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Abstract-The Tazzeka Mountain, located approximately 20 km south of Taza, eastern Morocco, is 
composed of a Westphalian vOlcano-sedimentary complex. It contains rhyolitic ignimbrites with the fol
lowing minerals: quartz, potassium feldspar, oligoclase-andesine, and biotite. The ignimbrites are exten
sively altered because of a dense network of fractures in the massif. Alteration has resulted in the for
mation of spheroidal rocks and saprolite, the thickness of which depends on local topography, The evo
lution of the biotites in the ignimbrites was investigated by microprobe analysis of the mica crystals. This 
technique provides data that are not accessible through classical analytical methods. Biotites are trans
formed into secondary clay minerals, mainly chlorites and illites; intermediate stages are related to the 
degree of alteration of biotite, the latter being expressed by the K20 content which decreases progressively 
from 7.3 to 1.3%. Next come protochlorites and chlorites sensu stricto, in which the K20 content is 0.3%. 
Several processes including retrodiagenesis, hydrothermal activity, fumarolic activity, and geochemical 
weathering contributed to the transformation of the biotites at Tazzeka. 
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INTRODUCTION 

Alteration of biotites has been investigated by many 
authors who identified the mqior processes responsible 
for their evolution, including retrograde metamor
phism below the weathering zone, hydrothermal activ
ity and, weathering, in diverse geographical areas and 
under different climatic conditions, such as humid 
temperate, humid cold, humid Mediterranean, and hu
mid tropical climates (Bisdom et al., 1982; Chevalier, 
1984; Parneix et a!., 1985; Dudoignon et ai" 1988). 
These authors stressed the importance of climatic con
ditions on the alteration of micas, and their evolution 
towards 2: 1 and 1: 1 phyllosilicates, interstratified 
secondary clay minerals, and even gibbsite under most 
intense leaching conditions. 

The objective of this study is to provide further un
derstanding of the chemical transformation of biotites 
under Mediterranean climate, more specifically by in
vestigating the alteration of biotites in the ignimbrites 
from the Tazzeka Mountain, eastern Morocco. The fo
cus of this study is on the nature of the alteration prod
ucts, which differ considerably from site to site and 
with depth, and on the structural formulae of these 
secondary components. 

GEOLOGICAL SETTING 

The geological structure of the Tazzeka Mountain, 
a volcano-sedimentary complex located ~20 km south 
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of Taza, eastern Morocco, was studied previously by 
Chalot-Prat (1986, 1990), Chalot-Prat and Cabanis 
(1989), Chalot-Prat and Galtier (1989), Chalot-Prat 
and Vachard (1989), Galtier et ai. (1986), Huvelin 
(1986), and Robillard (1978). The complex occurs as 
outcrops at several locations, including the Khebbal 
Forest Station near Boujrada, at Bab-Bou-Idir and at 
Jorf-Bellout (Figure 1). At depth, an andesite complex, 
Upper Visean-Namurian in age, contains several fa
cies: olivine-, amphibo1e-, and pyroxene-rich andes
ites, with labradorite as the most common plagioclase. 
Argillite-filled inclusions in the andesite contain plant 
remnants (Chalot-Prat and Galtier, 1989), The andesite 
complex is overlain by a Westphalian rhyolite-ignim
brite complex, the volume of which amounts to ~15 
km3, i.e., about 65% of the 23 km3 of the regional 
volcanic formations. The thickness of this complex 
varies from ~lOO-1000 m. It contains various xeno
liths, e.g., Ordovician schists, intravolcanic pyroclastic 
material, foraminifera-rich limestones, and magmatic 
rocks (basic and ophitic basalts). Red sandstones and 
tuffites cover the ignimbrites, followed by Keuperian 
red siltites and thick basaltic lava flows, Liassic do
lomitic limestones are present at the top of this strati
graphic series. 

Ignimbrites appear as rounded hills in the landscape. 
From a morphological view, they lie in a basin char
acterized by an extensive system of active and anas-
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Figure 1. Location (x) of the study area in Morocco, and simplified geological map of the Tazzeka Volcanic Complex (after 
Chalot-Prat, 1986, 1990), showing also the sampling sites: Forest Station (1), lorf-Bellout (2), and Bab-Bou-Idir (3). Legend 
(1) basement; (2) andesite- and basalt-rich formation; (3) rhyolite- and ignimbrite-rich formation; (4) rhyolitic cumulodomes; 
(5) basic peripheric intrusions; (6) acid peripheric intrusions; (7) Mesozoic formation; (8) Miocene formation. 

Location: 

Element 

Si02 

Al20 3 

Ti02 

Fe20 3 

FeO 
MnO 
P20, 
CaO 
MgO 
K 20 
Na20 
H 20+ 
H 20-
Cr20 3 

S03 
CI,Q 
CuO 
BaO 

Total 
MicroclinelPlagioclase 
Barytine (%) 
c.P.I.W. parameters 
Nature of the rock 

1 After ChaJot-Prat (1990). 

Table 1. Chemical analysis of Tazzeka ignimbrites. 

Koudiat-Bouladayen 

65.00 
14.40 

0.54 
3.97 
3.15 
0.16 
0.42 
1.76 
1.21 
4.84 
1.15 
2.25 
0.03 
0.14 
0.21 
0.03 
0.14 
0.27 

99.68 
1.78 
0.48 

(I)II,3' ,2,2[3',1,1,3'] 
calco-alkaline rhyolite 

Bab-Bou-Idir 

64.04 
15.30 
0.85 
4.00 
3.80 
0.23 
0.40 
1.45 
1.38 
4.38 
2.70 
1.27 

99.80 
0.94 

(I)II,(3)4' ,2,3 [3, 1,1 ,3(4)] 
calco-alkaJine rhyolite 

lorf-Bellout' 

73.89 
13.35 
0.38 
2.85 

0.10 
0.09 
l.l2 
0.53 
4.24 
2.19 
0.93 

99.67 
1.06 

1,3,2' ,3[4, 1, 1(2)3] 
alkaline rhyolite 
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Table 2a. Mineralogical composition of Tazzeka ignimbrites 
(%). 

