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1  |   INTRODUCTION

Calcareous pelites are important constituents of sedimen-
tary sequences deposited in passive margin settings through 
time; their mineralogical composition is transitional between 
pure pelites (dominated by clay minerals, quartz and feld-
spars and virtually free of carbonates) and marls (consist-
ing of a mixture of pelitic and carbonatic components). The 
amount of carbonates in calcareous pelites is generally lower 
than 10  vol.%, whereas higher proportions of carbonates 

(10–50 vol.%) occur in argillaceous marls and marls sensu 
stricto (Pettijohn, 1957). Calcareous pelites can be therefore 
adequately described by adding the CaO and CO2 compo-
nents to the (Na2O)–K2O–FeO–MgO–Al2O3–SiO2–H2O (N)
KFMASH system commonly used to describe pure pelites.

During prograde metamorphism of calcareous pelites, 
it is expected that calcium-rich minerals develop from the 
reactions between calcite and the silicate assemblage, lead-
ing ultimately to the complete disappearance of calcite. 
Among these calcium-rich minerals, the most typical ones 
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Abstract
Although calcareous pelites are important constituents of sediments involved in 
orogenic processes, their prograde metamorphism is significantly less studied than 
that of pure pelites with negligible amounts of modal calcite. This paper presents 
mineral equilibria modelling in the system MnO–Na2O–K2O–CaO–FeO–MgO–
Al2O3–SiO2–TiO2–H2O–CO2, with the aim of constraining the prograde evolution of 
calcareous pelites in collisional orogenic settings. A suite of model bulk-rock com-
positions is used to investigate the influence of different proportions of calcite in the 
protolith on (a) the equilibrium assemblages at different pressure, temperature and 
fluid composition (P–T–X(CO2)) conditions; (b) the melt fertility and (c) the fluid 
evolution and the main decarbonation reactions occurring during prograde metamor-
phism of calcareous pelites. In spite of being purely theoretical, the reliability of the 
modelling is tested by comparing the predicted assemblages with those observed in 
a wide set of natural samples from the Himalayan metamorphic core. Comparison 
between the predicted and the modelled assemblages demonstrates that even a small 
amount of calcite in the calcareous pelitic protoliths has a strong influence on the 
final mineral assemblages and compositions, with potential effects on their melt pro-
ductivity. Specifically, it appears that up to ~800°C, the melt productivity of cal-
cic metapelites remains low, and melt production occurs gradationally because it is 
mostly controlled by continuous biotite dehydration melting reactions, rather than 
by muscovite breakdown. Moreover, the study demonstrates that calcareous pelites 
could be non-negligible CO2-source rocks in orogenic settings, and that in such con-
texts, an internal buffered behaviour is likely for most of them.
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are plagioclase and zoisite/clinozoisite. Margarite, scapo-
lite, grossular-rich garnet and minor calcic-amphibole and/
or clinopyroxene can also appear, depending on the amount 
of calcite originally present in the protolith, on the bulk-
rock composition and on the pressure–temperature (P–T) 
metamorphic conditions (e.g. Ferry,  1976, 1983a, 1983b, 
1992; Hewitt, 1973; Menard & Spear, 1993; Yardley, 1977; 
Zen, 1981). Commonly occurring in low modal amounts, most 
of these calcium-rich minerals are not particularly evident on 
the hand specimen; therefore, the metamorphic products of 
calcareous pelites might appear trivial with respect to those 
of both pure metapelites (characterized by the widespread oc-
currence of aluminium-rich index minerals, such as staurolite 
and aluminosilicates) and of marls (which are transformed 
into calc-schists or calc-silicate rocks). In the field, meta-
morphosed calcareous pelites are often neglected in favour 
of more appealing, index minerals-bearing lithologies; even 
when collected, they are rarely investigated in detail due to 
the complexity of the Na2O–K2O–CaO–FeO–MgO–Al2O3–
SiO2–H2O–CO2 (NKCFMAS–H2O–CO2) system.

Because of these reasons, prograde metamorphism of 
calcareous pelites is significantly less studied than metamor-
phism of pure pelites (e.g. Bucher & Grapes, 2011). CaO and 
Na2O are routinely considered in the pelitic system, but CO2 
is generally ignored. A quantitative investigation of phase re-
lations in the NKCFMASH system was performed at first by 
Vance and Holland (1993): in their calculations, they included 
Na2O and CaO in white mica and garnet, but did not consider 
plagioclase. Worley and Powell (1998) further explored the 
influence of CaO and Na2O in the pelitic system by incor-
porating CaO in garnet, and both Na2O and CaO in white 
micas and plagioclase; they demonstrated that singularities 
commonly occur along univariant equilibria involving Ca–
Na solid solutions, thus highlighting the complexity of the 
modelling in such a system. Further development of efficient 
softwares for thermodynamic calculations allowed consid-
ering additional important minor components such as MnO, 
TiO2 and/or Fe2O3 (e.g. White, Powell, & Holland,  2001, 
2007; White, Powell, Holland, Johnson, & Green,  2014; 
White, Powell, & Johnson,  2014) and understanding their 
influence on the evolution of mineral assemblages in the pel-
itic system. The occurrence of low amounts of carbonates in 
the pelitic protoliths was generally ignored and phase rela-
tions for calcareous pelites have been poorly explored so far. 
Notable exceptions are those of Thompson (1975) and Ferry 
(1976, 1983a, 1983b), whose isobaric T–X(CO2) grids cal-
culated in the KCMAS–H2O–CO2 and KCFMAS–H2O–CO2 
systems, respectively, represent valuable attempts of con-
straining prograde metamorphism of calcareous pelites. Zen 
(1981) also proposed an elegant treatment of phase relations 
in slightly calcic pelitic rocks, but did not consider Na2O and 
CO2 components. More recently, Nabelek and Chen (2014) 
investigated the role of carbonates (siderite–rhodochrosite 

solid solution) in the nucleation and growth of garnet in gra-
phitic schists, providing convincing evidence of the impor-
tance of considering CO2 when studying metamorphism of 
metapelites, even if carbonates are no more present in the 
studied rocks.

In this paper, we use mineral equilibria modelling in the 
system MnO–Na2O–K2O–CaO–FeO–MgO–Al2O3–SiO2–
TiO2–H2O–CO2 (MnNKCFMAST–H2O–CO2) to constrain 
the prograde evolution of calcareous pelites in Barrovian-
type collisional orogenic settings. A suite of model bulk-rock 
compositions has been selected to test the influence of dif-
ferent proportions of calcite in the protolith on (a) the equi-
librium assemblages at different P–T–X(CO2) conditions; (b) 
the melt fertility of calcareous pelites and (c) the fluid evolu-
tion and the main decarbonation reactions occurring during 
prograde metamorphism. In spite of being purely theoretical, 
the reliability of the modelling is tested by comparing the 
predicted assemblages with those observed in a wide set of 
natural samples from the Himalayan metamorphic core.

Comparison between the predicted and the modelled 
assemblages in calcic metapelites demonstrates that even a 
small amount of calcite in the pelitic protoliths has a strong 
influence on the final mineral assemblages and compositions, 
with potential effects on their melt productivity. Moreover, 
the study demonstrates that calcic metapelites could be 
non-negligible CO2-source rocks in orogenic settings, and 
that in such contexts, an internal buffered behaviour is likely 
to occur for most of them.

2  |   CALCIC METAPELITES FROM 
THE HIMALAYAN METAMORPHIC 
CORE

2.1  |  Observed lithologies

The Lesser and Greater Himalayan Sequences (LHS and 
GHS) exposed in the metamorphic core of the Himalayan 
belt mostly consist of meta-sediments deposited during the 
Proterozoic (LHS: Palaeoproterozoic to Mesoproterozoic; 
GHS: Neoproterozoic) on the northern edge of the Indian 
passive margin, and later involved in the India-Asia con-
tinental collision that started 50–55  Ma ago and led to 
the formation of the Himalayan orogen (e.g. Goscombe, 
Gray, & Foster, 2018; Kohn, 2014). These meta-sediments 
derive from protoliths ranging in composition from pure 
pelites to calcareous pelites, with minor intercalations 
of marls and impure limestones (e.g. Dyck et al., 2018; 
Hodges, 2000; Pearson & De Celles, 2005; Upreti, 1999), 
and experienced Barrovian-type metamorphism at vari-
able peak P–T conditions (e.g. Kohn, 2014; Rapa, Mosca, 
Groppo, & Rolfo, 2018; Rolfo, Groppo, & Mosca, 2015). 
From the lower to the upper structural levels, average 
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peak P–T conditions for the LHS in central-eastern Nepal 
can be summarized as follows (see the extended review 
by Goscombe et  al.,  2018): 450–500°C, 5–7  kbar (bio-
tite zone), 500–550°C, 7–9  kbar (garnet zone) and 560–
600°C, 7–10  kbar (garnet+staurolite zone). An inverted 
metamorphic gradient also characterizes the Lower-GHS 
(also known as Main Central Thrust Zone; e.g. Mosca, 
Groppo, & Rolfo,  2012), with average peak P–T con-
ditions, from the lower to the upper structural levels, in 
the range: 600–650°C, 7–11  kbar (staurolite zone), 610–
670°C, 7–10 kbar (kyanite zone) and 650–720°C, 6–9 kbar 
(sillimanite+kyanite zone). The Upper-GHS experienced 
peak metamorphism at higher temperatures and lower pres-
sures, resulting in a widespread anatexis. Average peak 
P–T conditions for the Upper-GHS are as follows: 670–
730°C, 5–8 kbar (garnet+sillimanite+K-feldspar zone) and 
700–780°C, 4–7  kbar (garnet+cordierite+sillimanite+K-
feldspar zone).

Over 15  years of extensive fieldwork in central-east-
ern Nepal allowed us to gather a very large dataset (i.e. 
few thousands) of meta-sedimentary samples from both 
the LHS and GHS. This paper is focused on the metamor-
phic products of calcareous pelites (original calcite content 
<10 vol.%; called hereafter calcic metapelites), which are 
widespread in both the LHS and GHS and occur as interca-
lations within pure metapelites. They consist of muscovite 
and/or biotite, ±garnet–bearing, schists or gneisses, with a 
total amount of micas generally higher than 15–20 vol.%. 
These lithologies always contain variable amounts of calci-
um-rich minerals, among which the most common are pla-
gioclase, zoisite/clinozoisite and scapolite; minor amounts 
of calcite are locally preserved, especially as inclusions 
within garnet. In most cases, biotite is the main mafic 
mineral, often associated with minor amounts of alman-
dine-rich garnet; calcic amphibole can be locally present 
in some calcic metapelites, whereas clinopyroxene is sys-
tematically absent. Most of the calcium-rich minerals in 
calcic metapelites (plagioclase, zoisite/clinozoisite, scapo-
lite) are not always easily recognizable at the outcrop scale. 
As a consequence, calcic metapelites can be mistaken in 
the field for common metapelites (to which they are asso-
ciated) especially in the case of garnet-bearing schists. By 
contrast, they can be easily distinguished from the meta-
morphic products of marls (i.e. calcschists and calc-silicate 
gneisses), due to the significant lower amounts of calcite 
at low metamorphic grade and to the significant higher 
amounts of biotite and the lack of clinopyroxene at medium 
to high metamorphic grade.

Table  S1 summarizes the main petrographic features 
of a representative selection (i.e. 30 samples) of calcic 
metapelites from our collection. Based on their mineral as-
semblages, five main lithologic types have been identified 
and are hereafter briefly described (see also Rolfo, Groppo, 

& Mosca, 2017). The studied samples are exposed at differ-
ent structural levels, in both the LHS and the GHS (detailed 
location is provided in Figure S1 and Table S1). Mineral 
abbreviations in the text, figures and tables are according 
Whitney and Evans (2010).

