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Abstract. The coexistence of chloritoid and biotite in medium-pressure Barrovian terranes is quite uncommon,
and the parameters controlling their equilibrium relations are still controversial. Various studies have already
investigated the influence of pressure (P), temperature (7'), bulk rock (X bulk) and fluid (X fluid) compositions
on the stability of this assemblage. Here we apply forward thermodynamic modelling on amphibolite-facies
metapelites from the upper portion of the Lesser Himalayan Sequence (eastern Nepal Himalaya) to test which
parameters mostly influence the stability of the chloritoid + biotite assemblage. P—T isochemical phase dia-
grams calculated in the MnNKCFMASHTO system fail in reproducing the coexistence of chloritoid and biotite,
predicting biotite appearance at higher temperatures than chloritoid breakdown. Neither the fluid composition
(i.e. reduced H»O activity due to the presence of CO;) nor a more oxidated state of the system favours their
coexistence, while slightly H,O-undersaturated conditions expand the biotite stability field toward lower tem-
peratures, allowing the development of the chloritoid + biotite assemblage. Kinetic factors could have further
contributed to the stability of this assemblage: thermal overstepping of the chloritoid-consuming and staurolite-
producing reaction, induced by the difficulty in the staurolite nucleation and/or by the sluggishness of chloritoid
dissolution, could have enhanced the metastable persistence of chloritoid at temperatures compatible with the
presence of biotite. Being the kinetics efficiency intrinsically linked to the degree of fluid availability, the two
factors (i.e. HO-undersaturated conditions and kinetics of the chloritoid-consuming reaction) were likely com-

plementary rather than mutually exclusive.

1 Introduction

In the last 20 years, the progressive improvement of ther-
modynamic datasets coupled with the availability of ef-
ficient software led to an exponential increase of for-
ward thermodynamic modelling studies aimed at unrav-
elling the metamorphic evolution of orogens (e.g. Pow-
ell et al.,, 2005; Spear et al., 2016; Lanari and Duester-
hoeft, 2019, and references therein). In this framework, the
pelitic system remains, by far, the most investigated, due
to its tendency to develop low-variant mineral assemblages.
Aluminous metapelites are especially suitable for petro-
logic modelling because their bulk compositions favour the
growth of Al-rich index minerals such as chlorite, chlori-
toid, garnet, staurolite and kyanite / sillimanite (White et al.,
2014). Among these minerals, chloritoid is quite common

in Fe-rich metapelites and is often associated with chlo-
rite, muscovite, = garnet =+ staurolite & kyanite. The chlo-
ritoid + biotite &= garnet assemblage is, instead, relatively
rare. The coexistence of these phases in regional meta-
morphic terranes is uncommon (e.g. Hoschek, 1969; Bush-
min and Glebovitsky, 2008). Few occurrences of the
chloritoid 4 biotite &= garnet assemblage have been reported
from different settings: (i) contact metamorphic settings
(Okuyama-Kusunose, 1994; Pitra and Guiraud, 1996; Ahn
and Nakamura, 2000; Waters and Lovregrove, 2002; Saki
et al., 2021), (ii) low-pressure regional metamorphic Barro-
vian sequences (> 30°C km~!; Baltatzis and Wood, 1977;
Wang and Spear, 1991; Droop and Harte, 1995; Whitney et
al., 1996), and (iii) more rarely, medium-pressure regional
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metamorphic Barrovian sequences (25-30°C km~!; Droop
and Harte, 1995; Sengupta, 2012).

Several studies (Hoschek, 1969; Baltatzis, 1979; Hiroi,
1983; Bickle and Archibald, 1984; Wang and Spear, 1991;
Droop and Harte, 1995; Sengupta, 2012; Saki et al., 2021)
have investigated how the stability of the chloritoid + biotite
assemblage could be enhanced by different parameters,
among which are (i) pressure (P) and temperature (7') con-
ditions, (ii) bulk rock composition, and (iii) fluid composi-
tion. These studies are all based on the principles of equilib-
rium thermodynamics, i.e. on the assumption that each min-
eral grew in equilibrium with its surroundings, and thus its
composition reflects the P—T conditions of its growth (e.g.
Guiraud et al., 2001; Powell et al., 2005; Powell and Holland,
2008). They highlight the following points.

i. Low-pressure conditions (P <6kbar) favour the sta-
bility of the chloritoid 4 biotite assemblage, because
the slope (dP /dT) of the biotite-in reaction is less
steep than that of the chloritoid-out reaction (Wang
and Spear, 1991), resulting in their intersection at
P <6kbar (White et al., 2014). The coexistence of chlo-
ritoid + biotite is therefore more easily explained in
low- P contact metamorphic environments.

ii. Bulk compositions richer in Fe and Al than the av-
erage favour the chloritoid + biotite (+ garnet) assem-
blage. The influence of minor components, particularly
of MnO, has also been considered, which mainly con-
trols the garnet stability field (e.g. Sengupta, 2012; Saki
etal., 2021);

iii. The fluid composition can also influence the chlori-
toid + biotite assemblage stability, as recently discussed
by Saki et al. (2021). These authors demonstrated that
the chloritoid + biotite assemblage is stable at progres-
sively lower Hy O activities (down to aH,O ~ 0.25) with
decreasing temperature. However, their study is limited
to P < 6kbar.

Going beyond the equilibrium paradigm, kinetic fac-
tors have been alternatively considered to explain the
(metastable) persistence of chloritoid outside its equilibrium
stability field (e.g. at temperatures consistent with the stabil-
ity of biotite). Studying the metapelites from the Bushveld
aureole, Waters and Lovegrove (2002) identified a delayed
nucleation of staurolite at the expense of chloritoid (i.e. ther-
mal overstepping of the chloritoid-consuming and staurolite-
producing reaction) due to a combination of sluggish stauro-
lite nucleation and relative unreactivity of precursor chlori-
toid porphyroblasts. In this framework, the crucial parame-
ter is the reaction affinity, i.e. the energetic driving force for
nucleation as defined by Pattison and Tinkham (2009, and
references therein). Reaction affinity is especially low for re-
actions that release little or no HyO (Pattison and Tinkham,
2009; Pattison et al., 2011); thermal overstepping of these
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reactions is expected to be significant, resulting in delayed
nucleation of the products porphyroblasts and consumption
of the reactant phases, with respect to the equilibrium pre-
dictions.

