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Abstract 19 

Talc-phengite intergrowths were identified in epizone rocks from the Beni Mezala unit (Internal 20 

Zone of the Rif). These rocks show the non-common assemblage quartz-K-feldspar-albite-21 

phengite-talc-vermiculite-chlorite/vermiculite mixed-layers. Although X-ray diffraction patterns 22 

indicate the presence of talc, talc could not be observed petrographically. In contrast, 23 

transmission electron microscopy indicates that white mica consists of nanometer-sized 24 

intergrowths of phengite and talc. At the scanning electron microscope scale, these micas show 25 

anomalously high contents of Fe+Mg composition (with an average value of 0.51 atoms per 26 

formula unit, apfu). The subtraction of the talc component from the mica formula allowed to 27 

obtain a mica with a limited phengitic substitution K0.91Na0.03(Al1.74 28 

Fe
2+

0.23Mg0.03Ti0.03)Σ=2.03(Si3.18Al0.82) which permits an estimation of minimum pressure (P) <4 kbar. 29 

This is coherent with the medium-P facies series determinate by the b-cell parameter of white 30 

micas (9.036 Å). The detailed study at nanometer scale shows a domain structure of talc within 31 

the white mica packets probably originated by exsolution from a metastable precursor mica with 32 

high Fe+Mg contents. This has been interpreted as a relic of a HP assemblage in a low-grade 33 

metamorphic context. The study at nanometer scale should be considered as they may have 34 

petrological implications. 35 

 36 
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Key-words: Exsolution, phengite, talc, vermiculite, transmission-analytical electron microscopy. 38 

 

 

 

 

 

 

 

 



 3 

 

 

 

 

Introduction 39 

Many reactions can produce talc, a metamorphic sheet silicate, but most studies (either 40 

experimental or calculated) are limited to temperature (T) > 400 ˚C and P > 5 kbar. Specifically, 41 

the talc-phengite assemblage as an indicator of high-pressure (HP) metamorphism was first 42 

described and suggested by Abraham and Schreyer (1976) in piemontite-quartz schists from 43 

Serbia. Experimental and theoretical studies (Schreyer, 1985; Massonne and Schreyer, 1989; 44 

Wei and Powell, 2003, 2004) showed that the talc-phengite assemblage is stable under HP 45 

conditions (> 10 kbar), being very common in magnesian pelites from the Western Alps 46 

(“whiteschists”; Chopin, 1981), and in schists from the Sanbagawa belt, in southwest Japan 47 

(Izadyar et al., 2000; Ubukawa et al., 2007). 48 

The most commonly described reactions leading to talc genesis at HP conditions are: 49 

1. chlorite + phlogopite + quartz = talc + muscovite + H2O     50 

2. chlorite + quartz = talc + garnet + H2O       51 

3. chlorite + quartz = talc + chloritoid + H2O       52 

4. glaucophane + quartz = talc + albite + H2O       53 

But only Massonne and Schreyer (1989) proposed HP stability field for the theoretical 54 

talc-phengite assemblage.  55 

Finding of the talc-phengite assemblage in pelitic rocks from Internal Zone units of the 56 

Rif (N Morocco) led to Bouybaouène (1993) and Bouybaouène et al. (1995), to deduce 57 

metamorphic conditions up to 550ºC/20 kbar. Nevertheless, the presence of the pumpellyite-58 

actinolite assemblage and the composition of the several phases in veins from the Beni Mezala 59 

Unit indicated local metamorphic conditions as low as 280ºC/2 kbar (Ruiz Cruz et al., 2010), 60 

and suggested that other reactions should produce talc at lower grade conditions. 61 

Most previously described talc+phengite-bearing rocks are schists with coarse-grained 62 

size (e.g. Ubukawa et al., 2007; Izadyar et al., 2014). Nevertheless, the talc-bearing rock from 63 
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the Rif are fine-grained (as shown below) and the study by classical petrographic methods 64 

(optical microscopy and electron microprobe, EMPA) was not possible or very limited. The 65 

results presented in this work are mainly based on a scanning and transmission electron 66 

microscopic study. The structural details of the talc-white mica intergrowths are considered 67 

under the perspective of a possible exsolution as it was already predicted by Veblen (1983) 68 

despite the more limited degree of solid solution of muscovite toward talc than that of wonesite. 69 

Numerous examples of exsolution in micas, at variable geological conditions, have been 70 

reported from the initial paper by Veblen (1983) showing as a consequence of the process a 71 

variety of intergrowths (e.g. Livi et al., 1997; Ferraris et al., 2000, 2001). Here, eventually, a 72 

plausible talc-forming mechanism is proposed, on the basis of the mineral assemblages and the 73 

textural relationships observed at the nanometer scale.  74 

 75 

Geological setting 76 

The Internal Zone of the Betic-Rif cordillera, the westernmost European Alpine chain 77 

(Fig. 1A), is formed of three tectonically superimposed complexes (Egeler and Simons, 1969), 78 

which are, from bottom upwards, the Nevado-Filábride, the Alpujárride (Betic)/Sebtide (Rif) and 79 

the Maláguide (Betic)/Ghomaride (Rif). The geotectonic relationships among the several 80 

complexes are essentially constant in the Betic-Rif cordillera: The Maláguide/Ghomaride 81 

complex tectonically overlies the Alpujárride/Sebtide complex, and this, the Nevado-Filábride 82 

complex, only present in the Betic Cordillera.  83 

In addition, transitional units with tectonic positions intermediate between the 84 

Alpujárride/Sebtide and the Maláguide/Ghomaride complexes, and consisting of a set of thinned 85 

thrust slices, have been described in some areas of the cordillera (Didon et al., 1973; Sanz de 86 

Galdeano et al., 2001; Rodríguez-Ruiz et al., 2019). The sample used for this study was 87 

collected in the deepest unit of the Intermediate units: The Beni Mezala unit (Fig. 1). In the 88 

intermediate units (Federico units), the uppermost thrust slices show lithologic characteristics 89 

and metamorphic patterns similar to the Ghomaride complex, whereas increase in depth is 90 

characterized by the presence of intermediate lithologies and metamorphic patterns, and later 91 
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by lithologies and mineral assemblages typical of the Sebtide complex (Rodríguez-Ruiz et al., 92 

2019).  93 

After a detailed mineralogical study of these units (Rodríguez-Ruiz et al., 2019), the 94 

talc-phengite assemblage was only detected in the Beni Mezala unit. Three talc-free samples 95 

from the Beni Mezala unit (Table 1), also marked in Figure 1, have been used in this work for 96 

comparison. 97 

The Triassic materials of the Beni Mezala unit (Fig. 1C) show a transition from dark 98 

schists, at the bottom, to blue phyllites with eruptive rocks according to Bouybaouène (1993), 99 

light calc-schists and carbonates, at the top. Talc-bearing rocks appear as several meters’ thick 100 

light levels inter-bedded with typical blue phyllites, below the carbonate sequence. In contrast to 101 

phyllites, talc-bearing rocks are crumbly, although they show a schistose texture. 102 

