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Abstract 

This study investigates the bulk rock composition of metapelites across different Alpine 

domains, on the basis of a literature review. Results were visualized using AFM and ACFM 

ternary projections to evaluate geochemical trends. Results show significant variability in bulk 

rock composition among different Alpine domains. Both the Adriatic and European plates host 

aluminous-rich metapelites which is consistent with their clay-rich continental sedimentary 

origin. The Valais Basin and Piemonte-Liguria Ocean domains (Lower and Upper Penninic 

nappes) show higher FeO+MgO concentrations which suggest oceanic sedimentation. 

The median bulk composition for an Alpine metapelite calculated in this study is as follows: 

SiO2 = 57.61, TiO2 = 0.88, Al2O3 = 20.50, FeOtotal = 8.20, MnO = 0.12, MgO = 2.39, CaO = 

0.58, Na2O = 1.03, and K2O = 3.53. 

This median composition is quite similar to the median worldwide pelite recently calculated 

by Forshaw and Pattison (2023). 
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1. Introduction 

The Alpine region is a complex and big area of interest for many geoscientists. Known for its 

geological complexity, it hosts a diverse variety of rock types, including a significant presence of 

metapelites. The aim of this study is to discuss the variability of bulk rock composition of 

metapelites in the Alpine realm considering (i) palaeogeographic domain and tectonic units, (ii) 

their present geographical occurrence (Western, Central, and Eastern Alps), (iii) their depositional 

environment (i.e. continental vs. oceanic), (iv) the metamorphic grade experienced during the 

Alpine orogeny. 

1.1 The Alpine Realm 

The Alpine belt is a famous arcuate mountain range and extends over a distance of 1000 km from 

the Mediterranean to the Vienna basin (e.g., Pfiffner 1993). The Mont Blanc is the highest 

mountain (at 4888 m above sea level) of the Alpine orogen, which extends also below the surface 

reaching a depth of 60 km in the axial part of the belt. The Alps are geographically divided into 

three main domains (Figure 1): 

1) The Western Alps, which extends from the Mediterranean coast to the Simplon Fault. 

2) The Central Alps, which extends from the Simplon Fault to the Engadine Window. 

3) The Eastern Alps, which extends from the Engadine Window to Vienna. 

 

Figure 1. Tectonic map of the Alps displaying the main geological domains (Manzotti and Ballévre, 2024). 
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The Alps results from the collision between the European and African plates, after closure of the 

Jurassic Piemonte-Liguria Ocean, a process that started in the Cretaceous (e.g., Manzotti and 

Ballévre 2024). The Alps consists of a stack of nappes deriving from both continental and oceanic 

domains. Some of these nappes have been involved in the subduction zone before the final 

collision. The following palaeogeographic domains can be distinguished (Figure 1, Manzotti and 

Ballévre 2024): 

1. The Adriatic Palaeomargin comprises (i) the Sesia-Dent Blance nappes in the Western 

Alps that experienced blueschist to eclogite-facies metamorphism during the Alpine 

orogeny (Figure 2) and (ii) the Austroalpine nappes that consists of unit equilibrated at 

eclogite (e.g., Koralpe and Pohorje) and amphibolite-facies conditions (e.g., Rappold 

Complex). (iii) The Southern Alps (Figure 1) are also part of the Adria plate; they represent 

the upper plate and they were not involved in the Alpine cycle. The Ivrea Zone belongs to 

the Southern Alps and hosts metapelites that recorded pre-Alpine (Permian) amphibolite 

to granulite-facies metamorphism. 

2. The Penninic nappes comprises remnants of the Piemonte-Liguria Ocean (Upper Penninic 

nappes, Figure 1) and Valais Basin (Lower Penninic nappes). They record blueschist- and 

eclogite-facies metamorphism (Figure 2). The Briançonnais domain belong to the Middle 

Penninic nappes, it is interpreted as a microcontinent derived from the European 

palaeomargin and experienced Alpine eclogite-facies metamorphism (Figure 2). 

3. The Sub-Penninic nappes represent the distal European margin. In this domain, the Adula 

nappe and the Tauern Window (Eclogite Zone) preserve eclogite-facies metamorphism. 
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1.2 Metapelites: from sediments to metamorphic rocks 

Metapelites is one of the most common types of metamorphic rock, derived from the 

metamorphism of fine-grained sedimentary rocks essentially made of clay (<4 m) and silt (4–62 

m) size grains. Typical examples are mudrock (non fissile) and shale (fissile, Klein and Philpotts 

2017). From a geochemical perspective, metapelites display high Al2O3 and K2O and low CaO 

contents, that reflect the high modal amount of clay minerals (e.g., kaolinite, smectite, 

montmorillonite) and micas (e.g., detrital or authigenic muscovite, paragonite) in the original 

sediment (Winter 2014). 

During burial and diagenesis, mud rock and shale undergo drastic chemical and mechanical 

changes. Their high porosity gradually decreases due to compaction and H2O expulsion. This 

process also leads to the development of the characteristic slay cleavage as a consequence of the 

reorientation of sheet silicates. With increasing metamorphic grade, shales transform into slate and 

phyllite. 

Metapelites are sensitive to variations in pressure (P) and temperature (T) conditions: characteristic 

mineral assemblages form during progressive metamorphism (i.e., at increasing P and T 

conditions). When metamorphism begins, clay minerals (e.g., smectite) are replaced by chlorite 

and illite. In addition, carbonaceous matter may be converted into graphite or escapes as CO2 or 

CH4 together with water. Throughout the majority of metamorphic grade, metapelites contain 

quartz and muscovite. 

