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Abstract-Biotite was altered by boiling in 0·2 M AICI3 solution, and the products were examined by 
X-ray powder and single-crystal diffraction, chemical analysis and thermogravimetry. The altered 
material is a 14 A clay mineral with hydroxy-AI interlayers. It has a stacking sequence characteristic 

. of vermiculite and its silicate layers are similar in chemical composition to trioctahedral vermiculite. 
The results of extracting the interlayer material with sodium citrate solution,' X-ray examinations after 
heating and thermogravimetry show that the interlayer material is composed of Al associated with 
OH and H 20. The chemistry and kinetics of the alteration reaction and the orientational 
betw.een the altered and original biotites are also discussed. 

INTRODUCTION 

The alteration of biotite has been the subject of 
many studies on chemical weathering, because it is a 
common rock-forming mineral and acts as an impor
tant source of soluble K in soils (Arnold, 1960). It is 
now established that biotite usually weathers into ver
miculite either directly (Walker, 1949, 1950; Wilson, 
1?66) or possibly through an intermediate stage of 
hydrobiotite (Coleman, Ie Roux and Cady, 1963; Kato, 
1965 a; Wilson, 1970). 

The weathering of biotite into vermiculite can be 
reproduced in the laboratory by extracting the inter
layer K with salt solution (Barshad, 1948; Mortland, 
1958; Scott and Smith, 1966; Hoda and Hood, 1972), 
!ind this reaction can be accelerated by using sodium 
tetraphenylboron solution, in which the released K 
is precipitated as potassium tetraphenylboron (De
Mumbrum, 1959, 1963; Scott, Hunziker and Hanway, 
1960; Scott and Reed, 1962). The kinetics of the 
alteration reaction were studied by Mortland (1958), 
Reed and Scott (1962), Rausell-Colom et al. (1965) and 
Wells and Norrish (1968), and the chemistry of the 
alteration was studied by Newman and Brown (1966) 
and Newman (1967). These investigations on the 
artificial alteration of biotite constitute an important 
contribution to the understanding of weathering pro-
cesses. 

Rich (1968) has reviewed the occurrence of 14 A clay 
minerals with hydroxy-AI interlayers in soils and their 
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artificial preparation from montmorillonite or vermi
culite. Kato (1965b) and Wilson (1966) reported the 
occurrence of a similar mineral formed as a weathering 
product of biotite, but only Robert (1971) has reported 
laboratory experiments in which minerals with hyd
roxy- AI interlay~rs may tJave been formed from micas. 

Biotite was altered by boiling in aluminum soln and 
a 14 A mineral with hydroxy-AI interlayers was pro
duced. This paper gives the result of the experiments 
with reference to the kinetics and chemistry of the 
alteration reaction, and to the orientational relation
ship of the product to the original biotite. 

EXPERIMENTAL 

Material. Magnesium biotite from Madagascar was 
used throughout this study. It is of 1 M polymorph 
with a = 5·29 A, b = 9·22 A, c = 10'16 A, f3 = 99·5° 
and has the chemical composition shown in Table 3. 
Two kinds of sample were prepared from a single large 
flake of this biotite. A powder sample of 100-300 mesh 
fraction was prepared by grinding the flake with a 
Culatti grinder and sieving. Also, small square pieces 
with average linear dimensions 0'8 x 0'8 mm x 25--50 
11m in thickness were prepared by cutting the flake 
with an S.S. White Industrial Airbrasive Unit using Al 
oxide as abrasive. 

Solutions. Aluminum solutions were prepared from 
A.R. grade A 1 wire and dilute HCl (three parts of 
A.R. Hel were diluted with seven parts of distilled 
water) by heating under reflux (Treadwell and Lien, 
1931) ; after filtering, the solutions were diluted to a 
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total AI concentration of 0·2 M. Two such solutions were 
prepared, with pH 3·6 and 3-8; the pH depended on the 
amount of Al dissolved during the preparation. We 
calculated from the data of Aveston (1965) that at 
25°C the ratio ofOH/AI was 1 and the concentration 
of AI3+ was 0·1 M in the solution of pH 3,6, whereas 
at pH 3-8, OH/AI was 2, the concentration of AI3+ 
was 0·03 M and 75 per cent of the aluminium was 
present as polynuclear hydroxycomplex; the propor
tions at 100°C may differ from these owing to dis
placement of the equilibria. 

Alteration experiments. The biotite samples were 
altered by boiling in the aluminium solution pH 3-6 
and 3-8. 

(1) In the first series, powder samples were boiled in 
the solutions of pH 3·6 and 3-8 for a total of 847 and 
844 hr respectively, the solutions being changed nine 
times during this period. The final products collected 
by centrifuging were washed once with dilute HCI of 
the same pH as the extracting solution, once with 
water, then with 90 per cent ethanol until chloride-free, 
and air-dried. The amounts of sample taken (1 g for 
1500 ml of solution of pH J6 and 0·67 g for 1000 ml of 
solution of pH 3-8) allowed detailed mineralogical exa
minations of the products. 

