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Abstract— An X-ray diffraction study of vermiculitized micas in ultramafic and mafic intrusive rocks
from Cheongyang, Korea, shows the following weathering sequence: mica — ordered mica/vermiculite
interstratification — vermiculite. Electron microprobe analyses show the general trends of K leaching and
Ca enrichment with increased weathering. The vermiculitization of phlogopite from ultramafic rocks
proceeds by means of a continuous decrease in Al-for-Si tetrahedral substitutions and a progressive increase
in Al-for-(Fe** + Mg) octahedral substitutions in the early stage of weathering. These substitutions occur
to compensate for the excess of negative charge in the mica-like layer, in agreement with currently accepted
vermiculitization mechanisms. They change to a slight increase of Al-for-Si tetrahedral substitutions in
the late stage of the vermiculitization of phlogopite, owing to the oxidation of Fe despite its low content.
However, the behavior of Fe in the late stage of the transformation of biotite into vermiculite is significantly
different; that is, Fe increases substantially. The reason for this Fe increase in the late stage remains
unresolved. Recalculations of the structural formulas on the basis of several assumptions indicate that
the oxidation of Fe is necessary for the vermiculite derived from biotite to form the reasonable structural

formulas.
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INTRODUCTION

Trioctahedral micas in basic igneous rocks are not
stable under earth-surface conditions. They weather
rapidly in alteration zones, mainly by progressive hy-
dration of interlayer cations. Many workers have stud-
ied this process by observing both naturally weathered
micaceous minerals and mica altered artificially in the
laboratory. Supergene vermiculitization of trioctahe-
dral micas through intermediate stages of interstratified
mica/vermiculite has been identified as one of the main
mineral weathering sequences reported in the literature
(Coleman et al., 1963; Rhoades and Coleman, 1967;
Meunier and Velde, 1979; April et al., 1986; Illdefonse
et al., 1986; Banfield and Eggleton, 1988; Bain ef al.,
1990; Fordham, 1990a). Vermiculite deposits at
Cheongyang, South Korea, appear to be derived from
both phlogopite in ultramafic and biotite in mafic in-
trusive rocks (Song et al., 1990). This paper 1) describes
the mineralogical and chemical changes during the pro-
nounced vermiculitization undergone by phlogopite and
biotite in different parent materials as weathering pro-
gresses and 2) shows the compositional differences be-
tween vermiculites derived from phlogopite and bio-
tite.

MATERIALS AND METHODS

Vermiculite samples were collected from weathered
ultramafic and mafic intrusive rocks showing typical
weathering profiles in the Cheongyang area, Chung-
Copyright © 1994, The Clay Minerals Society

https://doi.org/10.1346/CCMN.1994.0420304 Published online by Cambridge University Press

chungnam-do, central Korea (Figure 1). Ultramafic
rock, which mainly consists of phlogopite and a rela-
tively small amount of clinopyroxene, tremolite, mag-
netite, and chromite, is usually covered by soil (sap-
rolite) ranging from 0.3 to 1 m in depth. The soils have
well-defined weathering profiles. Five samples (P-1 to
P-5) were systematically collected from the saprolite
weathered from the ultramafic rock (Figure 2). One
fresh (B-10) and nine slightly weathered mafic rock
samples (B-1 to B-9) were randomly collected from the
surface in a quarry (at B site in Figure 1) located south-
west of the phlogopite sampling area. This mafic rock
intrudes the ultramafic rock and contains biotite, horn-
blende, clinopyroxene, quartz, and a small amount of
garnet and plagioclase. The slightly weathered samples
contain vermiculites, which exhibit different degrees
of weathering and vermiculitization.

Polished thin sections of the altered rock samples
were made for petrographic and subsequent electron
microprobe examination after epoxy resin impregna-
tion. The clay size fractions (<2 um) were separated
from the weathered rock for X-ray diffraction (XRD)
analysis using ultrasonic treatment. No chemical pre-
treatments were employed.

