
Reports 

Transformation of Montmorillonite 

to Kaolinite during Weathering 

Abstract. Extensive deposits of ka? 
olinite in Florida are formed by trans? 

formation of montmorillonite during 
low-temperature supergene weathering. 
The transformation occurs by intra- 

crystalline leaching of interlayer cations 
and tetrahedral silica layers. Interposi- 
tion of stripped layers within montmo? 

rillonite creates a regular 1:1 mixed- 

layered montmorillonite-kaolinite, a 
new clay structure. Kaolin-like layers 
are nourished by lateral epitaxy, as the 

iron-rich montmorillonite decomposes, 

Hexagonal outgrowths of new kaolinite 

develop at the edges of montmorillo? 

nite flakes and nucleate new vertical 

growth. Kaolinitic sands impregnated 
with goethite are ultimately formed, 
and the released silica enriches ground? 
water and forms secondary chert. 

Transformation of green montmoril? 

lonite to gray kaolinite during sub- 

aerial weathering has created zones of 

kaolinite several feet thick over hun? 

dreds of square miles of central Flor? 

ida, demonstrating both the viability 
of this conversion at low temperature 
and its role as a major geochemical 

process. Oyster shells silicified as a by- 

product of the transformation [mont? 
morillonite + H2O -? kaolinite + SiOs 

+ (Fe203, MgO, KsO . . .)] are the first 

marine fossils found in the deeply 
weathered and much debated Citro- 

nelle (?) deposits of Florida. 

Any weathering reaction involving 

commonplace and abundant minerals 

is geochemically and economically im? 

portant. The conversion of montmoril? 

lonite to kaolinite is especially note- 

worthy, however, for it represents a 

major stage in the larger weathering 

cycle. Structurally it exemplifies the 

breakdown of complex sheet silicates to 

simpler 1:1 layer structures. The liber- 

ated SiOs, FeaOs, MgO, and K2O may 
enrich groundwater and form second? 

ary chert, geothite, and possibly dolo? 

mite, on a regional scale. 
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The low-temperature conversion has 
been previously proposed to explain 
inverse concentration relations between 
montmorillonite and upward-increasing 
kaolinite in weathering profiles (1, 2). 
It was also suggested in extrapolation 
of the higher-temperature hydrother? 
mal replacement of montmorillonite by 
kaolinite and leaching experiments on 
micas (2-4). Nevertheless, despite its 

seeming applicability to a number of 

geochemical problems, the low-temper? 
ature conversion of montmorillonite to 

kaolinite has not been generally ac- 

cepted by geologists or mineralogists 
(5), primarily because the details of 

replacement or transformation have 
not been demonstrated. Moreover, in? 
verse relationship in stratigraphic se? 

quences does not automatically denote 
conversion of one mineral to another, 
but may be due to primary facies or 

sorting changes. 
In our field geochemical studies of 

weathering in Florida it has been pos? 
sible to avert such ambiguities through 
stratigraphically controlled compari? 
sons (by x-ray, chemical, and electron- 

microscope study) of fresh and weath? 
ered rock from the same stratum or 

zone, and therefore of identical origi? 
nal lithology. The unequivocal nature 
of the field relations is shown in Figs. 
1 and 2. The general lithologic se? 

quence of the Bone Valley and Citro- 
nelle formations, both of Pliocene age, 
is one of loose surface sands overlying 
massive, clayey sands which exhibit 

only fine gradational textural changes, 
but yield down ward to pronounced 
graded-bedded and cross-bedded se? 

quences. Disconformities are absent 

in the upper clayey sands, and thin, 

primary strata can be traced laterally 
through several stages of the discord? 
ant and obviously secondary zone of 

weathering. 

Clay in the lower unaltered Bone 

Valley Formation is green to blue- 

green nontronitic montmorillonite. Clay 
in the upper zone is generally gray. 
The zone has been called the Bartow 

clay by local miners. As shown in Fig. 