Source Koudiat- Bab-Bou-Idir lorf-Bellout 
Bouladayen (BB 3) 

(KB) 

Mineral 

Quartz 33.50 25.50 42.00 
Potassium feldspar 29.70 26.90 24.10 
Albite 22.60 
Oligoclase-Andesine 15.30 27.00 
Weathered biotite 3.50 
Chlorite 10.80 12.30 
Ilmenite 1.00 1.60 0.70 
Fe hydroxide 2.50 1.60 2.20 
Apatite 0.95 0.90 0.20 
Residual AI20 3 2.65 1.70 3.30 
H20+ + H2O- 2.28 1.27 0.93 
Total 98.68 98.77 99.53 

Note: The mineral composition of the ignimbrites was cal-
culated from the electron microanalyzer data, using structural 
formulae of the minerals. 

tosmosed faults and fractures that have increased the 
rate of alteration of the ignimbrites, with the formation 
of spheroidal and ovoid rock masses, and of saprolite. 
Most saprolite is found in situ, except for that trans
ported along some steep slopes. The color of the sap
rolite varies from site to site, ranging from gray to red. 
Thickness depends upon topography, between 0.5-5 
m, and at some locations reaches 10 m. 

MATERIALS AND METHODS 

Samples 

The following sites and samples were selected for 
this study (Figure 1): 

1. At the Forest Station, an acid brown soil with A 
(0-25 cm) and AC (25-35 cm) horizons is devel
oped on a reddish saprolite (35-135 cm) that covers 
the fractured ignimbrites. Samples FS 1, FS 2, and 
FS 3 were collected from the saprolite at depths of 
35-60, 60-100, and 100-135 cm, respectively. 

2. At Jorf-Bellout, the reddish ignimbrite is strongly 
altered into spheroidal and ovoid masses with an 
alteration cortex. This is a 0.5-m thick paleosapro-

3. 

4. 

lite; its development was restricted by the overlying 
Westphalian red sandstones and tuffites, Triassic 
red siltites and basalts, and Liassic dolomitic lime
stones. Sample JB I was obtained from the loose 
reddish saprolite. 
At Bab-Bou-Idir, southwest of Tazzeka and at an 
elevation of 1510 m, ignimbrites are strongly al
tered to a depth of 10-15 m. The structure of the 
rock has disappeared, but several features, includ
ing fractures, spheroidal masses, and saprolite, are 
distinguishable. Samples were collected from top to 
bottom in the saprolite from three locations: (a) at 
3-4 m below the surface (BB 1), in compact sphe
roidal rock fragments with an alteration cortex; (b) 
at 7-8 m below the surface (BB 2), in the disinte
grated reddish saprolite; and (c) at the bottom of 
the saprolite (BB 3), in the fresh ignimbrite. 
At Koudiat-Bouladayen, a sample was collected in 
the fresh ignimbrite. 

Methods 

The intermediate phases, from biotite through its al
teration products, were characterized using the Tazaki 
and Fyfe (1987) method for describing the stages of 
K-feldspar alteration. The following techniques were 
used: 

1. Samples were dispersed in 1 M NaOH solution, a 
strong dispersing agent, and the clay-size fraction 
«2 fLm) was obtained by sedimentation. 

2. X-ray diffraction (XRD) analysis was performed on 
the <2 fLm clay fraction, with the following treat
ments: original sample, glycerol-solvation, K-satu
ration at 25°C, and after heating at 300 and 500°C 
(McKeague and De Kimpe, 1978). 

3. Total chemical analysis of fresh and altered rock 
samples, and of the alteration products was per
formed following fusion of the sample mixed with 
Sr-metaborate in an induction furnace, and disso
lution of the fusion products in HN03 • Analysis of 
the solution was then performed using atomic ab
sorption spectroscopy. 

4. Thin sections were examined under a polarizing 
microscope. 

Table 2b. Structural formulae (KE and BB 3). 

K-feldspar Plagioclase Ferriferous chlorite 

Si 12.00 } Z = 15.95 Si 10.75 } Z = 16.000 Si 5.72 } 8.000 
Al 3.95 Al 5.25 Al 2.28 
Mg tr 

) 
Fe 0.019 

) 
Al 2.72 

Ca 0.025 Ca 1.246 Ti 0.006 
Na 0.222 X = 4.097 Na 2.445 X = 3.941 Fe 5.64 
K 3.850 K 0.231 Mn 0.12 

Mg 3.22 11.762 
Mol. Or 94.0 5.9 Ca 0.Q15 
% Al 5.6 62.4 Na 0.017 

An 0.4 31.7 K 0.030 
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Table 3. Transformation of biotites to chlorites (Forest Station). Average Si02, Al ,0 3' FeO, MgO, and K20 content of the 
samples at different stages. 

Si01 A1 2O) FeO MgO K,o 
Stage N' x' (1' U u 

1 1 39.90 26.40 14.01 4.04 7.26 
2 3 37.63 1.55 25.41 2.34 17.38 2.14 3.70 1.47 5.95 0.11 
3 5 36.91 0.62 24.75 0.67 17.33 1.00 5.49 0.32 5.16 0.18 
4 5 34.91 2.96 23.04 2.44 20.85 6.40 5.15 2.06 4.42 0.39 
5 4 34.67 0.90 23.58 1.40 23.13 5.83 4.47 2.23 3.81 0.15 
6 7 33.57 2.10 23.67 0.94 22.04 2.70 6.45 0.25 3.22 0.15 
7 5 33.33 1.90 23.28 0.84 20.88 2.76 6.92 2.10 2.76 0.12 
8 2 30.43 0.03 21.61 0.14 26.48 0.55 7.95 0.74 2.17 0.07 
9 6 30.37 2.82 22.35 1.46 25 .34 2.64 8.15 1.60 1.36 0.25 

Total number of microanalyzer determinations: 38. All Fe is expressed a s FeO. 
1 N = number of microanalyzer measurements at each stage. 2 x = average value. 3 (J = standard deviation. 