Phlogopite, biotite, and other minerals were ana-
lyzed with a JEOL JCXA-733 WDS model electron
microprobe. A beam current of 1.5 x 1073 A, a 10 um
beam diameter, and an 80 s counting time were used.
Data were corrected using the method of Bence and
Albee (1968). To minimize errors associated with mo-
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Simplified geological map of the Cheongyang area, Korea, showing sampling sites. “P” represents the sampling

site for phlogopite and its altered products (P-1 to P-5); “B”, the site for biotite and its altered products (B-1 to B-10).

bilization under the beam, K and Na were measured
first. Well-characterized minerals were used for the
standard materials: diopside for Si and Ca, almandine
for Al and Fe, rutile for Ti, chromite for Cr, olivine
for Mg, rhodonite for Mn, albite or Na, sanidine for
K, and pure nickel oxide for Ni. The error limit (1
sigma) for Si is 1% and the limits for Al, Fe, Mg, Ti,
K, and Ca are 1% to 2%. The Kiss (1967) method was
used to analyze ferrous Fe contents of the purified clay
size fraction (<2 um) separated from weathered ultra-
mafic rocks. A Ca-saturated sample was prepared for
the clay size fraction (<2 um) of sample P-1 to deter-
mine the actual octahedral Mg contents. A 1 N calcium
chloride (CaCl,) solution was mixed with the sample,
the clay suspension was centrifuged, and the clear su-
pernatant liquid was decanted. This procedure was re-
peated four times with fresh solution. the sample was
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then washed with deionized water and centrifuged until
the decanted solution no longer showed the presence
of chloride. The degree of saturation was confirmed by
XRD.

XRD traces were obtained from untreated, Mg-sat-
urated, ethylene glycol-treated, and heat-treated ori-
ented aggregates as well as random bulk rock powders
through the use of a MAC MXP-3 XRD system with
Ni-filtered Cu-Ka radiation, divergent and receiving
slits of 1 mm and 0.15 mm, respectively.

The semiquantitative abundances of clay and non-
clay minerals from selected bulk samples of weathering
profiles of ultramafic rock were determined by the
method of MacKenzie (1958) on the basis of XRD
analyses and bulk chemical analyses. For the semi-
quantitative analysis, the chemical data for bulk sam-
ples (P-1 to P-5) and chemical composition of each
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Figure 2. Columnar section showing sample horizons of weathering profiles developed in ultramafic rocks as shown in

Figure 1.

mineral were used in accordance with the methods
reported earlier by Kim (1992) and Song et al. (1990),
respectively.

RESULTS AND DISCUSSION
Mineralogical characterization

Representative XRD traces of whole rock samples
are shown in Figure 3. They illustrate that the domi-
nant clay mineral assemblage in all samples from two
different parent rocks consists of vermiculite (14.5 A)
and interstratified mica/vermiculite (24.5 A and 12.7
A), except for P-5 and B-10 as shown in Figure 3. XRD
traces of P-5 and B-10 in Figure 3 represent mineralogy
of unweathered ultramafic and mafic rock in this area,
which contains chiefly mica (phlogopite and biotite)
with small amounts of amphibole. Other accessory
minerals such as clinopyroxene and opaque minerals
(magnetite and chromite) often cannot be identified by
XRD, but those minerals are easily identified by pet-
rographic study.
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All <2 pm size fractions from weathered ultramafic
and mafic rock samples gave sharp peaks at 14.5 A
and moderately broad diffraction peaks at 7.4 A and
4.9 A (Figure 4). These peaks are not significantly af-
fected by ethylene glycol solvation after Mg saturation,
but they collapse to 9.9 A at 550°C, which indicates
the presence of vermiculite. Before Mg saturation, rel-
atively broad XRD peaks were observed at 25.2-25.5
A and 12.5-12.7 A in many of the <2 um size fractions
of the samples. These peaks indicate the presence of a
regularly interstratified mica/vermiculite (M/V). In ad-
dition, a weak 14.5 A peak from the vermiculite and
the original 10 A mica peak seen in bulk XRD patterns
were also depicted (Figure 3). There was no evidence
of the presence of hydroxyaluminum interlayered ver-
miculite in the samples. The ordered M/V is indicated
by a rational series of 00 spacings with a periodicity
of 25.2 A in oriented aggregates. The best-resolved
patterns (sample P-3 and B-3) approached the calcu-
lated XRD pattern obtained by the method of Reyn-
olds (1980) for regularly interstratified M/V with R =
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Figure 3. X-ray diffraction patterns of representative bulk
samples collected at P (P-1 to P-5) and B (B-3 and B-10) sites
as shown in Figures 1 and 2 (CuKa). V = vermiculite, MV
= mica/vermiculite interstratification, M = mica, and A =
amphibole. Numbers by peaks are in angstroms (A).

