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ABSTRACT

Interlayering of 2: 1 layer silicates varies as a function of chemical weathering from the
simple, homogeneous K or Na interlayers of micas to the heterogeneous systems of mica
intercalated with expanded 2: 1 layer silicates. ‘“Frayed edge” type of weathering at
dislocation planes of mica is collated with K release and preferential cation-exchange
uptake of K relative to Ca by such expansible layer silicate systems; mica islands
maintain alignment of the silica sheet cavities, which facilitates recapture of lattice K.
Intercalation of the expanded 2: 1 layer silicates with alumina interlayers appears to be
a characteristic funetion of chemical weathering in soils, with the formation of 2: 1-2: 2
intergrades not only of 14 A spacing but also of swelling 18 A types that give small 12,
14, 18 A and higher spacing peaks (along with the 10 A peak) at 550°C. Interlayer pre-
cipitates appear to be characteristic of soil clays, contrasting with “pure” minerals of
deposits developed in less “open” environments than those of soils. The “2: 2 lattice
building” phenomenon in expansible 2: 1 layer silicates relates to layer charge density
and crystal size, and frequently tends to inhibit the formation of free gibbsite in soil
chemical weathering so long as there are expansible layer silicates present to become
intercalated with aluminum hydroxide—a weathering phenomenon that may be called
an “antigibbsite effect’’. Accumulation of alumina (possibly with some iron, magnesium,
and allophane) as interlayers in 2: 1 minerals of soils is seen as a genetic stage in the
2: 2 — 1:1 weathering sequence through which kaolinite and halloysite develop in soils.

INTRODUCTION

Homogeneous or monospecies interlayers in layer silicates consist of inter-
calated sheets such as K in micas. Other examples are the water (with more
or less of exchangeable cations) in vermiculite or montmorillonite or halloysite,
and the hydroxide sheets of chlorite. (The dictionary definition of infercalation
covers any class of insertion between other layers, such as intrusives between
sedimentary beds or interlayering of water in erystals.) Chemical weathering
reactions induce heterogeneous intercalations of layer silicate crystals:

Chemical
Homogeneous weathering Heterogeneous (1)
interlayering interlayering
Diagenesis

The present paper considers the types of heterogeneous intercalations that
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arise through chemical weathering of layer silicates in surficial deposits of
soils and mantle rocks.

INTERLAYERING BY MICA CLEAVAGE

Several types of simple, homogeneous interlayers occur in layer silicates.
Examples are K in muscovite or biotite or Na in paragonite. Homogeneous
interlayers of water without cations were first proposed for montmorillonite
{Hofmann and others, 1933) and for vermiculite (Gruner, 1935). Interlayer
cation exchange capacity was then proposed for montmorillonite (Marshall,
1935) and for vermiculite (Barshad, 1948).

MICA CLEAVAGE AT "FRAYED EDGE"
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Figure 1.—“Frayed edge” type of interlayering caused by mica weathering,

an example with 50 per cent expanded interlays and 50 per cent residual

mieca interlays. The analytical data illustrate the tendency for interlayer
specific surface constancy.

One may imagine a perfect mica crystal becoming exposed to weathering
by a rock fracture on a Precambrian mountain in central Wisconsin (or else-
where). Even with no further physical weathering following the fracture,
chemical weathering soon begins if water is present. Interlayer K is subjected
to depletion through chemical equilibrium with the soil solution and gain in
replacing ions and water, according to the equation of Jackson and others

1952):

( ) Mica =z illite = vermiculite => montmorillonite (2)
This equation has been amplified to include interlayer “2: 2 lattice building”
(discussed in next section). The role of low K concentration in shifting
equation (2) to the right (to give expansion) has been demonstrated by K
precipitation with cobaltinitrite (White, 1951) and tetraphenylboron (De-
Mumbrum, 1959). Shift to the right has been accomplished by replacement
with strongly sorbed alkyl ammonium ions (Weiss, Mehler, and Hofmann,
1956). It is proposed that mica cleavage and expansion (Barshad, 1948;
Walker, 1949 ; Jackson and others, 1952 ; Mehra and Jackson, 1959) represented
by the arrows pointed to the right in equation (2), occurs at frayed edges
(Bray, 1937; MacEwan, 1949) as shown in Fig. 1 and develops into inter-
stratification (Hendricks and Teller, 1942) as shown in Fig. 2 when there are
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large cleavage rate differentials (Jackson and others, 1952). A high correlation
was found between the total of the specific surface of edges in soils and the
equilibrium level of exchangeable potassium in soils (Milford and Jackson,
1962). The cleavage is visualized at mica layer dislocation edges as well as the
particle edges. The characteristic mottled appearance in electron micrographs
of weathering mica particles (Fig. 2 in Jackson, Whittig and Pennington,

50:50 INTERSTRATIFICATION
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Fieure 2.—Interstratification type of interlayering caused by mica

weathering, illustrated by an example of 50 per cent mica interlayers and

50 per cent expanded interlayers. The {analytical data illustrate the
tendency for interlayers specific surface constancy.

1950) is visualized as equation (2) applied at the various crystallographic
dislocations on mica crystal faces.

Such cleavages of mica produce a heterogeneous population of interlayers,
composed of residual K interlayers and cation-water interlayers (Figs. 1 and
2). Further interlayer heterogeneity is implicit in the proposal of hydronium
as a replacing cation for K. without expansion (Brown and Norrish, 1952;
Harrison and Murray, 1959)—possibly a result of diagenesis or “closed”
environment. The tendency (shown in Figs. 1 and 2) of interlayer K-surface
constancy of mica~vermiculite (Mehra and Jackson, 1959) suggests that under
fairly intensive weathering conditions any given mica interlayer segment is
completely filled with K or else completely available for interlayer swelling.

The interstratification type of heterogeneity (Z-axis disorder) was quickly
recognized as a reality in soil clays (Alexander, Hendricks, and Nelson, 1939).
On the basis of a survey of soil clays from diverse sources and weathering
conditions, the general occurrence of interstratification was proposed (Jackson
and others, 1954) and its general occurrence in sediments was demonstrated
through thousands of analyses by Weaver (1956).