5. Microprobe analysis of altered biotite crystals was 
performed on thin sections, from the center to the 
edges of the crystals. This technique allows spot 
analyses that cannot be obtained through classical 
wet-chemistry methods. All major elements were 
determined, except that Fe is expressed entirely as 
Fe2+ . 

6. Water content in the fresh rock was determined on 
I-g samples: H20- from weight loss at lO5°C, and 
H20 + from weight loss at 1000°C. 

7. Structural formulae of the alteration products of bi
otite were calculated from chemical data. Formulae 
are approximate because the amount of Fe(II) and 
Fe(III) in the octahedral sheet of the clay minerals 
could not be differentiated analytically. However, 
Fe(U) is often dominant in the chemical composi
tion of chlorites (Deer et al., 1964; Weaver and 
Pollard, 1973; Newman, 1987). and this form was 
used in the calculation of the structural formula of 
chlorites. On the contrary, Fe(III) is largely domi
nant in illites, with an average of 86.7% of total Fe 
(Weaver and Pollard, 1973) and this form was used 
in the calculation of the structural formula for il
lites. 

RESULTS 

Chemical and mineralogical composition 
of ignimbrites 

Throughout the volcanic massif, ignimbrites are rel
atively homogeneous; in this massive, light to dark 
rock, phenocrysts up to 3 mm in size represent 20-
40% of the total volume. Chemical analyses of ignim
brite rock samples collected at three different locations 
in the Tazzeka Mountain show the following (Table 
1): The Si02 content amounts to 64-65 wt. % in two 
samples (Koudiat-Bouladayen and Bab-Bou-Idir), and 
is - 74 wt. % in the third (Iorf-Bellout). Comparable 
values for Si02 content were repOlted previously at 
other sites in the Tazzeka Mountain (Chalot-Prat, 
1990). Alz0 3 and K20 contents do not vary consider
ably, much less than Fe20 J, FeO, MgO and Na20. 

These ignimbrites belong to the calc alkaline and al
kaline rhyolites, the Na20 content determining the na
ture of the plagioclase. 

The mineralogical composition of the ignimbrite 
(Table 2a) and structural formulae of the constituent 
minerals (Table 2b) were determined. In thin sections, 
all minerals are pyroclastic. Subhedral quartz crystals 
are somewhat corroded and contain inclusions. Potas
sium feldspar, often perthite, is a major component. 
Plagioclases fall in the oligoclase-andesine range, and 
frequently contain secondary calcite and occasionally 
a small amount of sericite. Biotites are strongly al
tered; no fresh biotite is observed in thin sections, in
cluding those from the least-weathered ignimbrite 
samples. Hematite exudate is present in intragranular 
and grain-boundary fractures of the micas. Apatite and 
barite are present, and rod-shaped titaniferous crystals, 
leucoxene and rutile, are found in epitaxy on the (001) 
plane of altered micas. Glass is recrystallized as quartz 
and feldspars. Minerals are embedded in a vitroclastic 
material composed of pumice glass. These ignimbrites 
originate from the effusion of pyroclastic clouds re
SUlting from the pulverization of a rhyolitic magma. 
The data are consistent with previously reported ob
servations of Chalot-Prat (1990) . 

The alteration products 

Forest station: altered biotites, protochlorites, and 
trioctahedral chlorites. In the three FS samples, the 
>2 J.Lm fraction amounts to 15 to 20% of the whole 
soil; the < 50 J.Lm fraction decreases from 30% in the 
A horizon to 5% in the C horizon, whereas the 20-
200 J.Lm fraction increases from 30 to 52%, and the 
200-2000 J.Lm fraction, from 30 to 40%. X-ray dif
fractograms of the <2 J.Lm fraction show a peak at 1.36 
nm that persits after heating at 550°C and after glyc
erol solvation; chlorite is thus present. Microprobe an
alyses of biotites at different stages of alteration and 
collected at three levels in the saprolite, between 35-
135 cm, indicate a complex evolution; several stages 
of alteration can be identified in the three FS samples: 
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Table 4a. Structural formulae of secondary minerals, based on 22 oxygen atoms. 

Stage 

Si 5.880 } 8.000 
5.730 

Al 2.120 2.270 

Al 2.456 

1 

2.281 
Ti 0.01 1 0.027 
Fe 1.721 5.131 2.205 
Mn 0.050 0.023 
Mg 0.843 0.845 

Ca } Na 0.027 1.392 0.QJ5 
K 1.365 1.157 

SiO/ AIP 3 mol.ratio 2.57 2 .52 

Charge: 

tetrahedral - 2.120 - 2.270 
octahedral +0.729 + 1.070 
interlayer +1.392 +1.172 

Stage 1. Reference Biotite Mineral . The choice of 
this reference mineral in the Tazzeka context is diffi
cult because the polarizing microscope analysis indi
cates that fresh biotite crystals are not present. The 
least weathered biotite crystals show a lighter color, 
some loss of pleochroism, and an exudation of opaque 
ferruginous material along cleavage planes (Roubault 
et al. , 1963). Chemical composition (Table 3) differs 
according to the geological occurrence; however, bi
otite at stage 1 contains more Al20 3 and less FeO, 
MgO and K20 than many fresh biotites from plutonic 
and metamorphic rocks (Deer et ai., 1964; Rimsaite, 
1967). Hydration is also higher than in fresh micas. 