(2) In the second series of experiments we examined 
the effect of different extraction periods. Fifty-mg 
samples of the powder were boiled in 1500 ml of the 
solution of pH 3-6 for 1,5 or 20dayswithout changing the 
solution. 

In these two series of experiments, gibbsite and a 
small amount of boehmite formed a coating on the 
wall of the flask, and a part of the coating material 
mixed with the sample powder. In addition, gibbsite 
was precipitated in the experiments with solutions in
itially at pH 3·8. These impurities were largely elim
inated by sieving and hand-picking after washing, 
and after drying, the altered biotite was concentrated 
by passing the samples through a Cook magnetic 
mineral separator. 

(3) In the third series of experiments single crystals 
were altered for kinetic and single-crystal X-ray 
studies. A single-crystal piece of biotite was boiled in 
the aluminum solution of pH 3-6 or 3-8. After periods 
ranging from 6 to 715 hr, the crystal was taken out and 
examined under the microscope or by X-ray diffrac
tion, and then boiled again as before. This was 
repeated several times. 

Removal of hydroxy-AI interlayers. The hydroxy-AI 
interlayers of the alteration products in the first series 
of experiments were extracted with 1 N sodium citrate 
soln (PH 7'3) for 6 hr near its boiling point (Tamura, 
1958). The solution was renewed every 2 hr. The pro
ducts, after washing with water and 90 per cent eth-

anol, were used for CEC determination and X-ray exa
mination. 

Chemical analysis. The biotite and its alteration pro
ducts in the first series of experiments were analysed by 
the semi-micro analysis procedure given by Pruden 
and King (1969). H20+ was obtained from the loss on 
ignition after correcting for the increase in weight 
caused by the oxidation of Fe2+. H20- and loss on 
ignition were determined by thermr>gravimetry, in 
which samples were kept at 110 and l000°C until the 
weights became constant. 

Cation exchange capacities of the alteration pro
ducts before and after the removal of the hydroxy-AI 
interlayers were determined on Mg-saturated samples. 
The Mg was removed by washing four times with 0·1 
N CaCl2 solution, and the CEC was calculated from the 
total amount ofMg in the leachate. 

The K, Mg and Fe contents of the AICl3 extracts in 
the first series of alteration experiments, the Al con
tents of the sodium citrate extracts and total Mg in the 
0'1 N CaCl2 extracts were determined by atomic 
absorption. 

X -ray diffraction examination. Powder samples of 
the biotite and its alteration products were examined 
by X-ray diffraction before and after removing the hyd
roxy-AI interlayers. X-ray diffraction diagrams of 
oriented aggregates on glass slides were recorded with 
an X-ray diffractometer, using Ni filtered Cu radiation 
and a proportional counter. Powder photographs of 
unoriented powder samples were taken with a powder 
camera of 114·83 mm diameter, using Ni filtered Cu 
radiation. Heated oriented aggregates of the alteration 
products were also examined. The glass slides on 
which oriented aggregates of samples were prepared 
were placed on a Variac-controlled heating stage 
mounted on the diffractometer (Brown et ai. , 1972), 
and X-ray diffraction diagrams of these samples were 
recorded during heating at temperatures up to 250°C. 
The temperature of the slide surface was calibrated 
against the setting of the Variac by using the melting 
points of stearic acid, cholesterol, AgN03 and 
phenolphthalein. After setting the Variac at the 
required voltage the specimens were left on the stage 
for 45 min to reach equilibrium before recording the 
diffraction pattern. For temperatures above 250°C 
samples previously heated to selected temperatures up 
to 550°C for 1 hr were cooled in a desiccator and the 
X-ray patterns were recorded with the samples on the 
heating stage at 250°C. For temperatures above 550°C, 
oriented aggregates for X-ray diffraction were pre
pared on silica glass slides, and heated at the selected 
temperatures for 1 hr. 

Normal-beam and equi-inclination Weissenberg 
photographs were taken for single-crystal pieces of 
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biotite and their alteration products, using Ni filtered 
Cu radiation. 

Thermogravimetry. Thermogravimetry of the alter
ation products of the first series of experiments was 
made using a silica spiral thermobalance (Greene
Kelly and Weir, 1956). The samples were kept at 110°C 
until the weights became constant and then heated at 

30 

28 (CuKo) 

20 10 

the rate of 2· 2°C min - 1. Corrections based on the la) 

results of blank experiments were made for buoyancy 
and convection. 