 103 

Sampling and Methodology 104 

The intermediate units were sampled in the Beni Mezala antiform (Fig. 1B). A total of 40 105 

samples were collected and a detailed mineralogical study have recently been published 106 

(Rodríguez Ruiz et al., 2019). For this work, four samples of the Beni Mezala unit were selected 107 

(Table 1), three of them were talc-free bearing rocks and only one of them was a talc-bearing 108 

rock. Although several samples have been selected, only the petrology of the talc-bearing rock 109 

is described in detail here. The talc-free samples (Fig. 1B; Table 1 and 2) have been used in 110 

this work to be able to establish a mineralogical and compositional comparison between both 111 

types of rocks (Table 1 and Table 2). 112 

Samples were studied by petrographic microscopy, X-ray diffraction (XRD), X-ray 113 

fluorescence (XRF), scanning (SEM) and transmission-analytical electron microscopy 114 

(TEM/AEM). 115 

The XRD patterns were recorded using a Philips X’Pert PRO MPD (University of 116 

Málaga), with CuKα1 radiation and Ge monochromator, operated at 45 mA and 35 kV, with 117 

0.01º2θ step size and 2 s counting time. Randomly oriented samples were used to determine 118 

the semi-quantitative principal mineral composition, using the diffraction peaks and intensity 119 

factors of Shultz (1964), and to deduce the b-cell parameter of white micas. Oriented, ethylene 120 
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glycol (EG) and heat treatment (550 ºC) of bulk, 2<φ<20 µm and <2 µm fractions were carried 121 

out to identify and establish the relative abundance of clay minerals composition, using the 122 

mineral intensity factors and reflection peaks of Islam and Lotse (1986) and Nieto (1983) and for 123 

determining the illite Kübler index (KI). This was measured as the width of the 10 Å peak at one-124 

half maximum peak height of oriented <2 µm fraction expressed in Δº2θ (Kübler, 1968), 125 

following the recommendations of Kisch (1991), and after transformation into Crystallinity Index 126 

Standardization (CIS) values (Warr and Rice, 1994) according to the equation y = 1.979x-0.073. 127 

The relative abundance of talc was determinated using the best intensity relation of the 001 128 

diffraction peaks between the muscovite and talc in oriented, EG and heat treatment of bulk, 129 

2<φ<20 µm and <2 µm fractions. 130 

XRF analyses were carried out using a Philips Magix Pro PW 1040/10 spectrometer 131 

(Centro de Instrumentación Científica, CIC, University of Granada). Glass beads with lithium 132 

tetraborate were employed to minimise the preferential orientation of phyllosilicates. The 133 

detection limit for major elements is 0.01 wt. %. Ignition loss (LOI) was determined from 0.5 g of 134 

powdered sample, first dried at 110ºC and then heated at 1000ºC for one hour. The amount of 135 

the ferric iron in the selected samples was realized by titration (volumetric determination), which 136 

is consisted on sample dissolution by a hydrofluoric-sulphuric acid mixture.  137 

Polished and carbon-coated thin sections corresponding to the talc-bearing sample 138 

were imaged using back-scattered electrons (BSE) using a ZEISS DSM 950 SEM, equipped 139 

with an X-ray energy dispersive (EDX) system (LINK QX 2000) at an accelerating voltage of 14 140 

kV and 2nA beam current (CIC, University of Granada). A counting time of 100 s were used to 141 

analyze minerals in the SEM using the following standards: albite (Na), orthoclase (K), periclase 142 

(Mg), wollastonite (Si and Ca) and synthetic oxides (Al2O3, Fe2O3 and MnTiO3). Moreover, a 143 

LEO 1430VP SEM with an EDX system, at an accelerating voltage of 20 kV and 1 nA beam 144 

current (CIC, University of Granada) was employed to obtained chemical mapping of several 145 

areas of interest.    146 

Eventually, several areas with different textural characteristics, as described below, 147 

were selected from thin sections of the talc-bearing rock, and ion thinned for TEM/AEM study. 148 

Electron microscopy was performed at the University of Granada (CIC), with a 200 kV Philips 149 
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CM-20 transmission electron microscope, fitted with a scanning transmission device and solid-150 

state detector for energy-dispersion analysis (EDX). Microanalyses were obtained in STEM 151 

mode using a raster of (0.10 × 0.02) µm in scanning mode to minimize alkali diffusion and 152 

volatilization with the long axis oriented parallel to the length of phyllosilicate packets. Counting 153 

times were 100 s except for Na and K, which were analyzed using counting times of 30 s to 154 

minimize alkali-loss problems as short counting times improve reproducibility for K and Na 155 

(Nieto et al., 1996). Quantitative determinations used the thin-film approximation of Cliff and 156 

Lorimer (1975). Albite (Na), muscovite and annite (K), albite, spessartine and muscovite (Al), 157 

forsterite and annite (Mg and Fe), spessartine (Mn) and titanite (Ca and Ti) were used as 158 

standards. Additionally, TEM images with higher resolution were obtained in a Jeol 3000 F, 159 

operated at 300 kV (Centro Nacional de Microscopía Electrónica, Complutense University of 160 

Madrid). 161 

 162 

Results 163 

Bulk-rock composition 164 

As expected, differences among talc-bearing and talc-free samples from the Rif mainly 165 

affect to the relative MgO and FeO+Fe2O3 contents, with MgO/(FeO+Fe2O3) ratio close to 1 in 166 

the talc-bearing sample but around 0.25 in the talc-free samples (Table 2). When compared with 167 

talc-bearing samples from other localities (schists from the Alps and from Sanbagawa), the most 168 

notable feature in the Rif’s samples is the higher K2O contents, but in any case the values 169 

corresponding to different elements (wt.% oxides) show that the protolith of each talc-bearing 170 

sample is clearly different (Table 2).  171 

X-ray data and petrography  172 

Talc-bearing rock from the Beni Mezala unit is formed by sub-parallel, deformed 173 

brownish and light bands on the order of the millimeter scale, with very small grain size (< 20 174 

m; Fig. 2A). According to the XRD patterns (Fig. 2B; Table 1), it consists of quartz, K-feldspar, 175 

albite, white mica, chlorite-vermiculite mixed-layers, talc, and a poorly-ordered kaolinite-group 176 

mineral. No mineral typically associated to talc at HP conditions, such as chloritoid, garnet or 177 

glaucophane was identified in the talc-bearing rock. 178 
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The mixed-layer phase shows a broad integral reflection with d001 ~28.6 Å (Fig. 2B 1-2), 179 

which are scarcely affected by the treatment with EG, whereas clearly contract after heating at 180 