2.1.1  |  Type 1: Ca-rich 
plagioclase+garnet±zoisite–bearing two-micas 
schists (LHS) or biotitic gneisses (GHS)

This is the most common type of calcic metapelite in 
our collection and includes samples from both the LHS 
(garnet+staurolite zone) and the Lower-GHS (kyanite and 
sillimanite+kyanite zones).

In the LHS, these rocks are two-micas schists charac-
terized by the occurrence of garnet+plagioclase±zoisite 
porphyroblasts (Figure  1a,b). The main foliation is always 
defined by muscovite+biotite; biotite locally also occurs as 
porphyroblasts statically overgrowing the main foliation. 
Garnet porphyroblasts are generally poikiloblastic, and com-
monly include a rotated internal foliation defined by quartz, 
ilmenite, ±zoisite/clinozoisite (Figure  1b); in few samples 
(99–45; 17a–29), calcite relics are preserved as corroded 
inclusions in garnet, suggesting that garnet grew through a 
decarbonation reaction. Ca-rich plagioclase generally occurs 
as large (mm- to pluri-mm) porphyroblasts statically over-
growing the main foliation (Figure 1b) and commonly shows 
a patchy zoning and/or optically visible exolutions. If present, 
zoisite porphyroblasts are pre- to syn-kinematic with respect 
to the main foliation and are partially replaced by plagioclase 
(10–38a: Figure 1a).

In the GHS, this lithology consists of garnet+plagioclase–
bearing biotitic schists or gneisses characterized by the anom-
alous abundance of plagioclase with respect to the associated 
metapelites (Figure 1c–g). The main foliation is mainly de-
fined by biotite, with minor amounts of white mica in few 
samples only (99–15; 18a–9b; Figure 1d). Garnet is generally 
poikiloblastic and/or with a skeletal habit, pre- to syn-kine-
matic with respect to the main foliation (Figure 1c,d) or, more 
rarely, fine-grained and idioblastic (Figure 1e–g). It system-
atically includes quartz and zoisite/clinozoisite, ±plagioclase 
and biotite. Few samples (99–15; 18a–9b) still preserve calcite 
concentrated in lens-like domains; in this case, garnet is sys-
tematically associated with calcite-rich domains and includes 
corroded calcite relics (Figure 1d). Ca-rich plagioclase either 
occurs as large porphyroblasts overgrowing the main folia-
tion (e.g. 13–69; 17a–11; 18a–9b; Figure 1d,g) or as fine- to 
medium-grained granoblasts in the matrix (e.g. 99–15; 06-
27; 12-53a; 16–51; 18a–9a; 18a–14a; Figure  1c,e,f) and it 
is often patchy zoned. Zoisite/clinozoisite porphyroblasts are 
less frequent (18a–9a) and mostly aligned to the main folia-
tion (Figure 1f).
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2.1.2  |  Type 2: Ca-rich plagioclase±zoisite/
clinozoisite-bearing two-micas schists (LHS) or 
biotitic schists (GHS)

These rocks are exposed in both the LHS (garnet+staurolite 
zone) and Lower-GHS (kyanite and sillimanite+kyanite 
zones) and show a relatively simple mineral assemblage.

In the LHS, they consist of two-micas schists characterized 
by plagioclase abundance significantly higher than in normal 
metapelites (e.g. 08–32). Plagioclase is rich in the anorthite 
component, showing relatively high relief and birefringence, 
and it is commonly patchy zoned. Fine-grained zoisite/clino-
zoisite also occurs in the equilibrium assemblage.

In the Lower-GHS, these rocks are mostly biotitic gneisses 
with minor amounts of muscovite and contain significant 
amounts of Ca-rich plagioclase (Figure 1h). Minor amounts 
of K-feldspar occur at the uppermost structural levels (silli-
manite+kyanite zone).

2.1.3  |  Type 3: Garnet+scapolite–bearing 
two-micas schists or biotitic gneisses (GHS)

This lithology is exclusively exposed in the lowermost struc-
tural levels of the Lower-GHS (staurolite and kyanite zones) and 
consists of two-micas schists or biotitic gneisses characterized 

F I G U R E  1   Representative microstructures and mineral assemblages of Type 1 (a–g) and Type 2 (h) calcic metapelites from the 
Lesser Himalayan Sequence (LHS) and Greater Himalayan Sequence (GHS) of Nepal Himalaya. (a) Garnet+zoisite plagioclase-bearing 
two micas-schist. Garnet and zoisite occur as pluri-mm porphyroblasts, whereas plagioclase is dispersed in the matrix and replaces zoisite 
(Plane Polarized Light, PPL). The inset shows a detail of zoisite partially replaced by plagioclase (Crossed Polarized Light, XPL). (b) 
Garnet+plagioclase two micas-schist; garnet and plagioclase are, respectively, porphyroblasts syn- and post-kinematic with respect to the 
main foliation (PPL, XPL). (c) Garnet+plagioclase+clinozoisite biotitic schist: garnet poikiloblasts include quartz, plagioclase and clinozoisite 
(PPL, XPL). (d) Garnet+plagioclase–bearing biotitic gneissic micaschist: garnet porphyroblasts are syn-kinematic with respect to the main 
foliation, whereas plagioclase overgrows it (PPL). The inset shows a detail of a garnet porphyroblast with relict calcite inclusions (XPL). (e) 
Plagioclase+garnet–bearing biotitic gneiss: note the high relief of plagioclase, which is interstitial between quartz and biotite (PPL; inset. XPL). (f) 
Zoisite+plagioclase+garnet-bearing biotitic gneiss: zoisite and plagioclase are coarse-grained and mostly aligned to the main foliation (PPL, XPL). 
(g) Plagioclase+garnet–bearing biotitic schist: plagioclase statically overgrows the main foliation defined by biotite (PPL, XPL). (h) Plagioclase-
bearing biotitic gneissic micaschist: note the high relief of plagioclase, which is dispersed in the matrix (PPL, XPL)

(a)

(d)

(g) (h)

(e)

(b) (c)

(f)
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by the coexistence of garnet and scapolite (Figure 2a–d). These 
rocks are locally banded (e.g. 14–38a), with garnet+scapolite-
rich layers alternated to clinozoisite+scapolite-rich layers. The 
main foliation is always defined by biotite; muscovite occurs 
only in few samples (13–42; 13–38a; 17b–21; Figure 2a,c) and 
it is always less abundant than biotite. Garnet is always por-
phyroblastic, poikiloblastic or with a skeletal habit, and mostly 
includes quartz, plagioclase and clinozoisite (Figure  2a–d), 
more rarely relict calcite (13–38a; 15a–46). Scapolite is either 
dispersed in the matrix (13–42; 15a–46; Figure 2d) or concen-
trated in lens-like domains (13–38a; 14–38a; 16–26; 17b–21; 
Figure 2a–c) together with garnet. Ca-rich plagioclase mostly 
appears to be in equilibrium with scapolite. Clinozoisite is ob-
served in most of the samples, and occurs as fine-grained crys-
tals in equilibrium with scapolite.

2.1.4  |  Type 4: Scapolite-bearing biotitic 
gneisses (GHS)

This lithology is exposed in the uppermost structural lev-
els of the Lower-GHS (sillimanite+kyanite zone). It differs 
from type 3 because it lacks garnet porphyroblasts and it 
commonly contains K-feldspar (Figure  2e,f). The equilib-
rium assemblage is relatively simple and mostly consists 
of quartz, plagioclase±K-feldspar, biotite, scapolite and 
minor clinozoisite. The main, gneissic, foliation is defined 
by biotite; few muscovite occurs as a retrograde phase 
overgrowing the main foliation. Scapolite is locally quite 
abundant and it is concentrated in the quartz-feldspathic do-
mains, showing equilibrium relationships with plagioclase 
(Figure 2e,f).

F I G U R E  2   Representative microstructures and mineral assemblages of Type 3 (a–d), type 4 (e, f) and Type 5 (g, h) calcic metapelites 
from LHS and GHS of Nepal Himalaya. (a) Garnet+scapolite-bearing two-micas schist: note that biotite is significantly more abundant than 
muscovite. Scapolite is mostly concentrated in lens-like domains (PPL, XPL). (b) Garnet+scapolite-bearing biotitic schist: garnet porphyroblasts 
have a skeletal habit and scapolite is concentrated in millimetric lenses (PPL, XPL). (c) Garnet+scapolite-bearing two-micas schist, with biotite 
less abundant than biotite. Scapolite is mostly concentrated in lens-like domains (PPL, XPL). (d) Garnet+scapolite-bearing biotitic gneiss: 
note the skeletal habit of garnet and the fine-grained scapolite dispersed in the matrix (PPL, XPL). (e) Plagioclase+scapolite-bearing biotitic 
gneiss: plagioclase occurs in pluri-mm poikiloblasts including quartz, whereas scapolite is associated with the biotite layers (PPL, XPL). (f) 
Scapolite+plagioclase biotitic gneiss: both plagioclase and scapolite are granoblastic (PPL, XPL). (g) Two-micas, garnet+amphibole–bearing 
phylladic micaschist: garnet porphyroblasts include an internal rotated foliation, whereas the colourless amphibole porphyroblasts statically 
overgrow the main foliation (PPL, XPL). (h) Garnet+amphibole-bearing biotitic gneiss: garnet has a skeletal habit and amphibole is pale-green 
(PPL, XPL) [Colour figure can be viewed at wileyonlinelibrary.com]

(a)

(d)

(g)

(h)

(e)

(b) (c)

(f)
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2.1.5  |  Type 5: Amphibole+garnet-bearing 
two-micas schists or biotitic gneisses (LHS and 
GHS)

This lithology is exposed in the LHS (garnet+staurolite zone) 
and in the lowermost structural levels of the Lower-GHS (ky-
anite zone).

In the LHS, both two-micas schists and biotitic gneisses 
are exposed, characterized by the coexistence of garnet and 
calcic amphibole. The two-micas schists (06–8; 15b–25; 
17a–25) are fine-grained and the main foliation is defined by 
muscovite+biotite±chlorite. Garnet porphyroblasts, locally 
with a skeletal habit, are syn- to post-kinematic with respect 
to the main foliation; calcic amphibole is colourless and oc-
curs in mm-sized porphyroblasts overgrowing the main folia-
tion (Figure 2g). Generally, amphibole is modally scarce. The 
biotitic gneisses show a poorly pervasive foliation defined by 
biotite-rich discontinuous layers alternated to quartzo-felds-
pathic domains. Garnet porphyroblasts have a skeletal habit; 
calcic amphibole is green and occurs either in aggregates 

overgrowing the main foliation and associated with chlorite 
(15a–19b) or as fine-grained crystals aligned to the main fo-
liation (99–23).

In the Lower-GHS, this lithology is represented by biotitic 
gneisses dominated by quartzo-feldspathic layers. Garnet 
occurs as mm-sized poikiloblasts, and it is in textural equi-
librium with a pale-green calcic amphibole (e.g. 15a–47b; 
Figure 2h).

