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The white K-micas as a phengite (Si3.2-3.5) grow an alignment parallel to S2-cleavage and high angles to 
the pre-existing structures, e.g., S1-cleavage and bedding (S0). To con�rm phengite, the electron 
microprobe analysis is carried out in three samples from di�erent localities in the Lahn-Dill areas. The 
white K-micas are common in the Rheinische Schiefergebirge, the Rhenohercynian belt, known as an 
accretionary prism. In the world example of accretionary setting phengite micas are transformed at 
the high anchizone and epizone, which is di�erent from syn-tectonic S1-cleavage and late-tectonic 
S2-cleavage of Variscan in the Rhenohercynian belt. Phengite geothermobarometry analysis shows 
the pressure in 4.5-6.5 kbars and the temperature in 300 °C. The P-T path through lower greenschist to 
blueschist is manifested in this study. The S2-cleavage formed as an S1-cleavage kinking due to shear 
in the S1-cleavage which is deduced from the S1-cleavage rotations: one anticlockwise due to the 
collision with London-Brabant Massif and one clockwise due to the dextral shear movement of the 
Rhenohercynian belt during the late Variscan orogeny.
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�e white K-mica was coincidentally identi�ed in lime-nodule 
slates (German: “Kalkknotenschiefer”) during the assessment of 
thin sections by optical petrography. �e reddish slates (Upper 
Devonian) contain lime nodules (German: “knoten”) that are 
well exposed at Weilburg in the Lahn area and di�erent localities 
in the Dill area (Figure 1). �e white mica in the microscopic study 
was observed as muscovite; however, muscovite is incompatible 
with low-grade metamorphic rock. Its chemical composition was 
con�rmed in situ by electron-probe micro-analysis (EPMA) on 
three of the red lime-nodule slate from Weilburg1, Weilburg2, and 
Dillenburg, which revealed its identity as phengite mica. So far, no 
phengite mica has been observed in these areas, however, the 
phengite was already mentioned as a high-pressure mineral in the 
Northern Phyllite zone, and Southern Taunus Zone, from the 
south to north in the Rhenohercynian belt [1-4].

 White phengite mica has been used as a new barometer, for 
the Northern Phyllite Zone in the southern part of the 
Rheinische Schiefergebirge (RS), implying high-grade 
metamorphic rocks under temperature conditions of 400-450°C 
and pressure range 10-12 kbar [1,2]. In the RS, the white mica is 
used for K-Ar and Rb-Sr age determinations by, 
40Ar/39Ar-dating by, and the metamorphism is generally very 
low-grade or anchizonal [2,5-8]. 

 In order to study the microstructural analysis of 
lime-nodule slates, the thin sections were carried out by 
microscopic analysis. �e white mica was unfortunately observed 
and has to be identi�ed by EPMA. Although the white micas 
collected from the Lahn-Dill areas are shown as phengite mica, 
other localities in the RS where the white micas are used in age 

dating, are not sure whether they are phengite or not, as they 
have not been analyzed yet in the electron microprobe study. 

Introduction

Weilburg2 = 50°28´24.52´´N, 8°15´54.67´´E; Dillenburg = 
50°44´19.79´´N, 8°17´11.04´´E), (Figures 1 and 2) by the 
author during �eldwork. Billets for thin sectioning were cut 
from the bulk samples using a water-cooled diamond blade at 
three di�erent orientations to the schistosity, mounted with 
epoxy to a carrier glass. Standard-sized thin sections 26×46 mm 
at 30 µm nominal thickness for optical petrography were 
prepared using silicon carbide paper up to 1 200 mesh �neness 
(<10 µm), and �nished with a 0.17 mm cover glass. One thin 
section was le� uncovered and instead, its surface was polished 
using diamond paste 6310.25 µm on cloth, to achieve a mirror 
�nish.

corrected using the PAP algorithm of, and converted to weight 
percentages (wt%) of element oxides assuming stoichiometry 
[9]. FeOT represents total iron (oxide) content, whereas 
hydrous species contents (H2O+,H2O) were reverse calculated. 
Net lower limits of detection (LLD) are on the order of 0.0x wt% 
as speci�ed per element (oxide) in Tables 1 to 4.

 Weight percentages of oxides were recast into numbers of 
cations in atoms per formula unit (apfu) following instructions 
in the Appendices to, and mica compositions were classi�ed 
according to the IMA-approved scheme of [10,11]. Selected 
results are collated in Tables 2, 3, and 4.

X-ray powder diffraction (XRPD) analysis 
To assist in the identi�cation of the �ne-grained matrix material 
and the nature of the white micas observed in thin sections, 
pre-crushed bulk sample materials were pulverized under 
acetone in an agate mortar and pestle, to pass a 200-mesh sieve 
(<75 μm). Dried and homogenized powders were loaded in a 
dimpled aluminum sample holder and �nished with a 
microscope carrier glass to obtain a �at surface.

 Powder di�ractograms were recorded in a Bruker D8 
Advance X-ray di�ractometer (XRD) instrument with 
Bragg-Brentano geometry from 02 23 °2θ in 0.05 °2θ steps, with 30 
s per step, overall scan time 3h30m per sample. �e Cu-tube was 
operated at 40 kV and 40 mA and produced bulk 
(non-monochromatic) CuKα radiation of λ=1.54184 Å. CuKβ was 
removed from the di�racted beam with Ni-foil. Peaks were indexed 
with DIFFRAC.EVA V4.2 proprietary Bruker so�ware using the 
ICDD 4.0 database. Selected results are collated in Figure 7.

Results 
Optical thin section petrography
�e mineral assemblage of quartz, chlorite, and white mica was 
observed in the petrographic analysis of the red lime-nodule 
slate. Quartz usually is present as lenticular grains, and chlorite 
in the form of overgrowths on it. �e phengite micas show an 
alignment that is neither parallel to the S1-cleavage nor bedding 
(S0), but transverse to the S1-cleavage, whereas S1-cleavage 
consists of lenticular quartz, chlorite, and mica (muscovite). 
�e alignment of a possible S2-cleavage consists of phengite 
mica, quartz (small grains), and chlorite (Figures 2, 3).

X-ray powder diffraction (XRPD) analysis 
�e X-ray powder di�raction pattern comprises thousands of 
overlapping peaks, however, re�ning the structures of the 
constituent minerals from overlapping peaks by plots the 2θ and 
d values. �erefore, to detect the minerals, an XRD analysis is 
carried out on �ve red slate samples from the Lahn-Dill areas, 
with the 2θ and d values being measured according to the 
interpretation of Frey, Ehlers & Blatt, and Raudsedd et al 
[22-24]. In the X-ray di�raction pattern, minerals such as 
phengite, chlorite, quartz, albite, ± microcline are recognized in 
sharp peaks (Figure 7). 

Frey proposed a reaction for the clay minerals to low-grade 
metamorphic minerals: mixed layer illite/montmorillonite = 
Al-rich chlorite + phengite + quartz + H2O--------(1)[22].

 �is product assemblage replaces illite in deep diagenesis 
and anchizonal metamorphism [25,26]. However, Frey and 
Robinson suggest that the phengite-poor composition and 
development in the bedding parallel microfabrics may be partly 
a measure of reaction progress rather than of the pressure [27].  

Metamorphic P, T-Conditions 
Velde found Si contents of 3.3 apfu in the solid solution of 
celadonite + muscovite + phengite in the P-T condition of 
250–550 °C and an upper-pressure limit in the range of 8–10 
kbar [20].

 In the present study, phengite Si contents of 3.4 to 3.5 apfu 
in the celadonite+muscovite solid solution series indicate the 
pressure 5-6.5 kbars by the Si-isopleths of phengite in Massonne 
and Schreyer, and compared to Franz et al., and the temperature 
250-350 °C through the lower limit of greenschist and the upper 
limit of biotite absence, (Figure 3) [28-30]. Phengite 
thermobarometer for the P-T path of this study area can be 
estimated from sub-greenschist to blueschist in the clockwise 
pattern (Figure 8).

Mineral chemistry 
Of the twenty-seven randomly selected points from three 
localities, sixteen are phengite and eleven are muscovite or illite. 
Phengite grows at an angle to the S1-cleavage whereas muscovite 
or illite grows parallel to the S1-cleavage (Figure 4).

 �e mineral assemblage of the S2-cleavage consisting of 
phengite mica, quartz, and chlorite is transformed from the mineral 
assemblage of the S1-cleavage. Possible reactions are proposed 
based on previous work in the �eld of biotite absence, e.g., who 
introduced the involving of phengite in blueschists as an applicable 
barometer with the reaction of Velde, Bucher-Nurminen and 
Massonne and Schreyer [20,28,30-32]:
phengite = K-feldspar (microcline) + chlorite + quartz + water (2)

 Above the equilibrium condition, the phengite barometer 
is applied to the presence of K-feldspar [27]. Essene Pointed out 
that the phengite barometer provides only minimum limits of 
pressure in the absence of the K-feldspar [31]. 
 �us, a reaction in the greenschist facies within the biotite 
absence �eld can be proposed: 

phengite + chlorite = muscovite +chlorite + quartz +water 
---------------------------------  (3) 
 Velde proposed the very probable reaction in a series of 
sedimentary rocks at low temperature and high pressure, which 
can be compared with the modelling of Zhu and Wei [20,33]:

illite (muscovite) + chlorite + K-feldspar + water = chlorite + 
phengite + quartz-------  (4) 

Holland and Lambert used a reaction for the pelitic rocks in the 
low temperature (200-400 °C) metamorphic regime [34]: 

illite (muscovite) + Mg-chlorite = phengite + Al-chlorite + 
water --------------------------(5)

 �erefore, there is no evidence of phengite used as a 
geobarometer at high temperatures (T > 750°C) [35]. �e white 
mica is more similar to the ideal composition of muscovite. 
Phengite has higher SiO2 and lower Al2O3 than muscovite and 
contains signi�cant amounts of MgO, FeO and Fe2O3. Again, 
Tilley and Ernst observed that the white micas of low-grade 
muscovite-chlorite and glaucophane schists usually contain 
signi�cant amounts of MgO, FeO, and Fe2O3, and are therefore 
called phengite [36,15].

 Velde has presented some preliminary data on the 
experimental conversion of quartz-bearing sedimentary 
montmorillonite and illite assemblages into metamorphic 
mixtures of quartz, white mica, and chlorite [37]. At PH2O = 2 
kb, he places such reactions in the vicinity of 300 °C, marking 
the appearance of what might be called a greenschist 
assemblage text in [38,39]. Low temperatures and high 
pressures are found to favour the transition of phengite micas 
from muscovite toward celadonite, rather than to near-ideal 
muscovite.
 �e lower stability limit of metamorphic muscovite (white 
mica) - chlorite - quartz assemblages of the greenschist facies is 
around T = 300 °C and PH2O = 3 kb, possibly somewhat lower 
[38]. However, Massonne and Schreyer found the stability �eld 
of the phengite - K-feldspar - quartz assemblage in the excess 
H2O between < 350 °C and upper-pressure limit in the range of 
8 -12 kbars within the upper limit of biotite absence zone [28].

Metamorphism of the Rheinische Schiefergebirge
Regional metamorphism 
�e metamorphism of the Rheinische Schiefergebirge gradually 
died out towards the north with syntectonic folding and its 

associated �rst cleavage (S1) [6,40,41]. �e S2-cleavage 
(crenulation cleavage) as encountered in the RS shows the same 
deformation fabric as the post-crystalline form of the �rst 
cleavage [40-42].

 �e temperature does not exceed 350 °C, and most places 
range 200-300°C, except in the Taunus, where it reaches 
400-450°C, compared to(cf.) [6,39].

White mica
White mica is well distributed as a metamorphic mineral in the 
RS from the Northern Phyllite Zone in the south to 
Ostsauerland in the north. Its distribution is based on K-Ar and 
Rb-Sr age determinations by Ahrendt et al. and 40Ar/39Ar- 
dating by Fladt et al.  [5,2].

 In the SW Moselle region, Hoeppener stated that the white 
mica that lens shape �ne chlorite and sericite �akes are smaller 
than 10 μ in diameter, and large individual minerals such as 
chlorite, white mica, and quartz are about 20 μ in diameter [43].

 In the Hunsrückschiefer of the middle Moselle region, 
Talbot observed that an aggregate of quartz, white mica, and 
chlorite is common with white mica also occurring in grains of 
comparable size to the quartz, but more commonly from 
slightly larger aggregates (lenticular) with chlorite [44]. In this 
region, Hoeppener concluded that the lenticulars are formed 
contemporaneously with the cleavage by overgrowths of the 
chlorite and mica on sedimentary grains [43].

 In pyrophyllite-bearing slates of Ramsbeck, the 
Ostsauerland region, has found white mica aggregates with 
syntectonic metasomatism in hydrothermally in�uenced areas, 
consisting of pyrophyllite and mica which cooling of the 
white-mica–stable liquid results in pyrophyllite (± diaspore) 
becoming stable [45,46].

White K-mica in the S2-cleavage plane
In the �eld observations, the crenulation cleavage shows a 
macroscopically distinguishable cleavage lamellae and wider 
spacing of cleavage planes. �e �rst cleavage takes over the 
bedding plane, whereas the crenulation cleavage leads to the 
previous syn-crystalline cleavage (S1-cleavage). �us, crenulation 
cleavage deformation shows a post-crystalline form of the �rst 
cleavage, which is transverse to earlier structures of S1 and S0 (cf.) 
[40,42,44]. �e transverse cleavage planes on the fold limbs are 
interpreted as antithetic shear planes (cf. and S1-cleavage planes 
are related to synthetic shear planes (Figure 9)[40,42].

Figure 1. Location map of study points in Lahn-Dill areas

 Finalized sections were studied in a petrographic 
microscope using plane  and cross-polarized transmitted light, 
to identify mineral phases and (estimated) modal contents (in 
vol%), and to determine microstructure, texture/fabric, 
deformation history, and their interrelations. �e polished 
section selected locations suitable for subsequent 
micro-analysis, with well-de�ned mineral grain boundaries, 
immaculate surface �nish (plane, no scratches), and without 
solid or �uid inclusions.

Mineral chemistry by electron-probe micro-analysis 
(EPMA)
Prior to analysis, the polished section was coated with 20 nm of 
carbon in a Polaron CC7650 thermal coater. Pre-selected spots 
were analyzed by EPMA at high vacuum (<5•10 6 Torr) in a 
Cameca SX51 instrument, operated at 15 kV acceleration voltage 
and ~20.0 nA probe current, equipped with �ve 
wavelength-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometer (EDS). �e instrument was 
internally calibrated against a set of natural and synthetic mineral 
compounds.

 Spectra were acquired for 30s on the peak, and 10s on the 
background. All elements were measured on their respective K
α lines. Sodium Na was assigned to two opposing WDS 
spectrometers at the beginning of each analytical run to 
minimize migration e�ects. Raw element data were ZAF 

Analytical Methods
Sample collection and optical petrography
Lime-nodule slate samples were collected from a number of 
outcrops (Weiburg1 = 50°28´24.52´´N, 8°15´54.67´´E; 

�ese micas, i.e., illite, phengite and muscovite are generally 
determined by the SiO2 and Al2O3 content (wt%) (see Figure 5 
and Table 1) [12-15].

 Park showed the major elements of the typical 
phengite-series compositions ranging as 44.50–55.86 wt% for 
SiO2, 21.05–36.87 wt% for Al2O3, 10.60–11.67 wt% for K2O, 
0.00–7.01 wt% for MgO and almost 0.00 wt% for FeO [16].
�erefore, phengite is de�ned in this study as follows: 
SiO2 content of illite is more than that of phengite and more 
than that of muscovite.
51  > phengite > 49
Al2O3 content of illite is less than that of phengite and less than 
that of muscovite.
24 < phengite < 32
K2O content is variable, however, it can be de�ned as,
8 < phengite < 12
K2O content of illite to muscovite is di�erent between their 
origin, e.g., K2O % illite to muscovite in anchimetamorphic 
zone = 8.6 - 10.2 wt% and K2O % illite to muscovite in 
epimetamorphic zone = 9.9 – 11.4 wt% [13,14].

 In addition, the Si+ and Al+ diagram is used to de�ne the 
phengite (celedonitic muscovite; proposed by in the solid 
solution of celadonite-muscovite a�er which �t into the 
metamorphic facies [13,17-20]. �e celadonite-muscovite 
relationships (Figure 6) show that none of the white mica plots 
are considered ideal muscovite and 16 of them are enriched in 
the celadonite component. �us, the celadonite and phengite 
contents are not independent of each other but increase 
together [21]. Additionally, the total value of Ca+, Na+, and K+ 
can also be used to determine the phengite, for which the range 
between 1.65 and 2.00 is de�ned (Tables 2, 3, and 4), in which 
K+ values are higher than Na+ values.

 In the statement of Weber, the transverse cleavage of the 
microscopic and macroscopic nature depends primarily on (1) 
the nature and degree of the pre-existing anisotropy and (2) the 
relative age of the deformation and crystallization of the 
mineral phases, which produce that cleavage, whereas that 
cleavage is generated by the stress direction (σ1 direction) 
together with the style of tectonic motion, discussed below 
(Tectonic interpretation) [42].

 �e S2-cleavage cuts at a high angle to the S1-cleavage in 
many places. �e angle between S1 and S2 in the outcrop varies 
considerably, ranging from 10° to 85°, with most between 15° 
and 60° and the mean being around 35°. In the microscope, the 
angle is relatively less than that of in outcrop. Talbot suggested 
that the angles between S1 and S2 are not primary as a result of 
later rotation [44]. Similarly, S2-fabrics are clearly and 
continuously visible to better de�ne the crenulation type in the 
thin section. �e fabrics of S1 and S2 are very similar to the 
fabrics of S-C mylonite (Figure 3), which suggests the dynamic 
e�ect of the shear zone movement [47-49].

Structural and Tectonic interpretation
�e tectonic movement history of the Rhenohercynian belt is 
established by the formation of the S1 and S2 cleavages (see 
Figure 9). �e tectonic movement of the study area can be 
deduced from the following investigations:

 Firstly, northward movement resulted in the collision as 
several mutual aspects are evident in Lower Devonian rocks in 
the north which show only very small deformation. A 
pre-folding state is preserved with a preferentially N-S trending 
extension attributed to the stage of basin development.

 Secondly, the S1-cleavage formed as an axial plane cleavage 
in the N-vergence through the buttress of the London-Brabant 
Massif (LBM) against ongoing northward collisional 
movement. �is stage of folding itself during Carboniferous 
showing syn-kinematic NNW-directed compression occurs 
simultaneously in larger thrust zones of penetrative 
deformation.

 �irdly, the northward movement super-stressed the 
oroclinal bending around the London-Brabant Massif in the 
Rhenohercynian belt: an S1-cleavage is re-trending (nearly NS) 

and S2-cleavage formation due to the orocline bending around 
the London-Brabant Massif. �e S2-cleavage runs transversely 
to the S1-cleavage in the Rheinishe Schiefergebirge  however, the 
S2-cleavage is parallel to the S1-cleavage in the Ardennen, from 
which the S1-cleavages from both areas are correlated, and the 
S2-cleavages are also able to correlate [40,50,51].

 Movement patterns in the north late-kinematic clockwise 
rotation of the stress �eld are only weakly represented in the 
south. On the other hand, the clear evidence of an even younger 
counter-clockwise rotation of the stress �eld concerns the 
southern massif [52,53].

 During the collision of LBM, the Rhenohercynian belt was 
laid between LBM and the Saxothuringian zone, so the 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism.

 Among lime nodules that develop pressure shadows, 
phengite can be seen in a parallel orientation to the S1-cleavage. 
Wilson observed that the presence of pressure shadows behind 
phengite that were misoriented at a high angle to the foliation 
suggests a very irregularity [54]. Rolland et al. also noted that 
phengite aggregates in the pressure shadow formed at the 
expense of feldspar porphyroclasts [55]. According to the 
observations of Stephens et al., there are two mica groups in 
slates of Clunes from Australia, one parallel and one (detritus 
mica) oblique to cleavage, with phengite mica alignment having 
a strong preferred orientation parallel to S1-cleavage (cf.) 
[55,56].

 �e phengite thermobarometer of Lahn-Dill areas of very 
low to low-grade metamorphic rocks in an accretionary 
collisional setting generated by B-type subduction of oceanic 
crust is di�erent from the accretionary setting of Frey and 
Robinson and El-Rus et al. (Table 5), whose P-T path goes 
clockwise through the sub-greenschist to blueschist �elds 
following the upli� [27,57]. In their accretionary setting, e.g., 
the Southern Uplands of Scotland imbricate thrust system is 
developed on synchronous burial and metamorphism of strata 
containing so� sediments deformation and strata disruption 
and cleavage development, and the metapelitic study showing 
anchizone rocks includes white K-mica which indicates 
medium-high pressure facies condition.

�e RS is an N-S transverse complete section of the Rhenohercynian belt, which is well known as an accretionary prism in the 
Variscan orogen (Figure 10), [45,58,59].

 �e formation of the same fabric types S1 and S2 cleavages 
can be considered as formation in the relationship of 
deformation stresses in the rocks. Talbot suggested that the two 
fabrics are similar and should be treated genetically [44]. 
Likewise, the development of cleavage is related to a shortening 
direction and is perpendicular to the cleavage.

 �e S2-cleavage is kinking or micro-folding followed by 
some shearing parallel to the limb, whereas the S1-cleavage is 
synchronously sheared parallel to the plane. �e mechanism of S1 
and S2 cleavage formation is revealed in the tectonic movement 
history in the Rhenohercynian belt of Variscan orogen.

 Compared with the observations of Schermer and El-Rus 
et al., high-pressure metamorphism was created by the result of 
an A-type subduction, associated with the Rhenohercynian 
zone as proposed by Weber [60,57,45].

Conclusions
�e present study observed coincidentally the white K-mica by 
optical petrography of lime-nodule slates from the Lahn-Dill 
area, Rheinishe Schiefergebirge. (i) �e con�rmation of 
Phengite mica is carried out by the Mineral chemistry by 
electron-probe micro-analysis (EPMA) and X-ray powder 
di�raction (XRPD) analysis. (ii) Phengite Si contents of 3.4 to 
3.5 apfu in the celadonite+muscovite solid solution series 
indicates the pressure 5-6.5 kbars by the Si-isopleths of phengite 
and the temperature 250-350°C through the lower limit of 
greenschist and the upper limit of biotite absence. (iii) White 
K-mica developed in the S2-cleavage plane. �e S2-cleavage cuts 
at a high angle to the S1-cleavage in many places. (iv) �e 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism 
due to the buttress of LBM collision. (v) High-pressure 
metamorphism was created by the result of an A-type 
subduction, e�ected within the Rhenohercynian zone. 
Additionally, the present study would like to recommend a 
detailed metamorphism of the Rheinische Schiefergebirge 
gradually died out towards the north for future work.
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Figure 2. S2-cleavage developed as high angles to the pre-existing 
structures of S1-cleavage and bedding (S0) (Photo: looking SW, 
50°28´24.52´´N, 8°15´54.67´´E).

�e white K-mica was coincidentally identi�ed in lime-nodule 
slates (German: “Kalkknotenschiefer”) during the assessment of 
thin sections by optical petrography. �e reddish slates (Upper 
Devonian) contain lime nodules (German: “knoten”) that are 
well exposed at Weilburg in the Lahn area and di�erent localities 
in the Dill area (Figure 1). �e white mica in the microscopic study 
was observed as muscovite; however, muscovite is incompatible 
with low-grade metamorphic rock. Its chemical composition was 
con�rmed in situ by electron-probe micro-analysis (EPMA) on 
three of the red lime-nodule slate from Weilburg1, Weilburg2, and 
Dillenburg, which revealed its identity as phengite mica. So far, no 
phengite mica has been observed in these areas, however, the 
phengite was already mentioned as a high-pressure mineral in the 
Northern Phyllite zone, and Southern Taunus Zone, from the 
south to north in the Rhenohercynian belt [1-4].

 White phengite mica has been used as a new barometer, for 
the Northern Phyllite Zone in the southern part of the 
Rheinische Schiefergebirge (RS), implying high-grade 
metamorphic rocks under temperature conditions of 400-450°C 
and pressure range 10-12 kbar [1,2]. In the RS, the white mica is 
used for K-Ar and Rb-Sr age determinations by, 
40Ar/39Ar-dating by, and the metamorphism is generally very 
low-grade or anchizonal [2,5-8]. 

 In order to study the microstructural analysis of 
lime-nodule slates, the thin sections were carried out by 
microscopic analysis. �e white mica was unfortunately observed 
and has to be identi�ed by EPMA. Although the white micas 
collected from the Lahn-Dill areas are shown as phengite mica, 
other localities in the RS where the white micas are used in age 

dating, are not sure whether they are phengite or not, as they 
have not been analyzed yet in the electron microprobe study. 

Weilburg2 = 50°28´24.52´´N, 8°15´54.67´´E; Dillenburg = 
50°44´19.79´´N, 8°17´11.04´´E), (Figures 1 and 2) by the 
author during �eldwork. Billets for thin sectioning were cut 
from the bulk samples using a water-cooled diamond blade at 
three di�erent orientations to the schistosity, mounted with 
epoxy to a carrier glass. Standard-sized thin sections 26×46 mm 
at 30 µm nominal thickness for optical petrography were 
prepared using silicon carbide paper up to 1 200 mesh �neness 
(<10 µm), and �nished with a 0.17 mm cover glass. One thin 
section was le� uncovered and instead, its surface was polished 
using diamond paste 6310.25 µm on cloth, to achieve a mirror 
�nish.

corrected using the PAP algorithm of, and converted to weight 
percentages (wt%) of element oxides assuming stoichiometry 
[9]. FeOT represents total iron (oxide) content, whereas 
hydrous species contents (H2O+,H2O) were reverse calculated. 
Net lower limits of detection (LLD) are on the order of 0.0x wt% 
as speci�ed per element (oxide) in Tables 1 to 4.

 Weight percentages of oxides were recast into numbers of 
cations in atoms per formula unit (apfu) following instructions 
in the Appendices to, and mica compositions were classi�ed 
according to the IMA-approved scheme of [10,11]. Selected 
results are collated in Tables 2, 3, and 4.

X-ray powder diffraction (XRPD) analysis 
To assist in the identi�cation of the �ne-grained matrix material 
and the nature of the white micas observed in thin sections, 
pre-crushed bulk sample materials were pulverized under 
acetone in an agate mortar and pestle, to pass a 200-mesh sieve 
(<75 μm). Dried and homogenized powders were loaded in a 
dimpled aluminum sample holder and �nished with a 
microscope carrier glass to obtain a �at surface.

 Powder di�ractograms were recorded in a Bruker D8 
Advance X-ray di�ractometer (XRD) instrument with 
Bragg-Brentano geometry from 02 23 °2θ in 0.05 °2θ steps, with 30 
s per step, overall scan time 3h30m per sample. �e Cu-tube was 
operated at 40 kV and 40 mA and produced bulk 
(non-monochromatic) CuKα radiation of λ=1.54184 Å. CuKβ was 
removed from the di�racted beam with Ni-foil. Peaks were indexed 
with DIFFRAC.EVA V4.2 proprietary Bruker so�ware using the 
ICDD 4.0 database. Selected results are collated in Figure 7.

Results 
Optical thin section petrography
�e mineral assemblage of quartz, chlorite, and white mica was 
observed in the petrographic analysis of the red lime-nodule 
slate. Quartz usually is present as lenticular grains, and chlorite 
in the form of overgrowths on it. �e phengite micas show an 
alignment that is neither parallel to the S1-cleavage nor bedding 
(S0), but transverse to the S1-cleavage, whereas S1-cleavage 
consists of lenticular quartz, chlorite, and mica (muscovite). 
�e alignment of a possible S2-cleavage consists of phengite 
mica, quartz (small grains), and chlorite (Figures 2, 3).

X-ray powder diffraction (XRPD) analysis 
�e X-ray powder di�raction pattern comprises thousands of 
overlapping peaks, however, re�ning the structures of the 
constituent minerals from overlapping peaks by plots the 2θ and 
d values. �erefore, to detect the minerals, an XRD analysis is 
carried out on �ve red slate samples from the Lahn-Dill areas, 
with the 2θ and d values being measured according to the 
interpretation of Frey, Ehlers & Blatt, and Raudsedd et al 
[22-24]. In the X-ray di�raction pattern, minerals such as 
phengite, chlorite, quartz, albite, ± microcline are recognized in 
sharp peaks (Figure 7). 

Frey proposed a reaction for the clay minerals to low-grade 
metamorphic minerals: mixed layer illite/montmorillonite = 
Al-rich chlorite + phengite + quartz + H2O--------(1)[22].

 �is product assemblage replaces illite in deep diagenesis 
and anchizonal metamorphism [25,26]. However, Frey and 
Robinson suggest that the phengite-poor composition and 
development in the bedding parallel microfabrics may be partly 
a measure of reaction progress rather than of the pressure [27].  

Metamorphic P, T-Conditions 
Velde found Si contents of 3.3 apfu in the solid solution of 
celadonite + muscovite + phengite in the P-T condition of 
250–550 °C and an upper-pressure limit in the range of 8–10 
kbar [20].

 In the present study, phengite Si contents of 3.4 to 3.5 apfu 
in the celadonite+muscovite solid solution series indicate the 
pressure 5-6.5 kbars by the Si-isopleths of phengite in Massonne 
and Schreyer, and compared to Franz et al., and the temperature 
250-350 °C through the lower limit of greenschist and the upper 
limit of biotite absence, (Figure 3) [28-30]. Phengite 
thermobarometer for the P-T path of this study area can be 
estimated from sub-greenschist to blueschist in the clockwise 
pattern (Figure 8).

Mineral chemistry 
Of the twenty-seven randomly selected points from three 
localities, sixteen are phengite and eleven are muscovite or illite. 
Phengite grows at an angle to the S1-cleavage whereas muscovite 
or illite grows parallel to the S1-cleavage (Figure 4).

 �e mineral assemblage of the S2-cleavage consisting of 
phengite mica, quartz, and chlorite is transformed from the mineral 
assemblage of the S1-cleavage. Possible reactions are proposed 
based on previous work in the �eld of biotite absence, e.g., who 
introduced the involving of phengite in blueschists as an applicable 
barometer with the reaction of Velde, Bucher-Nurminen and 
Massonne and Schreyer [20,28,30-32]:
phengite = K-feldspar (microcline) + chlorite + quartz + water (2)

 Above the equilibrium condition, the phengite barometer 
is applied to the presence of K-feldspar [27]. Essene Pointed out 
that the phengite barometer provides only minimum limits of 
pressure in the absence of the K-feldspar [31]. 
 �us, a reaction in the greenschist facies within the biotite 
absence �eld can be proposed: 

phengite + chlorite = muscovite +chlorite + quartz +water 
---------------------------------  (3) 
 Velde proposed the very probable reaction in a series of 
sedimentary rocks at low temperature and high pressure, which 
can be compared with the modelling of Zhu and Wei [20,33]:

illite (muscovite) + chlorite + K-feldspar + water = chlorite + 
phengite + quartz-------  (4) 

Holland and Lambert used a reaction for the pelitic rocks in the 
low temperature (200-400 °C) metamorphic regime [34]: 

illite (muscovite) + Mg-chlorite = phengite + Al-chlorite + 
water --------------------------(5)

 �erefore, there is no evidence of phengite used as a 
geobarometer at high temperatures (T > 750°C) [35]. �e white 
mica is more similar to the ideal composition of muscovite. 
Phengite has higher SiO2 and lower Al2O3 than muscovite and 
contains signi�cant amounts of MgO, FeO and Fe2O3. Again, 
Tilley and Ernst observed that the white micas of low-grade 
muscovite-chlorite and glaucophane schists usually contain 
signi�cant amounts of MgO, FeO, and Fe2O3, and are therefore 
called phengite [36,15].