In this study, we report the coexistence of chlori-
toid 4 biotite in metapelites from the upper portion of the
Lesser Himalayan Sequence of eastern Nepal, which ex-
perienced a medium-pressure Barrovian prograde metamor-
phism during the Himalayan orogenic cycle (e.g. Goscombe
et al., 2018; Groppo et al., 2023). A detailed microstruc-
tural, mineral chemical and thermodynamic modelling study
is presented for two samples, in order to investigate (i) how
intensive and/or extensive variables have influenced the de-
velopment of this uncommon assemblage in the framework
of the equilibrium paradigm and (ii) if (and how) the coexis-
tence of chloritoid and biotite could have been controlled by
kinetic factors rather than by (or in addition to) equilibrium
thermodynamics.

Our results highlight the possibility that metapelites can
attain conditions of slight H>O undersaturation during pro-
grade metamorphism, in contrast to the common assumption
of HyO-saturated conditions. In the framework of equilib-
rium thermodynamics, H>O undersaturation may well ex-
plain the observed coexistence of chloritoid and biotite. Al-
ternatively, emphasizing the role of kinetics, the coexistence
of chloritoid and biotite could be explained through thermal
overstepping of the chloritoid-consuming reaction. We sug-
gest that the two factors might have been complementary.

2 Geological setting

The metamorphic core of the Himalayan belt consists of
two juxtaposed tectono-metamorphic units: the Lesser Hi-
malayan Sequence (LHS) and the Greater Himalayan Se-
quence (GHS) (Gansser, 1964; Kohn, 2014; Dhital, 2015;
Martin, 2017a; Waters, 2019; Fig. 1). Both units mainly con-
sist of a thick sedimentary sequence deposited on the pas-
sive northern margin of the Indian Plate during the Pro-
terozoic, which experienced Barrovian metamorphism dur-
ing the Himalayan orogenic cycle (Le Fort, 1975; Upreti,
1999; Hodges, 2000; Yin, 2006). The LHS is tectonically
interposed between the underlying Siwalik Group (molasse)
to the south and the overlying GHS to the north (Hodges,
2000; DeCelles et al., 2000), from which it is separated
by the Main Boundary Thrust (MBT) and the Main Cen-
tral Thrust (MCT), respectively (Heim and Gansser, 1939;
Valdiya, 1980; Yin and Harrison, 2000; Fig. 1a, b). Although
the precise location of the MCT is still controversial due to
the different criteria used to define it (e.g. Yin, 2006; Searle
etal., 2008; Martin, 2017b; Rapa et al., 2018), it is commonly
accepted that the MCT is a broad high-strain shear zone (i.e.
Main Central Thrust Zone, MCTZ; Groppo et al., 2010; Lar-
son et al., 2015), involving both the upper portion of the LHS
(Upper-LHS) and the lower portion of the GHS.

https://doi.org/10.5194/ejm-35-305-2023



S. Nerone et al.: Interplay between equilibrium and kinetics

307

1
@ Nanga Parbat 78°
% _— Karakoram Fault

Asian Plate

Kathmandu

Everest

70°E 80° QP“
China
(Tibet) _—30°N

Trans-Himalayan batholith
Kohistan arc

@ Ophiolites

20- | & India-Asia suture

@ Tethyan Sequence

@ Greater Himalayan Sequence
( Lesser Himalayan Sequence
() Sub-Himalayan Sequence

Bhutan
. o

=" Strike-slip fault 30

—1_ South Tibetan

STDS Detachment System

l\_ll%;'_l' Main Central Thrust

Lower Grater Himalayan Sequence (Lower-GHS) (a: Ms stable; b: Ms-out)
Main Central Thrust (MCT)

Lesser Himalayan Sequence (LHS) (a: Lower-LHS; b: Upper-LHS) c"d
Main Boundary Thrust (MBT) l(}, out

I:l Siwalik Sequence

* Studied samples

Siwalik
Sequence

S

N Indian Plate "
_A_MBT ain Boundary Thrust
I\_/I?? Main Frontal Thrust
500 km »* Trace of cross-section 26
Basal MCTZ
Tethyan Sequence @ @ N
South Tibetan Detachment System (STDS) STDS Goscombe et al. (2018)
Upper Grater Himalayan Sequence (Upper-GHS) (a: Crd-absent; b: Crd stable) Tethyan Plkbar) |\ this work
——— High Himalayan Discontinuity (HHD) -12

Sequence

o
3 oAt
R T
Rt
CERERERERENE

S~o 1

Figure 1. (a) Geological sketch map of the Himalayan belt (modified after Yakymchuk and Godin, 2012), with its geographic location. Nepal
boundaries have been highlighted. (b) Not-to-scale NE-SW simplified geological cross section across the Himalayan belt highlighting the
internal subdivisions of the LHS and GHS, as well as the presence of index minerals indicating the inverse metamorphic gradient. (¢) P-T
paths for the basal MCTZ (modified from Goscombe et al., 2018), characterized by amphibolite-facies prograde metamorphism. The blue
arrow represents the thermobaric gradient used in this work for the calculation of P/T—-X phase diagrams.

