet in most chlorites, but other 
cations such as Fe (both Fe2+ and Fe3+) Mn, Cr, Cu, V, Li, and Ni have 
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been reported to occur as a part of chlorite structures. The "hydroxide" 
portion of the chlorite structure is positively charged and the 2: 1 part is 
negatively charged. 

The generalized structural chemical composition of trioctahedral 
chlorite may be written as: 

(R2+ RH)vi (Si Al )iv 0 (OH) . [(R2+ RH)vi(OH) ] , 3 4-x x to 2 , 3 6, 

where 
R2+ = Mg2+, Fe2+, Mn2+, NP+; 
RH = AP+, FeH , CrH ; 
iv = cations in fourfold coordination; and 
vi = cations in sixfold coordination. 

The chlorite group may be divided into four subgroups as the result of 
differences in the chemical composition of the interlayer hydroxide and 
the octahedral sheets. These include dioctahedral chlorite; di, triocta
hedral chlorite; tri, dioctahedral chlorite; and trioctahedral chlorite (Bai
ley et aI., 1971; Brindley & Brown, 1980). Dioctahedral chlorite is dioc
tahedral in both the 2: 1 layer and the interlayer hydroxide sheet. 
Di,trioctahedral chlorite is dioctahedral in the 2:1 layer but trioctahedral 
in the interlayer hydroxide sheet. The opposite would be the case for 
tri,dioctahedral chlorite; however, no well-crystallized specimens of this 
are known (Brindley & Brown, 1980). Trioctahedral chlorite is triocta
hedra1 in both the 2: 1 layer and interlayer hydroxide sheet. Identification 
of the character of the octahedral sheets may be done by changing the 
appropriate subscripts of the ions designated with the letter R. In the 
above formula, ifR2+ is written first followed by RH, then the subscript 
should be 3, and this "octahedral" portion would be trioctahedrai. For 
designation of a dioctahedral sheet, RH should precede R2+ in the for
mula and the subscript would be 2. 

B. X-ray Diffraction Properties 

Chlorite has a d(OOl)-spacing of 1.40 to 1.44 nm, depending upon 
the species. Substitutions of AP+ for Si4 + in the tetrahedral sites and Fe2+ 
for Mg2+ or AP+ in octahedral sites of various chlorite species are largely 
responsible for this range in d-spacing. The 1.40- to 1.44-nm d-spacing 
is not significantly affected by ionic saturation, solvation with glycerol 
or ethylene glycol, or by heat treatment; however, peak intensities fre
quently change upon heating. As indicated at the beginning of this chapter 
and as given in section IV on weathering, if the d-spacing changes due 
to cation saturation, heating, and/or solvation, then "swelling" chlorite 
or some form of hydroxy-interlayered mineral phase could exist in the 
sample in question. When chlorite is heated to temperatures as high as 
500°C, the peak intensity of the 001 reflection (1.4 nm) increases as 
much as two to five times, and at the same time, the peak intensities of 
higher-ordered (001) reflections decrease in intensity. 
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Basal reflections from chlorite crystals may coincide with reflections 
from vermiculite, montmorillonite, or other smectites, and from hy
droxy-interlayered forms of these clay minerals under certain conditions 
of ion saturation and heat treatment. Mistaken identification of mineral 
components may frequently occur when only one ion-saturation or heat 
treatment is used in an attempt to more rapidly complete the identifi
cation process. The 001 reflection for chlorites is most generally used for 
identification. Identification may become more complicated ifthe chlorite 
is Fe-rich because the 001, 003, and other higher odd-order reflections 
have weak intensities, whereas the even reflections are strong. In such a 
case, especially ifthere were a small amount ofthe Fe-rich chlorite present 
in the sample, it could be mistaken for kaolinite. The effect of Fe content 
on x-ray diffraction (XRD) patterns is illustrated in Fig. 15-2. Therefore, 
a series of XRD patterns from specimens subjected to chemical and heat 
treatments is normally needed to verify the presence and to determine 
the amount of chlorite in a sample. 

Identification of chlorite in a mixture with kaolinite is difficult, es
pecially for soil samples and recent sediments. Chlorite-kaolinite differ
entiation may be obtained for well-crystallized clays by the separation of 
the 004 reflection of chlorite and the 002 reflection of kaolinite (Bradley, 
1954). As pointed out by Brindley (1961), however, these peaks from soil 
clays will tend to be broad, and little or no resolution of the 004 chlorite 
and the 002 kaolinite reflections should be expected. The resolution of 
these peaks may not take place under conditions of rapid scanning (r28 
per minute), whereas at a slower rate (0.2°28 per minute), two peaks may 
appear in the diffraction pattern. Differentiation may be obtained at higher 
order reflections; however, when there is an interest, x-ray scanning should 
go beyond a d-spacing equivalent to 0.3 nm, the usual limit in routine 
analysis. If chlorite is present in a low concentration, peak intensities of 
chlorite may not be sufficient for identification. 

Intercalation of kaolinite with NH4N03 may also be used to differ
entiate between kaolinite and chlorite (Andrew et aI., 1960). Such treat
ment expands kaolinite, and the 001 peak shifts from 0.716 to 1.16 nm. 
This technique was further refined by Abdel-Kader et ai. (1978) to assist 
in the x-ray identification of chlorite in a mixture with kaolinite. In this 
semiquantitative method (Jackson & Abdel-Kader, 1978), kaolinite is 
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Fig. 15-2 Effect of iron content of chlorite on x-ray diffraction peak intensities. (a) high 
iron; (b) low iron (redrawn from Ross, 1975). 
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expanded with a LiCI dimethylsulfoxide (DMSO) intercalation to 1.12 
nm. If vermiculite is present, it will have a 1.88-nm spacing; hence chlor
ite may be differentiated from vermiculite as well. Mica, chlorite, and 
talc do not undergo intercalation and retain their characteristic d-spacings 
of 1.0, 1.4, and 0.96 nm, respectively. 

Ifkaolinite and chlorite are well crystallized, thermal treatments may 
be used to differentiate between these minerals. Chlorite maintains a 1.4-
nm d-spacing for heat treatments of several hours at 500°C, whereas 
kaolinite decomposes. As discussed earlier, the intensities of the chlorite 
reflections will change with this treatment. It is important to heat the 
samples to 550 °C (or at least to 500°C), as this technique may not be 
valid for poorly crystallized soil clays. Brindley (1961) reported that some 
soil chlorites decomposed at temperatures as low as 450°C, whereas well
crystallized kaolinite was not appreciably affected. In this case, however, 
the chlorite could have been a degraded variety and similar to hydroxy
interlayered forms of vermiculite or smectite, as recognition of the latter 
mineral forms was not fully developed in 1961. 

X-ray identification of chlorite in the presence of smectite is accom
plished by saturating the specimen with Ca2+ or Mg2+ ions and adding 
glycerol or ethylene glycol. This latter treatment expands smectite to 
about 1. 7 to 1.8 nm, whereas chlorite remains unaffected. A K-saturation 
treatment will result in a partial collapse to about 1.2 nm when x-rayed 
at room temperature (25°C) in the absence of glycerol or ethylene glycol, 
if the smectite does not contain appreciable amounts of hydroxy inter
layers. Upon heating to 100°C, the K-saturated smectite will collapse to 
about 1.0 nm if hydroxy interlayers are not present. 

Differentiation between chlorite and vermiculite can be accomplished 
with K-saturation. Vermiculite containing little or no hydroxy interlay
ering will collapse to 1.0 nm upon K-saturation at room temperature. 
Therefore, the persistence of a 1.4-nm peak after K-saturation and heat 
treatment of 300°C, and subsequently at 500°C, confirms the presence 
of chlorite. Hence, the collapse to 1.0 nm upon heating confirms the 
presence of vermiculite and/or smectite. 

Chlorite may also exist as a part of regularly or randomly interstra
tified minerals. These include mica-chlorite, vermiculite-chlorite, smec
tite-chlorite, and chlorite-swelling-chlorite, the x-ray properties of which 
have been elaborated upon by Sawhney in chapter 16, this book. The 
presence of these interstratified minerals presents an additional problem 
of mineral identification, which may be further complicated if hydroxy
interlayered forms of vermiculite or smectite are present. When the con
centration of chlorite is low «25%), and in a complex mineral mixture, 
one must rely on additional methods for mineralogical identification, 
such as thermal and chemical analyses. Examination of data from closely 
associated samples (such as adjacent soil horizons) may be useful for 
making positive mineral identification when such specimens may pro
duce distinct x-ray characteristics for the particular mineral species. This 
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assumes that the associated samples contain a higher percentage of chlor
ite or the chlorite exists in a less complex mixture. 

C. Chemical Properties 

As indicated at the beginning of this chapter, the chemical formula 
of chlorite varies widely among the species. For example, the idealized 
chemical formula for clinochlore is given below, whereas formulas used 
in equilibria and other chemical studies differ widely (Ross, 1969; Kit
trick, 1982). Furthermore, structural formulas and chemical formulas 
differ in that researchers merge the octahedral and interlayer hydroxide 
sheets. This is sometimes done as a matter of convenience, but more 
frequently because it is difficult to make assignments of these cations into 
the two layers. 

Clinochlore (idealized formula) 

(Mg5Al)(Si3AI)Olo(OH)g 

Clinochlore (Ross, 1969) 

(Mg4.94Fe6.14Alo.71)(Si2,ggAlI.12)OIO(OH)g 

Chlorite-Vermont (Kittrick, 1982) 

(Mg3.24Fe6.~9Fe5.1l7AII.44) (Si2.97AII.o3)Olo(OH)g 

Chlorite-New Mexico (Kittrick, 1982) 

(Mgl.16FeHIFe8.t2AII.75) (Si2.47AlI.53)OIO(OH)g 

Chlorite-Michigan (Kittrick, 1982) 

(Mgl.05Fei1~1.60) (Si2.47AII.53)OIO(OH)g 

One approach to the identification of chlorites is an evaluation of their 
chemical stability or equilibria properties, so that one may differentiate 
chlorites from hydroxy-interlayered clays. For the most part, chemical 
properties serve as circumstantial evidence or, at best, support the iden
tification through the use of other properties. 

Interpretation of chemical data for mixtures of clay minerals requires 
certain assumptions and/or allocations. Nevertheless, this approach is 
useful in making predictions of relative mineral stabilities when such a 
mixture is subjected to weathering, or to describe conditions in which a 
new mineral phase might form. 

Data for solubilities of four chlorites have been published by Kittrick 
(1982, 1983, 1984). All four were stable relative to brucite and, with a 
few exceptions, relative to talc under the conditions of the study. Kittrick 
(1982) calculated standard free energy of formation for the chlorites and 
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found it to be dependent upon the Fe2+ in solution, under the assump
tions that the sample was in equilibrium with hematite and the Fe2+
Fe3+ couple was at the same Eh as the sample. 

The interlayer hydroxide material of chlorite and the hydroxy-inter
layer material ofhydroxy-interlayered smectite and/or vermiculite appear 
to be chemically distinct (Kittrick, 1983). This statement was made with 
the assumption that natural and synthetic hydroxy-interlayered clays do 
not differ significantly. Most synthetically prepared interlayers, however, 
are made using simplistic laboratory conditions that often do not dupli
cate those found in nature. Therefore, the stability of synthetic interlayers 
is different from natural interlayers, as summarized by Rich (1968). 

Kittrick (1983) considered hydroxy sheets in interlayered smectite 
and vermiculite as being thermodynamically nonstable "contaminants," 
with these hydroxy materials moving toward gibbsite. From a pedological 
point of view, HIV and HIS can be almost as stable as kaolinites. It is 
believed that weathering moves them to kaolinite and gibbsite without 
an intermediate stage and/or returning to pure vermiculite or smectite. 
It may be more appropriate to consider these hydroxy-interlayered clays as 
a new mineral phase rather than vermiculite (or smectite) plus 
AI(OHKx interlayer. Hence, the conclusion with respect to chemical com
position of chlorite and hydroxy interlayers, based on solution equilibria 
studies, should be used with some caution. Chlorites undergo significant 
weathering in acid soil environments, as is discussed in section III of 
this chapter, thus lending support to the proposal of Kittrick (1983). 

Stoessell (1984) has used stability data from the literature to develop 
a six end-member, regular solution, site-mixing model for l.4-nm ideal
ized chlorites. This approach was used to support authigenic chlorite 
compositions found in the Gulf Coast Tuscaloosa Formation. As indi
cated by Stoessell, this approach is limited by the general lack of exper
imental data, and different equilibrium constants may result between the 
six chlorite end members and nonchlorite minerals when additional data 
sets become available. 

The cation exchange capacity (CEC) of chlorite is relatively small, 
with a generally accepted range in values between 10 and 40 cmolckg- 1• 

The magnitude of the charge of the 2: 1 portion of chlorite is similar to 
that of mica. This negative charge is largely due to substitution of AP+, 
and occasionally of Fe3+ or Cr3+, for Si4 + of the tetrahedral position of 
the structure. The hydroxide interlayer sheet of chlorite has a positive 
charge as the result of substitution of trivalent cations such as AP+ or 
Fe3+ for divalent cations such as Mg2+ or Fe2 +, or filling of normally 
vacant sites of the dioctahedral structure of the gibbsite sheet. This sub
stitution or limited filling of "vacant" sites partially neutralizes the neg
ative charge of the 2: 1 portion of chlorite. The degree to which substi
tution occurs is a partial explanation for a range of CEC values. If the 
hydroxide sheet were partially removed upon weathering, the CEC of the 
residual clay mineral would increase. 
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Circumstantial evidence has been presented in the literature for the 
CEC of chlorite with partial removal of the hydroxide sheet, resulting in 
a range of values from 33 to 140 cmolckg-l (Ducloux et al., 1976; Adams 
& Kassim, 1983; Coffman & Fanning, 1975; Rich & Bonnet, 1975; Bain 
& Russell, 1981). 

Very little experimental work exists on actual measurements of the 
CEC of chlorites. Most studies in which measurements are given are 
associated with weathering of chlorites. For example, Ross (1975) re
ported an increase in the CEC of a chlorite of 2 to 100.4 cmolckg- 1 upon 
partial removal of the hydroxide sheet from chlorite. The CEC of chlorite 
was increased from 2 to 7 cmolckg- 1 by reacting the clay with dithionite, 
thus at least partially reducing the structural Fe from Fe3+ to Fe2+. This 
Fe could be in the octahedral sheet (2: 1), the tetrahedral sheet, or the 
interlayer hydroxide sheet, but in any case such a change in valence must 
be accompanied by an increased number of exchangeable cations. Jones 
(1981) concluded that the isomorphous substitution of tetrahedral AI in 
the crystal structure of chlorite was not reflected in permanent surface 
charge and neutralized by the structure. The small pH-dependent negative 
surface charge that may be measured on chlorites treated with acid arises 
not only at the edges of the particles but also at points on the planar 
surfaces where chlorite is predisposed to attack by acid. Jones also stated 
that in the chlorite-acid systems used in her study, anions (probably 
silicate) blocked positively charged sites. 