George Barrow (1893, 1912) was the first to explore the variation in rock types and mineral 

assemblages with progressive metamorphism. He found systematic mineralogical changes in 

pelitic rocks at increasing T conditions and subdivided the area of study into a series of 

metamorphic zones, based on the appearance of a new index mineral: 

- Chlorite zone 

- Biotite zone 

- Garnet zone 

- Staurolite zone 

- Kyanite zone 

- Sillimanite zone 

For instance, when a rock crosses the biotite isograd, it enters the biotite zone. However, it is today 

evident that in rocks from the same grade, a mineral can occur in some pelites and not in other 

ones depending on the bulk rock compositions. Bulk rock composition is therefore a key variable 

and it may affect the grade at which a specific mineral first appears or whether it appears or not at 

all. 
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In the Alps, the metamorphic conditions (including both P and T) increase from the external zone 

to the internal zone (Figure 2, Tajčmanova et al. 2021; Manzotti and Ballévre 2024). Specifically, 

a sequence of minerals has been described at increasing metamorphic conditions: 

- At P-T conditions of 300-400 °C and ~1.5-2.5 GPa, carpholite (lowest T) then chloritoid 

(higher T) developed, as observed in Mesozoic metasediments of units of continental 

origin. 

- In the Monte Rosa, Gran Paradiso, and Dora-Maira Massifs, at P-T conditions of 450-550 

°C and ~1.5-2.5 GPa, garnet-chloritoid and talc grew in Fe-rich and Mg-rich metapelite, 

respectively. 

- At P-T conditions of ~550-600 °C and ~2.0-2.5 GPa, garnet-chloritoid-kyanite formed as 

observed for example in the Sesia zone and Tauern Window. 

- At P-T conditions of ~730-790 °C and ~3.7-4.3 GPa, garnet-kyanite, garnet-talc-kyanite or 

talc-kyanite assemblages formed as described in the Brossasco-Isasca Unit. The high P-T 

conditions are also recorded by coesite inclusions in garnet. 

 

Figure 2. (A) Metarmoprhic map of the Western Alps. (B) Diagnostic mineral assemblages as a function of metamorphic facies in 

the two reference lithologies of metapelite and metabasalt, mineral abbrevations are: Ab = albite; Car = carpholite; Chl = chlorite; 

Cld = chloritoid; Ep = epidote; Gln = glaucophane; Grt = garnet; Jd = jadeite; Ky = kyanite; Lws = lawsonite; Mrbk = 

magnesioriebeckite; Rt = rutile; Tlc = talc; Ttn = titanite. (C) Burial and exhumation rates for main locations in oceanic and 

continental units (Tajčmanova et al. 2021).  
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1.3 What is a bulk rock composition?  

To start off, we will delve deeper into how bulk rock composition is defined. The overall 

composition of a rock can be expressed by quantitative geochemical analysis, which comprises the 

percentage by mass of each of the main chemical constituents (Winter 2014). The latter are divided 

between major (>1.0 wt. %), minor (0.01-1.0 wt. %) and trace elements (<0.1 wt. %). Major 

elements are: SiO2, Al2O3, FeO, MgO, CaO, Na2O, and K2O, and common minor elements are 

TiO2, MnO, P2O5, the volatiles H2O and CO2 may also be included in this category. The major 

element composition of a rock influence properties such as density, diffusivity, and viscosity. 

 

1.4 How can we measure bulk rock compositions? 

The bulk rock composition of a rock can be measured by quantitative analysis, which measures 

the concentrations of major, minor and trace constituents. Bulk or ‘whole-rock’ analyses are 

designed to measure the holistic makeup of a homogenous sample like a rock powder. Certain 

applications require analysis of material that is available only in small quantities, or which is only 

one of several materials present in a mixed sample (e.g., analyzing specific crystals of a mineral 

in situ in a rock section), or the task may be mapping the distribution of one element in a 

heterogenous material (Gill 1997). In these situations, one must use a technique with spatially 

resolved analysis capability, like electron probe microanalysis or laser-based methods. This project 

focuses on the three following geochemical analytical methods: 

- X-ray fluorescence (XRF). 

- Scanning electron microscopy (SEM). 

- Point counting. 

These methods are characterized by advantages and disadvantages as detailed below and display 

different accuracy and precision. Accuracy describes how close results are to the true value, while 

precision describes the reproducibility of a technique with arbitrary distributed errors (Winter 

2014). 

 

Method A: XRF (X-ray fluorescence) 

An X-ray fluorescence (XRF) analysis is a method that is typically used for measuring bulk rock 

compositions through specially prepared solids or powders. The XRF irradiates a solid sample 

with X-rays that are sufficiently energetic in order to then excite the electron transitions in the 

inner electron shells for an array of different elements in a single properly prepared sample. The 

subsequent return to the ground state will result in a discharge of fluorescent X-rays of the unique 

spectra in the higher-energy X-ray range. This entire process is mainly controlled by a computer 

that also performs and reports data reduction and gauges the concentrations of the elements into 

specialized software. According to studies conducted by Ramsey et al. (1995) the precision for 

major elements (e.g. TiO2, SiO2 and MgO) by fusion for XRF is 0.23%, whereas the precision 

value for trace elements is 1.5% (including Rb and Th). 
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Method B: area-scan method at SEM-EDS 

In contrast to XRF analysis, the area-scan method uses a scanning electron microscope (SEM) 

(Figure 3). The instrument analyzes the sample by bombarding a polished thin section of the 

specimen with a beam of electrons, similarly to XRF, whereas the result is the emission of X-rays 

which are characteristic to the presence of the particular inorganic elements in the sample. The 

SEM-EDS method has a detection limit of 0.1 wt.% (e.g., Kuisma-Kursula 2000). However, 

Kuisma-Kursula’s experiments show that the accuracy and precision of measurements regarding 

Na by SEM-EDS had a range of 10-30%. This is due to the concentration of Na being under 1 

wt.% in the analyzed lead glass and therefore close to the detection limit for EDS method. 

 

 

Figure 3. Image of a SEM instrument with EDS and SED attachments respectively, illustration made by me. 
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Method C: Modal proportions and chemical compositions of the mineral present 

The bulk rock composition can also be measured by combining point counting (modal proportions) 

with the chemical compositions of the minerals present in a rock (method C). The determination 

of modal proportions through point counting is commonly done using a mechanical apparatus 

(Figure 4) that moves the section along a two-dimensional grid on the petrographic microscope 

stage, with each shift the mineral at the crosshair of the telescope is to be identified and then 

counted. The total amount of points counted (usually several hundred), the count for each mineral 

is them summed and totals are normalized to 100% to determine the final modal proportion. 