Stages 2 to 7. Increasing Degree of Alteration of 
Biotites. Under alteration, biotite crystals exfoliate, yet 
keep their original shape. Color is shifting from 
brownish to light greenish as in chlorite. Pleochroism 
is evolving from moderate in the first stages to weak 
in the latter ones. The right extinction is often incom
plete, and birefringence decreases (Roubault et al., 

Table 4b. Structural formulae of protochlorites, based on 28 
oxygen atoms. 

Element/Stage 8 9 

Si 6.267 } 8.000 
6.298 } 8.000 

Al 1.733 1.702 

AI 3.503 3.750 
Ti 0.113 0.026 
Fe 4.544 4.378 
Mn 0.092 11.286 0.075 11.135 
Mg 2.455 2.534 
Na 0.007 0.012 
K 0.572 0.360 

Si02/AIP3 2.40 2.31 mol. ratio 

FelFe + Mg 0 .65 0.63 

} 

1 
} 

4 

8.000 
5.636 } 8.000 

5.529 } 8.000 
2.364 2.471 

2.081 

1 

1.822 

I 0.027 0.056 
5.381 2.205 5.606 2.642 5.781 

0.036 0.037 
1.257 1.224 

} } 1.172 0.Dl5 1.02 1 0.080 0.973 
1.006 0 .843 

2.54 2.57 

-2.374 -2.471 
+1.320 + 1.440 
+ 1.021 +0.973 

1963). The crystallographic characteristics do not al
low clear separation of the successive stages, but the 
chemical analyses, especially the K20 content, show 
significant differences from stage to stage (Tables 3 
and 4a): 

1. A rapid decrease of K20 content, from 7.26 wt. % 
at stage 1 to 2.76 wt. % at stage 7. The content is 
significantly different from stage to stage, four 
times at P = 0.01, and twice at P = 0.001 (where 
P is the probability level). 

2. A slow decrease of Si02 and Al20 3 contents . These 
oxides are generally homogeneous within each 
stage, with variability coefficient values ranging 
from 0.1 to 3.0%. 

3. An increase of FeO and MgO contents. Within each 
stage, values are less homogeneous than for Si02, 

Table 5. Average chemical composition and structure of fer
riferous chlorites (Stage 10). 

Structural fQ(mula, based 
Element x' 0-' C.y'3 on 2 8 o xygen atoms 

Si02 26.28 1.02 3.88 Si 5.678 } 8.000 
AI20 3 20.75 1.2 5.78 Al 2.322 
Ti02 0.46 
FeO 30.95 1.78 5.75 Al 2.95 1 
MnO 0.50 0.11 22.0 Ti 0.074 
CaO Fe 5.573 
MgO 8.86 0.64 7.22 Mn 0.090 11.650 
KP 0.19 0.16 84.2 Ca 
Na20 0.02 Mg 2.87 1 

K 0083 
Total 88.01 Na 0.008 

FelFe + Mg 0.66 

Si0 2 / A1 2 0 3 
mol.ratio 2.15 

N = 20 samples. All Fe is expressed as FeO. 
t x = average. 2 (T = standard deviation. 3 C .Y. = coefficient 

of variation. 
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Table 4a. Extended. 

6 

5.446 } 8.000 
5.282 } 8.000 

5.319 } 8.000 
2.554 2.718 2.681 

1.805 

j 
1.665 

j 
1.689 

) 
0.030 0.039 0.024 
3.028 5.949 2.890 6.158 2.777 6.189 
0 .032 0.042 0.043 
1.054 1.522 1.656 

0.027 } 0.791 0 .012 } 0 .659 0.003 } 0.566 
0.764 0.647 0 .563 

2.50 2.41 2.43 

- 2.554 -2.718 -2.681 
+ 1.733 +2.018 +2.091 
+0.791 +0.659 +0.566 

AIP3 and K20 (five out of 12 variability coefficient 
values are >20%). 

4 . A charge increase in tetrahedral and octahedral 
sheets (Table 4a), with a corresponding charge de
crease in the interlayer position. The latter charge 
is very low at stage 7, and this is supported by the 
extensive removal of alkaline cations. 

5. An increase of hydration, with values between 10-
12% for (H20+ + H20). 

Stages 8 and 9. Protochlorites. These minerals are 
close to chlorites: light green color, clean exfoliation, 
weak birefringence, abundant exudation of opaque 
products with frequent inclusions of apatite. Chemical 

0,8 

composition of protochlorites contrasts with that at the 
previous stages: Si02 content decreases, while FeO 
and MgO contents increase to values close to those 
found in chlorites (Tables 3 and 4b). KP content de
creases further, but is still larger than in chlorites sensu 
stricto where it does not exceed 0.3 wt. % (Deer et 
al., 1964; Rimsaite, 1967). SiOiAl20 3 molecular ra
tios are higher, whereas FeIFe+ Mg ratios are compa
rable to the corresponding values at stage 10. Struc
tural formulae are calculated on the basis of 28 oxygen 
atoms to reflect the relationship of these minerals with 
chlorites . 

Stage 10. Ferriferous Chlorites (Table 5). This rep
resents the final stage in the transformation of the bi
otites. The crystals are colorless to light green, with 
weak pleochroism and birefringence, weak first order 
polarization, Ng - Np ,,-= 0.01. Chemical composition 
is dominated by FeO, the content of which is higher 
than at stages 8 and 9 (Table 3), with a corresponding 
decrease of Si02 and A120 3. Si02, A120 3, FeO and 
MgO contents are generally homogeneous. K20 con
tent is < 0.2%. The average composition of 20 samples 
falls in the range of chamosite-brtinsvigite in the dia
gram by Hey (1954) (Figure 2). 