1 and reported previously (6) the gray 
zone irregularly transgresses the pri? 
mary bedding from the surface down? 

ward, and as its clay is kaolinite it must 
be the product of subaerial alteration 
of montmorillonite (6). Where the 
weathered zone occasionally thins or 

disappears, the Bone Valley Formation 
is green to a correspondingly higher 
level and irregular green patches ap? 
pear in the coextensive gray weathered 
zone (Fig. 1). 

The Citronelle Formation provides 
another example of the subaerial trans? 
formation of montmorillonite to kao? 
linite. The Citronelle or "unnamed 
coarse clastices" (7) of north-central 
Florida is a blanket of red-stained 
kaolinitic quartz sands, not previously 
known to contain marine fossils, and 

presumed to be entirely kaolinitic. lt 
has therefore been considered to be of 
terrestrial or deltaic origin (7, 8), and 
the red mottling has been ascribed to 

weathering of heavy minerals (8). 
In a road-metal quarry in the city 

of Mascotte, however, typical Citro? 
nelle material is underlain without a 

stratigraphic break by montmorillonite 

clay (Fig. 2). The montmorillonite oc? 
curs in 3-inch bands of green sandy 
clay that crop out in a prospect ditch 
in the floor of the quarry. The over? 

lying 12 to 15 feet of sediment is kao? 
linitic sand irregularly impregnated by 
orange and red goethite. One foot be? 
neath the uppermost green clayey band 
is a second green clayey band contain? 

ing silicified oyster shells of unre- 
worked aspect. The two green bands 

Table 1. Chemical analyses of clays from 
Bone Valley Formation, Saddle Creek Mines, 
Florida. Analyses were made of clay fractions 
( ? 2 #) settled from clays containing quartz, 
apatite, and accessory minerals. Analyses have 
been corrected for identified apatite and 
crandallite after chemical determination of 
leachable P2Os, CaO, and A1203. Samples: 
SC 1, montmorillonite, basal part of the 
formation; SC 2, kaolinized montmorillonite, 
upper part of formation; SC 12, kaolinite, 
completely transformed, stratigraphic equiv? 
alent of sample SC 2. Analyzed by H. Kramer. 
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are traceable 150 feet eastward to a 

slightly higher altitude, where the clays 
are gray and irregularly impregnated 
by iron oxides, but the thicknesses, 
stratigraphic interval, and silicified 

oyster shells persist (Fig. 2)V 
Optical and x-ray study shows that 

the green clay is composed of disor- 

ganized montmorillonite and poorly 
crystallized kaolinite. The gray strati? 

graphic equivalent is almost entirely 
kaolinite of improved crystallinity, with 
a barely detectible x-ray diffraction 

peak in the montmorillonite region. 
Apparently, at least part of the Citro- 
nelle Formation, or possibly all of the 
superjacent red kaolinitic sand, was 
originally a green, fossiliferous, marine 
sequence of iron-rich montmorillonitic 
sand. The leaching process that trans? 
formed the montmorillonite to kaolin? 
ite and goethite also removed the fos- 
sils; rarely, where permeability was 
lower, fossils remained to be silicified, 
and now reveal both the original ma? 
rine nature of the rock and the altera? 
tion process. 

X-ray diffraction studies of the clay 
from the Bone Valley Formation in the 
Saddle Creek area reveal the alteration 
sequence (Fig. 3). The blue-green un- 
altered basal clay (sample SC 1) is a 
pure montmorillonite which responds 
to glycolation and heat treatment as a 
single well-crystallized phase. In sample 
SC 2, a green clay from a residual 
green patch in the upper discordant 
gray zone, a prominent 7.2-A kaolinite 
peak is present, and the montmorillo? 
nite reflection is disorganized, broad- 
ened, and decreased in intensity. The 
results of heating and glycolation and 
the (060) reflection of d = 1.485 A 
preclude the presence of chlorite. Sam? 
ple SC 12, the fully altered equivalent 
of SC 2, is virtually pure kaolinite. It 
is unaffected by glycolation and col- 
lapses when heated to 500?C. 