Ross (2021) notes that the “point counting” method only determines specific areas of the minerals, 

but the result tend to have a direct relationship with the total volume of the studied rock, i.e. even 

if there are for example individual variations, these properties typically scale with the overall size 

of the rock. The point counting method in modal analysis can vary in terms of accuracy and 

precision alike (Ross 2021). In order to reach a high precision in this method, it is vital to conduct 

a sufficiently high number of counts, contemporary error charts, in contrast to older ones, 

incorporate key factors like voids, matrix and cement which has helped to increase the overall 

precision of the method. The challenge of maintaining precision is based on the component with 

the least abundance, which requires a more strategic approach where the number of points counted 

is based entirely on the least abundant component of interest. 

 

 

Figure 4. Example of a point counting microscope, image from CRAIC Technologies.  
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1.5 Use of bulk rock composition in petrology 

The different roles played by the major and trace elements can each provide distinct insights into 

a variety of igneous processes. For instance, major elements can be used to classify igneous rocks 

and further give valuable insights and information regarding the role of geochemistry in the 

physical properties of crystal-melt systems. The trace elements may also be used to study the 

evolution of melts and minerals during either the crystallization or melting process. In addition, 

the concentration and distribution of trace elements can also be used as an effective asset to study 

the evolution of magmas, the possible magma source environments and/or to distinguish different 

magmatic processes that may have occurred during magma’s evolution. 

In metamorphic petrology, the bulk rock compositions are used for constructing P-T diagrams – 

pseudosections through equilibrium thermodynamic modelling. Pseudosections are diagrams built 

for a specific bulk rock composition and show the stability fields of specific mineral assemblages 

(e.g., Winter 2014). They also provide information on the composition of minerals stable at 

specific P-T conditions and their modal amounts (e.g., Zou et al. 2022). These diagrams are very 

useful to reconstruct the P-T conditions and evolution of metamorphic rocks and thus to decipher 

the orogenic history (burial and exhumation) of mountain belts. 

In metamorphic petrology, bulk rock compositions are also commonly plot in ternary projections, 

such as ACFM and AFM ternary plots. These diagrams are very useful because they allow 

establishing the minerals that should be present in a rock, allowing a comparison with petrographic 

observations done in thin sections. 

In this study, bulk rock compositions are plotted in the ternary projections ACFM and AFM. 

However, these diagrams are used not for establishing mineral assemblages, but to explore the 

geochemical variability (for major elements) of metapelites in a mountain belt (i.e. the Alps). 
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ACFM 

The ACFM (also known as ACF, Figure 5) is a common ternary diagram within metamorphic 

petrology that was first used by Eskola (1915) in his studies of metamorphic rocks (Nelson 2011). 

Eskola’s goal was to propose a diagram as a way to illustrate metamorphic mineral assemblages 

on a simplified ternary plot consisting of three components and only focused on minerals that 

appeared or disappeared during metamorphism and would therefore act as a measurement of the 

metamorphic grade of the rock (Winter 2014). 

 

Figure 5. ACFM diagram. 

To plot a rock on this diagram the geochemical data of the rock (i.e., bulk rock composition) has 

to be recalculated on an anhydrous basis. Then the molecular proportions are calculated by 

dividing the molecular weight of each oxide constituent by the molecular weight of that oxide. In 

these diagrams, quartz and H2O are considered in excess. 

In K-feldspar is present (Kfs), A represents the value of excess Al2O3 left after giving Na2O and 

K2O to form alkali feldspar. 

C represents the CaO after allotting P2O5 to form apatite, with the assumption that any P2O5 in the 

rock will suck up CaO to form apatite” (Nelson 2011). 

C = CaO 

FM represents the sum of FeO and MgO 

FM = FeO + MgO 
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AFM 

The ACFM diagrams (Figure 6) are fairly simple and useful, but points out the problem that Fe 

and Mg are assumed to substitute for each other and together act as a single component, when 

minerals in natural environments with the composition of Fe – Mg solid solutions are proven to be 

very dependent on P-T conditions (e.g., Nelson 2011). As a result, we lose some information if we 

treat Fe and Mg as a single constituent rather than two separate ones. 

Therefore, the AKFM diagram (typically called AFM diagram) was first proposed by J. B 

Thompson (1957) and is especially useful for studying metapelites. Metapelites are not only 

sensitive to P and T variations, but their mineralogy can change as a function of variation in their 

compositions (especially with respect to Fe and Mg). Therefore, it was seen as almost a necessity 

to propose a diagram which could display the variation in the Mg/(Mg+Fe) ratio. 

 

Figure 6. AFM diagram. 

 

The AFM projection is also projected from muscovite and follows these formulas (Winter 2014): 

A = Al2O3 – 3K2O (projected from muscovite) 

F = FeO 

M = MgO  
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2. Methods 

2.1 Literature review  

Literature review encompassed 30 written works, including journal articles and books (Figure 7 

and Table 1). The reviewed literature showed a bias towards the Western Alps (e.g., Gran Paradiso, 

Dora-Maira, Ivrea Zone, Schistes Lustrés and Bündneschiefer zone) (Figure 8), whereas a few 

studies focused on metapelites from the Central (e.g., Alpe Sponda) and Eastern Alps (Pohorje 

Mountains, Ulten Zone and the Koralm Complex). Reporting the data was aided by an extensive 

dataset in the form of a Microsoft Excel Worksheet. 

 

Figure 7. Map showing sample locations throughout the Alpine realm (the reference to the numbers can be found in Table 1). 