1 and with 50% vermiculite layers (Song et a/., 1990).
The 060 reflections at 1.53-1.55 A confirmed the trioc-
tahedral character of the mica and vermiculite (not
shown here).

As presented in the right column of Figure 2, the
lower part of the weathered zone (P-4) has abundant
M/V mixed-layered material. And its relative abun-
dance decreases in the upper part of the weathering
profile. There is a continuous decrease in phlogopite
abundance and an increase in vermiculite content from
the bottom to the top of the weathering profile. These
results clearly suggest that vermiculites are the product
of the weathering of phlogopite and biotite, which have
originated from ultramafic and mafic intrusive rocks,
respectively. The weathering process thus appears to
be mica (phlogopite and biotite) — interstratified M/V
— vermiculite.

General chemical characterization

Representative electron microprobe analyses of the
phlogopite (P-5) and biotite (B-10) and their weath-
ering products (P-1 to P-4 and B-1 to B-9) are listed
in Tables 1 and 2 with their structural formulas. The
structural formulas were calculated on the basis of 22
oxygens on the assumption that the octahedral sites
were completely occupied. If the sum of octahedral
cations exceeded 6, the excess Mg contents were treated
as interlayer cations. Ferrous Fe contents for phlogo-
pite and its altered products were determined by the
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Figure 4. X-ray diffraction patterns of oriented, Mg-satu-
rated, ethylene-glycolated, and heat-treated for some repre-
sentative samples of <2 um size fractions of vermiculite: A)
vermiculite derived from phlogopite (P-3) and B) vermiculite
derived from biotite (B-3). N = untreated, MG = Mg-satu-
rated, EG = ethylene glycol saturated, and H550 = heated to
550°C. Numbers by peaks are angstroms (A).

Kiss (1967) method, and average values are listed in
Table 1. Ferrous Fe contents for biotite and its altered
products were not determined because the purified
samples contained a significant amount of impurities.
All Fe in biotite and altered products of the biotite was
assumed to be in the ferrous state. The analytical result
of Ca-saturated vermiculite (P-1Ca) is also listed in
Table 1. This result agrees well with the published data
of Newman and Brown (1987).

Unaltered phlogopite (P-5 in Table 1) is character-
ized by a large amount of K (10.03 wt. %) and a rel-
atively high ferrous Fe content (4.50 wt. %) in com-
parison with the K and ferrous Fe levels of altered
products (P-1 to P-4). The both unaltered and altered
phlogopite contain a significant amount of Cr (0.4-0.6
wt. %) except for vermiculite (P-1 and B-1 in Tables
1 and 2), which is considered to be an interstratification
of M/V. Data for phlogopite and altered products (Ta-
ble 1) show the common variational trends of K leach-
ing and Ca enrichment with increasing vermiculitiza-
tion (from P-5 to P-1). Biotite (B-10 in Table 2) is
characterized by a larger amount of Fe and relatively
smaller amounts of $i and Mg than those of phlogopite.
The distinct enrichment of Na and Fe and the release
of Si and Ti as weathering increases are general trends
in biotite and its altered products (e.g., Fordham, 1990a,
1990b, 1990c; lidefonse e al., 1986). These can be
observed in Table 2 from B-10 to B-1, except for Na.
Slight enrichment of Na can be recognized in the be-
ginning of alteration. Data for biotite and altered prod-
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Table 1. Electron microprobe analyses and structural formulae for phlogopite and their altered products from the ultramafic

rock as shown in Figure 2 (in average values).