Chemical analyses (Table 1) con? 
firm the alteration paragenesis shown 
by field and x-ray studies. The basal 
unaltered clay is a ferric-rich mont? 
morillonite of dioctahedral nature, a 
fact confirmed by x-ray determination 
of the (060) reflection at 1.495 A. The 
fully altered clay (SC 12) has a typical 
kaolinite composition in its major con? 
stituents of SiOa, ALOs, and ftO. Its 
atypically high contents of MgO, FesOa 
and K2O reflect its origin from iron- 
rich montmorillonite. Sample SC 2, 
the partially altered clay, although 
stratigraphically equivalent to SC 12, 
has a composition intermediate to that 
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Fig. 1. Field relations of fresh and weathered clay (gray kaolinite) in Bone Valley For? 
mation, Saddle Creek area, Florida (circled numbers are sample positions). 
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Fig. 2. Stratigraphy and clay relations of exposed Citronelle Formation in borrow pit west of Mascotte, Florida (circled numbers are sample locations). 
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Fig. 3. X-ray powder diffraction patterns of clays at Saddle Creek. Compare with 
Fig. 1 Basal unaltered clay, SC 1; Intermediate alteration, SC 2; Advanced altera? 
tion, SC 12. 
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Fig. 4. Partly kaolinized montmorillonite 
from Aohan and Mascotte (7, Fig. 2), 
showing development of hexagonal mor? 
phology (H) on grains with curls and 
wisps characteristic of montmorillonite. 

of SC 1 and SC 12. It contains ap? 
proximately 45 percent montmorillonite 
and 55 percent kaolinite, but it is dis- 

proportionately rich in AK03, which 
accords with conversion from a 2 : 1 
to a 1:1 sheet silicate. 

Study of the clays by electron mi? 

croscopy verifies the conversion of 
montmorillonite to kaolinite. The un- 
altered montmorillonite lacks crystal 
outline, is fluffy, and breaks down at 
the edges into nondistinctive flakes and 

wisps. With initial kaolinization the 

edges of montmorillonite flakes are dis- 

continuously modified by regular out- 
lines and hexagonal outgrowths. Thus, 
individual flakes may exhibit two dis- 
tinctive morphologies as shown in Fig. 
4. As alteration progresses lateral out? 

growths are more pronounced, and in? 
dividual kaolinite crystals and small, 
almost completely kaolinized aggre? 
gates appear. Many of the aggregates, 
however, display some residual evi? 
dence of origin from montmorillonite, 
usually by having curved or curled 

edges, which lack hexagonal symmetry 
(see Fig. 5). 

The development of regular outlines 
and hexagonal outgrowths at edges of 
montmorillonite flakes is evidence of 
lateral epitaxy, and implies the prior 
stripping of a silica layer to create a 
1 : 1 kaolin-prototype for some dis? 
tance in from the edge. 

An independent argument for intra- 

crystalline stripping of the tetrahedral 

layers is furnished by x-ray evidence 
of mixed-layering between montmoril- 
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Fig. 5. Advanced kaolinization of montmorillonite (Mascotte, sample 3, Fig. 2). Left, 
hexagonal outgrowths on new kaolinite project from large flake with residual curving 
edge of montmorillonite. Right, enlargement (shadow is white): crystallites (b) and hexag? 
onal plates (c) of kaolinite in morphological orientation to thin sheet (a, 40 A thick) 
upon which they were nucleated. 

lonite and kaolinite. X-ray patterns of 

partly transformed clay from the three 
localities studied contain a small "ex- 
tra" reflection in the low-angle region. 
As shown in Fig. 6, this low-angle 
d-spacing equals the sum of the kao? 
linite and montmorillonite (001) spac- 
ings initially and after heating to 