D. Thermal Properties 

Dehydration curves presented by Nutting (1943) for chlorite indicate 
that very little weight loss occurred until chlorite samples were heated 
beyond 500°C (Fig. 15-3). Between 500 and 550°C the weight loss that 
did occur was attributed to dehydroxylation of the 2: 1 octahedral sheet 

o 200 400 600 800°C 
Fig. 15-3 Dehydration curves of chlorite: (I) Penninite, Paradise Range, Nevada; (2) chlor

ite, Danville, VA (after Nutting, 1943). 
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and the interlayer hydroxide sheet. Gradual loss of weight was observed 
as the sample was heated to 880°C. Nutting's curves were obtained by 
heating the samples at a given temperature until no further weight loss 
occurred. When chlorites are heated in a differential thermal analysis 
(DTA) apparatus, one should expect the large weight loss (observed in 
the temperature range of 500 to 550°C) to produce an endothermic peak, 
but displaced to a higher temperature. For example, Post and Plummer 
(1972) reported a range of 625 to 690°C for the end of endothermic peak 
of several chlorites. 

Structural breakdown of the chlorite crystals is associated with the 
weight loss upon heating as well as with significant changes in infrared 
spectra. The DTA tracing in Fig. 15-4 illustrates this dehydroxylation 
reaction, although different chlorites were used in the two experiments 
illustrated in Fig. 15-3 and 15-4. This DT A pattern is similar to those 
reported in the literature (Post & Plummer, 1972) for penninite. The 
experimental conditions, such as the atmospheric composition, also affect 
the pattern (Borggaard et aI., 1982). The minimum temperature at which 
all chlorite species undergo structural breakdown has not been estab
lished; however, Borggaard et ai. (1982) heated ripidolite for up to 1680 
h without significant dehydroxylation. 

The temperature at which loss of H20 from the chlorite structure 
takes place has been shown to be related to the cation dominating both 
the interlayer hydroxide sheet and the octahedral sheet of the 2: 1 layer 
(Table 15-1). The dehydration studies illustrated here are from well
crystallized chlorites. Jones (1981) reported that the presence of a higher 
amount of Fe in the hydroxide sheet of clinochlore resulted in this chlorite 
starting to decompose at a slightly lower temperature (30°C) than sher
idanite. Soils would not be expected to contain chlorite of this crystalline 
quality, and chlorite should not be expected to dominate the clay min
eralogy of most soils. The role of thermal analysis in identification of 
chlorite may be limited to verification of other mineralogical data. Chlor-
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o 200 400 600 800 1000°C 
Fig. 15-4 Differential thermal analysis tracings of a <2 !Lm sample of chlorite from Col

orado. (Obtained from Wards Natural Science Est. Heating rate, to °C/min.) 



740 BARNHISEL & BERTSCH 

Table 15-1. Effect of chemical composition on the dehydration temperature of chlorite 
(after Caillere and Henin, 1960). 

Dominant cation Hydroxide sheet Octahedral sheet of 2:1 layer 

Mg'+ 
At'+ 
Fe'+ 
Fe'+ 

640 
500 
430 
250 

°C ------

820 
750 
530 

ite determination from H20 loss in thermal gravimetric analysis has been 
proposed by Alexiades and Jackson (1966). 

E. Infrared and Mossbauer Properties 

Characterization of chlorites by infrared (IR) absorption resulted in 
the assignment of numerous absorption bands that were related to the 
chemical composition (Tuddenham & Lyon" 1959; Hayashi & Oinuma, 
1965, 1967; Farmer, 1974; Post & Plummer, 1972). The most useful 
region was that between 400 and 1100 cm -I. As the amount of Al in
creased in the interlayer hydroxide sheet with the associated decrease of 
Mg and Fe, the wave number of the absorption peak in the region of 540 
and 560 cm - 1 increased. Positions of peaks in IR spectra for various 
chlorites are given in Table 15-2, and IR spectra of some chlorites are 
given in Fig. 15-5. 

The presence of absorption bands in the OH-stretching region, i.e., 
3000 to 4000 em-I, has been related to the two types of OH sheets for 
chlorites (Farmer, 1974). Changes in this region were used to verify con
version of chlorite to vermiculite in a study by Makumbi and Herbillon 
(1972). The use of D20 in synthetic systems to produce chlorite-like 
minerals may provide further evidence that the OH ions of the interlayer 
OR sheet and the octahedral sheet can be differentiated in IR absorption 
spectra (Ahlrichs, 1968). 

Table 15-2. Positions of IR absorption bands of various chlorites. t 

Chloritet Frequency (cm-') and relative degree of adsorption 

Ripidolite (32) 1084f 984s 824f 755m 
Sheridanite (42) 1085w 1037f 988s 957s 824w 758m 
Clinochlore (38) 1083w 1052f 988s 955s 822w 757m 
Penninite (4) 1085f 1040m 998s 957s 822f 
Cr-Chlorite (3) 1085f 1052m 998s 957s 824f 

Ripidolite (32) 652m 548m 453f 425s 
Sheridanite (42) 657s 552f 434s 
Clinochlore (38) 6568 554f 523f 434s 
Penninite (4) 648s 550f 523w 490f 438s 
Cr-Chlorite (3) 647s 523w 493w 438s 

t After Post and Plummer (1972); numbers in parenthesis correspond to original sample 
numbers. Relative degree of absorption: s = strong; m = moderate; w = weak; f = faint. 
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Borggaard et al. (1982) used both Mossbauer and IR spectra to de
termine the location of octahedral cations. They concluded that since the 
Fe2+ Mossbauer lines were narrow, the 2: 1 layer of chlorite in the non
oxidized state is occupied by divalent cations (Fe2+ and Mg2+) and not 
by AP+ and Fe3+. Data from IR spectra are in agreement with this al
location of Fe2+. Furthermore, this assignment would require that AP+ 
and Fe3+ be placed in the interlayer OR sheet, which is in accord with 
the placement suggested by Blaauw et al. (1980) but would appear to 
disagree with the placement proposed by Goodman and Bain (1979), who 
assumed Fe2+ first to occupy the interlayer OR sheet. Goodman and 
Bain, using Mossbauer data, indicated that for the nine chlorites they 
studied, at least half of the total Fe was in the divalent state. 

The overriding factor determining the oxidation state of Fe is, of 
course, the environment in which the mineral is found. The laboratory 
conditions in which the sample is placed can also change the relative 
amounts of Fe2+ and/or Fe3+ in the chlorite specimen. 
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Fig. 15-5 Infrared spectra ofchlorites: (a) chlorite from lignite overburden, (b) Mg-chlorite, 
(c) prochlorite, and (d) penninite. (after Senkayi et al. 1981). 
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III. WEATHERING OF CHLORITE MINERALS 

Chlorite minerals are significant components in most igneous, met
amorphic, and sedimentary rocks. Explanations of how this mineral forms 
or is transported to sedimentary environments is beyond the scope of 
this chapter. As rocks are exposed to weathering in the process of soil 
formation, chlorites undergo significant alteration. 

In a laboratory study, Ross (1969) illustrated that acids not only 
attack chlorite particles at their edges, but at any point where cracks may 
render the chlorite vulnerable. The conclusion was supported by the work 
of Jones (1981), who thought that acid attack at these "broken edges" 
might explain why clinochlore was more vulnerable than sheridanite to 
attack by acid. This study (Jones, 1981) may partially explain earlier 
reports (Brydon & Ross, 1966; Ross, 1967, 1968) in which various chlor
ites behaved differently upon acid treatment. 

In subsequent studies, Ross and Kodama (1974) experimentally 
transformed a chlorite (sheridanite) into a vermiculite using a 0.2 MHCl 
and 0.2 M NaCI treatment. They suggested that the OH sheet must be 
structurally disturbed before it can be removed. In nature this might be 
done by dehydroxylation and oxidation of Fe2+, followed by subsequent 
acid attack. Furthermore, Herbillon and Makumbi (1975) state that the 
irreversible oxidation of Fe2+ plays a significant role in the alteration of 
chlorite to vermiculite under natural conditions. The importance of this 
oxidation reaction was stressed by Adams (1976). 

DeConinck et al. (1976) used aiM HCl treatment to prove that 
chlorite was weathering through a swelling mixed-layer intermediate min
eral to a "swelling" chlorite mineral. They concluded that the B2ir ho
rizon in these Irish brown podzolic soils originated from the Fe liberated 
from chlorite weathering. Similar conclusions were reached by Evans and 
Adams (1975) in a pedological study of soils derived from Silurian mud
stones. Bain (1977a) concluded that goethite was the ultimate weathering 
product of chlorite in the A2 horizon of a Scottish podzolic soil. 

The amount of structural Fe2+, and its subsequent oxidation, playa 
significant role in the weathering process of chlorite to vermiculite (Mak
umbi & Herbillon, 1972; Ross, 1975). Ross (1975) further suggested that 
the abundance of chelating agents present in most soils would facilitate 
the removal of Fe from the chlorite structure and allow for weathering 
to proceed under less acidic systems than he used in the laboratory. 
Furthermore, this weathering action could serve as a source of Mg, es
pecially in acidic soils, as well as a source of micro nutrients. 

Chlorite probably weathers to a variety of mineral phases. One com
mon route involves the removal of portions of the OH sheet. This may 
result in randomly or regularly interstratified mineral sequences. Ex
amples of such chlorite weathering to regularly interstratified chlorite
vermiculite minerals in soils have been reported by Johnson (1964), Post 
& Janke (1974), Rabenhorst et al. (1982) and in overburden materials by 
Senkayi et al. (1981). Herbillon and Makumbi (1975) reported regularly 
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interstratified chlorite-vermiculite as the major weathering product in 
the sand and silt fractions of soil derived from greenschist, whereas non
tronite predominates in the clay fraction. Ducloux et al. (1976) proposed 
that the presence ofthe chlorite-vermiculite phase, a corrensite-like min
eral, would be restricted to alkali-poor soils. The concentration of the 
chlorite-vermiculite mineral increased toward the surface. Herbillon and 
Makumbi (1975) presented the following weathering reaction for chlorite 
for soils developed from greenschist in the humid tropical conditions of 
Zaire: 

Chlorite --> regularly interstratified chlorite-vermiculite --> irregularly in
terstratified chlorite-vermiculite (or smectite?) --> nontronite --> kaolinite. 

Rabenhorst et al. (1982) also reported regularly (and randomly) inter
stratified chlorite-vermiculite minerals as possible weathering products 
of chlorite. Hydroxy-interlayered, expandable 2: 1 minerals were found 
in the <O.2-JLm fractions and may represent a further weathering product 
of the regularly interstratified mineral. Rich and Bonnet (1975) reported 
a swelling chlorite in a soil derived from lacustrine deposits of the Do
minican Republic. They did not speculate as to the origin of the swelling 
chlorite mineral that dominated this soil, but chlorite was present as a 
separate phase. Other reports have been published for swelling chlorite 
in soils (Gjems, 1963). 

Chlorite, as well as mica, appears to have weathered to vermiculite 
in four soils of England and Wales, as reported in articles by Loveland 
and Bullock (1975), Adams (1976), and Adams and Kassim (1983). Hy
droxy-AI and/or -Fe interlayering of 2: 1 layer silicates also occurred in 
these four soils; the interlayered mineral phase was indicated to be an 
intermediate stage of the weathering of chlorite and summarized as fol
lows: 

Chlorite --> intergrade 2: 1-2:2 --> vermiculite. 

Chlorite appears to have weathered to vermiculite, as reported by 
Coffman and Fanning (1975), in soils of Maryland developing in resid
uum from a chloritic metabasalt. This transformation of chlorite to ver
miculite has been accomplished in the laboratory by Ross and Kodama 
(1974). As weathering progresses, kaolinite and free Fe oxides are formed, 
which eventually replace the vermiculite. Coffman and Fanning (1975) 
suggested that free Fe oxides are by-products of chlorite weathering at 
three stages: (i) trioctahedral chlorite weathering to the chlorite-vermic
ulite intermediate product, (ii) chlorite-vermiculite --> trioctahedral ver
miculite and (iii) trioctahedral vermiculite --> kaolinite. 

Earlier, Gilkes and Little (1972) reported a similar weathering study 
of Permian phyllites in Queensland, Australia. They proposed that the 
oxidation of Fe2 + and the removal of Fe and Mg from the interlayer OH 
sheets were important steps in weathering of chlorite to vermiculite; and 
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furthermore, this reaction proceeded quite rapidly. It was assumed that 
chlorite weathered through a randomly interstratified chlorite-vermicu
lite phase, as there was no indication of regularly or partially ordered 
forms of interstratification in the XRD patterns. 

Churchman (1980) reported the alteration of chlorite in eight New 
Zealand soils as the following sequence: 

Chlorite ----+ interlayered hydrous mica ----+ chlorite-swelling chlorite ----+ 

chlorite-vermiculite ----+ amorphous or soluble products. 

Relatively few reports are found in the literature in which chlorite is 
transformed directly to smectites in soils (Buurmann, et al. 1976; Ducloux 
et al. 1976). Ducloux et al. (1976) indicated that smectite becomes more 
important in the fine fractions of better developed soils. 

Senkayi et al. (1981) proposed that chlorite was transformed to smec
tite under oxidizing conditions in shale overburden materials above lig
nite in east Texas. They proposed the following transformations for chlor
ite: 

Chlorite ----+ chlorite-vermiculite ----+ chlorite-smectite ----+ smectite ----+ dis
solution. 

They stated, however, that there was no direct evidence to confirm that 
the chlorite-vermiculite phase was first altered to chlorite-smectite before 
being altered to smectite. 

IV. STRUCTURAL PROPERTIES AND MINERAL 
IDENTIFICATION OF HYDROXY-INTERLAYERED 

VERMICULITE (HIV) AND SMECTITE (HIS) 

A. Idealized Structure and Generalizations 

Although the observation ofa peculiar l.4-nm clay mineral phase in 
soils had been reported earlier (Pearson & Ensminger, 1949; MacEwan, 
1950), Brown (1953) was first to study in detail this "dioctahedral ana
logue of vermiculite." His investigations demonstrated that the basal 
spacing of this 1.4-nm mineral could be reduced to 1.0 nm following 
KCI-KOH treatment. Brown (1953) also suggested that the "blocking 
material" occupying the interstitial spaces of this 2: 1 clay mineral phase 
was polymeric hydroxy-AI ions of the general form [Alm(OH)npm-n. 