P-1 P-2 P-3 P-4 P-5 P-1Ca?
22y 25) (20) (18) (24) (15)
€ of alteration
SiC, 40.72 40.44 40.35 41.20 41.36 40.05
TiO, 0.64 0.71 0.71 0.65 0.70 0.79
Cr,0; 0.60 0.59 0.44 0.45 0.49 0.61
Al O, 12.28 11.72 11.21 11.64 11.85 12.43
Fe, O, 5.51 5.53 5.09 3.81 1.79 6.17
FeO 0.33 0.55 0.78 2.96 4.50 0.37
MnO 0.05 0.06 0.03 0.08 0.05 0.05
MgO 23.56 22.90 22.90 22.34 22.51 21.64
NiO 0.14 0.14 0.14 0.14 0.13 0.10
CaO 1.44 1.09 1.06 0.65 0.06 4.55
Na,O 0.01 0.12 0.07 0.09 0.05 0.03
K.O 0.20 2.14 2.66 7.42 10.03 0.53
Total 85.49 86.00 85.45 91.43 93.52 87.83
Number of cations on the basis of 22 oxygens

Si 6.04 6.05 6.09 6.03 6.01 6.00
Al(IV) 1.96 1.95 1.91 1.97 1.99 2.00
AIl(VI) 0.19 0.12 0.09 0.04 0.04 0.14
Ti 0.07 0.08 0.08 0.07 0.08 0.08
Cr 0.07 0.07 0.05 0.05 0.06 0.07
Fe3+ 0.62 0.62 0.58 0.42 0.20 0.68
Fe2+ 0.04 0.07 0.10 0.36 0.55 0.05
Mn 0.01 0.01 0.00 0.01 0.01 0.01
Ni 0.02 0.02 0.02 0.02 0.02 0.01
Mg 4.98 5.01 5.08 4.87 4.88 4.71
(V) 6.00 6.00 6.00 5.84 5.84 5.75
Mg? 0.23 0.08 0.07 0.00 0.00 0.00
Ca 0.23 0.18 0.17 0.10 0.01 0.71
Na 0.00 0.04 0.02 0.02 0.01 0.01
K 0.04 0.41 0.51 1.39 1.86 0.01
Z(interlayer cations) 0.50 0.71 0.77 1.51 1.88 0.73

! Numbers indicate the number of analyzed points.
2 Data for Ca-saturated P-1 sample (vermiculite).

3 Mg treated as interlayer cations assuming that the octahedral sites were to be completely occupied.

ucts (Table 2) also show the variational trend of K
leaching but a less distinct trend of Ca enrichment with
increasing vermiculitization (from B-10 to B-1).

Substitutions of Si, Al, Fe, and Mg in
mica-like layers

Vermiculitization of micas results in an increase of
positive charge or a decrease of net negative charge in
mica-like layers. Factors causing a decrease of negative
charge can be considered as follows: 1) oxidation of
ferrous Fe in octahedral sites, 2) substitution of Si for
Al in tetrahedral sites, and 3) increase in the number
of cations in octahedral sites. Changes in the number
of atoms in various structural sites are depicted in Fig-
ures 5 and 6. Mg contents in interlayer cations plotted
in Figure 5D are calculated from Table 1 on the as-
sumption that there are 0.2 vacancies per unit cell in
octahedral sites on the basis of microprobe data for
phlogopite published by Newman and Brown (1987).
The variations of AI(IV) (tetrahedral Al), Al(VI) (oc-
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tahedral Al), Fe?*, Fe**, and Mg contents from phlog-
opite to vermiculite show clear trends of compositional
change in the early stage, i.e., AI(VI), Fe**, and total
Mg increase; AI(1V), Fe?*, and (Fe?* + Fe** ) decrease;
and octahedral Mg remains nearly constant with in-
creasing vermiculitization (Figures SA-5D). The stan-
dard deviation of AI(IV) was 0.035 for P-1, 0.032 for
P-2, 0.023 for P-3, 0.040 for P-4, and 0.027 for P-5.
Considering the standard deviation of the chemical
analyses, these variational trends are clearly different.

