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CHEMISTRY OF DETRITAL BIOTITES AND THEIR PHYLLOSILICATE 
INTERGROWTHS IN SANDSTONES 

ALA ADlN ALDAHAN AND SADOON MORAD 

Department of Mineralogy and Petrology, Institute of Geology 
Uppsala University, Box 555, S-75122 Uppsala, Sweden 

Abstract - Microprobe analyses of optically homogeneous detrital biotites from sandstones of the Visingso 
Group and the Dala Sandstone, Sweden, revealed a consistently low K content (generally < 0.75 atom! 
formula unit) and variable amounts of Fe, Mg, AI, and Si. Electron probe profiles of some biotite grains 
indicated two major types of interstratification, one consisting of mainly iIIite layers and the other 
apparently consisting of chlorite layers. The layer thicknesses commonly ranged between 0.5 and 3 /-lm. 
Microprobe analyses of some thick (- 5 /-lm) illitic layers indicated a phengitic composition, wherein the 
mica was relatively rich in octahederal Fe and Mg. The chloritic layers appeared to be Fe-Mg-rich and 
generally had octahederal totals of < 6 atom!formula unit. Variations in the chemical composition of the 
biotite and some of the iIIite and chlorite were probably due to an uneven distribution of small amounts 
of the interstratified phases. The illite and chlorite layers were apparently formed by pseudomorphic 
replacement of detrital biotites, i.e., gradual replacement of one biotite layer by one layer(s) of illite and! 
or chlorite during diagenesis. 

Key Words-Biotite, Chemical analysis, Chlorite, Diagenesis, Electron probe, IIIite, Intergrowth. 

INTRODUCTION 

Most studies of the chemistry and alteration ofbio­
tite have been concerned with minerals in igneous and 
metamorphic rocks and in the weathering environment 
(e.g., Gilkes, 1973; Norrish, 1973; Gilkes and Suddhi­
prakarn, 1979; Crawet al., 1982; Guidotti, 1984; Speer, 
1984). Detrital biotites in sedimentary rocks have been 
largely ignored; however, the works of Kossovskaya et 
al. (1965) and, more recently, White et aL (1985) have 
been major contributions. In these studies it has been 
concluded that detrital biotites were diagenetically al­
tered into chlorite, illite and/or kaolinite; some chem­
ical analyses of these phases have been presented as 
well. 

The identification of biotite is routinely based on 
microscopic observations; however, microprobe anal­
yses of many grains that display optical properties sim­
ilar to those of true biotite give chemical compositions 
deviating markedly from that of the pure mineral (see, 
e.g., Craw et aI. , 1982; Mitchell and Taka, 1984; Mo­
rad, 1984). Such biotites are generally highly altered 
and have been called hydrobiotites (Foster, 1963; Craw 
et aL, 1982; Morad, 1984) or K-depleted biotites (White 
et aI. , 1985). 

The present paper reports systematic microprobe 
studies of such grains of altered biotite and discusses 
the relation between the composition of this detrital 
mica and the type of phyllosilicate intergrowths formed 
during diagenetic alteration. Diagenetic alteration of 
detrital biotite appears to be an important aspect in 
clay mineral genetic studies in sandstones. 

MATERIALS AND METHODS 

Sandstones from Upper and Middle Proterozoic for­
mations, namely the Dala Sandstone and the Visingso 
Group in central and southern Sweden, respectively, 
were studied. Details of the petrology and geology of 
those rocks were reported by Morad (1983), AlDahan 
(1985), and Morad and AlDahan (1986). 

Microprobe analyses were made of 10 sandstone 
samples, rich in detrital biotite, from the Dala Sand­
stone and 10 from the Visingso Group, using a Cam­
bridge instrument operating at a 75° take-off angle, an 
accelerating voltage of 15 kV, and a sample current of 
0.045-0.05 fJ.A. A beam size of about 2 ,urn was ob­
tained. Each analysis reported is the average of at least 
three analyses made on texturally and optically similar 
parts of the grain. The results were corrected for back­
ground, absorption, fluorescence, dead time, and atom­
ic number effect using a computer program. 