 Velde has presented some preliminary data on the 
experimental conversion of quartz-bearing sedimentary 
montmorillonite and illite assemblages into metamorphic 
mixtures of quartz, white mica, and chlorite [37]. At PH2O = 2 
kb, he places such reactions in the vicinity of 300 °C, marking 
the appearance of what might be called a greenschist 
assemblage text in [38,39]. Low temperatures and high 
pressures are found to favour the transition of phengite micas 
from muscovite toward celadonite, rather than to near-ideal 
muscovite.
 �e lower stability limit of metamorphic muscovite (white 
mica) - chlorite - quartz assemblages of the greenschist facies is 
around T = 300 °C and PH2O = 3 kb, possibly somewhat lower 
[38]. However, Massonne and Schreyer found the stability �eld 
of the phengite - K-feldspar - quartz assemblage in the excess 
H2O between < 350 °C and upper-pressure limit in the range of 
8 -12 kbars within the upper limit of biotite absence zone [28].

Metamorphism of the Rheinische Schiefergebirge
Regional metamorphism 
�e metamorphism of the Rheinische Schiefergebirge gradually 
died out towards the north with syntectonic folding and its 

associated �rst cleavage (S1) [6,40,41]. �e S2-cleavage 
(crenulation cleavage) as encountered in the RS shows the same 
deformation fabric as the post-crystalline form of the �rst 
cleavage [40-42].

 �e temperature does not exceed 350 °C, and most places 
range 200-300°C, except in the Taunus, where it reaches 
400-450°C, compared to(cf.) [6,39].

White mica
White mica is well distributed as a metamorphic mineral in the 
RS from the Northern Phyllite Zone in the south to 
Ostsauerland in the north. Its distribution is based on K-Ar and 
Rb-Sr age determinations by Ahrendt et al. and 40Ar/39Ar- 
dating by Fladt et al.  [5,2].

 In the SW Moselle region, Hoeppener stated that the white 
mica that lens shape �ne chlorite and sericite �akes are smaller 
than 10 μ in diameter, and large individual minerals such as 
chlorite, white mica, and quartz are about 20 μ in diameter [43].

 In the Hunsrückschiefer of the middle Moselle region, 
Talbot observed that an aggregate of quartz, white mica, and 
chlorite is common with white mica also occurring in grains of 
comparable size to the quartz, but more commonly from 
slightly larger aggregates (lenticular) with chlorite [44]. In this 
region, Hoeppener concluded that the lenticulars are formed 
contemporaneously with the cleavage by overgrowths of the 
chlorite and mica on sedimentary grains [43].

 In pyrophyllite-bearing slates of Ramsbeck, the 
Ostsauerland region, has found white mica aggregates with 
syntectonic metasomatism in hydrothermally in�uenced areas, 
consisting of pyrophyllite and mica which cooling of the 
white-mica–stable liquid results in pyrophyllite (± diaspore) 
becoming stable [45,46].

White K-mica in the S2-cleavage plane
In the �eld observations, the crenulation cleavage shows a 
macroscopically distinguishable cleavage lamellae and wider 
spacing of cleavage planes. �e �rst cleavage takes over the 
bedding plane, whereas the crenulation cleavage leads to the 
previous syn-crystalline cleavage (S1-cleavage). �us, crenulation 
cleavage deformation shows a post-crystalline form of the �rst 
cleavage, which is transverse to earlier structures of S1 and S0 (cf.) 
[40,42,44]. �e transverse cleavage planes on the fold limbs are 
interpreted as antithetic shear planes (cf. and S1-cleavage planes 
are related to synthetic shear planes (Figure 9)[40,42].

 Finalized sections were studied in a petrographic 
microscope using plane  and cross-polarized transmitted light, 
to identify mineral phases and (estimated) modal contents (in 
vol%), and to determine microstructure, texture/fabric, 
deformation history, and their interrelations. �e polished 
section selected locations suitable for subsequent 
micro-analysis, with well-de�ned mineral grain boundaries, 
immaculate surface �nish (plane, no scratches), and without 
solid or �uid inclusions.

Mineral chemistry by electron-probe micro-analysis 
(EPMA)
Prior to analysis, the polished section was coated with 20 nm of 
carbon in a Polaron CC7650 thermal coater. Pre-selected spots 
were analyzed by EPMA at high vacuum (<5•10 6 Torr) in a 
Cameca SX51 instrument, operated at 15 kV acceleration voltage 
and ~20.0 nA probe current, equipped with �ve 
wavelength-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometer (EDS). �e instrument was 
internally calibrated against a set of natural and synthetic mineral 
compounds.

 Spectra were acquired for 30s on the peak, and 10s on the 
background. All elements were measured on their respective K
α lines. Sodium Na was assigned to two opposing WDS 
spectrometers at the beginning of each analytical run to 
minimize migration e�ects. Raw element data were ZAF 

Analytical Methods
Sample collection and optical petrography
Lime-nodule slate samples were collected from a number of 
outcrops (Weiburg1 = 50°28´24.52´´N, 8°15´54.67´´E; 

Figure 3. Microphotographs in cross-polarized light (XPL) showing the 
S-C fabrics with lenticular quartz and lithic fragments, and mica minerals 
from the large scale. The elongated blue colour strip is a chlorite flake.

�ese micas, i.e., illite, phengite and muscovite are generally 
determined by the SiO2 and Al2O3 content (wt%) (see Figure 5 
and Table 1) [12-15].

 Park showed the major elements of the typical 
phengite-series compositions ranging as 44.50–55.86 wt% for 
SiO2, 21.05–36.87 wt% for Al2O3, 10.60–11.67 wt% for K2O, 
0.00–7.01 wt% for MgO and almost 0.00 wt% for FeO [16].
�erefore, phengite is de�ned in this study as follows: 
SiO2 content of illite is more than that of phengite and more 
than that of muscovite.
51  > phengite > 49
Al2O3 content of illite is less than that of phengite and less than 
that of muscovite.
24 < phengite < 32
K2O content is variable, however, it can be de�ned as,
8 < phengite < 12
K2O content of illite to muscovite is di�erent between their 
origin, e.g., K2O % illite to muscovite in anchimetamorphic 
zone = 8.6 - 10.2 wt% and K2O % illite to muscovite in 
epimetamorphic zone = 9.9 – 11.4 wt% [13,14].

 In addition, the Si+ and Al+ diagram is used to de�ne the 
phengite (celedonitic muscovite; proposed by in the solid 
solution of celadonite-muscovite a�er which �t into the 
metamorphic facies [13,17-20]. �e celadonite-muscovite 
relationships (Figure 6) show that none of the white mica plots 
are considered ideal muscovite and 16 of them are enriched in 
the celadonite component. �us, the celadonite and phengite 
contents are not independent of each other but increase 
together [21]. Additionally, the total value of Ca+, Na+, and K+ 
can also be used to determine the phengite, for which the range 
between 1.65 and 2.00 is de�ned (Tables 2, 3, and 4), in which 
K+ values are higher than Na+ values.

 In the statement of Weber, the transverse cleavage of the 
microscopic and macroscopic nature depends primarily on (1) 
the nature and degree of the pre-existing anisotropy and (2) the 
relative age of the deformation and crystallization of the 
mineral phases, which produce that cleavage, whereas that 
cleavage is generated by the stress direction (σ1 direction) 
together with the style of tectonic motion, discussed below 
(Tectonic interpretation) [42].

 �e S2-cleavage cuts at a high angle to the S1-cleavage in 
many places. �e angle between S1 and S2 in the outcrop varies 
considerably, ranging from 10° to 85°, with most between 15° 
and 60° and the mean being around 35°. In the microscope, the 
angle is relatively less than that of in outcrop. Talbot suggested 
that the angles between S1 and S2 are not primary as a result of 
later rotation [44]. Similarly, S2-fabrics are clearly and 
continuously visible to better de�ne the crenulation type in the 
thin section. �e fabrics of S1 and S2 are very similar to the 
fabrics of S-C mylonite (Figure 3), which suggests the dynamic 
e�ect of the shear zone movement [47-49].

Structural and Tectonic interpretation
�e tectonic movement history of the Rhenohercynian belt is 
established by the formation of the S1 and S2 cleavages (see 
Figure 9). �e tectonic movement of the study area can be 
deduced from the following investigations:

 Firstly, northward movement resulted in the collision as 
several mutual aspects are evident in Lower Devonian rocks in 
the north which show only very small deformation. A 
pre-folding state is preserved with a preferentially N-S trending 
extension attributed to the stage of basin development.

 Secondly, the S1-cleavage formed as an axial plane cleavage 
in the N-vergence through the buttress of the London-Brabant 
Massif (LBM) against ongoing northward collisional 
movement. �is stage of folding itself during Carboniferous 
showing syn-kinematic NNW-directed compression occurs 
simultaneously in larger thrust zones of penetrative 
deformation.

 �irdly, the northward movement super-stressed the 
oroclinal bending around the London-Brabant Massif in the 
Rhenohercynian belt: an S1-cleavage is re-trending (nearly NS) 

and S2-cleavage formation due to the orocline bending around 
the London-Brabant Massif. �e S2-cleavage runs transversely 
to the S1-cleavage in the Rheinishe Schiefergebirge  however, the 
S2-cleavage is parallel to the S1-cleavage in the Ardennen, from 
which the S1-cleavages from both areas are correlated, and the 
S2-cleavages are also able to correlate [40,50,51].

 Movement patterns in the north late-kinematic clockwise 
rotation of the stress �eld are only weakly represented in the 
south. On the other hand, the clear evidence of an even younger 
counter-clockwise rotation of the stress �eld concerns the 
southern massif [52,53].

 During the collision of LBM, the Rhenohercynian belt was 
laid between LBM and the Saxothuringian zone, so the 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism.

 Among lime nodules that develop pressure shadows, 
phengite can be seen in a parallel orientation to the S1-cleavage. 
Wilson observed that the presence of pressure shadows behind 
phengite that were misoriented at a high angle to the foliation 
suggests a very irregularity [54]. Rolland et al. also noted that 
phengite aggregates in the pressure shadow formed at the 
expense of feldspar porphyroclasts [55]. According to the 
observations of Stephens et al., there are two mica groups in 
slates of Clunes from Australia, one parallel and one (detritus 
mica) oblique to cleavage, with phengite mica alignment having 
a strong preferred orientation parallel to S1-cleavage (cf.) 
[55,56].

 �e phengite thermobarometer of Lahn-Dill areas of very 
low to low-grade metamorphic rocks in an accretionary 
collisional setting generated by B-type subduction of oceanic 
crust is di�erent from the accretionary setting of Frey and 
Robinson and El-Rus et al. (Table 5), whose P-T path goes 
clockwise through the sub-greenschist to blueschist �elds 
following the upli� [27,57]. In their accretionary setting, e.g., 
the Southern Uplands of Scotland imbricate thrust system is 
developed on synchronous burial and metamorphism of strata 
containing so� sediments deformation and strata disruption 
and cleavage development, and the metapelitic study showing 
anchizone rocks includes white K-mica which indicates 
medium-high pressure facies condition.

�e RS is an N-S transverse complete section of the Rhenohercynian belt, which is well known as an accretionary prism in the 
Variscan orogen (Figure 10), [45,58,59].

 �e formation of the same fabric types S1 and S2 cleavages 
can be considered as formation in the relationship of 
deformation stresses in the rocks. Talbot suggested that the two 
fabrics are similar and should be treated genetically [44]. 
Likewise, the development of cleavage is related to a shortening 
direction and is perpendicular to the cleavage.

 �e S2-cleavage is kinking or micro-folding followed by 
some shearing parallel to the limb, whereas the S1-cleavage is 
synchronously sheared parallel to the plane. �e mechanism of S1 
and S2 cleavage formation is revealed in the tectonic movement 
history in the Rhenohercynian belt of Variscan orogen.

 Compared with the observations of Schermer and El-Rus 
et al., high-pressure metamorphism was created by the result of 
an A-type subduction, associated with the Rhenohercynian 
zone as proposed by Weber [60,57,45].

Conclusions
�e present study observed coincidentally the white K-mica by 
optical petrography of lime-nodule slates from the Lahn-Dill 
area, Rheinishe Schiefergebirge. (i) �e con�rmation of 
Phengite mica is carried out by the Mineral chemistry by 
electron-probe micro-analysis (EPMA) and X-ray powder 
di�raction (XRPD) analysis. (ii) Phengite Si contents of 3.4 to 
3.5 apfu in the celadonite+muscovite solid solution series 
indicates the pressure 5-6.5 kbars by the Si-isopleths of phengite 
and the temperature 250-350°C through the lower limit of 
greenschist and the upper limit of biotite absence. (iii) White 
K-mica developed in the S2-cleavage plane. �e S2-cleavage cuts 
at a high angle to the S1-cleavage in many places. (iv) �e 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism 
due to the buttress of LBM collision. (v) High-pressure 
metamorphism was created by the result of an A-type 
subduction, e�ected within the Rhenohercynian zone. 
Additionally, the present study would like to recommend a 
detailed metamorphism of the Rheinische Schiefergebirge 
gradually died out towards the north for future work.
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�e white K-mica was coincidentally identi�ed in lime-nodule 
slates (German: “Kalkknotenschiefer”) during the assessment of 
thin sections by optical petrography. �e reddish slates (Upper 
Devonian) contain lime nodules (German: “knoten”) that are 
well exposed at Weilburg in the Lahn area and di�erent localities 
in the Dill area (Figure 1). �e white mica in the microscopic study 
was observed as muscovite; however, muscovite is incompatible 
with low-grade metamorphic rock. Its chemical composition was 
con�rmed in situ by electron-probe micro-analysis (EPMA) on 
three of the red lime-nodule slate from Weilburg1, Weilburg2, and 
Dillenburg, which revealed its identity as phengite mica. So far, no 
phengite mica has been observed in these areas, however, the 
phengite was already mentioned as a high-pressure mineral in the 
Northern Phyllite zone, and Southern Taunus Zone, from the 
south to north in the Rhenohercynian belt [1-4].

 White phengite mica has been used as a new barometer, for 
the Northern Phyllite Zone in the southern part of the 
Rheinische Schiefergebirge (RS), implying high-grade 
metamorphic rocks under temperature conditions of 400-450°C 
and pressure range 10-12 kbar [1,2]. In the RS, the white mica is 
used for K-Ar and Rb-Sr age determinations by, 
40Ar/39Ar-dating by, and the metamorphism is generally very 
low-grade or anchizonal [2,5-8]. 

 In order to study the microstructural analysis of 
lime-nodule slates, the thin sections were carried out by 
microscopic analysis. �e white mica was unfortunately observed 
and has to be identi�ed by EPMA. Although the white micas 
collected from the Lahn-Dill areas are shown as phengite mica, 
other localities in the RS where the white micas are used in age 

dating, are not sure whether they are phengite or not, as they 
have not been analyzed yet in the electron microprobe study. 

Weilburg2 = 50°28´24.52´´N, 8°15´54.67´´E; Dillenburg = 
50°44´19.79´´N, 8°17´11.04´´E), (Figures 1 and 2) by the 
author during �eldwork. Billets for thin sectioning were cut 
from the bulk samples using a water-cooled diamond blade at 
three di�erent orientations to the schistosity, mounted with 
epoxy to a carrier glass. Standard-sized thin sections 26×46 mm 
at 30 µm nominal thickness for optical petrography were 
prepared using silicon carbide paper up to 1 200 mesh �neness 
(<10 µm), and �nished with a 0.17 mm cover glass. One thin 
section was le� uncovered and instead, its surface was polished 
using diamond paste 6310.25 µm on cloth, to achieve a mirror 
�nish.

corrected using the PAP algorithm of, and converted to weight 
percentages (wt%) of element oxides assuming stoichiometry 
[9]. FeOT represents total iron (oxide) content, whereas 
hydrous species contents (H2O+,H2O) were reverse calculated. 
Net lower limits of detection (LLD) are on the order of 0.0x wt% 
as speci�ed per element (oxide) in Tables 1 to 4.

 Weight percentages of oxides were recast into numbers of 
cations in atoms per formula unit (apfu) following instructions 
in the Appendices to, and mica compositions were classi�ed 
according to the IMA-approved scheme of [10,11]. Selected 
results are collated in Tables 2, 3, and 4.

X-ray powder diffraction (XRPD) analysis 
To assist in the identi�cation of the �ne-grained matrix material 
and the nature of the white micas observed in thin sections, 
pre-crushed bulk sample materials were pulverized under 
acetone in an agate mortar and pestle, to pass a 200-mesh sieve 
(<75 μm). Dried and homogenized powders were loaded in a 
dimpled aluminum sample holder and �nished with a 
microscope carrier glass to obtain a �at surface.

 Powder di�ractograms were recorded in a Bruker D8 
Advance X-ray di�ractometer (XRD) instrument with 
Bragg-Brentano geometry from 02 23 °2θ in 0.05 °2θ steps, with 30 
s per step, overall scan time 3h30m per sample. �e Cu-tube was 
operated at 40 kV and 40 mA and produced bulk 
(non-monochromatic) CuKα radiation of λ=1.54184 Å. CuKβ was 
removed from the di�racted beam with Ni-foil. Peaks were indexed 
with DIFFRAC.EVA V4.2 proprietary Bruker so�ware using the 
ICDD 4.0 database. Selected results are collated in Figure 7.

Results 
Optical thin section petrography
�e mineral assemblage of quartz, chlorite, and white mica was 
observed in the petrographic analysis of the red lime-nodule 
slate. Quartz usually is present as lenticular grains, and chlorite 
in the form of overgrowths on it. �e phengite micas show an 
alignment that is neither parallel to the S1-cleavage nor bedding 
(S0), but transverse to the S1-cleavage, whereas S1-cleavage 
consists of lenticular quartz, chlorite, and mica (muscovite). 
�e alignment of a possible S2-cleavage consists of phengite 
mica, quartz (small grains), and chlorite (Figures 2, 3).

X-ray powder diffraction (XRPD) analysis 
�e X-ray powder di�raction pattern comprises thousands of 
overlapping peaks, however, re�ning the structures of the 
constituent minerals from overlapping peaks by plots the 2θ and 
d values. �erefore, to detect the minerals, an XRD analysis is 
carried out on �ve red slate samples from the Lahn-Dill areas, 
with the 2θ and d values being measured according to the 
interpretation of Frey, Ehlers & Blatt, and Raudsedd et al 
[22-24]. In the X-ray di�raction pattern, minerals such as 
phengite, chlorite, quartz, albite, ± microcline are recognized in 
sharp peaks (Figure 7). 

Frey proposed a reaction for the clay minerals to low-grade 
metamorphic minerals: mixed layer illite/montmorillonite = 
Al-rich chlorite + phengite + quartz + H2O--------(1)[22].

 �is product assemblage replaces illite in deep diagenesis 
and anchizonal metamorphism [25,26]. However, Frey and 
Robinson suggest that the phengite-poor composition and 
development in the bedding parallel microfabrics may be partly 
a measure of reaction progress rather than of the pressure [27].  

Metamorphic P, T-Conditions 
Velde found Si contents of 3.3 apfu in the solid solution of 
celadonite + muscovite + phengite in the P-T condition of 
250–550 °C and an upper-pressure limit in the range of 8–10 
kbar [20].

 In the present study, phengite Si contents of 3.4 to 3.5 apfu 
in the celadonite+muscovite solid solution series indicate the 
pressure 5-6.5 kbars by the Si-isopleths of phengite in Massonne 
and Schreyer, and compared to Franz et al., and the temperature 
250-350 °C through the lower limit of greenschist and the upper 
limit of biotite absence, (Figure 3) [28-30]. Phengite 
thermobarometer for the P-T path of this study area can be 
estimated from sub-greenschist to blueschist in the clockwise 
pattern (Figure 8).

Mineral chemistry 
Of the twenty-seven randomly selected points from three 
localities, sixteen are phengite and eleven are muscovite or illite. 
Phengite grows at an angle to the S1-cleavage whereas muscovite 
or illite grows parallel to the S1-cleavage (Figure 4).

 �e mineral assemblage of the S2-cleavage consisting of 
phengite mica, quartz, and chlorite is transformed from the mineral 
assemblage of the S1-cleavage. Possible reactions are proposed 
based on previous work in the �eld of biotite absence, e.g., who 
introduced the involving of phengite in blueschists as an applicable 
barometer with the reaction of Velde, Bucher-Nurminen and 
Massonne and Schreyer [20,28,30-32]:
phengite = K-feldspar (microcline) + chlorite + quartz + water (2)

 Above the equilibrium condition, the phengite barometer 
is applied to the presence of K-feldspar [27]. Essene Pointed out 
that the phengite barometer provides only minimum limits of 
pressure in the absence of the K-feldspar [31]. 
 �us, a reaction in the greenschist facies within the biotite 
absence �eld can be proposed: 

phengite + chlorite = muscovite +chlorite + quartz +water 
---------------------------------  (3) 
 Velde proposed the very probable reaction in a series of 
sedimentary rocks at low temperature and high pressure, which 
can be compared with the modelling of Zhu and Wei [20,33]:

illite (muscovite) + chlorite + K-feldspar + water = chlorite + 
phengite + quartz-------  (4) 

Holland and Lambert used a reaction for the pelitic rocks in the 
low temperature (200-400 °C) metamorphic regime [34]: 

illite (muscovite) + Mg-chlorite = phengite + Al-chlorite + 
water --------------------------(5)

 �erefore, there is no evidence of phengite used as a 
geobarometer at high temperatures (T > 750°C) [35]. �e white 
mica is more similar to the ideal composition of muscovite. 
Phengite has higher SiO2 and lower Al2O3 than muscovite and 
contains signi�cant amounts of MgO, FeO and Fe2O3. Again, 
Tilley and Ernst observed that the white micas of low-grade 
muscovite-chlorite and glaucophane schists usually contain 
signi�cant amounts of MgO, FeO, and Fe2O3, and are therefore 
called phengite [36,15].

 Velde has presented some preliminary data on the 
experimental conversion of quartz-bearing sedimentary 
montmorillonite and illite assemblages into metamorphic 
mixtures of quartz, white mica, and chlorite [37]. At PH2O = 2 
kb, he places such reactions in the vicinity of 300 °C, marking 
the appearance of what might be called a greenschist 
assemblage text in [38,39]. Low temperatures and high 
pressures are found to favour the transition of phengite micas 
from muscovite toward celadonite, rather than to near-ideal 
muscovite.
 �e lower stability limit of metamorphic muscovite (white 
mica) - chlorite - quartz assemblages of the greenschist facies is 
around T = 300 °C and PH2O = 3 kb, possibly somewhat lower 
[38]. However, Massonne and Schreyer found the stability �eld 
of the phengite - K-feldspar - quartz assemblage in the excess 
H2O between < 350 °C and upper-pressure limit in the range of 
8 -12 kbars within the upper limit of biotite absence zone [28].

Metamorphism of the Rheinische Schiefergebirge
Regional metamorphism 
�e metamorphism of the Rheinische Schiefergebirge gradually 
died out towards the north with syntectonic folding and its 

associated �rst cleavage (S1) [6,40,41]. �e S2-cleavage 
(crenulation cleavage) as encountered in the RS shows the same 
deformation fabric as the post-crystalline form of the �rst 
cleavage [40-42].

 �e temperature does not exceed 350 °C, and most places 
range 200-300°C, except in the Taunus, where it reaches 
400-450°C, compared to(cf.) [6,39].

White mica
White mica is well distributed as a metamorphic mineral in the 
RS from the Northern Phyllite Zone in the south to 
Ostsauerland in the north. Its distribution is based on K-Ar and 
Rb-Sr age determinations by Ahrendt et al. and 40Ar/39Ar- 
dating by Fladt et al.  [5,2].

 In the SW Moselle region, Hoeppener stated that the white 
mica that lens shape �ne chlorite and sericite �akes are smaller 
than 10 μ in diameter, and large individual minerals such as 
chlorite, white mica, and quartz are about 20 μ in diameter [43].

 In the Hunsrückschiefer of the middle Moselle region, 
Talbot observed that an aggregate of quartz, white mica, and 
chlorite is common with white mica also occurring in grains of 
comparable size to the quartz, but more commonly from 
slightly larger aggregates (lenticular) with chlorite [44]. In this 
region, Hoeppener concluded that the lenticulars are formed 
contemporaneously with the cleavage by overgrowths of the 
chlorite and mica on sedimentary grains [43].

 In pyrophyllite-bearing slates of Ramsbeck, the 
Ostsauerland region, has found white mica aggregates with 
syntectonic metasomatism in hydrothermally in�uenced areas, 
consisting of pyrophyllite and mica which cooling of the 
white-mica–stable liquid results in pyrophyllite (± diaspore) 
becoming stable [45,46].

White K-mica in the S2-cleavage plane
In the �eld observations, the crenulation cleavage shows a 
macroscopically distinguishable cleavage lamellae and wider 
spacing of cleavage planes. �e �rst cleavage takes over the 
bedding plane, whereas the crenulation cleavage leads to the 
previous syn-crystalline cleavage (S1-cleavage). �us, crenulation 
cleavage deformation shows a post-crystalline form of the �rst 
cleavage, which is transverse to earlier structures of S1 and S0 (cf.) 
[40,42,44]. �e transverse cleavage planes on the fold limbs are 
interpreted as antithetic shear planes (cf. and S1-cleavage planes 
are related to synthetic shear planes (Figure 9)[40,42].

 Finalized sections were studied in a petrographic 
microscope using plane  and cross-polarized transmitted light, 
to identify mineral phases and (estimated) modal contents (in 
vol%), and to determine microstructure, texture/fabric, 
deformation history, and their interrelations. �e polished 
section selected locations suitable for subsequent 
micro-analysis, with well-de�ned mineral grain boundaries, 
immaculate surface �nish (plane, no scratches), and without 
solid or �uid inclusions.

Mineral chemistry by electron-probe micro-analysis 
(EPMA)
Prior to analysis, the polished section was coated with 20 nm of 
carbon in a Polaron CC7650 thermal coater. Pre-selected spots 
were analyzed by EPMA at high vacuum (<5•10 6 Torr) in a 
Cameca SX51 instrument, operated at 15 kV acceleration voltage 
and ~20.0 nA probe current, equipped with �ve 
wavelength-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometer (EDS). �e instrument was 
internally calibrated against a set of natural and synthetic mineral 
compounds.

 Spectra were acquired for 30s on the peak, and 10s on the 
background. All elements were measured on their respective K
α lines. Sodium Na was assigned to two opposing WDS 
spectrometers at the beginning of each analytical run to 
minimize migration e�ects. Raw element data were ZAF 

Analytical Methods
Sample collection and optical petrography
Lime-nodule slate samples were collected from a number of 
outcrops (Weiburg1 = 50°28´24.52´´N, 8°15´54.67´´E; 

Figure 4. EPMA microphotograph (back-scattered electron – BSE 
image) revealing lenticular quartz (black holes), tiny opaque phases 
(white) in a fine-grained matrix (dark grey), and a zoned phyllosilicate 
grain overgrowing the fabric (pale grey). The cross-hairs at the centre 
indicate a spot for EPMA analysis.

Figure 5. Diagram of SiO2-Al2O3-K2O for illite, phengite, and muscovite 
classification.

�ese micas, i.e., illite, phengite and muscovite are generally 
determined by the SiO2 and Al2O3 content (wt%) (see Figure 5 
and Table 1) [12-15].

illite* phengite† muscovite⁋ nominal
main element oxide contents in weight percent (wt%)

SiO2 51.25 48.89 45.55 45.26
TiO2 0.17 0.08 0.26 0.00
Al2O3 23.53 26.80 36.89 38.40
Fe2O3 2.02 n.a. 0.39 0.00
FeO 0.33 3.62 0.86 0.00
MnO n.a. 0.02 0.02 0.00

MgO 3.32 2.99 0.58 0.00
CaO 0.59 0.08 0.04 0.00
Na2O 0.05 0.14 0.80 0.00
K2O 7.61 10.05 10.17 11.82
H2O+ 5.87 n.a. 0.03 0.00
H2O- 5.26 n.a. 4.59 4.52

total 100.02 93.21 100.18 100.00
cations in atoms per formula unit (apfu) based on 100

Si 7.163 6.729 6.040 3.000
Al 0.837 1.271 1.960 1.000

ΣZ 8.000 8.000 8.000 4.000
Al 3.040 3.077 3.800 2.000
Ti 0.018 0.018 0.020 0.000
Fe3+ 0.212 0.417 0.040 0.000
Fe2+ 0.038 0 0.100 0.000
Mn 0 0.002 0 0.000
Mg 0.692 0.614 0.120 0.000

ΣY 4.000 4.130 4.080 2.000
Ca 0.088 0.012 0 0.000
Na 0.014 0.037 0.200 0.000
K 1.357 1.844 1.720 1.000

ΣX 1.460 1.890 1.920 1.000
OH 4.000 0 1.990 2.000
* from [12], (p359)† from [13], (p164), calculated average (n=7) ⁋
from[15], (p1360)

Table 1. Main element oxide contents in illite, phengite, and 
muscovite from the published literature. Illite, phengite, and 
muscovite were analyzed by EPMA.

 Park showed the major elements of the typical 
phengite-series compositions ranging as 44.50–55.86 wt% for 
SiO2, 21.05–36.87 wt% for Al2O3, 10.60–11.67 wt% for K2O, 
0.00–7.01 wt% for MgO and almost 0.00 wt% for FeO [16].
�erefore, phengite is de�ned in this study as follows: 
SiO2 content of illite is more than that of phengite and more 
than that of muscovite.
51  > phengite > 49
Al2O3 content of illite is less than that of phengite and less than 
that of muscovite.
24 < phengite < 32
K2O content is variable, however, it can be de�ned as,
8 < phengite < 12
K2O content of illite to muscovite is di�erent between their 
origin, e.g., K2O % illite to muscovite in anchimetamorphic 
zone = 8.6 - 10.2 wt% and K2O % illite to muscovite in 
epimetamorphic zone = 9.9 – 11.4 wt% [13,14].

 In addition, the Si+ and Al+ diagram is used to de�ne the 
phengite (celedonitic muscovite; proposed by in the solid 
solution of celadonite-muscovite a�er which �t into the 
metamorphic facies [13,17-20]. �e celadonite-muscovite 
relationships (Figure 6) show that none of the white mica plots 
are considered ideal muscovite and 16 of them are enriched in 
the celadonite component. �us, the celadonite and phengite 
contents are not independent of each other but increase 
together [21]. Additionally, the total value of Ca+, Na+, and K+ 
can also be used to determine the phengite, for which the range 
between 1.65 and 2.00 is de�ned (Tables 2, 3, and 4), in which 
K+ values are higher than Na+ values.

 In the statement of Weber, the transverse cleavage of the 
microscopic and macroscopic nature depends primarily on (1) 
the nature and degree of the pre-existing anisotropy and (2) the 
relative age of the deformation and crystallization of the 
mineral phases, which produce that cleavage, whereas that 
cleavage is generated by the stress direction (σ1 direction) 
together with the style of tectonic motion, discussed below 
(Tectonic interpretation) [42].