 

 

Figure 8. Chart showing the distribution of metapelites according to their geographical position, dominated by samples from the 

Western Alps (n=70). 
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GEOGRAPHIC DOMAIN UNIT REFERENCES 

Western Alps   

1 Sesia Zone Regis et al. 2014 

2 Dora-Maira Massif Groppo et al. 2019 

Manzotti et al. 2022 

Nosenzo et al. 2023 

Groppo et al. 2025 

3 Gran Paradiso Massif Le Bayon et al. 2006 

Manzotti et al. 2018 

4 Monte Rosa Keller et al. 2004 

5 Ivrea Zone Redler et al. 2012 

Wyatt et al. 2022 

6 Lago Superiore Viso Angiboust et al. 2012 

 Corsica Vitale et al. 2014 

7 Fraiteve Epstein et al. 2019 

Assietta Epstein et al. 2019 

8 Queyras Bebout et al. 2013 

Schiste Lustrés Henry et al. 1996 

Agard et al. 1999 

9 Combin Zone Manzotti et al. 2021 

10 Viso Unit Piemonte Ghignone et al. 2023 

Central Alps   

11 Campolungo Gieré et al. 2011 

Alpe Sponda Redler et al. 2016 

12 Brig CA Garofalo 2012 

Passugg CA Garofalo 2012 

Quartenschiefer & 

Bündnerschiefer 

Janots et al. 2008 

13 Bündnerschiefer Miron et al. 2013 

14 Eclogite Zone – Tauern 

Window 

Hoschek et al. 2010 

Smye et al. 2010 

Eastern Alps   

15 Pohorje Mountains Li et al. 2021 

Hurai et al. 2010 

16 Koralm Complex Stüwe and Powell 1995 

17 Ulten Zone Braga and Massonne 2012 

18 Wölz & Rappold Complex Gaidies et al. 2006 

Table 1. References for numbers reported in Figure 8. Vitale et al. (2014) is a study on metapelites from Corsica and thus is not 

reported in Figure 8. 
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2.2 Dataset and bulk rock chemistry 

The compiled dataset categorizes 127 samples on the basis of the unit to which they belong. For 

each sample, (i) the mineral assemblage, (ii) the metamorphic conditions (P [GPa] and T [°C]), 

and (iii) the bulk rock composition are reported. For some samples (22 out of 127), some of the 

above information was missing. Bulk rock compositions of samples with incomplete information 

were not used in this study. In total, the bulk rock compositions of 105 samples out of 127 were 

used to build the AFM and ACFM projections both projected from muscovite and considering 

quartz and H2O in excess. All iron was considered to be FeO. 

Four different methods were used to measure the bulk rock composition (Figure 9): 

- XRF 

- Point counting 

- SEM-EDS 

- SEM-EDS + Point counting 

In most cases (i.e., 66 out of 105 studies), the bulk rock composition was measured by XRF method 

(Figure 9). 

 

 

Figure 9. Staple diagram displaying the distribution of data extraction methods for the samples in this study. 
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2.3 Ternary projections - visualizing the AFM and ACFM diagrams using Petrograph beta 

2.0 (2007) 

The AFM and ACFM projections were built using PetroGraph 2.0 beta (2007), a free software 

developed to help the user visualize geochemical data. This software was developed by Petrelli et 

al. (2005) and is able to plot geochemical data on several different kind of diagrams, including 

classification and “petrotectonic” plots, however these functions were not utilized for this study. 

The software is equipped with basic functions such as the capability to handle large bundles of 

data, a variety of modeling possibilities like major element mass balance calculations to magma 

and melting evolution models (based on isotopic and trace element data). The simple user interface 

was easy to interpret and effectively plot the relevant diagrams for this study (Figure 10). 

 

Figure 10. Home screen of PetroGraph 2.0 beta (2007). 
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Data input and exporting process 

The data was imported into the software with Microsoft Excel Worksheet file format (.xls). The 

geochemical data had to be rewritten and restructured for them. This process included using a 

legend within the software (Figure 11) which displays symbols and colors with their corresponding 

numbers to be put into the .xls file to show the desired result. The data for the sample names, 

symbol and color were each put in three columns titled “sample”, “symbol” and “color”. The 

calculated coordinates for “A”, “F” and “M” and “A”, “C” and “FM” were transposed and put 

under their correlated columns, along with the relevant input of symbols and colors. When the 

prepared datafile had been successfully imported, it was ready to be plotted using three main types 

of diagrams in the software: binary, ternary and spider diagrams, this study exclusively used 

ternary projections. The ability to export either as vector graphics or in common raster formats 

made it possible to tweak and further modify the diagrams in other editing software such as 

Microsoft Excel or Clip Studio Paint. 

 

 

Figure 11. Color and symbol input data for PetroGraph 2.0 beta (2007). 
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3. Results 

3.1 Metapelites in the Alpine realm: a survey 

AFM and ACFM diagrams were built using the compiled dataset and considering muscovite, 

quartz and H2O in excess. Data were first plotted together and then presented according to the 

following criteria: 

- Geographic position 

- Oceanic vs. continental affinity 

- European plate vs. Adriatic plate vs. Oceanic domains 

- Geological unit 

- Metamorphic facies 

 

The AFM diagrams report the fields of aluminous-rich and aluminous-poor pelites (located above 

or below the garnet-chlorite line, see Spear 1993). Aluminous-rich metapelites contain aluminum 

bearing minerals such as chloritoid, kyanite/sillimanite. These minerals do not develop in 

aluminous-poor metapelites. 

 

When possible, ACFM diagrams were built distinguishing between low Ca (C<3), intermediate 

Ca (3<C<5) and high Ca metapelite (C>5). This subdivision has been recently proposed by Groppo 

et al. (2025). CaO-poor metapelites (C<3) typically derive from pure pelites and are dominated by 

clays, chlorite, detrital feldspars and quartz. CaO-rich metapelites (C>5) derive from calcareous 

pelites and contain a relatively low modal amount of carbonates (<5%). 

ACFM diagrams built without this distinction as a function of geographic position and oceanic vs. 

continental affinity are reported in the Appendix. 