The LHS is conventionally divided into two com-
plexes characterized by distinct lithological associations:
the Lower-LHS (Lower Nawakot Unit of Stocklin, 1980)
dominated by siliciclastic rocks and the Upper-LHS (Up-
per Nawakot Unit of Stocklin, 1980) consisting of both car-
bonatic and siliciclastic rocks. U-Pb dating of detrital zir-
cons constrains the depositional age of the Lower-LHS to
the Paleoproterozoic (Parrish and Hodges, 1996; DeCelles
et al., 2000; Martin et al., 2005, 2011; Sakai et al., 2013),
whereas a Mesoproterozoic age is proposed for the Upper-
LHS sequence (e.g. DeCelles et al., 2001; Martin et al., 2005,
2011). The Lower-LHS and the Upper-LHS sequences con-
tain laterally continuous granitic orthogneiss bodies (Ulleri
Fm.; Robinson et al., 2001; Upreti et al., 2003; Kohn et
al., 2010; Larson et al., 2019), whose protoliths have been
dated at 1800-1850 Ma (Robinson et al., 2001; Larson et al.,
2019). The LHS is characterized by a structurally upward in-
crease in the metamorphic grade (e.g. Le Fort, 1975; Stock-
lin, 1980; Pécher, 1989), which defines a typical Barrovian
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inverted metamorphic gradient (Fig. 1b). Comprehensive re-
views of the variations in peak P—T conditions registered by
the inverted metamorphic LHS sequence from the lower to
the upper structural levels, and along-strike from western to
eastern Nepal, are provided by Kohn (2014), Goscombe et
al. (2018) and Groppo et al. (2023). Peak metamorphic ages
decrease from ~ 10—13 Ma in the Upper-LHS to ~3-5Ma
in the Lower-LHS (Kohn, 2014, and references therein).
The two studied samples (19a-2a and 19a-4) have been
collected from the Upper-LHS in the Arun Valley, eastern
Nepal, where the LHS is exposed in the core of a large an-
tiformal tectonic window (Schelling, 1992; Lombardo et al.,
1993; Dhital, 2015). Both samples come from the eastern
limb of the antiform, less than 3 km apart from each other. An
overview of the peak P-T conditions and metamorphic evo-
lution experienced by the Upper-LHS lithologies in this area
is provided by Goscombe et al. (2006), Groppo et al. (2009)
and Rolfo et al. (2014). GPS coordinates for the two sam-
ples are 27°09'00.6” N, 87°17'27.4" E, 350 m a.s.1., for sam-
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ple 19a-2a and 27°08'32.7”N, 87°19'02.7"E, 470 ma.s.l.,
for sample 19a-4.

3 Methods
3.1 Petrography and mineral chemistry

Petrographic relations observed at the optical microscope
were supported by investigations using a scanning electron
microscope (SEM) JEOL JSM-IT300LV, equipped with an
energy-dispersive spectrometer (EDS) Energy 200 System
and an SSD X-Act3 detector (Oxford Inca Energy), hosted
at the Department of Earth Sciences, University of Turin,
Italy. High-resolution X-ray multispectral maps of the entire
thin sections were acquired and processed with the Micro-
analysis Suite Issue 12, AZTEC Suite version 4.01. Opera-
tive conditions used for mapping are 15kV accelerating volt-
age, 10 mm working distance, 1 us process time, 500 ms pixel
dwell time and 2.5 um point step. The raw data were pro-
cessed using the MultiSpec© software, classifying each pixel
as its corresponding phase using a training routine to convert
them into modal maps. Quantitative analyses of the rock-
forming minerals were acquired and processed with the Mi-
croanalysis Suite Issue 12, INCA Suite version 4.01. Opera-
tive conditions are 15kV accelerating voltage, 10 mm work-
ing distance, 1 us process time and 15s counting time. All
the analyses were recalculated using the NORM software
(Ulmer, 1986) and plotted using the IGPET software (Carr
and Gazel, 2017). Fe,O3 content was recalculated based on
stoichiometry and charge balance during NORM recalcula-
tion. Xmg of chloritoid, biotite, chlorite and staurolite is de-
fined as Mg / (Mg + Fe?T), while for garnet Xy, is defined
as Mg / (Mg + Fe?t+Ca+Mn), and Xc, and X, are de-
fined accordingly. Mineral abbreviations are from Whitney
and Evans (2010). A non-numerical progression for the def-
inition of the main foliation has been used (i.e. Sm—1, Sm),
where Sm is the main foliation and “—1” denotes an earlier
foliation with respect to Sm.

3.2 Thermodynamic modelling

Bulk rock compositions of the two samples were calcu-
lated by combining the estimated mineral modes with min-
eral chemistry and considering the molar volumes of each
phase. More specifically, molar volumes of each mineral
(data from Holland and Powell, 2011) were used to con-
vert the observed mineral modes (vol %) in mole percent
(mol %) of each phase. The measured mineral compositions
(mol % of each end-member) were then used to convert the
mol % of each phase into mol % of each oxide component
(all the details are provided in the Supplement Table S1).
Bulk rock Xy is defined as MgO / (MgO + FeO), whereas
bulk rock X (Fe;O3) is defined as Fe;O3 / (FeO + Fe;03).
All the isochemical phase diagrams were calculated in the
MnNKCFMASHTO (MnO-Na;O0-K;0-CaO-FeO-MgO-
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Alp03-S10,—H,0-TiO,-Fe;03) system using Perple_X
6.9.0 (Connolly, 1990, 2009). The internally consistent ther-
modynamic dataset of Holland and Powell (1998) (ds55) and
the equation of state for the binary HyO-CO; fluid of Holland
and Powell (1998) were used. The following solid solution
models were considered: biotite (White et al., 2007), chlo-
ritoid, garnet, staurolite (Holland and Powell, 1998), chlo-
rite (Holland et al., 1998), cordierite (Mg—Fe ideal model),
white mica (Coggon and Holland, 2002), feldspar (Fuhrman
and Lindsley, 1988), ilmenite (White et al., 2000, modified
as described by White et al., 2014) and epidote (Holland and
Powell, 1998). A pure aqueous fluid (aH,O = 1) was consid-
ered as excess phase, except where explicitly indicated (i.e.
P/T-aH;0 and P/T-M(H,0) phase diagrams).

The P/T-aH,O, P/T-X(Fey,O3) and P/T-M(H,0)
phase diagrams were calculated along a thermobaric gradi-
ent defined as P(bar) =17 T (K) — 5065, which fit with the
prograde P-T evolution of the Upper-LHS (Goscombe et
al., 2018; Tamang et al., 2023; Fig. 1c). For the P/T-aH,0
phase diagrams, the water activity was considered as a com-
positional parameter and lowered by adding CO; in the fluid
(i.e. increasing XCO, = CO, / (H20 + CO») values) and as-
suming an ideal @ = X relation. For this last computation, the
carbonate (i.e. Ca—-Mg-Mn-Fe carbonate: Massonne, 2010)
and dolomite—ankerite (Holland and Powell, 1998) solution
models were added. In the P/T-M(H;O) phase diagrams,
the extensive variable M (H;O) is the mol % of H;O in the
bulk composition, ranging in the interval 5.00-20.00 mol %.