RESULTS AND DISCUSSION 

Mineralogy of the alteration products 

The results of X-ray diffraction examination of the 
products of the first series of alteration experiments, 
before and after the extraction with sodium citrate 
solution, are shown in Figs. 1 and 2, and Tables 
1 and 2. The alteration product prepared in the pH }6 

solution gives 14'1 A and rational higher order basal 
reflections that change little after Mg-saturation, 
followed by ethylene glycol treatment. This basal 
spacing gradually collapses on heating and reaches 
10·1 A at 750°C, but the materials heated below 550°C 
are readily rehydrated and re-expanded to about 
13·8 A on leaving in air. After extracting the inter
layer material with sodium citrate, the basal reflection 
appears at 14·2 A on Mg-saturation; however, the 
removal of the interlayer material was not complete, 
as indicated by the incomplete collapse of basal 
reflection after K-saturation (Table 1 and Fig. 1). 
Further interlayer material was removed by a more 
prolonged extraction; i.e. boiling for 10 hr in a large 
excess of sodium citrate solution which was renewed 
every 2 hr. The product of this extraction gives a basal 
reflection at 14·4 A on Mg-saturation a distinctly 
larger spacing than that obtained before the citrate 

(b) 

Ic)----
I ! !! ! I 

5 10 1520 

d (A) 

Fig. I. X-ray powder diagrams for (a) altered biotite pre
pared in the pH 3-6 solution, (b) citrate-treated Mg-satu
rated altered biotite and (c) citrate-treated K-saturated 

altered biotite. 

extraction. The 14·4 A spacing, which changes to 
10·2 A after K -saturation, does not change after ethylene 
glycol treatment. 

The properties indicate that the alteration product 
is a 14 A clay mineral with hydroxy-AI interlayers re
sembling that referred to as the intergradient chlorite
expansible 2: 1 layer silicate of Dixon and Jackson 
(1962). 

The X-ray patterns of the alteration product pre
pared in the pH 3·8 solution were similar; they differ 
in that the pH 3·8 material has a slightly smaller basal 

Table I. Basal spacings of the altered biotites 

Altered biotite Altered biotite 
(pH 3-6) (pH 3-8) 

(A) (A) 

Untreated, room temp. 14'1 14·0 
Untreated, 250°C IN 13-2 
Untreated, 550°C 11·3 10·8 
K-saturation 14·0 14-0 
Mg-saturation, then E.G. 14·0 13-9 
Sodium citrate, then 

Mg-saturation 14·2 14·1 
Sodium citrate, 

Mg-saturation, 14'1 13-9 
then E.G. 

Sodium citrate, then 
K -sa tura tion 10·3, 13-3 14·0 

E.G.-ethylene glycol. 
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Fig. 2. Collapse of basal spacing of altered biotites on 
heating. 

spacing of 14·0 A (Table 1 and Fig. 2) and does not col
lapse after citrate treatment followed by K-saturation. 
A minor phase also occurs in the pH 3-8 material. This 
impurity shows a weak diffuse reflection at about 10 A 
(Table 2) that is unaltered by K-saturation but disap
pears when saturated with Mg and treated with ethyl-

ene glycol. The spacing of the reflection decreases on 
heating, reaching 8·5 A at 200DC, and then disappears. 

The alteration products prepared in solutions of pH 
3·6 and 3·8 gave powder diffraction patterns character
istic of the la chlorite of Brown and Bailey (1962) 
(Table 2). The 060 reflection appears at 1·537 A (pH 
3-6) and 1·538 A (PH 3-8), values that are nearly the 
same as those for the original biotite with d (060) = 

1·536 A. These 060 spacings show that the altered bio
tites are trioctahedral, a conclusion that is supported 
by the chemical composition. Powder photographs of 
the pH 3-6 alteration product were taken after the 
more prolonged sodium citrate extraction mentioned 
above and saturation with Mg or K. Citrate treatment 
increased the 060 spacing of material in the Mg-satu
rated form from 1·537 to 1·541 A. The citrate-treated 
Mg-saturated sample also has a powder pattern 
characteristic of a 14 A structure composed of la-type 
layers (Brown and Bailey, 1962); Shirozu and Bailey 
(1966) showed that natural vermiculites were of this 
type. Material treated with K after citrate treatment 
gave a powder pattern resembling that of 1 M or 3T 
micas. 

The structural type of the alteration products pre
pared in both solutions was determined from Weissen-

Table 2. X-ray powder diffraction data of the altered biotites 

Altered biotite Altered biotite 
(pH 3-6) (pH H) 

d(A) d(A) hkl 

14·1 10 14·0 10 002 
9·84 2B 

7·10 2 7·08 2 004 
4·83 2 G 

4·76 1/2 006 
4·59 3 HI 3 02/; 111 

4·37 I G 
4·17 1/2 

3·53 4 3·53 3 008 
2-831 2 2·831 2 0,0, 10 
2-644 4 2·643 4 200; 132 
2'583 3 2·586 3 132 ; 204 
2·539 3 2·541 3 134; 202 

2-456 1/2 G 
2·380 5 2·381 5 0,0, 12; 136; 204; G 
2·254 1/2 2·252 1/2 136 ; 208 
2·194 1/2 2·187 1/2 138; 206 
2·066 1 2·058 1 138;2,0, 10 
2·002 1 2·000 2 1, 3, 10; 208 

1·836 1/2 2, 0,10 
1·740 1/2 1·744 1 151; 241; 311 
1·661 1 1·662 1 1,3, 14;2,0, 12 
1·537 4 1·538 4 060;330;332;334 
1·505 1/2 1·505 1/2 064;332 