115?C, thus precluding abnormally 
hydrated montmorillonite as its cause. 
It also does so after glycolation and 

expansion of montmorillonite, and af? 
ter further heating to 300?C and col- 

lapse of montmorillonite to 10 A. An 
additional small reflection appears at 
13 A in some samples when montmoril? 
lonite collapses after heating to 300?C. 
This 13-A reflection collapses to 11 to 
12 A on further heating to 500?C and 
is tentatively attributed to interlayer 
accumulation of Al(OH)3 to pos? 
sibly create vermiculite-like material. 
On heating to 500?C the reflections 
due to kaolinite and the superlattice 
disappear. Higher order reflections for 
the mixed-layer montmorillonite-kao- 

linite have not been verified beyond 
doubt, presumably because of the low 

intensity of the primary reflection. 
The superlattice of kaolinite-mont- 

morillonite and the lateral outgrowths 
from it reveal that alteration of mont? 
morillonite to kaolinite is a structural 
transformation. Intermediary phases, 
such as allophane gels or halloysite 
crystals, are not necessary precursors 
to kaolinite and have not been detect? 
ed. We can also discount the operation 
of metasomatic replacement by total 
solution and metathesis as the major 
process, although, precipitation may 
be the cause of many of the small new 

growths of kaolinite. 
Evidence of much more extensive 

outgrowth in the more fully kaolinized 
material (Fig. 5), coupled with the 
lack of prominence of mixed-layering 
throughout the transformation sequence 
studied, reveals that the structural 
transformation is not completed merely 

by extended stripping of intracrystal- 
line silica. Moreover, the final product 

Table 2. Analyses of water (parts per million) from wells in Pinellas County. Data from 
R. C. Heath and P. C. Smith, Florida Geol. Survey Rept. No. 12 (1954), pp. 1-139. 
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Fig. 6. X-ray patterns of sample Mascotte 
7 (Fig. 2). Patterns show diffraction effects 
ascribed to regular 1 : 1 mixed layer 
montmorillonite-kaolinite (d-spacings in 
angstrom units). 

of such a process could not be kao? 

linite, for montmorillonite differs from 
kaolinite crystallographically, in dimen? 
sions and layer orientation, and chem? 

ically, in having appreciable octahedral 
iron. Instead we see a pattern of epi- 
taxial enlargement vividly illustrated in 

Fig. 5. Extended sheet-like outgrowths 
of kaolinite (a, Fig. 5), some 30 to 50 
A thick, have nucleated additional ver? 
tical stackings of isolated rune-shaped 
crystallites, and ultimately, greatly 
thickened and extended hexagonal 
plates (c, Fig. 5). The hexagonal plates 
and the rune-shaped crystallites share a 
common morphological orientation with 
the basal sheet, which has acted as a 

template for their deposition. 
In consideration of the sequence of 

morphological changes, and of the 

mixed-layering, we propose the follow? 

ing pattern for transformation. 

1) Acid leaching of interlayer cations 
and synchronous or immediately sub? 

sequent hydration and stripping (leach? 
ing) of silica layers (a, Fig. 7). 

2) Replacement of vacant tetrahe- 
dral oxygen sites by hydroxyls to create 
a highly polar kaolin-like arrangement 
in the residual 1: 1 sheet (a, Fig. 7). 

3) The highly charged outside layer 
of hydroxyl protons contracts the inter? 
layer space to approximately that of 
kaolinite, of identical charge polarity, 
creating a 21-A superlattice (b, Fig. 7). 

4) Extension of the kaolin-like sheet 

laterally, by epitaxial growth of true 
kaolinite, and development of hexagonal 
modifications and outgrowths at the 
edges of montmorillonite flakes. 
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5) The primitive kaolinite crystals 
are nourished and enlarge (c, Fig. 7), 
as the montmorillonite continues to 
break down. New layers of kaolinite 
are added (d, Fig. 7; and Fig. 5). 

6) Small flakes of montmorillonite 

may be completely converted by strip? 
ping. Large flakes may develop many 
simultaneous growth salients as shown 
in the hexagonal projections of Fig. 5. 

The chemistry of this transformation 
is undoubtedly more complex than this 

provisional outline suggests; but the fol? 

lowing conclusions and regional effects 
are tentatively suggested from petro- 
graphic and field observations. 