In the following section, for our convenience, for each category, we first present AFM diagrams 

and then ACFM diagrams. 
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3.2 Metapelites across the Alpine belt 

AFM 

Most of the samples (n = 83) are aluminous-rich metapelites (Figure 12). The M/FM ratio ranges 

from 0.02 to 0.45, but most of the samples display an M/FM ratio in the range of 0.2–0.3. 

 

 

Figure 12. AFM diagram showing all samples (n=105) uncategorized. 
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ACFM 

Most of the samples are low-Ca metapelites (n=48), followed by high-Ca (n=36) and intermediate-Ca 

(n=21) metapelites (Figure 13). The low-Ca metapelites are mainly aluminous rich (A>0.25), whereas the 

Ca-rich metapelites display a relatively high variability in their aluminous content (0<A<0.8, Figure 14). 

 

 

Figure 13. Chart showing the distribution of low-, intermediate- and high-Ca metapelites (n=105). 

 

 

Figure 14 ACFM diagram displaying metapelites across the Alps. Data plotted using the subdivision low Ca metapelite, C≤3, 

intermediate Ca metapelite, 3<C<5, and high Ca metapelite, C>5. 
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3.3 Metapelites in the Western vs. Central vs. Eastern Alps  

AFM 

Samples from the Eastern and Central Alps are dominantly aluminous-rich metapelites (A>0.25), 

while samples from the Western Alps comprise both aluminous-rich and aluminous-poor 

metapelites (0.02≤A<0.8, Figure 15). The M/FM ratio varies between all three groups: Western 

Alps = 0.05–0.5, Central Alps = 0.1–0.65 and Eastern Alps = 0.15–0.32. 

 

Figure 15. AFM diagram showing all (n=105) plotted as a function of their geographical positions (Western, Central and Eastern 

Alps). 
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ACFM 

Western Alps 

Most samples from the Western Alps are low-Ca metapelites (n=27), followed by high-Ca (n=24) 

and intermediate-Ca (n=19) metapelites (Figure 16). The low-Ca metapelites are mainly aluminous 

rich (A>0.25), whereas both intermediate and high Ca metapelites display a high variability in 

their aluminous content (0.02<A<0.8). 

 

 

Figure 16. ACFM diagram showing all samples (n=70) from the Western Alps. Data plotted using the subdivision low Ca 

metapelite, C≤3, intermediate Ca metapelite, 3<C<5, and high Ca metapelite, C>5.  
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Central Alps 

The majority of samples from the Central Alps are low-Ca metapelites (n=13), followed by high-

Ca (n=7) and intermediate-Ca (n=5) metapelites (Figure 17). The low-Ca metapelites are mainly 

aluminous rich (A>0.25), whereas the intermediate and high Ca metapelites are all aluminous-rich 

with minimal variability in aluminous content (0.25<A<0.45). 

 

 

Figure 17. ACFM diagram showing all samples (n=25) from the Central Alps. Data plotted using the subdivision low Ca 

metapelite, C≤3, intermediate Ca metapelite, 3<C<5, and high Ca metapelite, C>5. 
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Eastern Alps 

Most samples from the Eastern Alps are high-Ca metapelites (n=5), followed by low-Ca (n=4) and 

intermediate-Ca (n=1) metapelites (Figure 18). The low-Ca metapelites are aluminous rich 

(A>0.25), whereas the high-Ca metapelites display some variability in their aluminous content 

(0.2≤A<0.35). The only intermediate Ca metapelite is aluminous-rich (A>0.25). 

 

 

Figure 18. ACFM diagram showing all samples (n=10) from the Eastern Alps. Data plotted using the subdivision low Ca 

metapelite, C≤3, intermediate Ca metapelite, 3<C<5, and high Ca metapelite, C>5.  
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3.4 Metapelites in continental vs. oceanic domain 

The majority of samples belong to continental domain (n=57), but samples from oceanic domain 

are also well represented (n=48) (Figure 19). The continental and oceanic metapelites are mainly 

aluminous-rich. The M/FM ratio of samples from the continental and oceanic domains range from 

0.02 to 0.6 and 0.05–0.45, respectively (Figure 20). However, most samples from continental 

domain display a relatively narrow M/FM ratio, comprised between 0.35 and 0.45. By contrast, 

data from the oceanic domain are more dispersed. Metapelites from oceanic domain display higher 

MgO (up to 71 mol%) and FeO (up to 63 mol%) compared to the ones from the continental domain. 

 

Figure 19. Chart showing the distribution of metapelites of continental and oceanic origin/remnant between all samples (n=105). 

AFM 

 
Figure 20. AFM diagram showing all samples (n=105) plotted as a function of their affinity (continental vs. oceanic).  

57 48
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ACFM 

Continental domain 

Most samples are low-Ca metapelites (n=29), followed by high-Ca (n=17) and intermediate-Ca 

(n=11) metapelites (Figure 21). The intermediate-Ca metapelites are mainly aluminous-rich 

(A>0.25), whereas low Ca metapelites (0.1≤A<0.6) and high Ca metapelites (0.1<A<0.7) show 

variability in concentrations of aluminous minerals. 

 

 

Figure 21. ACFM diagram showing all samples (n=57) from the continental domain. Data plotted using the subdivision low Ca 

metapelite, C≤3, intermediate Ca metapelite, 3<C<5, and high Ca metapelite, C>5. 
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Oceanic domain 

Most samples are low-Ca metapelites (n=29), followed by high-Ca (n=17) and intermediate-Ca 

(n=11) metapelites (Figure 22). The intermediate Ca metapelites are mainly aluminous-rich 

(A>0.25), whereas the low and high Ca metapelites display high variability in their aluminous 

content (0.01<A<0.8). 

 

 

Figure 22. ACFM diagram showing all samples (n=48) from the Eastern Alps. Data plotted using the subdivision low Ca 

metapelite, C≤3, intermediate Ca metapelite, 3<C<5, and high Ca metapelite, C>5. 