Bab-Bou-Idir: chlorites, illites, and interstratified phyl
lites. Ignimbrite with Alteration Cortex (BB 1). This 
sample represents an early stage in the alteration of 
the ignimbrites. XRD patterns of the < 2 f.Lm fraction 
show the presence of chlorites, characterized by a peak 
at 1.4 nm that is maintained after glycerol-solvation 
and heating at 550°C, and derived from the biotites 
identified under the microscope. Electron microprobe 

'" 8 S 
~ 

" BRUNSVIGITE + 
0 

.... 
OJ 

RIPIDOLITE 0 DIABANTITE ~ 

0,7 + 
0 + 

A .., 
6 ... •• • --. ~ -:-. - ... • - _0 

0,6 .- 0 

0 ... 
OJ 

0 0 .:> 
0 E 

= 
0,5 

0 :z 
PYCNOCHLORITE 

5 5,6 6,2 7 

Number of Si atoms 

Al - 2 .3 o 4 

F igure 2. Position of chlorites in Hey's diagram: (1) average chemical co mposition of 20 ferriferous chlorites from the Forest 
Station; (2) chlorites from Bab-Bou-Idir; (3) average chemical composition of Bab-Bou-Idir chlorites; (4) l orf-Bellout chlorites. 
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Table 6. Average chemical composition of trioctahedral ferriferous chlorites. Ignimbrite with alteration cortex (BB 2). 

Elements 

Si02 

AIP3 
Ti02 

Cr20 3 

FeO 
MnO 
CaO 
MgO 
K 20 
Na20 

Total 

X' 

25.92 
19.17 
0.04 
0.01 

30.58 
0.64 
0.06 
9.70 
0.11 
0.04 

86.27 

,,2 C.V.-l 

0.74 2.85 
0.54 2.82 

1.37 4.48 
0.13 20.30 

0.33 3.40 

Structural formula. based on 28 oxygen atoms Charge 

Si 5.738 } 8.000 - 2.26 
AI 2.262 

AI 2.730 
Ti 0.006 
Cr tr 
Fe 5.642 
Mn 0.120 11.781 +2.25 
Mg 3.221 
Ca 0.Q15 
Na 0 .017 
K 0.030 

2.30 FelFe + Mg4 0.64 

N = 16 samples. Measurements made in several parts of the crystals. Nature of the chlorite: briinsvigite . 
1 x = average. 2 (T = standard deviation. 3 c.v. = coefficient of variation. 4 All Fe is expressed as FeO. 

analyses of 16 samples indicate that the chlorites are 
ferriferous, with a homogeneous composition (i.e., 
small standard deviation and variability coefficient 
values for the major elements, Si02, AI20 ), FeO and 
MgO) (Table 6). These trioctahedral chlorites, with 
5.5-6.1 Si atoms in tetrahedral position, 5 .89 atoms in 
octahedral position and an interlayer occupancy of 
0.03 cation, belong to the chamosite group (Melka, 
1966) and are similar to the chlorites described by 
Wiewiora and Zeiss (1990). Crystallographic charac
teristics calculated from the chemical composition 
(Hey, 1954) e.g., unit-cell parameters a and b, refrac
tive index (w), birefringence (€ - w) and specific den
sity D (Table 7), as well as their position in the dia
gram by Hey (Figure 2), further confirm the assign
ment. XRD patterns show that the cortex of this al
tered ignimbrite contains a small amount of illite. 

Reddish Altered Ignimbrite (BB 2). The mineral as
semblage, in addition to chlorite and illite, contains 
several other minerals: 

1. 1.0-1.4 nm interstratified minerals characterized by 
XRD peaks at 1.21, 1.15, and 1.02 nm, that col
lapse to 1.0 nm upon heating. Electron microprobe 

Table 7. Characteristics of chlorites. 

BB 2 IF I JF I 
Sample (Table 6) (Table lOa) (Table lOb) 

Fe-rich Pychno-
Ferriferous chlorite- chlorites-

Nature of chlorites chlorites brunsvigites diabantites 

Cell parameters (in nm) 

a 0.5367 0.5371 0.5353 
b 0.9283 0.9281 0.9260 
Refractive Index (w) 1.632 1.636 1.609 
Birefringence (E-W) -0.001 - 0.003 -0.001 
Specific density (D) 3.04 3.07 2.9\ 

Calculation from chemical composition of chlorites (after 
Hey, 1954). 

analyses (Table 8) indicate that the minerals are 
trioctahedral, with an average octahedral occupan
cy of 5.5 cations, a SiO,jAI20 3 molecular ratio of 
2.84, moderate and high contents of K20 and FeO, 
respectively, and high hydration . The negative 
charge in the tetrahedral sheet is high, and the in
terlamellar charge is + 1.03, the same as in the oc
tahedral position. 

2. Dioctahedral illites (Table 9) with an average of 4.3 
cations in the octahedral sheet. These minerals have 
low hydration, much less FeO, significantly higher 
(at P = 0.01) Si02 and Al20 3 contents, and a lower 
SiO/ AIzO) molecular ratio than the trioctahedral 
minerals, a low negative charge in the tetrahedral 
sheet, and a rather high charge in the interlayer po
sition. Chemical composition of the K-bearing min
erals is less homogeneous than in chlorites; only 
the Si02 and Al20 3 contents have variability coef
ficents < 10%. Coefficients are much higher for the 
other constituents, to 44.7% for FeO. The Si
R2(FeO + MgO)-R3(AI20 3) diagram (Figure 3) il
lustrates the chemical composition variability of the 
K-bearing clay minerals. 

lorf-Bellout: a complex assemblage of secondary min
erals . Ignimbrite Paleosaprolite, under Sandstone (lB 
1). The mineral assemblage in the < 2 fLm fraction is 
more complex than in the samples from Bab-Bou-Idir. 
In addition to chlorites and illites characterized by 
XRD, the following minerals are identified by electron 
microprobe analysis: 

1. Two groups of trioctahedral ferriferous chlorites: 
The first group (Table lOa) is characterized by high 
FeO and low AI20, contents ; the chemical com
position is homogeneous for the four samples an
alyzed. The second group (Table lOb) contains sig
nificantly less FeO (at P = 0.01) but more Si02 and 
MgO. The chemical composition is very homoge
neous, with variability coefficients < 7% for Si02, 
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Table 8. Chemical composition of trioctahedral, Fe-rich K-phyllites. Reddish altered ignimbrite (BB 1). 