550ºC (Fig. 2B 3). This behavior indicates the prevalence of a regular 1:1 chlorite/vermiculite 181 

mixed-layer (high-charge corrensite). Nevertheless, the notable decrease in intensity of the 182 

reflections of the mixed-layered phase after heating, coupled with the increase in intensity of the 183 

10 Å reflection, suggest that discrete vermiculite is also present in the sample. 184 

The KI is 0.24 Δº2θ in talc-bearing rock, and ranges from 0.23 to 0.27 Δº2θ in the other 185 

talc-free phyllites cited in this work. These values correspond to the epizone, according to the 186 

revised anchizone boundaries of the CIS scale (from 0.52 to 0.32 Δ°2θ, Warr and Ferreiro 187 

Mählmann, 2015). The b-cell value for potassic white mica in talc-bearing rock is 9.036 Å, while 188 

the b-cell value for potassic white mica in talc-free rocks included in this work ranges from 8.992 189 

Å to 9.0228 Å. 190 

SEM study 191 

Back-scattered images (Figs. 2C and D) and EDX data (Fig. 2E) revealed that most 192 

brownish areas, as observed by petrographic microscopy (Fig. 2A), consist of very small, 193 

parallel potassic white mica grains, which contain abundant rutile inclusions, and K-feldspars; 194 

whereas the light areas consist of unoriented grains of several phases, including white mica, 195 

vermiculite, kaolinite-group minerals, quartz and idiomorphic grains of albite (Fig. 2D). Other 196 

scarcer dark bands (e.g. those observed at the upper left corner and the lower right corner of 197 

Fig. 2A) consist, however, of dominant trioctahedral chlorite-vermiculite mixed-layer. Since 198 

discrete grains of talc were not identified after an exhaustive examination of the thin sections, 199 

chemical mappings of several areas were also obtained. From the main clusters of chemical 200 

compositions, “mapping of phases” were also drawn. One of these is shown in the Figure 2E 201 

where blue areas correspond to the darkest areas in the Figure 2A (black arrows), and show the 202 

highest contents of Mg, although they also contain important amounts of Al. These Mg-rich 203 

areas are formed by sub-parallel grains of chlorite-vermiculite mixed-layers, which share the 204 

deformation features with the white mica-rich areas. The green areas correspond to white mica-205 

rich brownish domains in Figure 2A, 2C and D. These areas contain, in addition, vermiculite 206 

(brown), abundant grains of rutile (white), which probably provides the brownish colour, and K-207 
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feldspar (red). Light areas in Figure 2A, 2C and D consist of unoriented intergrowths of 208 

vermiculite, minor mixed-layers, albite (pink) and quartz (grey). Again, discrete talc grains were 209 

not identified, this fact suggesting that talc is intergrown with other phases under micrometer 210 

scale.  211 

White mica formulae, calculated for 11 oxygens and assuming Fe as Fe
2+

 (Table 3), are 212 

characterized by very high Fe+Mg and low Al contents, coupled with octahedral occupancies >2 213 

atoms per formula unit (apfu). Although calculations assuming Fe as Fe
3+

 lead to the decrease 214 

of the octahedral occupancy, the obtained values remain clearly >2 apfu. The interlayer content 215 

is usually < 0.90 apfu, showing a certain illitic substitution. In low-grade metamorphic rocks, 216 

white micas with high Fe+Mg contents, an excess of octahedral occupancy and interlayer 217 

deficiency are common and several substitutions might account for the deviations from the ideal 218 

K-white mica composition (Guidotti, 1984; Leoni et al., 1998; Abad et al., 2006). The influence of 219 

these possible substitutions on the composition of the white micas has been carefully examined. 220 

When analyses are plotted on a Si vs. Fe+Mg plot (Fig. 3A), it is evident that the Tschermak or 221 

celadonite substitution (
VI

Al
IV

Al, 
VI

(Mg-Fe)-1
IV

Si-1) has scarce or null influence on the mica 222 

composition. Although some points plot near the line defining the ideal illitic substitution (
XII

K
IV

Al,
 

223 

XII
-1

IV
Si-1) in the Figure 3B, most points plot far from this ideal line and do not show a defined 224 

trend. Figure 3C also reveals lack of the trioctahedral (
VI

(Fe+Mg),
XII
-1) substitution, proposed by 225 

Baldelli et al. (1989). In contrast, a well-defined trend is observed in the Fe+Mg vs. 
VI

Al plot (Fig. 226 

3D), indicating that the main substitution is 
VI

Al2
VI

(Fe+Mg)-3, (biotitic substitution). Either this 227 

trend could, however represent true compositional variations or contamination by trioctahedral 228 

phases, this despite the analyzed grains were carefully selected. 229 

Mappings of phases (Fig. 2E) indicate the presence, in addition to white mica, of two 230 

other populations of phyllosilicates with different Fe+Mg contents. The formulae of both types of 231 

phases were calculated assuming a vermiculitic composition for the Fe+Mg poorer and K richer 232 

phase (Table 4) and a chloritic composition for the Fe+Mg richer phase (Table 5). Despite the 233 

XRD patterns indicate that this latter phase is not true chlorite but chlorite-vermiculite mixed-234 

layers, the formulae was calculated for 14 oxygens because some of the obtained analyses are 235 

close to trioctahedral chlorite corresponding to a clinochlore (Mg-rich) (Table 5, analyses 1-3). 236 
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Although the two populations cannot be directly compared, important variations in the 237 

composition of both types of phases have been observed (Fig. 4), suggesting the presence of 238 

submicroscopic intergrowths between both. The chemical trends shown in Figure 4, specially 239 

the parallel increase of Si and Al (Fig. 4A), and the negative correlation between (Fe+Mg) and 240 

Si (Fig. 4B), indicate that possible intergrowths of these phases with talc, if exist, must be very 241 

scarce.  242 

TEM-AEM study 243 

The study at nanoscale was carried out with three objectives: a) the general 244 

characterization of trioctahedral phases, b) to identify possible intergrowths of talc with the other 245 

phyllosilicates and c) to understand the anomalous composition of the white mica (Table 3). 246 