The altering medium is mildly acidic 

(pH 6.5 to 5.0 ?) ground water, most 

probably rain water enriched with 
humic acids, as suggested by the in? 

complete removal of apatite nodules 
and the failure to develop the more 
acidic secondary aluminum phosphates, 
such as crandallite or wavellite, in 

many areas of clay alteration. These 
latter minerals are present in adjoining 
flood plain areas of highly acid lateritic 
alteration (6). 

Silica remains in solution and is trans- 

ported from the zone of weathering, 
unless fixed by replacement of calcare- 
ous material, such as unleached calcite 
fossils. Secondary chert and opal are 
observed close to transformed material 

(Fig. 2) in sufficient quantity to con? 
firm the transformation, but the total 

quantity of such chert is insignificant 
compared to the extent and thickness 
of the altered zones. In the Bone Valley 
Formation this zone is several feet thick 
over hundreds of square miles. Thus 
the volume of altered montmorillonite 

requires considerable precipitation of 
chert or considerable transport of silica 
in solution. Analyses of Florida ground 
water give many high values for dis? 
solved silica (Table 2). Regional con? 
version of montmorillonite to kaolinite 
is a probable source of this silica (9). 
The silica-rich ground water is probably 
silicifying underlying limestones with 
chert and opal, and possibly enriching 
the Gulf of Mexico as well. Analyses 
of springs in Florida show that emer- 

gent waters are not unusually siliceous 
(10). Ledges of chert are common, 
however, in zones of Hawthorn, Tam- 

pa, and Suwannee limestones subjacent 
to weathered clayey sediments, through? 
out central and northern Florida. 

The occurrence of opal and the prob? 
ably related silica-rich ground waters 
further imply that the clay transforma? 
tion is not controlled by the solubility 
of quartz. It may be related to the 
higher solubilities of cristobalite or 
amorphous silica, if related to aqueous 
silica solubilities at all in a complex 
natural system characteristically en? 
riched in "humic acids." 

The regional development of sec? 

ondary iron oxides may be another 

Fig. 7. Proposed transformation of three-layer montmorillonite to two-layer kaolinite. 
Material with thickened basal line (c, d) represents new growth initiated epitaxially 
after stripping of silica layer a; see text. 
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important byproduct of the clay con? 
version. Goethite and limonite form 

concretions, hardpan, and pervasive 
mottling and coloration in most expo? 
sures of Citronelle and in many other 
surface clays. In the Citronelle Forma? 
tion at Mascotte and throughout the 
Bone Valley Formation this iron comes 
from weathered clays. Initially the 

green clay becomes mottled by red 

specks which are seen under the elec? 
tron microscope to be goethite needles 
of sub-micron size within montmoril? 
lonite aggregates. As kaolinization ad? 
vances the goethite pervades the rock. 

Subsequent bleaching and reconcen- 
tration along fractures and plant root 
zones obscure the origin of goethite. 
Its relation to clay weathering, how? 

ever, is evident during initial alteration 

(Fig. 2). Chemical analyses (Table 1) 
show that the ferric-rich clay of the 

region is a sufficient source of all the 

secondary iron. Perhaps much of the 
unfossiliferous red and orange, kao? 
linitic Citronelle and mineralogically 
similar latosols throughout Florida and 

adjacent states may have originated 
by weathering of marine montmoril- 
lonitic sediments. 

The widespread conversion of mont? 
morillonite to kaolinite has important 
geomorphic consequences. This proc? 
ess of supergene groundwater leaching 
initiates the breakdown and removal 
of clay (11). The loss pf much silica 
and some montmorillonite consider- 

ably increases the porosity and permea? 
bility of the clayey quartz sands, an 
effect abetted by the cementing action 
of new crystal formation and by loss 
of swelling property. Additional void 

space develops by groundwater trans? 
location of clay, a process manifest in 
the secondary films of kaolinite (clay 
cutans) which line fractures and floor 
cavities (6, 12) throughout the weath? 
ered section. The mutually enhancing 
effects of clay degradation and clay 
translocation in the mature soil zone 

eventually remove the intergranular 
clay to create a residual quartz-sand 
mantle (11) which has been inter- 

preted as a marine Pleistocene terrace 
in many areas. Where montmorillonite 
is still present high in the section the 
loose sand mantle is thin (13). 