Sample with 
highest lowest Structural formula based 

Elements x' 0'2 C.y'3 FeD content on 28 oxygen atoms Charge 

Si02 36.71 1.56 4.2 34.12 36.62 Si 5.857 } 8.000 -2.413 
Al20 3 21.95 1.93 8.8 22.70 24.30 Al 2.143 
Ti02 0.02 

FeO 17.47 3.55 20.3 24.76 11.74 Al 1.977 

1 
MnO 0.20 0.10 50.0 0.30 0.13 Ti 0.002 

1",40 
CaO 0.37 0.06 16.2 0.40 0.30 Fe 2.232 5.561 + 1.101 
MgO 5.15 0.81 15.7 4.71 3.72 Mn 0.027 
K20 4.36 0.68 15.6 5.11 3.25 Mg 1.233 
Na20 0.08 0.02 25.0 0.05 0.05 

Ca 0.063 } Total 86.31 87.75 80.11 Na 0.025 0.976 + 1.039 
K 0.888 

SiO/AIP3 2.84 0.22 7.7 3.26 2.56 

N = 11 samples. All Fe is expressed as FeO. 
1 x = average. 2 a = standard deviation. 3 C.V = coefficient of variation. 

A120 3, FeO and MgO. The tetrahedral charge and 
the SiOi Al20 3 molecular ratio are lower than in the 
first group. Some crystallographic characteristics, 
such as unit-cell parameters a and b, refractive in
dex (w), birefringence (E - w) and specific density 
D, calculated from the chemical data, are given in 
Table 7. 

2. Dioctahedral illites: These minerals contain more 
FeO and K20 than those from Bab-Bou-Idir (Table 
11); the SiO/AI20 3 molecular ratio, 3.18 compared 
to 2.57, is significantly larger (at P = 0.001), as 
well as the positive charge in the interlayer posi
tion. These illites have a homogeneous chemical 
composition, as shown by the small dispersion of 
the representative points in the Si-R2-R3 diagram 
(Figure 4). 

3. An illite, rich in FeO and low in Al20 3 and K20: 
It has a SiO/AI20 3 molecular ratio of 3.52, and a 
very low degree of substitution of Al for Si in the 
tetrahedral sheets (Table 12). The representative 
point for this mineral in the Si-R2-R3 diagram is 
closer to the Si pole, and distinct from the diocta
hedral illites described above (Figure 4). 

4. Secondary calcite: It is an almost pure (97.5%) 
component in four samples, with quartz as the com
plement. Homogeneity in composition (variability 
coefficient value of 0.70% for CaO) is noteworthy. 

DISCUSSION AND CONCLUSIONS 

Nature and origin of the secondary minerals 

The dominant clay minerals in the <2 /-lm fraction 
resulting from the alteration of the ignimbrites are 

Table 9. Chemical composition of dioctahedral, Fe-poor illites. Reddish altered ignimbrite (BB 1). 

Sample with 
highest lowest Structural formula based 

Elements x' 0'2 C.y'3 (Fe total + K20) content on 22 oxygen atoms 

Si02 47.17 0.86 1.82 46.63 48.43 Si 6.484 } 8.000 -1.516 
Al20 3 30.94 2.00 6.46 28.76 33.33 Al 1.516 

Ti02 0.11 0.14 
Fe20 3 3.44 5.71 2.29 Al 3.478 
FeO 0.56 0.84 0.33 Fe(III) 0.353 
MnO 0.04 0.16 Fe(II) 0.064 4.241 +0.264 
CaO 0.22 0.20 0.20 Ti O.Oll 
MgO 1.60 0.76 47.5 2.73 1.07 Mn 0.005 
K20 6.32 0.85 13.4 7.56 5.71 Mg 0.330 
Na20 0.08 0.06 0.04 

Ca 0.032 } Total 90.48 Na 0.021 1.162 + 1.194 
K 1.109 

SiO/AIP3 2.57 0.09 3.5 2.76 

N = 4 samples. Of the total Fe, 86% was taken as Fe(III), according to Weaver and Pollard (1973). 
1 x = average. 2 a = standard deviation. 3 C.V = coefficient of variation. 

Charge 

+ 1.458 
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Figure 3. Chemical composition of Bab-Bou-Idir illites. R2 
= FeO + MgO; R3 = Alz0 3 ; (1) position of typical diocta-
hedral minerals ; (2) dioctahedral illites, BB 1 site; (3) trioc-
tahedral minerals, BB 1 site. 

chlorites and illites. The same minerals were also iden
tified in the alteration facies and related soils devel
oped on volcanic ash and compact basalt (Dostal et 
ai., 1989; Shoji et aI., 1982), and these authors sug
gested that the chlorites and illites were derived from 
biotites. The same conclusion is inferred in the Taz
zeka Mountain for the following reasons: (1) biotite is 
absent at Koudiat-Bouladayen and Bab-Bou-Idir 
whereas chlorite is a major component; (2) fresh bio
tite crystals were not found in any of the ignimbrites 
examined. Deer et al. (1964) suggest that the presence 
of FeO in biotite facilitates the alteration of this min
eral; some FeO was assigned to this mica; and (3) 
except for biotite, the ignimbrites contain no ferro
magnesian minerals that could transform into chlorite. 

The susceptibility of biotite to alteration prevents 
calculation of the structural fonnula of biotite in its 
original condition. The nature of the secondary clay 
minerals resulting from the alteration of the biotites, 
their chemical composition, and crystallographic 
structure vary with the degree of alteration of the ig
nimbrites : 

1. At the Forest Station, several stages in the evolu
tion of biotites to chlorites are characterized. A re
lation between degree of alteration and depth is 
ruled out by the presence of the same stages of 

2. 