Despite trioctahedral phases are scarce in the talc-bearing rock, the identification at low 247 

magnification of chlorite-vermiculite mixed-layer has been possible due to the presence of 248 

lenticular gaps, reflecting contraction against the electron beam due to the vermiculitic 249 

component (Fig. 5A). The lattice-fringe images reveal that trioctahedral grains consist, in 250 

addition, of finer intergrowths of packets with basal spacing of ~24 Å and packets with basal 251 

spacing of ~10 Å, interpreted as corresponding to regular 1:1 chlorite-vermiculite sequences 252 

and discrete vermiculite (Fig. 5B). The AEM data of these areas show, as expected, notable 253 

variations, according to the relative content of mixed-layers and vermiculite. Although the 254 

analyses of the mixed-layer phases have been now recalculated for 25 oxygens (Table 6, 255 

analyses 1-5), the interlayer content varies from 0.17 to 0.73 apfu, indicating that the relative 256 

content of vermiculite and chlorite varies considerably even at the nanometer scale. In addition, 257 

some of the obtained analyses provide structural formulae typical of phlogopite (Table 6, 258 

analyses 6-7), some of them with Na contents almost similar to K contents. The vermiculite 259 

formulae (Table 6, analyses 8-14) also show important chemical variations, although they 260 

indicate a dioctahedral nature; the octahedral occupancy, clearly >2 apfu suggests, however, 261 

that some Mg probably occupies the interlayer positions. As at the SEM scale, the formulae of 262 

this mineral, obtained at the TEM scale, indicate lack of talc contribution. 263 

Low-magnification images of the white mica grains also reveal the presence of fine 264 

intergrowths of several phases: the most frequent intergrowths consist of white mica (2M1 265 
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polytype) and thinner vermiculite packets, which are rapidly damaged (Fig. 5C). Intergrowths of 266 

white mica, vermiculite, and mixed-layers are also frequent (Fig. 5D). Although the SAED 267 

patterns obtained from large mica grains show, in some cases (Fig. 5D, inset), reflections which 268 

could be ascribed to talc, this adscription is not sure, since mica is intergrown with other phases. 269 

As observed at higher magnification, the damaged areas show 10 Å basal spacing (Fig. 5E), 270 

and AEM data typical of a dioctahedral phase, with high Si content up to 3.31 apfu and low 271 

interlayer content in some cases (values around 0.6-0.7 apfu, Table 7). Unoriented grains (Fig. 272 

2C-D) consist, in addition to mica and vermiculite grains, of spherical morphologies 273 

characteristic of halloysite (Fig. 5F), and planar packets with 7 Å basal spacing correspond to 274 

kaolinite (Fig. 5G). White mica formulae, as deduced from the AEM data (Table 7), again show 275 

octahedral occupancies >2 apfu, but lower Si contents, and higher Na contents than those 276 

deduced from the analyses obtained at the SEM scale (Table 3). Discrepancies among both 277 

datasets are probably due to the greater homogeneity of the areas studied by TEM, and to 278 

some volatilization, as indicated by the low interlayer charge in some formulae.   279 

The lattice-fringe images of the mica packets show the characteristic mottled aspect of 280 

the potassic white mica. In a great extent, the contrast effects are due to the presence of small 281 

packets of layers with light contrast, the density of which is variable from grain to grain (Fig. 6). 282 

These lens-shaped packets show, in some areas, a rough organisation, in bands on the order of 283 

few hundred angstroms, oblique by respect of the basal plane, which remember talc exsolutions 284 

in wonesite, described by Veblen (1983). Although the Fourier transform (FT) images do not 285 

show discrete talc reflections, streaking of the basal reflections parallel to c* is evident (Fig. 6, 286 

inset A). In addition, the EDX spectra included in Figure 6 show a Si and Mg increase and an Al 287 

and K decrease in the mica packets with higher density of light areas (spectrum at the bottom), 288 

suggesting talc contribution, if comparing with the spectrum at the top from the mica packets 289 

with less light areas. The maximum angle measured between the lamellae and 001 of mica is 290 

~35º, near the 37º found by Veblen (1983). The FT images (Fig. 6, inset B) suggest that 291 

average orientations are close to [116] and [116], although there is an ambiguity in 292 

orientation mainly resulting from the irregular shape of the talc lamellae and from the difficulty 293 

for obtaining images with variable orientations.  294 
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The [100] or equivalent images obtained at higher magnification (e.g. Fig. 7A) reveal 295 

that these areas consist of dark domains where ordered 2-layers mica which coexists with areas 296 

where one of each two mica layers appears to have lost the interlayer sheet, by comparing with 297 

the images of Murakami et al. (2003). Light domains consist of layers which are, in appearance, 298 

rotated with respect to the mica layers, in such a way that c* axis of these domains is not 299 

contained in the plane of the image. The presence of the mixed-layer structure has also been 300 

revealed by the FT image (Fig. 7A, inset). In contrast, irregular and curved light domains (Fig. 8) 301 

intergrown with perfectly ordered 2-layer mica (Fig. 9A), whereas talc-mica interstratifications 302 

are lacking, according to the FT images (Fig. 8, inset). Only occasionally, the HRTEM images 303 

permitted the observation of 9.3 Å talc fringes, showing a common orientation with mica (Fig. 304 

9B). Some bending of layers is observed associated to these areas (Figs. 8, Talc zone, and 9B). 305 

The size of the several domains prevents the obtaining of accurate chemical data. 306 

Nevertheless, the AEM data obtained from larger areas, although influenced by the volatilization 307 

of K, show Mg contents up to 0.57 apfu, coupled with high octahedral occupancies (Table 7). All 308 

these data suggest that talc forms a domain structure within the white mica packets.  309 

Based on an average mica:talc ratio ~10:1, as deduced from the XRD patterns (Fig. 310 

2B), the talc component was subtracted from the average mica formula obtained at the SEM 311 

scale (K0.82Na0.03(Al1.59Mg0.31Fe
2+

0.20Ti0.03)∑2.12(Si3.26Al0.74)), assuming that talc only contains Mg, 312 

although the EDX data indicated that talc-rich areas also contain certain amount of Fe (Fig. 6, 313 

spectrum at the bottom). The recalculated mica formula is 314 

K0.91Na0.03(Al1.74Fe
2+

0.23Mg0.03Ti0.03)Σ=2.03(Si3.18Al0.82), which corresponds to a white mica with 315 

limited phengitic substitution. 316 

  317 

Discussion 318 

Talc-white mica intergrowths identification 319 

Previous studies of the rock-type studied in this work described “talc-phengite” grains, 320 

assuming that talc and phengite were intergrown at a submicroscopic scale (Bouybaouène, 321 

1993). But as described in the Results section, despite the deep textural and chemical study at 322 

the SEM scale (BSE images and chemical analyses), discrete talc grains were not found in talc-323 
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bearing samples in spite of the information given by the XRD patterns (Fig. 2B). It seems then 324 

evident that talc should be only present as nanometer-sized domains within the white mica. 325 

Ferraris et al. (2000) detected talc within apparently pure white micas as nanometer-sized 326 

domains, but talc was also presented as flakes overgrowing large phengite crystals at 327 

micrometer scale. In addition, TEM research about talc-phengite relationships (e.g. Ferraris et 328 

al., 2000; Curetti et al. 2018) that include a polytype characterization show that the phengite 329 

polytype is 3T, which is the usual polytype under high-pressure conditions. This is not the case 330 

of the studied phengites here, characterised by a 2M1 polytype (SAED Fig. 5C). Although the 331 