2.2  |  Measured bulk compositions and the 
nature of protoliths

Bulk-rock compositions of 5 samples of calcic metapelites, 
15 samples of calc-silicate rocks and 3 samples of impure 
marbles from both LHS and GHS (Tables  1 and 2) were 
acquired by inductively coupled plasma mass spectrometry 
(ICP-MS) analysis by ALS Chemex, Vancouver, Canada. 
These compositions are compared with already published 
bulk-rock compositions of metapelites sensu stricto (11 

T A B L E  1   Bulk compositions (mol.%) of meta-sediments ranging from calcic metapelites to calc-silicate rocks

Sample

Calcic metapelites (protolith=calcareous pelites) Calc-silicate rocks (protolith = marls)

14–38a 10–38a 07–40 15–46 13-–38a 12–64b 12–12a 10–4 14–53c 14–17 12–65

SiO2 69.93 69.82 71.00 79.12 69.16 72.05 70.14 72.37 73.48 62.92 66.13

TiO2 0.56 0.48 0.61 0.46 0.66 0.57 0.64 0.57 0.33 0.48 0.63

Al2O3 10.82 10.68 11.12 6.86 11.13 8.00 8.11 7.83 5.70 8.09 8.25

FeOtot 6.61 6.44 5.22 2.74 5.64 3.26 3.54 3.19 2.56 4.05 3.81

MnO 0.11 0.13 0.08 0.07 0.11 0.05 0.06 0.04 0.04 0.01 0.07

MgO 4.36 5.45 3.71 3.42 3.78 2.71 3.43 3.30 4.45 5.59 4.29

CaO 3.20 3.62 5.13 5.12 7.22 9.04 9.21 9.49 11.77 13.14 13.55

Na2O 1.02 0.48 1.72 1.12 0.49 1.26 1.21 1.06 0.43 1.15 1.35

K2O 3.32 2.84 1.33 1.08 1.75 2.99 3.58 2.07 1.20 4.55 1.87

P2O5 0.08 0.05 0.08 0.01 0.06 0.06 0.07 0.06 0.04 0.02 0.06

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

            

CaO* 1.02 0.48 1.72 1.12 0.49 1.26 1.21 1.06 0.43 1.15 1.35

CaOcarb 2.18 3.14 3.42 4.00 6.73 7.78 8.00 8.43 11.34 11.99 12.19

Approximate protolith's mineral composition (vol%)

Kao 0.0 0.0 6.0 0.0 9.0 0.0 0.0 0.0 0.0 0.0 0.0

Ill 20.0 27.0 19.0 14.0 24.0 8.0 4.0 14.0 13.0 0.0 12.0

FeChl 11.0 11.0 9.0 5.0 10.0 6.0 6.0 5.0 4.0 7.0 6.0

MgChl 7.0 9.0 6.0 6.0 6.0 5.0 6.0 6.0 7.0 9.0 7.0

Qz 30.0 34.0 34.0 54.0 35.0 34.0 29.0 42.0 52.0 20.0 33.0

Cal 3.0 5.0 5.0 6.0 10.0 11.0 12.0 12.0 17.0 17.0 17.0

Ab 8.0 4.0 14.0 9.0 4.0 10.0 10.0 8.0 3.0 8.0 11.0

Kfs 17.0 8.0 0.0 1.0 0.0 21.0 28.0 9.0 2.0 35.0 9.0

An 4.0 2.0 7.0 5.0 2.0 5.0 5.0 4.0 2.0 4.0 5.0

Note: CaO* = CaO from the silicate fraction; CaOcarb = CaO from the calcite fraction.



      |  187GROPPO et al.

samples; Groppo, Rolfo, & Lombardo, 2009; Rapa, Groppo, 
Mosca, & Rolfo, 2016) collected from similar structural levels 
within LHS and GHS (Table 3), as well as with the following 
average pelite and metapelite compositions from the litera-
ture (Table 4): NASC, ‘North American Shale Composite’ 
(Gromet, Dymek, Haskin, & Korotev, 1984), PAAS, ‘Post-
Archean Australian Shale’ (Taylor & McLennan, 1985), av-
erage of ~100 analyses of pelites and slates (Ague,  1991), 
average of pelagic clays (Carmichael,  1989), average of 
Archean, Proterozoic and Phanerozoic Shales (Condie, 1993), 
average of low-grade metapelites from the Littleton Fm. 
(Shaw, 1956) and average of amphibolite facies metapelites 
(Ague, 1991).

Altogether, the bulk-rock compositions of these me-
ta-sediments define relatively narrow compositional ranges 
in terms of major components (Figure  3) and further con-
firm the existence of a continuous transition from pure 
pelites to calcareous pelites, marls and impure limestones. 

The CaO contents are extremely variable, ranging from 20 
to 30  wt% (53–77  mol.%) in impure marbles to 2–6  wt% 
(3–7 mol.%) in calcic metapelites, to 0–2.5 wt% (0–3 mol.%) 
in pure metapelites. Normalized to a SiO2- and CaO-free 
basis, the average Al2O3 and FeOtot+MgO contents of calcic 
metapelites are in the range 40–47 mol.% (average 44 mol.%) 
and 38–45 mol.% (average 41 mol.%), respectively; K2O and 
Na2O are more variable, ranging between 6 and 12  mol.% 
(average 9  mol.%) and 2–7  mol.% (average 4  mol.%), re-
spectively. The average FeOtot/(FeOtot+MgO) ratio is 0.6. 
Metasediments derived from marls show similar composi-
tional ranges, with Al2O3=34–46 mol.% (average 39 mol.%), 
FeOtot+MgO=32–51  mol.% (average 41  mol.%), K2O=6–
19 mol.% (average 11 mol.%) and Na2O = 3–8 mol.% (aver-
age 6 mol.%).

These relatively homogeneous bulk-rock compositions 
reflect similar protolith compositions in terms of silicic con-
stituents, but different original amounts of calcite. Starting 

T A B L E  2   Bulk compositions (mol.%) of meta-sediments ranging from calc-silicate rocks to impure marbles

Sample

Calc-silicate rocks (protolith = marls)

Impure marbles 
(protolith = impure 
limestones)

08–67 08–57 07–20 09–25 04–28 13–64 10–49c 14–20a 07–22 07–41 05–55 10–47b

SiO2 65.34 60.21 61.28 57.80 61.68 55.03 48.87 45.79 42.99 30.62 31.10 12.41

TiO2 0.27 0.55 0.64 0.59 0.52 0.56 0.23 0.47 0.40 0.35 0.33 0.07

Al2O3 8.90 9.01 10.10 9.89 8.02 8.99 5.99 7.20 6.55 5.20 3.96 1.29

FeOtot 2.21 4.54 4.72 4.84 3.57 4.45 3.47 3.43 3.33 2.84 2.02 1.37

MnO 0.04 0.07 0.07 0.09 0.08 0.06 0.10 0.08 0.06 0.05 0.13 0.03

MgO 2.81 5.05 4.54 5.77 3.23 5.50 7.29 6.76 6.12 5.92 5.43 7.10

CaO 15.11 16.33 16.79 18.32 18.95 21.16 30.01 33.81 37.61 53.53 54.79 76.91

Na2O 3.57 1.04 0.55 1.25 1.56 1.88 1.91 1.22 0.88 0.61 1.45 0.03

K2O 1.74 3.14 1.24 1.40 2.33 2.33 2.07 1.19 2.01 0.85 0.75 0.75

P2O5 0.03 0.05 0.07 0.04 0.06 0.04 0.06 0.05 0.04 0.02 0.03 0.03

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

             

CaO* 3.57 1.04 0.55 1.25 1.56 1.88 1.91 1.22 0.88 0.61 1.45 0.03

CaOcarb 11.54 15.29 16.24 17.08 17.39 19.28 28.11 32.59 36.73 52.92 53.34 76.88

Approximate protolith's mineral composition (vol%)

Kao 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Ill 0.0 11.0 26.0 20.0 7.0 5.0 5.0 8.0 5.0 7.0 1.0 0.0

FeChl 4.0 7.0 8.0 8.0 6.0 7.0 5.0 5.0 5.0 4.0 3.0 2.0

MgChl 5.0 8.0 7.0 9.0 5.0 9.0 11.0 10.0 9.0 8.0 7.0 9.0

Qz 23.0 22.0 28.0 24.0 26.0 16.0 24.0 17.0 14.0 10.0 12.0 5.0

Cal 17.0 21.0 22.0 24.0 25.0 26.0 39.0 43.0 46.0 63.0 65.0 84.0

Ab 25.0 8.0 6.0 10.0 11.0 14.0 11.0 9.0 6.0 4.0 8.0 0.0

Kfs 13.0 19.0 0.0 0.0 14.0 16.0 0.0 4.0 12.0 2.0 0.0 0.0

An 13.0 4.0 3.0 5.0 6.0 7.0 5.0 4.0 3.0 2.0 4.0 0.0

Note: CaO* = CaO from the silicate fraction; CaOcarb = CaO from the calcite fraction.
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from the bulk-rock compositions, approximated protolith's 
mineralogical compositions have been reconstructed ac-
cording to the following assumptions: (a) CaO from silicate 
fraction (CaO* in Tables  1–4) is equivalent to Na2O (e.g. 
Hofer, Wagreich, & Neuhuber, 2013; McLennan, Hemming, 
McDaniel, & Hanson, 1993) and is incorporated in anorthite; 
the remaining CaO is incorporated in calcite; (b) chlorite 
is the only mafic mineral in the protolith and (c) albite in-
corporates all the Na2O. The modal proportions of the pro-
tolith's minerals have been obtained by applying the least 
square method (freeware application available on demand; 
Godard,  2009) and using end-member compositions and 
molar volumes for kaolinite, illite, clinochlore, daphnite, al-
bite, anorthite, quartz and K-feldspar. The result is considered 
satisfactory if the residuals (i.e. molar bulk composition of 
the protolith's minerals—molar bulk-rock composition) are 
close to zero. Following this approach, it emerges that all the 

analysed meta-sediments derive from protoliths originally 
containing quartz, clay minerals (illite±kaolinite), chlorite 
and feldspars (plagioclase±K-feldspar) in different propor-
tions, with calcite amounts in the range 1–10 vol.% for calcic 
metapelites, 12–47  vol.% for metasediments derived from 
marls and 63–85 vol.% for impure marbles (Figures 3d and 
4, Tables 1 and 2). Protoliths of the analysed metapelites did 
not contain calcite, except for one sample (14–24; Figure 4b, 
Table  3), which contained 3  vol.% of calcite. Most of the 
analysed meta-sediments reflect moderate degree of weath-
ering (i.e. K-feldspar is still preserved); higher degrees of 
weathering are suggested by few of them, containing kaolin-
ite rather than K-feldspar (Figure  4a,b). The average pelite 
and metapelite compositions taken from the literature point 
to calcite-free protoliths, except for NASC (‘North American 
Shale Composite’: Gromet et  al.,  1984), which contained 
4 vol.% of calcite (Figures 3d and 4c, Table 4).

T A B L E  3   Bulk compositions (mol.%) of metapelites

Sample

Metapelites s.s. from the LHS and GHS, Nepal Himalaya

14–
27a[10]

14–
44a[10]

14–
61b[10] 14–71[10] 14–52[10] 14–03[10]

14–
25b[10] 14–24[10] 06–02[11] 06–69[11]

06–
29[11]

SiO2 67.37 68.05 67.98 75.57 71.00 71.26 64.44 69.39 70.54 74.84 75.32

TiO2 0.62 0.53 0.53 0.60 0.95 0.69 0.62 0.60 0.53 0.91 0.64

Al2O3 16.40 16.24 16.22 11.63 8.91 13.82 17.94 13.75 14.75 14.08 11.77

FeOtot 6.59 4.75 4.75 5.49 7.25 6.10 7.76 6.01 4.17 4.32 4.70

MnO 0.15 0.12 0.12 0.12 0.07 0.20 0.24 0.21 0.29 0.04 0.12

MgO 1.96 3.18 3.18 1.74 6.63 2.85 3.08 2.54 3.07 2.30 2.37

CaO 0.88 0.84 0.84 0.32 0.61 0.45 0.57 3.22 1.30 0.09 0.52

Na2O 0.80 1.76 1.76 1.00 1.83 0.72 1.79 0.71 2.36 0.44 1.77

K2O 5.23 4.63 4.63 3.53 2.75 3.91 3.57 3.58 3.00 2.97 2.79

P2O5 — — — — — — — — — — —

Total 100.00 100.10 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

            

CaO* 0.80 3.18 2.16 1.74 6.63 2.85 3.05 0.71 2.93 2.20 2.30

CaOcarb 0.08 0.00 0.00 0.00 0.00 0.00 0.00 2.51 0.00 0.00 0.00

Approximate protolith's mineral composition (vol.%)