 �e S2-cleavage cuts at a high angle to the S1-cleavage in 
many places. �e angle between S1 and S2 in the outcrop varies 
considerably, ranging from 10° to 85°, with most between 15° 
and 60° and the mean being around 35°. In the microscope, the 
angle is relatively less than that of in outcrop. Talbot suggested 
that the angles between S1 and S2 are not primary as a result of 
later rotation [44]. Similarly, S2-fabrics are clearly and 
continuously visible to better de�ne the crenulation type in the 
thin section. �e fabrics of S1 and S2 are very similar to the 
fabrics of S-C mylonite (Figure 3), which suggests the dynamic 
e�ect of the shear zone movement [47-49].

Structural and Tectonic interpretation
�e tectonic movement history of the Rhenohercynian belt is 
established by the formation of the S1 and S2 cleavages (see 
Figure 9). �e tectonic movement of the study area can be 
deduced from the following investigations:

 Firstly, northward movement resulted in the collision as 
several mutual aspects are evident in Lower Devonian rocks in 
the north which show only very small deformation. A 
pre-folding state is preserved with a preferentially N-S trending 
extension attributed to the stage of basin development.

 Secondly, the S1-cleavage formed as an axial plane cleavage 
in the N-vergence through the buttress of the London-Brabant 
Massif (LBM) against ongoing northward collisional 
movement. �is stage of folding itself during Carboniferous 
showing syn-kinematic NNW-directed compression occurs 
simultaneously in larger thrust zones of penetrative 
deformation.

 �irdly, the northward movement super-stressed the 
oroclinal bending around the London-Brabant Massif in the 
Rhenohercynian belt: an S1-cleavage is re-trending (nearly NS) 

and S2-cleavage formation due to the orocline bending around 
the London-Brabant Massif. �e S2-cleavage runs transversely 
to the S1-cleavage in the Rheinishe Schiefergebirge  however, the 
S2-cleavage is parallel to the S1-cleavage in the Ardennen, from 
which the S1-cleavages from both areas are correlated, and the 
S2-cleavages are also able to correlate [40,50,51].

 Movement patterns in the north late-kinematic clockwise 
rotation of the stress �eld are only weakly represented in the 
south. On the other hand, the clear evidence of an even younger 
counter-clockwise rotation of the stress �eld concerns the 
southern massif [52,53].

 During the collision of LBM, the Rhenohercynian belt was 
laid between LBM and the Saxothuringian zone, so the 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism.

 Among lime nodules that develop pressure shadows, 
phengite can be seen in a parallel orientation to the S1-cleavage. 
Wilson observed that the presence of pressure shadows behind 
phengite that were misoriented at a high angle to the foliation 
suggests a very irregularity [54]. Rolland et al. also noted that 
phengite aggregates in the pressure shadow formed at the 
expense of feldspar porphyroclasts [55]. According to the 
observations of Stephens et al., there are two mica groups in 
slates of Clunes from Australia, one parallel and one (detritus 
mica) oblique to cleavage, with phengite mica alignment having 
a strong preferred orientation parallel to S1-cleavage (cf.) 
[55,56].

 �e phengite thermobarometer of Lahn-Dill areas of very 
low to low-grade metamorphic rocks in an accretionary 
collisional setting generated by B-type subduction of oceanic 
crust is di�erent from the accretionary setting of Frey and 
Robinson and El-Rus et al. (Table 5), whose P-T path goes 
clockwise through the sub-greenschist to blueschist �elds 
following the upli� [27,57]. In their accretionary setting, e.g., 
the Southern Uplands of Scotland imbricate thrust system is 
developed on synchronous burial and metamorphism of strata 
containing so� sediments deformation and strata disruption 
and cleavage development, and the metapelitic study showing 
anchizone rocks includes white K-mica which indicates 
medium-high pressure facies condition.

�e RS is an N-S transverse complete section of the Rhenohercynian belt, which is well known as an accretionary prism in the 
Variscan orogen (Figure 10), [45,58,59].

 �e formation of the same fabric types S1 and S2 cleavages 
can be considered as formation in the relationship of 
deformation stresses in the rocks. Talbot suggested that the two 
fabrics are similar and should be treated genetically [44]. 
Likewise, the development of cleavage is related to a shortening 
direction and is perpendicular to the cleavage.

 �e S2-cleavage is kinking or micro-folding followed by 
some shearing parallel to the limb, whereas the S1-cleavage is 
synchronously sheared parallel to the plane. �e mechanism of S1 
and S2 cleavage formation is revealed in the tectonic movement 
history in the Rhenohercynian belt of Variscan orogen.

 Compared with the observations of Schermer and El-Rus 
et al., high-pressure metamorphism was created by the result of 
an A-type subduction, associated with the Rhenohercynian 
zone as proposed by Weber [60,57,45].

Conclusions
�e present study observed coincidentally the white K-mica by 
optical petrography of lime-nodule slates from the Lahn-Dill 
area, Rheinishe Schiefergebirge. (i) �e con�rmation of 
Phengite mica is carried out by the Mineral chemistry by 
electron-probe micro-analysis (EPMA) and X-ray powder 
di�raction (XRPD) analysis. (ii) Phengite Si contents of 3.4 to 
3.5 apfu in the celadonite+muscovite solid solution series 
indicates the pressure 5-6.5 kbars by the Si-isopleths of phengite 
and the temperature 250-350°C through the lower limit of 
greenschist and the upper limit of biotite absence. (iii) White 
K-mica developed in the S2-cleavage plane. �e S2-cleavage cuts 
at a high angle to the S1-cleavage in many places. (iv) �e 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism 
due to the buttress of LBM collision. (v) High-pressure 
metamorphism was created by the result of an A-type 
subduction, e�ected within the Rhenohercynian zone. 
Additionally, the present study would like to recommend a 
detailed metamorphism of the Rheinische Schiefergebirge 
gradually died out towards the north for future work.
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�e white K-mica was coincidentally identi�ed in lime-nodule 
slates (German: “Kalkknotenschiefer”) during the assessment of 
thin sections by optical petrography. �e reddish slates (Upper 
Devonian) contain lime nodules (German: “knoten”) that are 
well exposed at Weilburg in the Lahn area and di�erent localities 
in the Dill area (Figure 1). �e white mica in the microscopic study 
was observed as muscovite; however, muscovite is incompatible 
with low-grade metamorphic rock. Its chemical composition was 
con�rmed in situ by electron-probe micro-analysis (EPMA) on 
three of the red lime-nodule slate from Weilburg1, Weilburg2, and 
Dillenburg, which revealed its identity as phengite mica. So far, no 
phengite mica has been observed in these areas, however, the 
phengite was already mentioned as a high-pressure mineral in the 
Northern Phyllite zone, and Southern Taunus Zone, from the 
south to north in the Rhenohercynian belt [1-4].

 White phengite mica has been used as a new barometer, for 
the Northern Phyllite Zone in the southern part of the 
Rheinische Schiefergebirge (RS), implying high-grade 
metamorphic rocks under temperature conditions of 400-450°C 
and pressure range 10-12 kbar [1,2]. In the RS, the white mica is 
used for K-Ar and Rb-Sr age determinations by, 
40Ar/39Ar-dating by, and the metamorphism is generally very 
low-grade or anchizonal [2,5-8]. 

 In order to study the microstructural analysis of 
lime-nodule slates, the thin sections were carried out by 
microscopic analysis. �e white mica was unfortunately observed 
and has to be identi�ed by EPMA. Although the white micas 
collected from the Lahn-Dill areas are shown as phengite mica, 
other localities in the RS where the white micas are used in age 

dating, are not sure whether they are phengite or not, as they 
have not been analyzed yet in the electron microprobe study. 

Weilburg2 = 50°28´24.52´´N, 8°15´54.67´´E; Dillenburg = 
50°44´19.79´´N, 8°17´11.04´´E), (Figures 1 and 2) by the 
author during �eldwork. Billets for thin sectioning were cut 
from the bulk samples using a water-cooled diamond blade at 
three di�erent orientations to the schistosity, mounted with 
epoxy to a carrier glass. Standard-sized thin sections 26×46 mm 
at 30 µm nominal thickness for optical petrography were 
prepared using silicon carbide paper up to 1 200 mesh �neness 
(<10 µm), and �nished with a 0.17 mm cover glass. One thin 
section was le� uncovered and instead, its surface was polished 
using diamond paste 6310.25 µm on cloth, to achieve a mirror 
�nish.

corrected using the PAP algorithm of, and converted to weight 
percentages (wt%) of element oxides assuming stoichiometry 
[9]. FeOT represents total iron (oxide) content, whereas 
hydrous species contents (H2O+,H2O) were reverse calculated. 
Net lower limits of detection (LLD) are on the order of 0.0x wt% 
as speci�ed per element (oxide) in Tables 1 to 4.

 Weight percentages of oxides were recast into numbers of 
cations in atoms per formula unit (apfu) following instructions 
in the Appendices to, and mica compositions were classi�ed 
according to the IMA-approved scheme of [10,11]. Selected 
results are collated in Tables 2, 3, and 4.

X-ray powder diffraction (XRPD) analysis 
To assist in the identi�cation of the �ne-grained matrix material 
and the nature of the white micas observed in thin sections, 
pre-crushed bulk sample materials were pulverized under 
acetone in an agate mortar and pestle, to pass a 200-mesh sieve 
(<75 μm). Dried and homogenized powders were loaded in a 
dimpled aluminum sample holder and �nished with a 
microscope carrier glass to obtain a �at surface.

 Powder di�ractograms were recorded in a Bruker D8 
Advance X-ray di�ractometer (XRD) instrument with 
Bragg-Brentano geometry from 02 23 °2θ in 0.05 °2θ steps, with 30 
s per step, overall scan time 3h30m per sample. �e Cu-tube was 
operated at 40 kV and 40 mA and produced bulk 
(non-monochromatic) CuKα radiation of λ=1.54184 Å. CuKβ was 
removed from the di�racted beam with Ni-foil. Peaks were indexed 
with DIFFRAC.EVA V4.2 proprietary Bruker so�ware using the 
ICDD 4.0 database. Selected results are collated in Figure 7.

Results 
Optical thin section petrography
�e mineral assemblage of quartz, chlorite, and white mica was 
observed in the petrographic analysis of the red lime-nodule 
slate. Quartz usually is present as lenticular grains, and chlorite 
in the form of overgrowths on it. �e phengite micas show an 
alignment that is neither parallel to the S1-cleavage nor bedding 
(S0), but transverse to the S1-cleavage, whereas S1-cleavage 
consists of lenticular quartz, chlorite, and mica (muscovite). 
�e alignment of a possible S2-cleavage consists of phengite 
mica, quartz (small grains), and chlorite (Figures 2, 3).

X-ray powder diffraction (XRPD) analysis 
�e X-ray powder di�raction pattern comprises thousands of 
overlapping peaks, however, re�ning the structures of the 
constituent minerals from overlapping peaks by plots the 2θ and 
d values. �erefore, to detect the minerals, an XRD analysis is 
carried out on �ve red slate samples from the Lahn-Dill areas, 
with the 2θ and d values being measured according to the 
interpretation of Frey, Ehlers & Blatt, and Raudsedd et al 
[22-24]. In the X-ray di�raction pattern, minerals such as 
phengite, chlorite, quartz, albite, ± microcline are recognized in 
sharp peaks (Figure 7). 

Frey proposed a reaction for the clay minerals to low-grade 
metamorphic minerals: mixed layer illite/montmorillonite = 
Al-rich chlorite + phengite + quartz + H2O--------(1)[22].

 �is product assemblage replaces illite in deep diagenesis 
and anchizonal metamorphism [25,26]. However, Frey and 
Robinson suggest that the phengite-poor composition and 
development in the bedding parallel microfabrics may be partly 
a measure of reaction progress rather than of the pressure [27].  

Metamorphic P, T-Conditions 
Velde found Si contents of 3.3 apfu in the solid solution of 
celadonite + muscovite + phengite in the P-T condition of 
250–550 °C and an upper-pressure limit in the range of 8–10 
kbar [20].

 In the present study, phengite Si contents of 3.4 to 3.5 apfu 
in the celadonite+muscovite solid solution series indicate the 
pressure 5-6.5 kbars by the Si-isopleths of phengite in Massonne 
and Schreyer, and compared to Franz et al., and the temperature 
250-350 °C through the lower limit of greenschist and the upper 
limit of biotite absence, (Figure 3) [28-30]. Phengite 
thermobarometer for the P-T path of this study area can be 
estimated from sub-greenschist to blueschist in the clockwise 
pattern (Figure 8).

Mineral chemistry 
Of the twenty-seven randomly selected points from three 
localities, sixteen are phengite and eleven are muscovite or illite. 
Phengite grows at an angle to the S1-cleavage whereas muscovite 
or illite grows parallel to the S1-cleavage (Figure 4).

 �e mineral assemblage of the S2-cleavage consisting of 
phengite mica, quartz, and chlorite is transformed from the mineral 
assemblage of the S1-cleavage. Possible reactions are proposed 
based on previous work in the �eld of biotite absence, e.g., who 
introduced the involving of phengite in blueschists as an applicable 
barometer with the reaction of Velde, Bucher-Nurminen and 
Massonne and Schreyer [20,28,30-32]:
phengite = K-feldspar (microcline) + chlorite + quartz + water (2)

 Above the equilibrium condition, the phengite barometer 
is applied to the presence of K-feldspar [27]. Essene Pointed out 
that the phengite barometer provides only minimum limits of 
pressure in the absence of the K-feldspar [31]. 
 �us, a reaction in the greenschist facies within the biotite 
absence �eld can be proposed: 

phengite + chlorite = muscovite +chlorite + quartz +water 
---------------------------------  (3) 
 Velde proposed the very probable reaction in a series of 
sedimentary rocks at low temperature and high pressure, which 
can be compared with the modelling of Zhu and Wei [20,33]:

illite (muscovite) + chlorite + K-feldspar + water = chlorite + 
phengite + quartz-------  (4) 

Holland and Lambert used a reaction for the pelitic rocks in the 
low temperature (200-400 °C) metamorphic regime [34]: 

illite (muscovite) + Mg-chlorite = phengite + Al-chlorite + 
water --------------------------(5)

 �erefore, there is no evidence of phengite used as a 
geobarometer at high temperatures (T > 750°C) [35]. �e white 
mica is more similar to the ideal composition of muscovite. 
Phengite has higher SiO2 and lower Al2O3 than muscovite and 
contains signi�cant amounts of MgO, FeO and Fe2O3. Again, 
Tilley and Ernst observed that the white micas of low-grade 
muscovite-chlorite and glaucophane schists usually contain 
signi�cant amounts of MgO, FeO, and Fe2O3, and are therefore 
called phengite [36,15].

 Velde has presented some preliminary data on the 
experimental conversion of quartz-bearing sedimentary 
montmorillonite and illite assemblages into metamorphic 
mixtures of quartz, white mica, and chlorite [37]. At PH2O = 2 
kb, he places such reactions in the vicinity of 300 °C, marking 
the appearance of what might be called a greenschist 
assemblage text in [38,39]. Low temperatures and high 
pressures are found to favour the transition of phengite micas 
from muscovite toward celadonite, rather than to near-ideal 
muscovite.
 �e lower stability limit of metamorphic muscovite (white 
mica) - chlorite - quartz assemblages of the greenschist facies is 
around T = 300 °C and PH2O = 3 kb, possibly somewhat lower 
[38]. However, Massonne and Schreyer found the stability �eld 
of the phengite - K-feldspar - quartz assemblage in the excess 
H2O between < 350 °C and upper-pressure limit in the range of 
8 -12 kbars within the upper limit of biotite absence zone [28].

Metamorphism of the Rheinische Schiefergebirge
Regional metamorphism 
�e metamorphism of the Rheinische Schiefergebirge gradually 
died out towards the north with syntectonic folding and its 

associated �rst cleavage (S1) [6,40,41]. �e S2-cleavage 
(crenulation cleavage) as encountered in the RS shows the same 
deformation fabric as the post-crystalline form of the �rst 
cleavage [40-42].

 �e temperature does not exceed 350 °C, and most places 
range 200-300°C, except in the Taunus, where it reaches 
400-450°C, compared to(cf.) [6,39].

White mica
White mica is well distributed as a metamorphic mineral in the 
RS from the Northern Phyllite Zone in the south to 
Ostsauerland in the north. Its distribution is based on K-Ar and 
Rb-Sr age determinations by Ahrendt et al. and 40Ar/39Ar- 
dating by Fladt et al.  [5,2].

 In the SW Moselle region, Hoeppener stated that the white 
mica that lens shape �ne chlorite and sericite �akes are smaller 
than 10 μ in diameter, and large individual minerals such as 
chlorite, white mica, and quartz are about 20 μ in diameter [43].

 In the Hunsrückschiefer of the middle Moselle region, 
Talbot observed that an aggregate of quartz, white mica, and 
chlorite is common with white mica also occurring in grains of 
comparable size to the quartz, but more commonly from 
slightly larger aggregates (lenticular) with chlorite [44]. In this 
region, Hoeppener concluded that the lenticulars are formed 
contemporaneously with the cleavage by overgrowths of the 
chlorite and mica on sedimentary grains [43].

 In pyrophyllite-bearing slates of Ramsbeck, the 
Ostsauerland region, has found white mica aggregates with 
syntectonic metasomatism in hydrothermally in�uenced areas, 
consisting of pyrophyllite and mica which cooling of the 
white-mica–stable liquid results in pyrophyllite (± diaspore) 
becoming stable [45,46].

White K-mica in the S2-cleavage plane
In the �eld observations, the crenulation cleavage shows a 
macroscopically distinguishable cleavage lamellae and wider 
spacing of cleavage planes. �e �rst cleavage takes over the 
bedding plane, whereas the crenulation cleavage leads to the 
previous syn-crystalline cleavage (S1-cleavage). �us, crenulation 
cleavage deformation shows a post-crystalline form of the �rst 
cleavage, which is transverse to earlier structures of S1 and S0 (cf.) 
[40,42,44]. �e transverse cleavage planes on the fold limbs are 
interpreted as antithetic shear planes (cf. and S1-cleavage planes 
are related to synthetic shear planes (Figure 9)[40,42].

 Finalized sections were studied in a petrographic 
microscope using plane  and cross-polarized transmitted light, 
to identify mineral phases and (estimated) modal contents (in 
vol%), and to determine microstructure, texture/fabric, 
deformation history, and their interrelations. �e polished 
section selected locations suitable for subsequent 
micro-analysis, with well-de�ned mineral grain boundaries, 
immaculate surface �nish (plane, no scratches), and without 
solid or �uid inclusions.

Mineral chemistry by electron-probe micro-analysis 
(EPMA)
Prior to analysis, the polished section was coated with 20 nm of 
carbon in a Polaron CC7650 thermal coater. Pre-selected spots 
were analyzed by EPMA at high vacuum (<5•10 6 Torr) in a 
Cameca SX51 instrument, operated at 15 kV acceleration voltage 
and ~20.0 nA probe current, equipped with �ve 
wavelength-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometer (EDS). �e instrument was 
internally calibrated against a set of natural and synthetic mineral 
compounds.

 Spectra were acquired for 30s on the peak, and 10s on the 
background. All elements were measured on their respective K
α lines. Sodium Na was assigned to two opposing WDS 
spectrometers at the beginning of each analytical run to 
minimize migration e�ects. Raw element data were ZAF 

Analytical Methods
Sample collection and optical petrography
Lime-nodule slate samples were collected from a number of 
outcrops (Weiburg1 = 50°28´24.52´´N, 8°15´54.67´´E; 

�ese micas, i.e., illite, phengite and muscovite are generally 
determined by the SiO2 and Al2O3 content (wt%) (see Figure 5 
and Table 1) [12-15].

 Park showed the major elements of the typical 
phengite-series compositions ranging as 44.50–55.86 wt% for 
SiO2, 21.05–36.87 wt% for Al2O3, 10.60–11.67 wt% for K2O, 
0.00–7.01 wt% for MgO and almost 0.00 wt% for FeO [16].
�erefore, phengite is de�ned in this study as follows: 
SiO2 content of illite is more than that of phengite and more 
than that of muscovite.
51  > phengite > 49
Al2O3 content of illite is less than that of phengite and less than 
that of muscovite.
24 < phengite < 32
K2O content is variable, however, it can be de�ned as,
8 < phengite < 12
K2O content of illite to muscovite is di�erent between their 
origin, e.g., K2O % illite to muscovite in anchimetamorphic 
zone = 8.6 - 10.2 wt% and K2O % illite to muscovite in 
epimetamorphic zone = 9.9 – 11.4 wt% [13,14].

 In addition, the Si+ and Al+ diagram is used to de�ne the 
phengite (celedonitic muscovite; proposed by in the solid 
solution of celadonite-muscovite a�er which �t into the 
metamorphic facies [13,17-20]. �e celadonite-muscovite 
relationships (Figure 6) show that none of the white mica plots 
are considered ideal muscovite and 16 of them are enriched in 
the celadonite component. �us, the celadonite and phengite 
contents are not independent of each other but increase 
together [21]. Additionally, the total value of Ca+, Na+, and K+ 
can also be used to determine the phengite, for which the range 
between 1.65 and 2.00 is de�ned (Tables 2, 3, and 4), in which 
K+ values are higher than Na+ values.

sample 1 2 3 4 5 6 7 8 9 10

oxide LLD    main element oxide contents in weight percent (wt%)

SiO2 0.50 45.51 52.64 51.18 50.65 48.18 48.35 50.47 50.07 47.77 48.92

TiO2 0.01 0.35 0.24 0.38 0.42 0.40 0.27 0.33 0.44 0.49 0.58

Al2O3 0.02 31.58 27.74 26.46 25.87 33.98 35.75 25.02 24.85 34.09 34.45

Cr2O3 0.01 <LLD 0.05 <LLD <LLD <LLD 0.03 0.02 0.02 0.05 <LLD

FeOT 0.01 2.71 3.87 5.86 6.04 1.70 1.28 7.41 6.91 1.60 1.54

MnO 0.01 0.01 0.04 0.07 0.08 <LLD 0.02 0.06 0.08 0.01 0.04

MgO 0.04 1.58 2.49 2.57 2.64 1.02 0.57 2.84 2.83 1.05 1.12

CaO 0.01 <LLD 0.08 <LLD 0.01 <LLD 0.02 0.01 <LLD 0.02 <LLD

Na2O 0.10 0.38 0.18 0.22 0.20 0.92 1.05 0.09 0.05 0.69 0.70

K2O 0.01 9.37 8.17 9.34 9.79 9.47 8.68 9.42 9.207 8.31 8.75

H2O 0.25 4.48 4.55 4.49 4.45 4.55 4.60 4.35 4.39 4.51 4.50

total 98.99 100.05 100.58 100.15 100.33 100.63 100.02 99.35 98.59 100.68

numbers of cations in atoms per formula unit (apfu) based on 100

Si 6.494 6.930 6.839 6.829 6.357 6.300 6.952 6.840 6.351 6.375

AlIV 1.506 1.072 1.181 1.170 1.643 1.600 1.049 1.160 1.649 1.625

ΣZ 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000

AlVI 3.477 3.230 3.006 2.942 3.629 3.791 3.013 2.842 3.693 3.666

Cr 0 0.005 0 0 0 0.003 0.002 0.002 0.006 0

Ti 0.035 0.024 0.038 0.043 0.040 0.027 0.034 0.046 0.049 0.056

Fe 0.304 0.426 0.655 0.682 0.187 0.140 0.718 0.789 0.178 0.168

Mn 0.002 0.005 0.008 0.009 0 0.002 0.006 0.010 0.002 0.004

Mg 0.315 0.489 0.512 0.531 0.201 0.112 0.584 0.576 0.207 0.217

ΣY 4.133 4.179 4.219 4.207 4.058 4.074 4.356 4.265 4.134 4.112

Ca 0.001 0.011 0 0.001 0.001 0.002 0.002 0 0.003 0

Na 0.059 0.047 0.058 0.053 0.236 0.265 0.024 0.015 0.177 0.176

K 0.600 1.372 1.592 1.683 1.589 1.443 1.654 1.688 1.410 1.454

ΣX 0.660 1.430 1.650 1.737 1.825 1.710 1.678 1.704 1.590 1.630

Table 2. Main element oxide contents by EPMA in weight percent (wt%) in phengite from Weilburg, in the middle Lahn syncline. 
FeOT represents total iron (oxide) content, and H2O is reverse-calculated by stoichiometry.

Table 3. Main element oxide contents by EPMA in weight percent (wt%) in phengite from Weilburg, in the middle Lahn syncline. 
FeOT represents total iron (oxide) content, and H2O is reverse-calculated by stoichiometry.

sample 1 2 3 4 5 6 7

oxide LLD main element oxide contents in weight percent (wt%)
SiO2 0.50 50.72 48.51 50.24 46.78 51.06 48.07 47.46
TiO2 0.01 0.43 0.27 0.41 0.22 1.01 0.12 0.47
Al2O3 0.02 26.08 25.31 24.29 31.33 22.70 25.71 27.31

 In the statement of Weber, the transverse cleavage of the 
microscopic and macroscopic nature depends primarily on (1) 
the nature and degree of the pre-existing anisotropy and (2) the 
relative age of the deformation and crystallization of the 
mineral phases, which produce that cleavage, whereas that 
cleavage is generated by the stress direction (σ1 direction) 
together with the style of tectonic motion, discussed below 
(Tectonic interpretation) [42].

 �e S2-cleavage cuts at a high angle to the S1-cleavage in 
many places. �e angle between S1 and S2 in the outcrop varies 
considerably, ranging from 10° to 85°, with most between 15° 
and 60° and the mean being around 35°. In the microscope, the 
angle is relatively less than that of in outcrop. Talbot suggested 
that the angles between S1 and S2 are not primary as a result of 
later rotation [44]. Similarly, S2-fabrics are clearly and 
continuously visible to better de�ne the crenulation type in the 
thin section. �e fabrics of S1 and S2 are very similar to the 
fabrics of S-C mylonite (Figure 3), which suggests the dynamic 
e�ect of the shear zone movement [47-49].

Structural and Tectonic interpretation
�e tectonic movement history of the Rhenohercynian belt is 
established by the formation of the S1 and S2 cleavages (see 
Figure 9). �e tectonic movement of the study area can be 
deduced from the following investigations:

 Firstly, northward movement resulted in the collision as 
several mutual aspects are evident in Lower Devonian rocks in 
the north which show only very small deformation. A 
pre-folding state is preserved with a preferentially N-S trending 
extension attributed to the stage of basin development.

 Secondly, the S1-cleavage formed as an axial plane cleavage 
in the N-vergence through the buttress of the London-Brabant 
Massif (LBM) against ongoing northward collisional 
movement. �is stage of folding itself during Carboniferous 
showing syn-kinematic NNW-directed compression occurs 
simultaneously in larger thrust zones of penetrative 
deformation.

 �irdly, the northward movement super-stressed the 
oroclinal bending around the London-Brabant Massif in the 
Rhenohercynian belt: an S1-cleavage is re-trending (nearly NS) 

and S2-cleavage formation due to the orocline bending around 
the London-Brabant Massif. �e S2-cleavage runs transversely 
to the S1-cleavage in the Rheinishe Schiefergebirge  however, the 
S2-cleavage is parallel to the S1-cleavage in the Ardennen, from 
which the S1-cleavages from both areas are correlated, and the 
S2-cleavages are also able to correlate [40,50,51].

 Movement patterns in the north late-kinematic clockwise 
rotation of the stress �eld are only weakly represented in the 
south. On the other hand, the clear evidence of an even younger 
counter-clockwise rotation of the stress �eld concerns the 
southern massif [52,53].

 During the collision of LBM, the Rhenohercynian belt was 
laid between LBM and the Saxothuringian zone, so the 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism.

 Among lime nodules that develop pressure shadows, 
phengite can be seen in a parallel orientation to the S1-cleavage. 
Wilson observed that the presence of pressure shadows behind 
phengite that were misoriented at a high angle to the foliation 
suggests a very irregularity [54]. Rolland et al. also noted that 
phengite aggregates in the pressure shadow formed at the 
expense of feldspar porphyroclasts [55]. According to the 
observations of Stephens et al., there are two mica groups in 
slates of Clunes from Australia, one parallel and one (detritus 
mica) oblique to cleavage, with phengite mica alignment having 
a strong preferred orientation parallel to S1-cleavage (cf.) 
[55,56].

 �e phengite thermobarometer of Lahn-Dill areas of very 
low to low-grade metamorphic rocks in an accretionary 
collisional setting generated by B-type subduction of oceanic 
crust is di�erent from the accretionary setting of Frey and 
Robinson and El-Rus et al. (Table 5), whose P-T path goes 
clockwise through the sub-greenschist to blueschist �elds 
following the upli� [27,57]. In their accretionary setting, e.g., 
the Southern Uplands of Scotland imbricate thrust system is 
developed on synchronous burial and metamorphism of strata 
containing so� sediments deformation and strata disruption 
and cleavage development, and the metapelitic study showing 
anchizone rocks includes white K-mica which indicates 
medium-high pressure facies condition.

�e RS is an N-S transverse complete section of the Rhenohercynian belt, which is well known as an accretionary prism in the 
Variscan orogen (Figure 10), [45,58,59].

 �e formation of the same fabric types S1 and S2 cleavages 
can be considered as formation in the relationship of 
deformation stresses in the rocks. Talbot suggested that the two 
fabrics are similar and should be treated genetically [44]. 
Likewise, the development of cleavage is related to a shortening 
direction and is perpendicular to the cleavage.

 �e S2-cleavage is kinking or micro-folding followed by 
some shearing parallel to the limb, whereas the S1-cleavage is 
synchronously sheared parallel to the plane. �e mechanism of S1 
and S2 cleavage formation is revealed in the tectonic movement 
history in the Rhenohercynian belt of Variscan orogen.

 Compared with the observations of Schermer and El-Rus 
et al., high-pressure metamorphism was created by the result of 
an A-type subduction, associated with the Rhenohercynian 
zone as proposed by Weber [60,57,45].

Conclusions
�e present study observed coincidentally the white K-mica by 
optical petrography of lime-nodule slates from the Lahn-Dill 
area, Rheinishe Schiefergebirge. (i) �e con�rmation of 
Phengite mica is carried out by the Mineral chemistry by 
electron-probe micro-analysis (EPMA) and X-ray powder 
di�raction (XRPD) analysis. (ii) Phengite Si contents of 3.4 to 
3.5 apfu in the celadonite+muscovite solid solution series 
indicates the pressure 5-6.5 kbars by the Si-isopleths of phengite 
and the temperature 250-350°C through the lower limit of 
greenschist and the upper limit of biotite absence. (iii) White 
K-mica developed in the S2-cleavage plane. �e S2-cleavage cuts 
at a high angle to the S1-cleavage in many places. (iv) �e 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism 
due to the buttress of LBM collision. (v) High-pressure 
metamorphism was created by the result of an A-type 
subduction, e�ected within the Rhenohercynian zone. 
Additionally, the present study would like to recommend a 
detailed metamorphism of the Rheinische Schiefergebirge 
gradually died out towards the north for future work.
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�e white K-mica was coincidentally identi�ed in lime-nodule 
slates (German: “Kalkknotenschiefer”) during the assessment of 
thin sections by optical petrography. �e reddish slates (Upper 
Devonian) contain lime nodules (German: “knoten”) that are 
well exposed at Weilburg in the Lahn area and di�erent localities 
in the Dill area (Figure 1). �e white mica in the microscopic study 
was observed as muscovite; however, muscovite is incompatible 
with low-grade metamorphic rock. Its chemical composition was 
con�rmed in situ by electron-probe micro-analysis (EPMA) on 
three of the red lime-nodule slate from Weilburg1, Weilburg2, and 
Dillenburg, which revealed its identity as phengite mica. So far, no 
phengite mica has been observed in these areas, however, the 
phengite was already mentioned as a high-pressure mineral in the 
Northern Phyllite zone, and Southern Taunus Zone, from the 
south to north in the Rhenohercynian belt [1-4].