26 

 

3.5 Metapelites in oceanic domains vs. European plate vs. Adriatic plate 

The majority of samples (n=48) considered in this study are from oceanic domains (i.e., 

Piemonte Liguria ocean, Valais Basin and Tauern Window), followed by samples from the 

European plate (n=41); and the Adriatic plate (n=16) (Figure 23). 

 

 

Figure 23. Chart showing the distribution of metapelites from the oceanic domains (Piemonte-Liguria Ocean, Valais Basin, Tauern 

Window), the European and Adriatic plates. 
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AFM 

Overall, it is evident from Figure 24 that the data from the oceanic domains and the European plate 

are more dispersed than the ones from the Adriatic plate. The latter form a nice cluster in the 

domain of the aluminous-rich pelites. 

All groups contain aluminous-rich metapelites (A>0.25). Only the oceanic domains and the 

European plate show a few aluminous-poor metapelites (7 out of 48 and 6 out of 41, respectively; 

Figure 24). Samples from these two groups also display the biggest variation in their alumina 

content (0.01<A<0.8 and 0.1≤A<0.8, respectively). By contrast, the alumina content of metapelites 

from the Adriatic plate is comprised in a narrow range (0.2<A<0.4). 

The M/FM ratios of samples belonging to the oceanic domains and European plates are variable, 

in the range 0.02–0.5 (Figure 24). By contrast, the M/FM ratios of samples from the Adriatic plate 

are in the range 0.15–0.38. Despite the similar M/FM ratio between the samples from the oceanic 

domain and the European plate, it is important to note that samples from the oceanic domain 

display higher F (6≤F<71) and M (5≤M<63) values than the samples from the continental domains. 

 

 

Figure 24. AFM diagram showing all samples (n=105) of metapelites sorted by oceanic domains (Piemonte-Liguria Ocean, Valais 

Basin, and Tauern Window Ocean), European plate and Adriatic plate.  
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ACFM 

Oceanic domains 

Samples are evenly divided between low Ca metapelites (n=19) and high Ca metapelites (n=19) 

(Figure 25). Intermediate Ca metapelites are the minority (n=10) and are mostly aluminous-rich 

(A>0.25) with only 1 out of 9 samples showing A<0.25. By contrast, both the low Ca metapelites 

(0<A<0.6) and high Ca metapelites (0<A<0.5) show a wider variability in their alumina content. 

 

 

Figure 25. ACFM diagram showing all samples (n=48) from the oceanic domains (Piemonte-Liguria Ocean and Valais Basin + 

Tauern Window Ocean). Data plotted using the subdivision low Ca metapelite, C≤3, intermediate Ca metapelite, 3<C<5, and high 

Ca metapelite, C>5.  
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European plate 

The majority of samples are low Ca metapelites (n=22), followed by high Ca (n=10) and 

intermediate Ca (n=9) metapelites (Figure 26). Low and intermediate Ca metapelites show a 

narrow Ca variability in comparison to the high Ca metapelites (5<C<25). In addition, low and 

intermediate Ca metapelites show a similar range of alumina content (0<A<0.55). By contrast, the 

high Ca metapelites show a wider variability in their alumina content (0.1<A<0.7). 

 

 

Figure 26. ACFM diagram showing all samples (n=41) from the European plate. Data plotted using the subdivision low Ca 

metapelite, C≤3, intermediate Ca metapelite, 3<C<5, and high Ca metapelite, C>5.  
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Adriatic plate 

Samples are evenly distributed between low Ca metapelites (n=7) and high Ca metapelites (n=7, 

Figure 27). The high Ca metapelites also show a wide range of Ca concentrations (5<C<20). Both 

intermediate-Ca metapelites (n=2) and low Ca metapelites are aluminous-rich (A>0.25). By 

contrast, high Ca metapelites show variability in aluminous concentrations (0.15<A<0.45). 

 

 

Figure 27. ACFM diagram showing all samples (n=16) from the European plate. Data plotted using the subdivision low Ca 

metapelite, C≤3, intermediate Ca metapelite, 3<C<5, and high Ca metapelite, C>5. 
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3.6 Metapelites in different geological units in the Alps 

Most samples considered in this study are from the Upper Penninic nappes (n=41), followed by 

samples from the Middle Penninic nappes (n=20), the Southern Alps (n=16), the Sub-Penninic 

nappes (n=12), the Austroalpine nappes (n=10), the Lower Penninic nappes (n=5), and Sesia-

Margna nappes (n=1) (Figure 28). 

 

 

Figure 28. Chart showing the distribution of metapelites according to their geological Alpine units. 
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All units contain aluminous-rich pelites, but only the Upper and the Middle Penninic nappes also 

display a few aluminous-poor pelites (6 out of 41 and 7 out of 20 samples, respectively; Figure 

29). In details, most samples from the Austroalpine nappes, the Southern Alps, the Sub-Penninic 

nappes, and the Lower Penninic nappes are aluminous-rich (A>0.25). The sample from the Sesia-

Margna nappes (n=1) is also aluminous-rich. By contrast, samples from the Upper Penninic nappes 

and the Middle Penninic nappes show variability in their aluminous content (0.01<A<0.75 and 

0.1<A<0.5, respectively). 

Metapelites from all geological units display variable M/FM ratio. The largest variability is shown 

by samples belonging to the Upper Penninic nappes (0.05–0.45), Sub-Penninic nappes (0.1–0.45), 

and Middle Penninic nappes (0.15–0.5). Samples from the Austroalpine nappes and Southern Alps 

have a M/FM ratio in the range 0.15–0.32 and 0.15–0.35, respectively. Sample from the Sesia-

Margna nappes displays the lowest M/FM ratio (0.02), whereas the M/FM ratios of samples from 

the Lower Penninic nappes are comprised between 0.1 and 0.4. 

 

Figure 29 AFM diagram showing all samples (n=105) plotted as a function of the geological unit to which they belong.  
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ACFM 

The sample from the Sesia-Margna (n=1) is a high Ca metapelite (C>5) (Figure 30), whereas 

samples from all the other units display large variability in their Ca content and fall in the group 

of low (C≤3), intermediate (3<C<5), and high Ca metapelites (C>5). 