Microprobe analysis offers several advantages over 
bulk chemical analysis for the study of detrital biotite: 
(I) Individual biotite grains are commonly difficult to 
separate from lithified sediments, especially if they are 
present in small amounts. Therefore, chemical analyses 
of individual grains are easier to obtain by means of 
microprobe. (2) Biotite grains in the same sample may 
show different degrees of alteration (see, e.g. , White et 
al.. 1985); hence, a bulk analysis of a purified biotite 
fraction is neither representative nor informative as to 
the paths of alteration. (3) Analyses of purified biotite 
fraction may reflect the iron and titanium oxides com­
monly found along cleavage planes. (4) Parts of many 
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Figure 1. Plot of K20 vs. Fe20/(FeO + MgO) of altered 
biotite,D = Walker (1949); x = Kossovskaya et al. (1965); 
• = Foster (\963); + = Wilson (1970). 

biotite grains are commonly altered to illite, chlorite, 
or kaolinite; hence, bulk analysis of purified fractions 
may give misleading results. 

RESULTS AND INTERPRETATIONS 

Structural formulae of biotite, 
illite, and chlorite 

Although, as will be shown below, the chemical anal­
yses of the biotites listed in Table 1 may not represent 
pure phases, an attempt was made to calculate the 
structural formulae from these data in order to com­
pare these minerals on the basis of a mica-type unit­
cell formula rather than on oxides alone. The analyses 
ofbiotites and illites were recalculated to unit-cell for­
mulae on the basis of a trioctahedral mica (cf. Foster, 
1960, 1963). Inasmuch as illite is a dioctahedral mica, 
all Si was assigned to the tetrahedral sheet together 
with enough Al to bring the total number of atoms to 
4.00. The remaining Al and all Fe, Mg, and Ti were 
assigned to the octahedral sheet. All K was allocated 
to the interlayer sheet. The amounts of Mn and Na 
were very low (maximum of about 0.03 atom/formula 
unit) and therefore were not included in the biotite 
formula. Likewise Ti, Mn, Na, and Ca (maximum of 
about 0.05 atom/formula unit) were excluded from the 
illite formula. The chlorite formula was based on 
01O(OH)g (Foster, 1962), and the elements were as­
signed to their respective sites as mentioned above, 
without, of course, interlayer cations (mainly K). 

The FeH /Fe2+ ratio in chlorite was estimated from 
wet-chemical analyses of two separated fractions of 
chloritized biotite (Morad and AlDahan, 1986). About 
75% of the total iron was Fe2+; thus a FeH /Fe2+ ratio 
of 1/3 was used in Table 3. Although the amounts of 

FeH and FeZ+ in the purified separations could reflect 
the presence of some Fe-bearing impurities, e.g., illitic 
minerals, hematite, or pyrite, the estimated ratio falls 
within the range of many ch10rite analyses (e.g., Foster, 
1962; Weaver and Pollard, 1973), which show about 
70-85% of total iron as Fe2+. For illites (Table 2), an 
FeH /Fe2+ ratio of 711 was used (Merino and Ransom, 
1982; AlDahan and Morad, 1986). 

The Fe 3+ /Fe2+ ratio for biotite was estimated by sev­
eral methods. One method was to correlate the Fe20/ 
(FeO + MgO) with the K content ofbiotites following 
the conclusion of, e.g., Robert and Pedro (1969) and 
Ross and Rich (1974), who related the degree of Fe2+ 

oxidation in biotite to a specific stage of K depletion. 
For this purpose 11 biotite analyses presented by Foster 
(1963), one from Walker (1949), two from Kossov­
skaya et al. (1965), and one from Wilson (1970) were 
used to construct a regression line (Figure 1). The other 
two methods calculated total Fe as either only Fe2+ or 
as only Fe3+. The formula of four biotites was con­
structed using these three methods (Table 4). To fa­
cilitate the comparison between results of these three 
methods and their maximum effect on variations in 
the structural formula of biotites, four analyses (from 
Table 1) having maximum iron content were chosen. 
By considering the FeH /Fe2+ ratio obtained from the 
regression equation in Figure 1, a relatively good ap­
proximation between negative and positive charges was 
reached (Table 4, columns 2). The maximum deviation 
in the charge balance was obtained when Fe was cal­
culated in only one state, i.e., either as Fe2+ or as Fe3+, 
which suggests that appreciable amounts of both Fe2+ 
and FeH are present in the biotite studied. 