The significant mineralogical changes, as shown in
Figures 2 and 3, induced by these chemical changes
are a continuous slight decrease of the Al-for-Si tet-
rahedral substitutions together with a general increase
in the Al-for-(Fe?* + Mg) octahedral substitutions with
increased weathering (Figure 5C and 5D). The dra-
matic increase of Fe** in spite of a decrease of (Fe2*
+ Fe3+) strongly indicates the oxidation of Fe?* to
Fe*+ (Figure 5C). In the late stage of the vermiculiti-
zation of phlogopite, these trends are slightly changed
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Table 2. Electron microprobe analyses and structural formulae for biotite and their altered products from mafic intrusive
rock.
B-1 B-2 B-3 B-4 B-5 B-6 B-7 B-8 B-9 B-10
b of alteration

Si.O2 29.83  30.15 29.75 3333 33.16 34.67 36.04 3566 36.77 36.44
TiO, 0.16 0.07 0.13 0.08 0.14 2.75 2.13 2.90 2.98 3.02
ALO; 18.70 18.77 i8.12 17.61 18.89 13.39 13.86 13.71 13.94 13.09
FeO! 2387 23.65 2278 18.60  20.88  20.91 19.74  20.17 18.68 18.90
MnO 0.18 0.20 0.18 0.13 0.16 0.08 0.13 0.17 0.13 0.16
MgO 9.20 9.91 10.74 9.82 8.89 8.97 9.91 10.01 9.53 11.80
CaO 0.69 0.57 0.52 0.69 0.86 0.89 0.81 0.51 0.61 0.00
Na,O 0.07 0.14 0.12 0.24 0.13 0.11 0.27 0.54 0.20 0.11
K,O 0.48 0.61 0.70 0.74 0.58 4.62 5.23 6.00 7.91 9.45

Total 83.18 84.07 83.04 8130 83.04 86.39 88.12 89.67 90.75 9297

Number of cations on the basis of 22 oxygens

Si 5.13 5.12 5.11 5.65 5.52 5.78 5.85 5.74 5.84 5.72
AlIV) 2.87 2.88 2.89 2.35 2.48 2.22 2.15 2.26 2.16 2.28
Al(V]) 0.92 0.88 0.78 1.17 1.22 0.40 0.50 0.34 0.45 0.14
Ti 0.02 0.01 0.02 0.01 0.02 0.34 0.26 0.35 0.36 0.36
Fe? 343 3.36 3.27 2.64 291 2.91 2.68 2.71 2.48 2.48
Mn 0.03 0.03 0.03 0.02 0.02 0.01 0.02 0.02 0.02 0.02
Mg 1.60 1.72 1.90 2.16 1.83 2.23 2.40 2.40 2.26 2.76

(VD 6.00 6.00 6.00 6.00 6.00 5.89 5.86 5.82 5.57 5.76
Mg? 0.76 0.79 0.86 0.32 0.37 0.00 0.00 0.00 0.00 0.00
Ca 0.13 0.10 0.10 0.13 0.15 0.16 0.14 0.09 0.10 0.00
Na 0.02 0.05 0.04 0.08 0.04 0.04 0.09 0.17 0.06 0.03
K 0.11 0.13 0.15 0.16 0.12 0.98 1.08 1.23 1.60 1.89