In order to test the possible influence of different thermo-
dynamic databases on the stability of the chloritoid 4 biotite
assemblage, the same isochemical phase diagrams were also
calculated using the internally consistent thermodynamic
dataset of Holland and Powell (2011) (ds62) and the related
solid solution models (chlorite, white mica, biotite, chlo-
ritoid, garnet, staurolite, cordierite, ilmenite: White et al.,
2014; feldspar: Fuhrman and Lindsley, 1988; epidote: Hol-
land and Powell, 2011). The general topologies of the phase
diagrams calculated using the ds55 and ds62 databases are
similar, as well as the behaviour of the chloritoid-out (Cld-
out) and biotite-in (Bt-in) reactions; however, the results ob-
tained using the ds62 database are less satisfactory concern-
ing the modelling of accessory minerals (e.g. magnetite) and
the isopleth intersection. For this reason, the results obtained
using the ds55 database are reported here, whereas those ob-
tained using the ds62 database are provided in the Supple-
ment.

4 Petrography and mineral chemistry

The two studied samples (19a-2a and 19a-4) are mus-
covite + biotite + chloritoid + garnet + staurolite = chlorite
schists, characterized by the occurrence of the uncom-
mon assemblage chloritoid + biotite 4+ garnet (Figs. 2, 3).
Blastesis—deformation relationships inferred for the two
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samples are summarized in Fig. 4. The full dataset of
mineral chemical data for the main phases is reported in
the Supplement (Tables S2, S3). Compositional diagrams
for garnet and chloritoid are reported in Fig. 5, whereas
those for muscovite, biotite, chlorite, staurolite and ilmenite
are reported in the Supplement (Figs. S1, S2). Figure S2
also includes the compositional profiles measured on garnet
porphyroblasts.

4.1 Sample 19a-2a

In sample 19a-2a, the main foliation (Sm) is defined by mus-
covite and biotite (Fig. 2a). The modal composition is mus-
covite (44.5 %), quartz (35.5 %), biotite (13 %), staurolite
(2.5 %), chloritoid (2 %), chlorite (2 %) and garnet (0.5 %),
with ilmenite as the main accessory mineral and few crys-
tals of allanitic epidote, tourmaline, apatite and relict ru-
tile (< 0.5 % in total). Garnet, chloritoid and staurolite oc-
cur as porphyroblasts from equal to more than 1 mm in size
(Fig. 2a). Chloritoid porphyroblasts are partially wrapped
around by the main schistosity (Cld1) and sometimes in-
clude an Sm—1 foliation defined by quartz, muscovite, bi-
otite and ilmenite (Fig. 2b). Most chloritoid is, however,
aligned with the Sm (Cld2), showing an internal foliation
defined by quartz, muscovite, biotite, ilmenite and epidote,
which is continuous with the external Sm (Fig. 2b). These re-
lations suggest that chloritoid grew during the development
of both the Sm—1 (Cld1) and the Sm (Cld2) (Figs. 2b, 4).
Garnet porphyroblasts show the same relations with Sm—1
and Sm foliations as chloritoid (Fig. 2c¢). Therefore, the
whole chloritoid + biotite + garnet assemblage is interpreted
as syn-kinematic with respect to both Sm—1 and Sm (Fig. 4).
Rutile relicts have been rarely recognized in the core of the
ilmenite inclusions within chloritoid. Chlorite is a late phase
and is texturally associated with staurolite, both growing stat-
ically on the Sm and replacing chloritoid, biotite and garnet
(Fig. 2b, c). Rare flakes of muscovite post-kinematic with re-
spect to the Sm are also recognized.

Muscovite and biotite are homogeneous in composition
(Fig. S1), independently from their microstructural position;
muscovite has Si=3.05-3.10a.p.f.u. (atoms per formula
unit) and Al= 2.75-2.83a.p.f.u.; and biotite has Xy =
0.37-0.50, A1=0.60-0.79 a.p.f.u. and is classified as sidero-
phyllite. Chloritoid is unzoned, with Xy in the range 0.14—
0.16 (Fig. 5). Garnet is very slightly zoned (Figs. 5, S2):
its X, increases from the core (Xpg = 0.081-0.085) to
the mantle (Xmg = 0.084-0.092) and then decreases to-
ward the rim (Xng = 0.073-0.081); Xc, continuously de-
creases from the core (Xc, = 0.052-0.060) through the man-
tle (Xca = 0.050-0.053) to the rim (Xc, = 0.046-0.048);
Xwmn decreases from the core (Xp = 0.031-0.035) to the
mantle (Xyp = 0.024-0.027) and then increases toward the
rim (Xmn = 0.030-0.035). Staurolite has Xy =0.11-0.14
and its Ti content ranges between 0.00 and 0.06 a.p.f.u. Chlo-
rite is classified as ripidolite and has Xy = 0.40-0.41.
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4.2 Sample 19a-4