The approach described above to estimate the Fe3 + / 

Fe2+ ratio in biotite and the comparison made in Table 
4 are reported here to illustrate a simple means of 
obtaining information about the state(s) of Fe in bio­
tite, although the effects of impurities and submicro­
scopic interstratifications should be considered as well. 

Chemistry of biotite, illite, and chlorite 

Microprobe analyses of the biotites (Table 1) re­
vealed two major types, both of which generally have 
a low K content. One type, however (Table I, samples 
V I-V sand DI-Ds), is characterized by a relatively high 
content ofinterlayer K (0.38-0.75 atom/formula unit) 
and a low content of octahedral Fe (0.75-1.61 atom/ 
formula unit). Generally, these biotites also have a total 
octahedral occupancy close to or less than the theo­
retical 3 atom/formula unit. Electron probe profiles of 
such grains (Figure 2) commonly show the presence of 
these two phases as interlayers < 3 ~m thick, which are 
rich in K but which contain different amounts of Fe 
and Mg, suggesting biotite and illite. 

The second type of biotite (Table 1, samples V 6-V 10 

and 0 6-010) is characterized by a relatively low content 
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AlDahan and Morad Clays and Clay Minerals 

of interlayer K (0.22--0.34 atom/ formula unit) com­
pared with the biotites described above, a high content 
ofoctahederal Fe (1.61-2.33 atom/formula unit), and 
a total octahedral occupancy greater than the theoret­
ical 3 atom/formula unit. The Mg content is almost 
the same in both types of biotites. 

Electron probe analyses of some grains showing 
characteristics of the second type of biotite (Figure 3) 
indicate a microinterlayering « 1-3 /-Lm thick) of at 
least two phases. The chemical composition of the lay­
ers varies from K-rich to K-poor and mainly reflects 
a predominantly biotite and chlorite composition, as 
indicated by the high Fe and Mg contents of these 
layers. The small amounts of K in the K-poor (pre­
dominantly chloritic) layers may be due to submi­
croscopic biotite andlor illite interlayerings. Submi­
croscopic chlorite layers may also occur within the first 
type of biotite grains described above. Interstratifica­
tions of both biotite/chlorite and biotitelillite-musco­
vite on a finer scale and perhaps even on an Angstrom­
unit scale are not out of the question (see, e.g., Lijima 
and Zhu, 1982; Veblen and Ferry, 1983). 

The chemical analyses ofthe illite, occurring as 5-/-Lm 
intergrowths in biotite (Table 2), suggest a phengitic 
composition and relatively high contents of octahedral 
Fe and Mg and low amounts of interlayer K. The oc­
tahedral occupancy is greater than the theoretical 2.00 
atom/formula unit. Although illitic minerals (illite and 
illite/smectite) can accommodate some Fe and Mg in 
octahedral sites, the relatively high content of these 
elements (Table 2; e.g., analyses Vg, D I , D 3 , and D4 • 

See also Merino and Ransom, 1982, Table 1, analyses 
3-5), particularly when they are coupled with low K, 
may possibly be due to submicroscopic interstratifi­
cations of biotite andl or chlorite. 

The chemical analyses of the chlorite intergrowths, 
which occur as layers about 5-/-Lm thick in biotite (Table 
3) indicated a composition that varies between the 
chamosite and clinochlore of Bayliss (1975). These 
chlorites have large amounts of Fe and Mg in octa­
hedral sites and octahedral totals of < 6.0 atom/for­
mula unit. Compared with the biotites (Table 1, sam­
ples V f1 V 10 and D6-DlO) the chlorites contain less 
tetrahedral Al and more octahedral Al and Mg. The 
small amounts of K reported in Table 3 and in many 
other analyses of chlorites (e.g., White et aI., 1985) are 
likely due to submicroscopic biotite andlor illite in­
terstratifications. 