The model of weathering of micas to expanded layer silicates, summarized
in equation (2), appears to have become widely accepted (Barshad, 1948;
Walker, 1949; Murray and Leininger, 1956; Whittig and Jackson, 1956;
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Brown and Jackson, 1958 ; Weaver, 1958 ; Hensel and White, 1960 ; Loughnan
and others, 1962). The rate of weathering (equation 2) is greatly influenced by
the permeability of rocks (Glass, 1958) and soils (Jackson, 1959). The slowly
permeable soils from shale-derived till of Wisconsinan age have remained
iflitic (Dixon and Jackson, 1960), in contrast to the permeable soils derived
from loess {Glenn and others, 1960), limestone and sandstone in southwestern
Wisconsin in which micas have weathered to montmorillonite and mixed
layer mineral assemblages high in montmorillonite,

Reversibility of equation (2), was suggested by potassium fixation in layer
silicates (Truog and Jones, 1938; Page and Baver, 1940; Wear and White,
1951 ; van der Marel, 1954 ; Weaver, 1958). Preferential sorption of K in certain
collapsing interlayers adjacent to more highly charged layers was presented
(Jackson and others, 1952) and further indicated by specific surface measure-
ments (Dyal and Hendricks, 1952). The full mica K content would not be
resorbed by K fixation in layers of lower than mica charge; however, diagene-
sis in deep burial may acecomplish complete reversal to mica. Drying with
potassium silicate solution resulted in tighter collapse of expansible silicate
than with simple K saturation (Mortland and Gieseking, 1951).

Preferential adsorption of K over Ca in cation exchange from dilute
solutions containing both ions increases with montmorillonite relationship
to mica origin (Schwertmann, 1962a, 1962b) as indicated by geologic source
and BO, in sediments (Frederickson and Reynolds, 1960). Table 1 summarizes
Schwertmann’s data.

TARLE 1.—EXCHANGEABLE POTASSIUM SELECTIVITY AS A FUNCTION OF OriGIN OF CLAYS
(AFTER SCHEWERTMANN, 1962a, 1962b)

Montmorillonite K+ seloctivity* Bo0s
source (k-102) %

Wyoming bentonite, —2u 3 0:03

Marsh soil —0-08u 11 0-11

Alluvial soil —0-08u 13 0-05

Loessial soil —0-08u 14 0-08
Ground muscovite —2u 23 —

* Gapon equation:

K+ sorbed K+ solution

=k e
Cat+ sorbed 4/Cat+t solution

Sorbed K and Ca are expressed as meg. per unit weight of
clay, and K and Ca in solution are expressed in millimoles
per liter. In the equilibration solution, meg. of K = meq. Ca
and the total concentration was 0-01 N.

It is proposed that the K preference in cation exchange may occur by K
“lattice building” in the wedge-zone between weathered and unweathered
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portions (Fig. 1), because of a- and b-axis alignments of the cavities in layers
held in proper orientation by unweathered mica cores (left side of Fig. 1) to
provide juxtaposition of K coordinating cavities in the upper and lower silica
sheets. Structural K “lattice building” inherent in mica layer structural
relations (Radoslovich, 1960) may also contribute to K preference in cation
exchange. The cation exchange preference for K would be a consequence of
“frayed edge” heterogeneity in the XY (or ab) planes of weathered layer
silicates. Residual nonexchangeable K is nearly always found with mont-
morillonite (Mehra and Jackson, 1959) and may indicate unweathered mica
cores of small magnitude (left, Fig. 1), although it could also occur as a few
unexpanded interstratified layers (Fig. 2) as suggested earlier (Jackson and
others, 1952). The presence of K does not result in a 10 A diffraction peak
when only small amounts are present with montmorillonite (Schmehl and
Jackson, 1956).

INTERLAYERING IN 2:1-2:2 INTERGRADES

Intergradient 2:1-2:2 layer silicates have interlayers incompletely filled
with respect to the brucite or gibbsite interlayers. Most natural intergrades
so far described have shown 14 A diffraction spacings and have been termed
“dioctahedral vermiculite” (Brown, 1953; Rich and Obenshain, 1955),
“vermiculite” (Loughnan and others, 1962), or “chlorite-like” (Klages and
White, 1957). The interlayers are heterogeneous with respect to islands of
brucite (Grim and Johns, 1954) or gibbsite (Dixon and Jackson, 1962, their
Fig. 3) distributed in interlayers otherwise filled with water and exchangeable
cations as characteristic of vermiculite or montmorillonite. Intergradient in
properties between 2:1 and 2:2 layer silicates, these materials have appropri-
ately been termed “2:1-2:2 intergrades” (Dixon and Jackson, 1959 ; Jackson,
1962). When stripped by extraction of the interlayer islands, they may show
either vermiculite (Rich, 1960; Sawhney, 1960) or montmorillonite spacings
(Tamura, 1957 ; Dixon and Jackson, 1959).

Degrading chlorite weathering mechanism: Weathering of chlorite to 2:2-2:1
intergrades has been suggested through acid removal of Fe from the (Fe, Al,
Mg) interlayer (Harrison and Murray, 1959) and by replacement of OH by
OH, (Droste, 1956). A lacy residuum of aluminum (and possibly iron)
hydroxide interlayers (Dixon and Jackson, 1962) would remain with “holes”
(internal edges) if Mg were selectively removed by weathering. The chemistry
of layer edges and these “‘holes” has been discussed elsewhere (Jackson, 1960,
1963).

Swelling 2:1-2:2 intergrades: Stephen and MacEwan (1951) described
“swelling chlorite” as having one surface of the brucite layer unattached to a
silicate layer; the interlayer positions thus would be heterogeneous with
respect to brucite and water-cation layers. The occurrence of such inter-
layering in montmorillonite of natural soil clays was indicated (Sawhney and
Jackson, 1958) in a Queensland, Australia, soil clay weathered from basalt.
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A sharp 18 A peak with Mg saturation and glycerol solvation, and a greatly
broadened 10 A peak with K saturation and 550°C heating, characterize the
expanding montmorillonite—chlorite intergrade type of clay. Extensive oceur-
rences of swelling interlayered soil clays have now been observed (the one
represented in Fig. 3 is representative of many, to be reported separately,
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FiourE 3.—X-ray diffractograms of soil-derived swelling 2: 1-2: 2 inter-
gradient montmorillonite—chlorite. This alluvial soil occurs on Ataturk
university Farm, Erzurum, Turkey (from Wisconsin studies with Dr. O.
Baykan). Some feldspar is also present. The initial 18 A spacings with
Mg and glycerol indicate a montmorillonite-like expansion. The 12, 14, 18,
and 24-28 A enhanced spacings after heating to 550°C indicate some
hydroxy aluminum interlayering (of chlorite-like character depicted
schematically in Fig. 4) in the montmorillonite (10 A after heating).