3. 

alteration at all depths in the saprolite. 
At Bab-Bou-Idir, the chlorites are generally ho
mogeneous in composition and belong to the briins
vigite subgroup in the chamosite group of minerals. 
In the diagram by Hey (1954) (Figure 2), 13 out of 
16 chlorites fall in the briinsvigite domain, and 
three samples with a slightly lower Si02 content are 
in the ripidolite domain, yet very close to the briins
vigites. 
The lod-Bellout chlorites are scattered in Hey's di
agram. Some of them, with an average SiO/AI20 3 

molecular ratio of 3.15 and a FelFe+Mg ratio of 
0 .64, belong to briinsvigites. Others, with a higher 
Si02 content than briinsvigites and a FelFe+Mg ra
tio of 0.50, belong to pycnochlorites-diabantites. 

In the crystalline rocks from the Morvan, Seddoh 
(1973) found two types of chlorites, a primary chlorite 
fonned in the retrodiagenesis zone and observed under 
the microscope in close association with altered biotite 
crystals, and a secondary chlorite fOlmed in the sap
rolite and the soils. Although the possibility that two 
fonns of chlorites exist at Tazzeka, it was not possible 
to distinguish such fonns in this study. If two forms 
do exist, this would support a wide range of compo
sitions. 

Microsystems (Meunier, 1977) have a strong influ
ence on the transfonnation of biotites at the three sites 

Table lOa. Chemical composition of Fe-rich chlorite-briinsvigites (group I). Reddish ignimbrite under sandstone (JB 1). 

Samp]e with 
highest lowest StructuraJ formula based 

Elements x' u ' C.V' FeO content on 28 oxygen atoms Charge 

Si02 24.29 1.52 6.2 23.02 23.64 Si 5.986 } 8.000 
Alz0 3 13.20 1.55 11.7 11.17 14.26 AI 2.014 -2.014 
Ti02 0.09 0.24 
FeO 31.03 4.1 13.2 36.59 27.63 AI 1.813 
MnO 0.07 0.14 Ti 0.016 
CrZ0 3 0.01 0.04 Cr tr 
CaO 0.74 0.09 1.08 Fe 6.374 
MgO 9.84 0.58 5.9 9.04 10.22 Mn 0.015 12.116 
KzO 0.13 0.30 0.08 Mg 3.638 
NazO 0.05 0.07 0.02 Ca 0.195 

Na 0.024 
Total 79.45 81.12 77.11 K 0.041 + 1.996 

SiO/AIP3 3.15 0.40 12.7 3.50 2.82 Fe/Fe+ Mg 0.64 

N = 4 samples. All Fe is expressed as FeO. 
I x = average. 2 (J" = standard deviation. 3 c.v. = coefficient of variation. 
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Table lOb. Chemical composition of pychnochlorite-diabantites (group II) . (with less Fe than in group I) . Reddish ignimbrite 
under sandstone (JB 1). 

Sample with 
highest lowest Structural formula based 

Elements x' 17' C.V' FeD content on 28 oxygen atoms Charge 

Si02 29.02 1.05 3.6 27.60 30.00 Si 6.277 } 8.000 - 1.723 
AI,O) 18.41 0.88 4.8 19.34 17.40 AI 1.723 
Ti02 0.01 
FeO 22.94 0.98 4.3 24.33 21.52 Al 2.962 
MnO 0.18 0.20 0.05 Ti 0.001 
Cr2O) tr 0.03 Cr tr 
CaO 0.58 0.44 0.85 Fe 4.134 
MgO 12.62 0.86 6.8 12.30 13.58 Mn 0.032 11.401 + 1.722 
K20 0.11 0.03 0.12 Mg 4.094 
Nap 0.03 0.02 0.03 Ca 0.135 

Na 0.013 
Total 83.90 84.29 83.63 K 0.030 

SiO/AI2O) 2.68 0.21 7.8 2.43 2.93 Fe/Fe + Mg 0.50 

N = 6 samples. All Fe is expressed as FeO. 
I x = average. 2 a = standard deviation. ) c.Y. = coefficient of variation. 

investigated, namely the Forest Station, Bab-Bou-Idir 
and Jorf-Bellout. Although crystals appear homoge
neous, differences in the chemical composition of sec
ondary minerals are commonly found at the millimeter 
and even at the <0.1 mm scale: e.g., in the BB 2 sap
rolite from Bab-Bou-Idir (7-8 m under the surface), 
several chlorites, and more or less altered products are 
observed within one <2 JJ.m crystaL Differences in per
meability and leaching conditions associated with the 
microfracture network determine different environ
ments in the crystals. Even in crystals of small size, 
< 0 .1 mm, solutions circulate along preferential path
ways and the duration of contact varies accordingly, 
thus resulting in a different evolution for each portion 
of the crystal (Glasmann and Simonson, 1985). 

Illitization proceeds from the stage where ignim
brites develop an alteration cortex but before they 
transform to a saprolite (sample BB 2), to the stage 
where they are completely altered and exhibit a red
dish colour (samples BB 1 and JF 1). 

In contrast with observations made in the Beni-Tou
fout Massif, in northeastern Algeria (Penven et ai., 
1981), and in Beaver County, Utah (Stringham, 1964), 
no transformation of biotites into kaolinite was detected 
at the sites under study. The absence of kaolinite is due 
to the relatively high base content of the parent rock 
(Table 1), and to the topogaphy: the mean slope from 
Thel Tazzeka (at 1980 m) to the surrounding plains (at 
500 m) and the city of Taza, 20 km away from the 
mountain, is 7.5%. However, close to the mountain, the 

Table 11. Chemical composition of dioctahedral illites. Reddish ignimbrite under sandstone (JB 1). 