 

Figure 30. ACFM diagram showing all samples (n = 105) plotted as a function of the geological unit to which they belong. 
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3.7 Metapelites in the Alps and their metamorphic conditions 

In the following diagrams, metapelites are plotted as a function of their metamorphism. For 

convenience, we adopt the metamorphic facies subdivision, following the correspondence between 

mineral facies and the mineral assemblages developed in metapelites as proposed by Manzotti and 

Ballévre 2024 (see Table 2 in the Appendix). 

 

The majority of samples (n=33) considered in this study record amphibolite facies metamorphism, 

followed by blueschist (n=29), eclogite (n=24), coe-eclogite (n=7), greenschist (n=6), and 

granulite facies (n=6) (Figure 31). 

 

 

Figure 31. Chart showing the distribution of metapelites sorted by metamorphic facies. 
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Considering the metamorphic criterion, it appears that aluminous-rich metapelites are present in 

all metamorphic facies groups, but a large cluster of aluminous-rich metapelites falls in the 

amphibolite facies group (Figure 32). Aluminous poor metapelites belong to the groups of coe-

eclogite (n= 3), eclogite (n=6), and blueschist facies (n=5). 

In detail, the aluminous-rich metapelites are dominated by samples belonging to the amphibolite, 

blueschist, greenschist and granulite facies groups (A>25). Samples belonging to the blueschist 

(0<A<0.8) and eclogite (0<A<0.7) groups displays the largest variability in their alumina content. 

By contrast, the smallest variability in the alumina content is shown by samples belonging to the 

granulite facies group (0.2<A<0.4). 

Most of the groups displays a large variability in the M/FM ratio (eclogite: 0.02–0.5; coe-eclogite: 

0.15–0.45; amphibolite: 0.15–0.45; blueschist facies: 0.05–0.42). By contrast, the greenschist and 

the granulite groups show the smallest variability in their M/FM ratio (i.e. 0.2–0.3). 

 

Figure 32. AFM diagram showing all samples (n=105) plotted as a function of metamorphic facies.  
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ACFM 

All the metamorphic facies groups contain low Ca (C≤3), intermediate Ca (3<C<5) and high Ca 

(C>5) metapelites (Figure 33). If we consider for example the greenschist facies group (n=6), it 

comprises 2 low Ca, 2 intermediate and 2 high Ca metapelites). The groups of amphibolite 

(0<C<16), blueschist (0<C≤25), eclogite (0<C<22), and granulite (0<C<20) display very variable 

Ca content. Low-Ca and intermediate-Ca metapelites are dominant in the amphibolite, granulite, 

blueschist and eclogite facies groups. 

 

 

Figure 33. ACFM diagram showing all samples (n=105) plotted as a function of metamorphic facies. 

  



37 

 

4. Discussion and conclusions 

This study investigates the variability of bulk rock composition of metapelites in the Alpine realm, 

on the basis of a literature compilation of 105 bulk composition data. Data were plotted in AFM 

and ACFM diagrams according to the following criteria: 

- Geographic position 

- Oceanic vs. continental affinity 

- Geological unit 

- Metamorphic facies 

In the following, the main results derived from this work are briefly discussed and used to draw a 

few conclusions. It is important to highlight that the built dataset is quite limited (n = 105) with 

respect to the large amount of metapelites present in the Alpine belt. In addition, a variable number 

of data is available for the different groups. For example, data from the Western Alps are more 

numerous that the ones from the Central and Eastern Alps. Furthermore, the bulk rock 

compositions were estimated using three different methods, potentially introducing some intrinsic 

discrepancies related to the accuracy and precision of the used method. Therefore, we are aware 

that these factors may partially bias some of the conclusions. 

 

4.1 Bulk rock chemistry of Alpine metapelites and comparison with other belts 

The majority of samples (87 out of 105) are aluminous-rich Ca-poor metapelites (A>0.25, C<3). 

In detail, Alpine metapelites display variable M/FM ratios (in the range 0.02–0.5) and Ca content, 

with a majority of low-Ca metapelites (n=48) followed by high-Ca and intermediate Ca metapelites 

(n=36 and n=21, respectively). The presence of intermediate- to high-CaO metapelites suggests 

input from carbonate-bearing sedimentary rocks at the time of sedimentation. 

These observations are in line with the study of Forshaw and Pattison (2023). These authors 

compared the bulk rock composition of metapelites in several orogenic belts (Figure 34a), but did 

not explore in detail the Ca content of metapelites, as this thesis tentatively attempts. The database 

built from Forshaw and Pattison (2023) consists only of metapelites that experience medium 

pressure to low pressure metamorphism. The dataset built in this thesis also includes metapelites 

affected by high pressure to ultra-high pressure metamorphism. The latter is widespread in the 

Alpine belt, especially in the Western Alps (Manzotti and Ballèvre 2024). Comparison of the bulk 

rock compositions of Alpine metapelites equilibrated at different metamorphic grade well shows 

that aluminous-rich metapelites as well as low, intermediate, and high Ca metapelites are present 

in all metamorphic facies’ groups in the Alps. This observation proves that metamorphism 

(changes in P and T conditions) can affect rocks of any different composition. 
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Figure 34. (a) AFM diagram showing metapelites from different orogenic belts (n=5320, Forshaw and Pattison 2023). The number 

2 is the median composition of metapelites from the Alpine belt. (b) AFM diagram showing Alpine metapelites (n=105) considered 

in this study. The yellow star is the median composition of metapelites from the Alpine belt, calculated with the dataset built in this 

study (which also includes metapelites equilibrated at high pressure to ultra-high pressure metamorphism). 

Forshaw and Pattison (2023) calculated (i) the composition for a median worldwide pelite (white 

star in Figure 34a) and (ii) the median composition for a metapelite from the Alpine belt, which 

corresponds to an aluminous-rich metapelite (indicated with number 2 in Figures 34a). 