Kao 0.0 0.0 0.0 0.0 0.0 0.0 5.0 0.0 0.0 9.0 0.0

Ill 45.0 43.0 12.0 32.0 6.0 41.0 49.0 42.0 39.0 42.0 33.0

FeChl 11.0 7.8 11.0 10.0 13.0 11.0 13.0 10.0 7.0 7.0 8.0

MgChl 3.0 5.0 4.0 3.0 12.0 5.0 5.0 4.0 5.0 4.0 4.0

Qz 16.0 14.0 21.0 35.0 30.0 26.0 12.0 27.0 23.0 35.0 34.0

Cal 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.0 0.0 0.0 0.0

Ab 6.0 14.0 28.0 8.0 15.0 6.0 14.0 6.0 19.0 3.0 14.0

Kfs 3.0 3.2 3.0 1.0 3.0 2.0 2.0 3.0 5.0 0.0 2.0

An 16.0 13.0 21.0 11.0 21.0 9.0 0.0 5.0 2.0 0.0 5.0

Note: [10] Metapelites from the LHS and GHS: Rapa et al. (2016). [11] Metapelites from the LHS and GHS: Groppo et al. (2009).
CaO* = CaO from the silicate fraction; CaOcarb = CaO from the calcite fraction.
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3  |   METHODS

3.1  |  Model bulk compositions

Model bulk-rock compositions used to calculate the different 
sets of P/T–X(CO2) pseudosections were obtained by adding 
different amounts of calcite to a standard pelite composition, 
representative of the average of metapelites in the LHS and 
GHS. The starting pelite composition (Cal0) is (mol.%) as 
follows: SiO2 72.2, TiO2 0.7, Al2O3 11.1, FeO 6.2, MgO 4.3, 
MnO 0.1, CaO 1.0, Na2O 1.9 and K2O 2.5 (Table 5), cor-
responding to an approximate protolith consisting of quartz 
(31 vol.%), illite (22 vol.%), chlorite (18 vol.%), plagioclase 
(20  vol.%) and K-feldspar (9  vol.%; Figures  3e and 4d, 
Table 5). It is noteworthy that Cal0 composition is very simi-
lar to the average of ~100 analyses of pelites and slates, as 
well as to the average of amphibolite facies metapelites pub-
lished by Ague (1991; i.e. compositions 3 and 9 in Figures 3 
and 4c).

Model compositions Cal3, Cal6 and Cal9 were calcu-
lated adding 3, 6 and 9 vol.% of calcite to Cal0 (Table 5), 

respectively. Bulk compositions derived from the addition of 
other carbonates (e.g. dolomite, ankerite) beside calcite are 
not considered in this paper, which is specifically referred 
to calcic metapelites originally containing small amounts 
of calcite. Cal3 composition is very similar to the NASC 
composition (‘North American Shale Composite’: Gromet 
et  al., 1984, composition 1 in Figures 3 and 4c), thus con-
firming that calcareous pelites are important components of 
upper crustal sediments.

Model compositions Cal0 to Cal9 have a MgO/(MgO+FeO) 
ratio of 0.4. The influence of variable Mg/Fe ratios was explored 
using an additional set of model compositions with a MgO/
(MgO+FeO) ratio of 0.6 (_highMg compositions in Table 5). 
Moreover, because Na2O is the most variable (compared to its 
maximum amount) among the major components in the anal-
ysed metasediments (Figure 3c), ranging from 0.5 to 3.0 mol.%, 
its influence was investigated using two additional sets of model 
compositions, representing Na2O-depleted and Na2O-enriched 
compositions obtained by decreasing and increasing the Na2O 
amount to 0.5 and 3.0 mol.%, respectively (Figures 3c and 4d). 
Bulk compositions depleted in Na2O (_lowNa compositions in 

F I G U R E  3   Measured and model bulk-rock compositions for a wide range of meta-sediments discussed in this paper, plotted in the CaO–
K2O–(FeO+MgO) (a), CaO–Al2O3–(FeO+MgO) (b), CaO–Na2O–(FeO+MgO) (c), CaO–MgO–FeO (d) compositional diagrams (mol.%), as 
well as in the phyllosilicate-calcite-(quartz+feldspars) ternary diagram (e) (vol.%). The coloured diamonds refer to Himalayan meta-sediments 
derived from calcareous pelites (orange to dark red), marls (dark grey) and impure limestones (light grey); the yellow asterisks refer to Himalayan 
meta-sediments derived from pelites sensu stricto. The numbered squares are average pelite or metapelite compositions from the literature (see the 
legend), whereas the circles with a coloured contour represent the model bulk compositions used for thermodynamic modelling. Vol.% of calcite 
reported in (a), (b), (c) and (d) (grey dotted lines) refer to the reconstructed approximate protolith's mineral compositions (see text for further 
explanation) and are coherent with those reported in (e) and in Figure 4 [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Table 5) correspond to protoliths with lower amounts of feld-
spars and higher amounts of illite (i.e. moving toward pure 
pelites), whereas those enriched in Na2O (_highNa compo-
sitions in Table 5) are representative of protoliths with more 
than 35–40  vol.% of feldspars (i.e. moving towards arkoses) 
(Figures 3e and 4d). Moreover, because CaO from the silicate 
fraction (CaO* in Table 5) is set as equivalent to Na2O (see 
Section 2.2), Na2O-depleted and Na2O-enriched compositions, 
respectively, contain more and less calcite with respect to the 
starting bulk compositions (see Table 5 and Figures 3c and 4d).

A total of 16 model compositions were therefore used to 
calculate the P/T–X(CO2) pseudosections (Table 5). Although 
they are probably not exhaustive, these compositions can be 
nevertheless considered as representative of the composi-
tional variations of most of the calcic metapelites exposed in 
the LHS and GHS (see Section 5.1, for a comparison between 
the modelled and the observed mineral assemblages).

3.2  |  P/T–X(CO2) projections

Two P/T–X(CO2) projections were calculated in the simpli-
fied NKCMAS–H2O–CO2 and NKCFAS–H2O–CO2 sub-
systems, respectively, along a P/T gradient representative 

of common prograde evolution during Barrovian metamor-
phism in a convergent setting. The P/T–X(CO2) projections 
were calculated in the range 400–700°C (5.7–10 kbar) and 
X(CO2)  =  0.00–0.25; higher values of X(CO2) were not 
considered compatible with an internally buffered P/T–
X(CO2) evolution of calcic metapelites originally contain-
ing less than 10 vol.% of calcite. The grids were calculated 
using Perplex 6.8.6 (version March 2018; Connolly, 1990, 
2009), the internally consistent thermodynamic dataset of 
Holland and Powell (2011) (ds62) and the equation of state 
for H2O–CO2 binary fluid of Holland and Powell (1998). 
Solid solution models were considered for garnet (Ca–
Fe: White, Powell, Holland, et al., 2014; White, Powell, 
& Johnson, 2014), plagioclase (Na–Ca: Newton, Charlu, 
& Kleppa,  1980) and scapolite (Na–Ca: Kuhn, Reusser, 
Powell, & Günther,  2005), but not for white mica. More 
specifically, margarite was not included in the calcula-
tion of the projections because it has never been observed 
in calcic metapelites from LHS and GHS, whereas mus-
covite and paragonite have been considered as pure end-
members. The consequence of this simplification is that 
the stability field of muscovite predicted by the projections 
is smaller than that predicted by the pseudosections (and 
vice versa for K-feldspar). For mafic minerals, the Mg and 

F I G U R E  4   Approximate protolith's mineral composition calculated basing on the measured bulk compositions (same data as in Figure 3) 
for: (a) Himalayan calcic metapelites, calc-silicate rocks and impure marbles; (b) Himalayan metapelite sensu stricto; (c) average pelites and 
metapelites from the literature, as reported in Figure 3 and Table 4; (d) model bulk compositions used in this study [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Fe end-members were considered for chlorite (clinochlore 
and daphnite), biotite (phlogopite and annite) and clinopy-
roxene (diopside and hedenbergite). Amphibole and stau-
rolite end-members were not included in the calculation for 
sake of simplicity, although they were considered in the 
P/T–X(CO2) pseudosections and are predicted to be stable 
for some of the model bulk compositions (see Section 4.2). 
Therefore, amphibole- and staurolite-bearing equilibria 
will not be discussed in detail. Calcite, K-feldspar, quartz 
and zoisite were considered as pure phases.

The approach is similar to that used by Groppo, Rolfo, 
Castelli, and Connolly (2013) in the CFAS–H2O–CO2 sys-
tem, and to that described by Groppo, Rolfo, Castelli, and 
Mosca (2017) and Rapa et al. (2017) in the NKCMAS–H2O–
CO2 and NKCFMAST–H2O–CO2 systems respectively, al-
though activity modified end-members were used in those 
papers.

3.3  |  P/T–X(CO2) pseudosections

A set of 16 P/T–X(CO2) pseudosections were calculated 
using the model bulk compositions discussed in Section 3.1, 
along the same P/T gradient and in the same P/T–X(CO2) 
range used for the projections. For temperatures higher than 
~650–670°C, the modelled assemblages could be metastable 
with respect to melt that was not included in the calcula-
tions. However, along the considered P/T gradient and for 
pure metapelites, significant amounts of melt only appear at 
T > 750°C, through muscovite dehydration melting (White, 
Powell, & Holland, 2001).

The pseudosections were calculated in the 
MnNKCFMAST–H2O–CO2 system using the same PerpleX 
version (6.8.6), thermodynamic dataset and equation of 
state for fluid used for the P/T–X(CO2) projection. Fluid 
was considered as a saturated phase; this constraint implies 
that a binary H2O–CO2 fluid phase is stable in the whole 
P/T–X(CO2) region of interest. The following solution mod-
els were used: garnet, chlorite, chloritoid, staurolite, white 
mica, biotite and ilmenite (White, Powell, Holland, et al., 
2014; White, Powell, & Johnson, 2014), amphibole and clin-
opyroxene (Green et al., 2016), scapolite (Kuhn et al., 2005), 
plagioclase (Newton et  al.,  1980), K-feldspar (Thomson & 
Hovis, 1979), carbonate (i.e. Ca–Mg–Mn–Fe carbonate with 
calcite structure; Massonne,  2010) and dolomite (Holland 
& Powell, 1998). Quartz, zoisite, kyanite, rutile and titanite 
were considered as pure phases. It is noteworthy that the sim-
plifications introduced in the calculation of the P/T–X(CO2) 
projections as concerning white mica (i.e. exclusion of mar-
garite; muscovite and paragonite treated as pure end-mem-
bers) are overcome in the calculation of the P/T–X(CO2) 
pseudosections thanks to the use of the complete K–Na–Ca 
white mica solution model.

4  |   RESULTS

4.1  |  P/T–X(CO2) projections

The NKCMAS–H2O–CO2 and NKCFAS–H2O–CO2 (in the 
following referred to as NKCMAS and NKCFAS, implicitly 
considering H2O and CO2) projections (Figure 5) represent 
the backbone for the calculation of the P/T–X(CO2) pseu-
dosections, even though only small segments of univariant 
reactions may be seen by a given rock composition (i.e. only 
small segments of univariant reactions may have a multivari-
ant equivalent in the pseudosections; e.g. Elmer, White, & 
Powell, 2006; Worley & Powell, 1998).

The MgO- and FeO-free NCAS, KCAS and NKCAS equi-
libria are the same for the two sub-systems. In the P–T–X(CO2) 
range of interest, there is one NCAS (I1: [Grs]) and three 
NKCAS (I2: [Grs, Scp], I3: [Grs, Pg], I4: [Qz, Scp]) invariant 
points. Five NCAS (1–5), one KCAS (6) and five NKCAS (7–
11) univariant equilibria emanate from these invariant points 
(Figure  5). Relevant for the following discussion are equi-
libria 2 (Cal+Pl+Zo=Scp), 10 (Cal+Mu+Pl+Qz=Kfs+Scp) 
and 11 (Mu+Qz+Scp=Kfs+Pl+Zo).