Sample with 
highest lowest Structural formula based 

Elements x' 172 C.Y' total Fe content on 22 oxygen atoms Charge 

Si02 48.52 1.83 3.8 45.70 51.00 Si 6.681 } 8.000 -1.319 
AI2O, 26.03 1.76 6.8 24.84 28.37 AI 1.319 
Ti02 0.08 0.15 0.02 
CC20 ) 0.01 0.04 AI 2.897 -1.700 
F~O) 6.22 2.27 34.8 10.50 4.50 Ti 0.008 
FeO 1.02 1.26 0.58 Cr tr 
MnO 0.04 0.09 Fe(III) 0.642 4.036 - 0.381 
CaO 0.15 0.28 Fe(Il ) 0.117 
MgO 1.78 0.17 9.6 1.88 1.62 Mn 0.008 
KP 9.31 0.60 6.4 9.34 9.02 Mg 0.367 
Nap 0.06 0.11 0.06 

Ca 0.020 } Total 93.22 94.10 95.26 Na 0.016 1.671 + 1.691 
K 1.635 

SiO/ AI20 3 3.18 0.11 3.5 3.13 3.06 

N = 7 samples. The difference of 0.61 in the SiO:/AI20 , ratio, with respect to the dioctahedral illites (BB 1) from Bab
Bou-Idir (Table 9) is highly significant (at P = 0.001). 

1 x = average. 2 a = standard deviation. ) C .Y. = coefficient of variation. 
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Figure 4. Composition of Jorf-Bellout illites: R2 = FeO + 
MgO; R3 = A120 3 ; (1) dioctahedral illite; (2) Fe-rich illite. 

slopes are steeper, and thus conducive to erosion that 
rejuvenates the material exposed to alteration. Both fac
tors are limiting geochemical evolution. 

Processes influencing biotite evolution at Tazzeka 

Major evolution processes at the sites under study 
(Table 13) can be inferred from field observations. Hy
drothermal and fumarolic activity are favored by the 
complex fracture network: hydrothermal activity is in
dicated by the impregnation of the rock by barite and! 
or hematite to great depths; barite, associated with fu
maroles (Eitel, 1966), is found at the Forest Station. 
Some rocks, however, are only slightly or are not af
fected by this process, especially at a distance from 
the fractures along which the hot fluids circulated. 
Chemical composition of fumaroles was investigated 
by many authors. In the Nea Kameni/Santorin area, 
Butuzova (1966), Georgalas (1940), Georgalas and Pa
pastamatiou (1951, 1953), and Schorin (1980) found 
a high concentration of CO2 and S02 in the hot vapors, 
and proposed that H2S04 was the major factor altering 
the rocks by modifying their chemical composition, in 
particular the A120 3, Fe20 3, Ti02 and K20 contents. In 
Alaska, Kodosky and Keith (1995) found halide spe-

Table 12. Chemical composition of a Fe-rich, AI-poor illite. 
Reddish ignimbrite under sandstone (IB 1) . 

EJements % 
Structural formula 

based on 22 oxygen atoms Charge 

Si02 

A120 J 

Ti02 

FeZOJ 

FeO 
MnO 
CaO 
MgO 
K,o 
Na20 

Total 

42.41 Si 
10.23 Al 
0.30 

20.83 Al 
3.39 Ti 

Fe(III) 
0.17 Fe(I!) 
0.95 Mn 
3.44 Mg 
0.03 

Ca 
81.75 K 

Na 

6.992 } 8000 -1.008 
1.008 . 

0.976 
0.037 
2.576 
0.466 4.290 +0.169 

0.235 

0.029 } 
0.724 0.762 +0.791 
0.009 

86% of total Fe is expressed as Fe(II). 

+0.960 

cies, e.g., chlorides and fluorides, in the vapor phase. 
These authors reported that high-temperature gases ex
tensively altered the glass and mineral phases adjacent 
to the fumarolic conduit. When fumaroles cooled, 
aqueous chloride complexes became an important 
mechanism for element transport. Although it is dif
ficult to ascertain whether hydrothermal activity was 
more important than fumarolic activity in the Tazzeka 
Mountain, hot fluids associated with hydrothermal ac
tivity are likely more efficient for the removal of cat
ions, thus with a more global effect than fumarolic 
activity. Retrograde metamorphism likely occurred in 
the alteration of biotites, but was often masked by hy
drothermal activity. Finally, weathering had its own 
effect down to a few meters below the soil surface, 
and controlled the general evolution, leading to the 
disintegration of ignimbrites and the formation of the 
spheroidal masses. 

Calcite may have resulted from in situ alteration of 
the plagioc1ases in the ignimbrites, or from a reprecip
itation from carbonate-rich solutions percolating from 
above, especially from the altered Triassic basalts or 
the Liassic dolomitic limestones. 

Age of alteration of the ignimbrites 

It is difficult to precisely define the age of this al
teration. However, we believe that it is older than the 

Table 13. Processes for the alteration of biotites at Tazzeka. 

Site 

Forest Station 

Bab-Bou-Idir 

Jorf-Bellout 

1 + clear. 2 + + very clear. 

Reference sample 

FS 1, 2, 3 

BB 3 
BB 2 
BB 1 

FB 1 

Sample type 

saprolite 
(35-135cm) 

parent rock 
saprolite (7-8m) 
saprolite (3-4m) 

saprolite (0-50cm) 

Hydrothermalism 
and/or 

fumarolic activity 

++2 

+1 
++ 
+ 
+ 

Weathering 

+ 
+ 
+ 
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Keuperian Sandstones, since the ignimbrite saprolite is 
covered by these sandstones at Jorf-Bellout. The al
teration through the sandstones continued probably for 
some time later on. The genesis of the saprolite was 
terminated by weathering under quaternary climatic 
conditions. 
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