Baykan and Jackson, in manuscript). The sharpness of the 18 A peaks (Fig. 3)
suggests swelling of the interlayer (Fig. 4,b) rather than interstratification of
14 A with 18 A spacings. The greatly broadened 10 A peak on heating (Sawh-
ney and Jackson, 1958) is shown by the finer fractions in Fig. 3. Flexibility
of the layers (Fig. 4,¢) accommodates some interlayering without disturbing
the main spacing. Even 14 A peak reinforcement occurs in many samples, as
is characteristic of a chlorite-like character in the portion of the sample more
completely interlayered (fine silt and coarse clay, Fig. 3). When interlayering
is still more complete, i.e. alumina on both surfaces of the swollen montmoril-
lonite (Fig. 4,e), then collapse is only to 18 A at 550°C (coarse clay and fine
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silt, Fig. 3). The genesis of the soil clay shown (Fig. 3) is in a slightly alkaline
alluvial material, thought to be of basaltic origin because of the unusually
high feldspar content and the near absence of quartz. In several soils exa-
mined, a little chlorite frequently occurs with the 2:1-2:2 intergrade clays as,
for example, in the Chestnut soil of Iraq (Hanna and Jackson, in manuseript).

In alkaline soils of arid regions, montmorillonite is relatively stable to
weathering and so is of great frequency distribution. Characteristically, it is
partially interlayered. The weathering mechanism by which swelling inter-
gradient 2:1-2:2 montmorillonite~chlorite is formed appears to be tied to the
swelling character of montmorillonite (Fig. 4,a) which has spacings of 40 A or
more in water (Norrish, 1954). Inafeldspar-rich mantle, alkalinity and hydroly-
sis yield a plentiful supply of freshly precipitated aluminum hydroxide,
positive in charge at just under pH 8.3 (Jackson, 1963). Some excess silica
is available for leaching as feldspars weather. The presence of much mont-
morillonite makes for moist conditions and as a result the clay in soil is kept
swollen to 20 or 40 A spacing. Intercalated gibbsite sheets thus can attach on
only one layer so long as the layers are widely separated. Laboratory syntheses
also have involved attachment of gibbsitic interlayers to one surface while the
montmorillonite is in a swollen state (Slaughter and Milne, 1960). Gibbistic
character of the interlayer has been indicated in synthetic preparations (Shen
and Rich, 1962) in which the cation exchange capacity was considerably
lowered. Restoration of the cation exchange capacity by HCI suggests that
dealumination may occur where OH, substitutes for OH in gibbsitic sheets
covering the (—) sites, as discussed elsewhere (Jackson, 1963).

The polymeric hexaluminohydroxyhydronium cation, Alg(OH);2(—OH2)$7,
which has the OH/AI ratio = 2, has a one-surface coverage of approxi-
mately 100 A2, calculated from the ¢ = 8.62 A dimension of gibbsite
(Bragg, 1937, p. 207) plus one oxygen diameter. This is equivalent to 16.6 A2
one-surface coverage per (+) charge. In comparison, (@ x b) = 46.6 A2 per (—)
charge on one surface* of mica and 117 to 195 A2 per (—) charge of mont-
morillonite surface (Table 2). An excessive separation of (4 ) charge from (—)
charge would be involved in one-surface attachment on montmorillonite of
the 64+ hexameric ion or other acidic polymeric cations. Only 8 to 17 per cent
coverage of the layer would completely neutralize the layer (Table 2). More
extensive “lattice building” of gibbsitic sheets (higher OH/AI) ratios, Jackson,
1960, p. 447) would be required for the (+) ... (—) charge proximity (ob-
served by Shen and Rich, 1962). With a limited amount of Al precipitation
(Ragland and Coleman, 1960), little loss of cation exchange capacity occurs.
The “lattice building” could occur with polar units of gibbsite of the nature,
Alg(OH)12(0OHs . . . OH)g in which the (OH%>* .. . OH0-57) pair represents
a broken-edge pair, comparable to that proposed by Weiss (1958) for layer
silicate edges, as discussed elsewhere (Jackson, 1963). A unit of this size

* The (¢ X b)/2 dimension for muscovite, (5.18 x 9.02)/2 (Bragg, 1937, p. 20.5),
gives an average of 7 A separation of the (—) charge on each layer of mica given earlier
(Jackson, 1960).
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TABLE 2.—CALCULATED PERCENTAGE COVERAGE OF EXPANSIBLE LAYER SILICATES FOR
CHARGE BALANCE BY THE PoLyMERIC IoN Alg(OH)1a(—OHz)120* oF Area 99.5 A2,
16.6 A2 pr (+), AND OH/AI Ratio = 2.

Charge density {—) % area covered
Meq per Area per One Two
Mineral 100 g Charge, A2| Surface* Surfacest
Muscovite 261 46.6 35.6 71
Vermiculite 160 73.1 22.7 45
Montmor.-Vermi. 125 93.2 17.8 36
Montmorillonite 100 117 14.2 28
Montmorillonite 60 195 8.5 17
(low charge)

* Swelling 2:1-2:2 intergrade (18 A spacing in glycerol); if
counter charge is effected through the layer, the ‘‘coverage’
would be equivalent to that for two surfaces in next column.

+ Nonswelling 2:1-2:2 intergrade (14 A spacing in glycerol).