It was largely the work of Rich and Obenshain (1955), however, that 
stimulated the incisive interest in hydroxy-AI interlayered clays which 
was to continue for the next 15 to 20 yr before abating. Similar to their 
predecessors, Rich and Obenshain (1955) reported the presence ofa 1.4-
nm mineral in the Nason soil that resisted collapse to 1.0 nm when K
saturated. It was also reported that the mineral would collapse toward 
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1.0 nm following KOH, HCI, or NH4F treatment subsequent to heating. 
In agreement with Brown (1953), they suggested that the resistance to 
collapse upon KCI treatment could be ascribed to the presence of non
exchangeable polymeric Al components occupying the interlayers of this 
clay mineral phase. 

In subsequent investigations, Rich and his co-workers, as well as 
many other researchers, were able to demonstrate that the interlayer ma
terial was indeed composed of hydroxy-AI polymers (see, e.g. Slaughter 
& Milne, 1960; Sawhney, 1960a,b; Rich, 1960; Shen & Rich, 1962; Dixon 
& Jackson, 1962; Frink, 1965; and Barnhisel & Rich, 1966). 

Hydroxy-interlayered minerals may be described as chlorite-like min
erals but the interlayer OH sheet of the chlorite structure is incomplete. 
The layer structure of hydroxy-interlayered minerals is variable, being 
largely dependent upon three factors: (i) the structure of the basic 2: 1 
portion of the mineral, e.g., vermiculite, smectite, mica, (ii) the degree 
of interlayer filling, and (iii) the chemical composition of the hydroxy 
materials that occur within the interlayer portion of these clay minerals. 
The structures of vermiculite and smectite are presented in other chapters 
and therefore will not be discussed here. Differences in these structures 
affect interlayer formation, however, and these factors will be presented 
later in this chapter. 

A six-membered ring structure, AI6(OHHt, has been proposed for 
the interlayer material in hydroxy-interlayered clays (Hsu & Rich, 1960; 
Jackson, 1960) after a model given by Brosset et ai. (1954) for a hydrolysis 
product of AI. The six-membered ring structure (see Hsu, Fig. 7-12, 
chapter 7 this book) is perhaps the smallest polymer that may exist in 
clays that is not subject to exchange by other cations. Larger, more com
plex polymers of hydroxy-AI (see Fig. 7-12, Hsu, chapter 7, this book) 
have been proposed by Jackson (1962, 1963), Hsu and Bates (1964a,b), 
as well as others, and these structures will be discussed subsequently. 
Harsh et ai. (1984) indicated that the interlayer hydroxy-AI component 
in the montmorillonite they investigated was composed of islands 15-
nm in diameter. Progressive filling of the interlayer space by hydroxy-AI 
polymers may take place either by adding more polymers composed of 
a six-membered ring structure or by progressive building of larger, more 
polymerized structures which eventually may form complete layers. An 
average formula for hydroxy-AI interlayered vermiculite, calculated from 
the analysis of 12 Alabama soils as determined by Kirkland and Hajek 
(1972) and presented by Karathanasis et ai. (1983), is: 

As described earlier, there is a tremendous variability in the composition 
of hydroxy-interlayered clay minerals, because the composition is de
pendent on the basic 2: 1 clay mineral structure and the type and amount 
of hydroxy-interlayer material within the interstitial spaces. As a result, 
there is little meaning to a generic chemical formula describing these clay 
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mineral phases, except perhaps in specific instances, such as the one 
presented here. 

Because of the difficulty in identifying the presence and layer structure 
of hydroxy-interlayered forms of clay minerals in soils, numerous terms 
have been used in the literature to describe these phases. The somewhat 
arbitrary diagnostic methods used to identify clay mineral species may 
also result in placement of hydroxy-inter layered clays with other minerals, 
e.g., chlorite or interstratified mica-chlorite. Listed below are more or 
less synonymous terms that have been used to describe hydroxy-inter
layered clay minerals: 

1. A 1.4-nm mineral (Pearson & Ensminger, 1949). 
2. A dioctahedral analogue of vermiculite (Brown, 1953). 
3. A chlorite-like mineral (Klages & White, 1957). 
4. A dioctahedral vermiculite mineral (Rich & Obenshain, (1955). 
5. Interstratified chlorite-vermiculite (Jackson et aI., 1954; Dixon & 

Seay, 1957). 
6. Intergradient (Dixon & Jackson, 1962). 
7. Intergradient chlorite-expansible layer silicate (Dixon & Jackson, 

1962). 
8. Intergradient, chlorite-vermiculite (Bryant & Dixon, 1964). 
9. Intergrade (Dixon & Jackson, 1959). 

10. 2: 1-2:2 intergrade (Malcolm et aI., 1968). 
11. Intergradient chlorite-vermiculite-montmorillonite (Dixon & 

Jackson, 1960). 
12. Hydroxy-AI or aluminum interlayers (Rich & Obenshain, 1955; 

Sawhney, 1958; Rich, 1960). 
13. Chloritized expansible layer silicate (Glenn & Nash, 1964). 
14. Chlorite-vermiculite intergrade (McCracken & Weed, 1963). 
15. 1.4-nm montmorillonite-vermiculite-chlorite intergrade (Nash, 

1963). 
The terms most commonly used in reference to soil clays include 

chloritized vermiculite or smectite and hydroxy-AI interlayered vermic
ulite or smectite. Gaining in popularity is hydroxy-interlayered vermic
ulite and smectite, which have been shortened to the acronyms HIV and 
HIS, respectively. In an attempt to standardize the terminology, we sug
gest the adoption of these acronyms for reference to hydroxy-AI inter
layered vermiculite and smectite. 

B. Identification by X-ray Diffraction (XRD) 

X-ray diffraction properties of hydroxy-AI interlayered clay mineral 
forms are intermediate between those of the end-members (vermiculite 
or smectite and AI-chlorite), being dependent on the degree of interlayer 
filling and/or the thermal stability of the interlayer component. X-ray 
patterns from Mg-saturated glycerol or ethylene glycol-treated samples 
of hydroxy-interlayered minerals are similar to those for vermiculite and 
chlorite; hence, this treatment is not useful except perhaps to differentiate 
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chlorite from smectite and swelling chlorite. The response to heat treat
ment of K-saturated samples is the most useful XRD criterion in recog
nizing the presence ofhydroxy-interlayered forms; however, as the filling 
of the interlayer space with hydroxy polymers approaches completeness, 
it becomes increasingly more difficult to differentiate this mineral from 
AI-chlorite. Similar problems exist when only a few polymers occupy the 
interlayer space, as XRD patterns then approach those of vermiculite or 
smectite. Therefore, distinction between these mineral phases is some
what arbitrary. 

In most cases, x-ray patterns obtained at room temperature for hy
droxy-interlayered clays would be similar to those of chlorite when K
saturated. However, incomplete filling results in the lack of stability of 
the 1.4-nm peak when these K-saturated specimens are heated from 25 
to 110, 300, and 500°C. The temperature required to obtain collapse (or 
partial collapse) of the 1.4-nm peak toward 1.0 nm may be used to es
timate the relative degree of filling; the higher the temperature to obtain 
a shift ofthe 1.4-nm peak, the larger the degree of filling. Even with low 
levels of hydroxy interlayering, collapse to exactly 1.0 nm upon heating 
to 500 to 550°C is not usually obtained, and the d-spacing is in the range 
of 1.02 to 1.05 nm. Therefore, the magnitude of the shift in d-spacing of 
the 001 reflection upon K-saturation and heating to 500°C is also a 
measure of the degree of filling; small changes from 1.4 nm indicate large 
amounts of filling. In addition to the degree of filling, the chemical com
position of the hydroxy interlayer component can also influence shifts 
in d-spacing on heating. 

An example of XRD patterns from a soil clay exhibiting properties 
ofhydroxy-interlayered vermiculite is illustrated in Fig. 15-6. The upper 

K 25 

K 110 

K 300 

K 550 

Fig. 15-6 Smoothed x-ray diffraction tracings of day from the Ap horizon of a Maury silt 
loam soil. (Unpublished data from sample 572 KY 105-6 obtained near site reported by 
Hutcheson, 1963.) 
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tracing of a Mg-saturated, glycerol-solvated specimen was obtained from 
the 2 to 0.2-~m fraction of the Ap horizon of the Maury silt loam soil. 
The other tracings were obtained from a sample after K-saturation and 
progressive heat treatments. A small l.O-nm peak in the Mg-saturated 
pattern indicates that the soil sample contains some mica. Presence of 
the 1.42-nm peak in the tracing from the K-saturated sample indicates 
a hydroxy-interlayered form of vermiculite or smectite, or AI-chlorite. 
The 0.7-nm peak also indicates that kaolinite may be present, although 
this peak also corresponds with the 002 reflections from interlayered 
smectite or vermiculite and AI-chlorite. As the specimen was heated to 
100°C and then to 300°C, the 1.4-nm peak shifted toward 1.0 nm, 
indicating a hydroxy-interlayered form of vermiculite or smectite. The 
increase in intensity of the l.O-nm peak between 25°C treatment and 
100°C treatment may indicate the presence of some vermiculite. The 
pattern from the 550 °C heated sample indicates that the sample contains 
a significant amount of kaolinite, since the 0.7-nm peak is no longer 
present. This treatment also indicates the presence of some AI-chlorite, 
since a l.4-nm peak remained. The hump or shoulder on the low-angle 
side of the 1.0-nm reflection may be from the hydroxy-interlayered form 
of vermiculite. This type of pattern has been described in the literature 
as an increased central scattering (MacEwan, 1950) and a broadening of 
the 1.0-nm peak (Jackson, 1962). 

XRD patterns from samples with partial or nonuniformly filled in
terlayer space may exhibit a sequence of 001 reflections similar to a type 
of interstratification (Cotton, 1965; Barnhisel & Rich, 1966). Various 
intercalation procedures have been introduced to quantitatively differ
entiate between kaolinite and chlorite by XRD techniques. For example, 
Abdel-Kader et al. (1978), utilizing a LiCl-dimethylsulfoxide (DMSO) 
treatment, were able to effectively separate the 002 chlorite peak from 
kaolinite, as their diagnostic peaks were 1.12 nm for kaolinite, l.88 nm 
for vermiculite and smectite, 0.72 and 1.44 nm for chlorite, 1.0 nm for 
mica, and 1.44 nm for HIV. Advances in XRD, and particularly thermal 
instruments, have allowed the acquisition of good quantitative estimates 
of chlorite, HIV and HIS, kaolinite, and gibbsite in soil clay fractions 
(Karathanasis & Hajek, 1982). 

c. Identification by Thermal Analysis 

For soil clays, DT A or differential scanning calorimetry (DSC) tech
niques are often not diagnostic for hydroxy-interlayered minerals, par
ticularly for situations where these minerals are present in low concen
trations. DT A techniques have been used to confirm the presence of 
hydroxy materials if these minerals dominate the mineralogy (Rich & 
Obenshain, 1955; Barnhisel & Rich, 1963; Brydon & Kodama, 1966). 
Two endothermic peaks in DTA patterns at about 360 and 470°C have 
been attributed to hydroxy interlayers (Fig. 15-7). Weight losses found 
in thermogravimetric (TG) tracings were associated with hydroxy-inter-
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Fig. 15-7 Differential thermal analysis curve of synthetic hydroxy-AI interlayered mont
morillonite (OH/AI = 1.50, heating rate 12°C/min; (after Barnhisel & Rich, 1963). 

layer formation and stability (Barnhisel & Rich, 1963). A 490°C en
dotherm in DTA patterns from a Virginia soil (Rich & Obenshain, 1955) 
and a 450°C peak in a Mississippi soil (Glenn & Nash, 1964) have been 
attributed to interlayer OR groups. 

D. Identification by Infrared Analysis 

The OR-stretching region has been used to substantiate the presence 
of hydroxy interlayers in smectite (Brydon & Kodama, 1966; Weismiller 
et aI., 1967). The absorption bands near 3600 cm- I and 3700 cm- I were 
observed in hydroxy-AI interlayered montmorillonite. Ahlrichs (1968) 
expanded the use of infrared (lR) spectroscopy as evidence for interlay
ering of metal complexes in vermiculite and hectorite systems. In mont
morillonite, the OR-stretching frequencies associated with the metal have 
values of 3660, 3690, and 3710 cm- 1 for Ni-, AI-, and Mg-interlayers, 
respectively. Ahlrichs suggested that his IR absorption results corroborate 
the proposed six-member polymer ring structure of hydroxy interlayers. 
Occelli and Tindwa (1983), who also observed IR absorption at 3700 
cm· I for hydroxy-AI interlayered montmorillonite, argued that the in
terlayer material in their system was composed primarily of 
[AI I30 4(ORb(R20Hi 1 polymeric units. These polymers have a much 
different structure than the hexameric ring polymeric components, as will 
be discussed subsequently. 

E. Characterization of Hydroxy-interlayer Materials by 
Conductometric and Potentiometric Titrimetry 

Both conductometric and potentiometric titration methods have been 
utilized to characterize hydroxy-interlayer components. While these 
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methods have proven quite useful in the differentiation of H30+ and 
Al(H20)i+' they have been inconclusive in differentiating the more weakly 
acidic groups associated with the "third buffer region" usually observed 
between pH 5.5 and 8.0 (Schwertmann & Jackson, 1964; Sawhney & 
Frink, 1966; Dewan & Rich, 1970; Violante & Violante, 1978). The third 
buffer region has been attributed to hydroxy-AI interlayer components 
(Schwertmann & Jackson, 1963, 1964), a soluble alumino silicate complex 
presumed to be released from the clay mineral structures subsequent to 
acid treatment (Sawhney & Frink, 1966), and broken edge groups of the 
form -Si-O-(Mo.s+) also presumed to form upon acid attack (May, 1973). 
More recent studies have indicated that the third buffer region may result 
from the combination of hydroxy-AI polymeric interlayer components 
and another weak acid component produced by acid attack (Violante & 
Violante, 1980). What the other weakly acidic groups specifically repre
sent is not currently known, yet their pKa values are sufficiently close to 
the interlayer components to disallow the acquisition of quantitative data 
from the titration curves (Violante & Violante, 1980). 

V. ORIGIN, SOURCES, DISTRIBUTION, AND WEATHERING 
OF HYDROXY INTERLA YERED MINERALS 

A. Origin and Sources 

Hydroxy-AI interlayered smectite and vermiculite are thought to oc
cur in soils as either weathering products derived from chlorite weathering 
or more commonly from the deposition of hydroxy-AI polymeric com
ponents within the interlayer spaces of these expansible or limited ex
pansible layer silicates. The weathering sequence of the former is thought 
to approximate: 

Chlorite --+ secondary chlorite --+ 

hydroxy-AI interlayered vermiculite --+ vermiculite, 

where the hydroxy-interlayered component is an intermediate in the ver
miculization process (Bain, 1977b; Ross et aI., 1982). The above sequence 
is different from that presented by Jackson (1962), who proposed that 
the hydroxy-AI interlayered clay (AI-chlorite) weathered to form either 
kaolinite or halloysite. The formation of hydroxy-AI interlayered ver
miculite or smectite in most acid soil systems has been found to follow 
the weathering sequence: 

Biotite or muscovite --+ vermiculite --+ chloritized vermiculite 
1 

smectite --+ chloritized smectite. 