Some compositional differences, particularly be­
tween the illites ofthe Dala Sandstone and the Visingso 
Group (Table 2, samples D and V), are mainly due to 
different parageneses of the rock sequences (AIDahan 
and Morad, 1986). The Dala Sandstone has been di­
agenetically altered at higher conditions of temperature 
and pressure than the Visingso Group, which has re­
sulted in less expandable layers in the illite of the Dala 
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A 

B 

x 
5 IS 25 35 

IJm 
Figure 2. (A) Backscatter eiectronmicrograph ofbiotite grain 
showing the traverse probed in Figure 2B. (B) Microprobe 
proftle showing the interlayering of mainly biotite (bi) and 
illite (1). 

A 

B 

x x . , 

5 15 25 35 
J.lm 

Figure 3. (A) X-ray photograph of Fe distribution in a biotite 
grain showing the interlayering of apparently biotite and chlo­
rite and the traverse probed in Figure 3B. (B) Microprobe 
profile showing the interlayering of mainly biotite (bi) and 
chlorite (ch). I = minor illite. 
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Figure 4. Compositional plot ofbiotites listed in Table 1 on 
a Mg-Fe-Aloct triangle (See Foster, 1960). 

relative to the Visingso, as revealed by their K content 
(see averages in Table 2). 

DISCUSSION AND CONCLUSIONS 

Although the biotite analyses (Table 1) do not have 
the composition of true biotites, the triangular plot of 
the octahedral cations (Fe, Mg, AI; Figure 4) places 
them within or near the fields ofMg- and Fe2+ -biotites, 
which probably reflects their original composition, i.e., 
before alteration. Another feature of the biotites stud­
ied is the existence of a positive correlation between 
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Figure 5. Mg vs. AI, tetrahedral (A) and octahedral (B) Al 
for biotites listed in Table 1. 

K 
K 

& 
50~-------------, 

+ 
o 
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x 
25 

co 

Et Goo ° 
(96.)~ ° 

1-1 0. 0 

I!J°I!JO , 
chlorite ° Al lel 

Fe +Mg 25 50 
Figure 6. Compositional relation between biotite and re­
placement ilUte and chlorite. 0 = biotites (Table 1); • = 
biotites (Craw et al., 1982, analyses 3-5, 11, 12, and 16); ® = 
biotites (White et al., 1985, Table 4); x = illites (Table 2, 
averages); cf> = illite (Craw et aI., 1982, average of analyses 6 
and 7, Table 1); + = illite (White et al., 1985, Table 4, analysis 
1); <I> = muscovite and El = biotite (Deer et al., 1966, Table 
18, analyses 2,5,6, and 7). 

Mg and Altot and a negative correlation between Mg 
and Aloet (Figures 5A and SB). These correlations sug­
gest that substitution of Si for Al (most probably during 
gradual illitization ofthe biotite) was also accompanied 
by decrease of divalent cations in the octahedral sheet. 

The biotite (Table 1), illite (Table 2), and chlorite 
(Table 3) analyses were plotted together with other 
analyses from the literature (Figures 6-8). Figure 6 
shows the relation between K, (Fe + Mg), and Altot for 
biotites, illite-muscovite, and chlorite. On this dia­
gram, the biotites show a spread in composition in a 
direction which is parallel to the line connecting the 
K/(Fe + Mg) ratios, i.e., along the directions of chlorite 
and illite-muscovite fields. This compositional trend 
probably reflects the amount of illite and/or chlorite 
intergrowths in biotite. The compositions of the two 
types of biotite described above, i.e., biotite interlay­
ered with mainly illite and biotite interlayered with 
mainly chlorite, were plotted in Figues 7 and 8, re­
spectively. The extent of inter growth mentioned above 
can be assessed from these illustrations. In Figure 7 
the amount of octahedral Al increases relative to (Fe + 
Mg) as the biotites change composition towards that 
of illite. In other words, the increase in the amount of 
illite interlayers appears to be correlated with increas­
ing octahedral Al until pure illite is formed, which 
contains mainly Al in its octahedral sites. The relation 
between the proportions of chlorite intergrowths in 
biotite and the ratios of octahedral cations is less ob­
vious (Figure 8) than the illitized biotite (Figure 7), 
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•• • • 
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• 1It." 
.A lit. 