TABLE 3.—MOLARITY OF INTERLAYER SPACE IN EXPANSIBLE LLAYER SILICATES

Interlayer
Charge Inter-
Density, on charge
Two Surfaces| Distance, ¢ Spacing Volume
One per M+
meg ﬁ Surface Cell Inter-
Mineral 100g  (—) A A layer A As Molarity
Muscovite 251 23.3 6.8 14 4 93.2 17.8
(expanded) .
Kaolinite-NHNGs| — 23.3% — 11.8 4.4 102.5 16.2+
Kaolinite-KOAc _ 23.3% — 14 7 163.1 10.2+
Vermiculite 160 36.6 8.6 14.7 4.7 172 9.7
Montmorillonite 100 58.5 10.8 18 8 468 3.5

* A2 per silica sheet cavity.
+ Salt concentration when intersalated; cavity contains K+ or NHat and space is
occupied by anion.

could sorb on the surface of montmorillonite between the (—) exchange sites,
which are approximately 11A apart (Table 3). A few () valence charges on
the interlayer cation at unpaired edge sites could attach to (—) exchange sites.

Weathering processes forming 2:1-2:2 intergrades of 14 A spacing: Mobiliza-
tion of layer cations, particularly aluminum from layer edges occurs in acid
soils through the bonding of protons in silicic acid edges as outlined previousty
(Jackson, 1960, 1963), the silicic: acid (pk1 = 9.5) acting as a “proton sink”’.

4
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This is a key to driving the release of aluminohydronium (pk; = 5) from
layer edges by HoCO;s (pk1 = 6.4). The decomposition of clay by HaCO3 with
dissolution of silica in excess of alumina (which precipitates) has been demon-
strated for montmorillonite (Correns, 1961) and for kaolinite (Polzer, 1961).
The exchange of H from Si-OH groups at edges of clays occurred in alecohol
at pH 10.1 (Weiss, 1958), while the silica sheets dissolved in aqueous alkali.
Release of octahedral Mg from acid clays was shown by Barshad (1960).

ALUMINUM HYDROXIDE SHEET, POSITIVELY
CHARGED BY ALUMINOHYDRONIUM EDGES AND "HOLE"

Al JOH)o{-OH"*"),(~OHZ*;,
—OH -OH25* -OHO®"

UPPER LAYER O O
e X

MIDDLE LAYER

LOWER LAYER { NN
Algg, EDGE A 47
o5 OH PAIRS
A L
15§,H025+ ZQ .
BONDING oss &
A-252-0Tg, —
= H025+
A-23E0_
% os-
HoS

054)_|4(-OH%5") GIVES 4+
22(-OHQ5*)—14(-0H**")

+ OR — = | UNIT VALENCE

F1euRE §.—Aluminum hydroxide, illustrating the mechanism of varying
positive charge with varying number of hydroxyl and alumino-hydronium
(OH ... OHs pairs, Jackson, 1962) at edges and in defects or “holes.”

Polymerization of aluminum into hexaluminohydroxyhydronium units
such as 'Alg(OH)12(—OH,)$% (Jackson, 1963, Fig. 3) and larger, less highly
charged units (Fig. 5) can occur in the vermiculite interlayer. Since vermicu-
lite is characteristically spaced at 14 A, the positively charged polymers can
attach to both surfaces and the interlayer (+) charge proximity to (—) of
layers is closer (Table 2) than for swelling intergrade. Less extensive interlayer
“lattice building” in vermiculite is thus necessary than in montmorillonite
for cation exchange capacity decrease. The “2:2 lattice-building” process is
sterically assisted by cation exchange sorption in the vermiculite interlayer
space because the charge concentration is on the order of 10 molar (Table 3).
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Lattice building of interlayer NH,NO; at a concentration on the order of
16M (Table 3) in kaolinite and dickite occurred from 6 to 9M solutions of
NHNO3 (Andrew and others, 1960).

Montmorillonite, characteristically of smaller crystal size and hence of
greater specific edge surface, is attacked by weathering acids at a greater
percentage rate than is vermiculite which is of larger particle size, freshly
formed by mica cleavage (discussed in above section) and thus of lower specific
edge surface, as pointed out (Jackson, 1960). The tendency for montmorill-
onite to become interlayered in acid weathering tends to be negated by
relatively rapid weathering away of the small particles characteristic of this
species (Fig. 6). An amorphous relic clay that exemplifies this model was

WEATHERING RATES OF 2:1-2:2 INTERGRADES

YERMICULITE-CHLORITE INTERGRADE
(larger particle)

MONTMORILLONITE - CHLORITE INTERGRADE
(smaller particles; more edge surface per unit weight)

|
18 A (SWELLING)

!

i = WEATHERING INCREMENT AT EDGES = HYDROXY ALUMINUM INTERLAYERS

(NON - SWELLING)

Ticure 6.—Selective weathering away of montmorillonite in an acid

environment (Jackson, 1960), owing to higher specific edge surface of

montmorillonite particles, which are mainly of finer particle size. Con-

currently, vermiculite formed from cleavage of larger mica particles becomes

interlayered at 14 A by hydroxy-aluminum and accumulates as weathering

stage or index 9 just ahead of kaolinite of index 10 (Jackson and others,
1948).

found in the —0.08 micron fraction of the Chester soil derived from schist in
Maryland (Pennington and Jackson, 1948). The survival of vermiculite—
chlorite intergrades, in warm humid weathering (Fig. 3 in Aquilera and Jack-
son, 1953 ; Rich and Obenshain, 1955; Rich and others, 1959; Loughnan and
others, 1962) is thus explained on the basis of claysize vermiculite formation
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weathering from sand and silt sizes of mica particles. The vermiculite can
weather progressively by equation (2) to montmorillonite in an acid environ-
ment, while (and after) being interlayered and thus montmorillonite some-
times appears on stripping out the interlayers (Tamura, 1957; Dixon and
Jackson, 1959). A weathering index of 9 (equal to montmorillonite) has been
proposed*® for 2:1-2:2 intergrade clays.

Frequency distribution: Layer silicates with intergrade 2:2-2:1 character
appear to occur rather generally in soils, varying from a small to extensive
degree, and seldom negligible, as reviewed elsewhere (Dixon and Jackson,
1962). Absence of alumina interlayering of vermiculite and montmorillonite
appears to be characteristic of “pure” deposits such as certain vermiculites
and certain bentonites. Characteristic pedogenic occurrences of little inter-
layered soil clays include certain grumusols (Kunze and others, 1955; Sawhney
and Jackson, 1958) and acid gley soils (Hutehinson, Lewis, and Seay, 1959).
The fact that wetness and gleying “clean up” the interlayered 2:1 minerals
suggests that Fe may be involved with the alumina interlayering. Coneurrent
occurrence of Fe with Al in pedogenic interlayers was indicated by Sawhney
(1960) and Dixon and Jackson (1959). The possibility of allophanic interlayer-
ing has been indicated (Dixon and Jackson, 1962). Montmorillonite can
persist in highly montmorillonitic soils long after the soils become acid
(Jackson, 1959), but such soils finally give way to kaolinite (Ferguson, 1954),
possibly through an interlayered vermiculite-like and chiorite stages.