Z(interlayer cation) 1.02 1.07 1.15 0.69 0.68 1.18 1.31 1.49 1.76 1.92

1 Biotite data (B-10) obtained from the sample occurred in fresh intrusive mafic rock.

2 Total Fe treated as ferrous.

3 Mg treated as interlayer cations assuming that the octahedral sites were to be completely occupied.

by an increase of Al(IV) and AI(T) (total Al) (Figure
5B). These results are probably due to charge compen-
sation, as K release during vermiculitization of phlog-
opite affects the layer charge balance. The associated
enrichment of Ca and Mg is not sufficient to compen-
sate for the excess negative charge. These processes
appear to require changes in the 2:1 layer of altered
materials to compensate for the excess of negative
charge. The slight decrease of tetrahedral Al-for-Si sub-
stitutions and the increase of octahedral Al-for-(Fe?+
+ Mpg) substitutions in the early stage (see P-5 to P-3
in Table 1 and Figure 5A) are considered spontaneous
change for the excess of negative charge to balance as
weathering advances. These changes agree well with
the increasing dioctahedral character of the clay min-
erals as weathering advances (Proust et al., 1986; Ford-
ham, 1990b, 1990c). Different trends, however, are
observed in the late stages of vermiculitization of
phlogopite, showing a slight increase of tetrahedral Al-
for-Si substitutions. In this case, Fe oxidation is also
necessary to compensate for part of the excess negative
charge in spite of the small amount of total Fe in the
phlogopite. The surplus of positive charge due to the
oxidation causes an increase of Al-for-Si tetrahedral
substitution.
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Compositional changes mentioned above are more
distinct in the vermiculitization of biotite (Figures 6 A—
6D). The early stage is the weathering of biotite into
interstratified phases in which the vermiculitization of
biotite produces variational trends similar to those of
phlogopite in the early stages. In the late stage of the
vermiculitization of biotite, interstratified phases alter
to vermiculite, where Mg contents decrease and AI(T)
contents increase constantly, AlIV) and Fe contents
increase substantially, and AI(VI) contents are nearly
constant. Assuming that all Fe is treated as ferric in
the vermiculitic phase, the Fe contents also increase
significantly. the chief structural changes induced by
these chemical changes are a distinct increase of the
tetrahedral Al-for-Si substitutions together with the re-
mains and/or a slight decrease of the octahedral Al-
for-(Fe + Mg) substitutions, in spite of an increase of
AI(T) with increased weathering.

Two controlling factors can be inferred concerning
the change of the late stage in the vermiculitization of
biotite: 1) the increase of Fe and Al in structural units
and 2) the oxidation of ferrous Fe in octahedral sites.
The increase of Fe and Al contribute to an excess of
positive charges in 2:1 layers. The oxidation of ferrous
Fe significantly affects the increase in total positive
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charge and can cause a surplus of positive charge in
mica-like layers because of the excess amount of Fe.
If all Fe is treated as ferric in vermiculite (solid rect-
angle in Figures 6A and 6B), the degree of Al-for-Si
substitutions [AI(IV) is 3.24] is much higher than if all
Fe occurs as ferrous [AI(IV) is 2.87; open rectangle in
Figures 6A and 6B]. The increase of Al-for-Si tetra-
hedral substitutions can also be considered as the
charge-compensation effect for the surplus of positive
charge by the oxidation and enrichment of Fe in oc-
tahedral sites. The increase of Al substitutions for tet-
rahedral sites interferes with the Al substitutions for
octahedral sites in spite of he increase of AI(T). If all
Fe is calculated as ferric in vermiculitic phases {(shown
as a solid rectangle in Figure 6C), then the degree of
these substitutions is much less than if all Fe were
treated as ferrous (shown as an open rectangle in Figure
6C). The reason for the increase in Fe in the late stage
of the vermiculitization of biotite is unknown and re-
quires further study.
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Consideration of structural formula for vermiculite