Minerals with very well developed interlayers, i.e., those that maintain 
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or partially maintain their integrity (1.4 nm) following the 500°C heat 
treatment, are often referred to as pedogenic chlorites or Al-chlorites. As 
was discussed previously, this designation is somewhat arbitrary; how
ever, in old soils developed under acidic conditions, the existence of 
chlorite can only be explained by the following sequences: 

Vermiculite --> chloritized vermiculite --> pedogenic chlorite 

Smectite --> chloritized smectite --> pedogenic chlorite. 

There has recently been some discussion concerning the thermody
namic stability of the hydroxy-AI interlayered vermiculite and smectite 
minerals. One approach has been to consider the hydroxy-AI polymeric 
components as contaminants within the interstitial spaces of the ver
miculite or smectite (MacEwan & Wilson, 1980; Kittrick, 1983). Based 
on his equilibrium stability calculations, Kittrick (1983) suggested that 
the hydroxy-AI polymeric interlayer components are best considered ther
modynamically nonstable contaminants with respect to gibbsite in ver
miculitic or smectite mineral phases. An assumption underlying his sta
bility calculations was that the solubility of hydroxy-AI polymeric 
components associated with the vermiculites and smectitic phases could 
be approximated by utilizing data from laboratory synthesis of these 
minerals. This may not be a reasonable assumption, because the solubility 
of Al interlayers in laboratory-synthesized specimens has been demon
strated to be much greater than that of those formed pedogenically. Fur
thermore, the stability of the hydroxy-AI polymeric components in lab
oratory-synthesized interlayered vermiculite and smectite is highly 
dependent on the specific experimental conditions employed, and even 
in the best instances, the laboratory-synthesized interlayered minerals are 
much less stable than their pedogenically-derived congeners. 

This difference in stability is exemplified by the suggestion from many 
laboratory synthesis studies that smectite and vermiculite act as templates 
for gibbsite formation (Barnhisel & Rich, 1963). In natural soil systems 
where stable hydroxy-AI interlayers are found, it is often suggested that 
these minerals inhibit gibbsite formation, a phenomenon which has been 
termed the antigibbsite effect (Jackson, 1963a; Harris et al., 1980; Kar
athanasis et al., 1983). Nevertheless, the utilization of stability infor
mation as a criterion for the separation of hydroxy-interlayered vermic
ulite and smectite and pedogenic AI-chlorite from trioctahedral primary 
chlorite is noteworthy from a pedological viewpoint. 

Another approach has been to demonstrate thermodynamic stability 
ofthese minerals in the acid soil environments where they are commonly 
found. Karathanasis et al. (1983) employed natural soil-solution com
positions to study the stability of soil kaolinite, gibbsite, and hydroxy-AI 
interlayered vermiculite. They concluded that there may be an "equilib
rium" coexistence of hydroxy-AI interlayered vermiculite and "soil" ka
olinite, even though the former was metastable with respect to a reference 
kaolinite. Many aspects of their approach could be considered question-



752 BARNHISEL & BERTSCH 

able, including the arbitrary selection of equilibrium parameters describ
ing the hydroxy-AI interlayered vermiculite and the "soil" kaolinite, and 
the assumption that the soil solutions were at equilibrium. The second 
assumption is particularly tenuous for agricultural soils, which are con
stantly in a state of disequilibrium. Regardless of these limitations, their 
(Karathanasis et al., 1983) thermodynamic equilibrium description can 
be considered a good first approximation of these soil systems in which 
kaolinite, gibbsite, and hydroxy-AI interlayered vermiculite are com
monly found in the clay mineral fraction. 

Several problems are associated with attempting to demonstrate either 
the thermodynamic stability or metastability of hydroxy-AI interlayered 
2: 1 clay minerals in heterogeneous soil systems. One major problem is 
the choice of a time scale in which to consider the reactions. Carlisle and 
Zelazny (1973) suggested that in acid soil environments, the formation 
of hydroxy-AI polymeric interlayers stabilizes 2: 1 clay mineral phases 
that would otherwise be unstable with respect to kaolinite. Thus, the 
presence of Al interlayers may provide kinetic stability to a thermody
namically unstable 2: 1 clay mineral phase, and the attainment of equi
librium could be a relatively slow process. Other problems include the 
seemingly unlimited possibilities associated with the degree of interlayer 
filling and the environmental and chemical influences on the formation 
and transition of these mineral phases. 

Karathanasis et al. (1983) indicated that the stability field of hydroxy
Al vermiculite could be below or above "soil kaolinite," depending on 
the degree ofinterlayer occupation by hydroxy-AI polymeric components. 
Other studies have indicated that the depositional environment influ
ences the stability of the hydroxy-AI interlayered minerals (Frink, 1969; 
Malcolm et al., 1968; Lietzke et al., 1975). Frink (1969) reported a de
chloritization mechanism whereby chloritized vermiculites from acid up
land soils were transformed to high-charged vermiculites and illite fol
lowing deposition in neutral to calcareous lake environments. A similar 
mechanism was proposed by Lietzke et al. (1975) for chloritized ver
miculites that were transformed to vermiculite and interstratified ver
miculite montmorillonite following deposition in an alkaline flood plain 
environment. Dechloritization of vermiculite was also proposed as a 
mechanism for smectite formation in very acidic surface soils in the 
North Carolina coastal plain (Malcolm et al., 1968). The laboratory studies 
of Lietzke and Mortland (1973) demonstrated the dynamic character of 
chloritized vermiculite from a soil clay fraction. They found that hydroxy
Al interlayers could be removed upon dilute NaOH treatment to pH 10; 
however, the interlayers would reform after equilibration for 12 d at lower 
pH values. These examples demonstrate both the system specificity and 
the potential variability ofinterlayer occupancy and stability. In addition, 
they suggest that the hydroxy-AI polymeric components comprising the 
interlayers could be considered either contaminants or thermodynami
cally stable phases, depending on the specific conditions and time scale 
considered. 
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B. Distribution and Weathering 

Hydroxy-AI interlayered vermiculite and smectites have a wide geo
graphic distribution and are found in several soil orders, although they 
tend to be most abundant in Ultisols and Alfisols (Soil Survey Staff, 1975). 
A comprehensive list of places around the world having soils or sediments 
that contain interlayered 2: 1 clay minerals was presented by Rich (1968). 
Since that time, HIVjHIS has been reported in many more soils (e.g., 
Landa & Herrero, 1978; Garcia & Delgado, 1978; Nomberg, 1980; Ka
poor et al., 1982; Ji-Quan, 1983), demonstrating the relative importance 
of these clay minerals. It has been suggested that moderately acidic con
ditions, low organic matter content, oxidizing conditions, and frequent 
wetting and drying cycles are optimal environmental conditions for pe
dogenic hydroxy-AI interlayer formation (Rich, 1968). Because of the 
wide variation in soil types that contain hydroxy-AI interlayered minerals, 
these parameters may be considered at best boundary conditions for their 
formation. 

The distribution of hydroxy-AI interlayered clays within the solum 
may be uniform or restricted to one horizon. More frequently, interlay
ering is greatest in the surface horizon and decreases with depth. A com
mon observation for soils containing appreciable quantities of both ka
olinite and chloritized vermiculite is that the chloritized vermiculite 
predominates in the surface horizons, while kaolinite dominates in the 
subsurface horizons (Rich & Obenshain, 1955; Bryant & Dixon, 1964; 
Douglas, 1965; Fiskell & Perkins, 1970; Carlisle & Zelazny, 1973; Mo
kama et al., 1973; Harris et al., 1980; Karathanasis & Hajek, 1983). Sev
eral reasons have been suggested for this observation, including greater 
stability ofthe hydroxy-AI interlayered vermiculite compared to kaolinite 
in the surface horizons of acid soils (Carlisle & Zelazny, 1973), a more 
favorable environment for kaolinite formation in subsoils compared to 
surface soils (Rich & Obenshain, 1955; Krebs & Tedrow, 1958), and less 
abundant source material for kaolinite than for chloritized vermiculite 
(Rich & Obenshain, 1955; Harris et al., 1980). None of these explanations 
is totally satisfactory. Ultimately HIV will weather to kaolinite, and since 
weathering intensity is greater at the surface, the observation that HIV 
is predominant in surface horizons is somewhat contradictory. Perhaps, 
as discussed previously, the problem is kinetically based. If oxidizing 
conditions and frequent wetting and drying cycles are optimal for hy
droxy-AI interlayer formation as suggested by Rich (1968), then signifi
cant interlayering of vermiculite may only occur in surface soils. Thus, 
if the general weathering scheme mica ----> illite ----> vermiculite ----> kaolinite 
were operative in the solum, then kaolinite would form relatively rapidly 
in the portions of the solum where interlayering of vermiculite was not 
favored. In the surface horizons where hydroxy-AI interlayering is fa
vored, the interlayer component interjects a metastability to the vermic
ulite minerals. 
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Harris et a1. (1980) found that the amount of chloritized vermiculite 
increased with age relative to kaolinite in surface soils sampled along a 
chronosequential transect. They (Harris et a1., 1980) suggested that the 
hydroxy-interlayered vermiculite was forming much faster than kaolinite 
because of the vermiculitic and illitic source materials in the younger 
alluvium. They speculated that the difference in the rate of formation 
resulted in accumulation of the chloritized vermiculite in the surface soils, 
since the kaolinite would not be replenished through transformation or 
neoformation and could be depleted in the surface horizons through elu
viation. 
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Fig. 15-8 Proposed structural alteration in hydroxy interlayered smectite (HIS) (a) Tetra

hedral inversions and attachment to the hydroxy-AI interlayer sheet. (b) Formation of 
two 1:1 kaolinite-like layers from the original HIS (after Karathanasis & Hajek, 1983). 
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The mechanism for the 2: 1 ---+ 1: 1 clay mineral phase transformation 
has received considerable attention (Glenn et aI., 1960; Altschuler et aI., 
1963; Jackson, 1962). Both dissolution-precipitation and structural re
organization mechanisms have been advanced. It has been postulated 
that hydroxy interlayering in vermiculites and smectites may be an im
portant precursor in the structural reorganization mechanism (Jackson, 
1962; Poncelet & Brindley, 1967; Rich, 1968; Oberlin & Couty, 1970; 
Karathanasis & Hajek, 1983). Karathanasis and Hajek (1983) suggested 
that both structural rearrangement and dissolution-precipitation mech
anisms were operating simultaneously in acidic montmorillonitic soils 
from Alabama. They proposed that the structural rearrangement involved 
the "tetrahedral inversion mechanism" (Altschuler et aI., 1963) whereby 
a portion of the Si tetrahedral sheet is released as a result of the acidic 
conditions and associates with the hydroxy-AI interlayer component, 
forming two kaolinite-like layers (Fig. 15-8). 

Recently Wada and Kakuto (1983a) suggested that the interlayer com
ponent of a Korean typic Hapludult was a kaolin mineral and not a 
hydroxy-AI polymeric material. They proposed that the structure of the 
intergradient vermiculite-kaolin mineral consisted of vermiculite and 
vermiculite that had been transformed to double kaolin layers (Fig. 15-
9). They based their interpretation on the following two observations: 

1. The sodium citrate treatment that resulted in collapse of the 1.4-
nm mineral also resulted in dissolution not only of Al but of Si at 
the Si/ Al molar ration of about 1.0. 
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Fig. 15-9 Proposed unit layer of an intergradient vermiculite-kaolin mineral (after Wada 
and Kakuto, \983a). 
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2. The dissolution of kaolin minerals but not of any other components 
(such as gibbsite, quartz, mica, and noncrystalline silica, alumina, 
and alumino silicate) is indicated by XRD and difference IR spec
troscopy (Wada & Kakuto, 1983a). 

In another investigation, Wada & Kakuto (1983b) arrived at a similar 
conclusion for four additional Ultisols and three Alfisols from Korea. 
They suggested that the 1.4-nm mineral in these soils was not what has 
been traditionally referred to as "chloritized" vermiculite, but rather rep
resented an intergradient vermiculite-kaolin mineral, an intermediate 
phase in the 2: 1 --+ 1: 1 layer transformation. At present it is not clear to 
what extent these results can be extrapolated to other soils. However, the 
possible implications of this discovery may be significant. Further dis
cussion of 2: 1 --+ 1: 1 clay mineral transitions can be found elsewhere in 
this volume [see chapter 14 on smectite (Borchardt) and chapter 13 on 
vermiculite (Douglas), this book]. 

VI. PHYSICOCHEMICAL PROPERTIES OF HYDROXY
INTERLAYERED VERMICULITE (HIV) AND HYDROXY

INTERLAYERED SMECTITE (HIS) 

A. Physical Properties 

The stabilization of soil structure by Al and Fe oxyhydroxides is a 
well-established phenomenon that has been partially attributed to hy
droxy interlayers composed of these hydroxide phases. McNeal and Cole
man (1966) demonstrated that swelling characteristics and hydraulic con
ductivities of soils high in sesquioxides were little influenced by sodium 
adsorption ratios. Many investigators have demonstrated restricted hy
dration of hydroxy-AI interlayered smectites. The swelling of Na-mont
morillonite was reduced by the formation of hydroxy-Fe and -AI inter
layers, and Al interlayering was more effective than Fe in this capacity 
(El Rayah & Rowell, 1973). Consistent with these findings, Frenkel and 
Shainberg (1980) found that hydroxy-AI polymers were more effective 
than Fe polymers in stabilizing montmorillonite and preventing disper
sion by Na ions. 

The greater reduction in swelling or dispersion by Al rather than Fe 
interlayer components is presumably related to the more uniform dis
tribution of the former within the interlayer space, and to the greater 
stability of the Al interlayer components (Carstea, 1968; Rich, 1968; Car
stea et aI., 1970a). Alperovitch et ai. (1985) also found that hydroxy-AI 
polymers were more effective than Fe polymers at maintaining hydraulic 
conductivities during infiltration ofa Na solution into clay-sand mixtures. 
The tensile strength, liquid limit, shear-stress, and shrink-swell properties 
of smectitic clay systems may also be significantly altered by hydroxy 
interlayering and the accompanying changes in cation saturation (Dowdy 
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& Larson, 1971; Gray & Schlocker, 1969; Davey & Low, 1971; Kidder 
& Reed, 1972). 