Extensive weathering and soil development under good drainage apparently
can rather completely develop interlayer precipitates (Fig. 5, extended) and
approach the 2:2 end-member of the series, i.e. chlorite (Theisen and others,
1959; Glenn, 1960; Brydon and others, 1961). These occurrences appear to be
distinet from reported occurrences of ferromagnesian chlorites (Jackson and
Sherman, 1953, p. 236).

Weathering reactions: The 2:2-2:1 intergrade clays appear to accumulate
alumina in acid soils nearly to the 2:2 level during weathering; then a subse-
quent weathering step, 2:2 — 1:1, involving silica tetrahedra inversion,
could give kaolinite (Glenn and others, 1960) by translation of silicon atoms
as proposed by Brindley and Gillery (1954) for daphnite (2:2-1:1 chlorite—
kaolinite interstratification). Some inversion of silica tetrahedra has been
proposed for montmorillonite (Edelman and Favejee, 1940) and chlorite
(Bradley, 1955). Dickite pseudomorphic after mica by hydrothermal altera-
tion has been reported by Jasmund and Riedel (1961}, whose illustration is
shown (by permission) in Plate 1. Structural control of mica weathering to
kaolinite in residual kaolins has been noted (Sand, 1956). These two instances
may represent more rapid 2:1 — 1:1 weathering transformation or may involve
the 2:1 — 2:2 — 1:1 pedogeochemical reaction proposed (Glenn and others,
1960).

Weathering of ferromagnesian chlorite (discussed above) or the incomplete

* By the author in his Kearney Foundation lectures, University of California, Dec.
1960.
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reconstitution of ferromagnesian chlorite through diagenesis yields in soil
clays a secondary chlorite having less thermal stability (some interlayer
collapse at 550°C) than the typical ferromagnesian chlorite (14 A reinforce-
ment at 550°C). It appears that the ferromagnesian-related secondary
chlorites, earlier (Jackson, 1959) given weathering index 8 (with vermiculite,
including both trioctahedral and dioctahedral), have a lower weathering
stability index than the pedogenic 2:1-2:2 intergrades of both 18 A swelling
and 14 A type. The later have interlayer precipitates most of which are highly
aluminous and are more usefully given weathering index 9 (as montmorillonite).
The weathering accumulation of sufficient interlayer aluminum to prevent
collapse to 10 A at 300°C of a K saturated dioctahedral layer silicate suggests
the probability of pedogenic (weathering index 9) intergrade. Trioctahedral
character rather reliably indicates intergrade of index 8, but some lithologic
intergrades may be dictahedral. Although the analytical differentiation of the
lithologic—diagenic relic intergrade (index 8) from pedogenically interlayered
(Rich and Obenshain, 1955) intergrade (index 9) is as yet not fully worked
out, the pedogenic significance of the differentiation is sufficient to warrant
the attempted separation.

The various weathering reactions and indexes are summarized in equation

@):

Micg~—————-Vermiculite (8)-#Montmorillonite (9)g==Pedogenic

Biotite (4) 2:1-2:2
Muscovite (7) swelling 18 A
Illite (7) intergrade (9)

(¥e, Mg, Al) Secondary Pedogenic Al Kaolinite
chlorite ——pchlorite —»2:1-2:2 14A—p-chlorite ——P» and
4) (8) intergrade (9) 9) halloysite (10)

in which the numbers in parenthesis represent weathering indexes.

“ Antigibbsite effect’: The selective accumulation of exchangeable alumino-
hexahydronium in the interlayer space of expansible layer silicates causes
polymeric hydroxyaluminum precipitation there while the ion product in the
equilibrium solution is approximately equal to or slightly less than the
solubility product of free aluminum hydroxide (Ragland and Coleman, 1960)
as discussed in more detail elsewhere (Jackson, 1963). The silicate layers
may serve sterically (Jackson, 1960) as a template for nucleating gibbsite-like
crystal units during interlayer polymerization, in addition to serving as a
negative surface for sorbing the positive hydroxy ion units. The net result
may be termed the antigibbsite effect, namely so long as there are expansible
layer silicates in thie weathering mantle, the aluminum released by weatheirng
tends to be deposited in 2:1-2:2 intergrades with aluminohydroxyhydronium
interlayers (Fig. 5) rather than in free gibbsite. For example, Red—Yellow
‘Podzolic soils in southeastern United States derived from mica schist, such as
the Cecil soil (Rich and others, 1959) develop alumina interlayers and then
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weather on to kaolinite, and tend not to develop free gibbsite, while weather-
ing of basic rocks more readily produces gibbsite in soils.

The occurrence of gibbsite in a mixture with expansible layer silicates
could tend to indicate geomorphic erosion and depositional mixing (Erhart,
1956) of materials weathered in different sites. Very rapid weathering of mica
to kaolinite (equation 3) appears to be able to produce gibbsite concurrently
from feldspars. Fluctuations of the pH of the soil solution system back and
forth across the isoelectric pH 4.8 of crystalline gibbsite could nucleate a
separate crystalline gibbsite phase as follows: templated (+) aluminum
hydroxide units sorbed on clay below pH 4.8 would become negative above
pH 4.8 and thus be repelled and released, an “anti-antigibbsite effect’’,
discussed elsewhere (Jackson, 1963). Intense pedogeochemical leaching of
the sorbed (4-) units would remove soluble anions and accelerate crystal
growth of the released gibbsite phase.