The status of Fe in vermiculite is a major factor
controlling the substitutions in the 2:1 layer, especially
vermiculites derived from biotites containing a rela-
tively large amount of Fe. Furthermore, Mg contents
in octahedral sites cannot be determined by electron
microprobe analysis, which determines only total Mg
contents. The structural formula of vermiculite must
be recalculated (Table 3) on the basis of several as-
sumptions. In the case of the vermiculites derived from
phlogopite (P-1 in Table 1), the status of Fe had already
been determined. The Mg contents in interlayer sites
were then recalculated on the basis of two assumptions:
a portion of the Mg content is treated as interlayer
cations 1) until the layer charge reaches 1.2, which is
the lower limit for vermiculite; or 2) until the sum of
exchangeable cations reaches 150 meq/100 g (Table 3).
These two recalculations yielded reasonable structural
formulas indicating a significant amount of the Mg
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Figure 6. Compositional variations for biotite weathering to vermiculite: A) A(IV) vs. AI(VI); B) AKT) vs. AI(N); C) Al(T)
vs. AI(VI), and D) AKT) vs. Fe (open rectangle) and Mg (open triangle). The solid rectangle indicates the region of vermiculite,

assuming all Fe is ferric.

must be in interlayer sites to form a reasonable ver-
miculite structure. The structural formula of Ca-sat-
urated vermiculite (last column in Table 1, P-1Ca)
shows that Mg in octahedral sites is 4.71, and total
octahedral cations are 5.75. The formula indicates that
the vacant sites in the octahedral position of vermicu-
lite are ~0.25 per unit cell. It shows a reasonable agree-
ment with the calculated value on the basis of the above
assumptions.

The structural formula of vermiculite derived from
biotite (B-1 in Table 2) was also recalculated on the
basis of three assumptions: 1) all Fe is assumed to be
in the ferrous state, and the Mg contents equal to the
excess of cations in the octahedral sites are treated as
interlayer cations; 2) all Fe is assumed to be in the
ferric state, and if the sum of octahedral cations exceeds
6, the Mg contents equal to the excess of cations are
treated as interlayer cations; and 3) all Fe is assumed
to be in the ferric state, and a portion of the Mg content
is treated as interlayer cations until the layer charge is
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equal to 1.2, The recalculated structural formulas based
on the above three assumptions are listed in the right
part of Table 3. Layer charges were calculated by the
multiplication of cation numbers by the atomic charges
of each element and the subtraction of the sum of them
from a total negative charge of 44 [based on O,, (OH),
structual formula].

In the case of the first assumption (1), the calculated
vermiculite formula exhibits a relatively high layer
charge (1.91) and sum of exchangeable cations (184.43
meq/100 g). In fact, these values are much higher, sup-
posing the vacancy in octahedral sites; therefore, as-
sumption No. 1 is not reasonable. In the case of the
second assumption (2), the calculation produces a sub-
stantial number of vacant sites (0.3 per unit cell). The
layer charge and the sum of exchangeable cations are
0.36 and 37.06 (meq/100 g), respectively. These values
are much lower than those of average vermiculite. In
the case of the third assumption (3), the calculation
yielded a reasonable formula, layer charge (1.20), and
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Table 3. Calculated structural formulae for two representative vermiculites on the basis of several assumptions discussed

in text.
Vermiculite from phlogopite Vermiculite from biotite
Assumptions 1 2 1 2 3 4

Si 6.04 6.04 5.13 4.76 4.76 4.89
AlIV) 1.96 1.96 2.87 3.24 3.24 3.11
Al (VD) 0.1% 0.19 0.92 0.28 0.28 0.50
Ti 0.07 0.07 0.02 0.02 0.02 0.02
Cr 0.07 0.07 0.00 0.00 0.00 0.00
Fe3+ 0.62 0.62 0.00 3.19 3.19 2.10
Fe*+ 0.04 0.04 3.43 0.00 0.00 1.17
Mn 0.01 0.01 0.03 0.02 0.02 0.02
Ni 0.01 0.01 0.00 0.00 0.00 0.00
Mg 4.86 4.79 1.60 2.19 1.77 1.79

(VD) 5.87 5.80 6.00 5.70 5.28 5.60
Mg 0.35 0.42 0.76 0.00 0.42 0.46
Ca 0.23 0.23 0.13 0.12 0.12 0.12
Na 0.00 0.00 0.02 0.02 0.02 0.02
K 0.04 0.04 0.11 0.10 0.10 0.10