SAED patterns show frequently splitting of the basal reflections, only mica and mica/talc 332 

reflections were generally observed in the FT images of the talc-rich areas, probably due to the 333 

fact that the talc domains are not perfectly oriented with respect to mica. 334 

Some HRTEM images (Figs. 7 and 9) indicate that the TOT layers are continuous in 335 

mica and talc, that is, the talc-white mica intergrowth is coherent. The misfit caused by the 336 

difference in the basal spacings of talc (9.3 Å) and white mica (10 Å) has been, in appearance, 337 

resolved by several coupled mechanisms: small rotation and bending of the layers, and 338 

presence of transitional domains with an intermediate structure between talc and mica. Although 339 

the exact determination of the orientation of the talc lattice in the lamellae is difficult, if the talc 340 

lamellae are parallel to [116] and [116] of mica, these planes can be almost coincident with 341 

[113] and [113] of talc. This relative orientation would require a small rotation of the a*- and 342 

b*-axis in addition to c*.  343 

These observations suggest that talc-white mica intergrowths are the result of an 344 

exsolution from a metastable precursor of dioctahedral micas with higher Fe+Mg contents than 345 

the expected values in a “true” dioctahedral mica. From the initial paper by Veblen (1983), 346 

numerous examples of exsolution in micas, at very variable geological conditions, have been 347 

reported. The exsolution processes in micas lead, in addition, to a variety of intergrowths, 348 

including only trioctahedral phases (Veblen, 1983), di- and trioctahedral phases (Ferrow et al., 349 

1990; García-Casco et al., 1993; Ferraris et al., 2001), or dioctahedral phases (Livi et al., 1997). 350 

The degree of solid solution of muscovite toward talc is notably more limited than that of 351 

wonesite, but the possible presence of exsolutions such as that described here was already 352 
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predicted by Veblen (1983). Nevertheless, the size of the talc domains described here (< 200 Å) 353 

are notably smaller, and these present, in addition, less regularity than other exsolution textures 354 

that could be observed at the scale of the petrographic microscope (e.g.  García Casco et al, 355 

1993; Ferraris et al., 2001; among others). The orientation of the talc domains would favor the 356 

diffusion parallelly to the layers during exsolution, as also pointed out by Veblen (1983), as well 357 

as the fitting between the 001 planes of both lattices by means of very small rotation of the 358 

layers. The case studied here allows to state that it is evident that the TEM study permits the 359 

identification of exsolution textures with lower sizes (even a few tens of Å), suggesting that the 360 

generalized use of this technique possibly will show that exsolution in micas is a process more 361 

common than previously assumed. 362 

Mineral assemblages and origin of talc-bearing rocks 363 

The mineral assemblage (white mica + talc + vermiculite + chlorite/vermiculite mixed 364 

layers) has not been previously described in Triassic sequences from the Internal Zone of the 365 

Betic-Rif range and is a very rare one in pelitic rocks. Indeed, light rocks as the whitish schist 366 

MG-18 with this unusual mineral assemblage and inter-bedded with blue phyllites, which show 367 

the usual muscovite+chlorite assemblage (Table 1), are very scarce. Although the composition 368 

of the white mica, after subtracting the talc component, is in accordance with the composition of 369 

white micas from other rocks of the same unit, as the talc-free samples (e.g. blue phyllites; see 370 

Rodríguez-Ruiz et al., 2019 for more information) selected for this research the absence of 371 

chlorite and the presence instead of chlorite-vermiculite mixed-layers and vermiculite, suggest 372 

that both chemical differences (mainly MgO contents, Table 2) and mineralogical ones are 373 

probably related to differences in the nature of their protoliths. In fact, in the Triassic sequences 374 

of the Intermediate units have been described different kinds of rocks (limestone, marbles, low-375 

grade metamorphic clastic rocks, eruptive rocks, among others; e.g. Bouybaouène, 1993; 376 

Chalouan et al., 2008). Moreover, the presence of phlogopites (Table 7) and very abundant 377 

rutile grains included in the large white mica areas (Fig. 2E), which suggests that these could 378 

derive from a Ti-rich phase (phlogopite?), points to a magmatic origin for the whitish schist 379 

whereas a sedimentary origin is more plausible for the blue phyllites.  380 
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 In the studied rocks, Na is in very low amounts, and mainly concentrated in albite. Ca is 381 

also in very low amounts and concentrated in vermiculitic phases. Thus, neglecting these 382 

components, the mineral assemblages can be analysed in the Al2O3-(K,Na)AlO2-383 

(Fetotal,Mg,Mn)O plane, from the H2O, quartz, and albite apices, in order to show the main 384 

compositional relations between the several phases (Fig. 10A). Although mica analyses display 385 

a phengitic trend, they are placed far from the line defining the ideal phengitic substitution. As 386 

well, analyses of the chlorite-vermiculite mixed-layers plot near the field of typical chlorite, and 387 

vermiculite is placed at intermediate position between white mica and chloritic phases. The 388 

position of some vermiculite points also suggests that these are mixed analyses of vermiculite 389 

and chlorite/vermiculite mixed-layers. 390 

The current assemblage of the talc-bearing rocks in this research is probably the result 391 

of a complex metamorphic history as a consequence of successive stages of recrystallization. 392 

This is also the case of the talc-bearing schists from the Alps, where a sedimentary (Schreyer, 393 

1977; Chopin, 1981) and a metasomatic (Bearth, 1952; Compagnoni and Lombardo, 1974; 394 

Compagnoni and Hirajima, 1992) origin have been proposed, although the nature of the 395 

phengite polytype differs from our case.  396 

A tentative evolution of the mineral composition of our talc-bearing rocks has been 397 

graphically represented in Figure 10B. According to Chopin (1981), usual pelitic compositions 398 

may be expressed as a mixture of quartz, chlorite and illite, in the KFMASH system. In our case, 399 

since textural images (Fig. 2C-E) suggest that unoriented grains such as kaolinite-group 400 

minerals and vermiculite are retrogressive phases formed after the main deformation stage, we 401 

can start from the average mica composition shown in Table 3 (M1, in Figure 10B) and from the 402 

average chlorite/vermiculite mixed-layers composition, shown in Table 5 (ML, in Figure 10B). 403 

These two phases would define an initial assemblage (1 in Figure 10B). Mica with composition 404 

M1, and perhaps chlorite-vermiculite mixed-layers (assemblage 1), must have formed under 405 

non-equilibrium conditions. Probably, an approach to the equilibrium, leading to the exsolved 406 

mica+talc assemblage (2 in Figure 10B), occurred during the first stage, high pressure/low 407 

temperature episode (Azañón and Goffé, 1997), of the alpine metamorphic event. The 408 
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possibility that this process occurred during the HT episode associated to decompression can 409 

be discarded, given the phengitic nature of the exsolved white mica.  410 

The determined Fe+Mg contents in the micas of this work contrast with the value of b-411 

cell measured. Using several models and equations (Grim et al., 1951; Radoslovich, 1962; 412 