Z. S. Altschuler 
E. J. Dwornik 

U.S. Geological Survey, 
Washington 25, D.C. 

Henry Kramer 
Brookhaven National Laboratory, 
Upton, New York 
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Rhinoviruses: A Description 

This paper was drawn up at the 

request of the Virus Subcommittee of 
the International Committee on the 
Nomenclature of Bacteria and Viruses 
in order to clarify its decision that cer? 
tain viruses recently isolated from colds 
and similar diseases in man should be 

gathered into a subgroup of the pico- 
rnaviruses to be called rhinoviruses. 

The name rhinovirus will include 
certain viruses which are similar to but 
distinct from enteroviruses and which 
form a subgroup of the picornaviruses, 
already defined by the International 
Committee. The rhinoviruses have pre? 
viously been called by their discoverers 
and others, coryzaviruses (1), entero- 
virus-like viruses (2), ERC viruses (3), 
muriviruses (4), rhinoviruses (5), and 

Salisbury strains (6). The first one to 
be isolated (7) was classified as ECHO 
28 (8). 

Estimates of the particle diameter 
have been obtained by ultrafiltration 

and vary from 15 to 30 m/x (3, 9, 10). 

The shape and subunit structure are 
under investigation. 

Analysis of purified virus has not 
been reported, but the apparent hy? 
drated density is about 1.3 (9) which 

suggests that the infectious particle is 

nucleoprotein; multiplication of many 
strains is not inhibited by 5-fluorode- 

oxyuridine which inhibits the synthesis 
of DNA; infectious RNA has been 
extracted from one strain (3). 

Virus survives storage for weeks at 
4?C and indefinitely at -70?C. Strains 
remain infectious after being frozen and 
dried. 

All strains are ether-stable, but com? 

pletely or almost completely inactivated 

by holding at pH 5 or 3 for a period 
of 1 to 3 hours (3, 9, 11, 12). They 
are generally more stable at 50 ?C than 
are enteroviruses and are partially or, 
in some hands, completely stabilized by 
\M MgCL. 

Either of the following tests will 
demonstrate that a rhinovirus is acid- 
labile. (i) Virus in tissue culture fluid 
is mixed with an equal volume of 0.1M 
sodium citrate-citric acid buffer /?H 4, 
and another portion is mixed with the 
same volume of 0.1M sodium phos? 
phate buffer pK 7. The mixtures are 
held at 37?C for 1 hour, diluted with 
an equal volume of 0.5M phosphate 
buffer pK 7.2, and then diluted 1:5 or 
more in medium and titrated for infec? 

tivity. (ii) In an alternate procedure 
virus in tissue culture fluid is mixed with 
nine volumes of Eagle's medium without 
sodium bicarbonate (final pH 3.0) and 
another portion is mixed with nine vol? 
umes of Eagle's medium prepared with 
0.01M tris buffer (final pU 7.2 to 7.4). 
The mixtures are held at 20? to 25 ?C 
for 3 hours and then titrated for infec? 

tivity. 
The lowest dilution of virus held at 

an acid pH should not infect any cul? 

ture, whereas a dilution of the control 
virus suspension at least ten-fold higher 
than this should infect all cultures in? 
oculated. Thus, when calculated by 
the method of Reed and Muench (13) 
a hundred fold or greater reduction in 
titer is observed. 

The published results of tests with 
human and animal sera indicate that 
there are many serotypes, apparently 
over 30 (3, 10, 11, 14). In order to 
confirm these results and to establish 

agreed prototypes the International 
Reference Laboratories are preparing 
antisera in goats with viruses purified 

by limit dilution or by picking plaques 
(15). These antisera will be tested 
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