Different invariant and univariant equilibria are predicted 
for the CMAS and CFAS sub-systems. In the CMAS sub-sys-
tem, no invariant points are modelled, and three univariant 
equilibria (12–14) are predicted in the P–T–X(CO2) range 
of interest. In the CFAS sub-system, there is one invariant 
point (I5: [An, Mei]), from which emanate six univariant 
curves (13–18). Two of them (13 and 17) show a singular-
ity (Figure  5), at which the stoichiometric coefficient of 
calcite becomes zero. Equilibria 13 and 14 are modelled in 
both the CMAS and CFAS sub-systems (Figure 5). Relevant 
for the following discussion is equilibrium 13a (Cal+Clc/
Dph+Qz+Zo=Grt).

In the NCMAS sub-system, there is one invariant point 
(I6: [Grt, Pg]), from which emanate two NCMAS univariant 
equilibria (19 and 20), in addition to the degenerate NCAS 
and CMAS equilibria 2 and 14. An additional NCMAS uni-
variant curve 21 is predicted for very low X(CO2) values, 
which has a FeO-counterpart in the NCFAS sub-system. In 
the NCFAS sub-system, there is one invariant point (I7: [Scp, 
Hd]) from which three NCFAS univariant curves (21–23) 
emanate, in addition to the degenerate NCAS and CFAS 
equilibria 1 and 13a, respectively. One of the NCFAS univar-
iant equilibria (21) shows a singularity (Figure 5), at which 
the stoichiometric coefficient of calcite becomes zero.

Two invariant points (I8: [Grt, Mu], I9: [Kfs, Di]) and nine 
univariant equilibria (24–32) are modelled in the KCMAS 
sub-system. One of the invariant point (I8) and some of the 
univariant equilibria (27–32) have their equivalent in the 
KCFAS sub-system. In the KCFAS sub-system, three addi-
tional invariant points (I9: [Grt, Hd], I10: [Dph, Hd], I11: 
[Dph, Mu]) and nine additional univariant equilibria (33–41) 
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are modelled. Equilibria 32 and 38 show one and two singu-
larities, respectively (Figure 5), at which the stoichiometric 
coefficients of calcite (32 and 38) and K-feldspar (38) be-
come zero. Relevant for the following discussion is equilib-
rium 30 (Cal+Clc/Dph+Mu+Qz=Phl/Ann+Zo).

In the NKCMAS sub-system, 3 invariant (I12: [Clc, Grt, 
Mu, Pg], I13: [Di, Grt, Kfs, Qz], I14: [Di, Grt, Kfs, Pg]) 
and 10 univariant (42–51) equilibria are modelled which do 
not have counterparts in the NKCFAS sub-system. In the 
NKCFAS sub-system, there are two invariant points (I15: 
[Grt, Hd, Mu, Scp], I16: [Dph, Hd, Kfs, Scp] and six univar-
iant equilibria (52–57). Relevant for the following discussion 
is equilibrium 51 (Phl+Qz+Scp=Di+Kfs+Pl+Zo).

4.2  |  P/T–X(CO2) pseudosections

P/T–X(CO2) pseudosections calculated for the model com-
positions Cal0, Cal3, Cal6 and Cal9 allow to investigate the 
influence of variable amounts of calcite in the protolith on 
the predicted mineral assemblages and fluid composition. 
In the following, the results of thermodynamic modelling 
(Figures 6 and 7) are discussed only for dolomite and anker-
ite-free fields, these carbonates being systematically absent 

from the observed natural samples, as well as from the proto-
liths reconstructed in Section 2.2. Phase equilibria modelling 
results are summarized in Figures 6 and 7; details on field as-
semblages, mineral abundances and plagioclase composition 
are given in Figures S2–S6.

4.2.1  |  Cal0

The P/T–X(CO2) pseudosection modelled for Cal0 (Figure 6a 
and Figures S2a and S3a) is dominated by three- and four-
variant fields, with minor two- and five-variant fields. The 
calcite stability field is limited to T  <  480°C and the pre-
dicted amounts of calcite are lower than 1 vol.%.

Muscovite is predicted to be stable in the entire P–T–
X(CO2) range of interest (Figure 6a) and its modal amount is 
maximum (>30 vol.%) at lower T, and minimum (~10 vol.%) 
at intermediate temperatures, where it coexists with parago-
nite. At T> 600°C, its modal amount is slightly higher than 
20  vol.%. Biotite modally increases up-T, with a maximum 
of 20–22 vol.% at 500–540°C. Paragonite is predicted to be 
stable at 470–600°C, whereas chlorite mostly disappears at 
T > 500°C (Figure 6a). Garnet appears in very low amounts 
at ~460°C, but its abundance exceeds 1 vol.% (i.e. it becomes 

F I G U R E  5   P/T–X(CO2) projections calculated along a P/T gradient typical of collisional orogenic settings, showing invariant and univariant 
equilibria for the NKCMAS–H2O–CO2 and NKCFAS–H2O–CO2 sub-systems. The large black circles are invariant points; the small, white circles 
are singular points [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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evident) only at T > 530°C (Figure 6a). At this temperature, gar-
net composition is approximately Alm57Sps10Prp6Grs26 and it 
varies with increasing temperature up to Alm73Sps2Prp18Grs7 
at T > 600°C. Up to 14 vol.% of albite is stable at T > 500°C, 
whereas plagioclase appears at T > 540°C; a plagioclase-ab-
sent field is therefore predicted in the temperature range 
500–540°C (Figure 6a). Plagioclase is an oligoclase, with an-
orthite content decreasing up-T from An30 to An18. Very small 
amounts of zoisite are predicted at T < 550°C, with a maxi-
mum of 2 vol.% in the plagioclase-absent field.

4.2.2  |  Cal3

The P/T–X(CO2) pseudosection modelled for Cal3 (Figure 6b 
and Figures S2b and S3b) is similar to that modelled for Cal0; 

it is mostly dominated by calcite-absent fields, calcite (up to 
4  vol.%) being limited to T  >  490°C. The transition from 
calcite-bearing to calcite-absent assemblages is marked by 
a narrow three-variant field corresponding to the KCMAS/
KCFAS univariant reaction 30 (Cal+Clc/Dph+Mu+Qz=Phl/
Ann+Zo) and, at higher temperatures, by a narrow two-
variant field corresponding to the CMAS/CFAS univariant 
reaction 13 (Cal+Clc/Dph+Qz+Zo=Grt; Figure  5). Field 
assemblages and mineral compositions in the calcite-absent 
field are mostly independent from X(CO2), as expected. The 
sequence of predicted prograde assemblages is similar to that 
already discussed for Cal0, but with significant different pro-
portions of micas and calcium-bearing phases.

Muscovite is always stable (Figure  6b) but its modal 
amount does not exceed 15–18  vol.% in most of the P–T–
X(CO2) range of interest, whereas biotite distribution is 

F I G U R E  6   Results of phase equilibria modelling calculation for Cal0 (a, e), Cal3 (b, f), Cal6 (c, g) and Cal9 (d, h) model bulk compositions 
with variable MgO concentrations: (a–d) ‘average’-MgO compositions; (e–h) MgO-enriched compositions. Rock types are defined according to 
the main mineral assemblages; phase abundances lower than 1 vol.% are considered irrelevant for the definition of the main lithologies. Distinction 
among schists and gneisses is based on the modal amount of phyllosilicates (i.e. >25 vol.% for schists, <25 vol.% for gneisses). Numbers from 1 
to 5 in the legend refer to the main lithological types recognized in the studied calcic metapelites from the LHS and GHS of Nepal Himalaya (see 
Figures 1 and 2). The insets in each diagram refer to the approximate protolith's mineral composition as reported in Figure 4. The grey arrows 
are the hypothetical, yet quantitative, P/T–X(CO2) paths followed by each model composition in the hypothesis that the system remained internal 
buffered along the whole prograde evolution: continuous line = fluid-rock buffering path according to a constant porosity model (i.e. the fluid is 
allowed to accumulate within the rock until it reaches a specified threshold, after which fluid loss occurs); dotted line = fluid-rock buffering path 
in a completely closed system (i.e. no fluid loss is allowed); dashed line = fluid-rock buffering path in a completely open system (i.e. all the fluid 
that is produced is immediately lost). The grey dashed field in each diagram is the stability field of ankerite–dolomite and is not considered in this 
study. Details on field assemblages, mineral abundances and plagioclase composition are given in Figures S2–S4 [Colour figure can be viewed at 
wileyonlinelibrary.com]

(a)

(e)

(b)
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(d)
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similar to that modelled for Cal0 (i.e. mostly in the range 
15–23 vol.%). Albite reaches a maximum modal amount of 
13 vol.% at T < 500°C, and plagioclase increases from 8 vol.% 
at ~500°C to 28 vol.% at T > 650°C. It is mostly an andes-
ine, with the anorthite content increasing up-T up to An48; 
oligoclase compositions (An24-30) are limited to 500–540°C. 
Significantly higher amounts of zoisite are modelled with re-
spect to Cal0, with a maximum of 8–10 vol.% at T > 540°C; 
its stability field extends up to 620°C (Figure 6b). Calcic am-
phibole is predicted to be stable in a narrow temperature range 
(530–600°C; Figure 6b) and in relatively high modal amounts 
(>5 vol.%). The garnet stability field and modal amount (up to 
10 vol.%) are similar to those modelled for Cal0 (Figure 6b). 
Its composition varies from Alm56Sps11Prp6Grs27 at 530°C to 
Alm62Sps3Prp10Grs25 at T> 600°C.

4.2.3  |  Cal6

The topology of the P/T–X(CO2) pseudosection modelled for 
Cal6 (Figure 6c and Figures S2c and S3c) is still very simi-
lar to those of Cal0 and Cal3, being dominated by calcite-
absent fields. Calcite-bearing fields are limited by the same 
discontinuous calcite-consuming reactions already discussed 
for Cal3 (i.e. reactions 30 and 13), but calcite is more abun-
dant (up to 8 vol.%). In the temperature range of 500–660°C, 
less than 10 vol.% of muscovite is modelled, and its abun-
dance further decreases at increasing temperature, up to its 
complete disappearance at 680–700°C (Figure 6c). The dis-
appearance of muscovite leads to the appearance of a small 
amount (<6 vol.%) of K-feldspar. The predicted amount of 
biotite is similar to that modelled for Cal0 and Cal3, that 

F I G U R E  7   Results of phase equilibria modelling calculation for Cal0 (a, e, i), Cal3 (b, g, j), Cal6 (c, g, k) and Cal9 (d, h, l) model bulk 
compositions with variable Na2O concentrations: (a–d) Na2O-depleted compositions; (e–h) ‘average’-Na2O compositions; (i–l) Na2O-enriched 
compositions. All the other details are as in Figure 6. Details on field assemblages, mineral abundances and plagioclase composition are given in 
Figures S2, S5 and S6 [Colour figure can be viewed at wileyonlinelibrary.com]
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is, >20 vol.% at 490–700°C. Garnet is modelled in signifi-
cantly lower amounts, exceeding 1 vol.% only at 590–600°C 
(Figure 6c) and reaching a maximum of 3 vol.% at T > 680–
700°C. Its composition varies from Alm50Sps12Prp6Grs32 at 
590°C to Alm49Sps6Prp8Grs37 at 700°C.

Among the calcium-bearing phases, plagioclase is still the 
most abundant, reaching its maximum amount (>35 vol.%) 
at T > 680°C. As for Cal3, it is mostly an andesine, with oli-
goclase compositions limited to 500–530°C and labradorite 
compositions at T > 660–670°C. The zoisite stability field is 
significantly enlarged (Figure 6c) with respect to Cal3, and 
zoisite amounts of more than 10  vol.% are predicted for a 
wide temperature range (400–620°C). Scapolite appears at 
580–660°C for X(CO2)>0.18 (Figure 6c), in significant modal 
amounts (up to 20–22 vol.%); its stability field is limited to-
wards higher temperature by a decarbonation (although cal-
cite-absent) discontinuous reaction which corresponds to the 
NKCAS univariant reaction 11 (Mu+Scp+Qz=Pl+Kfs+Zo) 
(Figure 5). For this bulk composition, calcic amphibole is not 
predicted to be stable.