Radoslovich and Norrish, 1962; Cipriani et al., 1968), it can be deduced that for Fe+Mg contents 413 

on the order of 0.51 apfu (range for Fe+Mg contents: 0.31-0.70 apfu), which are values 414 

frequently found in the mica here analysed, the expected b-cell values would range from 9.056 415 

to 9.062 Å. In contrast, white mica from talc-bearing rock shows a b-cell value of 9.036 Å; so, 416 

considering these data the white mica composition clearly points to contamination by a 417 

trioctahedral phase. According to these results, it seems evident that the composition of white 418 

mica (
IV

Si and/or 
VI

(Fe+Mg) contents) from the talc-bearing rock, as deduced from EDX data 419 

obtained at the SEM scale, cannot be used for estimating the P range in which the white mica 420 

formed. Although the slope of the Si isopleths for phengite are dependent on mineral 421 

assemblages, in the range of T estimated for this unit (280-400ºC) from previous works at 422 

pumpellyite-bearing assemblages (Ruiz Cruz et al., 2010), the Si content rises linearly, 423 

according to Massonne and Schreyer (1987), and average mica composition (Table 3) would 424 

indicate minimum P between 4.5 and 6 kbar. Nevertheless, the estimated minimum P becomes 425 

<4 kbar when the talc component is subtracted from the white mica formula which is coherent 426 

with the medium-P facies series determinate by the b-cell parameter of white micas (9.036 Å), 427 

according to Guidotti and Sassi (1986).  428 

 429 

Conclusions 430 

Textures and structural and chemical details of the white mica-talc intergrowths found in 431 

rocks from the Northern Rif indicate that an apparent Fe+Mg-rich, probably metastable white 432 

mica is in fact a lamellar intergrowth of phengite and talc. The nanometer-sized talc domains 433 

present in phengite provide an example of a relic of a HP assemblage in a low-grade 434 

metamorphic context. This work also reveals that, although X-ray diffraction is the more reliable 435 

technique for detecting small amounts (abundance < 10%) of talc or other minoritary 436 

phyllosilicates, these types of intergrowths can only be identified by TEM/AEM.  437 
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The talc-phengite assemblage described here, although probably formed during the 438 

high-pressure/low-temperature alpine metamorphic event, points to pressures on the order of 4 439 

kbar, in accordance with conditions previously deduced from pumpellyite-bearing assemblages. 440 

Then, this research demonstrates that white mica with high Si contents does not necessarily 441 

reflects high pressures of formation, characteristic of the most of the described talc-phengite 442 

assemblages, and raises the possibility that some of such “phengites”, as determined from the 443 

more common microprobe technique, may contain small volumes of talc as identified by X-ray 444 

diffraction. 445 
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Figures 587 

Figure 1. A: location of the Betic-Rif orogen and the studied area (red asterism) in the 588 

Mediterranean Sea. B: geological map of the Rif area next to Ceuta. The samples cited in this 589 

work and plotted in this map are the talc-bearing sample MG-18 (N35º54’46.6’’W0.5º22’35’’) 590 

and the talc-free samples: MG-14 (N35º54’36.4’’W5º22’29.1’’), MG-62 591 

(N35º52’23.4’’W5º23’26.7’’), and MG-64 (N35º52’09.4’’W5º23’08.2’’). C: Stratigraphic column 592 

corresponding to the Beni Mezala unit, indicating with a red arrow the relative position of the 593 

talc-bearing sample (MG-18). 594 

Figure 2. A: microscopic image (parallel nicols), corresponding to the talc-bearing sample. The 595 

darkest areas are the mixed-layer-rich areas (black arrows). B: XRD patterns from oriented 596 

samples (1, air-dried; 2, EG and 3, 550ºC) showing the current mineral assemblage in the talc-597 

bearing sample. The basal reflections of chlorite-vermiculite mixed-layers (ML) are indexed and 598 

numbers indicate basal spacing values. Ms: white mica; Tlc: talc; Hal: halloysite; Ab: albite; K-fs: 599 

K-feldspar; Qz: quartz. C: BSE image showing a detail of the talc-bearing samples texture. D: 600 

unoriented aggregates of dominant vermiculite, and minor white mica and albite (light areas in 601 

image A). E: mapping of phases corresponding to the square in image A, based on the main 602 

compositional populations. Ms: green; ML: blue; vermiculite (Vrm): brown; Ab: pink; Kfs: red; 603 

rutile (Rt): white; Qz: grey. Mineral symbols in all figures according to Whitney and Evans 604 

(2010). 605 

Figure 3. Chemical plots showing the main trends in white mica of talc-bearing rock. 606 

Continuous lines correspond to the ideal celadonitic substitution (A), illitic substitution (B), 607 

trioctahedral substitution (C) and biotitic substitution (D). Discontinuous line: regression line. 608 

Figure 4. Plots of the chemical composition of chlorite-vermiculite mixed-layers (squares) 609 

(formulae calculated for 14 oxygens), and vermiculite (crosses) (formulae calculated for 11 610 

oxygens) of talc-bearing rock. A: Si vs. Al; B: Si vs. Fe; C: Si vs. ∑oct.; D: Si vs. ∑ Int. 611 

Figure 5. TEM images of the main phases present in talc-bearing rocks. A: white mica and 612 

vermiculitic phases showing lenticular gaps. The SAED pattern (inset) shows ~10 Å periodicity. 613 

B: lattice-fringe image showing fine intergrowths of damaged vermiculite and chlorite-vermiculite 614 

mixed-layers; reflections of both phases in SAED pattern (inset). C: intergrowths of white mica 615 
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and vermiculitic packets. The SAED pattern viewed along 100 (inset) corresponds to a two-616 

layers mica polytype. D: intergrowth of white mica, vermiculite and chlorite-vermiculite mixed-617 

layer packets; splitting of the basal reflections in the SAED pattern (inset). E: lattice-fringe 618 

images of damaged vermiculite packets intergrown with white mica. F: secondary phases 619 

mainly consist of packets and spheres of halloysite (Hal; and kaolinite?) and Fe-oxide. G: 620 

Lattice-fringe image of kaolinite or halloysite packets (7 Å) intergrown with white mica (10 Å). 621 

Numbers correspond to analyses reported in Tables 6 and 7. 622 

Figure 6. Lattice-fringe images of two mica grains showing variable density of light areas. The 623 

EDX spectra obtained at both sides of the grain boundary (inset) show very slight variations in 624 

composition, mainly affecting to Si, Al, Mg and K. The white lines indicate the approximate 625 

orientation of the light areas. The FT image (inset A) shows streaking of the basal reflections 626 

parallel to c*, suggesting contribution of talc and mica. The possible orientations of the lamellae 627 

are marked in inset B. 628 

Figure 7. A: [110] HRTEM image showing a set of white mica and discontinuous talc lamellae. 629 