 White phengite mica has been used as a new barometer, for 
the Northern Phyllite Zone in the southern part of the 
Rheinische Schiefergebirge (RS), implying high-grade 
metamorphic rocks under temperature conditions of 400-450°C 
and pressure range 10-12 kbar [1,2]. In the RS, the white mica is 
used for K-Ar and Rb-Sr age determinations by, 
40Ar/39Ar-dating by, and the metamorphism is generally very 
low-grade or anchizonal [2,5-8]. 

 In order to study the microstructural analysis of 
lime-nodule slates, the thin sections were carried out by 
microscopic analysis. �e white mica was unfortunately observed 
and has to be identi�ed by EPMA. Although the white micas 
collected from the Lahn-Dill areas are shown as phengite mica, 
other localities in the RS where the white micas are used in age 

dating, are not sure whether they are phengite or not, as they 
have not been analyzed yet in the electron microprobe study. 

Weilburg2 = 50°28´24.52´´N, 8°15´54.67´´E; Dillenburg = 
50°44´19.79´´N, 8°17´11.04´´E), (Figures 1 and 2) by the 
author during �eldwork. Billets for thin sectioning were cut 
from the bulk samples using a water-cooled diamond blade at 
three di�erent orientations to the schistosity, mounted with 
epoxy to a carrier glass. Standard-sized thin sections 26×46 mm 
at 30 µm nominal thickness for optical petrography were 
prepared using silicon carbide paper up to 1 200 mesh �neness 
(<10 µm), and �nished with a 0.17 mm cover glass. One thin 
section was le� uncovered and instead, its surface was polished 
using diamond paste 6310.25 µm on cloth, to achieve a mirror 
�nish.

corrected using the PAP algorithm of, and converted to weight 
percentages (wt%) of element oxides assuming stoichiometry 
[9]. FeOT represents total iron (oxide) content, whereas 
hydrous species contents (H2O+,H2O) were reverse calculated. 
Net lower limits of detection (LLD) are on the order of 0.0x wt% 
as speci�ed per element (oxide) in Tables 1 to 4.

 Weight percentages of oxides were recast into numbers of 
cations in atoms per formula unit (apfu) following instructions 
in the Appendices to, and mica compositions were classi�ed 
according to the IMA-approved scheme of [10,11]. Selected 
results are collated in Tables 2, 3, and 4.

X-ray powder diffraction (XRPD) analysis 
To assist in the identi�cation of the �ne-grained matrix material 
and the nature of the white micas observed in thin sections, 
pre-crushed bulk sample materials were pulverized under 
acetone in an agate mortar and pestle, to pass a 200-mesh sieve 
(<75 μm). Dried and homogenized powders were loaded in a 
dimpled aluminum sample holder and �nished with a 
microscope carrier glass to obtain a �at surface.

 Powder di�ractograms were recorded in a Bruker D8 
Advance X-ray di�ractometer (XRD) instrument with 
Bragg-Brentano geometry from 02 23 °2θ in 0.05 °2θ steps, with 30 
s per step, overall scan time 3h30m per sample. �e Cu-tube was 
operated at 40 kV and 40 mA and produced bulk 
(non-monochromatic) CuKα radiation of λ=1.54184 Å. CuKβ was 
removed from the di�racted beam with Ni-foil. Peaks were indexed 
with DIFFRAC.EVA V4.2 proprietary Bruker so�ware using the 
ICDD 4.0 database. Selected results are collated in Figure 7.

Results 
Optical thin section petrography
�e mineral assemblage of quartz, chlorite, and white mica was 
observed in the petrographic analysis of the red lime-nodule 
slate. Quartz usually is present as lenticular grains, and chlorite 
in the form of overgrowths on it. �e phengite micas show an 
alignment that is neither parallel to the S1-cleavage nor bedding 
(S0), but transverse to the S1-cleavage, whereas S1-cleavage 
consists of lenticular quartz, chlorite, and mica (muscovite). 
�e alignment of a possible S2-cleavage consists of phengite 
mica, quartz (small grains), and chlorite (Figures 2, 3).

X-ray powder diffraction (XRPD) analysis 
�e X-ray powder di�raction pattern comprises thousands of 
overlapping peaks, however, re�ning the structures of the 
constituent minerals from overlapping peaks by plots the 2θ and 
d values. �erefore, to detect the minerals, an XRD analysis is 
carried out on �ve red slate samples from the Lahn-Dill areas, 
with the 2θ and d values being measured according to the 
interpretation of Frey, Ehlers & Blatt, and Raudsedd et al 
[22-24]. In the X-ray di�raction pattern, minerals such as 
phengite, chlorite, quartz, albite, ± microcline are recognized in 
sharp peaks (Figure 7). 

Frey proposed a reaction for the clay minerals to low-grade 
metamorphic minerals: mixed layer illite/montmorillonite = 
Al-rich chlorite + phengite + quartz + H2O--------(1)[22].

 �is product assemblage replaces illite in deep diagenesis 
and anchizonal metamorphism [25,26]. However, Frey and 
Robinson suggest that the phengite-poor composition and 
development in the bedding parallel microfabrics may be partly 
a measure of reaction progress rather than of the pressure [27].  

Metamorphic P, T-Conditions 
Velde found Si contents of 3.3 apfu in the solid solution of 
celadonite + muscovite + phengite in the P-T condition of 
250–550 °C and an upper-pressure limit in the range of 8–10 
kbar [20].

 In the present study, phengite Si contents of 3.4 to 3.5 apfu 
in the celadonite+muscovite solid solution series indicate the 
pressure 5-6.5 kbars by the Si-isopleths of phengite in Massonne 
and Schreyer, and compared to Franz et al., and the temperature 
250-350 °C through the lower limit of greenschist and the upper 
limit of biotite absence, (Figure 3) [28-30]. Phengite 
thermobarometer for the P-T path of this study area can be 
estimated from sub-greenschist to blueschist in the clockwise 
pattern (Figure 8).

Mineral chemistry 
Of the twenty-seven randomly selected points from three 
localities, sixteen are phengite and eleven are muscovite or illite. 
Phengite grows at an angle to the S1-cleavage whereas muscovite 
or illite grows parallel to the S1-cleavage (Figure 4).

 �e mineral assemblage of the S2-cleavage consisting of 
phengite mica, quartz, and chlorite is transformed from the mineral 
assemblage of the S1-cleavage. Possible reactions are proposed 
based on previous work in the �eld of biotite absence, e.g., who 
introduced the involving of phengite in blueschists as an applicable 
barometer with the reaction of Velde, Bucher-Nurminen and 
Massonne and Schreyer [20,28,30-32]:
phengite = K-feldspar (microcline) + chlorite + quartz + water (2)

 Above the equilibrium condition, the phengite barometer 
is applied to the presence of K-feldspar [27]. Essene Pointed out 
that the phengite barometer provides only minimum limits of 
pressure in the absence of the K-feldspar [31]. 
 �us, a reaction in the greenschist facies within the biotite 
absence �eld can be proposed: 

phengite + chlorite = muscovite +chlorite + quartz +water 
---------------------------------  (3) 
 Velde proposed the very probable reaction in a series of 
sedimentary rocks at low temperature and high pressure, which 
can be compared with the modelling of Zhu and Wei [20,33]:

illite (muscovite) + chlorite + K-feldspar + water = chlorite + 
phengite + quartz-------  (4) 

Holland and Lambert used a reaction for the pelitic rocks in the 
low temperature (200-400 °C) metamorphic regime [34]: 

illite (muscovite) + Mg-chlorite = phengite + Al-chlorite + 
water --------------------------(5)

 �erefore, there is no evidence of phengite used as a 
geobarometer at high temperatures (T > 750°C) [35]. �e white 
mica is more similar to the ideal composition of muscovite. 
Phengite has higher SiO2 and lower Al2O3 than muscovite and 
contains signi�cant amounts of MgO, FeO and Fe2O3. Again, 
Tilley and Ernst observed that the white micas of low-grade 
muscovite-chlorite and glaucophane schists usually contain 
signi�cant amounts of MgO, FeO, and Fe2O3, and are therefore 
called phengite [36,15].

 Velde has presented some preliminary data on the 
experimental conversion of quartz-bearing sedimentary 
montmorillonite and illite assemblages into metamorphic 
mixtures of quartz, white mica, and chlorite [37]. At PH2O = 2 
kb, he places such reactions in the vicinity of 300 °C, marking 
the appearance of what might be called a greenschist 
assemblage text in [38,39]. Low temperatures and high 
pressures are found to favour the transition of phengite micas 
from muscovite toward celadonite, rather than to near-ideal 
muscovite.
 �e lower stability limit of metamorphic muscovite (white 
mica) - chlorite - quartz assemblages of the greenschist facies is 
around T = 300 °C and PH2O = 3 kb, possibly somewhat lower 
[38]. However, Massonne and Schreyer found the stability �eld 
of the phengite - K-feldspar - quartz assemblage in the excess 
H2O between < 350 °C and upper-pressure limit in the range of 
8 -12 kbars within the upper limit of biotite absence zone [28].

Metamorphism of the Rheinische Schiefergebirge
Regional metamorphism 
�e metamorphism of the Rheinische Schiefergebirge gradually 
died out towards the north with syntectonic folding and its 

associated �rst cleavage (S1) [6,40,41]. �e S2-cleavage 
(crenulation cleavage) as encountered in the RS shows the same 
deformation fabric as the post-crystalline form of the �rst 
cleavage [40-42].

 �e temperature does not exceed 350 °C, and most places 
range 200-300°C, except in the Taunus, where it reaches 
400-450°C, compared to(cf.) [6,39].

White mica
White mica is well distributed as a metamorphic mineral in the 
RS from the Northern Phyllite Zone in the south to 
Ostsauerland in the north. Its distribution is based on K-Ar and 
Rb-Sr age determinations by Ahrendt et al. and 40Ar/39Ar- 
dating by Fladt et al.  [5,2].

 In the SW Moselle region, Hoeppener stated that the white 
mica that lens shape �ne chlorite and sericite �akes are smaller 
than 10 μ in diameter, and large individual minerals such as 
chlorite, white mica, and quartz are about 20 μ in diameter [43].

 In the Hunsrückschiefer of the middle Moselle region, 
Talbot observed that an aggregate of quartz, white mica, and 
chlorite is common with white mica also occurring in grains of 
comparable size to the quartz, but more commonly from 
slightly larger aggregates (lenticular) with chlorite [44]. In this 
region, Hoeppener concluded that the lenticulars are formed 
contemporaneously with the cleavage by overgrowths of the 
chlorite and mica on sedimentary grains [43].

 In pyrophyllite-bearing slates of Ramsbeck, the 
Ostsauerland region, has found white mica aggregates with 
syntectonic metasomatism in hydrothermally in�uenced areas, 
consisting of pyrophyllite and mica which cooling of the 
white-mica–stable liquid results in pyrophyllite (± diaspore) 
becoming stable [45,46].

White K-mica in the S2-cleavage plane
In the �eld observations, the crenulation cleavage shows a 
macroscopically distinguishable cleavage lamellae and wider 
spacing of cleavage planes. �e �rst cleavage takes over the 
bedding plane, whereas the crenulation cleavage leads to the 
previous syn-crystalline cleavage (S1-cleavage). �us, crenulation 
cleavage deformation shows a post-crystalline form of the �rst 
cleavage, which is transverse to earlier structures of S1 and S0 (cf.) 
[40,42,44]. �e transverse cleavage planes on the fold limbs are 
interpreted as antithetic shear planes (cf. and S1-cleavage planes 
are related to synthetic shear planes (Figure 9)[40,42].

 Finalized sections were studied in a petrographic 
microscope using plane  and cross-polarized transmitted light, 
to identify mineral phases and (estimated) modal contents (in 
vol%), and to determine microstructure, texture/fabric, 
deformation history, and their interrelations. �e polished 
section selected locations suitable for subsequent 
micro-analysis, with well-de�ned mineral grain boundaries, 
immaculate surface �nish (plane, no scratches), and without 
solid or �uid inclusions.

Mineral chemistry by electron-probe micro-analysis 
(EPMA)
Prior to analysis, the polished section was coated with 20 nm of 
carbon in a Polaron CC7650 thermal coater. Pre-selected spots 
were analyzed by EPMA at high vacuum (<5•10 6 Torr) in a 
Cameca SX51 instrument, operated at 15 kV acceleration voltage 
and ~20.0 nA probe current, equipped with �ve 
wavelength-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometer (EDS). �e instrument was 
internally calibrated against a set of natural and synthetic mineral 
compounds.

 Spectra were acquired for 30s on the peak, and 10s on the 
background. All elements were measured on their respective K
α lines. Sodium Na was assigned to two opposing WDS 
spectrometers at the beginning of each analytical run to 
minimize migration e�ects. Raw element data were ZAF 

Analytical Methods
Sample collection and optical petrography
Lime-nodule slate samples were collected from a number of 
outcrops (Weiburg1 = 50°28´24.52´´N, 8°15´54.67´´E; 

�ese micas, i.e., illite, phengite and muscovite are generally 
determined by the SiO2 and Al2O3 content (wt%) (see Figure 5 
and Table 1) [12-15].

 Park showed the major elements of the typical 
phengite-series compositions ranging as 44.50–55.86 wt% for 
SiO2, 21.05–36.87 wt% for Al2O3, 10.60–11.67 wt% for K2O, 
0.00–7.01 wt% for MgO and almost 0.00 wt% for FeO [16].
�erefore, phengite is de�ned in this study as follows: 
SiO2 content of illite is more than that of phengite and more 
than that of muscovite.
51  > phengite > 49
Al2O3 content of illite is less than that of phengite and less than 
that of muscovite.
24 < phengite < 32
K2O content is variable, however, it can be de�ned as,
8 < phengite < 12
K2O content of illite to muscovite is di�erent between their 
origin, e.g., K2O % illite to muscovite in anchimetamorphic 
zone = 8.6 - 10.2 wt% and K2O % illite to muscovite in 
epimetamorphic zone = 9.9 – 11.4 wt% [13,14].

 In addition, the Si+ and Al+ diagram is used to de�ne the 
phengite (celedonitic muscovite; proposed by in the solid 
solution of celadonite-muscovite a�er which �t into the 
metamorphic facies [13,17-20]. �e celadonite-muscovite 
relationships (Figure 6) show that none of the white mica plots 
are considered ideal muscovite and 16 of them are enriched in 
the celadonite component. �us, the celadonite and phengite 
contents are not independent of each other but increase 
together [21]. Additionally, the total value of Ca+, Na+, and K+ 
can also be used to determine the phengite, for which the range 
between 1.65 and 2.00 is de�ned (Tables 2, 3, and 4), in which 
K+ values are higher than Na+ values.

Table 4. Main element oxide contents by EPMA in weight percent (wt%) in phengite from Eibach (Dillenburg), in the Dill syncline. 
FeOT represents total iron (oxide) content, H2O reverse-calculated by stoichiometry.

Cr2O3 0.01 <LLD 0.03 0.02 <LLD <LLD 0.04 0.03
FeOT 0.01 4.35 4.07 6.88 1.61 5.00 5.12 3.26
MnO 0.01 <LLD 0.04 0.05 0.02 0.09 0.08 0.02
MgO 0.04 2.89 3.60 4.27 1.03 3.92 2.82 2.26
CaO 0.01 0.08 2.15 0.25 0.13 0.32 0.12 0.17
Na2O 0.10 0.12 0.16 0.26 0.49 0.14 0.28 0.57
K2O 0.01 9.11 8.22 7.87 9.72 8.59 9.69 10.14
H2O 0.25 4.43 4.33 4.42 4.34 4.37 4.29 4.29

total 98.28 96.76 99.07 95.68 97.29 96.41 96.03
numbers of cations in atoms per formula unit (apfu) based on 100

Si 6.870 6.714 6.814 6.468 7.014 6.724 6.630
AlIV 1.130 1.286 1.186 1.532 0.986 1.276 1.370

ΣZ 8.000 8.000 8.000 8.000 8.000 8.000 8.000
AlVI 3.034 2.842 2.698 3.576 2.690 2.964 3.126
Cr 0 0.002 0.002 0 0 0.004 0.004
Ti 0.044 0.028 0.042 0.022 0.104 0.012 0.050
Fe 0.494 0.470 0.782 0.516 0.574 0.600 0.382
Mn 0 0.004 0.006 0.002 0.010 0.010 0.002
Mg 0.584 0.742 0.864 0.212 0.802 0.588 0.470

ΣY 4.156 4.088 4.394 4.328 4.180 4.178 4.034
Ca 0.012 0.320 0.036 0.018 0.048 0.018 0.026
Na 0.032 0.044 0.068 0.130 0.038 0.074 0.154
K 1.574 1.452 1.362 1.714 1.506 1.728 1.808

ΣX 1.618 1.816 1.466 1.862 1.592 1.820 1.988

sample 1 2 3 4 5 6 7 8 9 10

oxide LLD main element oxide contents in weight percent (wt%)
SiO2 0.50 50.38 47.81 47.53 49.76 49.34 48.52 49.09 47.04 46.72 47.34
TiO2 0.01 0.32 0.94 0.05 0.27 0.57 0.16 0.19 0.33 0.39 0.36
Al2O3 0.02 23.59 24.57 33.65 26.83 25.67 28.47 27.80 34.34 31.21 31.98
Cr2O3 0.01 0.19 <LLD 0.01 <LLD <LLD 0.01 0.06 0.05 0.02 <LLD
FeOT 0.01 3.20 5.88 1.09 4.31 4.26 3.201 3.34 1.00 2.07 1.75
MnO 0.01 <LLD 0.21 0.01 <LLD 0.05 0.05 0.01 0.03 0.03 <LLD
MgO 0.04 3.02 2.87 0.77 1.84 0.37 1.89 1.88 0.70 1.00 0.89
CaO 0.01 0.07 0.03 0.03 0.01 0.04 0.02 0.16 0.04 0.04 0.02
Na2O 0.10 0.12 0.15 0.53 0.53 0.17 0.58 0.56 0.38 0.53 0.47
K2O 0.01 9.70 9.72 7.95 9.53 10.34 9.70 9.78 7.50 9.36 8.14
H2O 0.25 4.28 4.27 4.204 4.38 4.26 4.36 4.37 4.43 4.34 4.37

total 98.99 94.91 96.52 96.05 97.54 95.13 96.95 97.27 95.86 95.72
numbers of cations in atoms per formula unit (apfu) based on 100

Si 7.064 6.718 6.440 6.816 6.952 6.668 6.732 6.368 6.460 6.496
AlIV 0.936 1.282 1.560 1.184 1.048 1.332 1.268 1.632 1.540 1.504

ΣZ 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
AlVI 2.962 2.786 3.812 3.148 3.214 3.280 3.224 3.846 3.546 3.668
Cr 0.022 0 0.002 0 0 0.002 0.006 0.006 0.002 0

 In the statement of Weber, the transverse cleavage of the 
microscopic and macroscopic nature depends primarily on (1) 
the nature and degree of the pre-existing anisotropy and (2) the 
relative age of the deformation and crystallization of the 
mineral phases, which produce that cleavage, whereas that 
cleavage is generated by the stress direction (σ1 direction) 
together with the style of tectonic motion, discussed below 
(Tectonic interpretation) [42].

 �e S2-cleavage cuts at a high angle to the S1-cleavage in 
many places. �e angle between S1 and S2 in the outcrop varies 
considerably, ranging from 10° to 85°, with most between 15° 
and 60° and the mean being around 35°. In the microscope, the 
angle is relatively less than that of in outcrop. Talbot suggested 
that the angles between S1 and S2 are not primary as a result of 
later rotation [44]. Similarly, S2-fabrics are clearly and 
continuously visible to better de�ne the crenulation type in the 
thin section. �e fabrics of S1 and S2 are very similar to the 
fabrics of S-C mylonite (Figure 3), which suggests the dynamic 
e�ect of the shear zone movement [47-49].

Structural and Tectonic interpretation
�e tectonic movement history of the Rhenohercynian belt is 
established by the formation of the S1 and S2 cleavages (see 
Figure 9). �e tectonic movement of the study area can be 
deduced from the following investigations:

 Firstly, northward movement resulted in the collision as 
several mutual aspects are evident in Lower Devonian rocks in 
the north which show only very small deformation. A 
pre-folding state is preserved with a preferentially N-S trending 
extension attributed to the stage of basin development.

 Secondly, the S1-cleavage formed as an axial plane cleavage 
in the N-vergence through the buttress of the London-Brabant 
Massif (LBM) against ongoing northward collisional 
movement. �is stage of folding itself during Carboniferous 
showing syn-kinematic NNW-directed compression occurs 
simultaneously in larger thrust zones of penetrative 
deformation.

 �irdly, the northward movement super-stressed the 
oroclinal bending around the London-Brabant Massif in the 
Rhenohercynian belt: an S1-cleavage is re-trending (nearly NS) 

and S2-cleavage formation due to the orocline bending around 
the London-Brabant Massif. �e S2-cleavage runs transversely 
to the S1-cleavage in the Rheinishe Schiefergebirge  however, the 
S2-cleavage is parallel to the S1-cleavage in the Ardennen, from 
which the S1-cleavages from both areas are correlated, and the 
S2-cleavages are also able to correlate [40,50,51].

 Movement patterns in the north late-kinematic clockwise 
rotation of the stress �eld are only weakly represented in the 
south. On the other hand, the clear evidence of an even younger 
counter-clockwise rotation of the stress �eld concerns the 
southern massif [52,53].

 During the collision of LBM, the Rhenohercynian belt was 
laid between LBM and the Saxothuringian zone, so the 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism.

 Among lime nodules that develop pressure shadows, 
phengite can be seen in a parallel orientation to the S1-cleavage. 
Wilson observed that the presence of pressure shadows behind 
phengite that were misoriented at a high angle to the foliation 
suggests a very irregularity [54]. Rolland et al. also noted that 
phengite aggregates in the pressure shadow formed at the 
expense of feldspar porphyroclasts [55]. According to the 
observations of Stephens et al., there are two mica groups in 
slates of Clunes from Australia, one parallel and one (detritus 
mica) oblique to cleavage, with phengite mica alignment having 
a strong preferred orientation parallel to S1-cleavage (cf.) 
[55,56].

 �e phengite thermobarometer of Lahn-Dill areas of very 
low to low-grade metamorphic rocks in an accretionary 
collisional setting generated by B-type subduction of oceanic 
crust is di�erent from the accretionary setting of Frey and 
Robinson and El-Rus et al. (Table 5), whose P-T path goes 
clockwise through the sub-greenschist to blueschist �elds 
following the upli� [27,57]. In their accretionary setting, e.g., 
the Southern Uplands of Scotland imbricate thrust system is 
developed on synchronous burial and metamorphism of strata 
containing so� sediments deformation and strata disruption 
and cleavage development, and the metapelitic study showing 
anchizone rocks includes white K-mica which indicates 
medium-high pressure facies condition.

�e RS is an N-S transverse complete section of the Rhenohercynian belt, which is well known as an accretionary prism in the 
Variscan orogen (Figure 10), [45,58,59].

 �e formation of the same fabric types S1 and S2 cleavages 
can be considered as formation in the relationship of 
deformation stresses in the rocks. Talbot suggested that the two 
fabrics are similar and should be treated genetically [44]. 
Likewise, the development of cleavage is related to a shortening 
direction and is perpendicular to the cleavage.

 �e S2-cleavage is kinking or micro-folding followed by 
some shearing parallel to the limb, whereas the S1-cleavage is 
synchronously sheared parallel to the plane. �e mechanism of S1 
and S2 cleavage formation is revealed in the tectonic movement 
history in the Rhenohercynian belt of Variscan orogen.

 Compared with the observations of Schermer and El-Rus 
et al., high-pressure metamorphism was created by the result of 
an A-type subduction, associated with the Rhenohercynian 
zone as proposed by Weber [60,57,45].

Conclusions
�e present study observed coincidentally the white K-mica by 
optical petrography of lime-nodule slates from the Lahn-Dill 
area, Rheinishe Schiefergebirge. (i) �e con�rmation of 
Phengite mica is carried out by the Mineral chemistry by 
electron-probe micro-analysis (EPMA) and X-ray powder 
di�raction (XRPD) analysis. (ii) Phengite Si contents of 3.4 to 
3.5 apfu in the celadonite+muscovite solid solution series 
indicates the pressure 5-6.5 kbars by the Si-isopleths of phengite 
and the temperature 250-350°C through the lower limit of 
greenschist and the upper limit of biotite absence. (iii) White 
K-mica developed in the S2-cleavage plane. �e S2-cleavage cuts 
at a high angle to the S1-cleavage in many places. (iv) �e 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism 
due to the buttress of LBM collision. (v) High-pressure 
metamorphism was created by the result of an A-type 
subduction, e�ected within the Rhenohercynian zone. 
Additionally, the present study would like to recommend a 
detailed metamorphism of the Rheinische Schiefergebirge 
gradually died out towards the north for future work.
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�e white K-mica was coincidentally identi�ed in lime-nodule 
slates (German: “Kalkknotenschiefer”) during the assessment of 
thin sections by optical petrography. �e reddish slates (Upper 
Devonian) contain lime nodules (German: “knoten”) that are 
well exposed at Weilburg in the Lahn area and di�erent localities 
in the Dill area (Figure 1). �e white mica in the microscopic study 
was observed as muscovite; however, muscovite is incompatible 
with low-grade metamorphic rock. Its chemical composition was 
con�rmed in situ by electron-probe micro-analysis (EPMA) on 
three of the red lime-nodule slate from Weilburg1, Weilburg2, and 
Dillenburg, which revealed its identity as phengite mica. So far, no 
phengite mica has been observed in these areas, however, the 
phengite was already mentioned as a high-pressure mineral in the 
Northern Phyllite zone, and Southern Taunus Zone, from the 
south to north in the Rhenohercynian belt [1-4].

 White phengite mica has been used as a new barometer, for 
the Northern Phyllite Zone in the southern part of the 
Rheinische Schiefergebirge (RS), implying high-grade 
metamorphic rocks under temperature conditions of 400-450°C 
and pressure range 10-12 kbar [1,2]. In the RS, the white mica is 
used for K-Ar and Rb-Sr age determinations by, 
40Ar/39Ar-dating by, and the metamorphism is generally very 
low-grade or anchizonal [2,5-8]. 

 In order to study the microstructural analysis of 
lime-nodule slates, the thin sections were carried out by 
microscopic analysis. �e white mica was unfortunately observed 
and has to be identi�ed by EPMA. Although the white micas 
collected from the Lahn-Dill areas are shown as phengite mica, 
other localities in the RS where the white micas are used in age 

dating, are not sure whether they are phengite or not, as they 
have not been analyzed yet in the electron microprobe study. 

Weilburg2 = 50°28´24.52´´N, 8°15´54.67´´E; Dillenburg = 
50°44´19.79´´N, 8°17´11.04´´E), (Figures 1 and 2) by the 
author during �eldwork. Billets for thin sectioning were cut 
from the bulk samples using a water-cooled diamond blade at 
three di�erent orientations to the schistosity, mounted with 
epoxy to a carrier glass. Standard-sized thin sections 26×46 mm 
at 30 µm nominal thickness for optical petrography were 
prepared using silicon carbide paper up to 1 200 mesh �neness 
(<10 µm), and �nished with a 0.17 mm cover glass. One thin 
section was le� uncovered and instead, its surface was polished 
using diamond paste 6310.25 µm on cloth, to achieve a mirror 
�nish.

corrected using the PAP algorithm of, and converted to weight 
percentages (wt%) of element oxides assuming stoichiometry 
[9]. FeOT represents total iron (oxide) content, whereas 
hydrous species contents (H2O+,H2O) were reverse calculated. 
Net lower limits of detection (LLD) are on the order of 0.0x wt% 
as speci�ed per element (oxide) in Tables 1 to 4.

 Weight percentages of oxides were recast into numbers of 
cations in atoms per formula unit (apfu) following instructions 
in the Appendices to, and mica compositions were classi�ed 
according to the IMA-approved scheme of [10,11]. Selected 
results are collated in Tables 2, 3, and 4.

X-ray powder diffraction (XRPD) analysis 
To assist in the identi�cation of the �ne-grained matrix material 
and the nature of the white micas observed in thin sections, 
pre-crushed bulk sample materials were pulverized under 
acetone in an agate mortar and pestle, to pass a 200-mesh sieve 
(<75 μm). Dried and homogenized powders were loaded in a 
dimpled aluminum sample holder and �nished with a 
microscope carrier glass to obtain a �at surface.

 Powder di�ractograms were recorded in a Bruker D8 
Advance X-ray di�ractometer (XRD) instrument with 
Bragg-Brentano geometry from 02 23 °2θ in 0.05 °2θ steps, with 30 
s per step, overall scan time 3h30m per sample. �e Cu-tube was 
operated at 40 kV and 40 mA and produced bulk 
(non-monochromatic) CuKα radiation of λ=1.54184 Å. CuKβ was 
removed from the di�racted beam with Ni-foil. Peaks were indexed 
with DIFFRAC.EVA V4.2 proprietary Bruker so�ware using the 
ICDD 4.0 database. Selected results are collated in Figure 7.

Results 
Optical thin section petrography
�e mineral assemblage of quartz, chlorite, and white mica was 
observed in the petrographic analysis of the red lime-nodule 
slate. Quartz usually is present as lenticular grains, and chlorite 
in the form of overgrowths on it. �e phengite micas show an 
alignment that is neither parallel to the S1-cleavage nor bedding 
(S0), but transverse to the S1-cleavage, whereas S1-cleavage 
consists of lenticular quartz, chlorite, and mica (muscovite). 
�e alignment of a possible S2-cleavage consists of phengite 
mica, quartz (small grains), and chlorite (Figures 2, 3).

X-ray powder diffraction (XRPD) analysis 
�e X-ray powder di�raction pattern comprises thousands of 
overlapping peaks, however, re�ning the structures of the 
constituent minerals from overlapping peaks by plots the 2θ and 
d values. �erefore, to detect the minerals, an XRD analysis is 
carried out on �ve red slate samples from the Lahn-Dill areas, 
with the 2θ and d values being measured according to the 
interpretation of Frey, Ehlers & Blatt, and Raudsedd et al 
[22-24]. In the X-ray di�raction pattern, minerals such as 
phengite, chlorite, quartz, albite, ± microcline are recognized in 
sharp peaks (Figure 7). 

Frey proposed a reaction for the clay minerals to low-grade 
metamorphic minerals: mixed layer illite/montmorillonite = 
Al-rich chlorite + phengite + quartz + H2O--------(1)[22].

 �is product assemblage replaces illite in deep diagenesis 
and anchizonal metamorphism [25,26]. However, Frey and 
Robinson suggest that the phengite-poor composition and 
development in the bedding parallel microfabrics may be partly 
a measure of reaction progress rather than of the pressure [27].  

Metamorphic P, T-Conditions 
Velde found Si contents of 3.3 apfu in the solid solution of 
celadonite + muscovite + phengite in the P-T condition of 
250–550 °C and an upper-pressure limit in the range of 8–10 
kbar [20].