The removal of hydroxy-interlayer components from clays has been 
shown to result in increased swelling or dispersion. Tamura (1957) re
moved hydroxy-interlayer material from a soil clay fraction and obtained 
a 1.8-nm diffraction peak indicative of smectite, following Ca saturation 
and glycerol solvation. Desphande et ai. (1964) reported that a 0.1 mol 
L -1 HCI treatment resulted in a marked increase in swelling for many 
of the soils they investigated. They suggested that removal of Al rather 
than Fe components was responsible for this observation, because little 
swelling was observed for these same soils treated with dithionite. X-ray 
diffraction studies showed no detectable alterations to interlayered clays 
in six Virginia soils with dithionite treatment (Iyengar et ai., 1981). This 
would suggest either that Fe is not a major component of interlayer 
polymeric materials or that hydroxy-Fe interlayer constituents are little 
influenced by Na-citrate-dithionite treatment. The addition of excess 
NaOH to synthetically prepared HIS resulted in dissolution of the Al 
interlayers followed by complete dispersion of the remaining Na mont
morillonite (Frenkel & Shainberg, 1980). Zelazny et ai. (1980) observed 
HIV /HIS to vermiculite/smectite transformations in septic tank drain 
fields and suggested that these conversions could contribute to drainage
system failure resulting from the increased expansibility. Thus, the in
fluence of hydroxy-interlayer components on the physical properties of 
2: 1 clay minerals is profound. 

B. Chemical Properties 

1. Cation Exchange Properties 

There is a wide range of cation exchange capacities (CEC) for hy
droxy-interlayered forms of vermiculite and smectite, which are reflective 
of the continuum between aluminous chlorite and the vermiculite and 
smectite end-members. Predictably the CEC is low as complete filling of 
the interlayer space is approached, and nears the CEC values for ver
miculite or smectite at sparse interlayer occupancy. 

The major mechanisms proposed for charge reduction in hydroxy
interlayered clays compared to the noninterlayered end-members are (i) 
precipitation of Al on surfaces and/or into interlayer spaces, sterically 
blocking exchange sites, and (ii) adsorption of positively charged hydroxy
Al polymers that are nonexchangeable yet satisfy charge. Although to 
some degree these mechanisms probably occur concurrently, the second 
is now thought to predominate. 

The point of zero net charge (PZNC) of amorphous AI(OHh has been 
reported to be in the pH range of 7.0 to 7.7 (Parks, 1965). Therefore, as 
the pH increases from 5.0 to 7.0, the hydroxy-AI interlayers would be 
expected to have a small effect on CEC. The charge properties of hydroxy
interlayered clay minerals, however, are not easily characterized. These 
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minerals represent a very complex admixture of constant surface charge 
and constant surface potential surfaces. Keren (1980) reported that hy
droxy-AI polymers in the interlayers of a Wyoming montmorillonite were 
still positively charged at pH 7.5 and suggested that this resulted from 
the surface acidity of montmorillonite, which could be 2 to 4 units lower 
than the suspension pH (Bailey et aI., 1968). Thus, many factors influence 
the measured CEC values for soils containing appreciable quantities of 
hydroxy-interlayered clay minerals. For example, small additions oflime
stone to an acid soil with >90% Al on the exchange phase resulted in a 
decrease in the effective CEC (Bertsch & Alley, 1981). This was attributed 
to the deposition of more hydroxy-AI interlayer components into the 
interlayer spaces with increasing pH (Bertsch, 1980). Conversely, when 
acid soils were limed to a pH > 7.2, Al interlayer components precipitated 
out of the interlayers with increased CEC values observed (Niederbudde 
& Riihlicke, 1981). 

Mineral transformations from HIV to HIV jvermiculite mixed layer 
and vermiculite resulting from the lime additions were confirmed by x
ray analysis (Niederbudde & Riihlicke, 1981). Therefore there are several 
opposing reactions influencing cation exchange equilibria in soils con
taining HIV or HIS. As pH decreases, the net charge will also decrease 
because the positive charge on the Al interlayer components increases. 
Further decrease in pH may result in an increase in the "effective CEC" 
due to dissolution of some of the Al interlayer components, with the 
released Al participating in exchange reactions (Bertsch & Thomas, 1983). 
Increases in pH result in greater effective CECs because of the reduced 
positive charge on the Al interlayer components. Elevated pH can also 
result in the removal of a certain fraction of the interlayer material by 
inducing secondary precipitation reactions. At even higher pH values, 
the dissolution of the Al interlayer components can result from the for
mation of aluminate (Niederbudde & Riihlicke, 1981; Keren, 1980). The 
influence of hydroxy-AI interlayer components on the CEC of smectites 
and vermiculites will be discussed further in section VII (laboratory syn
thesis of interlayers) of this chapter. 

2. Cation Exchange Selectivity 

Hydroxy-AI interlayers in 2: 1 clay minerals can significantly influence 
the ion exchange behavior ofK+, NHt, Cs+, and Rb+. It is well known 
that at least three factors allow these cations to be fixed within the di
trigonal cavities of high-charged 2: 1 clay minerals. These factors include: 
(i) the low hydration energy, (ii) the appropriate size of the cations, and 
(iii) sufficient tetrahedral charge on the silicate. Interlayers can prevent 
fixation, since the hydroxy-AI interlayer groups act as "props" inhibiting 
layer collapse about these ions (Rich, 1968). Rich and Black (1964) found 
that only 2.8 cmole kg- 1 ofK+ could be displaced from a Ca-K-saturated 
Libby vermiculite by NH40Ac extraction, the remainder being fixed be
tween the collapsed layers. In contrast, after synthesis of Al interlayers 
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in the vermiculite, 23.2 cmole kg - 1 of K + were exchanged by NH40Ac, 
suggesting that K + fixation was nearly eliminated by the Al interlayer 
formation (Rich & Black, 1964). 

The Gapon selectivity coefficients (KK/ca) in the K-Ca exchange sys
tems were observed to increase from 0.57 to 1.11 L mmol- 1/ 2 upon Al 
interlayering. Thus, the formation of Al interlayers in vermiculite reduces 
fixation while greatly increasing the ion exchange selectivity of the un
hydrated K + (Rich & Black, 1964). Murdock and Rich (1972) demon
strated that soils containing appreciable quantities of HI V had large Rb+ 
selectivities (KRb/ Sr), and soils with little or no HIV had far lower Rb I 

selectivity coefficients. Similar results were reported by Kozak and Huang 
(1971) and Somasiri and Huang (1974) for K f- and by Sawhney (1970) 
and Elprince et aI. (1977) for Cs ~ . 

The increased cation exchange selectivity resulting from hydroxy-AI 
interlayers has been explained by the existence of wedge zones between 
"propped" layers stabilized by the hydroxy-AI polymers, and collapsed 
zones where the ions are fixed within the ditrigonal cavities. These wedge 
zones, similar to edge sites in micaceous minerals, selectively adsorb ions 
with small hydrated radii, since large hydrated cations (e.g., Ca2 -t, Mg2 +) 
cannot access the sites due to size exclusion (Rich, 1968; Ie Roux et aI., 
1970; Gal & Rich, 1972). 

Another contribution to the increased K + selectivity is that the Al 
polymeric components occupy "planar sites" that would otherwise be 
selective for Ca2+ (Kozak & Huang, 1971). Keren (1979) observed in
creased preference for Ca in Na-Ca exchange on an Al hydroxy-inter
layered Wyoming montmorillonite and attributed the increased selectiv
ity to enhanced tactoid formation. He suggested that the Al interlayering 
and resultant tactoid formation increased interior (Ca-selective sites) and 
decreased exterior (Na-selective) sites. 

3. Metal Adsorption 

The adsorption of heavy metals on both crystalline and noncrystalline 
hydrous oxides of Fe and Al has been studied extensively. There has been 
little work conducted on the adsorption of metals by Al-interlayer com
ponents, however, despite their wide geographic distribution and im
portance in many soils. 

Maes and Cremers (1975) attributed observed irreversible adsorption 
of Co and Zn in a Na-montmorillonite to "structural hydroxyl groups of 
the clay or hydroxy-AI compounds." They suggested that the hydroxy
Al components were deposited during acid pretreatment of the clay sam
ple. They provide no direct evidence for this contention, however. Evi
dence for the specific adsorption of Cu2 t to hydroxy-AI polymeric com
ponents of a synthetically interlayered Wyoming montmorillonite was 
provided by Harsh and Doner (1984). They found that the adsorption 
of 0.16 mol Cu2 I kg 1 clay had little influence on N a 0 adsorption, 
suggesting that the Cu2 + was specifically adsorbed to the AlrCOH)~,\ r 
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components and was not exchanging for Na + on planar sites. Their ESR 
data confirmed the existence of chemisorbed Cu; however, there was also 
evidence for the existence of the mobile aquated Cu species, indicating 
the presence of some electrostatically bound Cu2+. Assuming that the 
mass of the fixed Al was equivalent to AI(OHh, Harsh and Doner (1984) 
calculated that 0.86 mol Cu2+ kg~ I Alx(OH)tx~1' was adsorbed. This is 
significantly greater than the amount of Cu adsorbed to noncrystalline 
alumina and microcrystalline gibbsite (McBride, 1982; McBride et aI., 
1984) and led to the speculation that AUOHW~Y interlayer components 
had a greater specific surface than discrete All0HW~Y phases, perhaps 
resulting from the "atoll" -like distribution of the polymers (Harsh & 
Doner, 1984). 

Harsh et aI. (1984) also found Cu to be chemisorbed to 
Alx(OH)~x~y polymeric components in interlayered hectorite. As in the 
previous study, the authors suggest much greater Cu2+ adsorption to the 
AUOH)~X~Y interlayer components than to microcrystalline gibbsite. They 
also reported that unpublished transmission electron micrographs of 
freeze-fractured replicas of the OH-AI montmorillonite surface indicate 
that the interlayer material exists as islands, 15 nm in diameter (Harsh 
et aI., 1984). If accurate, this would result in a much greater ratio of edge
to-face surface area for the interlayer polymeric components than for 
microcrystalline gibbsite, and thus explain the observed adsorption ca
pacity. Because of the importance of hydroxy-interlayered clays in acid 
soils, the role of hydroxy-AI polymeric interlayer components in trace 
metal adsorption is an area warranting more intensive research. 

4. Anion Adsorption 

The presence of hydroxy interlayers in 2: 1 clay minerals significantly 
enhances the adsorption of anions because anions are adsorbed only at 
edge sites in systems not containing hydroxy interlayers. It has long been 
noted that anions are retained in soils containing relatively large amounts 
of AP+ and Fe3+ oxyhydroxides (Mattson, 1931; Chang & Thomas, 1963; 
Chao et aI., 1963, 1964, 1965). Reeve and Sumner (1970) found that 
liming an Oxisol did not reduce P fixation, and attributed this observation 
to the increased chemisorption of P to the Al oxyhydroxide surfaces 
formed on liming. Many subsequent studies have proposed identical 
mechanisms to explain decreased P availability to plants after lime ad
ditions to acid, highly weathered soils (Amarasiri & Olsen, 1973; Geb
hardt & Coleman, 1974; Parfitt, 1977; Mendez & Kamprath, 1978; Smyth 
& Sanchez, 1980; Sims & Ellis, 1983; Haynes, 1983). Reactive sesquioxide 
surfaces may be present not only as hydroxy-interlayer material, but also 
as either discrete phases or coatings on soil constituents. This makes it 
difficult to interpret anion sorption in heterogeneous soil systems in terms 
of hydroxy-interlayer components. 

Perrot et aI. (1974) demonstrated that hydroxy-AI species are readily 
adsorbed onto negative, permanently charged surfaces of mica and that 
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P adsorption is subsequently enhanced. That the polymeric Al groups on 
the mica surfaces were the site of P sorption was demonstrated by 32p 
adsorption and autoradiography (Perrott, 1981). Perrott (1981) demon
strated that the hydroxy-AI surfaces were formed on washing of an AI
saturated mica, and this adsorption could be reduced three orders of 
magnitude by preventing hydrolysis of the adsorbed Al. Robarge and 
Corey (1979) concluded that hydroxy-Al polymeric components on a 
cation exchange resin were the primary P-adsorbing surface. Other studies 
have demonstrated the adsorption of phosphate, sulfate, and arsenate by 
artificially synthesized hydroxy-interlayered clay minerals (Singh & Miles, 
1978; Webber, 1978; Huang, 1975). Keren and Gast (1983) found that 
hydroxy-AI interlayered montmorillonite adsorbed more B than a Ca
saturated sample; however, a "physical mixture" of previously precipi
tated Alx(OHW-Y and Ca-montmorillonite adsorbed the greatest amount 
of B. These results are somewhat troubling, since they raise the problem 
of differentiating between specific adsorption to Al polymeric components 
actually present as interlayer material, and those attached to external 
edge-type surfaces, or even present as a discrete noncrystalline phase 
formed during interlayer synthesis. 

C. Removal of Hydroxy Interlayers 

Many extractants have been used to remove or partially remove hy
droxy interlayers from soil clays. Once the hydroxy-AI interlayers are 
removed, the clay minerals tend to exhibit physicochemical properties 
of either vermiculite or smectite with the corresponding x-ray properties 
upon cation saturation and heat treatment indicative of these minerals. 
Some of the methods employed to remove or partially remove hydroxy 
interlayers are listed below: 

KOH + KCI (Brown, 1953) 
NH4 (Rich & Obenshain, 1955) 
NH4-citrate (Klages & White, 1957) 
Citric acid (Klages & White, 1957) 
F-resin (Huang & Jackson, 1966) 
Na-citrate (Tamura, 1957, 1958; Sawhney, 1960b,c) 
Na-dithionite-citrate-bicarbonate (Tamura, 1955; Arshad et al., 1972) 
400°C dehydroxylation-NaOH (Dixon & Jackson, 1959, 1962) 
NH4F + HCI + NH4Cl (Rich & Cook, 1963; Rich, 1966) 
NH40x (McKeague & Day, 1966; Iyengar et al., 1981) 
Most of the extractants listed above may dissolve other forms of AI, 

including structural Al associated with clay minerals and other discrete 
noncrystalline and crystalline Al phases. Iyengar et al. (1981) compared 
Na-citrate dithionite (NaCD), ammonium oxalate in the dark (NH40x
D), and ammonium oxalate photolytic reaction under ultraviolet radia
tion (NH40x-P) for their effects on hydroxy-interlayered soil minerals. 
They found that the NH40x-D and NaCD treatments, although removing 
significant quantities of Al from the soils, had little influence on the x-
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Fig. 15-10. X-ray diffractograms of K-saturated <2 pm fractions of Westmoreland and 
Groseclose soils at 25, 300, and 550°C following Na-citrate dithionite, NaCD (A); am
monium oxalate in the dark, NH40X-D (B); and ammonium oxalate photolytic reaction 
under UV radiation, NH40X-P (C) pretreatments (after Iyengar et aI., 1981). 

ray diffraction patterns of the <2~m fraction, suggesting little interlayer 
removal (Fig. 15-10). The NH40x-P treatment removed the greatest 
quantities of Al from all the soils studied (Table 15-3). It also dissolved 
Al interlayer components, although the amount removed was soil-specific 
(Fig. 15-10). For the Westmoreland soil the 1.4-nm peak at 25°C was 
narrow and intense for the NaCD-treated sample and broadened follow-
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Table 15-3. Quantities of Fe and Al removed from six Virginia soils by NaCD, NH.Ox-D, 
and NH.Ox-P treatments (after Iyengar et al., 1981).t 

NaCD NH.Ox-D NH.Ox·P cmol 
Al kg-! 