In sample 19a-4 the main foliation (Sm) is defined by
muscovite and biotite (Fig. 3a). The modal composition is
muscovite (50 %), quartz (30 %), biotite (10 %), chloritoid
(4.5 %), garnet (3 %), staurolite (2 %) and minor chlorite
(0.5 %), with ilmenite, tourmaline and apatite as the main
accessory minerals and minor allanitic epidote (< 0.5 % in
total). Garnet and chloritoid occur as porphyroblasts from
pluri-millimetre to millimetre in size, while staurolite por-
phyroblasts are sub-millimetre in size (Fig. 3a). Chloritoid
shows a multi-stadial growth. The first generation of chlori-
toid (Cld1) is wrapped by the main schistosity and includes
quartz, biotite, tourmaline and ilmenite, defining an Sm—1
discordant with respect to the Sm (Fig. 3b). Rare porphy-
roblasts (Cld2) grew along the Sm (Fig. 3b), and a more
abundant chloritoid generation (Cld3) statically overgrows
the main foliation, either in continuity with the first gener-
ation (Fig. 3b) or as new grains (Fig. 3a). Thus, the growth
of chloritoid is interpreted as syn-kinematic with respect to
both Sm—1 and Sm foliations, and also as post-kinematic
with respect to Sm (Fig. 4). A multi-stadial growth also char-
acterizes garnet porphyroblasts (Fig. 3c): the core includes
an internal foliation defined by quartz and ilmenite discor-
dant with respect to the Sm, while the rim statically over-
grows the Sm and is, therefore, post-kinematic and coeval
with the third generation of chloritoid (Cld3) and with stau-
rolite (Fig. 3a). The static garnet rims also include chloritoid,
either previous or contemporaneous to its growth (Fig. 3a).
Chlorite is a late phase and is texturally associated with stau-
rolite, Cl1d3 and garnet rims, all growing statically on the Sm.
Therefore, the chloritoid + biotite 4 garnet assemblage was
stable during the development of both Sm—1 (Cld1 + Grt
core + Bt) and Sm (Cld2 + Grt mantle + Bt), whereas garnet
rims, Cld2, staurolite and chlorite did not grow together with
biotite.

Muscovite has an homogeneous composition with
Si=3.05-3.10 and Al =2.72-2.85 a.p.f.u., save for the post-
kinematic flakes, which have Si=3.00 and Al=2.40 a.p.f.u.
(Fig. S1). Biotite has Xpng=0.30-0.41 and Al=0.46-
0.58 a.p.f.u. (Fig. S1) and can be classified as siderophyl-
lite and annite. The three generations of chloritoid do not
differ significantly in composition (Fig. 5); they all have
Xmg = 0.11-0.15. Garnet is slightly zoned (Fig. 5): its Xy
increases from core (Xpmg = 0.061-0.069) to rim (Xmg =
0.066-0.076); Xc, and Xwy, decrease from core (X, =
0.037-0.060; Xmm = 0.029-0.059) to rim (Xca =0.013-
0.025; Xwym = 0.021-0.034). Staurolite has Xy = 0.09-
0.13 and Ti = 0.00-0.06 a.p.f.u. Chlorite is classified as ripi-
dolite and has Xz mostly in the range 0.36-0.37.
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200 um

Figure 2. (a) Processed high-resolution multispectral map of sample 19a-2a. (b) Chloritoid porphyroblast preserving an internal Sm—1
foliation in the core (Cld1) and an internal Sm foliation parallel to the external one (Cld2), supporting its multistadial growth. Chlorite grows
statically on the Sm, replacing both chloritoid and biotite (back-scattered electron image, BSE, and redrawn sketch of the microphotograph).
(¢) Garnet porphyroblast showing an internal foliation parallel to the external Sm, while preserving an inclusion trail discordant with the Sm
interpreted as Sm—1 (BSE image and redrawn sketch of the microphotograph). The grey matrix in the redrawn sketches in (b) and (¢) mostly

consists of muscovite.

5 Results of thermodynamic modelling

The forward thermodynamic modelling approach has been
applied to both samples using the bulk compositions reported
in Table 1. Sample 19a-4 is richer in Fe than sample 19a-
2a, with Xpe =0.26, X(Fey03) =0.08 and Xy = 0.38,
X (Fe;03) = 0.07, respectively.

5.1 Influence of pressure and temperature on the
stability of chloritoid + biotite assemblage

The P-T isochemical phase diagrams calculated with ex-
cess fluid as pure H>O for samples 19a-2a and 19a-4 show
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very similar topologies, dominated by four- and five-variant
fields, with minor two-, three- and six-variant fields (Fig. 6a,
b). The same phase diagram and relative compositional iso-
pleths calculated with ds62 for sample 19a-2a are reported
in the Supplement (Fig. S3a, b). The chloritoid-out and
biotite-in boundaries have a steep dP /dT slope, with bi-
otite mostly appearing at higher 7 with respect to chlori-
toid disappearance. The modelled compositional isopleths
of garnet (Xmg, Xca, Xmn) corresponding to its measured
composition (Fig. 6¢, d) constrain its growth at 7 = 550—
570°C in both samples, whereas chloritoid isopleths (Xmg)
indicate slightly lower temperatures. At these conditions,
garnet and chloritoid are predicted to occur in equilibrium
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Figure 3. (a) Processed high-resolution multispectral map of sample 19a-4. (b) Chloritoid porphyroblasts growing from pre-kinematic (Cld1)
to syn-kinematic (Cld2) and post-kinematic (Cld3) with respect to the Sm. The pre-kinematic generation wrapped by the Sm (CId1) includes
the Sm—1, the syn-kinematic generation (Cld2) grows along the main foliation Sm and the post-kinematic generation (Cld3) statically
overgrows the Sm. The pre- and syn-kinematic generations are coeval with biotite (BSE image and redrawn sketch of the microphotograph).
(¢) Garnet porphyroblast showing a pre-kinematic core including the Sm—1 discordant with respect to the Sm, and a post-kinematic rim
growing statically on the Sm (BSE image and redrawn sketch of the microphotograph). The grey matrix in the redrawn sketches in panels (b)

and (c¢) mainly consists of muscovite.

with chlorite but not with biotite. A narrow (i.e. extend-
ing over a T interval smaller than 20°C) tri-variant chlo-
ritoid + biotite 4 garnet-bearing field is apparently modelled
for sample 19a-4 (Fig. 6b) only at P <8 kbar; however, nar-
row fields in phase diagrams are generally not robust, which
makes this prediction quite uncertain. Moreover, P <8 kbar
is lower than that inferred for the prograde evolution of
the Upper-LHS (e.g. Goscombe et al., 2018; Tamang et al.,
2023), thus implying that the calculated P—T isochemical
phase diagrams fail in predicting the coexistence of chlori-
toid + biotite + garnet for both of the samples.