I-visually estimated intensity; B-broad line ; G-gibbsite line. 
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berg photographs of the altered single-crystal pieces, 
although the diffuse reflections did not permit the 
determination of atomic coordinates_ Zero to third 
layer Weissenberg photographs taken of a crystal 
rotated about the b-axis of the original biotite showed 
that, although the basal spacing of single crystals 
altered in the pH 3-6 solution was 14-1 A, a two-layer 
cell with a = 5-33 A, b = 9-22 A, c = 28-5 A, P = 97° 
was required to allow the reflections on the first and 
second layer lines to be indexed_ Reflections with h + 
k = 2n + I were absent, as were those with k = 0, 3n 
and I = 2n + 1, and reflections with k +- 0, 3n were 
more diffuse than those with k = 0, 3n_ The absences 
are consistent with space groups Cc and C2/c with ad
ditional non-space group absences, as noted by Shir
ozu and Bailey (1966) for vermiculite, that are due to 
disorder. The intensities of the hOI reflections confirm 

the conclusion from the powder patterns that the 
altered biotite consists of la-type chlorite layers_ The 
alteration product therefore consists of la-type layers 
forming a two-layer monoclinic structure with f3 = 
97°; this is the same as is found for natural vermicu
lites (Mathieson and Walker, 1954; Smith Aitken, 
1965 ; Shirozu and Bailey, 1966)_ Mathieson and 
Walker showed that there are four possible ways of 
stacking la-type layers by means of a c glide into a 
two-layer structure, which they designated p, q, rand 
s_ The intensities of the 021 reflections of the alteration 
products agree with those calculated for the ideal s
type structure, and with the observed intensities of the 
Llano-vermiculite determined by Shirozu and Bailey 
(1966) to be of s-type (Shirozu, private communica
tion)_ The alteration products therefore have the stac
king sequence of the s-type two-layer vermiculite, or, 

Table 3_ Chemical compositions of the biotite and its alteration products 

Wt(%) Atomic ratios 

Altered Altered Altered Altered 
Original biotite biotite Original biotite biotite 
biotite (pH H) (pH 3-8) biotite (pH J6) (pH 3-8) 

Si02 37-35 31-50 20-64 Si 5-35 (5-35) (5-35) 
Alz0 3 18-87 25-35 38-60 Al 2-65 2-65 2-65 
Ti0 1 1-29 1-27 0-78 
Fe203 3-26 7-64 5-08 8-00 8-00 8-00 
FeO 6-81 0-69 0-37 
CaO 0045 0-07 0-02 AI (}53 (0-53) (0-53) 
MgO 18-22 14-44 9-93 Ti 0-14 0-16 0-15 
MnO 0-52 0-29 0-18 Fe 3+ 0-35 0-98 0-99 
NaJO 0-19 0-01 0-01 Fe2+ 0-82 0-10 0-08 
K2 0 9-54 0-15 0-12 Mn 0-06 0-04 0-04 
H2O- 0-69 4-56 565 Mg 3-89 3-65 3-83 
H2O + I-58 14-50 19-02 

1-85 
5-79 5-46 5-62 

F 

100-62 100-47 100040 
Ca 0-07 0-01 0-01 

Total Na 0-05 0-00 0-01 

Less 0 = F': 0-78 
K 1-74 0-03 0-04 

99-84 
1-86 0-04 0-06 

F 0-84 

Total Al J18 4-92 6-40 
Interlayer Al 1-74 3-22 

Charges, assuming an anion charge of 44 
Tetrahedral -2-65 -2-65 -2-65 
Octahedral +0-72 +0-75 + 1-06 
Interlayer + 1-93 +0-05 +0-07 

Net charge 0-00 -1-85 -I-52 

(Net charge)! 
(Increase AI) 1-063 00472 

Analyst: G_ Pruden_ Atomic ratios for the alteration products corrected for free Al(OHh (see text)_ 
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Table 4. Result of sodium citrate extractions from the altered biotites 

Altered biotite 
(pH3'6) 

Altered biotite 
(pH H) 

Total amount of Al 
extracted 4'61% 9'33% 

CEC before sodium 
citrate extraction 

CEC after sodium 
citrate extraction 

1 m-equiv 100 g-1 

131 m-equiv 100 g-1 

2 m-equiv 100 g-1 

17 m-equiv 100 g-1 

All of these values are referred to the weights of air-dried altered biotites. 

in the notation of Brown and Bailey (1962), the altered 
material consists of alternate Ia-4 and Ia-6 layers. 
There is a shift of - al3 parallel to the symmetry plane 
within each ofthe talc-like layers, and shifts alternately 
+b13 and -b13 occur between the talc-like layers. 