Soil type Fe Al Fe Al Fe Al HIV:j: 

g kg-! 

Dragston sl 2.2 1.6 0.9 1.2 2.8 2.8 2.0 
Dunmore sil 9.7 2.5 0.5 1.0 11.4 4.3 3.0 
Groseclose sil 12.8 2.6 1.5 1.1 13.4 2.9 0.7 
Litz sil 24.3 3.7 5.0 2.1 39.4 10.2 7.9 
Starr sicl 72.2 6.3 2.5 2.0 111.0 19.3 11.8 
Westermoreland sicl 24.3 4.2 4.7 2.2 33.6 16.7 10.6 

t Extractants included Na-citrate dithionite (NaCD), ammonium oxalate in the dark 
(NH.Ox-D), and ammonium oxalate photolytic reaction under ultraviolet radiation 
(NH.Ox-P). 

:j: Calculated with the assumption that the difference in extractable Al from NH.Ox-P 
and NaCD results from dissolution of only hydroxy-AI interlayers in hydroxy
interlayered vermiculite. 

ing the NH40x-P treatment (Fig. 15-10). Also evident was the total col
lapse of the 1.4-nm peak to a 1.0-nm peak at 300°C for the K-saturated 
sample when treated with NH40x-P. The Groseclose soil, conversely, 
showed little difference between extractants in either the amount of Al 
extracted or the x-ray diffractograms (Table 15-3; Fig. 15-10). However, 
for all soils studied the thermal stability of the hydroxy-AI interlayer 
material was decreased upon NH40x-P treatment, even when not totally 
removed. 

McKeague and Day (1966), in agreement with the studies oflyengar 
et al. (1981), found little influence ofNH40x-D or NaCD treatment on 
hydroxy-AI interlayered soil clays. They did observe, however, that 
NH40x-D removed Al polymeric material from laboratory-synthesized 
interlayered montmorillonites. This difference is probably related to in
terlayer stability or degree of development. Differing degrees of interlayer 
stability were suggested by Iyengar et al. (1981) to explain the observed 
differences in the effect of the NH40x-P treatment on different soils. 
Although differences in interlayer stability can be presumed to be im
portant, (Rich, 1968; Meyers & Ahlrichs, 1973), it is an extremely difficult 
parameter to quantify, or in many instances even to qualitatively evaluate 
because it is not clear what the differences or relationships are between 
actual stability and degree of interlayer development. Some of these re
lationships are discussed more thoroughly in subsequent sections. 

VII. LABORATORY SYNTHESIS OF HYDROXY 
INTERLA YERED VERMICULITE (HIV) AND SMECTITE (HIS) 

The discovery that HIV and HIS are widely distributed in soils and 
sediments around the world stimulated an intense interest in their pe
dogenesis and physicochemical properties. This interest inspired exten-
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sive research, much of which involved laboratory synthesis experiments 
utilizing the "pure" clay minerals smectite and vermiculite to describe 
the formation and alteration ofhydroxy-interlayered clay minerals in soils 
and sediments (e.g., Rich, 1968). Earlier studies attempted to synthesize 
chlorite from smectite by forming a complete interlayer with AI, Mg, Fe, 
or Ni that had been completely neutralized with equivalent amounts of 
base (Caillere & Henin, 1949, 1950; Longeut-Escard, 1950; Youell, 1960; 
Slaughter & Milne, 1960). Although the resulting minerals were not as 
heat stable and did not exhibit the same intensities for the 001 reflections 
as natural chlorite, they were nevertheless chlorite-like. 

Subsequent investigations have largely focused on synthesizing in
terlayers in order to emulate naturally occurring HIV or HIS (e.g., Sawhney, 
1960a; Rich, 1960; Shen & Rich, 1962; Hsu & Bates, 1964b; Turner, 
1965; Barnhisel & Rich, 1966; Brydon & Kodoma, 1966; Turner & Bry
don, 1967a,b; Sawhney, 1968; Carstea, 1968; Meyers & Ahlrichs, 1973). 

In spite of the abundance of studies in this area, several fundamental 
discrepancies have appeared in the literature. For example, many studies 
have reported a reduction in CEC of2: 1 clay minerals following interlayer 
formation (e.g., Shen & Rich, 1962; Hsu & Bates, 1964b; Turner, 1965; 
Brydon & Kodama, 1966; Tuner & Brydon, 1967a,b; Sawhney, 1968; 
Carstea, 1968; Keren et aI., 1977), while a few others reported little CEC 
reduction (Ragland & Coleman, 1960; Frink & Peech, 1963). Barnhisel 
and Rich (1963) found that the CEC of montmorillonite was at first 
reduced simultaneous with hydroxy-AI interlayer formation, but upon 
aging the original CEC was regained concurrent with formation of a gibb
site phase. From this they concluded that laboratory-synthesized inter
layers were chemically unstable with respect to gibbsite formation. Con
versely, Meyers and Ahlrichs (1973) found CEC reductions oflaboratory 
interlayered clays even after long aging periods and did not observe for
mation of gibbsite in their samples. In many studies where CEC reduc
tions as a function of interlayer formation have been reported, reduced 
surface areas of the clay minerals have also been demonstrated (Bamhisel, 
1969). Recently, however, hydroxy-cation interlayered clays with a large 
fraction of the internal surface area available and utilized for catalytic 
processes have been synthesized (Brindley & Sempels, 1977; Lahav & 
Shani, 1978; Lahav et aI., 1978; Vaughan & Lussier, 1980; Occelli & 
Tindwa, 1983; Pinnavaia, 1983; Shabtai et aI., 1984; Pinnavaia et aI., 
1985a; Sterte, 1986; Sterte & Shabtai, 1987). Furthermore, differences in 
stability of the laboratory-synthesized hydroxy interlayers have been re
ported. Many of these discrepancies can be largely explained by differ
ences in experimental approach, methodology, and type of 2: 1 clay min
eral used, although certain differences are undoubtedly related to the 
complexity of Al solution chemistry. 

A. Synthesis Methodology 
Several methods have been used to prepare synthetic hydroxy-inter

layered clays. The objectives of these experiments have been to (i) pro
duce a mineral similar to chlorite-like minerals found in soils (ii) deter-



CHLORITES & HYDROXY-INTERLAYERED CLAYS 765 

mine the physical nature of the hydroxy material, i.e., size and/or shape 
of the polymerized hydroxy complexes (iii) determine the chemical com
position of this material, i.e., the OH/ AI molar ratio, (iv) evaluate the 
physicochemical and mineralogical properties of the clay minerals as a 
function of the amount of hydroxy interlayer material present, and (v) 
produce high surface area, zeolite-like catalysts. As suggested previously, 
the earlier studies utilized completely neutralized hydroxy cation solu
tions (Slaughter & Milne, 1960). In subsequent experiments a wide range 
of both OH/cation ratios and amount of cation added per unit weight of 
clay has been utilized (Sawhney, 1960a; Shen & Rich, 1962; Barnhisel & 
Rich, 1963; Coleman & Thomas, 1964; Coleman et aI., 1964; Hsu & 
Bates, 1964a; Schwertmann & Jackson, 1964; Turner, 1965; Turner & 
Brydon, 1962, 1965, 1967a,b; Singh, 1967; Hsu, 1968; Sawhney, 1968; 
Barnhisel, 1969; Gupta & Malik, 1969a,b; Carstea et aI., 1970a,b,c; Her
rera & Peech, 1970; Hunsaker & Pratt, 1970a,b; Richburg & Adams, 1970; 
Colombera et al., 1971; Blatter, 1973; Brown & Newman, 1973; Veith, 
1977, 1978; Keren et aI., 1977; Keren, 1980; Brindley & Sempels, 1977; 
Lahav et aI., 1978). The methods employed by these investigators have 
been very different, often leading to divergent results and interpretations. 

The methods utilized can be grouped into two general categories: (i) 
formation of the hydroxy-cation complex in the presence ofthe clay, and 
(ii) formation of the hydroxy-cation material, followed by equilibration 
with the clay. For both of these general categories several methodologies 
can be identified. For example, formation of the hydroxy-cation complex 
in the presence of the clay has been obtained by simultaneous addition 
of NaOH and AICl3 to a clay suspension (e.g., Slaughter & Milne, 1960; 
Shen & Rich, 1962; Barnhisel & Rich, 1963; Carstea et aI., 1970a,b,c), 
the titration of an AI-saturated clay with base (e.g., Rich 1960; Keren et 
aI., 1977; Keren, 1980), by titrating a Na-saturated clay and a predeter
mined amount of NaOH with an AICl3 solution (e.g., Keren et aI., 1977), 
and by the simultaneous diffusion of NaOH and AICl3 from opposite 
ends of a clay film (Barnhisel & Rich, 1966). Even with the differing 
experimental sequences listed above many variations can be defined. For 
instance, in the studies where AICl3 and NaOH were added simultane
ously to a clay suspension, the clays have been pre saturated with different 
cations including AI (e.g., Shen & Rich, 1962; Barnhisel & Rich, 1966), 
Na (e.g., Slaughter & Milne, 1960; Barnhisel & Rich, 1966; Carstea et aI., 
1970a,b,c), Ca (e.g., Shen & Rich, 1962; Barnhisel & Rich, 1966), Cs 
(Keren et aI., 1977), Sr (Keren et aI., 1977), and in some studies the 
saturating cation was not mentioned. 

The methods of base addition have also varied widely, ranging from 
qualitative descriptions such as "titrated slowly" (e.g., Brydon & Ko
dama, 1966), "added dropwise" (e.g., Barnhisel & Rich, 1963), and 
"added" (Carstea et al., 1970a,b,c), to more quantitative descriptions such 
as "0.5 mL min-I" (Keren et aI., 1977), and "0.022 mmol min-I" (Harsh 
& Doner, 1984). In the experiments where hydroxy-cation solutions were 
first prepared and then equilibrated with the clay, similar variations in 
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titration rates and methods can be identified. Furthermore, these solu
tions have ranged from those containing suspended Aly(OH)x precipitates 
(e.g., Ragland & Coleman, 1960; Keren et aI., 1977) to clear hydroxy-AI 
solutions containing predominantly dissolved hydroxy-AI polymers (e.g., 
Hsu & Bates, 1964b; Hsu, 1968; Sawhney, 1968; Brindley & Sempels, 
1977). In some studies, cloudy hydroxy-Al solutions were heated to obtain 
a clear solution before equilibration with the clay minerals (e.g., Veith, 
1977, 1978). 

Keren et aI. (1977) systematically evaluated the influence of experi
mental sequence on hydroxy-AI interlayer formation in montmorillonite, 
comparing the equilibration of hydroxy-AI precipitate with the clay, the 
simultaneous titration of a clay suspension with AICl3 and NaOH, the 
titration of an AI-Clay with NaOH, and the titration of an NaOH clay 
suspension with AlCI3• Their results suggested that physically mixing 
hydroxy-AI precipitate with the montmorillonite did not result in inter
layer formation, as evidenced by the lack of a CEC reduction and by x
ray data. The maximum CEC reduction was observed for titration of an 
Al-clay with NaOH. X-ray evidence for interlayer formation was also 
obtained with the NaOH-clay treatment titrated with AICl3 and with 
AICl3 additions to a clay suspension. Much lower CEC reductions were 
observed for these treatments, however. Unfortunately, the suspensions 
in all experimental sequences of this study were adjusted to pH values 
of 7.5 or greater (Keren et al., 1977). Because this is much higher than 
the pH values normally utilized in interlayer experiments, the ability to 
make valid comparisons to earlier work is limited. The major contri
butions of this work are that it demonstrated the importance of experi
mental sequence to interlayer formation and also suggested that the sat
urating cation (22Na) was not trapped when the hydroxy-AI interlayers 
were formed, although it is not clear if similar results would have been 
obtained if a small cation, such as K +, was initially on the exchange 
phase. 

In a subsequent investigation, Keren (1980) studied the effects of 
titration rate, pH, and drying process on CEC reduction of hydroxy-AI 
interlayered montmorillonite prepared by titrating an Al-clay (16 mmole 

kg-I) with NaOH. The reduction in CEC was a function oftitration rate, 
and the greatest CEC reduction was obtained for the slowest titration 
rate. The maximum CEC reduction at a constant base injection rate (0.1 
mmole min-I) occurred at pH 5.0. There was little influence of drying 
on CEC between pH 5.0 and 6.0, but at higher pH values drying the clay 
decreased the amount of CEC reduction (Keren, 1980). Although no ex
planation was given for the influence of titration rate on CEC reduction, 
Bertsch et aI. (1986c) suggested that Keren's (1980) results may have 
ensued from the precipitation of Al away from surfaces at the faster 
titration rates. This contention was based on the observation that less 
polymeric Al is formed in partially neutralized AICl3 solution (OHI Al = 

2.5) synthesized at 0.1 mmole min- I compared to 0.05 mmole min- I base 
injection rate (Bertsch et aI., 1986c). Other studies have demonstrated 
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that the observed reduction in Al polymer formation is to the advantage 
of colloidal precipitate formation (Bertsch, 1984; Bertsch et aI., 1986a). 

As pointed out previously, suspensions in which the hydroxy-AI in
terlayers were synthesized by Keren et ai. (1977) were adjusted to pH 
7.5, thus negating direct comparisons between these results and those of 
much of the earlier work (Keren, 1980). Nevertheless, the importance of 
such experimental variables as base injection rate is demonstrated by this 
investigation. Because this variable has been of somewhat casual concern 
to many investigators, many of the discrepancies in the literature may 
be attributable to the different methods of neutralization. 

As also discussed previously, the amount of cation added per unit 
weight of clay and OH/cation ratios have also varied appreciably in many 
studies. In the earliest studies on laboratory interlayer synthesis, 16 mmol 
Al kg- I clay was typically used. This represents the amount of Al required 
to form a complete sheet in the interlayer of a 2: 1 clay providing (i) the 
hydroxy-AI material is evenly distributed in the interlayer, (ii) the hy
droxy polymeric material has the structure of gibbsite, and (iii) the in
ternal surface area of the clay is 0.76 m2 kg- I (Slaughter & Milne, 1960). 
Many subsequent investigations also employed the 16 mmol Al kg- I clay 
addition in the interlayer experiments. Coleman et ai. (1964) found that 
the CEC reduction in a Wyoming montmorillonite decreased with in
creasing amount of Al on the clay, with the CEC ranging from 49 to 64 
cmole kg- I for the 4 and 16 mmol Al kg- I clay additions, respectively. 
Other studies employing the 16 mmol Al kg- I clay treatment have re
ported virtual elimination of the exchange capacity of vermiculite and 
smectite subsequent to interlayer formation (Slaughter & Milne, 1960; 
Barnhisel & Rich, 1963; Crastea et aI., 1970a). However, the long-term 
stability of the interlayered clays has been related to the amount of Al 
added. 