 In the present study, phengite Si contents of 3.4 to 3.5 apfu 
in the celadonite+muscovite solid solution series indicate the 
pressure 5-6.5 kbars by the Si-isopleths of phengite in Massonne 
and Schreyer, and compared to Franz et al., and the temperature 
250-350 °C through the lower limit of greenschist and the upper 
limit of biotite absence, (Figure 3) [28-30]. Phengite 
thermobarometer for the P-T path of this study area can be 
estimated from sub-greenschist to blueschist in the clockwise 
pattern (Figure 8).

Mineral chemistry 
Of the twenty-seven randomly selected points from three 
localities, sixteen are phengite and eleven are muscovite or illite. 
Phengite grows at an angle to the S1-cleavage whereas muscovite 
or illite grows parallel to the S1-cleavage (Figure 4).

 �e mineral assemblage of the S2-cleavage consisting of 
phengite mica, quartz, and chlorite is transformed from the mineral 
assemblage of the S1-cleavage. Possible reactions are proposed 
based on previous work in the �eld of biotite absence, e.g., who 
introduced the involving of phengite in blueschists as an applicable 
barometer with the reaction of Velde, Bucher-Nurminen and 
Massonne and Schreyer [20,28,30-32]:
phengite = K-feldspar (microcline) + chlorite + quartz + water (2)

 Above the equilibrium condition, the phengite barometer 
is applied to the presence of K-feldspar [27]. Essene Pointed out 
that the phengite barometer provides only minimum limits of 
pressure in the absence of the K-feldspar [31]. 
 �us, a reaction in the greenschist facies within the biotite 
absence �eld can be proposed: 

phengite + chlorite = muscovite +chlorite + quartz +water 
---------------------------------  (3) 
 Velde proposed the very probable reaction in a series of 
sedimentary rocks at low temperature and high pressure, which 
can be compared with the modelling of Zhu and Wei [20,33]:

illite (muscovite) + chlorite + K-feldspar + water = chlorite + 
phengite + quartz-------  (4) 

Holland and Lambert used a reaction for the pelitic rocks in the 
low temperature (200-400 °C) metamorphic regime [34]: 

illite (muscovite) + Mg-chlorite = phengite + Al-chlorite + 
water --------------------------(5)

 �erefore, there is no evidence of phengite used as a 
geobarometer at high temperatures (T > 750°C) [35]. �e white 
mica is more similar to the ideal composition of muscovite. 
Phengite has higher SiO2 and lower Al2O3 than muscovite and 
contains signi�cant amounts of MgO, FeO and Fe2O3. Again, 
Tilley and Ernst observed that the white micas of low-grade 
muscovite-chlorite and glaucophane schists usually contain 
signi�cant amounts of MgO, FeO, and Fe2O3, and are therefore 
called phengite [36,15].

 Velde has presented some preliminary data on the 
experimental conversion of quartz-bearing sedimentary 
montmorillonite and illite assemblages into metamorphic 
mixtures of quartz, white mica, and chlorite [37]. At PH2O = 2 
kb, he places such reactions in the vicinity of 300 °C, marking 
the appearance of what might be called a greenschist 
assemblage text in [38,39]. Low temperatures and high 
pressures are found to favour the transition of phengite micas 
from muscovite toward celadonite, rather than to near-ideal 
muscovite.
 �e lower stability limit of metamorphic muscovite (white 
mica) - chlorite - quartz assemblages of the greenschist facies is 
around T = 300 °C and PH2O = 3 kb, possibly somewhat lower 
[38]. However, Massonne and Schreyer found the stability �eld 
of the phengite - K-feldspar - quartz assemblage in the excess 
H2O between < 350 °C and upper-pressure limit in the range of 
8 -12 kbars within the upper limit of biotite absence zone [28].

Metamorphism of the Rheinische Schiefergebirge
Regional metamorphism 
�e metamorphism of the Rheinische Schiefergebirge gradually 
died out towards the north with syntectonic folding and its 

associated �rst cleavage (S1) [6,40,41]. �e S2-cleavage 
(crenulation cleavage) as encountered in the RS shows the same 
deformation fabric as the post-crystalline form of the �rst 
cleavage [40-42].

 �e temperature does not exceed 350 °C, and most places 
range 200-300°C, except in the Taunus, where it reaches 
400-450°C, compared to(cf.) [6,39].

White mica
White mica is well distributed as a metamorphic mineral in the 
RS from the Northern Phyllite Zone in the south to 
Ostsauerland in the north. Its distribution is based on K-Ar and 
Rb-Sr age determinations by Ahrendt et al. and 40Ar/39Ar- 
dating by Fladt et al.  [5,2].

 In the SW Moselle region, Hoeppener stated that the white 
mica that lens shape �ne chlorite and sericite �akes are smaller 
than 10 μ in diameter, and large individual minerals such as 
chlorite, white mica, and quartz are about 20 μ in diameter [43].

 In the Hunsrückschiefer of the middle Moselle region, 
Talbot observed that an aggregate of quartz, white mica, and 
chlorite is common with white mica also occurring in grains of 
comparable size to the quartz, but more commonly from 
slightly larger aggregates (lenticular) with chlorite [44]. In this 
region, Hoeppener concluded that the lenticulars are formed 
contemporaneously with the cleavage by overgrowths of the 
chlorite and mica on sedimentary grains [43].

 In pyrophyllite-bearing slates of Ramsbeck, the 
Ostsauerland region, has found white mica aggregates with 
syntectonic metasomatism in hydrothermally in�uenced areas, 
consisting of pyrophyllite and mica which cooling of the 
white-mica–stable liquid results in pyrophyllite (± diaspore) 
becoming stable [45,46].

White K-mica in the S2-cleavage plane
In the �eld observations, the crenulation cleavage shows a 
macroscopically distinguishable cleavage lamellae and wider 
spacing of cleavage planes. �e �rst cleavage takes over the 
bedding plane, whereas the crenulation cleavage leads to the 
previous syn-crystalline cleavage (S1-cleavage). �us, crenulation 
cleavage deformation shows a post-crystalline form of the �rst 
cleavage, which is transverse to earlier structures of S1 and S0 (cf.) 
[40,42,44]. �e transverse cleavage planes on the fold limbs are 
interpreted as antithetic shear planes (cf. and S1-cleavage planes 
are related to synthetic shear planes (Figure 9)[40,42].

 Finalized sections were studied in a petrographic 
microscope using plane  and cross-polarized transmitted light, 
to identify mineral phases and (estimated) modal contents (in 
vol%), and to determine microstructure, texture/fabric, 
deformation history, and their interrelations. �e polished 
section selected locations suitable for subsequent 
micro-analysis, with well-de�ned mineral grain boundaries, 
immaculate surface �nish (plane, no scratches), and without 
solid or �uid inclusions.

Mineral chemistry by electron-probe micro-analysis 
(EPMA)
Prior to analysis, the polished section was coated with 20 nm of 
carbon in a Polaron CC7650 thermal coater. Pre-selected spots 
were analyzed by EPMA at high vacuum (<5•10 6 Torr) in a 
Cameca SX51 instrument, operated at 15 kV acceleration voltage 
and ~20.0 nA probe current, equipped with �ve 
wavelength-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometer (EDS). �e instrument was 
internally calibrated against a set of natural and synthetic mineral 
compounds.

 Spectra were acquired for 30s on the peak, and 10s on the 
background. All elements were measured on their respective K
α lines. Sodium Na was assigned to two opposing WDS 
spectrometers at the beginning of each analytical run to 
minimize migration e�ects. Raw element data were ZAF 

Analytical Methods
Sample collection and optical petrography
Lime-nodule slate samples were collected from a number of 
outcrops (Weiburg1 = 50°28´24.52´´N, 8°15´54.67´´E; 

�ese micas, i.e., illite, phengite and muscovite are generally 
determined by the SiO2 and Al2O3 content (wt%) (see Figure 5 
and Table 1) [12-15].

 Park showed the major elements of the typical 
phengite-series compositions ranging as 44.50–55.86 wt% for 
SiO2, 21.05–36.87 wt% for Al2O3, 10.60–11.67 wt% for K2O, 
0.00–7.01 wt% for MgO and almost 0.00 wt% for FeO [16].
�erefore, phengite is de�ned in this study as follows: 
SiO2 content of illite is more than that of phengite and more 
than that of muscovite.
51  > phengite > 49
Al2O3 content of illite is less than that of phengite and less than 
that of muscovite.
24 < phengite < 32
K2O content is variable, however, it can be de�ned as,
8 < phengite < 12
K2O content of illite to muscovite is di�erent between their 
origin, e.g., K2O % illite to muscovite in anchimetamorphic 
zone = 8.6 - 10.2 wt% and K2O % illite to muscovite in 
epimetamorphic zone = 9.9 – 11.4 wt% [13,14].

 In addition, the Si+ and Al+ diagram is used to de�ne the 
phengite (celedonitic muscovite; proposed by in the solid 
solution of celadonite-muscovite a�er which �t into the 
metamorphic facies [13,17-20]. �e celadonite-muscovite 
relationships (Figure 6) show that none of the white mica plots 
are considered ideal muscovite and 16 of them are enriched in 
the celadonite component. �us, the celadonite and phengite 
contents are not independent of each other but increase 
together [21]. Additionally, the total value of Ca+, Na+, and K+ 
can also be used to determine the phengite, for which the range 
between 1.65 and 2.00 is de�ned (Tables 2, 3, and 4), in which 
K+ values are higher than Na+ values.

Ti 0.034 0.098 0.006 0.028 0.060 0.016 0.020 0.034 0.040 0.036
Fe 0.374 0.692 0.122 0.494 0.502 0.362 0.384 0.112 0.240 0.020
Mn 0 0.024 0.002 0 0.006 0.006 0 0.002 0.004 0
Mg 0.630 0.600 0.154 0.376 0.078 0.386 0.384 0.142 0.206 0.182

ΣY 4.022 4.200 4.098 4.046 3.860 4.052 4.018 4.142 4.038 3.906
Ca 0.010 0.004 0.004 0.002 0.006 0.002 0.022 0.006 0.006 0.002
Na 0.032 0.040 1.380 0.142 0.046 0.154 0.148 0.100 0.142 0.124
K 1.734 1.742 1.374 1.666 1.858 1.700 1.712 1.296 1.652 1.426

ΣX 1.776 1.786 1.516 1.810 1.910 1.856 1.882 1.402 1.800 1.552

Figure 6. Si-Altotal diagram showing celadonite-muscovite solid 
solution [13], [18], [19]. circles=Weilburg1, triangles=Weilburg2, 
squares=Dillenburg

Figure 7. XRPD diffractogram stack (arbitrary units: a.u) for red slates 
(Rotschiefer or Kalknotenschiefer) from the Lahn-Dill area, 
Rhenohercynian zone. Peak indicators cf. ICDD 4.0 database.

Figure 8. P-T path for the Lahn-Dill area. black square=study area, 
square=pre-stages

 In the statement of Weber, the transverse cleavage of the 
microscopic and macroscopic nature depends primarily on (1) 
the nature and degree of the pre-existing anisotropy and (2) the 
relative age of the deformation and crystallization of the 
mineral phases, which produce that cleavage, whereas that 
cleavage is generated by the stress direction (σ1 direction) 
together with the style of tectonic motion, discussed below 
(Tectonic interpretation) [42].

 �e S2-cleavage cuts at a high angle to the S1-cleavage in 
many places. �e angle between S1 and S2 in the outcrop varies 
considerably, ranging from 10° to 85°, with most between 15° 
and 60° and the mean being around 35°. In the microscope, the 
angle is relatively less than that of in outcrop. Talbot suggested 
that the angles between S1 and S2 are not primary as a result of 
later rotation [44]. Similarly, S2-fabrics are clearly and 
continuously visible to better de�ne the crenulation type in the 
thin section. �e fabrics of S1 and S2 are very similar to the 
fabrics of S-C mylonite (Figure 3), which suggests the dynamic 
e�ect of the shear zone movement [47-49].

Structural and Tectonic interpretation
�e tectonic movement history of the Rhenohercynian belt is 
established by the formation of the S1 and S2 cleavages (see 
Figure 9). �e tectonic movement of the study area can be 
deduced from the following investigations:

 Firstly, northward movement resulted in the collision as 
several mutual aspects are evident in Lower Devonian rocks in 
the north which show only very small deformation. A 
pre-folding state is preserved with a preferentially N-S trending 
extension attributed to the stage of basin development.

 Secondly, the S1-cleavage formed as an axial plane cleavage 
in the N-vergence through the buttress of the London-Brabant 
Massif (LBM) against ongoing northward collisional 
movement. �is stage of folding itself during Carboniferous 
showing syn-kinematic NNW-directed compression occurs 
simultaneously in larger thrust zones of penetrative 
deformation.

 �irdly, the northward movement super-stressed the 
oroclinal bending around the London-Brabant Massif in the 
Rhenohercynian belt: an S1-cleavage is re-trending (nearly NS) 

and S2-cleavage formation due to the orocline bending around 
the London-Brabant Massif. �e S2-cleavage runs transversely 
to the S1-cleavage in the Rheinishe Schiefergebirge  however, the 
S2-cleavage is parallel to the S1-cleavage in the Ardennen, from 
which the S1-cleavages from both areas are correlated, and the 
S2-cleavages are also able to correlate [40,50,51].

 Movement patterns in the north late-kinematic clockwise 
rotation of the stress �eld are only weakly represented in the 
south. On the other hand, the clear evidence of an even younger 
counter-clockwise rotation of the stress �eld concerns the 
southern massif [52,53].

 During the collision of LBM, the Rhenohercynian belt was 
laid between LBM and the Saxothuringian zone, so the 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism.

 Among lime nodules that develop pressure shadows, 
phengite can be seen in a parallel orientation to the S1-cleavage. 
Wilson observed that the presence of pressure shadows behind 
phengite that were misoriented at a high angle to the foliation 
suggests a very irregularity [54]. Rolland et al. also noted that 
phengite aggregates in the pressure shadow formed at the 
expense of feldspar porphyroclasts [55]. According to the 
observations of Stephens et al., there are two mica groups in 
slates of Clunes from Australia, one parallel and one (detritus 
mica) oblique to cleavage, with phengite mica alignment having 
a strong preferred orientation parallel to S1-cleavage (cf.) 
[55,56].

 �e phengite thermobarometer of Lahn-Dill areas of very 
low to low-grade metamorphic rocks in an accretionary 
collisional setting generated by B-type subduction of oceanic 
crust is di�erent from the accretionary setting of Frey and 
Robinson and El-Rus et al. (Table 5), whose P-T path goes 
clockwise through the sub-greenschist to blueschist �elds 
following the upli� [27,57]. In their accretionary setting, e.g., 
the Southern Uplands of Scotland imbricate thrust system is 
developed on synchronous burial and metamorphism of strata 
containing so� sediments deformation and strata disruption 
and cleavage development, and the metapelitic study showing 
anchizone rocks includes white K-mica which indicates 
medium-high pressure facies condition.

�e RS is an N-S transverse complete section of the Rhenohercynian belt, which is well known as an accretionary prism in the 
Variscan orogen (Figure 10), [45,58,59].

 �e formation of the same fabric types S1 and S2 cleavages 
can be considered as formation in the relationship of 
deformation stresses in the rocks. Talbot suggested that the two 
fabrics are similar and should be treated genetically [44]. 
Likewise, the development of cleavage is related to a shortening 
direction and is perpendicular to the cleavage.

 �e S2-cleavage is kinking or micro-folding followed by 
some shearing parallel to the limb, whereas the S1-cleavage is 
synchronously sheared parallel to the plane. �e mechanism of S1 
and S2 cleavage formation is revealed in the tectonic movement 
history in the Rhenohercynian belt of Variscan orogen.

 Compared with the observations of Schermer and El-Rus 
et al., high-pressure metamorphism was created by the result of 
an A-type subduction, associated with the Rhenohercynian 
zone as proposed by Weber [60,57,45].

Conclusions
�e present study observed coincidentally the white K-mica by 
optical petrography of lime-nodule slates from the Lahn-Dill 
area, Rheinishe Schiefergebirge. (i) �e con�rmation of 
Phengite mica is carried out by the Mineral chemistry by 
electron-probe micro-analysis (EPMA) and X-ray powder 
di�raction (XRPD) analysis. (ii) Phengite Si contents of 3.4 to 
3.5 apfu in the celadonite+muscovite solid solution series 
indicates the pressure 5-6.5 kbars by the Si-isopleths of phengite 
and the temperature 250-350°C through the lower limit of 
greenschist and the upper limit of biotite absence. (iii) White 
K-mica developed in the S2-cleavage plane. �e S2-cleavage cuts 
at a high angle to the S1-cleavage in many places. (iv) �e 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism 
due to the buttress of LBM collision. (v) High-pressure 
metamorphism was created by the result of an A-type 
subduction, e�ected within the Rhenohercynian zone. 
Additionally, the present study would like to recommend a 
detailed metamorphism of the Rheinische Schiefergebirge 
gradually died out towards the north for future work.
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�e white K-mica was coincidentally identi�ed in lime-nodule 
slates (German: “Kalkknotenschiefer”) during the assessment of 
thin sections by optical petrography. �e reddish slates (Upper 
Devonian) contain lime nodules (German: “knoten”) that are 
well exposed at Weilburg in the Lahn area and di�erent localities 
in the Dill area (Figure 1). �e white mica in the microscopic study 
was observed as muscovite; however, muscovite is incompatible 
with low-grade metamorphic rock. Its chemical composition was 
con�rmed in situ by electron-probe micro-analysis (EPMA) on 
three of the red lime-nodule slate from Weilburg1, Weilburg2, and 
Dillenburg, which revealed its identity as phengite mica. So far, no 
phengite mica has been observed in these areas, however, the 
phengite was already mentioned as a high-pressure mineral in the 
Northern Phyllite zone, and Southern Taunus Zone, from the 
south to north in the Rhenohercynian belt [1-4].

 White phengite mica has been used as a new barometer, for 
the Northern Phyllite Zone in the southern part of the 
Rheinische Schiefergebirge (RS), implying high-grade 
metamorphic rocks under temperature conditions of 400-450°C 
and pressure range 10-12 kbar [1,2]. In the RS, the white mica is 
used for K-Ar and Rb-Sr age determinations by, 
40Ar/39Ar-dating by, and the metamorphism is generally very 
low-grade or anchizonal [2,5-8]. 

 In order to study the microstructural analysis of 
lime-nodule slates, the thin sections were carried out by 
microscopic analysis. �e white mica was unfortunately observed 
and has to be identi�ed by EPMA. Although the white micas 
collected from the Lahn-Dill areas are shown as phengite mica, 
other localities in the RS where the white micas are used in age 

dating, are not sure whether they are phengite or not, as they 
have not been analyzed yet in the electron microprobe study. 

Weilburg2 = 50°28´24.52´´N, 8°15´54.67´´E; Dillenburg = 
50°44´19.79´´N, 8°17´11.04´´E), (Figures 1 and 2) by the 
author during �eldwork. Billets for thin sectioning were cut 
from the bulk samples using a water-cooled diamond blade at 
three di�erent orientations to the schistosity, mounted with 
epoxy to a carrier glass. Standard-sized thin sections 26×46 mm 
at 30 µm nominal thickness for optical petrography were 
prepared using silicon carbide paper up to 1 200 mesh �neness 
(<10 µm), and �nished with a 0.17 mm cover glass. One thin 
section was le� uncovered and instead, its surface was polished 
using diamond paste 6310.25 µm on cloth, to achieve a mirror 
�nish.

corrected using the PAP algorithm of, and converted to weight 
percentages (wt%) of element oxides assuming stoichiometry 
[9]. FeOT represents total iron (oxide) content, whereas 
hydrous species contents (H2O+,H2O) were reverse calculated. 
Net lower limits of detection (LLD) are on the order of 0.0x wt% 
as speci�ed per element (oxide) in Tables 1 to 4.

 Weight percentages of oxides were recast into numbers of 
cations in atoms per formula unit (apfu) following instructions 
in the Appendices to, and mica compositions were classi�ed 
according to the IMA-approved scheme of [10,11]. Selected 
results are collated in Tables 2, 3, and 4.

X-ray powder diffraction (XRPD) analysis 
To assist in the identi�cation of the �ne-grained matrix material 
and the nature of the white micas observed in thin sections, 
pre-crushed bulk sample materials were pulverized under 
acetone in an agate mortar and pestle, to pass a 200-mesh sieve 
(<75 μm). Dried and homogenized powders were loaded in a 
dimpled aluminum sample holder and �nished with a 
microscope carrier glass to obtain a �at surface.

 Powder di�ractograms were recorded in a Bruker D8 
Advance X-ray di�ractometer (XRD) instrument with 
Bragg-Brentano geometry from 02 23 °2θ in 0.05 °2θ steps, with 30 
s per step, overall scan time 3h30m per sample. �e Cu-tube was 
operated at 40 kV and 40 mA and produced bulk 
(non-monochromatic) CuKα radiation of λ=1.54184 Å. CuKβ was 
removed from the di�racted beam with Ni-foil. Peaks were indexed 
with DIFFRAC.EVA V4.2 proprietary Bruker so�ware using the 
ICDD 4.0 database. Selected results are collated in Figure 7.

Results 
Optical thin section petrography
�e mineral assemblage of quartz, chlorite, and white mica was 
observed in the petrographic analysis of the red lime-nodule 
slate. Quartz usually is present as lenticular grains, and chlorite 
in the form of overgrowths on it. �e phengite micas show an 
alignment that is neither parallel to the S1-cleavage nor bedding 
(S0), but transverse to the S1-cleavage, whereas S1-cleavage 
consists of lenticular quartz, chlorite, and mica (muscovite). 
�e alignment of a possible S2-cleavage consists of phengite 
mica, quartz (small grains), and chlorite (Figures 2, 3).

X-ray powder diffraction (XRPD) analysis 
�e X-ray powder di�raction pattern comprises thousands of 
overlapping peaks, however, re�ning the structures of the 
constituent minerals from overlapping peaks by plots the 2θ and 
d values. �erefore, to detect the minerals, an XRD analysis is 
carried out on �ve red slate samples from the Lahn-Dill areas, 
with the 2θ and d values being measured according to the 
interpretation of Frey, Ehlers & Blatt, and Raudsedd et al 
[22-24]. In the X-ray di�raction pattern, minerals such as 
phengite, chlorite, quartz, albite, ± microcline are recognized in 
sharp peaks (Figure 7). 

Frey proposed a reaction for the clay minerals to low-grade 
metamorphic minerals: mixed layer illite/montmorillonite = 
Al-rich chlorite + phengite + quartz + H2O--------(1)[22].

 �is product assemblage replaces illite in deep diagenesis 
and anchizonal metamorphism [25,26]. However, Frey and 
Robinson suggest that the phengite-poor composition and 
development in the bedding parallel microfabrics may be partly 
a measure of reaction progress rather than of the pressure [27].  

Metamorphic P, T-Conditions 
Velde found Si contents of 3.3 apfu in the solid solution of 
celadonite + muscovite + phengite in the P-T condition of 
250–550 °C and an upper-pressure limit in the range of 8–10 
kbar [20].

 In the present study, phengite Si contents of 3.4 to 3.5 apfu 
in the celadonite+muscovite solid solution series indicate the 
pressure 5-6.5 kbars by the Si-isopleths of phengite in Massonne 
and Schreyer, and compared to Franz et al., and the temperature 
250-350 °C through the lower limit of greenschist and the upper 
limit of biotite absence, (Figure 3) [28-30]. Phengite 
thermobarometer for the P-T path of this study area can be 
estimated from sub-greenschist to blueschist in the clockwise 
pattern (Figure 8).

Mineral chemistry 
Of the twenty-seven randomly selected points from three 
localities, sixteen are phengite and eleven are muscovite or illite. 
Phengite grows at an angle to the S1-cleavage whereas muscovite 
or illite grows parallel to the S1-cleavage (Figure 4).

 �e mineral assemblage of the S2-cleavage consisting of 
phengite mica, quartz, and chlorite is transformed from the mineral 
assemblage of the S1-cleavage. Possible reactions are proposed 
based on previous work in the �eld of biotite absence, e.g., who 
introduced the involving of phengite in blueschists as an applicable 
barometer with the reaction of Velde, Bucher-Nurminen and 
Massonne and Schreyer [20,28,30-32]:
phengite = K-feldspar (microcline) + chlorite + quartz + water (2)

 Above the equilibrium condition, the phengite barometer 
is applied to the presence of K-feldspar [27]. Essene Pointed out 
that the phengite barometer provides only minimum limits of 
pressure in the absence of the K-feldspar [31]. 
 �us, a reaction in the greenschist facies within the biotite 
absence �eld can be proposed: 

phengite + chlorite = muscovite +chlorite + quartz +water 
---------------------------------  (3) 
 Velde proposed the very probable reaction in a series of 
sedimentary rocks at low temperature and high pressure, which 
can be compared with the modelling of Zhu and Wei [20,33]:

illite (muscovite) + chlorite + K-feldspar + water = chlorite + 
phengite + quartz-------  (4) 

Holland and Lambert used a reaction for the pelitic rocks in the 
low temperature (200-400 °C) metamorphic regime [34]: 

illite (muscovite) + Mg-chlorite = phengite + Al-chlorite + 
water --------------------------(5)

 �erefore, there is no evidence of phengite used as a 
geobarometer at high temperatures (T > 750°C) [35]. �e white 
mica is more similar to the ideal composition of muscovite. 
Phengite has higher SiO2 and lower Al2O3 than muscovite and 
contains signi�cant amounts of MgO, FeO and Fe2O3. Again, 
Tilley and Ernst observed that the white micas of low-grade 
muscovite-chlorite and glaucophane schists usually contain 
signi�cant amounts of MgO, FeO, and Fe2O3, and are therefore 
called phengite [36,15].

 Velde has presented some preliminary data on the 
experimental conversion of quartz-bearing sedimentary 
montmorillonite and illite assemblages into metamorphic 
mixtures of quartz, white mica, and chlorite [37]. At PH2O = 2 
kb, he places such reactions in the vicinity of 300 °C, marking 
the appearance of what might be called a greenschist 
assemblage text in [38,39]. Low temperatures and high 
pressures are found to favour the transition of phengite micas 
from muscovite toward celadonite, rather than to near-ideal 
muscovite.
 �e lower stability limit of metamorphic muscovite (white 
mica) - chlorite - quartz assemblages of the greenschist facies is 
around T = 300 °C and PH2O = 3 kb, possibly somewhat lower 
[38]. However, Massonne and Schreyer found the stability �eld 
of the phengite - K-feldspar - quartz assemblage in the excess 
H2O between < 350 °C and upper-pressure limit in the range of 
8 -12 kbars within the upper limit of biotite absence zone [28].

Metamorphism of the Rheinische Schiefergebirge
Regional metamorphism 
�e metamorphism of the Rheinische Schiefergebirge gradually 
died out towards the north with syntectonic folding and its 

associated �rst cleavage (S1) [6,40,41]. �e S2-cleavage 
(crenulation cleavage) as encountered in the RS shows the same 
deformation fabric as the post-crystalline form of the �rst 
cleavage [40-42].

 �e temperature does not exceed 350 °C, and most places 
range 200-300°C, except in the Taunus, where it reaches 
400-450°C, compared to(cf.) [6,39].

White mica
White mica is well distributed as a metamorphic mineral in the 
RS from the Northern Phyllite Zone in the south to 
Ostsauerland in the north. Its distribution is based on K-Ar and 
Rb-Sr age determinations by Ahrendt et al. and 40Ar/39Ar- 
dating by Fladt et al.  [5,2].

 In the SW Moselle region, Hoeppener stated that the white 
mica that lens shape �ne chlorite and sericite �akes are smaller 
than 10 μ in diameter, and large individual minerals such as 
chlorite, white mica, and quartz are about 20 μ in diameter [43].

 In the Hunsrückschiefer of the middle Moselle region, 
Talbot observed that an aggregate of quartz, white mica, and 
chlorite is common with white mica also occurring in grains of 
comparable size to the quartz, but more commonly from 
slightly larger aggregates (lenticular) with chlorite [44]. In this 
region, Hoeppener concluded that the lenticulars are formed 
contemporaneously with the cleavage by overgrowths of the 
chlorite and mica on sedimentary grains [43].

 In pyrophyllite-bearing slates of Ramsbeck, the 
Ostsauerland region, has found white mica aggregates with 
syntectonic metasomatism in hydrothermally in�uenced areas, 
consisting of pyrophyllite and mica which cooling of the 
white-mica–stable liquid results in pyrophyllite (± diaspore) 
becoming stable [45,46].

White K-mica in the S2-cleavage plane
In the �eld observations, the crenulation cleavage shows a 
macroscopically distinguishable cleavage lamellae and wider 
spacing of cleavage planes. �e �rst cleavage takes over the 
bedding plane, whereas the crenulation cleavage leads to the 
previous syn-crystalline cleavage (S1-cleavage). �us, crenulation 
cleavage deformation shows a post-crystalline form of the �rst 
cleavage, which is transverse to earlier structures of S1 and S0 (cf.) 
[40,42,44]. �e transverse cleavage planes on the fold limbs are 
interpreted as antithetic shear planes (cf. and S1-cleavage planes 
are related to synthetic shear planes (Figure 9)[40,42].

 Finalized sections were studied in a petrographic 
microscope using plane  and cross-polarized transmitted light, 
to identify mineral phases and (estimated) modal contents (in 
vol%), and to determine microstructure, texture/fabric, 
deformation history, and their interrelations. �e polished 
section selected locations suitable for subsequent 
micro-analysis, with well-de�ned mineral grain boundaries, 
immaculate surface �nish (plane, no scratches), and without 
solid or �uid inclusions.

Mineral chemistry by electron-probe micro-analysis 
(EPMA)
Prior to analysis, the polished section was coated with 20 nm of 
carbon in a Polaron CC7650 thermal coater. Pre-selected spots 
were analyzed by EPMA at high vacuum (<5•10 6 Torr) in a 
Cameca SX51 instrument, operated at 15 kV acceleration voltage 
and ~20.0 nA probe current, equipped with �ve 
wavelength-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometer (EDS). �e instrument was 
internally calibrated against a set of natural and synthetic mineral 
compounds.

 Spectra were acquired for 30s on the peak, and 10s on the 
background. All elements were measured on their respective K
α lines. Sodium Na was assigned to two opposing WDS 
spectrometers at the beginning of each analytical run to 
minimize migration e�ects. Raw element data were ZAF 

Analytical Methods
Sample collection and optical petrography
Lime-nodule slate samples were collected from a number of 
outcrops (Weiburg1 = 50°28´24.52´´N, 8°15´54.67´´E; 

�ese micas, i.e., illite, phengite and muscovite are generally 
determined by the SiO2 and Al2O3 content (wt%) (see Figure 5 
and Table 1) [12-15].

 Park showed the major elements of the typical 
phengite-series compositions ranging as 44.50–55.86 wt% for 
SiO2, 21.05–36.87 wt% for Al2O3, 10.60–11.67 wt% for K2O, 
0.00–7.01 wt% for MgO and almost 0.00 wt% for FeO [16].
�erefore, phengite is de�ned in this study as follows: 
SiO2 content of illite is more than that of phengite and more 
than that of muscovite.
51  > phengite > 49
Al2O3 content of illite is less than that of phengite and less than 
that of muscovite.
24 < phengite < 32
K2O content is variable, however, it can be de�ned as,
8 < phengite < 12
K2O content of illite to muscovite is di�erent between their 
origin, e.g., K2O % illite to muscovite in anchimetamorphic 
zone = 8.6 - 10.2 wt% and K2O % illite to muscovite in 
epimetamorphic zone = 9.9 – 11.4 wt% [13,14].