The apparent orientation of the lamellae (116) has been labelled in the FT image (inset). This 630 

image shows moreover, 00l reflections with ~20 Å spacing, interpreted as corresponding to 631 

regular alternation of white mica and talc layers superimposed to the mica reflections. B: 632 

schematic interpretation of the right side of the HRTEM image. 633 

Figure 8. [110] HRTEM image obtained from an area with high density of light fringes, 634 

revealing that consist of domains of perfectly ordered mica with a two-layers structure including 635 

irregular domains with a bad-defined structure. These latter are generally limited by slightly 636 

curved fringes (arrows). The FT image corresponds only to ordered two-layers mica structure. 637 

Figure 9. Details of some areas from Figure 8. A: perfectly ordered two-layers sequence in 638 

white mica domains. B: domains where apparent loss of the interlayer cations leads to fringes 639 

with ~9.3 Å associated to a domain with, in appearance, disordered structure (Tlc zone in Figure 640 

8). 641 

Figure 10. A: mineral assemblages of talc-bearing rocks on the Pyrophyllite – K-feldspar – Talc 642 

diagram (plus quartz, albite and H2O). B: tentative evolution of the mineral assemblages based 643 

on mean compositions of the several phases. WR: Whole rock XRF composition.  644 
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 Talc-phengite intergrowth from a metastable precursor mica with high Fe+Mg contents 

 Importance of the HR-TEM for identification of talc-phengite and other intergrowth 

 Qz-Kfs-Ab-Ph-Tlc-Vrm-C/V ML assemblage as non-common talc-phengite-bearing rock 

Highlights (for review)



Table 1. Location, lithology and semi-quantitative mineralogical composition of whole rock and clay fraction (<2 m) of Beni Mezala samples. Mineral 

abbreviations, Qz: quartz; Kfs: K feldspar group mineral; Pl: plagioclase group mineral; Phy: phyllosilicates; Ms: muscovite/phengite; Pg: paragonite; Prl: 

pyrophyllite; Tlc: talc; Chl: chlorite; Vrm: vermiculite; C/V: mixed-layers chlorite/vermiculite; Kln: kaolinite group mineral.  

Sample Location Lithology 
 Whole rock  < 2m size-fraction 

 Qz Kfs Pl Others Phy  Ms Pg Prl Tlc Chl Vrm C/V Kln 

MG-18 (Talc-bearing) N35˚ 54’ 46.6’’ W05˚ 22’ 35.0’’ Whitish schist  xxx x x  xx  xxx   x  x x x 

MG-14 (Talc-free) N35˚ 54’ 36.4’’ W05˚ 22’ 29.1’’ Dark-blue phyllite  xxx  x x xx  xx xx Tr  xxx    

MG-64 (Talc-free) N35˚ 52’ 09.4’’ W05˚ 23’ 08.2’’ Black schist  xxx x  x xx  xxx    x  ?  

MG-62 (Talc-free) N35˚ 52’ 23.4’’ W05˚ 23’ 26.7’’ Smoke blue phyllite  xxx x  x xx  xxx    xx  ?  

xxx: dominant; xx: significant; x: subordinate; Tr: Trace; ?: questionable. 
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Table 3. Representative and average structural formulae for white mica obtained by SEM/EDX and normalized to O10(OH)2. 

 

 1 2 3 4 5 6 7 8 9 Av. (22) 

Si 3.20 3.24 3.25 3.26 3.27 3.28 3.29 3.30 3.32 3.26 0.03 
IV

Al 0.80 0.76 0.75 0.74 0.73 0.72 0.71 0.70 0.68 0.74 0.03 
VI

Al 1.48 1.72 1.56 1.66 1.55 1.55 1.59 1.58 1.60 1.59 0.07 

Ti 0.05 0.01 0.02 0.01 0.06 0.02 0.02 0.02 0.01 0.03 0.02 

Fe
2+ 

0.29 0.11 0.27 0.17 0.22 0.20 0.21 0.18 0.15 0.20 0.06 

Mg 0.36 0.20 0.30 0.26 0.33 0.35 0.30 0.32 0.33 0.31 0.04 

oct. 2.18 2.05 2.15 2.10 2.16 2.12 2.12 2.11 2.10 2.12 0.03 

Ca 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

Na 0.06 0.08 0.04 0.01 0.00 0.03 0.01 0.02 0.01 0.03 0.02 

K 0.78 0.84 0.79 0.84 0.74 0.86 0.82 0.84 0.84 0.82 0.03 

 int. 0.85 0.92 0.83 0.85 0.74 0.89 0.83 0.86 0.86 0.85 0.04 
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Table 4. Selected and average structural formulae for vermiculite obtained by SEM/EDX and 

normalized to O10(OH)2. 

 

 1 2 3 4 5 6 7 8 9 10 Av.(25) 

Si 2.76 2.84 2.94 2.94 2.97 2.99 3.05 3.08 3.19 3.20 3.06 0.11 
IV

Al 1.24 1.16 1.06 1.06 1.03 1.01 0.95 0.92 0.81 0.80 0.94 0.11 
VI

Al 0.69 0.72 0.91 1.06 1.01 1.07 0.99 1.09 1.52 1.17 1.15 0.21 

Ti 0.00 0.01 0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.00 0.01 0.01 

Fe
2+

 0.57 0.43 1.07 0.49 0.36 0.42 0.36 0.46 0.26 0.26 0.40 0.16 

Mg 1.92 1.86 0.92 1.34 1.33 1.24 1.34 1.11 0.61 1.18 1.05 0.35 

oct. 3.18 3.01 2.91 2.90 2.71 2.74 2.70 2.66 2.41 2.60 2.62 0.21 

Ca 0.00 0.03 0.04 0.03 0.01 0.00 0.01 0.03 0.02 0.00 0.01 0.01 

Na 0.00 0.02 0.05 0.01 0.05 0.00 0.01 0.05 0.04 0.00 0.02 0.02 

K 0.19 0.33 0.18 0.12 0.47 0.46 0.49 0.37 0.36 0.43 0.47 0.18 

int. 0.19 0.37 0.26 0.15 0.53 0.46 0.52 0.45 0.42 0.43 0.51 0.17 
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Table 5. Selected and average structural formulae for chlorite/vermiculite mixed-layers obtained by SEM/EDX and normalized to O10(OH)4. 