4.2.4  |  Cal9

The topology of the P/T–X(CO2) pseudosection modelled for 
Cal9 (Figure 6d and Figures S2d and S3d) differs from those 
of Cal0, Cal3 and Cal6 because the calcite stability field is 
significantly enlarged and several discontinuous calcite-con-
suming reactions thus appear, which are marked by narrow 
two- and three-variant fields. The first calcite-consuming 
reaction corresponds to the KCFAS/KCMAS univariant re-
action 30 (Cal+Clc/Dph+Mu+Qz=Phl/Ann+Zo) as also 
discussed for Cal0 to Cal6. At higher temperatures and for 
X(CO2)<0.12, two discontinuous KCFAS/KCMAS reactions 
are responsible for further consumption of calcite: Cal+Phl/
Ann+Qz=Di/Hd+Mu (represented by a narrow three-variant 
field), and Cal+Phl/Ann+Qz+Zo=Grt+Mu (represented 
by a narrow two-variant field; Figure 6d). These reactions, 
not modelled in the KCFAS/KCMAS projections, are the 
muscovite-bearing counterparts of the K-feldspar-bearing 
univariant reactions 27 (Cal+Phl/Ann+Qz=Di/Hd+Kfs) 
and 32 (Cal+Phl/Ann+Qz+Zo=Grt+Kfs) (Figure  5). The 
discrepancy between the grids and the pseudosection is due 
to the choice of not considering the white mica solid solu-
tion in the calculation of the grids, which results in a reduced 
stability field of muscovite with respect to that modelled 
in the pseudosection. At slightly higher temperature and 
for X(CO2)  =  0.12–0.14, two narrow three-variant fields 
correspond to the KCAS and KCMAS/KCFAS univari-
ant reactions 6 (Cal+Mu+Qz=Kfs+Zo) and 27 (Cal+Phl/
Ann+Qz=Di/Hd+Kfs), respectively (Figures 5 and 6d). At 
X(CO2) >0.14, two relevant discontinuous calcite-consum-
ing reactions appear, which correspond, from lower to higher 

temperatures to the NCAS and NKCAS univariant reactions 
2 (Cal+Pl+Zo=Scp) and 10 (Cal+Mu Pl+Qz=Kfs+Scp). In 
the calcite-absent fields located above the calcite-out reaction 
10, two additional discontinuous decarbonation reactions 
are modelled, corresponding to the NKCAS and NKCMAS 
univariant reactions 11 (Mu+Scp+Qz=Pl+Kfs+Zo) and 51 
(Phl+Qz+Scp=Di+Kfs+Pl+Zo), respectively (Figures  5 
and 6d).

The muscovite stability field is further reduced with re-
spect to Cal6, being limited to T < 600°C at X(CO2) <0.15 
and to T < 660°C at X(CO2) >0.15 (Figure 6d); its modal 
amount is mostly in the range 10–15 vol.%. At temperature 
higher than the muscovite breakdown, K-feldspar becomes 
stable, but does not exceeds 10  vol.%. Biotite is the most 
abundant phyllosilicate: it is predicted to be stable in most 
of the P–T–X(CO2) range of interest, with modal amounts 
higher than 20  vol.% at 600–670°C. The chlorite stability 
field is limited to T < 470°C (Figure 6d). Small amounts of 
garnet are predicted to be stable in most of the calcite-absent 
fields, but modal amounts higher than 1 vol.% (and therefore 
evident) only appear at T > 640–650°C (Figure 6d).

Plagioclase/albite is predicted to be stable in the whole 
P–T–X(CO2) range of interest, with modal amounts in-
creasing from 18 vol.% to more than 35 vol.% at increasing 
temperature; however, in the scapolite bearing fields, its 
modal abundance decreases to 5–10  vol.%. Plagioclase is 
mostly an andesine, with labradorite compositions limited 
to T>  680°C. Significant amounts of zoisite are predicted 
to be stable in both calcite-present and calcite-absent fields, 
together with plagioclase (Figure 6d). At X(CO2)>0.15, scap-
olite is the most abundant calcium-bearing phase, reaching 
up to 35 vol.%. Differently from Cal0 to Cal6, low amounts 
(2–8  vol.%) of clinopyroxene are predicted to be stable in 
most of the calcite-absent field (Figure 6d).

4.2.5  |  Effects of variable amounts of initial 
calcite on the mineral assemblages

As expected, increasing amounts of calcite in the pelitic 
protolith enhances the stability of calcium-rich minerals. 
Plagioclase and zoisite, often present in low amounts in pure 
metapelites, can increase up to 30 and 15 vol.%, respectively, 
in calcic metapelites. Moreover, other calcium-rich minerals 
such as amphibole and scapolite can appear at specific P–T–
X(CO2) conditions. The sequence of lithologies that would 
form during prograde metamorphism of calcareous pelites 
with 3, 6 and 9 vol.% of initial calcite is therefore dramatically 
different from that of pure metapelites (Figure 6a–d). Calcite 
would disappear relatively early (i.e. at T < 460–470°C) if its 
initial content in the protolith was low (i.e. for Cal3), but it 
would remain stable at significantly higher temperatures if its 
initial content was slightly higher (i.e. for Cal9). If the system 
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evolved along an internally buffered path (see Section 5.3), 
this implies that fluid composition would evolve towards pro-
gressively higher X(CO2) values at increasing temperature.

Two-mica+chlorite+albite–bearing micaschist and 
white mica(s)+biotite (Mu>Bt)+oligoclase+garnet–bear-
ing micaschist are the dominant metamorphic products of 
a calcite-free pelitic protolith (Cal0) at progressively in-
creasing temperatures (Figures 6a and 8a). A more complex 
evolution is instead inferred even just for slightly calcare-
ous pelitic protoliths. For 3 vol.% of initial calcite (Cal3), 
two additional lithologies are predicted to occur at 500–
600°C: a two-mica (Mu≈Bt)+oligoclase+zoisite–bear-
ing micaschist at lower temperatures (500–550°C), and a 
two-mica (Mu≈Bt)+andesine+amphibole+garnet+zoisite–
bearing micaschist at higher temperatures (550–600°C; 
Figures 6b and 8b). At T > 600°C, the metamorphic prod-
uct of such a slightly calcareous pelite would be a two-
mica (Mu≈Bt)+andesine+garnet–bearing micaschist 
(Figure 8b).

For 6  vol.% of initial calcite (Cal6), the metamorphic 
product developing at 500–650°C is a two-mica+andes-
ine+zoisite±garnet–bearing micaschist, with biotite 
always more abundant than muscovite, whereas a labrador-
ite+garnet–bearing biotitic gneiss develops at T  >  650°C, 
due to the disappearance of muscovite (Figures  6c and 
8c). For 9  vol.% of initial calcite (Cal9), a two-mica 
(Bt > Mu)+andesine+zoisite–bearing micaschist is still the 
dominant metamorphic product at 500–600°C, but with low 

amounts of calcite still preserved. At T > 600°C, a two-mica 
(Bt>>Mu)+scapolite+andesine±zoisite±garnet micaschist 
or gneiss is predicted to occur, eventually evolving towards 
a scapolite+labradorite+garnet biotitic gneiss at T > 650°C 
(Figures 6c and 8c).

4.2.6  |  Effects of variable Mg/Fe ratio on the 
mineral assemblages

The influence of variable Mg/Fe ratios was investigated 
using an additional set of model compositions with a higher 
MgO/(MgO+FeO) ratio (_highMg compositions; Table  5). 
The effects of a different Mg/Fe ratio are more pronounced 
for calcite-free and calcite poor pelitic protoliths (i.e. Cal0 
and Cal3 bulk compositions) rather than for calcite-rich 
protoliths (Figure 6). As expected, the most evident conse-
quence of varying the Mg/Fe ratio is a change in the relative 
stability of mafic minerals. More specifically, compared to 
Cal0, Cal3, Cal6 and Cal9 bulk compositions (Figure 6a–d), 
MgO-enriched bulk compositions (Figure 6e–h) lead to the 
reduction of the garnet stability field, counterbalanced by the 
enlargement of chlorite and biotite stability fields. Examining 
the results more in detail, it emerges that:

-	 The sequence of prograde assemblages predicted for 
the MgO-enriched Cal0_highMg bulk composition 
(Figures  6e and 8e) differs from that predicted for Cal0 

F I G U R E  8   Modebox plots of changes in calculated mineral proportions and fluid composition (X(CO2), dotted black lines) during prograde 
metamorphism along the internal buffered P/T–X(CO2) paths reported in Figure 6: (a, e) Cal0, (b, f) Cal3, (c, g) Cal6, (d, h) Cal9 model bulk 
compositions with variable MgO concentrations. Plagioclase is reported in blue, with progressively darker tones for increasing anorthite contents 
(mainly from oligoclase to labradorite compositions, as reported in each diagram). Types 1–5 refer to the main lithologies recognized in the studied 
calcic metapelites from the LHS and GHS of Nepal Himalaya (see Figures 1 and 2) [Colour figure can be viewed at wileyonlinelibrary.com]
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because chlorite remains stable up to 570°C, and garnet 
becomes evident (i.e. exceeds 1  vol.%) at T  >  560–
570°C. Moreover, the higher Mg/Fe ratio enhances the 
stability field of staurolite and kyanite, leading to the 
development of two-micas, garnet+andesine+staurolite 
schists at 610–660°C and of two-micas, garnet+andes-
ine+kyanite schists at T  >  660°C (Figure  6e).

-	 Compared to Cal3 (Figure 6b), the MgO-enriched Cal3_
highMg bulk composition (Figures  6f and 8f) enhances 
the chlorite and amphibole stability fields at the expense 
of garnet, whose abundance does not exceed 3 vol.%. The 
sequence of Ca-rich minerals predicted after the final 
consumption of calcite at T > 470°C is the same as that 
predicted for Cal3 (i.e. zoisite, amphibole and andesine/
labradorite; Figure 8f).

-	 The sequence of prograde assemblages predicted for the 
MgO-enriched Cal6_highMg (Figures  6g and 8g) and 
Cal9_highMg bulk compositions (Figures  6h and 8h) is 
similar to that predicted for Cal6 (Figures 6c and 8c) and 
Cal9 (Figures 6d and 8d), but with a significant reduction 
of the garnet stability field, whose abundance never ex-
ceeds 1 vol.% (i.e. it does not become evident).

4.2.7  |  Effects of variable amounts of Na2O 
on the mineral assemblages

Bulk compositions depleted in Na2O (_lowNa model compo-
sitions) are representative of protoliths enriched in illite and 
depleted in feldspars (i.e. mature pelites) (Figures 3e and 4d). 
Compared to Cal0, Cal3, Cal6 and Cal9 bulk compositions 
(Figure 7e–h), Na2O-depleted bulk compositions (Figure 7a–
d) lead to the reduction of the albite/plagioclase stability field, 
counterbalanced by the enlargement of chlorite and zoisite 
stability fields. Moreover, for any given P–T–X(CO2) condi-
tion, the amount of muscovite predicted for Na2O-depleted 
bulk compositions is always higher (Figure 9a–d) than that 
predicted for ‘average’ compositions (Figure 9e–h).

Examining the results more in detail, it emerges that:

-	 During prograde metamorphism, a calcite-free pelitic pro-
tolith depleted in Na2O (Cal0_lowNa) develops mineral 
assemblages typical of common metapelites, character-
ized by very low amounts of plagioclase and by the 
appearance of staurolite and kyanite at 600 and 650°C, 
respectively (Figures  7a and 9a).