Z(interlayer cation) 0.62 0.69 1.02 0.24 0.66 0.70
L.C.! 1.20 1.34 1.91 0.36 1.20 1.28

Calculated exchangeable cations (meq./100 g)

Mg 78.20 93.86 147.37 0.00 88.32 92.94
Ca 51.50 51.50 24.61 24.61 24.61 24.61
Na 0.35 0.35 2.26 2.26 2.26 2.26
K 4.29 4.29 10.19 10.19 10.19 10.19

Z(cation) 134.34 150.00 184.43 37.06 125.38 130.00

! Layer charges were calculated on the basis of O,,(OH),. Layer Charge = 44 (sum of multipling cation numbers by atomic

charges of each element).

sum of exchangeable cations (125.38 meq/100 g).
However, the octahedral sites exhibit excessive vacan-
cies, 0.72 per unit cell.

The structural formula of vermiculite was recalcu-
lated on the basis of a fourth assumption (4), i.e., that
the sum of exchangeable cations is 130 meq/100 g and
the octahedral site vacancies are 0.4 on the basis of 22
oxygens because the vacant sites of biotite are more
than those of phlogopite and generally known as 0.3
to 0.5 (Foster, 1960). Therefore, a part of the Mg con-
tents is treated as interlayer cations until the sum of
exchangeable cations reaches 130 meq/100 g and a part
of the Fe contents is assumed to be in the ferric state
until the octahedral vacant sites reach to 0.4.

The results are shown as the last column in Table 3.
In this case, the vermiculite shows more reasonable
structural formula, layer charge (1.28), and relatively
high ferric Fe contents. These results indicate that a
significant amount of Mg in both (two) vermiculites
must be considered to be interlayer cations, and the
vermiculite derived from biotite requires oxidation of
at least a part of its ferrous Fe. This result suggests that
vermiculitization from biotite probably occurs in the
Si-deficient state. Therefore, it leads to greater substi-
tution of Al for Si in tetrahedral sites, exceeding ~3
per unit cell, as shown on the right side of Table 3.
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Thus, charge compensation was achieved by replace-
ment of divalent octahedral Fe by trivalent Fe by means
of oxidation.

CONCLUSIONS

XRD and electron microprobe analyses suggest that
the vermiculitization of mica results in the formation
of regularly interstratified mica/vermiculite, which be-
comes increasingly enriched in the vermiculite com-
ponent with increased weathering. The early stage of
the vermiculitization of phlogopite proceeds by means
of a continuous decrease of Al-for-Si tetrahedral sub-
stitutions and a progressive increase of Al-for-(Fe*+ +
Mg) octahedral substitutions with weathering. These
substitutions occur to compensate for the excess of
negative charges in the mica-like layers. This vermi-
culitization process is in good agreement with currently
accepted weathering mechanisms (e.g., Proust er al.,
1986; Fordham, 1990b, 1990c¢). In the late stage of the
vermiculitization of phlogopite, these substitutions
change to a slight increase of Al for Si in tetrahedral
positions. This is likely the result of the oxidation of
Fe, despite its small content. The early stage of the
vermiculitization of biotite follows trends similar to
that of phlogopite. It differs in the late stage of the
transformation of biotite into vermiculite, however, in
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that AI(IV) and Fe increase substantially. The late
transformation stage is the one in which the enrichment
and oxidation of Fe occur. The reason for the Fe en-
richment in the late stage of the vermiculitization of
biotite is not fully understood, but it must be partly
responsible for the oxidation of Fe due to the weath-
ering processes. Recalculations of the structural for-
mulas of two vermiculites on the basis of several as-
sumptions indicate a substantial amount of the Mg
must be treated as interlayer cations. Additionally, the
oxidation of Fe is required for the formation of ver-
miculite from biotite but is not always necessary for
the formation of vermiculite from phlogopite.
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