https://doi.org/10.5194/ejm-35-305-2023

5.2 Influence of fluid composition and oxidation state
on the stability of chloritoid + biotite assemblage

To test whether the fluid composition can influence the sta-
bility of the considered assemblage, P/T—-aH>O phase di-
agrams have been calculated along a thermobaric gradient
consistent with the prograde evolution of the Upper-LHS.
The obtained phase diagrams (Figs. 7a, S4a) show that, with
decreasing aH>O due to the presence of COy, i.e. with in-
creasing XCO» in the fluid, chloritoid and biotite are stable
at slightly lower temperatures. However, the chloritoid-out
and the biotite-in boundaries do not intersect, and at aH,O
~0.80-0.85 they further diverge, making their coexistence
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Figure 4. Blastesis—deformation relationships for the two studied
samples. Biotite, chloritoid and garnet have been highlighted with
brown, light blue and red lines, respectively, to emphasize their in-
ferred equilibrium relations. A refers to a static episode of blastesis,
opposite to the two episodes of blastesis related to the development
of Sm and Sm—1.

even less probable. The P/T-aH;0 phase diagram calcu-
lated with ds62 for sample 19a-2a is reported in the Supple-
ment (Fig. S3c).

P/T-X(Fe,03) phase diagrams have been calculated
along the same thermobaric gradient to check the influ-
ence of the oxidation state of the system on the stability
of the chloritoid + biotite assemblage. The obtained results
(Figs. 7b, S4b) show that, with increasing X (Fe;0O3), which
indirectly increases the bulk rock Xy, the chloritoid-out
and the biotite-in curves tend to diverge slightly. Therefore,
they never intersect in the investigated P—-T—-X field of inter-
est. The P/T—X (Fe;03) phase diagram calculated with ds62
for sample 19a-2a is reported in the Supplement (Fig. S3d).
These results demonstrate that both the presence of a CO»-
bearing fluid and the oxidation state of the system play a neg-
ligible role in controlling the stability of the observed assem-
blage.

5.3 Influence of H>O content on the stability of the
chloritoid + biotite assemblage

P/T-M(H,0) phase diagrams have been calculated to in-
vestigate the influence of different degrees of H,O satu-
ration, i.e. of the available H,O content within the rock,
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Table 1. Bulk compositions of the modelled samples.

Sample 19a-2a 19a-4

wt%  mol % wt%  mol %
SiO, 62.92 71.42 59.40 68.72
TiOy 0.67 0.57 0.74 0.65
Al,O3 22.58 15.10 24.87 16.95
MgO 1.82 3.08 1.25 2.16
FeO 5.26 4.99 6.25 6.05
Fe,0O3 0.81 0.35 1.18 0.51
MnO 0.02 0.02 0.07 0.06
CaO 0.03 0.03 0.06 0.07
Na,O 0.47 0.52 0.68 0.76
KO0 5.42 3.92 5.50 4.06
Total 100.00  100.00 | 100.00 100.00
XMg 0.38 0.26
X (Fey03) 0.07 0.08

on the stability of the studied assemblage. The HyO con-
tent in the bulk compositions was fixed in the inter-
val M (H,0) = 5.00 mol %-20.00 mol %, which allows mod-
elling of both HyO-undersaturated and H,O-saturated con-
ditions in the P-T range of interest. The same phase di-
agram and relative compositional isopleth calculated with
ds62 for sample 19a-2a are reported in the Supplement
(Fig. S3e, f). The shape of the H,O saturation bound-
ary is similar in both calculated phase diagrams (Figs. 8,
S5); the amount of HyO necessary to saturate the system
decreases at increasing P—T conditions, from ~ 16 mol %
at 400°C to ~9mol % at 700°C, consistent with dehy-
dration during prograde metamorphism. The chloritoid-out
and the biotite-in curves behave differently in the H,O-
saturated and HpO-undersaturated fields (Fig. 8a): (i) at H,O-
saturated conditions, chloritoid is predicted to disappear at
lower temperatures than the appearance of biotite, consis-
tently with the results of the P-T isochemical phase dia-
grams calculated with H,O in excess (Fig. 6); (ii) at HyO-
undersaturated conditions, i.e. with H,O content not suffi-
cient to form a free-fluid phase, the chloritoid-out and the
biotite-in boundaries intersect, so that numerous fields con-
taining both chloritoid and biotite are predicted to occur in
the P-T range of interest. These fields are constrained in the
interval M (H;0O) = 8.5 mol %—14.5 mol % for sample 19a-2a
(Fig. S5a) and M(H,0) = 10.5 mol %—-15.5mol % for sam-
ple 19a-4 (Fig. 8a), at T <560-570°C.

Compositional isopleths have been calculated for the main
phases to further constrain P/T—M (H,O) conditions of their
growth (Fig. 8b). Garnet, chloritoid and biotite isopleths
corresponding to their measured compositions systemati-
cally converge at HyO-undersaturated conditions. For sam-
ple 19a-2a (Fig. S5b), these isopleths converge in the bi-
otite + chlorite + chloritoid + garnet + ilmenite field assem-
blage, modelled at M(H,0)=13.0-14.5mol% and T =

https://doi.org/10.5194/ejm-35-305-2023
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Figure 5. Chemical compositions of chloritoid and garnet from both samples plotted in the Fez'*—Mg—Fe3+ and Alm—Prp—(Grs + Sps + And)
diagrams, respectively. The black arrows represent the garnet slight zoning from core to rim.

500-550°C. For sample 19a-4 (Fig. 8b), the same isopleths
intersect in the same field, tightly constraining M(H,O) at
14.5-15.0mol %, and T = 520-540°C.