F I G U R E  9   Modebox plots of changes in calculated mineral proportions and fluid composition (X(CO2), dotted black line) during prograde 
metamorphism along the internal buffered P/T–X(CO2) paths reported in Figure 7: (a, e, i) Cal0, (b, f, j) Cal3, (c, g, k) Cal6, (d, h, l) Cal9 model 
bulk compositions with variable Na2O concentrations. All the other details are as in Figure 8 [Colour figure can be viewed at wileyonlinelibrary.
com]
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-	 For Cal3_lowNa bulk composition, the sequence of pro-
grade lithologies is similar to that predicted for Cal3, but 
the stability fields of amphibole and chlorite are enlarged 
(and that of plagioclase is significantly reduced) and 
muscovite modal amount increases (Figures 7b and 9b). 
Once that calcite is completely consumed (<470°C), CaO 
is mostly incorporated in zoisite (<550°C), amphibole 
(530–640°C) and labradorite/bytownite (>640°C) at pro-
gressively increasing temperatures.

-	 Compared to Cal6, the Na2O-depleted Cal6_lowNa bulk 
composition leads to the persistence of chlorite at higher 
temperatures, to the appearance of amphibole-bearing 
assemblages at 550–580°C and to an enlargement of 
the muscovite stability field, which remains stable up to 
700°C (Figures 7c and 9c). Calcite is consumed early in 
the prograde evolution (<520°C) and CaO is mostly incor-
porated in zoisite (up to 680°C), amphibole (550–580°C) 
and labradorite/bytownite (>580°C). The resulting pro-
grade sequence of assemblages predicted for Cal6_lowNa 
shows a convergence towards that predicted for Cal3 bulk 
composition (Figures 7c,f and 9c,f).

-	 The sequence of prograde assemblages predicted for Cal9_
lowNa bulk composition is different from that predicted 
for Cal9 (Figure 7d), and shows a convergence towards 
those predicted for Cal6 (Figure 7g). Calcite remains sta-
ble up to 580°C (Figure 7d) but its modal amount is very 
low (<1 vol.%) at T > 480°C. Once that calcite is com-
pletely consumed, CaO is mostly incorporated in zoisite 
(up to 700°C) and scapolite (570–650°C), whereas plagio-
clase (labradorite) becomes relevant only at T > 650°C. 
Similar to what predicted for Cal6, the resulting litholo-
gies are richer in biotite than in muscovite (Figures  7d  
and 9d).

Bulk compositions enriched in Na2O (_highNa model 
compositions) are representative of protoliths enriched in 
feldspars and depleted in illite (i.e. arkoses or very imma-
ture pelites; Figures 3e and 4d). The effects of Na2O enrich-
ment are opposite to those of Na2O depletion: the stability 
field of albite/plagioclase is enlarged and that of zoisite is 
reduced compared to Cal0, Cal3, Cal6 and Cal9 bulk compo-
sitions, and biotite is the prevalent mica in most lithologies 
(Figure  7i–l). Furthermore, Na2O-enriched bulk composi-
tions inhibit the formation of garnet, whose stability field is 
therefore reduced with respect to ‘average’ compositions.

-	 The sequence of prograde assemblages predicted for the 
Na2O-enriched Cal0_highNa bulk composition is similar 
to that predicted for Cal0, but with higher amounts of 
oligoclase (Figures  7i and 9i), that can reach up to 
27  vol.%.

-	 Compared to Cal3, the Na2O-enriched Cal3_highNa bulk 
composition hampers the formation of amphibole and 

reduces the stability field and modal amount of garnet 
(Figures  7j and 9j). After the consumption of calcite at 
T < 470°C, CaO is mostly incorporated in zoisite at lower 
temperatures and in andesine at T > 500°C.

-	 The sequence of prograde assemblages predicted for Cal6_
highNa bulk composition is significantly different from 
that predicted for Cal6, and shows a convergence towards 
those predicted for Cal9 (Figures 7k and 9k). Calcite re-
mains stable up to 630°C and for medium-grade metamor-
phic conditions CaO is mostly incorporated in andesine 
and zoisite. After the final calcite breakdown, scapolite 
also appears. Similar to what discussed for Cal9, biotite 
is the dominant mica in all lithologies; moreover, musco-
vite completely disappears at T > 600–630°C (Figures 7k  
and 9k).

-	 The sequence of prograde assemblages predicted for the 
Na2O-enriched Cal9_high Na bulk composition is similar 
to that predicted for Cal9, but the calcite stability field is 
enlarged towards higher T and X(CO2) values, the garnet 
stability field is reduced and clinopyroxene appears at 
significantly lower temperatures (i.e. at T > 500°C). As 
a consequence, the scapolite-bearing lithologies can con-
tain small amounts of clinopyroxene (<10 vol.%) and do 
not contain garnet (Figures 7l and 9l). CaO is mostly in-
corporated in andesine, that can exceed 30 vol.%, as well 
as in zoisite (at T < 570°C) or scapolite (at T > 570°C). 
Muscovite completely disappears at T  >  600–630°C, 
and biotite is the dominant mica in all the lithologies 
(Figures 7l and 9l).

5  |   DISCUSSION

5.1  |  Predicted versus observed mineral 
assemblages

Although the P/T–X(CO2) pseudosections have been calcu-
lated for generic, model, bulk compositions, the predicted 
mineral assemblages can be qualitatively compared with the 
assemblages observed in the studied samples.

The most common types of calcic metapelites in both the 
LHS and GHS are represented by Ca-rich plagioclase±gar-
net±zoisite–bearing two-micas schists or biotitic gneisses 
(Types 1 and 2, see Section 2.1), with plagioclase anoma-
lously abundant (i.e. often  >  20  vol.%) and Ca-richer (i.e. 
from andesine to labradorite) with respect to the associated 
metapelites. These assemblages are predicted to occur for a 
wide range of model compositions, spanning from Cal3 to 
Cal9. The Na2O concentration controls the relative abun-
dance of plagioclase, zoisite and garnet (Figure  9): more 
specifically, zoisite and garnet are more abundant (i.e. Type 
1) in Na2O-depleted compositions, whereas plagioclase 
modal abundance is favoured (i.e. Type 2) by Na2O-enriched 
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compositions. Garnet abundance is also controlled by the 
Mg/Fe ratio, being favoured by MgO-depleted compositions 
(Figure  8). Moreover, for Na2O- and MgO-enriched bulk 
compositions, muscovite is generally predicted to be equally 
or less abundant than biotite, and it is predicted to completely 
disappear at T> 650–680°C for the calcite-richer model com-
positions (Figures 8 and 9). The predicted amount of musco-
vite versus biotite is in agreement with the observation that 
samples from GHS (i.e. equilibrated at higher temperatures) 
are mostly biotitic gneisses, whereas those from LHS (i.e. 
equilibrated at lower temperatures) are two-micas schists.

Among the studied samples, those containing scapolite 
(Types 3 and 4, see Section 2.1) are the most intriguing, 
because they are characterized by a relatively uncommon 
mineral assemblage. Scapolite occurrence is predicted for 
calcic metapelites derived from protoliths with relatively 
high amounts of calcite (Cal9_highMg, Cal9_lowNa, Cal9, 
Cal9_highNa model compositions) and/or enriched in 
Na2O (Cal6_highNa model composition; Figures  8 and 9). 
Garnet is predicted to occur in lower amounts with respect 
to those observed in the studied samples, but its abundance 
could be eventually influenced by slightly different amounts 
of MnO in the natural versus model bulk compositions. 
Scapolite±garnet-bearing assemblages are predicted to be 
stable at 600–680°C, and muscovite is predicted to occur 
in low amounts only for T < 620–650°C, in agreement with 
the systematic occurrence of the garnet+scapolite-bearing 
two-micas schists in the lower structural levels of the Lower-
GHS (staurolite and kyanite zone: 600–670°C). The stability 
field of the assemblage scapolite±garnet+biotite+muscovite 
is relatively small and limited to X(CO2) values higher than 
0.15 (Figures 8d,h and 9d,h,l). The occurrence of this assem-
blage in the studied samples is therefore an evidence that the 
composition of the fluid remained internally buffered during 
the whole prograde evolution.

The calcic amphibole+garnet–bearing assemblages ob-
served in Type 5 two-micas schists or biotitic gneisses (see 
Section 2.1) are predicted to occur in calcic metapelites 
derived from protoliths with low amounts of calcite and/
or low amounts of Na2O (i.e. Cal3_highMg, Cal3_lowNa, 
Cal3 and Cal6_lowNa model compositions), with relatively 
higher modal amounts of calcic amphibole favoured by 
Na2O-depleted and MgO-enriched compositions (Figures  8 
and 9). The calcic amphibole stability field is mostly limited 
to T < 650°C, in agreement with the systematic occurrence 
of this lithology in the upper structural levels of the LHS 
(garnet+staurolite zone: 560–600°C) and in the lower struc-
tural levels of the Lower-GHS (staurolite and kyanite zones: 
600–670°C).

Overall, there is a good correspondence between the ob-
served and the predicted mineral assemblages, which confirms 
the validity of the thermodynamic modelling. The compari-
son between the natural and the modelled assemblages also 

highlights the internal buffered behaviour of the studied cal-
cic metapelites, which is particularly evident for those me-
ta-sediments which originally contained more than 6 vol.% 
of calcite.

5.2  |  Melt fertility

The results of thermodynamic modelling demonstrate that, at 
a given temperature, the metamorphic products of calcareous 
pelites contain significantly less muscovite than pure metape-
lites. On average, at 650°C, a pure metapelite (Cal0) contains 
more than 20–25 vol.% of muscovite (Figures 8 and 9). This 
amount decreases to 10–15, 3–7 and 0–3 vol.% for increasing 
amounts (3, 6 and 9 vol.%, respectively) of calcite initially 
present in the protolith (Figures 8 and 9). This is due to the 
fact that most of the calcium-rich minerals occurring in calcic 
metapelites (especially plagioclase, zoisite and scapolite) are 
also rich in Al; their modal increase in progressively more 
calcic metapelites is thus counterbalanced by a contempora-
neous decrease in other Al-bearing minerals, especially mus-
covite. The result is that calcic metapelites tend to develop 
muscovite-free, biotite±K-feldspar-bearing assemblages at 
temperatures much lower than pure metapelites; the effect is 
even more pronounced for Na2O-richer bulk compositions. 
An important consequence is that assemblages commonly 
considered as representative of high-grade metamorphic con-
ditions can be stable at temperatures as low as 610°C in cal-
cic metapelites (Figures 8 and 9).

In common metapelites, muscovite dehydration melt-
ing occurs at T > 700°C and, for a given temperature (and 
pressure), the amount of melt produced through this pro-
cess varies as a function of muscovite content in the source 
rock (e.g. Brown, 2013 and references therein). It has been 
calculated that a pelite containing 10–20  vol.% muscovite 
produces 7–15  vol.% of melt through muscovite dehydra-
tion melting depending on pressure (e.g. Groppo, Rolfo, & 
Indares, 2012; Groppo, Rolfo, & Mosca, 2013; Spear, Kohn, 
& Cheney, 1999). Containing minor amounts of muscovite, 
calcic metapelites are undoubtedly less fertile than com-
mon metapelites, at least at T < 800°C (i.e. at temperatures 
lower than those required for significant biotite dehydration 
melting). For initial calcite content of 6–9 vol.%, muscovite 
dehydration melting can even not occur, because muscovite 
disappears well below the solidus of the system, and bio-
tite dehydration melting would mark therefore the first ap-
pearance of melt. Although a deeper investigation of partial 
melting processes in calcic metapelites is well beyond the 
aim of this paper, it can be suggested that their behaviour 
could be more similar to that of meta-greywackes (e.g. Patiño 
Douce & Beard, 1996; Vielzeuf & Montel, 1994; Vielzeuf & 
Schmidt, 2001) rather than to that of pure metapelites (e.g. 
Johnson, White, & Powell, 2008; Spear et al., 1999; White 
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et al., 2001; White, Powell, & Holland, 2007). More specif-
ically, it is likely that up to ~800°C the melt productivity of 
calcic metapelites remains low, and that melt production oc-
curs gradationally (i.e. in a wide temperature range and not 
by steps), because it is mostly controlled by continuous bio-
tite dehydration melting reactions.