Barnhisel and Rich (1963) synthesized interlayers in Wyoming mont
morillonite and observed CEC values that decreased from 78 to 2 cmole 

kg-I; however, after 26 weeks much of the CEC was regained for the 
treatments with OH/AI ratios of2.25 and 3.00. The increase in CEC upon 
aging corresponded to gibbsite formation, leading to the conclusion that 
the interlayers were unstable with respect to gibbsite. Turner and Brydon 
(1965, 1967a) observed greater stability of Al interlayers in montmoril
lonite when -< 8.6 mmol Al kg- I was initially reacted with the clay. When 
Al was added at greater than these quantities, the interlayers were unstable 
upon aging, as evidenced by gibbsite formation. Brydon and Kodoma 
(1966) found that with Al additions of -< 8 mmol kg-I, all of the Al 
entered the interlayer space, while with larger Al additions some Al hy
droxide precipitated external to the interlayer space. They proposed that 
the external Al hydroxide phase acted as a nucleus for recrystallization 
of the metastable hydroxy-interlayer materials to gibbsite. Hsu (1968) 
also found that reacting a montmorillonite with small amounts of par
tially neutralized AICh solutions resulted in stable interlayers, while in
creasing the amount of Al increased the extractability of polymeric Al 
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and decreased interlayer stability. Clearly, there have been conflicting 
reports concerning the degree of interlayer filling as a function of Al 
reacted per unit weight of clay. In general, however, there has been good 
agreement concerning the shorter-term stability of interlayers synthesized 
with larger amounts of Al added per unit weight of clay. 

The picture becomes considerably more complicated when the OHI 
Al ratio is considered as a permutation in these synthesis experiments. 
Shen and Rich (1962) observed a linear reduction in the CEC of a Wy
oming montmorillonite as the OHI Al ratio increased from 0 to 1.05 and 
a slower reduction between OHI Al ratios 1.2 and 1.35. Similarly, Bam
hisel and Rich (1963) observed approximately linear CEC decreases at 
OH/Al ratios of 0 to 1.5, followed by a curvilinear decrease from 1.5 to 
3.0. Though the greatest CEC reductions in this study were at OH/Al 
ratios of 2.25 and 3.00, as pointed out previously, these interlayers were 
not stable with respect to gibbsite formation upon long-term aging. In 
systems where interlayers were formed at OH/Al ratios of 0.38, 0.75, and 
1.5 and at the identical Al treatment (16 mmol kg-I), little CEC was 
regained upon aging and there was no evidence for gibbsite formation. 
Coleman et al. (1964) found, in contrast to the results presented above 
for a OHI Al ratio of 3, that the greatest CEC reduction occurred for the 
highest rather than the lowest amount of Al added (24 vs. 6 mmol kg-I) 
at a OHI Al ratio of 2.0. Information concerning the interaction of the 
amount of Al per unit weight of clay and OHI Al ratio related to interlayer 
synthesis and stability in Chambers montmorillonite can be derived from 
the data of Hsu (1968). For the 15 mmol kg-I Al addition, the treatment 
employing a OHIAI ratio of 0.6 reduced the CEC more than the 1.8 or 
2.25 treatment after 2 weeks of aging. After 34 weeks of aging, the CEC 
reduction was greatest for the 2.25 OHI Al ratio treatment, followed by 
the 0.6; however, for both the 1.8 and 2.25 treatments gibbsite was pres
ent, while none was detected for the 0.6 OHI Al ratio treatment. 

Consistent with many of the previous studies discussed, at relatively 
high Al additions, greater long-term interlayer stability was obtained at 
the lower OHI Al ratios. For a OHI Al ratio of2.25, greater CEC reductions 
were observed at higher Al additions in the range of 3 to 60 mmol kg-I; 
however, no gibbsite was detected in the 3 mmolc kg-I treatment even 
after 3 yr, while gibbsite was detected for Al additions of > 15 mmol Al 
kg-I after 34 weeks. At OHI Al ratios of 0.6 and 1.2, gibbsite was not 
detected after 1 yr for any of the Al additions studied (3, 15, and 30 
mmol kg-I). For treatments with OHIAI ratios of 1.8 and 2.25, gibbsite 
was not detected after 3 yr for the 3 mmol kg-I Al additions. At OHI Al 
ratios of2.4, 2.5, and 2.7, however, gibbsite was generally detected within 
34 weeks for all Al additions studied. 

The synthesis methods employed in the preceding studies varied ap
preciably, thus impairing any attempt to rigorously compare results. There 
are, however, several similarities in these results. Generally, as the amount 
of Al increased (e.g., 0 to 16 mmol kg- I) the degree of interlayer filling 
also increased, as demonstrated by the extent of CEC and surface area 
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reduction. The interlayers are generally more stable, however, at lower 
Al additions (e.g., < 8 mmol kg-I). There is a distinct relationship be
tween the amount of Al and the OH/ Al ratio for both degree of interlayer 
filling and stability. For a given Al concentration, the degree of interlayer 
filling increases with OH/ Al ratio. However, the stability of the interlayers 
varies as a function of the amount of AI. Lower Al additions produce 
interlayers of greater stability at higher OH/ Al ratios and vice versa. There 
currently are not enough data comparing these interactions under iden
tical synthesis conditions to establish the concentration or OH/ Al ranges 
where stability is maximized. Furthermore, there are fewer data com
paring these variables utilizing differing synthesis regimes to suggest which 
may be best for maximizing interlayer stability. 

B. Type of Clay Mineral Structure. 

In addition to synthesis methodology, amount of Al kg- I of clay, and 
OH/AI ratio, the type of clay mineral structure has been demonstrated 
to be an important variable with respect to interlayer synthesis. Ahlrichs 
(1968) demonstrated that hydroxy-AI interlayers did not form in ver
miculite when the same methods commonly used to synthesize interlayers 
in smectites were employed. Sawhney (1968) synthesized interlayers in 
vermiculite and montmorillonite by reacting the clay minerals with par
tially neutralized AICl3 solutions having OH/ Al ratios ranging from 0 to 
2.4. The vermiculitic minerals exhibited a heat-stable (100°C) 1.42-nm 
peak when treated with either un neutralized (OH/AI = 0) or partially 
neutralized Al salt solutions. Furthermore, CEC reductions of >40% were 
observed in all instances and increased upon aging. Conversely, the mont
morillonite did not demonstrate a CEC reduction when equilibrated with 
an AICl3 solution of OH/ Al = O. Large CEC reductions were found, 
however, after equilibration with Al solutions at OR/AI ratios of 2.0 and 
2.4. The formation of interlayers in vermiculite, as indicated by the heat
stable (100 0c) 1.4-nm diffraction peak when the mineral is reacted with 
unneutralized AICl3 solutions, suggests greater hydrolysis of Al in the 
vermiculite than in the montmorillonite clay suspensions. 

The heat stability of the interlayers in montmorillonite was found to 
increase upon aging, and after 10 weeks exceeded that in the vermiculite. 
The interlayered montmorillonites displayed d-spacings of 1.84 nm after 
3 weeks and 1.90 nm after 10 weeks of aging, and retained spacings of 
1.42 nm after K-saturation and heating to 600°C. Nevertheless, 0.485-
and 0.450-nm diffraction peaks, indicative of gibbsite, were observed in 
the montmorillonite systems after the 10-week aging period. To explain 
the greater stability of the interlayers in montmorillonite than in ver
miculite, Sawhney (1968) suggested that the relatively greater interlayer 
expansion of montmorillonite provides a more favorable environment 
for reorganization of hydroxy-AI polymers into the gibbsite structure. As 
is evident from previous discussions, gibbsite formation in laboratory
prepared interlayered clays has generally been used as an indicator of 
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interlayer instability. Sawhney (1968) suggested that if this experiment 
had been extended beyond the 10-week period, gibbsite would probably 
have been observed. The proposal that some reorganization of OH-AI 
polymers in the interlayer space of the montmorillonites occurred with 
aging was reasonable, as d-spacings were observed to increase from 1.84 
up to 1.96 nm after 10 weeks. The definition of interlayer stability can 
lead to divergent interpretations. For example, Hsu (chapter 7, this book) 
suggested that vermiculite holds OHI Al polymers very tightly, as evi
denced by inhibition of gibbsite formation (Hsu & Bates, 1964a), whereas 
interlayered smectites tend to induce the formation of gibbsite (Jackson, 
1963a; Barnhisel & Rich, 1963, 1965). As the investigations of Sawhney 
(1968) and others suggest, however, the resistance to collapse upon K
saturation and heat treatments is generally greater for the laboratory
synthesized smectite. These differences are discussed further in a later 
section. 

Veith (1977,1978) also studied the adsorption ofOH-AI components 
on vermiculite and smectite and the resulting interlayer formation. Un
like previous investigators, however, he examined the average basicity 
of the OH-AI solutions before and after the adsorption experiments. He 
found that the two clay minerals adsorbed different OH-AI polymeric 
components. The smectites adsorbed those of average basicities greater 
than the equilibrating solution, suggesting a preferential adsorption of 
larger polymers. In contrast, the vermiculites selectively adsorbed smaller 
OH-AI polymers and excluded the larger species. The d-spacings ob
served following polymer adsorption and K-saturation at 25°C were 1.80 
and 1.40 nm for the smectite and vermiculite, respectively. Veith (1978) 
suggested that the ability of smectite to expand beyond vermiculite al
lowed larger polymers to enter the interlayer space, resulting in the stable 
1.80-nm peak. The results of this study indicate that initial preferential 
adsorption of larger Al polymers is responsible for large d-spacings, and 
the rearrangement of polymers within the interlayer space as suggested 
by Sawhney (1968) may be a secondary reaction. Veith (1978) provided 
no data on the aging ofthe clays, so it is not possible to properly evaluate 
the relative importance of the two mechanisms. Many recent investiga
tions on interlayer synthesis in montmorillonites formed by equilibration 
of the clay with partially neutralized Al solutions have also reported d
spacings of 1.80 nm or greater. These will be discussed subsequently 
(Brindley & Sempels, 1977; Lahav & Shani, 1978; Lahav et aI., 1978; 
Occelli & Tindwa, 1983). 

Barnhisel (1969) also found differences between the formation of 
interlayers in vermiculite and montmorillonite, as indicated by CEC and 
surface area measurements. Barnhisel's findings were similar to those of 
Hsu (1968). Barnhisel (1969) reported a progressive decrease in the CEC 
of montmorillonite as the OH/AI ratio of the equilibrating solution ranged 
from 0 to 3.00. Similarly, he observed a continuous decrease in the in
ternal surface area of the clays with increasing OHI Al ratio. In contrast, 
vermiculite displayed CEC and internal surface area decreases only when 



CHLORITES & HYDROXY-INTERLAYERED CLAYS 771 

the OH/AI ratio was increased from 0 to 0.75. At OH/AI ratios >0.75, 
the CEC and internal surface areas were found to increase gradually. 
Barnhisel (1969) suggested that the observed differences might be related 
to the differences in the spatial positioning of the interlayers between 
vermiculite and smectite: i.e., randomly distributed polymeric compo
nents in montmorillonite, and marginal distribution of the polymers in 
vermiculite (see section D). Veith (1977) reinterpreted Barnhisel's (1969) 
data consistent with his findings; i.e., solutions oflow OHI Al ratio contain 
higher concentrations of smaller polymers, which are able to enter the 
interstitial space between the vermiculite layers. Similarly, as the OH/AI 
ratio increases so does the size of the polymers-thus the commensurate 
increase in the amount of Al sterically excluded. Hsu and Bates (1964b) 
also suggested that polymers formed in solutions with OHI Al ratios of 
2.1 and 2.25 were too large to enter vermiculite and would require shear
ing in the "e" direction before entering the interstitial space. Whatever 
the exact mechanism, there is abundant evidence indicating that synthetic 
interlayers formed in smectites differ from those formed in vermiculites. 

C. Nature of Hydroxy-Interlayer Material 

Despite the wide range in OHI Al ratios of the equilibrating solutions 
employed by various investigators, there is a remarkable consistency in 
the calculated OHI Al ratio of the nonexchangeable polymeric Al consti
tuting the interlayer components of smectites. This ranges between 2.5 
and 2.9 (Turner 1965; Turner & Brydon, 1967a; Hsu, 1968; Kozak & 
Huang, 1971; Brown & Newman, 1973; Veith, 1978; Hodges & Zelazny, 
1983a; Jardine et aI., 1985). This range can generally be reduced to 2.5 
to 2.7 for systems where no crystalline AI(OHh is detected (Turner, 1965; 
Turner & Brydon, 1967b; Hsu, 1968; Hodges & Zelazny, 1983a). The 
OHI Al ratio of nonexchangeable polymeric Al in a sulfonic exchange 
resin and vermiculite system has been reported to be lower, 2.0 for the 
resin and 2.0 to 2.2 for the vermiculite (Hsu & Rich, 1960; Hsu & Bates, 
1964a). Veith and Sposito (1979), however, suggested the OHI Al ratio 
of adsorbed Al was 2.5 in the pH range 4.5 to 5.4 for a sulfonic resin. 
They also suggested that the lower values previously reported (OHI Al = 

2.0) were incorrect because hydrolysis of Al on the resin surface during 
preparation was overlooked. 

Furthermore, Veith (1978) suggested that because of the structural 
instability of vermiculite at low pH values, the OH/AI ratios of nonex
changeable Al cannot be accurately deduced at pH values <5.6. He also 
suggested that since Hsu and Bates (l964b) arrived at the 2.0 and 2.2 
OHI Al ratios for interlayers in vermiculite in systems at pH values be
tween 3.6 and 4.2, their values are probably underestimates. Assuming 
these contentions to be correct, there appears to be a narrow range of 
OHI Al ratios of nonexchangeable Al in several exchangers subsequent 
to aging. The exact nature of the hydroxy polymeric interlayer compo-
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nents, however, remains a matter of debate and speculation, correspond
ing to similar uncertainty concerning the exact nature of polymers in 
partially neutralized Al solutions (Bottero et at, 1980; Bertsch et aI., 
1986a; Hsu, chapter 7, this book). 