Chemical composition 

Chemical compositions of the original and altered 
biotites are shown in Table 3. The atomic ratios for the 
original biotite were calculated on the basis of the 
anionic composition 0 20 (OH, F)4, while those of the 
altered biotites, after correction for free AI(OHh, were 
calculated by assuming that the proportion of Si was 
unchanged by the alteration (Newman and Brown, 
1966). The amount of free AI(OHh in the product 
formed in the pH 3·6 solution was estimated to be 1-16 
per cent AI(OHh from thermogravimetry. For the 
product formed in the pH 3'8 solution, citrate extrac
tion caused very little increase in exchange capacity 
(Table 4), indicating that the treatment selectively 
removed free AI(OHh, and the composition of this 
product was corrected by subtracting the citrate-sol
uble AI. Interiayer K was almost entirely removed by 
alteration with both aluminum soln whereas the 
amount of total Al increased (Table 3); the total Fe 
content changed very little, but Fe2+ was oxidized to 
Fe3+, and there was a small decrease in the Mg con
tent of the product formed in the pH 3·6 solution. 
Assuming that the additional Al is external to the alu
minosilicate layers, these compositions lie within the 
range found in natural trioctahedral vermiculites (Fos
ter, 1963; Norrish, 1972) and are close to that of the 
vermiculite-like product formed from a biotite of simi
lar composition by removing K with sodium tetra
phenylboron (cf. mica M3 and product AM3; Newman 
and Brown, 1966). The chemical analyses thus confirm 
the X-ray evidence that the products are vermiculite 
containing interlayer aluminum. 

The apparent layer charge of the alteration product 
in the pH 3·6 solution is 1·90 if the anion framework 
of the 2: I layers is equivalent to 44 negative charges, 
but as shown by Newman and Brown (1966), calculat-

ing the atomic ratios of altered micas by reference to 
the Si ratio for 44 negative charges in the unaltered 
mica often leads to formulae in which the net anion 
charge is less than 44. For a mica of composition simi
lar to that used in the present work (M3 and its alter
ation product AM3) Newman and Brown (1966) found 
that the effective anion charge of the product was 
43-67, a decrease of 0'33; a similar decrease for the 
mica used here would give a net layer charge of 1·90 
- 0·33 = 1·57 in the alteration product. A net layer 
charge of 1·90 is equivalent to an exchange capacity of 
about 180 m-equiv 100 g- 1, and of 1·57 to 150 m
equiv. 100 g- 1. Both values are larger than the 
exchange capacity of the citrate-extracted alteration 
product formed in the pH 3-6 solution, which was 131 
m-equiv 100 g- 1 (Table 4), suggesting that some inter
layer Al remained after the citrate extraction. This con
clusion is supported by the X-ray diffraction evidence 
(Fig. 1) that the citrate-extracted altered biotite still 
contained 14 A layers after K-saturation. 

A considerable proportion of the original biotite was 
dissolved in the aluminum solutions used to extract K. 
Determination of Mg and Fe in the pH 3-8 extracts 
showed that 31 per cent of the Mg and 34 per cent of 
the total Fe in the original biotite was dissolved. As the 
atomic ratios show, the composition of the aluminosi
licate layers remained largely unchanged during the 
alteration except for the oxidation of Fe. The amounts 
of Mg and Fe are therefore believed to represent bulk 
dissolution of the biotite in the acid soln used for alter
ation. 

The nature oj hydroxy-AI interlayers 

As mentioned above, the basal spacing of the altered 
biotites collapses gradually on heating, reaching about 
10 A at 750°C. This suggests that interlayer water, 
H 20 bound to the interlayer AI, OH anion coor
dinated to the AI, etc. may exist together between the 
layers. In the second series of alteration experiments, 
three extractions were made for the periods of 1 day, 
5 days and 20 days. The collapse of the basal spacing 
of the altered biotites on heating is shown in Fig. J; 
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Fig. 3. Effect of length of treatment on the collapse of basal 
spacing of biotites altered in the pH 3·6 solution. 

these indicate that the altered biotite prepared by the 
shorter extraction collapses more easily on heating. 
This suggests that the structural integrity of the inter
layer material increases with prolonged boiling in the 
extracting solution, probably because the size of the 
hydroxy polymer increases with time. 

The thermogravimetric curves of the altered biotites 
(Fig. 4) also show a gradual loss of water from the in
terlayer region. The rate of dehydration is largest 
between 400 and 450°C. The altered biotite prepared 
in the pH 3·8 solution shows a larger weight loss than 
that prepared in the pH 3·6 solution especially in the 
temperature range between 300 and 600°C. This may 
be due to the presence of a larger amount of hydroxyl 
in the interlayer region of altered biotite prepared in 

the pH 3·8 solution. The gibbsite impurity is also indi
cated on these curves by sharp inflections in the region 
280-300°C. 

The interlayer material of the altered biotites was 
only partly extracted with sodium citrate solution. The 
amounts of AI extracted and the cation exchange capa
city values of the altered biotites before and after the 
extraction are shown in Table 4. Much AI was 
extracted from the altered biotite prepared in the pH 
3-8 solution, although the gain of CEC is very small. 
This result may be explained by the presence of gibb
site impurity to which the large AI content of the 
sodium citrate extract is attributed. The above men
tioned resistance against the collapse of basal spacing 
caused by K-saturation suggests that much material is 
left in the interlayer space. In contrast the large in
crease in CEC and the collapse after K-saturation of 
the altered biotite prepared in the pH 3·6 solution 
shows that the major part of the interlayer material 
was extracted by citrate treatment. The amount of AI 
present as gibbsite impurity was estimated as DAD per 
cent, by thermogravimetry. By subtracting this from 
the AI content of citrate extract, the amount of AI 
extracted from the interlayer region is estimated as 
4·21 per cent or 158 mg atom 100 g-l . This value is 
a little smaller than the value of interlayer Al calcu
lated from chemical composition of the altered biotite, 
4·60 per cent. This discrepancy may be explained by 
the incomplete extraction of interlayer material, indi
cated by the incomplete collapse on K-saturation (Fig. 
1). 