5.3  |  Fluid evolution and 
decarbonation processes

The results of our thermodynamic modelling allow us to 
investigate how CO2 is released from calcareous sediments 
during prograde metamorphism (i.e. through which reac-
tions and at which P–T conditions), as well as the maximum 
amounts of CO2 released as a function of the initial calcite 
content in the protolith. An internally buffered behaviour is 
considered for the discussion, following Greenwood (1975) 
and Baker, Holland, and Powell (1991) and in agreement 
with what suggested by the mineral assemblages observed 
in the studied samples (see Section 5.1). Quantitative calcu-
lation of a buffering path requires exact knowledge of the 
initial composition of the fluid in the protolith (e.g. Elmer 
et  al.,  2006; Kuhn et  al.,  2005). Unlike for the calculation 
of P/T–X(CO2) pseudosections, where the fluid is considered 
as a saturated phase (i.e. the amounts of H2O and CO2 are 
not fixed by the user), the amounts of H2O and CO2 in the 
bulk rock must be given in the calculation of the paths. This 
implies adding a certain proportion of fluid to the mineral as-
semblage at the starting point of the paths. The choice of the 
amount of fluid to be added and of its equilibrium composi-
tion could seem subjective, as it is. However, it is functional 
to the general discussion (see also Elmer et al., 2006) and it 
can be considered reliable as far as the results of the model-
ling are compatible with the final metamorphic assemblages 
observed in the studied samples.

We added an initial mole proportion of fluid of 0.05 
(5 mol.%), which approximately corresponds to 4 vol.% of 
fluid at 400°C, a value that is fully consistent with the ex-
perimentally determined porosity (1%–16%) of metapelites 
at low pressure (P < 5 kbar, i.e. at the starting conditions; 
Bruijn & Almqvist,  2014). The initial equilibrium fluid 
composition was assumed to be X(CO2) = 0.00694. The flu-
id-rock buffering paths have been quantitatively calculated 
following the constant porosity model of Elmer et al. (2006). 
According to this model, the fluid is allowed to accumulate 
within the rock until it reaches a specified threshold; each 
time this threshold is exceeded, fluid loss occurs through a 
stepwise process. Starting from the initial fluid mole propor-
tion of 0.05, we have fixed the threshold at 0.06; this implies 
that when the fluid proportion reaches this value, it is reduced 
to 0.05. Fixing a different threshold would result in different 
buffering paths; to understand the influence of the assumed 

threshold on the resulting buffering paths we have considered 
the two extreme cases of a completely closed system (i.e. no 
fluid loss is allowed) and of a completely open system (i.e. all 
the fluid that is produced is immediately lost). Whatever was 
the real behaviour of the system, the buffering path should 
be comprised in between these two extremes. The calculated 
fluid-rock buffering paths are reported in Figures  6 and 7; 
Figures  8–11 summarize the variation of mineral assem-
blages and the CO2-producing reactions encountered along 
these paths for each model composition.

For very minor amounts of initial calcite in the protolith 
(1–5 vol.%: Cal3 group), calcite is consumed relatively early 
in the metamorphic evolution, mostly in the temperature 
range 460–470°C (Figures 10a,d and 11a,d,g). Most of CO2 
is released through the discontinuous dehydration and decar-
bonation reactions 30 (Cal+Chl+Mu+Qz=Bt+Zo), that is, in 
a very narrow P–T interval. The buffering capacity of these 
rocks is low and the fluid produced is extremely enriched in 
H2O, with X(CO2) values <0.05 (Figures 8b,f and 9b,f,j).

For slightly higher amounts of calcite in the pelitic 
protolith (5–8  vol.%: Cal6 group), the decarbonation be-
haviour of calcareous sediments can change significantly, 
depending on the bulk composition, and especially on its 
Na2O content. In most cases, calcareous sediments with 
5–8  vol.% of original calcite experience decarbonation 
processes similar to those described for Cal3, with calcite 
completely consumed at T  <  550°C and the release of a 
H2O-rich fluid (X(CO2)<0.10) (Figures 10b,e and 11b,e). 
However, for Na2O-enriched bulk compositions (Cal6_
highNa), an initial amount of calcite of 5–6  vol.% in the 
protolith is sufficient to increase the calcite stability field 
up to ~610°C (Figure 9k). The discontinuous reactions 30 
still represents the first important stage of CO2 production 
(Figure 11h), but it does not cause the complete consump-
tion of calcite. If the system remains internally buffered, 
it evolves along the calcite-bearing fields, up to the dis-
continuous decarbonation and dehydration reactions 27* 
(Cal+Bt+Qz=Cpx+Mu) and 27 (Cal+Bt+Qz=Cpx+Kfs), 
which are responsible for the appearance of very low 
amounts (<0.5 vol.%) of clinopyroxene in the equilibrium 
assemblage. The final consumption of calcite occurs at 
~610°C through the discontinuous dehydration reaction 2 
(Cal+Pl+Zo=Scp), which produces scapolite (Figure 11h). 
A small amount of CO2 is still released at higher tempera-
tures through the scapolite-consuming discontinuous re-
action 51 (Bt+Qz+Scp=Cpx+Kfs+Pl+Zo) until the final 
disappearance of scapolite which occurs at ~620°C. At the 
end of the decarbonation history, the fluid is relatively en-
riched in CO2 (X(CO2) = 0.15; Figures 9k and 11h).

For calcareous sediments with 8–11 vol.% of initial cal-
cite (Cal9), the decarbonation history varies as a function 
of the Na2O content. In Na2O-depleted bulk compositions 
(Cal9_lowNa), the discontinuous reaction 30 represents 
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the first important stage of CO2 production at T  <  470°C 
(Figure  11c); at higher temperatures, decarbonation occurs 
through discontinuous reactions involving ankerite (not mod-
elled in detail in this study). After the final consumption of 
carbonates at T = 570°C, further decarbonation still occurs 
through scapolite-consuming continuous reactions, until the 
final disappearance of scapolite, which occurs at ~670°C 
through the discontinuous decarbonation and dehydration 
reaction 11 (Mu+Qz+Scp=Kfs+Pl+Zo) (Figure  11c). For 
intermediate amounts of Na2O in the bulk composition (Cal9 
and Cal9_highMg), the calcite stability field is enlarged up to 
~610°C; if the system remains internally buffered, after the 
first important stage of CO2 production through reaction 30, 
it evolves along the calcite-bearing fields, and calcite is com-
pletely consumed through the discontinuous decarbonation 
and dehydration reaction 6 (Cal+Mu+Qz=Kfs+Zo) and the 
discontinuous dehydration reaction 2 (Cal+Pl+Zo=Scp; 
Figure  10c,f). Further decarbonation, however, still occurs 
through the two discontinuous scapolite-consuming re-
actions 11 and 51, in the temperature range of 610–690°C 
(Figure  10c,f). In Na2O-enriched bulk compositions 

(Cal9_highNa), the fluid evolution is similar to that de-
scribed for Cal6_highNa (i.e. decarbonation occurs through 
reactions 30, 27*, 27 and 2) until the final consumption of 
calcite. At T > 610°C, however, the system evolves along the 
scapolite-bearing fields, with further decarbonation mostly 
occurring through continuous reactions (Figure  11i). In all 
cases, the final fluid released from calcareous sediments with 
8–11 vol.% of initial calcite (Cal9) is relatively enriched in 
CO2 (i.e. X(CO2) = 0.25, 0.27 and 0.31 for increasing Na2O 
in the bulk) (Figure 9d,h,l).

The CO2 productivity of calcic metapelites is controlled 
by the initial proportion of calcite in the protolith. If calcite 
is completely consumed during prograde metamorphism, as 
it is predicted to occur in most LHS and GHS lithologies, the 
CO2 productivity ranges between ~1.3 and 2.5 wt% for initial 
calcite modal proportions of 3–6 vol.%, and reaches 4 wt% for 
initial calcite contents of 9–10 vol.%. (CO2 productivities have 
been calculated according to the following reasoning: 1 vol.% 
of calcite corresponds to 1 cm3 of calcite within 100 cm3 of 
rock; calcite has a density of 2.7 g/cm3 and an average density 
of 2.8 g/cm3 is assumed for the hosting rock; this means that 

F I G U R E  1 0   Results of phase equilibria modelling calculation for Cal3 (a, d), Cal6 (b, e) and Cal9 (c, f) model bulk compositions with 
variable MgO concentrations (same P/T–X(CO2) pseudosections as in Figure 6) showing the main decarbonation reactions relevant for calcic 
metapelites (reactions labels and colours as in Figure 5). Note that the univariant curves overlap the (narrow) di- and tri-variant fields of the 
underlying pseudosections. The dashed arrows are the same P/T–X(CO2) paths as in Figure 6 (i.e. fluid-rock buffering paths according to a constant 
porosity model) [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b) (c)

(d) (e) (f)

www.wileyonlinelibrary.com
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1 vol.% of calcite equals to 2.7 g/280 g = 0.96 wt% of calcite. 
The molar weights of CaO and CO2 are 56 and 44  g/mol, 
respectively; 1 mole of calcite (CaCO3) thus weights 100 g 
(i.e. 1 g of calcite consists of 0.56 g of CaO and 0.44 g of 
CO2). To obtain the amount of CO2 released by 1 vol.% of 
calcite, we thus need to multiply 0.96 × 0.44 = 0.42 wt% of 
CO2. The results of thermodynamic modelling demonstrate 
that, when the initial amount of calcite in the protolith is low 
(3–6 vol.%), this is completely consumed in a single, step-
like, metamorphic stage at low temperatures (mostly in the 

range 460–470°C). However, for higher initial proportions 
of calcite in the protolith (6–9 vol.%), calcite remains stable 
during most of the prograde metamorphic evolution and it 
is eventually completely consumed only at T > 610°C; fur-
thermore, in most cases, the final disappearance of calcite 
does not correspond to the end of decarbonation processes, 
which can proceed until the final consumption of scapolite 
at T > 650°C. In this second case, decarbonation is thus a 
long-lasting continuous process, rather than a step-like dis-
continuous process.

F I G U R E  1 1   Results of phase equilibria modelling for Cal3 (a, d, g), Cal6 (b, e, h) and Cal9 (c, f, i) model bulk compositions with variable 
Na2O concentrations (same P/T–X(CO2) pseudosections as in Figure 7) showing the main decarbonation reactions relevant for calcic metapelites 
(reactions labels and colours as in Figure 5). The dashed arrows are the same P/T–X(CO2) paths as in Figure 7 (i.e. fluid-rock buffering paths 
according to a constant porosity model) [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

www.wileyonlinelibrary.com
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A final important consequence is that although CO2 pro-
ductivity of calcareous sediments containing 3–6  vol.% of 
initial calcite is relatively low, that of sediments originally 
containing up to 10  vol.% of calcite starts to be relevant, 
being of the same order of magnitude than that of meta-sedi-
ments originally containing much more calcite. The CO2 pro-
ductivity of calc-silicate rocks deriving from marls originally 
containing 30–40 vol.% of calcite was, in fact, estimated to 
be in the range 4.5–5.5  wt% (Groppo et  al.,  2017), calcite 
being only partially consumed during prograde metamor-
phism. Therefore, we suggest that calcareous pelites should 
not be ignored as likely CO2-source rocks when comput-
ing the global budget of CO2 emissions related to orogenic 
metamorphism.
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Figure S2. P/T–X(CO2) pseudosections calculated for 

the model bulk compositions Cal0 (a), Cal3 (b), Cal6 (c) and 
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Cal9 (d) and modal amounts (vol.%) of the main minerals.
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amounts (vol.%) of the main minerals.
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