 In addition, the Si+ and Al+ diagram is used to de�ne the 
phengite (celedonitic muscovite; proposed by in the solid 
solution of celadonite-muscovite a�er which �t into the 
metamorphic facies [13,17-20]. �e celadonite-muscovite 
relationships (Figure 6) show that none of the white mica plots 
are considered ideal muscovite and 16 of them are enriched in 
the celadonite component. �us, the celadonite and phengite 
contents are not independent of each other but increase 
together [21]. Additionally, the total value of Ca+, Na+, and K+ 
can also be used to determine the phengite, for which the range 
between 1.65 and 2.00 is de�ned (Tables 2, 3, and 4), in which 
K+ values are higher than Na+ values. Figure 9. S1 and S2 cleavage formation and their related tectonic 

movement.

 In the statement of Weber, the transverse cleavage of the 
microscopic and macroscopic nature depends primarily on (1) 
the nature and degree of the pre-existing anisotropy and (2) the 
relative age of the deformation and crystallization of the 
mineral phases, which produce that cleavage, whereas that 
cleavage is generated by the stress direction (σ1 direction) 
together with the style of tectonic motion, discussed below 
(Tectonic interpretation) [42].

 �e S2-cleavage cuts at a high angle to the S1-cleavage in 
many places. �e angle between S1 and S2 in the outcrop varies 
considerably, ranging from 10° to 85°, with most between 15° 
and 60° and the mean being around 35°. In the microscope, the 
angle is relatively less than that of in outcrop. Talbot suggested 
that the angles between S1 and S2 are not primary as a result of 
later rotation [44]. Similarly, S2-fabrics are clearly and 
continuously visible to better de�ne the crenulation type in the 
thin section. �e fabrics of S1 and S2 are very similar to the 
fabrics of S-C mylonite (Figure 3), which suggests the dynamic 
e�ect of the shear zone movement [47-49].

Structural and Tectonic interpretation
�e tectonic movement history of the Rhenohercynian belt is 
established by the formation of the S1 and S2 cleavages (see 
Figure 9). �e tectonic movement of the study area can be 
deduced from the following investigations:

 Firstly, northward movement resulted in the collision as 
several mutual aspects are evident in Lower Devonian rocks in 
the north which show only very small deformation. A 
pre-folding state is preserved with a preferentially N-S trending 
extension attributed to the stage of basin development.

 Secondly, the S1-cleavage formed as an axial plane cleavage 
in the N-vergence through the buttress of the London-Brabant 
Massif (LBM) against ongoing northward collisional 
movement. �is stage of folding itself during Carboniferous 
showing syn-kinematic NNW-directed compression occurs 
simultaneously in larger thrust zones of penetrative 
deformation.

 �irdly, the northward movement super-stressed the 
oroclinal bending around the London-Brabant Massif in the 
Rhenohercynian belt: an S1-cleavage is re-trending (nearly NS) 

and S2-cleavage formation due to the orocline bending around 
the London-Brabant Massif. �e S2-cleavage runs transversely 
to the S1-cleavage in the Rheinishe Schiefergebirge  however, the 
S2-cleavage is parallel to the S1-cleavage in the Ardennen, from 
which the S1-cleavages from both areas are correlated, and the 
S2-cleavages are also able to correlate [40,50,51].

 Movement patterns in the north late-kinematic clockwise 
rotation of the stress �eld are only weakly represented in the 
south. On the other hand, the clear evidence of an even younger 
counter-clockwise rotation of the stress �eld concerns the 
southern massif [52,53].

 During the collision of LBM, the Rhenohercynian belt was 
laid between LBM and the Saxothuringian zone, so the 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism.

 Among lime nodules that develop pressure shadows, 
phengite can be seen in a parallel orientation to the S1-cleavage. 
Wilson observed that the presence of pressure shadows behind 
phengite that were misoriented at a high angle to the foliation 
suggests a very irregularity [54]. Rolland et al. also noted that 
phengite aggregates in the pressure shadow formed at the 
expense of feldspar porphyroclasts [55]. According to the 
observations of Stephens et al., there are two mica groups in 
slates of Clunes from Australia, one parallel and one (detritus 
mica) oblique to cleavage, with phengite mica alignment having 
a strong preferred orientation parallel to S1-cleavage (cf.) 
[55,56].

 �e phengite thermobarometer of Lahn-Dill areas of very 
low to low-grade metamorphic rocks in an accretionary 
collisional setting generated by B-type subduction of oceanic 
crust is di�erent from the accretionary setting of Frey and 
Robinson and El-Rus et al. (Table 5), whose P-T path goes 
clockwise through the sub-greenschist to blueschist �elds 
following the upli� [27,57]. In their accretionary setting, e.g., 
the Southern Uplands of Scotland imbricate thrust system is 
developed on synchronous burial and metamorphism of strata 
containing so� sediments deformation and strata disruption 
and cleavage development, and the metapelitic study showing 
anchizone rocks includes white K-mica which indicates 
medium-high pressure facies condition.

�e RS is an N-S transverse complete section of the Rhenohercynian belt, which is well known as an accretionary prism in the 
Variscan orogen (Figure 10), [45,58,59].

 �e formation of the same fabric types S1 and S2 cleavages 
can be considered as formation in the relationship of 
deformation stresses in the rocks. Talbot suggested that the two 
fabrics are similar and should be treated genetically [44]. 
Likewise, the development of cleavage is related to a shortening 
direction and is perpendicular to the cleavage.

 �e S2-cleavage is kinking or micro-folding followed by 
some shearing parallel to the limb, whereas the S1-cleavage is 
synchronously sheared parallel to the plane. �e mechanism of S1 
and S2 cleavage formation is revealed in the tectonic movement 
history in the Rhenohercynian belt of Variscan orogen.

 Compared with the observations of Schermer and El-Rus 
et al., high-pressure metamorphism was created by the result of 
an A-type subduction, associated with the Rhenohercynian 
zone as proposed by Weber [60,57,45].

Conclusions
�e present study observed coincidentally the white K-mica by 
optical petrography of lime-nodule slates from the Lahn-Dill 
area, Rheinishe Schiefergebirge. (i) �e con�rmation of 
Phengite mica is carried out by the Mineral chemistry by 
electron-probe micro-analysis (EPMA) and X-ray powder 
di�raction (XRPD) analysis. (ii) Phengite Si contents of 3.4 to 
3.5 apfu in the celadonite+muscovite solid solution series 
indicates the pressure 5-6.5 kbars by the Si-isopleths of phengite 
and the temperature 250-350°C through the lower limit of 
greenschist and the upper limit of biotite absence. (iii) White 
K-mica developed in the S2-cleavage plane. �e S2-cleavage cuts 
at a high angle to the S1-cleavage in many places. (iv) �e 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism 
due to the buttress of LBM collision. (v) High-pressure 
metamorphism was created by the result of an A-type 
subduction, e�ected within the Rhenohercynian zone. 
Additionally, the present study would like to recommend a 
detailed metamorphism of the Rheinische Schiefergebirge 
gradually died out towards the north for future work.
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�e white K-mica was coincidentally identi�ed in lime-nodule 
slates (German: “Kalkknotenschiefer”) during the assessment of 
thin sections by optical petrography. �e reddish slates (Upper 
Devonian) contain lime nodules (German: “knoten”) that are 
well exposed at Weilburg in the Lahn area and di�erent localities 
in the Dill area (Figure 1). �e white mica in the microscopic study 
was observed as muscovite; however, muscovite is incompatible 
with low-grade metamorphic rock. Its chemical composition was 
con�rmed in situ by electron-probe micro-analysis (EPMA) on 
three of the red lime-nodule slate from Weilburg1, Weilburg2, and 
Dillenburg, which revealed its identity as phengite mica. So far, no 
phengite mica has been observed in these areas, however, the 
phengite was already mentioned as a high-pressure mineral in the 
Northern Phyllite zone, and Southern Taunus Zone, from the 
south to north in the Rhenohercynian belt [1-4].

 White phengite mica has been used as a new barometer, for 
the Northern Phyllite Zone in the southern part of the 
Rheinische Schiefergebirge (RS), implying high-grade 
metamorphic rocks under temperature conditions of 400-450°C 
and pressure range 10-12 kbar [1,2]. In the RS, the white mica is 
used for K-Ar and Rb-Sr age determinations by, 
40Ar/39Ar-dating by, and the metamorphism is generally very 
low-grade or anchizonal [2,5-8]. 

 In order to study the microstructural analysis of 
lime-nodule slates, the thin sections were carried out by 
microscopic analysis. �e white mica was unfortunately observed 
and has to be identi�ed by EPMA. Although the white micas 
collected from the Lahn-Dill areas are shown as phengite mica, 
other localities in the RS where the white micas are used in age 

dating, are not sure whether they are phengite or not, as they 
have not been analyzed yet in the electron microprobe study. 

Weilburg2 = 50°28´24.52´´N, 8°15´54.67´´E; Dillenburg = 
50°44´19.79´´N, 8°17´11.04´´E), (Figures 1 and 2) by the 
author during �eldwork. Billets for thin sectioning were cut 
from the bulk samples using a water-cooled diamond blade at 
three di�erent orientations to the schistosity, mounted with 
epoxy to a carrier glass. Standard-sized thin sections 26×46 mm 
at 30 µm nominal thickness for optical petrography were 
prepared using silicon carbide paper up to 1 200 mesh �neness 
(<10 µm), and �nished with a 0.17 mm cover glass. One thin 
section was le� uncovered and instead, its surface was polished 
using diamond paste 6310.25 µm on cloth, to achieve a mirror 
�nish.

corrected using the PAP algorithm of, and converted to weight 
percentages (wt%) of element oxides assuming stoichiometry 
[9]. FeOT represents total iron (oxide) content, whereas 
hydrous species contents (H2O+,H2O) were reverse calculated. 
Net lower limits of detection (LLD) are on the order of 0.0x wt% 
as speci�ed per element (oxide) in Tables 1 to 4.

 Weight percentages of oxides were recast into numbers of 
cations in atoms per formula unit (apfu) following instructions 
in the Appendices to, and mica compositions were classi�ed 
according to the IMA-approved scheme of [10,11]. Selected 
results are collated in Tables 2, 3, and 4.

X-ray powder diffraction (XRPD) analysis 
To assist in the identi�cation of the �ne-grained matrix material 
and the nature of the white micas observed in thin sections, 
pre-crushed bulk sample materials were pulverized under 
acetone in an agate mortar and pestle, to pass a 200-mesh sieve 
(<75 μm). Dried and homogenized powders were loaded in a 
dimpled aluminum sample holder and �nished with a 
microscope carrier glass to obtain a �at surface.

 Powder di�ractograms were recorded in a Bruker D8 
Advance X-ray di�ractometer (XRD) instrument with 
Bragg-Brentano geometry from 02 23 °2θ in 0.05 °2θ steps, with 30 
s per step, overall scan time 3h30m per sample. �e Cu-tube was 
operated at 40 kV and 40 mA and produced bulk 
(non-monochromatic) CuKα radiation of λ=1.54184 Å. CuKβ was 
removed from the di�racted beam with Ni-foil. Peaks were indexed 
with DIFFRAC.EVA V4.2 proprietary Bruker so�ware using the 
ICDD 4.0 database. Selected results are collated in Figure 7.

Results 
Optical thin section petrography
�e mineral assemblage of quartz, chlorite, and white mica was 
observed in the petrographic analysis of the red lime-nodule 
slate. Quartz usually is present as lenticular grains, and chlorite 
in the form of overgrowths on it. �e phengite micas show an 
alignment that is neither parallel to the S1-cleavage nor bedding 
(S0), but transverse to the S1-cleavage, whereas S1-cleavage 
consists of lenticular quartz, chlorite, and mica (muscovite). 
�e alignment of a possible S2-cleavage consists of phengite 
mica, quartz (small grains), and chlorite (Figures 2, 3).

X-ray powder diffraction (XRPD) analysis 
�e X-ray powder di�raction pattern comprises thousands of 
overlapping peaks, however, re�ning the structures of the 
constituent minerals from overlapping peaks by plots the 2θ and 
d values. �erefore, to detect the minerals, an XRD analysis is 
carried out on �ve red slate samples from the Lahn-Dill areas, 
with the 2θ and d values being measured according to the 
interpretation of Frey, Ehlers & Blatt, and Raudsedd et al 
[22-24]. In the X-ray di�raction pattern, minerals such as 
phengite, chlorite, quartz, albite, ± microcline are recognized in 
sharp peaks (Figure 7). 

Frey proposed a reaction for the clay minerals to low-grade 
metamorphic minerals: mixed layer illite/montmorillonite = 
Al-rich chlorite + phengite + quartz + H2O--------(1)[22].

 �is product assemblage replaces illite in deep diagenesis 
and anchizonal metamorphism [25,26]. However, Frey and 
Robinson suggest that the phengite-poor composition and 
development in the bedding parallel microfabrics may be partly 
a measure of reaction progress rather than of the pressure [27].  

Metamorphic P, T-Conditions 
Velde found Si contents of 3.3 apfu in the solid solution of 
celadonite + muscovite + phengite in the P-T condition of 
250–550 °C and an upper-pressure limit in the range of 8–10 
kbar [20].

 In the present study, phengite Si contents of 3.4 to 3.5 apfu 
in the celadonite+muscovite solid solution series indicate the 
pressure 5-6.5 kbars by the Si-isopleths of phengite in Massonne 
and Schreyer, and compared to Franz et al., and the temperature 
250-350 °C through the lower limit of greenschist and the upper 
limit of biotite absence, (Figure 3) [28-30]. Phengite 
thermobarometer for the P-T path of this study area can be 
estimated from sub-greenschist to blueschist in the clockwise 
pattern (Figure 8).

Mineral chemistry 
Of the twenty-seven randomly selected points from three 
localities, sixteen are phengite and eleven are muscovite or illite. 
Phengite grows at an angle to the S1-cleavage whereas muscovite 
or illite grows parallel to the S1-cleavage (Figure 4).

 �e mineral assemblage of the S2-cleavage consisting of 
phengite mica, quartz, and chlorite is transformed from the mineral 
assemblage of the S1-cleavage. Possible reactions are proposed 
based on previous work in the �eld of biotite absence, e.g., who 
introduced the involving of phengite in blueschists as an applicable 
barometer with the reaction of Velde, Bucher-Nurminen and 
Massonne and Schreyer [20,28,30-32]:
phengite = K-feldspar (microcline) + chlorite + quartz + water (2)

 Above the equilibrium condition, the phengite barometer 
is applied to the presence of K-feldspar [27]. Essene Pointed out 
that the phengite barometer provides only minimum limits of 
pressure in the absence of the K-feldspar [31]. 
 �us, a reaction in the greenschist facies within the biotite 
absence �eld can be proposed: 

phengite + chlorite = muscovite +chlorite + quartz +water 
---------------------------------  (3) 
 Velde proposed the very probable reaction in a series of 
sedimentary rocks at low temperature and high pressure, which 
can be compared with the modelling of Zhu and Wei [20,33]:

illite (muscovite) + chlorite + K-feldspar + water = chlorite + 
phengite + quartz-------  (4) 

Holland and Lambert used a reaction for the pelitic rocks in the 
low temperature (200-400 °C) metamorphic regime [34]: 

illite (muscovite) + Mg-chlorite = phengite + Al-chlorite + 
water --------------------------(5)

 �erefore, there is no evidence of phengite used as a 
geobarometer at high temperatures (T > 750°C) [35]. �e white 
mica is more similar to the ideal composition of muscovite. 
Phengite has higher SiO2 and lower Al2O3 than muscovite and 
contains signi�cant amounts of MgO, FeO and Fe2O3. Again, 
Tilley and Ernst observed that the white micas of low-grade 
muscovite-chlorite and glaucophane schists usually contain 
signi�cant amounts of MgO, FeO, and Fe2O3, and are therefore 
called phengite [36,15].

 Velde has presented some preliminary data on the 
experimental conversion of quartz-bearing sedimentary 
montmorillonite and illite assemblages into metamorphic 
mixtures of quartz, white mica, and chlorite [37]. At PH2O = 2 
kb, he places such reactions in the vicinity of 300 °C, marking 
the appearance of what might be called a greenschist 
assemblage text in [38,39]. Low temperatures and high 
pressures are found to favour the transition of phengite micas 
from muscovite toward celadonite, rather than to near-ideal 
muscovite.
 �e lower stability limit of metamorphic muscovite (white 
mica) - chlorite - quartz assemblages of the greenschist facies is 
around T = 300 °C and PH2O = 3 kb, possibly somewhat lower 
[38]. However, Massonne and Schreyer found the stability �eld 
of the phengite - K-feldspar - quartz assemblage in the excess 
H2O between < 350 °C and upper-pressure limit in the range of 
8 -12 kbars within the upper limit of biotite absence zone [28].

Metamorphism of the Rheinische Schiefergebirge
Regional metamorphism 
�e metamorphism of the Rheinische Schiefergebirge gradually 
died out towards the north with syntectonic folding and its 

associated �rst cleavage (S1) [6,40,41]. �e S2-cleavage 
(crenulation cleavage) as encountered in the RS shows the same 
deformation fabric as the post-crystalline form of the �rst 
cleavage [40-42].

 �e temperature does not exceed 350 °C, and most places 
range 200-300°C, except in the Taunus, where it reaches 
400-450°C, compared to(cf.) [6,39].

White mica
White mica is well distributed as a metamorphic mineral in the 
RS from the Northern Phyllite Zone in the south to 
Ostsauerland in the north. Its distribution is based on K-Ar and 
Rb-Sr age determinations by Ahrendt et al. and 40Ar/39Ar- 
dating by Fladt et al.  [5,2].

 In the SW Moselle region, Hoeppener stated that the white 
mica that lens shape �ne chlorite and sericite �akes are smaller 
than 10 μ in diameter, and large individual minerals such as 
chlorite, white mica, and quartz are about 20 μ in diameter [43].

 In the Hunsrückschiefer of the middle Moselle region, 
Talbot observed that an aggregate of quartz, white mica, and 
chlorite is common with white mica also occurring in grains of 
comparable size to the quartz, but more commonly from 
slightly larger aggregates (lenticular) with chlorite [44]. In this 
region, Hoeppener concluded that the lenticulars are formed 
contemporaneously with the cleavage by overgrowths of the 
chlorite and mica on sedimentary grains [43].

 In pyrophyllite-bearing slates of Ramsbeck, the 
Ostsauerland region, has found white mica aggregates with 
syntectonic metasomatism in hydrothermally in�uenced areas, 
consisting of pyrophyllite and mica which cooling of the 
white-mica–stable liquid results in pyrophyllite (± diaspore) 
becoming stable [45,46].

White K-mica in the S2-cleavage plane
In the �eld observations, the crenulation cleavage shows a 
macroscopically distinguishable cleavage lamellae and wider 
spacing of cleavage planes. �e �rst cleavage takes over the 
bedding plane, whereas the crenulation cleavage leads to the 
previous syn-crystalline cleavage (S1-cleavage). �us, crenulation 
cleavage deformation shows a post-crystalline form of the �rst 
cleavage, which is transverse to earlier structures of S1 and S0 (cf.) 
[40,42,44]. �e transverse cleavage planes on the fold limbs are 
interpreted as antithetic shear planes (cf. and S1-cleavage planes 
are related to synthetic shear planes (Figure 9)[40,42].

 Finalized sections were studied in a petrographic 
microscope using plane  and cross-polarized transmitted light, 
to identify mineral phases and (estimated) modal contents (in 
vol%), and to determine microstructure, texture/fabric, 
deformation history, and their interrelations. �e polished 
section selected locations suitable for subsequent 
micro-analysis, with well-de�ned mineral grain boundaries, 
immaculate surface �nish (plane, no scratches), and without 
solid or �uid inclusions.

Mineral chemistry by electron-probe micro-analysis 
(EPMA)
Prior to analysis, the polished section was coated with 20 nm of 
carbon in a Polaron CC7650 thermal coater. Pre-selected spots 
were analyzed by EPMA at high vacuum (<5•10 6 Torr) in a 
Cameca SX51 instrument, operated at 15 kV acceleration voltage 
and ~20.0 nA probe current, equipped with �ve 
wavelength-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometer (EDS). �e instrument was 
internally calibrated against a set of natural and synthetic mineral 
compounds.

 Spectra were acquired for 30s on the peak, and 10s on the 
background. All elements were measured on their respective K
α lines. Sodium Na was assigned to two opposing WDS 
spectrometers at the beginning of each analytical run to 
minimize migration e�ects. Raw element data were ZAF 

Analytical Methods
Sample collection and optical petrography
Lime-nodule slate samples were collected from a number of 
outcrops (Weiburg1 = 50°28´24.52´´N, 8°15´54.67´´E; 

�ese micas, i.e., illite, phengite and muscovite are generally 
determined by the SiO2 and Al2O3 content (wt%) (see Figure 5 
and Table 1) [12-15].

 Park showed the major elements of the typical 
phengite-series compositions ranging as 44.50–55.86 wt% for 
SiO2, 21.05–36.87 wt% for Al2O3, 10.60–11.67 wt% for K2O, 
0.00–7.01 wt% for MgO and almost 0.00 wt% for FeO [16].
�erefore, phengite is de�ned in this study as follows: 
SiO2 content of illite is more than that of phengite and more 
than that of muscovite.
51  > phengite > 49
Al2O3 content of illite is less than that of phengite and less than 
that of muscovite.
24 < phengite < 32
K2O content is variable, however, it can be de�ned as,
8 < phengite < 12
K2O content of illite to muscovite is di�erent between their 
origin, e.g., K2O % illite to muscovite in anchimetamorphic 
zone = 8.6 - 10.2 wt% and K2O % illite to muscovite in 
epimetamorphic zone = 9.9 – 11.4 wt% [13,14].

 In addition, the Si+ and Al+ diagram is used to de�ne the 
phengite (celedonitic muscovite; proposed by in the solid 
solution of celadonite-muscovite a�er which �t into the 
metamorphic facies [13,17-20]. �e celadonite-muscovite 
relationships (Figure 6) show that none of the white mica plots 
are considered ideal muscovite and 16 of them are enriched in 
the celadonite component. �us, the celadonite and phengite 
contents are not independent of each other but increase 
together [21]. Additionally, the total value of Ca+, Na+, and K+ 
can also be used to determine the phengite, for which the range 
between 1.65 and 2.00 is de�ned (Tables 2, 3, and 4), in which 
K+ values are higher than Na+ values.

 In the statement of Weber, the transverse cleavage of the 
microscopic and macroscopic nature depends primarily on (1) 
the nature and degree of the pre-existing anisotropy and (2) the 
relative age of the deformation and crystallization of the 
mineral phases, which produce that cleavage, whereas that 
cleavage is generated by the stress direction (σ1 direction) 
together with the style of tectonic motion, discussed below 
(Tectonic interpretation) [42].

 �e S2-cleavage cuts at a high angle to the S1-cleavage in 
many places. �e angle between S1 and S2 in the outcrop varies 
considerably, ranging from 10° to 85°, with most between 15° 
and 60° and the mean being around 35°. In the microscope, the 
angle is relatively less than that of in outcrop. Talbot suggested 
that the angles between S1 and S2 are not primary as a result of 
later rotation [44]. Similarly, S2-fabrics are clearly and 
continuously visible to better de�ne the crenulation type in the 
thin section. �e fabrics of S1 and S2 are very similar to the 
fabrics of S-C mylonite (Figure 3), which suggests the dynamic 
e�ect of the shear zone movement [47-49].

Structural and Tectonic interpretation
�e tectonic movement history of the Rhenohercynian belt is 
established by the formation of the S1 and S2 cleavages (see 
Figure 9). �e tectonic movement of the study area can be 
deduced from the following investigations:

 Firstly, northward movement resulted in the collision as 
several mutual aspects are evident in Lower Devonian rocks in 
the north which show only very small deformation. A 
pre-folding state is preserved with a preferentially N-S trending 
extension attributed to the stage of basin development.

 Secondly, the S1-cleavage formed as an axial plane cleavage 
in the N-vergence through the buttress of the London-Brabant 
Massif (LBM) against ongoing northward collisional 
movement. �is stage of folding itself during Carboniferous 
showing syn-kinematic NNW-directed compression occurs 
simultaneously in larger thrust zones of penetrative 
deformation.

 �irdly, the northward movement super-stressed the 
oroclinal bending around the London-Brabant Massif in the 
Rhenohercynian belt: an S1-cleavage is re-trending (nearly NS) 

and S2-cleavage formation due to the orocline bending around 
the London-Brabant Massif. �e S2-cleavage runs transversely 
to the S1-cleavage in the Rheinishe Schiefergebirge  however, the 
S2-cleavage is parallel to the S1-cleavage in the Ardennen, from 
which the S1-cleavages from both areas are correlated, and the 
S2-cleavages are also able to correlate [40,50,51].

 Movement patterns in the north late-kinematic clockwise 
rotation of the stress �eld are only weakly represented in the 
south. On the other hand, the clear evidence of an even younger 
counter-clockwise rotation of the stress �eld concerns the 
southern massif [52,53].

 During the collision of LBM, the Rhenohercynian belt was 
laid between LBM and the Saxothuringian zone, so the 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism.

 Among lime nodules that develop pressure shadows, 
phengite can be seen in a parallel orientation to the S1-cleavage. 
Wilson observed that the presence of pressure shadows behind 
phengite that were misoriented at a high angle to the foliation 
suggests a very irregularity [54]. Rolland et al. also noted that 
phengite aggregates in the pressure shadow formed at the 
expense of feldspar porphyroclasts [55]. According to the 
observations of Stephens et al., there are two mica groups in 
slates of Clunes from Australia, one parallel and one (detritus 
mica) oblique to cleavage, with phengite mica alignment having 
a strong preferred orientation parallel to S1-cleavage (cf.) 
[55,56].

 �e phengite thermobarometer of Lahn-Dill areas of very 
low to low-grade metamorphic rocks in an accretionary 
collisional setting generated by B-type subduction of oceanic 
crust is di�erent from the accretionary setting of Frey and 
Robinson and El-Rus et al. (Table 5), whose P-T path goes 
clockwise through the sub-greenschist to blueschist �elds 
following the upli� [27,57]. In their accretionary setting, e.g., 
the Southern Uplands of Scotland imbricate thrust system is 
developed on synchronous burial and metamorphism of strata 
containing so� sediments deformation and strata disruption 
and cleavage development, and the metapelitic study showing 
anchizone rocks includes white K-mica which indicates 
medium-high pressure facies condition.

Rheinische Schiefergebirge – accretionary prism  accretionary setting – [27]
S1-cleavage formation 

S1-cleavage is a prominent NW vergence as a tectonic 
indicator

S1-cleavage is parallel to the bedding in both high anchizone 
and epizone

white K-mica formation 
White K-micas are found in the S1-cleavage white K-micas only occur in the upper anchizone and the 

epizone, indicating the inherited pattern as the higher grade 
in older rocks

White K-micas are found in the Upper Devonian rocks (low 
anchizone).

Metamorphic grades do not depend on the structures, such as 
imbrications or duplex thrust systems.

Table 5. Comparison between the Rheinische Schiefergebirge and Accretionary setting 

�e RS is an N-S transverse complete section of the Rhenohercynian belt, which is well known as an accretionary prism in the 
Variscan orogen (Figure 10), [45,58,59].

 �e formation of the same fabric types S1 and S2 cleavages 
can be considered as formation in the relationship of 
deformation stresses in the rocks. Talbot suggested that the two 
fabrics are similar and should be treated genetically [44]. 
Likewise, the development of cleavage is related to a shortening 
direction and is perpendicular to the cleavage.

 �e S2-cleavage is kinking or micro-folding followed by 
some shearing parallel to the limb, whereas the S1-cleavage is 
synchronously sheared parallel to the plane. �e mechanism of S1 
and S2 cleavage formation is revealed in the tectonic movement 
history in the Rhenohercynian belt of Variscan orogen.

 Compared with the observations of Schermer and El-Rus 
et al., high-pressure metamorphism was created by the result of 
an A-type subduction, associated with the Rhenohercynian 
zone as proposed by Weber [60,57,45].

Conclusions
�e present study observed coincidentally the white K-mica by 
optical petrography of lime-nodule slates from the Lahn-Dill 
area, Rheinishe Schiefergebirge. (i) �e con�rmation of 
Phengite mica is carried out by the Mineral chemistry by 
electron-probe micro-analysis (EPMA) and X-ray powder 
di�raction (XRPD) analysis. (ii) Phengite Si contents of 3.4 to 
3.5 apfu in the celadonite+muscovite solid solution series 
indicates the pressure 5-6.5 kbars by the Si-isopleths of phengite 
and the temperature 250-350°C through the lower limit of 
greenschist and the upper limit of biotite absence. (iii) White 
K-mica developed in the S2-cleavage plane. �e S2-cleavage cuts 
at a high angle to the S1-cleavage in many places. (iv) �e 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism 
due to the buttress of LBM collision. (v) High-pressure 
metamorphism was created by the result of an A-type 
subduction, e�ected within the Rhenohercynian zone. 
Additionally, the present study would like to recommend a 
detailed metamorphism of the Rheinische Schiefergebirge 
gradually died out towards the north for future work.
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�e white K-mica was coincidentally identi�ed in lime-nodule 
slates (German: “Kalkknotenschiefer”) during the assessment of 
thin sections by optical petrography. �e reddish slates (Upper 
Devonian) contain lime nodules (German: “knoten”) that are 
well exposed at Weilburg in the Lahn area and di�erent localities 
in the Dill area (Figure 1). �e white mica in the microscopic study 
was observed as muscovite; however, muscovite is incompatible 
with low-grade metamorphic rock. Its chemical composition was 
con�rmed in situ by electron-probe micro-analysis (EPMA) on 
three of the red lime-nodule slate from Weilburg1, Weilburg2, and 
Dillenburg, which revealed its identity as phengite mica. So far, no 
phengite mica has been observed in these areas, however, the 
phengite was already mentioned as a high-pressure mineral in the 
Northern Phyllite zone, and Southern Taunus Zone, from the 
south to north in the Rhenohercynian belt [1-4].

 White phengite mica has been used as a new barometer, for 
the Northern Phyllite Zone in the southern part of the 
Rheinische Schiefergebirge (RS), implying high-grade 
metamorphic rocks under temperature conditions of 400-450°C 
and pressure range 10-12 kbar [1,2]. In the RS, the white mica is 
used for K-Ar and Rb-Sr age determinations by, 
40Ar/39Ar-dating by, and the metamorphism is generally very 
low-grade or anchizonal [2,5-8]. 

 In order to study the microstructural analysis of 
lime-nodule slates, the thin sections were carried out by 
microscopic analysis. �e white mica was unfortunately observed 
and has to be identi�ed by EPMA. Although the white micas 
collected from the Lahn-Dill areas are shown as phengite mica, 
other localities in the RS where the white micas are used in age 

dating, are not sure whether they are phengite or not, as they 
have not been analyzed yet in the electron microprobe study. 