SUMMARY

Mica cleavage associated with erystallographic dislocation planes in the
mica faces is seen as a special weathering source of both (a) frayed edge and
(b) interstratification or mixed-layering in the equation:

mica 3z illite == vermiculite > montmorillonite

of Jackson and others (1952). The tendency in weathered layer silicates for
surface constancy (K unit cell surface plus sorption surface = constant)
applies to both (a) and (b) and suggests that during weathering K occupies its
full mica interlayer concentration until cleavage releases the K and simul-
taneously yields glycol adsorption surface. Cores of unweathered mica are
seen as holding (kkl) orientation and juxtaposition of the K cavities in the
frayed edge vermiculite and montmorillonite, thus accounting for K ion
preference by the species of these two minerals weathered from micas as
compared the species of these minerals derived by weathering of minerals
other than layer silicates.

Intergradient 2:1-2:2 layer silicate minerals develop in soil clays by lattice
building or precipitation of aluminum hydroxide attached on one interlayer
surface of montmorillonite (18 A swelling intergrade) or on two interlayer
surfaces of vermiculite (14 A intergrade). The 18 A intergrade appears to form
more frequently in alkaline soils in which montmorillonite is more stable,
while the 14 A intergrades appear most frequently in acid soils in which the
reactions

mica 2 vermiculite == 14 A intergrade
are favored by relatively rapid decomposition of any montmorillonite formed
(higher specific surface of edges) with release of aluminum for interlayer

“lattice building” in the more highly charged and larger vermiculite particles
forming from mica. This disposition of aluminum tends to preclude free
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Al (OH), formation in soils so long as there are actively weathering 2:1 layer
silicates present in soils (“antigibbsite effect’’). Weathering proceeds by the
reactions:

14 A intergrade = Al-chlorite = kaolin

Free gibbsite can appear through weathering when leaching rates are rapid
and the supply of silica is limited.

ACKNOWLEDGMENTS

This contribution from the Department of Soils, University of Wisconsin,
was supported in part by grants of funds from the National Science Founda-
tion and through the Research Committee of the Graduate School from the
Wisconsin Alumni Research Foundation for research assistants, equipment,
and laboratory facilities. Some of the material in this paper was utilized at the
Advanced Science Seminar on Soil Clay Mineralogy supported by the
National Science Foundation and held at Virginia Polytechnic Institute,
Blacksburg, Va., July, 1962.

REFERENCES

Aguilera, N. H. and Jackson, M. L. (1953) Iron oxide removal from soils and clays:
Soil Sci. Soc. Amer. Proc., v.17, pp.359-364, v.18, pp.233 and 350.

Alexander, L. T., Hendricks, 8. B. and Nelson, R. A. (1939) Minerals present in soil
colloids II. Estimation in some representative soils: Soél Sci., v.48, pp.273—-279.
Andrew, R. W., Jackson, M. L., and Wada, Koji (1960) Intersalation as a technique for
differentiation of kaolinite from chloritic minerals by X.ray diffraction: Sodl Sci.

Soc. Amer. Proc., v.24, pp.422-424.

Barshad, I. (1948) Vermiculite and its relation to biotite as revealed by base exchange
reactions, X-ray analyses, differential thermal curves, and water content: Amer.
Min., v.33, pp.655-678.

Barshad, I. (1960) Significance of the presence of exchangeable magnesium ions in
acidified clays: Science, v.131, pp.988—-990.

Bradley, W. F. (1955) Structural irregularities in hydrous magnesium silicates: in Clays
and Clay Minerals, Natl. Acad. Sci.—Natl. Res. Council, pub. 395, pp.94-102.

Bragg, W. L. (1937) Atomic Structure of Minerals: Cornell Univ. Press, Ithaca, New
York, pp.292.

Bray, R. H. (1937) Chemical and physical changes in soil colloids with advancing develop-
ment in Illinois soils: Soil Sci., v.43, pp.1-14.

Brindley, G. W. and Gillery, F. H. (1954) A mixed-layer kaolinite-chlorite structure: in
Clays and Clay Minerals, Natl. Acad. Sci.—Natl. Res. Council, pub. 327, pp.349-353.

Brown, B. E. and Jackson, M. L. (1958) Clay-mineral distribution in the Hiawatha
sandy soils of northern Wisconsin: in Clays and Clay Minerals, Natl. Acad. Sci.—
Natl. Res. Council, pub. 566, pp.213-226.

Brown, G. (1953) The dioctahedral analogue of vermiculite: Clay Min. Bull., v.2,
pp.64-69.

Brown, G. and Norrish, K. (1952) Hydrous micas: Min. Mag., v.29, pp.929-932.

Brydon, J. E., Clark, J. S., and Osborne, V. (1961) Dioctahedral chlorite : Canadian Min.,
v.6, pp.595-609.

Correns, C. W, (1961) The experimental chemical weathering of silicates: Clay Min.
Bull., v.4, pp.249--265.

https://doi.org/10.1346/CCMN.1962.0110104 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1962.0110104

44 FErgvenTtH NatioNal CONFERENCE ON Crays AND Cray MINERALS

DeMumbrum, L. E. (1959) Exchangeable potassium levels in vermiculite and potassium-
depleted micas and implications relative to potassium levels in soils: Sodl Sci. Soc.
Amer. Proc., v.23, pp.192-194.

Dixon, J. B. and Jackson, M. L. (1959) Dissolution of interlayers from intergradient soil
clays after preheating at 400°C: Science, v.129, pp.1616-1617.

Dixon, J. B. and Jackson, M. L. (1960) Mineralogical analysis of soil clays involving
vermiculite—chlorite—kaolinite differentiation: in Olays and Clay Minerals, 8th Conf.,
Pergamon Press, pp.274-286.

Dixon, J. B. and Jackson, M. L. (1962) Properties of intergradient chlorite-expansible
layer silicates of soils: Soil Sei. Soc. Amer. Proc., v.26, pp.358-362.

Droste, J. B. (1956) Alteration of clay minerals by weathering in Wisconsin tills: Geol.
Soc. Amer. Bull., v.67, pp.911-918.

Dyal, R. 8. and Hendricks, 3. B. (1952) Formation of mixed layer minerals by potassium
fixation in montmorillonite: Soil Sci. Soc. Amer. Proc., v.16, pp.45-48,

Edelman, C. H. and Favejee, J. C. (1940) On the crystal structure of montmorillonite and
halloysite: Z. Krist., v. 102, pp.417-431.

Erhart, H. (1958) La genése des sols en tani que phénoméne géologique: Masson et Cie,
Paris 8, France.

Ferguson, J. A. (1854} Transformations of clay minerals in black earths and red loams
of basaltic origin: Austral. J. Agric. Res., v.5, pp.98-108.