6 Discussion
6.1 The equilibrium perspective

The detailed petrographic and microstructural analysis per-
formed on the studied samples from the Upper-LHS high-
lights the coexistence of chloritoid, biotite and garnet dur-
ing the development of both the Sm—1 and the Sm. In the
framework of the equilibrium paradigm, the thermodynamic
modelling approach, based on the principles of equilibrium
thermodynamics, was used to investigate the role played by
intensive and extensive parameters in controlling the stabil-
ity of the chloritoid + biotite assemblage. The modelled P-T
isochemical phase diagrams calculated assuming that a pure
H,O fluid was present in excess predict biotite stability at
higher temperatures than the chloritoid breakdown. The only
exception is for sample 19a-4 at P <8 kbar, which is, how-
ever, possibly not meaningful and, in any case, not consis-
tent with (i.e. lower than) the P conditions inferred for the
prograde evolution of the Upper-LHS (e.g. Goscombe et al.,
2018; Tamang et al., 2023). Thus, the modelled phase dia-
gram topologies and the slope (dP / dT') of the chloritoid-out
and biotite-in curves predict the possible coexistence of chlo-
ritoid + biotite in low-pressure regional Barrovian or contact
metamorphic settings (e.g. Wang and Spear, 1991; Droop
and Harte, 1995; Saki et al., 2021) but fail in explaining the
occurrence of this assemblage at higher-pressure conditions.
The possible influence of bulk rock (i.e. oxidation state) and
fluid (XCO,) compositional parameters on the stability of the
chloritoid + biotite assemblage was tested through the calcu-
lation of P/T-aH;0 and P/T-XFe;O3 phase diagrams (see
also Forshaw and Pattison, 2021, for a discussion on the role
of Fe3T in metapelites). The obtained results show that nei-
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ther the presence of CO» in the fluid nor a more oxidated state
of the system favours the stability of this mineral assemblage,
predicting instead the divergence of the chloritoid-out and
biotite-in curves. These results question the initial assump-
tion of excess fluid conditions and suggest the need to inves-
tigate the role of H,O content (i.e. the degree of H>O satu-
ration, M(H>0O) in mol %) in favouring the coexistence of
chloritoid + biotite in medium-pressure amphibolite-facies
metapelites. The modelled P/T-M(H>0) pseudosections
show that H,O-undersaturated conditions, i.e. a HyO con-
tent in the system not sufficient to form a free-fluid phase,
enhance the biotite stability toward lower temperatures, al-
lowing the prediction of chloritoid + biotite + garnet stabil-
ity fields along the prograde Upper-LHS thermobaric gradi-
ent. Additional constraints are given by the compositional
isopleths modelled for the three phases, which systemat-
ically converge at slightly HpO-undersaturated conditions
(Fig. 8b).

So far, the influence of the degree of H,O content on the
stability of specific mineral assemblages has been mostly
investigated for ortho-derived, mafic or polymetamorphic
rocks (e.g. Guiraud et al., 2001; Powell et al., 2005; Banerjee
et al., 2019; Ceccato et al., 2020, 2021; Tursi et al., 2021).
Low- to medium-grade metapelites have been, instead, gen-
erally treated as dominated by H,O-saturated conditions, be-
cause aqueous fluids are generally produced through pro-
grade dehydration reactions (Thompson, 1983). However,
the pioneering works of Fyfe et al. (1978) and Thomp-
son (1983) first suggested the possibility that fluid may not
saturate the grain boundaries even at middle crustal con-
ditions. Once a specific threshold is reached, the H,O re-
leased by prograde dehydration reactions may escape from
the system, preventing the persistence of a free-fluid phase
saturating the grain boundaries (i.e. fluid-absent metamor-
phism as opposed to fluid-present metamorphism charac-
terized by grain boundary saturation; Thompson, 1983).
Thompson (1983) also argued that if the volatile release rate
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Figure 6. P-T isochemical phase diagrams modelled for (a) sample 19a-2a and (b) sample 19a-4, using the bulk compositions reported in
Table 1. The chloritoid-out and the biotite-in reaction curves are highlighted in light blue and brown, respectively. The dashed white line
indicates the thermobaric gradient used in the following phase diagrams. Compositional isopleths for chloritoid and garnet have been plotted

for (¢) sample 19a-2a and (d) sample 19a-4.

is slow, the fluid components may escape by diffusion, thus
not saturating the grain boundaries (Walther and Orville,
1982). On the contrary, if the volatile release rate is fast, fluid
saturation may occur, but because of the reaction-enhanced
permeability (Fyfe et al., 1978; Ceccato et al., 2021), the
fluid phase can easily escape from the system. The actual
rate of volatile production may proceed unevenly (Pattison
and Tinkham, 2009; Pattison et al., 2011), causing a possible
alternation of fluid-present and fluid-absent metamorphism
(Thompson, 1983). This could be the case for the studied
metapelites, because it is unlikely that HoO-undersaturated
conditions were attained during the whole prograde meta-
morphic evolution. It is worth noting that the studied sam-
ples have been collected from the Upper-LHS, i.e. from the
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lower part of the Main Central Thrust Zone, an orogen-scale,
high-strain shear zone that can be followed along the en-
tire length of the Himalayan belt. The development of duc-
tile shear zones may be enhanced by the presence of fluids
but may also redistribute fluids, allowing the attainment of
transient HyO-saturated and H,O-undersaturated conditions
thanks to deformation-driven fluid channelling (e.g. Thomp-

son, 1983; Connolly, 1997; Getsinger et al., 2013; Tursi et
al., 2021; Tursi, 2022).

6.2 The kinetics perspective

The presence or absence of a free-fluid phase in a metamor-
phic system has important implications for the reaction kinet-
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Figure 7. (a) P/T-aH50 and (b) P/T-X(Fe,03) phase diagrams modelled for sample 19a-4, along the thermobaric gradient reported in
Fig. 1c. The chloritoid-out and the biotite-in reaction curves are highlighted in light blue and brown, respectively. The black arrows indicate
the aH7O and X (Fe;O3) conditions at which the P-T isochemical phase diagrams have been calculated. See Fig. S4 for the same phase

diagrams calculated for sample 19a-2a.

ics (Ridley and Thompson, 1986; Rubie, 1986, 1998; Waters
and Lovegrove, 2002; Pattison and Tinkham, 2009), because
the presence of fluid lowers the kinetic barriers to nucleation
and growth and therefore the degree of thermal overstep-
ping of mineral reactions. The extent of thermal overstep-
ping for a specific reaction is related to the reaction affinity
A (i.e. the Gibbs free-energy difference between the thermo-
dynamically stable, but not-yet-crystallized, products and the
metastable reactants; Pattison and Tinkham, 2009), accord-
ing to the relation A = AT - AS (Pattison et al., 2011; Spear
and Pattison, 2017), where AT is the overstep in tempera-
ture and AS is the entropy difference between the products
and the reactants. Mineral reactions that release significant
quantities of HyO have a higher reaction affinity than those
that release small amounts of HoO (Pattison and Tinkham,
2009; Pattison et al., 2011). Consequently, a larger thermal
overstepping is expected for reactions which release little or
no H,O, compared to those that produce large H,O amounts.