Weilburg2 = 50°28´24.52´´N, 8°15´54.67´´E; Dillenburg = 
50°44´19.79´´N, 8°17´11.04´´E), (Figures 1 and 2) by the 
author during �eldwork. Billets for thin sectioning were cut 
from the bulk samples using a water-cooled diamond blade at 
three di�erent orientations to the schistosity, mounted with 
epoxy to a carrier glass. Standard-sized thin sections 26×46 mm 
at 30 µm nominal thickness for optical petrography were 
prepared using silicon carbide paper up to 1 200 mesh �neness 
(<10 µm), and �nished with a 0.17 mm cover glass. One thin 
section was le� uncovered and instead, its surface was polished 
using diamond paste 6310.25 µm on cloth, to achieve a mirror 
�nish.

corrected using the PAP algorithm of, and converted to weight 
percentages (wt%) of element oxides assuming stoichiometry 
[9]. FeOT represents total iron (oxide) content, whereas 
hydrous species contents (H2O+,H2O) were reverse calculated. 
Net lower limits of detection (LLD) are on the order of 0.0x wt% 
as speci�ed per element (oxide) in Tables 1 to 4.

 Weight percentages of oxides were recast into numbers of 
cations in atoms per formula unit (apfu) following instructions 
in the Appendices to, and mica compositions were classi�ed 
according to the IMA-approved scheme of [10,11]. Selected 
results are collated in Tables 2, 3, and 4.

X-ray powder diffraction (XRPD) analysis 
To assist in the identi�cation of the �ne-grained matrix material 
and the nature of the white micas observed in thin sections, 
pre-crushed bulk sample materials were pulverized under 
acetone in an agate mortar and pestle, to pass a 200-mesh sieve 
(<75 μm). Dried and homogenized powders were loaded in a 
dimpled aluminum sample holder and �nished with a 
microscope carrier glass to obtain a �at surface.

 Powder di�ractograms were recorded in a Bruker D8 
Advance X-ray di�ractometer (XRD) instrument with 
Bragg-Brentano geometry from 02 23 °2θ in 0.05 °2θ steps, with 30 
s per step, overall scan time 3h30m per sample. �e Cu-tube was 
operated at 40 kV and 40 mA and produced bulk 
(non-monochromatic) CuKα radiation of λ=1.54184 Å. CuKβ was 
removed from the di�racted beam with Ni-foil. Peaks were indexed 
with DIFFRAC.EVA V4.2 proprietary Bruker so�ware using the 
ICDD 4.0 database. Selected results are collated in Figure 7.

Results 
Optical thin section petrography
�e mineral assemblage of quartz, chlorite, and white mica was 
observed in the petrographic analysis of the red lime-nodule 
slate. Quartz usually is present as lenticular grains, and chlorite 
in the form of overgrowths on it. �e phengite micas show an 
alignment that is neither parallel to the S1-cleavage nor bedding 
(S0), but transverse to the S1-cleavage, whereas S1-cleavage 
consists of lenticular quartz, chlorite, and mica (muscovite). 
�e alignment of a possible S2-cleavage consists of phengite 
mica, quartz (small grains), and chlorite (Figures 2, 3).

X-ray powder diffraction (XRPD) analysis 
�e X-ray powder di�raction pattern comprises thousands of 
overlapping peaks, however, re�ning the structures of the 
constituent minerals from overlapping peaks by plots the 2θ and 
d values. �erefore, to detect the minerals, an XRD analysis is 
carried out on �ve red slate samples from the Lahn-Dill areas, 
with the 2θ and d values being measured according to the 
interpretation of Frey, Ehlers & Blatt, and Raudsedd et al 
[22-24]. In the X-ray di�raction pattern, minerals such as 
phengite, chlorite, quartz, albite, ± microcline are recognized in 
sharp peaks (Figure 7). 

Frey proposed a reaction for the clay minerals to low-grade 
metamorphic minerals: mixed layer illite/montmorillonite = 
Al-rich chlorite + phengite + quartz + H2O--------(1)[22].

 �is product assemblage replaces illite in deep diagenesis 
and anchizonal metamorphism [25,26]. However, Frey and 
Robinson suggest that the phengite-poor composition and 
development in the bedding parallel microfabrics may be partly 
a measure of reaction progress rather than of the pressure [27].  

Metamorphic P, T-Conditions 
Velde found Si contents of 3.3 apfu in the solid solution of 
celadonite + muscovite + phengite in the P-T condition of 
250–550 °C and an upper-pressure limit in the range of 8–10 
kbar [20].

 In the present study, phengite Si contents of 3.4 to 3.5 apfu 
in the celadonite+muscovite solid solution series indicate the 
pressure 5-6.5 kbars by the Si-isopleths of phengite in Massonne 
and Schreyer, and compared to Franz et al., and the temperature 
250-350 °C through the lower limit of greenschist and the upper 
limit of biotite absence, (Figure 3) [28-30]. Phengite 
thermobarometer for the P-T path of this study area can be 
estimated from sub-greenschist to blueschist in the clockwise 
pattern (Figure 8).

Mineral chemistry 
Of the twenty-seven randomly selected points from three 
localities, sixteen are phengite and eleven are muscovite or illite. 
Phengite grows at an angle to the S1-cleavage whereas muscovite 
or illite grows parallel to the S1-cleavage (Figure 4).

 �e mineral assemblage of the S2-cleavage consisting of 
phengite mica, quartz, and chlorite is transformed from the mineral 
assemblage of the S1-cleavage. Possible reactions are proposed 
based on previous work in the �eld of biotite absence, e.g., who 
introduced the involving of phengite in blueschists as an applicable 
barometer with the reaction of Velde, Bucher-Nurminen and 
Massonne and Schreyer [20,28,30-32]:
phengite = K-feldspar (microcline) + chlorite + quartz + water (2)

 Above the equilibrium condition, the phengite barometer 
is applied to the presence of K-feldspar [27]. Essene Pointed out 
that the phengite barometer provides only minimum limits of 
pressure in the absence of the K-feldspar [31]. 
 �us, a reaction in the greenschist facies within the biotite 
absence �eld can be proposed: 

phengite + chlorite = muscovite +chlorite + quartz +water 
---------------------------------  (3) 
 Velde proposed the very probable reaction in a series of 
sedimentary rocks at low temperature and high pressure, which 
can be compared with the modelling of Zhu and Wei [20,33]:

illite (muscovite) + chlorite + K-feldspar + water = chlorite + 
phengite + quartz-------  (4) 

Holland and Lambert used a reaction for the pelitic rocks in the 
low temperature (200-400 °C) metamorphic regime [34]: 

illite (muscovite) + Mg-chlorite = phengite + Al-chlorite + 
water --------------------------(5)

 �erefore, there is no evidence of phengite used as a 
geobarometer at high temperatures (T > 750°C) [35]. �e white 
mica is more similar to the ideal composition of muscovite. 
Phengite has higher SiO2 and lower Al2O3 than muscovite and 
contains signi�cant amounts of MgO, FeO and Fe2O3. Again, 
Tilley and Ernst observed that the white micas of low-grade 
muscovite-chlorite and glaucophane schists usually contain 
signi�cant amounts of MgO, FeO, and Fe2O3, and are therefore 
called phengite [36,15].

 Velde has presented some preliminary data on the 
experimental conversion of quartz-bearing sedimentary 
montmorillonite and illite assemblages into metamorphic 
mixtures of quartz, white mica, and chlorite [37]. At PH2O = 2 
kb, he places such reactions in the vicinity of 300 °C, marking 
the appearance of what might be called a greenschist 
assemblage text in [38,39]. Low temperatures and high 
pressures are found to favour the transition of phengite micas 
from muscovite toward celadonite, rather than to near-ideal 
muscovite.
 �e lower stability limit of metamorphic muscovite (white 
mica) - chlorite - quartz assemblages of the greenschist facies is 
around T = 300 °C and PH2O = 3 kb, possibly somewhat lower 
[38]. However, Massonne and Schreyer found the stability �eld 
of the phengite - K-feldspar - quartz assemblage in the excess 
H2O between < 350 °C and upper-pressure limit in the range of 
8 -12 kbars within the upper limit of biotite absence zone [28].

Metamorphism of the Rheinische Schiefergebirge
Regional metamorphism 
�e metamorphism of the Rheinische Schiefergebirge gradually 
died out towards the north with syntectonic folding and its 

associated �rst cleavage (S1) [6,40,41]. �e S2-cleavage 
(crenulation cleavage) as encountered in the RS shows the same 
deformation fabric as the post-crystalline form of the �rst 
cleavage [40-42].

 �e temperature does not exceed 350 °C, and most places 
range 200-300°C, except in the Taunus, where it reaches 
400-450°C, compared to(cf.) [6,39].

White mica
White mica is well distributed as a metamorphic mineral in the 
RS from the Northern Phyllite Zone in the south to 
Ostsauerland in the north. Its distribution is based on K-Ar and 
Rb-Sr age determinations by Ahrendt et al. and 40Ar/39Ar- 
dating by Fladt et al.  [5,2].

 In the SW Moselle region, Hoeppener stated that the white 
mica that lens shape �ne chlorite and sericite �akes are smaller 
than 10 μ in diameter, and large individual minerals such as 
chlorite, white mica, and quartz are about 20 μ in diameter [43].

 In the Hunsrückschiefer of the middle Moselle region, 
Talbot observed that an aggregate of quartz, white mica, and 
chlorite is common with white mica also occurring in grains of 
comparable size to the quartz, but more commonly from 
slightly larger aggregates (lenticular) with chlorite [44]. In this 
region, Hoeppener concluded that the lenticulars are formed 
contemporaneously with the cleavage by overgrowths of the 
chlorite and mica on sedimentary grains [43].

 In pyrophyllite-bearing slates of Ramsbeck, the 
Ostsauerland region, has found white mica aggregates with 
syntectonic metasomatism in hydrothermally in�uenced areas, 
consisting of pyrophyllite and mica which cooling of the 
white-mica–stable liquid results in pyrophyllite (± diaspore) 
becoming stable [45,46].

White K-mica in the S2-cleavage plane
In the �eld observations, the crenulation cleavage shows a 
macroscopically distinguishable cleavage lamellae and wider 
spacing of cleavage planes. �e �rst cleavage takes over the 
bedding plane, whereas the crenulation cleavage leads to the 
previous syn-crystalline cleavage (S1-cleavage). �us, crenulation 
cleavage deformation shows a post-crystalline form of the �rst 
cleavage, which is transverse to earlier structures of S1 and S0 (cf.) 
[40,42,44]. �e transverse cleavage planes on the fold limbs are 
interpreted as antithetic shear planes (cf. and S1-cleavage planes 
are related to synthetic shear planes (Figure 9)[40,42].

 Finalized sections were studied in a petrographic 
microscope using plane  and cross-polarized transmitted light, 
to identify mineral phases and (estimated) modal contents (in 
vol%), and to determine microstructure, texture/fabric, 
deformation history, and their interrelations. �e polished 
section selected locations suitable for subsequent 
micro-analysis, with well-de�ned mineral grain boundaries, 
immaculate surface �nish (plane, no scratches), and without 
solid or �uid inclusions.

Mineral chemistry by electron-probe micro-analysis 
(EPMA)
Prior to analysis, the polished section was coated with 20 nm of 
carbon in a Polaron CC7650 thermal coater. Pre-selected spots 
were analyzed by EPMA at high vacuum (<5•10 6 Torr) in a 
Cameca SX51 instrument, operated at 15 kV acceleration voltage 
and ~20.0 nA probe current, equipped with �ve 
wavelength-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometer (EDS). �e instrument was 
internally calibrated against a set of natural and synthetic mineral 
compounds.

 Spectra were acquired for 30s on the peak, and 10s on the 
background. All elements were measured on their respective K
α lines. Sodium Na was assigned to two opposing WDS 
spectrometers at the beginning of each analytical run to 
minimize migration e�ects. Raw element data were ZAF 

Analytical Methods
Sample collection and optical petrography
Lime-nodule slate samples were collected from a number of 
outcrops (Weiburg1 = 50°28´24.52´´N, 8°15´54.67´´E; 

�ese micas, i.e., illite, phengite and muscovite are generally 
determined by the SiO2 and Al2O3 content (wt%) (see Figure 5 
and Table 1) [12-15].

 Park showed the major elements of the typical 
phengite-series compositions ranging as 44.50–55.86 wt% for 
SiO2, 21.05–36.87 wt% for Al2O3, 10.60–11.67 wt% for K2O, 
0.00–7.01 wt% for MgO and almost 0.00 wt% for FeO [16].
�erefore, phengite is de�ned in this study as follows: 
SiO2 content of illite is more than that of phengite and more 
than that of muscovite.
51  > phengite > 49
Al2O3 content of illite is less than that of phengite and less than 
that of muscovite.
24 < phengite < 32
K2O content is variable, however, it can be de�ned as,
8 < phengite < 12
K2O content of illite to muscovite is di�erent between their 
origin, e.g., K2O % illite to muscovite in anchimetamorphic 
zone = 8.6 - 10.2 wt% and K2O % illite to muscovite in 
epimetamorphic zone = 9.9 – 11.4 wt% [13,14].

 In addition, the Si+ and Al+ diagram is used to de�ne the 
phengite (celedonitic muscovite; proposed by in the solid 
solution of celadonite-muscovite a�er which �t into the 
metamorphic facies [13,17-20]. �e celadonite-muscovite 
relationships (Figure 6) show that none of the white mica plots 
are considered ideal muscovite and 16 of them are enriched in 
the celadonite component. �us, the celadonite and phengite 
contents are not independent of each other but increase 
together [21]. Additionally, the total value of Ca+, Na+, and K+ 
can also be used to determine the phengite, for which the range 
between 1.65 and 2.00 is de�ned (Tables 2, 3, and 4), in which 
K+ values are higher than Na+ values.

 In the statement of Weber, the transverse cleavage of the 
microscopic and macroscopic nature depends primarily on (1) 
the nature and degree of the pre-existing anisotropy and (2) the 
relative age of the deformation and crystallization of the 
mineral phases, which produce that cleavage, whereas that 
cleavage is generated by the stress direction (σ1 direction) 
together with the style of tectonic motion, discussed below 
(Tectonic interpretation) [42].

 �e S2-cleavage cuts at a high angle to the S1-cleavage in 
many places. �e angle between S1 and S2 in the outcrop varies 
considerably, ranging from 10° to 85°, with most between 15° 
and 60° and the mean being around 35°. In the microscope, the 
angle is relatively less than that of in outcrop. Talbot suggested 
that the angles between S1 and S2 are not primary as a result of 
later rotation [44]. Similarly, S2-fabrics are clearly and 
continuously visible to better de�ne the crenulation type in the 
thin section. �e fabrics of S1 and S2 are very similar to the 
fabrics of S-C mylonite (Figure 3), which suggests the dynamic 
e�ect of the shear zone movement [47-49].

Structural and Tectonic interpretation
�e tectonic movement history of the Rhenohercynian belt is 
established by the formation of the S1 and S2 cleavages (see 
Figure 9). �e tectonic movement of the study area can be 
deduced from the following investigations:

 Firstly, northward movement resulted in the collision as 
several mutual aspects are evident in Lower Devonian rocks in 
the north which show only very small deformation. A 
pre-folding state is preserved with a preferentially N-S trending 
extension attributed to the stage of basin development.

 Secondly, the S1-cleavage formed as an axial plane cleavage 
in the N-vergence through the buttress of the London-Brabant 
Massif (LBM) against ongoing northward collisional 
movement. �is stage of folding itself during Carboniferous 
showing syn-kinematic NNW-directed compression occurs 
simultaneously in larger thrust zones of penetrative 
deformation.

 �irdly, the northward movement super-stressed the 
oroclinal bending around the London-Brabant Massif in the 
Rhenohercynian belt: an S1-cleavage is re-trending (nearly NS) 

and S2-cleavage formation due to the orocline bending around 
the London-Brabant Massif. �e S2-cleavage runs transversely 
to the S1-cleavage in the Rheinishe Schiefergebirge  however, the 
S2-cleavage is parallel to the S1-cleavage in the Ardennen, from 
which the S1-cleavages from both areas are correlated, and the 
S2-cleavages are also able to correlate [40,50,51].

 Movement patterns in the north late-kinematic clockwise 
rotation of the stress �eld are only weakly represented in the 
south. On the other hand, the clear evidence of an even younger 
counter-clockwise rotation of the stress �eld concerns the 
southern massif [52,53].

 During the collision of LBM, the Rhenohercynian belt was 
laid between LBM and the Saxothuringian zone, so the 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism.

 Among lime nodules that develop pressure shadows, 
phengite can be seen in a parallel orientation to the S1-cleavage. 
Wilson observed that the presence of pressure shadows behind 
phengite that were misoriented at a high angle to the foliation 
suggests a very irregularity [54]. Rolland et al. also noted that 
phengite aggregates in the pressure shadow formed at the 
expense of feldspar porphyroclasts [55]. According to the 
observations of Stephens et al., there are two mica groups in 
slates of Clunes from Australia, one parallel and one (detritus 
mica) oblique to cleavage, with phengite mica alignment having 
a strong preferred orientation parallel to S1-cleavage (cf.) 
[55,56].

 �e phengite thermobarometer of Lahn-Dill areas of very 
low to low-grade metamorphic rocks in an accretionary 
collisional setting generated by B-type subduction of oceanic 
crust is di�erent from the accretionary setting of Frey and 
Robinson and El-Rus et al. (Table 5), whose P-T path goes 
clockwise through the sub-greenschist to blueschist �elds 
following the upli� [27,57]. In their accretionary setting, e.g., 
the Southern Uplands of Scotland imbricate thrust system is 
developed on synchronous burial and metamorphism of strata 
containing so� sediments deformation and strata disruption 
and cleavage development, and the metapelitic study showing 
anchizone rocks includes white K-mica which indicates 
medium-high pressure facies condition.

�e RS is an N-S transverse complete section of the Rhenohercynian belt, which is well known as an accretionary prism in the 
Variscan orogen (Figure 10), [45,58,59].

 �e formation of the same fabric types S1 and S2 cleavages 
can be considered as formation in the relationship of 
deformation stresses in the rocks. Talbot suggested that the two 
fabrics are similar and should be treated genetically [44]. 
Likewise, the development of cleavage is related to a shortening 
direction and is perpendicular to the cleavage.

 �e S2-cleavage is kinking or micro-folding followed by 
some shearing parallel to the limb, whereas the S1-cleavage is 
synchronously sheared parallel to the plane. �e mechanism of S1 
and S2 cleavage formation is revealed in the tectonic movement 
history in the Rhenohercynian belt of Variscan orogen.

 Compared with the observations of Schermer and El-Rus 
et al., high-pressure metamorphism was created by the result of 
an A-type subduction, associated with the Rhenohercynian 
zone as proposed by Weber [60,57,45].

Conclusions
�e present study observed coincidentally the white K-mica by 
optical petrography of lime-nodule slates from the Lahn-Dill 
area, Rheinishe Schiefergebirge. (i) �e con�rmation of 
Phengite mica is carried out by the Mineral chemistry by 
electron-probe micro-analysis (EPMA) and X-ray powder 
di�raction (XRPD) analysis. (ii) Phengite Si contents of 3.4 to 
3.5 apfu in the celadonite+muscovite solid solution series 
indicates the pressure 5-6.5 kbars by the Si-isopleths of phengite 
and the temperature 250-350°C through the lower limit of 
greenschist and the upper limit of biotite absence. (iii) White 
K-mica developed in the S2-cleavage plane. �e S2-cleavage cuts 
at a high angle to the S1-cleavage in many places. (iv) �e 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism 
due to the buttress of LBM collision. (v) High-pressure 
metamorphism was created by the result of an A-type 
subduction, e�ected within the Rhenohercynian zone. 
Additionally, the present study would like to recommend a 
detailed metamorphism of the Rheinische Schiefergebirge 
gradually died out towards the north for future work.
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�e white K-mica was coincidentally identi�ed in lime-nodule 
slates (German: “Kalkknotenschiefer”) during the assessment of 
thin sections by optical petrography. �e reddish slates (Upper 
Devonian) contain lime nodules (German: “knoten”) that are 
well exposed at Weilburg in the Lahn area and di�erent localities 
in the Dill area (Figure 1). �e white mica in the microscopic study 
was observed as muscovite; however, muscovite is incompatible 
with low-grade metamorphic rock. Its chemical composition was 
con�rmed in situ by electron-probe micro-analysis (EPMA) on 
three of the red lime-nodule slate from Weilburg1, Weilburg2, and 
Dillenburg, which revealed its identity as phengite mica. So far, no 
phengite mica has been observed in these areas, however, the 
phengite was already mentioned as a high-pressure mineral in the 
Northern Phyllite zone, and Southern Taunus Zone, from the 
south to north in the Rhenohercynian belt [1-4].

 White phengite mica has been used as a new barometer, for 
the Northern Phyllite Zone in the southern part of the 
Rheinische Schiefergebirge (RS), implying high-grade 
metamorphic rocks under temperature conditions of 400-450°C 
and pressure range 10-12 kbar [1,2]. In the RS, the white mica is 
used for K-Ar and Rb-Sr age determinations by, 
40Ar/39Ar-dating by, and the metamorphism is generally very 
low-grade or anchizonal [2,5-8]. 

 In order to study the microstructural analysis of 
lime-nodule slates, the thin sections were carried out by 
microscopic analysis. �e white mica was unfortunately observed 
and has to be identi�ed by EPMA. Although the white micas 
collected from the Lahn-Dill areas are shown as phengite mica, 
other localities in the RS where the white micas are used in age 

dating, are not sure whether they are phengite or not, as they 
have not been analyzed yet in the electron microprobe study. 

Weilburg2 = 50°28´24.52´´N, 8°15´54.67´´E; Dillenburg = 
50°44´19.79´´N, 8°17´11.04´´E), (Figures 1 and 2) by the 
author during �eldwork. Billets for thin sectioning were cut 
from the bulk samples using a water-cooled diamond blade at 
three di�erent orientations to the schistosity, mounted with 
epoxy to a carrier glass. Standard-sized thin sections 26×46 mm 
at 30 µm nominal thickness for optical petrography were 
prepared using silicon carbide paper up to 1 200 mesh �neness 
(<10 µm), and �nished with a 0.17 mm cover glass. One thin 
section was le� uncovered and instead, its surface was polished 
using diamond paste 6310.25 µm on cloth, to achieve a mirror 
�nish.

corrected using the PAP algorithm of, and converted to weight 
percentages (wt%) of element oxides assuming stoichiometry 
[9]. FeOT represents total iron (oxide) content, whereas 
hydrous species contents (H2O+,H2O) were reverse calculated. 
Net lower limits of detection (LLD) are on the order of 0.0x wt% 
as speci�ed per element (oxide) in Tables 1 to 4.

 Weight percentages of oxides were recast into numbers of 
cations in atoms per formula unit (apfu) following instructions 
in the Appendices to, and mica compositions were classi�ed 
according to the IMA-approved scheme of [10,11]. Selected 
results are collated in Tables 2, 3, and 4.

X-ray powder diffraction (XRPD) analysis 
To assist in the identi�cation of the �ne-grained matrix material 
and the nature of the white micas observed in thin sections, 
pre-crushed bulk sample materials were pulverized under 
acetone in an agate mortar and pestle, to pass a 200-mesh sieve 
(<75 μm). Dried and homogenized powders were loaded in a 
dimpled aluminum sample holder and �nished with a 
microscope carrier glass to obtain a �at surface.

 Powder di�ractograms were recorded in a Bruker D8 
Advance X-ray di�ractometer (XRD) instrument with 
Bragg-Brentano geometry from 02 23 °2θ in 0.05 °2θ steps, with 30 
s per step, overall scan time 3h30m per sample. �e Cu-tube was 
operated at 40 kV and 40 mA and produced bulk 
(non-monochromatic) CuKα radiation of λ=1.54184 Å. CuKβ was 
removed from the di�racted beam with Ni-foil. Peaks were indexed 
with DIFFRAC.EVA V4.2 proprietary Bruker so�ware using the 
ICDD 4.0 database. Selected results are collated in Figure 7.

Results 
Optical thin section petrography
�e mineral assemblage of quartz, chlorite, and white mica was 
observed in the petrographic analysis of the red lime-nodule 
slate. Quartz usually is present as lenticular grains, and chlorite 
in the form of overgrowths on it. �e phengite micas show an 
alignment that is neither parallel to the S1-cleavage nor bedding 
(S0), but transverse to the S1-cleavage, whereas S1-cleavage 
consists of lenticular quartz, chlorite, and mica (muscovite). 
�e alignment of a possible S2-cleavage consists of phengite 
mica, quartz (small grains), and chlorite (Figures 2, 3).

X-ray powder diffraction (XRPD) analysis 
�e X-ray powder di�raction pattern comprises thousands of 
overlapping peaks, however, re�ning the structures of the 
constituent minerals from overlapping peaks by plots the 2θ and 
d values. �erefore, to detect the minerals, an XRD analysis is 
carried out on �ve red slate samples from the Lahn-Dill areas, 
with the 2θ and d values being measured according to the 
interpretation of Frey, Ehlers & Blatt, and Raudsedd et al 
[22-24]. In the X-ray di�raction pattern, minerals such as 
phengite, chlorite, quartz, albite, ± microcline are recognized in 
sharp peaks (Figure 7). 

Frey proposed a reaction for the clay minerals to low-grade 
metamorphic minerals: mixed layer illite/montmorillonite = 
Al-rich chlorite + phengite + quartz + H2O--------(1)[22].

 �is product assemblage replaces illite in deep diagenesis 
and anchizonal metamorphism [25,26]. However, Frey and 
Robinson suggest that the phengite-poor composition and 
development in the bedding parallel microfabrics may be partly 
a measure of reaction progress rather than of the pressure [27].  

Metamorphic P, T-Conditions 
Velde found Si contents of 3.3 apfu in the solid solution of 
celadonite + muscovite + phengite in the P-T condition of 
250–550 °C and an upper-pressure limit in the range of 8–10 
kbar [20].

 In the present study, phengite Si contents of 3.4 to 3.5 apfu 
in the celadonite+muscovite solid solution series indicate the 
pressure 5-6.5 kbars by the Si-isopleths of phengite in Massonne 
and Schreyer, and compared to Franz et al., and the temperature 
250-350 °C through the lower limit of greenschist and the upper 
limit of biotite absence, (Figure 3) [28-30]. Phengite 
thermobarometer for the P-T path of this study area can be 
estimated from sub-greenschist to blueschist in the clockwise 
pattern (Figure 8).

Mineral chemistry 
Of the twenty-seven randomly selected points from three 
localities, sixteen are phengite and eleven are muscovite or illite. 
Phengite grows at an angle to the S1-cleavage whereas muscovite 
or illite grows parallel to the S1-cleavage (Figure 4).

 �e mineral assemblage of the S2-cleavage consisting of 
phengite mica, quartz, and chlorite is transformed from the mineral 
assemblage of the S1-cleavage. Possible reactions are proposed 
based on previous work in the �eld of biotite absence, e.g., who 
introduced the involving of phengite in blueschists as an applicable 
barometer with the reaction of Velde, Bucher-Nurminen and 
Massonne and Schreyer [20,28,30-32]:
phengite = K-feldspar (microcline) + chlorite + quartz + water (2)

 Above the equilibrium condition, the phengite barometer 
is applied to the presence of K-feldspar [27]. Essene Pointed out 
that the phengite barometer provides only minimum limits of 
pressure in the absence of the K-feldspar [31]. 
 �us, a reaction in the greenschist facies within the biotite 
absence �eld can be proposed: 

phengite + chlorite = muscovite +chlorite + quartz +water 
---------------------------------  (3) 
 Velde proposed the very probable reaction in a series of 
sedimentary rocks at low temperature and high pressure, which 
can be compared with the modelling of Zhu and Wei [20,33]:

illite (muscovite) + chlorite + K-feldspar + water = chlorite + 
phengite + quartz-------  (4) 

Holland and Lambert used a reaction for the pelitic rocks in the 
low temperature (200-400 °C) metamorphic regime [34]: 

illite (muscovite) + Mg-chlorite = phengite + Al-chlorite + 
water --------------------------(5)

 �erefore, there is no evidence of phengite used as a 
geobarometer at high temperatures (T > 750°C) [35]. �e white 
mica is more similar to the ideal composition of muscovite. 
Phengite has higher SiO2 and lower Al2O3 than muscovite and 
contains signi�cant amounts of MgO, FeO and Fe2O3. Again, 
Tilley and Ernst observed that the white micas of low-grade 
muscovite-chlorite and glaucophane schists usually contain 
signi�cant amounts of MgO, FeO, and Fe2O3, and are therefore 
called phengite [36,15].

 Velde has presented some preliminary data on the 
experimental conversion of quartz-bearing sedimentary 
montmorillonite and illite assemblages into metamorphic 
mixtures of quartz, white mica, and chlorite [37]. At PH2O = 2 
kb, he places such reactions in the vicinity of 300 °C, marking 
the appearance of what might be called a greenschist 
assemblage text in [38,39]. Low temperatures and high 
pressures are found to favour the transition of phengite micas 
from muscovite toward celadonite, rather than to near-ideal 
muscovite.
 �e lower stability limit of metamorphic muscovite (white 
mica) - chlorite - quartz assemblages of the greenschist facies is 
around T = 300 °C and PH2O = 3 kb, possibly somewhat lower 
[38]. However, Massonne and Schreyer found the stability �eld 
of the phengite - K-feldspar - quartz assemblage in the excess 
H2O between < 350 °C and upper-pressure limit in the range of 
8 -12 kbars within the upper limit of biotite absence zone [28].

Metamorphism of the Rheinische Schiefergebirge
Regional metamorphism 
�e metamorphism of the Rheinische Schiefergebirge gradually 
died out towards the north with syntectonic folding and its 

associated �rst cleavage (S1) [6,40,41]. �e S2-cleavage 
(crenulation cleavage) as encountered in the RS shows the same 
deformation fabric as the post-crystalline form of the �rst 
cleavage [40-42].

 �e temperature does not exceed 350 °C, and most places 
range 200-300°C, except in the Taunus, where it reaches 
400-450°C, compared to(cf.) [6,39].

White mica
White mica is well distributed as a metamorphic mineral in the 
RS from the Northern Phyllite Zone in the south to 
Ostsauerland in the north. Its distribution is based on K-Ar and 
Rb-Sr age determinations by Ahrendt et al. and 40Ar/39Ar- 
dating by Fladt et al.  [5,2].

 In the SW Moselle region, Hoeppener stated that the white 
mica that lens shape �ne chlorite and sericite �akes are smaller 
than 10 μ in diameter, and large individual minerals such as 
chlorite, white mica, and quartz are about 20 μ in diameter [43].

 In the Hunsrückschiefer of the middle Moselle region, 
Talbot observed that an aggregate of quartz, white mica, and 
chlorite is common with white mica also occurring in grains of 
comparable size to the quartz, but more commonly from 
slightly larger aggregates (lenticular) with chlorite [44]. In this 
region, Hoeppener concluded that the lenticulars are formed 
contemporaneously with the cleavage by overgrowths of the 
chlorite and mica on sedimentary grains [43].

 In pyrophyllite-bearing slates of Ramsbeck, the 
Ostsauerland region, has found white mica aggregates with 
syntectonic metasomatism in hydrothermally in�uenced areas, 
consisting of pyrophyllite and mica which cooling of the 
white-mica–stable liquid results in pyrophyllite (± diaspore) 
becoming stable [45,46].