Frederickson, A. F. and Reynolds, R. C., Jr. (1960) Geochemical method for determining
paleosalinity: in Clays and Clay Minerals, 8th Conf., Pergamon Press, pp.203-213.

Glass, H. D. (1958) Clay mineralogy of Pennsylvanian sediments in southern Illinois: in
Clays and Clay Minerals, Natl. Acad. Sci~Natl. Res. Council, pub. 566, pp.227-241.

Glenn, R. C. (1960) Chemical weathering of layer silicate minerals in loess-derived
Loring silt loam of Mississippi: Trans. Tth Cong. Int. Soc. Soil Sci., v.4, pp.523-531.

Glenn, R. C., Jackson, M. L., Hole, F. D., and Lee, G. B, (1960) Chemical weathering of
layer silicate clays in loess-derived Tama silt loam of southwestern Wisconsin: in
Clays and Clay Minerals, 8th Conf., Pergamon Press, pp.63-83.

Grim, R. E. and Johns, W. D. (1954) Clay mineral investigation of sediments in the
northern Gulf of Mexico: in Clays and Clay Minerals, Natl. Acad. Sci.—Natl. Res.
Council, pub. 327, pp.81-103.

Gruner, J. W. (1934) Structure of vermiculites and their collapse by dehydration:
Amer. Min., v.19, pp.557-575.

Harrison, J. L. and Murray, H. H. (1959) Clay mineral stability and formation
during weathering: in Clays and Clay Minerals, 6th Conf., Pergamon Press,
Pp.203-213.

Hendricks, S. B. and Teller, E. (1942) X-ray interference in partially ordered layer
silicates: J. Chem. Phys., v.10, pp.147-167.

Hensel, D. R. and White, J. L. (1960) Time factor and the genesis of soils on early
Wisconsin till: in Clays and Clay Minerals, Tth Conf., Pergamon Press, pp.200-215.

Hofmann, U., Endell, K., and Wilm, D. (1933) Struktur und quellung von montmorillonit :
Z. Krist., v.86, pp.304—348.

Hutcheson, T. B., Jr., Lewis, R. J., and Seay, W. A. (1959) Chemical and clay mineral-
ogical properties of certain Memphis catena soils of western Kentucky: Soil Scs.
Soc. Amer. Proc., v.23, pp.474-478.

Jackson, M. L. (1959) Frequency distribution of clay minerals in major great soil groups
as related to the factors of secil formation: in Olays and Clay Minerals, 6th Conf.,
Pergamon Press, pp.133-143.

Jackson, M. L. (1960) Structural role of hydronium in layer silicates during soil genesis:
Trans. Tth Cong. Int. Soc. Soil Sci., v.2, pp.445—455.

Jackson, M. L. (1962) Significance of kaolinite intersalation in clay mineral analysis:
in Clays and Clay Minerals, 9th Conf., Pergamon Press, pp.424-429.

Jackson, M. L. (1963) Aluminium bonding in soils: a unifying principle in soil science:
Soil Sci. Soc. Amer. Proc., v.27, pp.1-10.

https://doi.org/10.1346/CCMN.1962.0110104 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1962.0110104

INTERLAYERING OF EXPANSIBLE LAYER SILICATES 45

Jackson, M. L., Hseung, Y., Corey, R. B., Evans, E. J. and Vanden Heuvel, R. C. (1952).
Weathering sequence of clay-size minerals in soils and sediments II. Chemical
weathering of layer silicates: Sodl Sci. Soc. Amer. Proc., v.16, pp.3-6.

Jackson, M. L. and Sherman, G. D. (1953) Chemical weathering of minerals in soils:
Advances in Agronomy, Academic Press, New York, v.5, pp.219-318.

Jackson, M. L., Tyler, 8. A., Willis, A. L., Bourbeau, G. A. and Pennington, R. P. (1948)
Weathering sequence of clay-size minerals in soils and sediments I. Fundamental
generalizations: J. Phys. Colloid Chem., v.52, pp.1237-1260.

Jackson, M. L., Whittig, L. D., and Pennington, R. P. (1950) Segregation procedure for
the mineralogical analysis of soils: Soi#l Seci. Soc. Amer. Proc., v.14, pp.77-81.

Jackson, M. L., Whittig, L. D., Vanden Heuvel, R. C., Kaufman, A. and Brown, B. E.
(1954) Some analyses of soil montmorin, vermiculite, mica, chlorite, and inter-
stratified layer silicates: in Clays and Clay Minerals, Natl. Acad. Sci.—Natl. Res.
Council, pub. 327, pp.218-240.

Jasmund, K. and Riedel, D. (1961) Untersuchungen des tonigen Zwischenmittels
im Hauptbuntsandstein der Nordeifel: Bull. Geol. Inst. Univ. Uppsala, v.40,
pp.247-257.

Klages, M. G. and White, J. L. (1957) A chlorite-like mineral in Indiana soils: Sosl Sei.
Soc. Amer. Proc., v.21, pp.16-20.

Kunze, G. W., Templin, E. H., and Page, J. B. (1955) The clay mineral composition of
representative soils from five geological regions of Texas: in Olays and Clay Minerals,
Natl. Acad. Sci.—Natl. Res. Council, pub. 395, pp.373-383.

Loughnan, F. C., Grim, R. E., and Vernet, J. (1962) Weathering of some Triassic shales
in the Sydney area: J. Geol. Soc. Austral., v.8, pp.245-257.

MacEwan, D. M. C. (1949) Some notes on the recording and interpretation of X-ray
diagrams of soil clays: J. Soil Sei., v.1, pp.90-103.

Marel, H. W. van der (1954) Potassium fixation in Dutch soils: mineralogical analyses:
Soil Sci., v.78, pp.163-179.

Marshall, C. E. (1935) Layer lattices and the base-exchange clays: Z. Krist., v.91,
pp.433—449.

Mehra, O. P. and Jackson, M. L. (1959) Constancy of the sum of mica unit cell potassium
surface and interlayer sorption surface in vermiculite—illite clays: Soil Sci. Soc.
Amer. Proc., v.23, pp.101-105.