Mg 50 "10 Fe 

Figure 7. Compositional distribution ofbiotite and replace­
ment illite. f::,. = illite (Table 2); ... = biotite (Table I , analyses 
V.-V, and 0.-0,); 0 = illite and. = biotite (B~0ttum For­
mation, Morad, 1986); + = illite and. = biotlte (Craw et 
al .• 1982, Table 1, analyses 3-7). 

because both chlorite and biotite have variable amounts 
of AI, Fe, and Mg in the octahedral site; however, the 
biotite seems to change composition towards the Fe­
Aloet join as the amount of chlorite interlayers in­
creases. 

The above discussion suggests that biotites which 
deviate in their composition from true biotite should 
probably not be called hydrobiotites or K-depleted bio­
tites (e.g., Craw et aI., 1982; Morad, 1984; Mitchell 
and Taka, 1984; White et al.. 1985). Instead, terms 
such as chloritized or illitized biotite (depending on 
the type of phyllosilicate intergrowths) are more 
suggestive of the mineralogical composition of these 
micas. The term hydrobiotite should be used, as in­
dicated by Brindley et at. (1983), only for a regular 1:1 
interstratification ofbiotite and vermiculite that gives 
a 24-A superlattice spacing. 

The intergrowth features of chlorite and illite, i.e., 
their proportions and composition, in the detrital bio­
tites studied (see also Morad and AlDahan, 1986) vary 
from grain to grain in the same thin section. In some 
biotite grains, chlorite intergrowths dominate over il­
lite and vice versa; in other grains only chlorite inter­
growths are present. Such observations were also re­
ported by other authors (e.g., White et al. . 1985). 
Furthermore, intergrowths ofillite and/or chlorite with 
biotite were reported from rocks which had been af­
fected by relatively high-grade diagenesis or early 
metamorphism (e.g., Craw et al., 1982; White et aI., 

Aloct Aloct 

~O%,~ __________________ ~~O% 

Mg SO% Fe 

Figure 8. Compositional distribution ofbiotite and replace­
ment chlorite. f::,. = chlorite (Table 3); ... = biotite (Table 1, 
analyses V,-VIO and 0.-010); 0 = chlorite and. = biotite 
(Br0ttum Formation, Morad,1986); • = chlorite and + = 

biotite (White et al .. 1985, Tables 4 and 5, analyses 2-5, 7,8). 

1985; Morad, 1986). Although in such environments 
temperature-pressure conditions and solution chem­
istry appear to control the growth of minerals, the ex­
tent of each factor is not easy to evaluate. As mentioned 
above, however, it seems that the interlayering fea­
tures, illite and chlorite, in biotite grains reflect the 
control of chemical-environmental variations on the 
scale of individual grains. Nevertheless, the chemical 
composition of individual illite-ch10rite assemblages 
(i.e., within the same rock) could, to a large extent, 
reflect the effect of temperature-pressure conditions. 
For example, the variation in the chemical composi­
tion between the illites ofthe Visingso Group and those 
of the Dala Sandstone were related to variation in the 
temperature and probably pressure, which have dif­
ferently affected these units (AIDahan and Morad, 
1986). Also the transformation of illite into muscovite 
and the increasing iron content in chlorites have been 
related to increasing temperature-pressure conditions 
(e.g., White et aI., 1985). 

The results of the present study and those of other 
authors (e.g., Craig et al., 1982; White et al. , 1985) 
suggest that alteration of biotite during diagenesis is a 
potential source of K and/or (Fe + Mg) for the authi­
genesis of illites and chlorites. 
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