White K-mica in the S2-cleavage plane
In the �eld observations, the crenulation cleavage shows a 
macroscopically distinguishable cleavage lamellae and wider 
spacing of cleavage planes. �e �rst cleavage takes over the 
bedding plane, whereas the crenulation cleavage leads to the 
previous syn-crystalline cleavage (S1-cleavage). �us, crenulation 
cleavage deformation shows a post-crystalline form of the �rst 
cleavage, which is transverse to earlier structures of S1 and S0 (cf.) 
[40,42,44]. �e transverse cleavage planes on the fold limbs are 
interpreted as antithetic shear planes (cf. and S1-cleavage planes 
are related to synthetic shear planes (Figure 9)[40,42].

 Finalized sections were studied in a petrographic 
microscope using plane  and cross-polarized transmitted light, 
to identify mineral phases and (estimated) modal contents (in 
vol%), and to determine microstructure, texture/fabric, 
deformation history, and their interrelations. �e polished 
section selected locations suitable for subsequent 
micro-analysis, with well-de�ned mineral grain boundaries, 
immaculate surface �nish (plane, no scratches), and without 
solid or �uid inclusions.

Mineral chemistry by electron-probe micro-analysis 
(EPMA)
Prior to analysis, the polished section was coated with 20 nm of 
carbon in a Polaron CC7650 thermal coater. Pre-selected spots 
were analyzed by EPMA at high vacuum (<5•10 6 Torr) in a 
Cameca SX51 instrument, operated at 15 kV acceleration voltage 
and ~20.0 nA probe current, equipped with �ve 
wavelength-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometer (EDS). �e instrument was 
internally calibrated against a set of natural and synthetic mineral 
compounds.

 Spectra were acquired for 30s on the peak, and 10s on the 
background. All elements were measured on their respective K
α lines. Sodium Na was assigned to two opposing WDS 
spectrometers at the beginning of each analytical run to 
minimize migration e�ects. Raw element data were ZAF 

Analytical Methods
Sample collection and optical petrography
Lime-nodule slate samples were collected from a number of 
outcrops (Weiburg1 = 50°28´24.52´´N, 8°15´54.67´´E; 

�ese micas, i.e., illite, phengite and muscovite are generally 
determined by the SiO2 and Al2O3 content (wt%) (see Figure 5 
and Table 1) [12-15].

 Park showed the major elements of the typical 
phengite-series compositions ranging as 44.50–55.86 wt% for 
SiO2, 21.05–36.87 wt% for Al2O3, 10.60–11.67 wt% for K2O, 
0.00–7.01 wt% for MgO and almost 0.00 wt% for FeO [16].
�erefore, phengite is de�ned in this study as follows: 
SiO2 content of illite is more than that of phengite and more 
than that of muscovite.
51  > phengite > 49
Al2O3 content of illite is less than that of phengite and less than 
that of muscovite.
24 < phengite < 32
K2O content is variable, however, it can be de�ned as,
8 < phengite < 12
K2O content of illite to muscovite is di�erent between their 
origin, e.g., K2O % illite to muscovite in anchimetamorphic 
zone = 8.6 - 10.2 wt% and K2O % illite to muscovite in 
epimetamorphic zone = 9.9 – 11.4 wt% [13,14].

 In addition, the Si+ and Al+ diagram is used to de�ne the 
phengite (celedonitic muscovite; proposed by in the solid 
solution of celadonite-muscovite a�er which �t into the 
metamorphic facies [13,17-20]. �e celadonite-muscovite 
relationships (Figure 6) show that none of the white mica plots 
are considered ideal muscovite and 16 of them are enriched in 
the celadonite component. �us, the celadonite and phengite 
contents are not independent of each other but increase 
together [21]. Additionally, the total value of Ca+, Na+, and K+ 
can also be used to determine the phengite, for which the range 
between 1.65 and 2.00 is de�ned (Tables 2, 3, and 4), in which 
K+ values are higher than Na+ values.

 In the statement of Weber, the transverse cleavage of the 
microscopic and macroscopic nature depends primarily on (1) 
the nature and degree of the pre-existing anisotropy and (2) the 
relative age of the deformation and crystallization of the 
mineral phases, which produce that cleavage, whereas that 
cleavage is generated by the stress direction (σ1 direction) 
together with the style of tectonic motion, discussed below 
(Tectonic interpretation) [42].

 �e S2-cleavage cuts at a high angle to the S1-cleavage in 
many places. �e angle between S1 and S2 in the outcrop varies 
considerably, ranging from 10° to 85°, with most between 15° 
and 60° and the mean being around 35°. In the microscope, the 
angle is relatively less than that of in outcrop. Talbot suggested 
that the angles between S1 and S2 are not primary as a result of 
later rotation [44]. Similarly, S2-fabrics are clearly and 
continuously visible to better de�ne the crenulation type in the 
thin section. �e fabrics of S1 and S2 are very similar to the 
fabrics of S-C mylonite (Figure 3), which suggests the dynamic 
e�ect of the shear zone movement [47-49].

Structural and Tectonic interpretation
�e tectonic movement history of the Rhenohercynian belt is 
established by the formation of the S1 and S2 cleavages (see 
Figure 9). �e tectonic movement of the study area can be 
deduced from the following investigations:

 Firstly, northward movement resulted in the collision as 
several mutual aspects are evident in Lower Devonian rocks in 
the north which show only very small deformation. A 
pre-folding state is preserved with a preferentially N-S trending 
extension attributed to the stage of basin development.

 Secondly, the S1-cleavage formed as an axial plane cleavage 
in the N-vergence through the buttress of the London-Brabant 
Massif (LBM) against ongoing northward collisional 
movement. �is stage of folding itself during Carboniferous 
showing syn-kinematic NNW-directed compression occurs 
simultaneously in larger thrust zones of penetrative 
deformation.

 �irdly, the northward movement super-stressed the 
oroclinal bending around the London-Brabant Massif in the 
Rhenohercynian belt: an S1-cleavage is re-trending (nearly NS) 

and S2-cleavage formation due to the orocline bending around 
the London-Brabant Massif. �e S2-cleavage runs transversely 
to the S1-cleavage in the Rheinishe Schiefergebirge  however, the 
S2-cleavage is parallel to the S1-cleavage in the Ardennen, from 
which the S1-cleavages from both areas are correlated, and the 
S2-cleavages are also able to correlate [40,50,51].

 Movement patterns in the north late-kinematic clockwise 
rotation of the stress �eld are only weakly represented in the 
south. On the other hand, the clear evidence of an even younger 
counter-clockwise rotation of the stress �eld concerns the 
southern massif [52,53].

 During the collision of LBM, the Rhenohercynian belt was 
laid between LBM and the Saxothuringian zone, so the 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism.

 Among lime nodules that develop pressure shadows, 
phengite can be seen in a parallel orientation to the S1-cleavage. 
Wilson observed that the presence of pressure shadows behind 
phengite that were misoriented at a high angle to the foliation 
suggests a very irregularity [54]. Rolland et al. also noted that 
phengite aggregates in the pressure shadow formed at the 
expense of feldspar porphyroclasts [55]. According to the 
observations of Stephens et al., there are two mica groups in 
slates of Clunes from Australia, one parallel and one (detritus 
mica) oblique to cleavage, with phengite mica alignment having 
a strong preferred orientation parallel to S1-cleavage (cf.) 
[55,56].

 �e phengite thermobarometer of Lahn-Dill areas of very 
low to low-grade metamorphic rocks in an accretionary 
collisional setting generated by B-type subduction of oceanic 
crust is di�erent from the accretionary setting of Frey and 
Robinson and El-Rus et al. (Table 5), whose P-T path goes 
clockwise through the sub-greenschist to blueschist �elds 
following the upli� [27,57]. In their accretionary setting, e.g., 
the Southern Uplands of Scotland imbricate thrust system is 
developed on synchronous burial and metamorphism of strata 
containing so� sediments deformation and strata disruption 
and cleavage development, and the metapelitic study showing 
anchizone rocks includes white K-mica which indicates 
medium-high pressure facies condition.

�e RS is an N-S transverse complete section of the Rhenohercynian belt, which is well known as an accretionary prism in the 
Variscan orogen (Figure 10), [45,58,59].

 �e formation of the same fabric types S1 and S2 cleavages 
can be considered as formation in the relationship of 
deformation stresses in the rocks. Talbot suggested that the two 
fabrics are similar and should be treated genetically [44]. 
Likewise, the development of cleavage is related to a shortening 
direction and is perpendicular to the cleavage.

 �e S2-cleavage is kinking or micro-folding followed by 
some shearing parallel to the limb, whereas the S1-cleavage is 
synchronously sheared parallel to the plane. �e mechanism of S1 
and S2 cleavage formation is revealed in the tectonic movement 
history in the Rhenohercynian belt of Variscan orogen.

 Compared with the observations of Schermer and El-Rus 
et al., high-pressure metamorphism was created by the result of 
an A-type subduction, associated with the Rhenohercynian 
zone as proposed by Weber [60,57,45].

Conclusions
�e present study observed coincidentally the white K-mica by 
optical petrography of lime-nodule slates from the Lahn-Dill 
area, Rheinishe Schiefergebirge. (i) �e con�rmation of 
Phengite mica is carried out by the Mineral chemistry by 
electron-probe micro-analysis (EPMA) and X-ray powder 
di�raction (XRPD) analysis. (ii) Phengite Si contents of 3.4 to 
3.5 apfu in the celadonite+muscovite solid solution series 
indicates the pressure 5-6.5 kbars by the Si-isopleths of phengite 
and the temperature 250-350°C through the lower limit of 
greenschist and the upper limit of biotite absence. (iii) White 
K-mica developed in the S2-cleavage plane. �e S2-cleavage cuts 
at a high angle to the S1-cleavage in many places. (iv) �e 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism 
due to the buttress of LBM collision. (v) High-pressure 
metamorphism was created by the result of an A-type 
subduction, e�ected within the Rhenohercynian zone. 
Additionally, the present study would like to recommend a 
detailed metamorphism of the Rheinische Schiefergebirge 
gradually died out towards the north for future work.
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�e white K-mica was coincidentally identi�ed in lime-nodule 
slates (German: “Kalkknotenschiefer”) during the assessment of 
thin sections by optical petrography. �e reddish slates (Upper 
Devonian) contain lime nodules (German: “knoten”) that are 
well exposed at Weilburg in the Lahn area and di�erent localities 
in the Dill area (Figure 1). �e white mica in the microscopic study 
was observed as muscovite; however, muscovite is incompatible 
with low-grade metamorphic rock. Its chemical composition was 
con�rmed in situ by electron-probe micro-analysis (EPMA) on 
three of the red lime-nodule slate from Weilburg1, Weilburg2, and 
Dillenburg, which revealed its identity as phengite mica. So far, no 
phengite mica has been observed in these areas, however, the 
phengite was already mentioned as a high-pressure mineral in the 
Northern Phyllite zone, and Southern Taunus Zone, from the 
south to north in the Rhenohercynian belt [1-4].

 White phengite mica has been used as a new barometer, for 
the Northern Phyllite Zone in the southern part of the 
Rheinische Schiefergebirge (RS), implying high-grade 
metamorphic rocks under temperature conditions of 400-450°C 
and pressure range 10-12 kbar [1,2]. In the RS, the white mica is 
used for K-Ar and Rb-Sr age determinations by, 
40Ar/39Ar-dating by, and the metamorphism is generally very 
low-grade or anchizonal [2,5-8]. 

 In order to study the microstructural analysis of 
lime-nodule slates, the thin sections were carried out by 
microscopic analysis. �e white mica was unfortunately observed 
and has to be identi�ed by EPMA. Although the white micas 
collected from the Lahn-Dill areas are shown as phengite mica, 
other localities in the RS where the white micas are used in age 

dating, are not sure whether they are phengite or not, as they 
have not been analyzed yet in the electron microprobe study. 

Weilburg2 = 50°28´24.52´´N, 8°15´54.67´´E; Dillenburg = 
50°44´19.79´´N, 8°17´11.04´´E), (Figures 1 and 2) by the 
author during �eldwork. Billets for thin sectioning were cut 
from the bulk samples using a water-cooled diamond blade at 
three di�erent orientations to the schistosity, mounted with 
epoxy to a carrier glass. Standard-sized thin sections 26×46 mm 
at 30 µm nominal thickness for optical petrography were 
prepared using silicon carbide paper up to 1 200 mesh �neness 
(<10 µm), and �nished with a 0.17 mm cover glass. One thin 
section was le� uncovered and instead, its surface was polished 
using diamond paste 6310.25 µm on cloth, to achieve a mirror 
�nish.

corrected using the PAP algorithm of, and converted to weight 
percentages (wt%) of element oxides assuming stoichiometry 
[9]. FeOT represents total iron (oxide) content, whereas 
hydrous species contents (H2O+,H2O) were reverse calculated. 
Net lower limits of detection (LLD) are on the order of 0.0x wt% 
as speci�ed per element (oxide) in Tables 1 to 4.

 Weight percentages of oxides were recast into numbers of 
cations in atoms per formula unit (apfu) following instructions 
in the Appendices to, and mica compositions were classi�ed 
according to the IMA-approved scheme of [10,11]. Selected 
results are collated in Tables 2, 3, and 4.

X-ray powder diffraction (XRPD) analysis 
To assist in the identi�cation of the �ne-grained matrix material 
and the nature of the white micas observed in thin sections, 
pre-crushed bulk sample materials were pulverized under 
acetone in an agate mortar and pestle, to pass a 200-mesh sieve 
(<75 μm). Dried and homogenized powders were loaded in a 
dimpled aluminum sample holder and �nished with a 
microscope carrier glass to obtain a �at surface.

 Powder di�ractograms were recorded in a Bruker D8 
Advance X-ray di�ractometer (XRD) instrument with 
Bragg-Brentano geometry from 02 23 °2θ in 0.05 °2θ steps, with 30 
s per step, overall scan time 3h30m per sample. �e Cu-tube was 
operated at 40 kV and 40 mA and produced bulk 
(non-monochromatic) CuKα radiation of λ=1.54184 Å. CuKβ was 
removed from the di�racted beam with Ni-foil. Peaks were indexed 
with DIFFRAC.EVA V4.2 proprietary Bruker so�ware using the 
ICDD 4.0 database. Selected results are collated in Figure 7.

Results 
Optical thin section petrography
�e mineral assemblage of quartz, chlorite, and white mica was 
observed in the petrographic analysis of the red lime-nodule 
slate. Quartz usually is present as lenticular grains, and chlorite 
in the form of overgrowths on it. �e phengite micas show an 
alignment that is neither parallel to the S1-cleavage nor bedding 
(S0), but transverse to the S1-cleavage, whereas S1-cleavage 
consists of lenticular quartz, chlorite, and mica (muscovite). 
�e alignment of a possible S2-cleavage consists of phengite 
mica, quartz (small grains), and chlorite (Figures 2, 3).

X-ray powder diffraction (XRPD) analysis 
�e X-ray powder di�raction pattern comprises thousands of 
overlapping peaks, however, re�ning the structures of the 
constituent minerals from overlapping peaks by plots the 2θ and 
d values. �erefore, to detect the minerals, an XRD analysis is 
carried out on �ve red slate samples from the Lahn-Dill areas, 
with the 2θ and d values being measured according to the 
interpretation of Frey, Ehlers & Blatt, and Raudsedd et al 
[22-24]. In the X-ray di�raction pattern, minerals such as 
phengite, chlorite, quartz, albite, ± microcline are recognized in 
sharp peaks (Figure 7). 

Frey proposed a reaction for the clay minerals to low-grade 
metamorphic minerals: mixed layer illite/montmorillonite = 
Al-rich chlorite + phengite + quartz + H2O--------(1)[22].

 �is product assemblage replaces illite in deep diagenesis 
and anchizonal metamorphism [25,26]. However, Frey and 
Robinson suggest that the phengite-poor composition and 
development in the bedding parallel microfabrics may be partly 
a measure of reaction progress rather than of the pressure [27].  

Metamorphic P, T-Conditions 
Velde found Si contents of 3.3 apfu in the solid solution of 
celadonite + muscovite + phengite in the P-T condition of 
250–550 °C and an upper-pressure limit in the range of 8–10 
kbar [20].

 In the present study, phengite Si contents of 3.4 to 3.5 apfu 
in the celadonite+muscovite solid solution series indicate the 
pressure 5-6.5 kbars by the Si-isopleths of phengite in Massonne 
and Schreyer, and compared to Franz et al., and the temperature 
250-350 °C through the lower limit of greenschist and the upper 
limit of biotite absence, (Figure 3) [28-30]. Phengite 
thermobarometer for the P-T path of this study area can be 
estimated from sub-greenschist to blueschist in the clockwise 
pattern (Figure 8).

Mineral chemistry 
Of the twenty-seven randomly selected points from three 
localities, sixteen are phengite and eleven are muscovite or illite. 
Phengite grows at an angle to the S1-cleavage whereas muscovite 
or illite grows parallel to the S1-cleavage (Figure 4).

 �e mineral assemblage of the S2-cleavage consisting of 
phengite mica, quartz, and chlorite is transformed from the mineral 
assemblage of the S1-cleavage. Possible reactions are proposed 
based on previous work in the �eld of biotite absence, e.g., who 
introduced the involving of phengite in blueschists as an applicable 
barometer with the reaction of Velde, Bucher-Nurminen and 
Massonne and Schreyer [20,28,30-32]:
phengite = K-feldspar (microcline) + chlorite + quartz + water (2)

 Above the equilibrium condition, the phengite barometer 
is applied to the presence of K-feldspar [27]. Essene Pointed out 
that the phengite barometer provides only minimum limits of 
pressure in the absence of the K-feldspar [31]. 
 �us, a reaction in the greenschist facies within the biotite 
absence �eld can be proposed: 

phengite + chlorite = muscovite +chlorite + quartz +water 
---------------------------------  (3) 
 Velde proposed the very probable reaction in a series of 
sedimentary rocks at low temperature and high pressure, which 
can be compared with the modelling of Zhu and Wei [20,33]:

illite (muscovite) + chlorite + K-feldspar + water = chlorite + 
phengite + quartz-------  (4) 

Holland and Lambert used a reaction for the pelitic rocks in the 
low temperature (200-400 °C) metamorphic regime [34]: 

illite (muscovite) + Mg-chlorite = phengite + Al-chlorite + 
water --------------------------(5)

 �erefore, there is no evidence of phengite used as a 
geobarometer at high temperatures (T > 750°C) [35]. �e white 
mica is more similar to the ideal composition of muscovite. 
Phengite has higher SiO2 and lower Al2O3 than muscovite and 
contains signi�cant amounts of MgO, FeO and Fe2O3. Again, 
Tilley and Ernst observed that the white micas of low-grade 
muscovite-chlorite and glaucophane schists usually contain 
signi�cant amounts of MgO, FeO, and Fe2O3, and are therefore 
called phengite [36,15].

 Velde has presented some preliminary data on the 
experimental conversion of quartz-bearing sedimentary 
montmorillonite and illite assemblages into metamorphic 
mixtures of quartz, white mica, and chlorite [37]. At PH2O = 2 
kb, he places such reactions in the vicinity of 300 °C, marking 
the appearance of what might be called a greenschist 
assemblage text in [38,39]. Low temperatures and high 
pressures are found to favour the transition of phengite micas 
from muscovite toward celadonite, rather than to near-ideal 
muscovite.
 �e lower stability limit of metamorphic muscovite (white 
mica) - chlorite - quartz assemblages of the greenschist facies is 
around T = 300 °C and PH2O = 3 kb, possibly somewhat lower 
[38]. However, Massonne and Schreyer found the stability �eld 
of the phengite - K-feldspar - quartz assemblage in the excess 
H2O between < 350 °C and upper-pressure limit in the range of 
8 -12 kbars within the upper limit of biotite absence zone [28].

Metamorphism of the Rheinische Schiefergebirge
Regional metamorphism 
�e metamorphism of the Rheinische Schiefergebirge gradually 
died out towards the north with syntectonic folding and its 

associated �rst cleavage (S1) [6,40,41]. �e S2-cleavage 
(crenulation cleavage) as encountered in the RS shows the same 
deformation fabric as the post-crystalline form of the �rst 
cleavage [40-42].

 �e temperature does not exceed 350 °C, and most places 
range 200-300°C, except in the Taunus, where it reaches 
400-450°C, compared to(cf.) [6,39].

White mica
White mica is well distributed as a metamorphic mineral in the 
RS from the Northern Phyllite Zone in the south to 
Ostsauerland in the north. Its distribution is based on K-Ar and 
Rb-Sr age determinations by Ahrendt et al. and 40Ar/39Ar- 
dating by Fladt et al.  [5,2].

 In the SW Moselle region, Hoeppener stated that the white 
mica that lens shape �ne chlorite and sericite �akes are smaller 
than 10 μ in diameter, and large individual minerals such as 
chlorite, white mica, and quartz are about 20 μ in diameter [43].

 In the Hunsrückschiefer of the middle Moselle region, 
Talbot observed that an aggregate of quartz, white mica, and 
chlorite is common with white mica also occurring in grains of 
comparable size to the quartz, but more commonly from 
slightly larger aggregates (lenticular) with chlorite [44]. In this 
region, Hoeppener concluded that the lenticulars are formed 
contemporaneously with the cleavage by overgrowths of the 
chlorite and mica on sedimentary grains [43].

 In pyrophyllite-bearing slates of Ramsbeck, the 
Ostsauerland region, has found white mica aggregates with 
syntectonic metasomatism in hydrothermally in�uenced areas, 
consisting of pyrophyllite and mica which cooling of the 
white-mica–stable liquid results in pyrophyllite (± diaspore) 
becoming stable [45,46].

White K-mica in the S2-cleavage plane
In the �eld observations, the crenulation cleavage shows a 
macroscopically distinguishable cleavage lamellae and wider 
spacing of cleavage planes. �e �rst cleavage takes over the 
bedding plane, whereas the crenulation cleavage leads to the 
previous syn-crystalline cleavage (S1-cleavage). �us, crenulation 
cleavage deformation shows a post-crystalline form of the �rst 
cleavage, which is transverse to earlier structures of S1 and S0 (cf.) 
[40,42,44]. �e transverse cleavage planes on the fold limbs are 
interpreted as antithetic shear planes (cf. and S1-cleavage planes 
are related to synthetic shear planes (Figure 9)[40,42].

 Finalized sections were studied in a petrographic 
microscope using plane  and cross-polarized transmitted light, 
to identify mineral phases and (estimated) modal contents (in 
vol%), and to determine microstructure, texture/fabric, 
deformation history, and their interrelations. �e polished 
section selected locations suitable for subsequent 
micro-analysis, with well-de�ned mineral grain boundaries, 
immaculate surface �nish (plane, no scratches), and without 
solid or �uid inclusions.

Mineral chemistry by electron-probe micro-analysis 
(EPMA)
Prior to analysis, the polished section was coated with 20 nm of 
carbon in a Polaron CC7650 thermal coater. Pre-selected spots 
were analyzed by EPMA at high vacuum (<5•10 6 Torr) in a 
Cameca SX51 instrument, operated at 15 kV acceleration voltage 
and ~20.0 nA probe current, equipped with �ve 
wavelength-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometer (EDS). �e instrument was 
internally calibrated against a set of natural and synthetic mineral 
compounds.

 Spectra were acquired for 30s on the peak, and 10s on the 
background. All elements were measured on their respective K
α lines. Sodium Na was assigned to two opposing WDS 
spectrometers at the beginning of each analytical run to 
minimize migration e�ects. Raw element data were ZAF 

Analytical Methods
Sample collection and optical petrography
Lime-nodule slate samples were collected from a number of 
outcrops (Weiburg1 = 50°28´24.52´´N, 8°15´54.67´´E; 

�ese micas, i.e., illite, phengite and muscovite are generally 
determined by the SiO2 and Al2O3 content (wt%) (see Figure 5 
and Table 1) [12-15].

 Park showed the major elements of the typical 
phengite-series compositions ranging as 44.50–55.86 wt% for 
SiO2, 21.05–36.87 wt% for Al2O3, 10.60–11.67 wt% for K2O, 
0.00–7.01 wt% for MgO and almost 0.00 wt% for FeO [16].
�erefore, phengite is de�ned in this study as follows: 
SiO2 content of illite is more than that of phengite and more 
than that of muscovite.
51  > phengite > 49
Al2O3 content of illite is less than that of phengite and less than 
that of muscovite.
24 < phengite < 32
K2O content is variable, however, it can be de�ned as,
8 < phengite < 12
K2O content of illite to muscovite is di�erent between their 
origin, e.g., K2O % illite to muscovite in anchimetamorphic 
zone = 8.6 - 10.2 wt% and K2O % illite to muscovite in 
epimetamorphic zone = 9.9 – 11.4 wt% [13,14].

 In addition, the Si+ and Al+ diagram is used to de�ne the 
phengite (celedonitic muscovite; proposed by in the solid 
solution of celadonite-muscovite a�er which �t into the 
metamorphic facies [13,17-20]. �e celadonite-muscovite 
relationships (Figure 6) show that none of the white mica plots 
are considered ideal muscovite and 16 of them are enriched in 
the celadonite component. �us, the celadonite and phengite 
contents are not independent of each other but increase 
together [21]. Additionally, the total value of Ca+, Na+, and K+ 
can also be used to determine the phengite, for which the range 
between 1.65 and 2.00 is de�ned (Tables 2, 3, and 4), in which 
K+ values are higher than Na+ values.

 In the statement of Weber, the transverse cleavage of the 
microscopic and macroscopic nature depends primarily on (1) 
the nature and degree of the pre-existing anisotropy and (2) the 
relative age of the deformation and crystallization of the 
mineral phases, which produce that cleavage, whereas that 
cleavage is generated by the stress direction (σ1 direction) 
together with the style of tectonic motion, discussed below 
(Tectonic interpretation) [42].

 �e S2-cleavage cuts at a high angle to the S1-cleavage in 
many places. �e angle between S1 and S2 in the outcrop varies 
considerably, ranging from 10° to 85°, with most between 15° 
and 60° and the mean being around 35°. In the microscope, the 
angle is relatively less than that of in outcrop. Talbot suggested 
that the angles between S1 and S2 are not primary as a result of 
later rotation [44]. Similarly, S2-fabrics are clearly and 
continuously visible to better de�ne the crenulation type in the 
thin section. �e fabrics of S1 and S2 are very similar to the 
fabrics of S-C mylonite (Figure 3), which suggests the dynamic 
e�ect of the shear zone movement [47-49].

Structural and Tectonic interpretation
�e tectonic movement history of the Rhenohercynian belt is 
established by the formation of the S1 and S2 cleavages (see 
Figure 9). �e tectonic movement of the study area can be 
deduced from the following investigations:

 Firstly, northward movement resulted in the collision as 
several mutual aspects are evident in Lower Devonian rocks in 
the north which show only very small deformation. A 
pre-folding state is preserved with a preferentially N-S trending 
extension attributed to the stage of basin development.

 Secondly, the S1-cleavage formed as an axial plane cleavage 
in the N-vergence through the buttress of the London-Brabant 
Massif (LBM) against ongoing northward collisional 
movement. �is stage of folding itself during Carboniferous 
showing syn-kinematic NNW-directed compression occurs 
simultaneously in larger thrust zones of penetrative 
deformation.

 �irdly, the northward movement super-stressed the 
oroclinal bending around the London-Brabant Massif in the 
Rhenohercynian belt: an S1-cleavage is re-trending (nearly NS) 

and S2-cleavage formation due to the orocline bending around 
the London-Brabant Massif. �e S2-cleavage runs transversely 
to the S1-cleavage in the Rheinishe Schiefergebirge  however, the 
S2-cleavage is parallel to the S1-cleavage in the Ardennen, from 
which the S1-cleavages from both areas are correlated, and the 
S2-cleavages are also able to correlate [40,50,51].

 Movement patterns in the north late-kinematic clockwise 
rotation of the stress �eld are only weakly represented in the 
south. On the other hand, the clear evidence of an even younger 
counter-clockwise rotation of the stress �eld concerns the 
southern massif [52,53].

 During the collision of LBM, the Rhenohercynian belt was 
laid between LBM and the Saxothuringian zone, so the 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism.

 Among lime nodules that develop pressure shadows, 
phengite can be seen in a parallel orientation to the S1-cleavage. 
Wilson observed that the presence of pressure shadows behind 
phengite that were misoriented at a high angle to the foliation 
suggests a very irregularity [54]. Rolland et al. also noted that 
phengite aggregates in the pressure shadow formed at the 
expense of feldspar porphyroclasts [55]. According to the 
observations of Stephens et al., there are two mica groups in 
slates of Clunes from Australia, one parallel and one (detritus 
mica) oblique to cleavage, with phengite mica alignment having 
a strong preferred orientation parallel to S1-cleavage (cf.) 
[55,56].

 �e phengite thermobarometer of Lahn-Dill areas of very 
low to low-grade metamorphic rocks in an accretionary 
collisional setting generated by B-type subduction of oceanic 
crust is di�erent from the accretionary setting of Frey and 
Robinson and El-Rus et al. (Table 5), whose P-T path goes 
clockwise through the sub-greenschist to blueschist �elds 
following the upli� [27,57]. In their accretionary setting, e.g., 
the Southern Uplands of Scotland imbricate thrust system is 
developed on synchronous burial and metamorphism of strata 
containing so� sediments deformation and strata disruption 
and cleavage development, and the metapelitic study showing 
anchizone rocks includes white K-mica which indicates 
medium-high pressure facies condition.

�e RS is an N-S transverse complete section of the Rhenohercynian belt, which is well known as an accretionary prism in the 
Variscan orogen (Figure 10), [45,58,59].

 �e formation of the same fabric types S1 and S2 cleavages 
can be considered as formation in the relationship of 
deformation stresses in the rocks. Talbot suggested that the two 
fabrics are similar and should be treated genetically [44]. 
Likewise, the development of cleavage is related to a shortening 
direction and is perpendicular to the cleavage.

 �e S2-cleavage is kinking or micro-folding followed by 
some shearing parallel to the limb, whereas the S1-cleavage is 
synchronously sheared parallel to the plane. �e mechanism of S1 
and S2 cleavage formation is revealed in the tectonic movement 
history in the Rhenohercynian belt of Variscan orogen.

 Compared with the observations of Schermer and El-Rus 
et al., high-pressure metamorphism was created by the result of 
an A-type subduction, associated with the Rhenohercynian 
zone as proposed by Weber [60,57,45].

Conclusions
�e present study observed coincidentally the white K-mica by 
optical petrography of lime-nodule slates from the Lahn-Dill 
area, Rheinishe Schiefergebirge. (i) �e con�rmation of 
Phengite mica is carried out by the Mineral chemistry by 
electron-probe micro-analysis (EPMA) and X-ray powder 
di�raction (XRPD) analysis. (ii) Phengite Si contents of 3.4 to 
3.5 apfu in the celadonite+muscovite solid solution series 
indicates the pressure 5-6.5 kbars by the Si-isopleths of phengite 
and the temperature 250-350°C through the lower limit of 
greenschist and the upper limit of biotite absence. (iii) White 
K-mica developed in the S2-cleavage plane. �e S2-cleavage cuts 
at a high angle to the S1-cleavage in many places. (iv) �e 
S2-cleavage was formed by the high pressure or the 
Rhenohercynian belt su�ered by high-pressure metamorphism 
due to the buttress of LBM collision. (v) High-pressure 
metamorphism was created by the result of an A-type 
subduction, e�ected within the Rhenohercynian zone. 
Additionally, the present study would like to recommend a 
detailed metamorphism of the Rheinische Schiefergebirge 
gradually died out towards the north for future work.
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