The large amount of interlayer AI, 1·7 atoms for the 
pH 3'6 material and 3·2 atoms for the pH 3·8 material 
(Table 3) should be compared with the corresponding 

Or-----------------------------------------~ 
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Fig. 4. Thermogravimetric curves of altered biotites. 
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values for interlayer cations in vermiculites, 0·6-0·9 di
valent cations, and for chlorites with dioctahedral hyd
roxide interlayers, where the ideal number of interlayer 
cations is 4. Information on the nature of the interlayer 
Al species in the alteration products can be obtained 
from the structural formulae in Table 3 in which the 
allocation of cations to structural sites is based on the 
assumption that the Al in the aluminosilicate layers is 
the same as in the original biotite. The number of inter
layer Al atoms in Table 3 is the difference between 
total Al atoms found from the atomic ratios calculated 
from chemical analyses, and those in the aluminosili
cate layers given in Table 3. Assuming that the anionic 
charge totals 44, the net charge balanced by interlayer 
Al atom can be found, and hence the charge per Al 
atom. For the material altered in the pH· 3-6 solution 
the charge is 1·06 per Al atom, giving an average for
mula (AI (OH) 1.94t 1·06 for the interlayer species; for 
the material altered in the pH 3·8 solution the charge 
per Al atom is 0·47, leading to a formula (AI (OHh,s3) 
+ 0·47 . If the total anionic charge is assumed to be 
43·67, these formulae become (AI (OHh .13)+0.87 and 
(AI (OHh .63to.37 respectively. 

Independent evidence from the increase in the cation 
exchange capacity of the pH 3-6 material after extrac
tion of interlayer AI, broadly supports these deduc
tions. The extraction of 158 mg atom Al 100 g- I in
creased the cation exchange capacity by 130 m-equiv 
100 g- 1 (Table 4), so that the charge per AI atom is 
130/ 158 = 0·822 and the composition of the material 
that was removed may be written as [AI(OH) 
2.178] +0.822 or approx. [AI6(OH)L3] s+. 

Alteration kinetics 

In the third series of alteration experiments a single
crystal flake was examined under the microscope as 
the alteration proceeded in the pH 3-6 solution. The 
width of the alteration rim observed with the polariz
ing microscope increased with repeated extraction. 
This is similar to the observations of Rausell-Colom et 
al. (1965) and Scott and Smith (1967), and indicates 
that the reaction proceeds along the basal plane. 
Single-crystal X-ray examination confirmed that the 
rim was composed of the altered material, although the 
core part of the flake also produces weak reflections of 
the altered material, which shows that the reaction also 
proceeds perpendicular to the basal plane to a limited 
extent. 

When the square of the width of the reaction rim 
was plotted against time, the graph showed a convexity 
towards the time axis for measurements up to 600 hr, 
similar to that found by Wells and Norrish (1968) and 
Newman (197Ob), but thereafter the boundary move
ment slowed. This suggests that the initial rate of alter-

ation was controlled by the same factors that govern 
the rate of reaction in exchange experiments with other 
cations, but that after 600 hr, exchange was hindered, 
perhaps by obstruction from hydrolyzed interlayer AI. 

For edge alteration of micas, Wells and Norrish 
(196S) found that the rate of boundary movement 
could be expressed by the empirical equation 

( 1) 

where () is the observed boundary width, t the time, y 
a fractional index and k a constant. In the reaction 
studied here, the parameters y = 0·637 and k = 

1·20 X 10- 3 in equation (1) expressed the reaction 
rate up to 600 hr quite accurately (Fig. 5). For com
parison, the rate of boundary movement at 100°C in 
a mica of similar composition (B3a; Newman, I 970b), 
altered in 0·25 M NaCl of pH 3·4, gave the parameters 
y = 0·699 and k = IS·15; in this latter experiment, a 
boundary O·OS mm wide had developed after only 8 hr, 
whereas 800 hr alteration by aluminum soln was 
required for the same boundary width, so that alu
minum, presumably as AI3 +, reacted very much more 
slowly than Na. 