Some of the more popular structures advanced for polymeric Al in
terlayer components are those based on the "core links" or hexameric 
ring scheme (Brosset et at, 1954; Sillen, 1961; Hsu & Bates, 1964b). 
Average formulas of polymeric Al in interlayers oflaboratory-synthesized 
HIS and HIV have been reported to be [AI6(OH)d6+ (single ring) or 
[Al IO(OH)22P+ (double ring) structures (Hsu & Bates, 1964a; Brindley & 
Sempels, 1977). The thickness of polymers composed of the basic hex
amer would be on the order of gibbsite, i.e., 0.47 nm; and assuming 
parallel orientation of these polymers in the interlayer space as suggested 
by Turner and Brydon (1965) and Hsu and Bates (1964a), the structure 
would be consistent with the often-observed 1.4 to 1.47-nm peaks for 
interlayered minerals. As discussed previously, several workers have re
ported d(OOl) spacings from 1.8 to 1.9 nm for interlayered smectites (Hsu, 
1968; Sawhney, 1968; Brindley & Sempels, 1977; Lahav et aI., 1978; 
Lahav & Shani, 1978-; Brindley & Kao, 1980; Occelli & Tindwa, 1983). 
Lahav et aI. (1978) suggested that diffraction peaks on the order of 1.9 
nm for interlayered smectite could be expected if two hexameric poly
meric units were stacked in the "e" direction with partial overlapping 
between the montmorillonite oxygens and the hydroxy groups on the 
polymeric units. 

( b) 

Fig. 15-11 (a) A representation ofthe AI I30 4(OH)2.(H20)U polynuclear complex proposed 
by Johansson, 1960. (Reprinted from Hydrolysis of Cations. Baes & Mesmer (1976). 
Copyright 1976 by John Wiley & Sons, Inc. and reprinted with permission of the pub
lisher.) (b) the AI13(OH)3o'18H209+ polymeric species from the hexometric ring scheme. 
The Al atoms in this representation are joined by shared hydroxyls. The nonshared ligands 
are H20 molecules. 
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Vaughan and Lussier (1980) suggested the [AI I30 4(OH)24(H20)d7+, 
or "AlI3", structure for the interlayer polymer material in similarly in
terlayered smectites (Fig. 15-11). This structure is also consistent with 
the interlayer spacings of these smectites, being on the order of 0.9 nm 
(Bottero et aI., 1980). Recent potentiometric data also suggest that the 
Al l3 polymer is more hydroxylated, having a proposed composition of 
[AI I30 4(OH)zg(H20)sP+ (Bottero et aI., 1982). Thus the OH/Al ratio is 
also consistent with what has been reported. Several investigators have 
demonstrated the existence of the AlI3 polymer in partially neutralized 
AI solutions by nuclear magnetic resonance spectroscopy (NMR) (Akitt 
& Farthing, 1978, 1981; Bottero et aI., 1982; Bertsch, 1982; Bertsch et 
aI., 1986a,b,c). A recent high-resolution solid-state 27Al and 29Si NMR 
study of HIS indicated that the Al l3 polymer is indeed the interlayer 
polymeric component (Plee et aI., 1985; Schutz et aI., 1987). More studies 
will be required to verify this observation and suggest its relative im
portance and implications. 

Reduction in CEC as a function of hydroxy-AI adsorbed can also be 
utilized to provide information on interlayer composition. The relation
ship between CEC reduction and the amount of Al fixed for various clay 
minerals is approximately linear (Fig. 15-12). Using this model, one may 
calculate an OH/Al ratio of 2.7 for the adsorbed Al components. Data 
from systems involving the formation of gibbsite were not utilized in this 
compilation, since differentiation of the Al "fixed" by the clay and that 
amount existing as a discrete phase is uncertain. The linear decrease in 
CEC as a function of Al fixed suggests that substantial precipitation of 
AI away from interlayer spaces is not occurring in most studies from 
which data were obtained. 
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Fig. 15-12 Relationships of Al fixed by clays and the resultant decrease in cation-exchange 
capacity. 
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D. Comparison of Synthetic and Naturally Interlayered Clays 

In light of the previous discussions demonstrating that the variable 
stability of naturally interlayered clays and laboratory-synthesized clays 
results largely from differences in synthesis environment or methodology, 
it is difficult to make rigorous comparisons. There are, however, several 
distinct similarities and differences between hydroxy-interlayered clays 
found in soils and those synthesized in laboratory experiments. Most 
notable is the 1.4-nm XRD peak observed for natural and many labo
ratory-synthesized interlayered minerals when K-saturated. As discussed 
previously, there is a wide range in the stability of natural hydroxy
interlayered minerals, as evidenced by the ease of or resistance to collapse 
of the K-saturated samples upon heating. These variations are largely a 
function of pedogenic development, current depositional environment, 
fertilizer or lime additions, or a combination of these factors. In the best 
case, however, naturally occurring hydroxy-interlayered vermiculites dis
play heat stability generally far exceeding that of their laboratory-syn
thesized congeners. Synthetically prepared HIV most frequently does not 
remain at a 1.4-nm d-spacing when K-saturated and subjected to heat 
treatments. Naturally interlayered vermiculites can usually be heated to 
100 and often to 300°C with little change in the d-spacing. 

It is not entirely clear what factors are responsible for the lower 
stability of synthetic interlayers in vermiculite, or even the less stable 
ones observed in nature. Both the distribution and amount of interlayer 
material have been suggested as possible variables with respect to sta
bility. Marginal distribution of polymers forming an "atoll" structure 
(Dixon & Jackson, 1962; Frink, 1965) in contrast to uniformly distributed 
polymers within the interlayer space has been suggested as a possible 
mechanism (Fig. 15-13). The concept of two types of structures is sup
ported by the relationship of surface area and CEC (Bamhisel, 1969) and 
by the work of Sawhney (1968), Novak et al. (1971), and Kozak and 
Huang (1971). The atoll structure results in a steric blocking of exchange 
sites within the center of the particles, and in an insufficient number of 
props. Thus hydroxy-AI cannot support or maintain the crystal structure 
at a 1.4-nm d-spacing when K-saturated and heated, and the structure 
collapses toward 1.0 nm. 

The interlayer space between sheets of vermiculite particles is less 
than for smectite, and the particles of vermiculite are generally large and 
most likely more rigid. The charge density of vermiculite is higher than 
that of smectite; this may result in more frequent deposition of polymers 
along the crystal edges, or the requirement that the OH/ Al ratio of poly
mers in vermiculite be smaller than in smectite for diffusion into the 
interlayers. Each of these factors may contribute to an interlayer material 
that undergoes dehydration at a lower temperature. In contrast, naturally 
interlayered clays probably formed over long time periods, so that these 
factors are diminished in importance. 
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Fig. 15-13 Illustration of the distribution of hydroxy-AI polymers in the interlayer space 
of 2: I clay minerals: (A) a uniform distribution; (B) an "atoll" arrangement. (Figure 
modified from Dixon and Jackson, 1962). 

Laboratory interlayered smectites often display remarkable heat sta
bility, equaling or surpassing naturally interlayered clays (Sawhney, 1968; 
Lahav et aI., 1978). In addition, d-spacings of > 1.8 nm have often been 
reported for laboratory-synthesized interlayered smectites, while few such 
d-spacings have been reported for those found in soils (Jackson, 1963). 
The "pillared" or "cross-linked" smectites that are utilized for catalytic 
processes are routinely synthesized by reacting clay suspensions with hy
droxy-AI solutions (Brindley & Sempels, 1977; Lahav et aI., 1978; Occelli 
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& Tindwa, 1983; Shabtai et aI., 1984; Schutz et aI., 1987). Also, unlike 
their naturally formed analogs, these interlayered smectites possess large 
internal surface areas (1.5-20 X 105 m2kg- 1) that are maintained at el
evated temperatures (540°C) (Lahav et aI., 1978; Occelli & Tindwa, 
1983). In addition they have been formed utilizing other metals, including 
Zr, Rb, Cr, Ti, Ce, La, and Si (Yamanaka & Brindley, 1978; Pinnavaia 
et aI., 1979; Pinnavaia et aI., 1985b; Tokaraz & Shabtai, 1985; Sterte, 
1986b; Sterte & Shabtai, 1987). These pillared clays are thought to be 
formed via the introduction of the AII3 polymeric species within the 
smectite interlayer (Pinnavaia, 1983; Plee et aI., 1985; Schutz et aI., 1987; 
Sterte & Shabtai, 1987). Recently Bertsch (1987) provided evidence that 
the Al I3 polymer is an artifact of synthesis conditions requiring the for
mation of AI(OH)4 at the point of base injection in relatively concen
trated Al solutions. Bertsch (1987) also suggested that except under very 
specific conditions, this polymer would not readily form in nature. This 
might also be a reasonable explanation for the differences between HIS 
minerals in soils and those formed in certain laboratory investigations. 

Paradoxically, laboratory interlayered smectites often yield a discrete 
gibbsite phase upon aging, while vermiculites usually do not (Barnhisel 
& Rich, 1963; Hsu & Bates, 1964b; Sawhney, 1968; Hsu, chapter 7, this 
book). Based on the investigations of Hsu and Bates (1964b), Hsu (1968), 
and Barnhisel and Rich (1963), Hsu (1977) concluded that vermiculite 
holds Al polymers very strongly, inhibiting gibbsite formation, while cer
tain smectites act as a template for gibbsite formation, allowing rear
rangement of polymers into the gibbsite structure. This difference has led 
to divergent interpretations concerning the role of interlayered 2: 1 clays 
in gibbsite formation-i.e., does an inhibition or an enhancement of gibb
site formation result from interlayered clays? The former is commonly 
observed in soil genesis investigations and has been called the antigibbsite 
effect. 

Several complications in interpretation of the available data negate 
extrapolations to natural systems. Different criteria have been utilized 
for assessing interlayer stability, viz., (i) resistance to collapse upon K
saturation and heating, and (ii) gibbsite formation outside the interlayers. 
In natural systems the former property is utilized. Using this criterion, 
laboratory-synthesized, interlayered smectites would generally be classi
fied as more stable than vermiculite, while the opposite would be true 
when the latter parameter is employed. The mere existence of gibbsite 
in the presence of laboratory-synthesized HIS minerals has not always 
been accompanied by total interlayer removal, and heat-stable interlayers 
have often been reported coincidentally to the detection of gibbsite. In 
addition, as emphasized earlier, variations in experimental methods and 
aging time preclude valid comparisons not only between laboratory stud
ies but also between laboratory results and observations in natural sys
tems. Furthermore, it is not presently known exactly what processes are 
involved in the interlayer-to-gibbsite transition and what factors influence 
this transformation. 
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Several studies have demonstrated that formation of nuclei and the 
presence of complexing ligands influence transformation of AI-polymer 
to gibbsite in "pure" hydroxy-AI solutions (Hsu, chapter 7, this book). 
It appears that solutions can be undersaturated with respect to nuclei 
even though they are oversaturated with respect to gibbsite, thus im
parting a metastability to the polymeric phases (Hsu, chapter 7, this book). 
The amount of nuclei in a clay-AI polymer suspension may partially 
explain differences in Al interlayer stability as a function of the amount 
of Al added (Turner & Brydon, 1965). The influence of complexing li
gands on Al interlayer formation and stability has also received some 
attention (Singh & Brydon, 1967; Singh & Miles, 1978; Violante & Vio
lante, 1978; Violante & Jackson, 181; Goh & Huang, 1984, 1985). 

The addition ofSO~- to laboratory interlayered Wyoming bentonite 
suspensions was found to decrease their stability, with complete interlayer 
removal evident after 390 d of equilibration (Singh & Miles, 1978). Cor
responding to interlayer removal was the formation of a diffraction peak 
at 0.810 nm for crystalline basic aluminum sulfate. Violante & Jackson 
(1981) found that Al interlayers formed in Wyoming bentonite at high 
pH values had greater stability in the presence of SO~- or citrate anions. 
The difference between this study and the previous one is that the anions 
were present at the time of interlayer synthesis and at relatively low 
concentrations. Therefore, it is conceivable that incorporation of anions 
into the Alr(OHW-X polymers can perturb further growth, rearrangement, 
and crystallization, thus imparting kinetic stability to the hydroxy-AI 
interlayer components. 

Inhibition of crystalline Al hydroxide phase formation in aqueous 
solutions containing complexing ligands has been well studied and is 
reviewed thoroughly by Hsu (chapter 7, this volume). The complexing 
ligands must be present at relatively low concentrations to be incorpo
rated within the structure, yet the complex cannot be so strong as to 
inhibit interlayer polymer formation, as in the case of organics (Goh & 
Huang, 1984). The complexing ligands in the case of some inorganics 
cause precipitation of secondary solid phases (Singh & Miles, 1978). Since 
such ligands are ubiquitous in nature at low concentrations, this mech
anism might be a reasonable explanation for the often observed stability 
of interlayered clays found in soils. It might also explain why interlayered 
clays are not commonly observed in soils with high organic matter con
tents (Rich, 1968). Further research on the role of inorganic and organic 
constituents in interlayer formation and stability is required, however, 
before the mechanisms of interlayer formation and stability of soil min
erals are well understood. 

VIII. PROBLEMS AND EXERCISES 

1. What criteria are used to differentiate chlorite from vermiculite and 
smectite? 
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2. What criteria may be used to differentiate chlorite from HIV or 
HIS? 

3. What criteria may be used to differentiate chlorite from kaolinite? 
4. What criteria are used to differentiate HIV and HIS from their re

spective end-members vermiculite and smectite? 
5. What measurements have been utilized to qualitatively assess the 

stability of interlayer hydroxy-AI polymeric material? 
6. Briefly discuss the various proposals supporting the observed me

tastability of hydroxy-interlayered 2: 1 minerals with respect to ka
olinite. 

7. Describe some unique physicochemical properties of HI V and HIS 
compared to their pure end-members vermiculite and smectite. 

8. What are the probable reasons for the existence of HIS with both 
1.4 and 1.8 nm d spacings, and under what conditions might these 
form? 

9. Dioctahedral vermiculite having interlayers of the form 
[Al(OH)X]~(3-x) is referred to as HIV. If the lattice charge of the HIV 
is 150 cmolekg- I and the measured CEC is zero what is the pro
portion of chloritization? (Assume x = 2.5.) 

Answers 

Full chloritization is represented by dioctahedral chlorite: 

(Si~12)(AI4)02o(OH)4Al4(OH)12 

The interlayer species must be neutralizing all 150 cmole kg-I if the 
measured CEC = O. Assume a lattice weight of 0.718 kg unit cell-I, then 

x molJunit cell 
0.718 kg/unit cell = 1.5 molJkg 

representing a unit lattice charge = 1.08. 
Thus, the charge on [Al(OH)x]~(3-X) must be approximately equal to 

the lattice charge on a unit cell basis. Therefore, 

n(3 - x) = 1.08 
recall x = 2.5, 
then, n(0.5) = 1.08 
therefore, n ~ 2.16. 

% . . n 2.16 
chlontlzation = "4 X 100 = 4 = 0.54 X 100 = 54%. 
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