To test the possible role of kinetics for the coexistence
of chloritoid + biotite, we have calculated the reaction affin-
ity for the two reactions relevant to the discussion: (i) the
chloritoid-consuming reaction (i.e. Cld-out and St-in) and
(ii) the biotite-producing reaction (i.e. Chl-out and Bt-in),
following the approach of Waters and Lovegrove (2002).
This approach estimates the reaction affinity using simplified
end-member reaction entropies, normalized per mole of oxy-
gen in the product phase. The Cld-out and Bt-in reactions
have been stoichiometrically balanced using a least-square
method (freeware application available on demand; Godard,
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2009) as follows:

Cld-out: 10.3Cld + 1.5Qz

= 1.0St + 1.3Chl + 3.2H,0, (R1)
Bt-in: 3.9Chl + 5.1 Ms
= 1.0St + 5.1Bt + 3.6Qz + 13.5H,0. (R2)

Thus, the chloritoid-consuming and the biotite-forming re-
actions both produce staurolite as the main product porphy-
roblast. The entropy changes (A S) of the reactions have been
calculated at 9.4 kbar and 575 °C using the thermodynamic
data of Holland and Powell (1998) and averaging the val-
ues for the Fe and Mg end-member reactions. Reaction affin-
ity vs. temperature for the two reactions at 9.4 kbar is illus-
trated in Fig. 9. Assuming A =4001J per mole of oxygen in
product porphyroblasts as the energy barrier to nucleation
and growth for staurolite (Waters and Lovegrove, 2002), we
identify a larger degree of overstepping for the chloritoid-
consuming, staurolite-forming Reaction (1) (AT ~70°C)
than for the chlorite-consuming, biotite-forming Reaction (2)
(AT ~30°C) (Fig. 9). The larger thermal overstepping for
Reaction (1) is explained by the low amount of released H,O
when compared to Reaction (2). This would result in the ap-
pearance of biotite at temperatures about 40 °C lower than
the breakdown of chloritoid, allowing the formation of the
chloritoid + biotite (4 garnet) assemblage at ~615°C (i.e.
at temperatures slightly higher than those predicted by the
thermodynamic modelling approach).
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chloritoid-consuming and the biotite-forming reactions, calculated
per mole of oxygen in the product porphyroblasts (staurolite).

7 Conclusions

In this paper, our detailed microstructural, petrographic and
forward modelling study on two metapelites characterized by
the uncommon chloritoid + biotite + garnet assemblage sup-
ports the following conclusions.

1. Most of the intensive (P, T') and extensive (fluid com-
position, oxidation state of the system) tested parame-
ters have little to no influence on the formation of the
chloritoid + biotite 4 garnet assemblage.

2. Slightly HyO-undersaturated conditions favour the co-
existence of chloritoid 4 biotite (+ garnet), mainly in-
fluencing the position of the biotite-in reaction and
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its overall stability. This suggests the possibility that
the studied metapelites can have attained transient
H;O-saturated and HpO-undersaturated conditions dur-
ing prograde metamorphism, possibly induced by
deformation-driven fluid channelling during ductile
shearing within the MCTZ.

3. Kinetic factors can also control the coexistence of chlo-
ritoid + biotite. The chloritoid-consuming reaction has
a lower reaction affinity and therefore a larger thermal
overstepping and a sluggish consumption of chloritoid
porphyroblasts compared to the biotite-producing reac-
tion.

4. Both equilibrium- and kinetics-related factors likely
play a role in controlling the stability of the chlo-
ritoid + biotite (4 garnet) assemblage, being the effi-
ciency of reaction kinetics intrinsically linked to the de-
gree of fluid availability.

Data availability. The authors declare that all data supporting the
findings of this study are available within the article and the Sup-
plement. The thermodynamic database and solution models used
for thermodynamic modelling are available on the Perple_X web-
site (https://www.perplex.ethz.ch/, Connolly, 1990, 2009).

https://doi.org/10.5194/ejm-35-305-2023


https://www.perplex.ethz.ch/

S. Nerone et al.: Interplay between equilibrium and kinetics

Supplement. The Supplement includes the following tables and fig-
ures.

— Table S1: Excel spreadsheets reporting the conversion from
mineral modes (vol %) to mole percent (mol %) of each phase
and ultimately to mol % of each oxide component.

— Table S2: Excel spreadsheets reporting the whole dataset of
compositional data acquired for the main phases of sam-
ple 19a-2a.

— Table S3: Excel spreadsheets reporting the whole dataset of
compositional data acquired for the main phases of sample
19a-4.

— Figure S1: compositional diagrams for white mica, biotite and
chlorite.

— Figure S2: garnet compositional profiles and compositional di-
agrams for staurolite and ilmenite.

— Figure S3: phase diagrams calculated with the ds62 database
for sample 19a-2a. (a) P—T isochemical phase diagram and (b)
relative compositional isopleths; (¢c) P/T—-aHO and (d) P/T—-
X (Fe>O3) phase diagrams; (e) P/T-M(H,O) phase diagram
and (f) relative compositional isopleths.

— Figure S4: (a) P/T-aH;0 and (b) P/T-X(Fe,03) phase dia-
grams modelled for sample 19a-2a.

— Figure S5: P/T-M(H;O) phase diagram modelled for sample
19a-2a.

The supplement related to this article is available online
at: https://doi.org/10.5194/ejm-35-305-2023-supplement.
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