In the second series of alteration experiments, the 
products of extraction for 1 and 5 days consist of both 
altered and unaltered biotites. A weak 11-S A reflection 
is observed in the X-ray powder diagrams of these pro
ducts. This reflection is not accompanied by rational 

Time (hours) 

200 400 600 800 

0.08 

0.06 

I 0.04 

002 

0~ ______ L-______ ~ ______ -L ______ ~ 

o w ~ w 00 

(Time. hours) 0.637 

Fig. s. Plot of boundary width (j against t' for y = 0·637 in 
the single-crystal alteration experiments in the pH 3·6 

solution. 

https://doi.org/10.1346/CCMN.1974.0220306 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1974.0220306


Alteration of biotite into a 14A layer silicate 249 

higher order reflections, but a reflection appears at 3-45 
A, i.e. between fourth order of 14 A and third order of 
loA reflections. The 11·8 A reflection, therefore, maybe 
due to a random interstratification of altered and unal-
tered biotites. The occurrence of this 11·8 A phase is 
of minor importance to the kinetics of the alteration 
reaction, because it may simply imply that the front of 
the 14 A phase is diffuse and may be independent of 
the rate of movement of the front. 

Time (hours) 

200 400 600 800 
1.0 .---------,-----,.----,.---'T'"""-

0.8 

The kinetics of the alteration reaction were also 0.6 

studied for the rate of K release from powder samples. 
In the first series of altera tion experiments, the inter- ~ 
layer K has been removed almost completely by 10 
extractions with total duration of 847 hr (PH 3'6) and 04 

844 hr (PH 3-8). 
The relation between boundary movement bk and 

the fraction of total K remaining in the mica, X K, 

assuming the mica particles are discs of radius R (New- 0.2 

man, 1970 a) is 

(2) 

As noted above, substantial amounts of Mg and Fe 
were dissolved during the alteration experiments, indi
cating that bulk dissolution of biotite was occurring, so 
that the observed boundary width, b, was smaller than 
bK by btl> the width of the rim of dissolved material. 
According to Ross (1967), the kinetics of the acid disso
lution of chlorites can be described quite accurately by 
a diffusion-controlled reaction, so that 

(3) 
where 

(4) 

Eliminating bK, band bd from equations (1-4), we get 

R(I-.jXK )=ktY +kd , 1 /2 

which can be rearranged to the form 

(I - \ / Xd/tY = (k + kd t(1 /2 - Y»)/R. (5) 

If bulk dissolution is slow relative to the K-replace
ment reaction, (1 - J X JtYshould be independent of 
time and a plot of (1 ~ -,/XK ) against t 1 will give a 
straight line. Figure 6 shows, that this is so for reaction 
times up to 300 hr. The gradient of the approximately 
linear part of the curve, 0'018, divided by the value of 
k found from measurements on a single flake, gave a 
value of about 130!lm for the diameter ofthe mica par
ticles, which agrees reasonably closely with the median 
value of the diameters of mica particles in the size 
range 50-53 !lm (100-300 mesh). It seems therefore 
that for relatively short reaction times there is a 
reasonable agreement between the two types of kinetic 
measurements. 

reM : Vol. ~ 2. No.3· . D 

oL-_L-_J-_-L_-L_~_~ __ L-~ 
o 20 60 80 

Time (hours) 0.637 

Fig. 6. Graph of (the fraction of total K remammg in 
mica)1 /2 against to' 637 in the alteration experiments in the 

pH 3·6 solution. 

Orientational relationship of the alteration product to 
the original biotite 

Weissenberg photographs were taken for single
crystal pieces in which altered and unaltered biotites co
exist. These photographs show that the +a- and +b
axes of the altered biotite are parallel to the corre
sponding axes of the original biotite. The + c-axis of 
the altered material lies in the obtuse angle side of the 
fJ-angle of the biotite and makes an angle of 2.50 with 
the + c-axis of the biotite. As described above, the ori
ginal biotite is of 1 M polymorph and the altered 
material is of s-type two-layer monoclinic vermiculite 
structure. The alteration of the former into the latter 
with the orientational relationship just described is the 
most probable way of transformation, as was discussed 
by Shirozu and Bailey (1966), and this orientational 
relationship was also found in natural weathering 
product from phlogopite by Smith Aitken (1965). 

Gibbsite was precipitated in the solution in the alter
ation experiments in the pH 3·8 solution. In the single
crystal alteration experiments, a part of this gibbsite 
precipitate coated the surface of the biotite flake . Oscil
lation and Weissenberg photographs of this flake 
showed that the basal plane of the gibbsite tends to be 
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parallel to the basal plane of the original biotite. Simi
lar, but more pronounced preferred orientation was 
found in natural weathered biotite-gibbsite inter
growths by Wilson (1966) and Tsuzuki, Nagasawa and 
Isobe (1968). 

CONCLUSIONS 

The products of the present alteration experiments 
gave the basal reflection at 14·0-14·1 A, which was 
changed neither by K-saturation nor by ethylene gly
col treatment, but which gradually collapsed on heat
ing. After extracting the interlayer material with 
sodium citrate, K-saturation caused it to collapse to 
10·2 A. These results show that this mineral is similar 
to the natural 14 A clay mineral with hydroxy-AI in
terlayers, reported by Kato (1965 b) and Wilson (1966) 
to occur in soils as a weathering product from biotite. 
The marked dissolution of the biotite during alteration 
will also occur in natural acid environments. The pres
ent experiments, therefore, may be considered as a 
simulation of natural weathering of biotite. 