A median composition for a metapelite from the Alpine belt is calculated using the dataset built in 

this thesis (yellow star in Figure 34b) and is as follows: 

SiO2 = 57.61, TiO2 = 0.88, Al2O3 = 20.50, FeOtotal = 8.20, MnO = 0.12, MgO = 2.39, CaO = 0.58, 

Na2O = 1.03, and K2O = 3.53. 

The median XMg = MgO/(MgO + FeOtotal) in moles is 0.34. 

This median composition is quite similar to the composition for a median worldwide pelite 

calculated by Forshaw and Pattison (2023, white star in Figure 34a). and to the one calculated by 

the same authors for the Alpine belt. 
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4.2 Bulk rock chemistry of metapelites across the Alpine belt 

In the different sectors of the Alps (Western, Central, and Eastern), intermediate Ca metapelites 

are not very abundant. The Central and Eastern Alps mainly comprise aluminous-rich metapelites, 

whereas in the Western Alps, metapelites display a large variability in their alumina content. These 

differences may be linked to the large number of data available from the Western Alps compared 

to the Central and Eastern Alps. In this case, these differences do not reflect the real distribution 

across the belt. Alternatively, these differences may be related to the extraction of data from several 

geological units from the Western Alps with respect to the Central and Eastern Alps (see Table 1 

and Figure 7). In other words, the largest variability in alumina content may reflect the different 

sources of the sediments at the time of deposition. 

 

4.3 Bulk rock chemistry of metapelites: oceanic domain vs. Adriatic plate vs. European 

plate 

Aluminous-rich metapelites (A>25) are abundant in the oceanic domains (Piemonte-Liguria Ocean 

and Valais Basin) as well as in the Adriatic and European plates. In the Alps, aluminous-poor 

metapelites are scarce and found only in the oceanic domains and in the European plate. 

Metapelites from the Adriatic plate (n=16) display minor variation in their alumina content 

(0.2<A<0.4) and M/FM ratio (0.15–0.38) and form a cluster in correspondence of the composition 

of alumina-rich metapelites. This may indicate (i) a more restricted source of sediments or (ii) 

sources of sediments that are homogenous. 

With respect to the Ca content, Ca-rich metapelites are less abundant in the European plate than in 

the oceanic domains and Adriatic plate. However, given the few data available from the Adriatic 

plate (n=16) compared to the oceanic domains and European plate (n=48 and n=41, respectively), 

we cannot exclude that Ca-poor metapelite in the Adriatic plate are underrepresented in our dataset. 

The largest variation in chemistry (e.g. A, F, M, and C) is shown by samples from the oceanic 

domains (both Upper and Lower Penninic nappes). Interestingly, the M/FM ratios of samples 

belonging to both the oceanic domains and European plates are variable, in the range 0.02–0.5. 

However, despite the similar M/FM ratio, metapelites from the oceanic domains display higher F 

(6≤F<71) and M (5≤M<63) values than the samples from the European plate. Metapelites from 

these domains display characteristic geochemical markers of material from oceanic provenance, 

which include high FeO and MgO contents and lower Al2O3 when compared to their continental 

counterparts. This may suggest that the sediments accumulated were influenced by mafic and/or 

ultramafic detrital input as opposed to clay-rich material deposited in continental basins. The 

variability of the geochemistry of these samples supports the idea that these units originated from 

specific depositional environments which range from deep-sea pelagic sediments to more iron-rich 

material which is typically associated with mid-ocean ridges. 
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4.4 Bulk rock chemistry of metapelites in different geological units 

A comparison of the bulk rock chemistry of metapelite from different geological units in the Alps 

is complex, because there is an enormous disparity in the number of data available in each unit. 

The unit with the large number of data is the Upper Penninic nappes (n=41, Piemonte-Liguria 

Ocean), whereas the one with the smallest number of data is the Sesia-Margna nappes (n=1, 

Adriatic plate). Therefore, only a few considerations are made. 

In the Adriatic plate (Austroalpine nappes, Southern Alps, and Sesia-Margna nappes), metapelites 

are aluminous-rich. While the M/FM ratios of samples from the Austroalpine nappes and Southern 

Alps are comparable and comprised in the range 0.15–32, the M/FM ratio of the unique sample 

available from the Sesia-Margna nappes is extremely low (0.02). Given that there is only one data 

from the Sesia-Margna nappes, this result is not statistically significant. However, further 

investigations are needed to clarify a potential difference. 

The larger compositional variability (alumina and Ca content, M/FM ratio) is observed for the 

samples belonging to the Upper Penninic nappes (i.e. the best represented, n=41) and the Middle 

Penninic nappes (n=20). The latter is interpreted as a microcontinent derived from the European 

palaeomargin and experienced eclogite-facies metamorphism during the Alpine history. The 

observed variability in these domains may be explained by heterogenous sources of sediments. 
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5. Future work 

While this study contributes to a general understanding into the makeup of bulk rock composition 

of metapelites within the Alpine realm, it is still lacking due to inevitable biases. Future work can 

include a study of a better representation of samples that encompasses the same number of samples 

from more regions in the Alpine realm. This could give us a more representative result without the 

flaw of bias for a specific location, which would lead to a more thorough and extensive 

understanding of bulk rock composition of metapelites in the Alps. In addition, the built dataset 

comprises a few outliers (e.g., a few metapelites extremely rich in alumina) that need a better 

characterization. 
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8. Appendix 

 

Table 2: Metapelites in the Alps and their metamorphic conditions 

 

Table 2. Key mineral assemblages in metabasites and metapelites defining the main metamorphic facies (Manzotti and Ballévre 

2024). 
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ACFM: metapelites across the Alps 

 

 

Figure 35. ACFM diagram showing all samples (n=105) uncategorized. 
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ACFM: metapelites in the Western vs. Central vs. Eastern Alps 

 

Figure 36. ACFM diagram showing all samples (n=105) plotted as a function of their geographical position (Western, Central 

and Eastern Alps). 