Milford, M. H. and Jackson, M. L. (1962) Illite content and size distribution in relation to
potassium availability in some soils of North Central United States: Agron. Abstracts,
American Society of Agronomy, Madison, Wisconsin, pp.21.

Mortland, M. M. and Gieseking, J. E. (1951) Influence of the silicate ion on potassium
fixation: Soil Sci., v.71, pp.381-385.

Murray, H. H. and Leininger, R. K. (1956) Effect of weathering on clay minerals: in
Clays and Clay Minerals, Natl. Acad. Sci.—Natl. Res. Council, pub. 456, pp.340-347.

Norrish, K. (1954) The swelling of montmorillonite: Disc. Faraday Soc., v.18, pp.120~
134.

Page, J. B. and Baver, L. D. (1940) Ionic size in relation to fixation of cations by colloidal
clays: Soil Sci. Soc. Amer. Proc., v.4, pp.150-155.

Pennington, R. P. and Jackson, M. L. (1948) Segregation of the clay minerals of poly-
component soil clays: Soil Sci. Soc. Amer. Proc., v.12, pp.452-457.

Polzer, W. L. (1961) A preliminary study of the solubility of kaolinite at low temperature
and pressure: in. Clays and Clay Minerals, 10th Conf., (in press).

Radoslovich, E. W.. (1960) The structure of muscovite, KAls(SigAl)019(0OH)a: Acta
Cryst., v.13, pp.919-932.

Ragland, J. L. and Coleman, N. T. (1960) The hydrolysis of aluminum salts in clay and
soil systems: Soil Sci. Soc. Amer. Proc., v.24, pp.457-460.

Rich, C. 1., Seatz, L. F., and Kunze, G. W. (Review editors) (1959) Certain properties of
selected southeastern United States soils and mineralogical procedures for their
study: Southern Regional Bulletin 61, Va. Agr. Exp. Sta., Blacksburg, Va.

https://doi.org/10.1346/CCMN.1962.0110104 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1962.0110104

46 ErLevenTH NATIONAL CONFERENCE ON CrLaYs AND Cray MINERALS

Rich, C. I. (1960) Aluminum in interlayers of vermiculite: Soil Sci. Soc. Amer. Proc.,
v.24, pp.26-32.

Rich, C. L. and Obenshain, 8. 8. (1955) Chemical and clay mineral properties of a Red-—
Yellow Podzolic soil derived from muscovite schist: Soil Sci. Soc. Amer. Proc.,
v.19, pp.334-339.

Sand, L. B. (1956) On tho genesis of residual kaolins: dmer. Min., v.41, pp.28—40,

Sawhney, B. L. (1960) Weathering and aluminum interlayers in a soil catena: Hollis-
Charlton-Sutton-Leicester: Soil Sci. Soc. Amer. Proc., v.24, rp-221-226.

Sawhney, B. L. and Jackson, M. L. (1958) Soil montmorillonite formulas: Soil Sci. Soc.
Amer. Proc., v.22, pp.115-118.

Schmehl, W. R. and Jackson, M. L. (1956) Interstratification of layer silicates in two soils
clays: in Olays and Clay Minerals, Natl. Acad. Sci—Natl. Res. Council, pub. 456,
pp.423-428.

Schwertmann, U. (1962a) Eigenschaften und Bildung aufweitbarer (quellbarer)
Dreischicht-Tonminerale in Béden sus Sedimenten: Beitrage zur Mineralogie und
Petrographie, v.8, pp,199-209.

Schwertmann, U. (1962b) Die selektive Kationensorption der Tonfraktion einiger Béden
aus Sedimenten: Z. Pflanzenerndhr. Ding., Bodenk., v.97, pp.9-25.

Shen, M. J. and Rich, C. L (1962) Aluminum fixation in montmorillonite: Soil Sei. Soc.
Amer. Proc., v.26, pp.33-36.

Slaughter, M. and Milne, I. H. (1960) The formation of chlorite-like structures from
montmorillonite: in Clays and Clay Minerals, Tth Conf., Pergamon Press,
pp.114-124.

Stephen, I. and MacEwan, D. M. C. (1951) Some chloritic clay minerals of unusual type:
Clay Min. Bull., v.1, pp.157-162.

Tamura, T. (1957) Identification of the 14 A clay mineral component: Amer. Mén., v.42,
pp.107-110.

Theisen, A. A., Webster, G. R., and Harward, M. E. (1959) The occurrence of chlorite and
vermiculite in the clay fraction of three British Columbia soils: Canadian J. Soil Sci.,
v.39, pp.244-251, ,

Truog, E. and Jones, R. J. (1938) Fato of soluble potash applied to soils: J. Ind. Eng.
Chem., v.80, pp.882-885.

Walker, G. F. (1949) The decomposition of biotite in the soil: Min. Mag., v.28, pp.693—
703.

Wear, J. I. and White, J. L. (1951) Potassium fixation in clay minerals as related to
crystal structure: Soil Sei., v.71, pp.1-14,

Weaver, C. E. (1956) The distribution and identification of mixed-layer clays in sediment-
ary rocks: Amer. Min., v.41, pp.202-221.

Weaver, C. E. (1958) The effects and geologic significance of potassium “fixation’ by
expandable clay minerals derived from muscovite, biotite, chlorite, and voleanic
material: Amer. Min., v.43, pp.839-861.

Weiss, Armin (1958) Uber das Kationenaustauschvermégen der Tonminerale II: Der
Kationenaustausch bei den Mineralen der Glimmer-, Vermikulit- und Montmoril-
lonit-gruppe: Z. anorg. ally. Chemie, v.297, pp.258-286.

Weiss, Armin, Mehler, A., and Hofmann, U. (1956) Cation exchange and innercrystalline
swelling capacity of the minerals of the miea group: Z. Naturforschy., v.11b, pp.435—
438.

White, J. L. (1951) Transformation of illite into montmorillonite: Soil Sci. Soc. Amer.
Proc., v.15, pp.129-133.

Whittig, L. D. and Jackson, M. L. (1956) Mineral content and distribution as indexes
of weathering in the Omega and Ahmeek soils of Northwestern Wisconsin: in
Clays and Clay Minerals, Natl. Acad. Sci.—Natl. Res. Council, pub. 456, pp.362-371.

https://doi.org/10.1346/CCMN.1962.0110104 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1962.0110104