Examination of the alteration products revealed the 
following properties. The structure type is two-layer 
monoclinic with fJ angle of 97°, the stacking sequence 
being an alternation ofIa-4 and Ia-6 chlorites. The sili
cate layers are trioctahedral, Mg and Fe3 + being 
dominant octahedral cations. These properties are in 
accord with those of natural macroscopic vermiculite. 
The interlayer material is composed of AI associated 
with OH and H 20, and it is therefore intermediate 
between the exchangeable cation plus water of vermi
culite and the gibbsite- or brucite-like layers of chlor
ite. The interlayer material of the product prepared in 
the pH 3·6 solution has an approximate composition 
of [Alo(OH)J 3 .nH 20] s+ , and that prepared in the 
solution of higher pH contains more OH. 

The alteration reaction consists essentially of the re
placement of the interlayer K by AI, OH and H20, and 
the oxidation of the octahedral Fe ; the reaction front 
proceeds inward along the basal plane obeying the em
pirical equation by Wells and Norrish (1968), at least 
in the early stage. The alteration is topotactic, the a

and b-axes of the products being parallel to the corre
sponding axes of the original biotite. Atomic displace
ments involved are small ; layers remain intact, their 
separation to accommodate the hydroxy- aluminium 
being accompanied by small linear displacements. 
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Resume-Une biotite a ete alteree a I'ebullition dans une solution AICI3 0,2 M et les produits resultants 
ont etc etudies par diffraction X sur poudre et sur cristal unique, par analyse chimique et thermo
gravimetrie. Le materiau altere est un mineral argileux a 14 A contenan! de I'hydroxy-Al interfeuillet. 
II a une sequence d'empilement caracteristique de la vermiculite e! les feuillets silicates ont une 
composition chimique semblable a celie d'une vermiculite trioctaedrique. L'extraction du materiau 
interfeuillet par une solution de citrate de sodium, les examens aux rayons X apres chauffage et la 
thermogravimetrie, montrent que Ie materiau interfeuillet est compose d'AI associe a OH et H 20. On 
discute egalement de la chimie et de la cinetique de la reaction d'alteration et de la relation existant 
entre I'orientation des biotites alterees et originelles. 

Kurzreferat-Biotit wurde durch Kochen in 0,2 M AICl 3-Uisungen umgewandelt und die Umwandlungs
produkte mit Hilfe der Pulver- und Einkristallrontgenbeugung sowie der chemischen Analyse und der 
Thermogravimetrie untersucht. Das umgewandelte Material besteht aus einem 14 A Tonmineral mit 
Hydroxo--AI-Zwischenschichten. Es besitzt eine fUr Vermiculit charakteristische Schichtabfolge und seine 
Silicatschichten iihneln in der chemischen Zusammensetzung denen des trioktaedrischen Vermiculits. 
Die Ergebnisse einer Extraktion des Zwischenschichtmaterials mit Na-Citratlosung, die rontgeno
graphische Untersuchung nach Erhitzung und die Thermogravimetrie zeigen, daB das Zwischenschicht
material aus einer Verbindung von Al mit OH und H 20 besteht. Die Chemie und Kinetik der 
Umwandlungsreaktion sowie die Beziehungen in der Verteilung der Gitterionen zwischen umgewandelten 
und ursprlinglichen Biotiten werden ebenfalls diskutiert. 
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Pe3IOMe - BapKolI: B paCTBOpe O,2M AICb H3MeHHnH 6HOTHT H nonY'IeHHbIII: npo~YKT Hccne~oBanH 
MeTO~OM peHTreHOBCKHx nopoWKOrpaMM, ~HIPPaKl\Helt O~Horo KpHcTanna, XHMH'IeCKHM aHanH30M 

H TepMOrpaSHMeTpHel1.. 113MeHeHHbliI: MaTepHan HsnHeTCH rnHHHCTblM MaTepHanOM 14 A. C npocnol!:· 

KOII: r~poKcH·Al. OH HMeeT XapaKTepHcTHKY nocne~oBaTenbHol!: cTon6'1aTolI: yKna~KH BepMHKynHTa 

Hero cnoil: CHnHKaTa no~o6eH no XHMH'IeCKOMY cocTasy TPHOKTaJ~panbHOMY BepMHKynHTY. 

Pe3YJIbTaTbI )KCTparHpOBaHHH npOCnOe'lHOrO MaTepHana paCTsopOM nHMOHHOKHcnoro HaTpHlI, 

peHTreHOrpaIPH'leCKHX Hccne~oBaHHil: nocne HarpeBaHHH H TepMorpaBHMeTpHH nOKa3bIBaIOT, 'ITO 

npocnoe'lHbIlt MaTepHan COCTOHT H3 Al aCCOl.\HHpOBaHHoro C OH H H 20. TaKlICe paccMaTpHBanH 

XHMHIO H KHHeTHKY peaKI.\HH H3MeHeHHlI H opHeHTal.\HOHHoe COOTHoweHHe Me~y H3MeHeHHbiM H 

HCXO~HbIM 6HOTHTaMH. 
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