 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Av. (33) 

Si 3.00 3.07 3.21 3.21 3.24 3.24 3.30 3.35 3.35 3.38 3.45 3.52 3.63 3.69 3.70 3.43 0.23 
IV

Al 1.00 0.93 0.79 0.79 0.76 0.76 0.70 0.65 0.65 0.62 0.55 0.48 0.37 0.31 0.30 0.57 0.23 
VI

Al 1.34 1.48 1.50 1.60 1.57 1.57 1.62 1.72 1.66 1.66 1.78 1.79 2.13 2.25 2.24 1.83 0.28 

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.03 0.00 0.01 0.01 

Fe
2+

 0.72 0.71 0.79 0.72 0.71 0.67 0.72 0.76 0.68 0.74 0.70 0.78 0.63 0.75 0.62 0.70 0.09 

Mg 3.70 3.38 3.35 3.23 3.25 3.28 3.12 2.87 3.10 2.96 2.84 2.66 2.26 1.87 2.09 2.73 0.54 

oct. 5.76 5.57 5.64 5.55 5.53 5.52 5.47 5.35 5.45 5.37 5.32 5.24 5.03 4.90 4.95 5.26 0.27 

Ca 0.00 0.12 0.00 0.02 0.03 0.03 0.03 0.03 0.02 0.04 0.04 0.04 0.04 0.07 0.04 0.03 0.02 

Na 0.14 0.05 0.00 0.01 0.06 0.07 0.03 0.04 0.00 0.05 0.03 0.00 0.04 0.02 0.01 0.05 0.04 

K 0.00 0.02 0.00 0.02 0.01 0.02 0.04 0.11 0.04 0.06 0.02 0.10 0.03 0.05 0.05 0.09 0.08 

int. 0.14 0.18 0.00 0.05 0.10 0.11 0.09 0.19 0.06 0.15 0.09 0.15 0.12 0.14 0.11 0.17 0.09 
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Table 6. Structural formulae from selected AEM data for chorite/vermiculite (ML), phlogopite 

(Phl) and vermiculite (Vrm). Structural formulae for mixed-layer was normalized to 25 oxygens. 

Structural formulae for phlogopite and vermiculite was determinated to 11 oxygens.  

 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

 ML ML ML ML ML Phl Phl Vrm Vrm Vrm Vrm Vrm Vrm Vrm 

Si 6.46 6.59 6.90 6.66 6.87 2.62 2.83 3.24 3.34 3.39 3.65 3.40 3.52 3.92 

IV
Al 1.54 1.41 1.10 1.34 1.13 1.38 1.17 0.76 0.66 0.61 0.35 0.60 0.48 0.08 

VI
Al 2.59 2.49 3.81 2.47 4.64 0.65 0.49 1.88 1.77 1.91 1.69 1.72 1.70 1.69 

Ti 0.00 0.00 0.04 0.00 0.00 0.06 0.06 0.04 0.02 0.00 0.03 0.04 0.00 0.02 

Fe 1.46 1.45 0.93 1.53 0.57 0.48 0.45 0.12 0.10 0.12 0.10 0.09 0.21 0.10 

Mg 4.09 4.19 2.64 4.35 1.67 1.75 1.81 0.21 0.42 0.24 0.33 0.39 0.42 0.26 

oct. 8.14 8.12 7.42 8.35 6.88 2.94 2.79 2.25 2.32 2.28 2.16 2.23 2.33 2.07 

Ca 0.08 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na 0.29 0.30 0.30 0.08 0.45 0.04 0.47 0.00 0.05 0.05 0.05 0.00 0.07 0.07 

K 0.21 0.21 0.08 0.09 0.28 0.69 0.52 0.30 0.16 0.09 0.22 0.35 0.05 0.14 

int. 0.59 0.59 0.38 0.17 0.73 0.73 0.99 0.30 0.21 0.14 0.27 0.35 0.13 0.21 
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Table 7. Structural formulae for K-rich dioctahedral micas normalized to O10(OH)2 on the basis of AEM data. 

 

 1 2 3 4 5 6 7 8 9 10 11 Av. (11) 

Si 3.02 3.13 3.16 3.23 3.20 3.19 3.23 3.18 3.23 3.31 3.03 3.17 0.09 
IV

Al 0.98 0.87 0.84 0.77 0.80 0.81 0.77 0.82 0.77 0.69 0.97 0.83 0.09 
VI

Al 1.71 1.58 1.73 1.69 1.74 1.58 1.59 1.69 1.54 1.62 1.66 1.65 0.07 

Ti 0.02 0.02 0.02 0.04 0.05 0.00 0.04 0.00 0.00 0.00 0.00 0.02 0.02 

Fe 0.11 0.12 0.11 0.12 0.11 0.12 0.11 0.09 0.09 0.09 0.25 0.12 0.04 

Mg 0.29 0.48 0.33 0.25 0.25 0.44 0.30 0.39 0.57 0.49 0.43 0.38 0.11 

oct. 2.13 2.20 2.19 2.10 2.14 2.14 2.03 2.17 2.20 2.21 2.34 2.17 0.08 

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na 0.13 0.05 0.11 0.13 0.14 0.18 0.15 0.21 0.11 0.20 0.09 0.14 0.05 

K 0.85 0.80 0.60 0.67 0.52 0.76 0.90 0.57 0.71 0.45 0.54 0.67 0.15 

int. 0.98 0.86 0.71 0.80 0.67 0.94 1.05 0.78 0.82 0.65 0.63 0.81 0.14 
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Table 2. Major (wt.%, XRF) element composition corresponding to Beni Mezala phyllites and other relevant rocks (Sanbagawa data from Izadyar et al., 2000 

and Alps data from Chopin, 1981). 

 
Beni Mezala(18) 

Talc-bearing 

Beni Mezala(14) 

Talc-free 

Beni Mezala(64) 

Talc-free 

Beni Mezala(62) 

Talc-free 

Sanbagawa 

Talc-bearing 

Western Alps 

Talc-bearing 

SiO2 54.30 55.25 55.25 57.30 71.49 43.71 

TiO2 0.81 0.96 0.90 0.96 0.38 0.34 

Al2O3 21.89 20.97 22.93 20.97 6.42 24.17 

Fe2O3 3.79 4.52 6.20 6.87 4.97  

FeO 1.75 3.76 1.95 0.98 0.09 7.08 

MnO 0.05 0.01 0.01 0.01 1.52 0.06 

MgO 4.54 2.01 1.37 2.01 3.07 14.67 

CaO 0.07 1.02 0.14 0.02 2.50 0.21 

Na2O 0.04 1.04 0.01 0.04 1.15 0.16 

K2O 5.77 6.24 7.24 6.24 0.70 2.64 

P2O5 0.12 0.07 0.14 0.07 0.22 0.29 

LOI 6.33 3.56 3.39 3.56 5.95 6.06 

Total 99.46 99.41 99.53 99.03 98.46 99.39 

       

Al2O3 68.47 67.08 70.66 68.02 44.12 52.64 

FeO+Fe2O3 17.33 26.49 25.12 25.46 34.77 15.42 

MgO 14.20 6.43 4.22 6.52 21.10 31.94 

MgO/( FeO+Fe2O3) 0.82 0.24 0.17 0.26 0.61 2.07 
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