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Abstract

Subduction fluids play a crucial role in regulating long-term chemical cycles. Their characterisation is essential to under-
stand the processes responsible for metasomatism, oxidation and melting of the mantle wedge. Both direct (fluid inclusion
studies) and indirect (thermodynamic modelling) approaches to study subduction fluids have reliability issues due to the com-
plexity of the investigated processes. Post-entrapment processes (e.g., solvent loss by diffusion or decrepitation and/or chem-
ical reactions between host mineral and trapped fluid) are likely to modify the chemical fingerprint of ultra-high pressure
(UHP) fluid inclusions, while thermodynamic modelling of solute-bearing fluids at UHP conditions is still at the beginning
of its application. In this work, we apply and compare data obtained by both approaches for fluid inclusions trapped within
UHP clinopyroxene from a chemically simple Ol-Cpx-Dol-Cal marble (Brossasco-Isasca Unit, Dora-Maira Massif, Western
Italian Alps). Classical molecular-fluid thermodynamics is adequate to qualitatively describe the post-entrapment reactions
between fluid inclusions and host clinopyroxene. However, an electrolytic fluid model is necessary to describe the chemical
composition of the solute-bearing aqueous fluids at the peak metamorphic condition (H,O: 96.30 mol%/88.49 wt%; solutes:
3.61 mol%/11.34 wt%/2.08 mol/kg; other volatiles: 0.09 mol%/0.17 wt%) generated by progressive rock dissolution. Compar-
ison of the model fluid composition with that inferred from the analysis of fluid inclusions clarifies the types and the extent of
post-trapping chemical modification of the UHP fluid inclusions. Our data reveal that the fluid-host reactions carry up to
42 mol% of host clinopyroxene component in the fluid inclusion bulk composition, whereas the fluid inclusion decrepitation
and the water diffusion in the host clinopyroxene (through dislocations and/or micro-fractures) cause an H,O loss ranging
from 18 mol% to 99 mol%. Applying these approaches, we demonstrate that the most relevant post-entrapment process is
H,O loss. We also demonstrate that some fluid inclusions did not experience post-entrapment fluid-host modification and,
thus, preserve the original fluid geochemistry.
© 2021 Elsevier Ltd. All rights reserved.
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at convergent margins and responsible for long-term chem-
ical cycles (i.e., H, C, S and N Cycles: Kelemen and
Manning, 2015; Karlsen et al., 2019; Plank and Manning,
2019; Mysen, 2019; Manning and Frezzotti, 2020; Li
et al., 2020a,b). Subduction-derived fluids are responsible
for metasomatism, oxidation and melting of the overlying
mantle wedge (e.g., Manning, 2004; Bebout, 2013;
Tumiati and Malaspina, 2019) and, ultimately, for magma-
tism at convergent margins (e.g., Peccerillo and Frezzotti,
2015). Natural, theoretical, and experimental investigations
indicate that metamorphic fluids are often composed pre-
dominantly of C-O-H-N-S molecular volatiles. Subordinate
to high amounts of organic acids and hydrocarbons
(Brovarone et al., 2017, Huang et al., 2017; Li, 2017;
Frezzotti 2019) and non-volatile elements (e.g., Si, Al, Ca,
Mg, Fe, K, Na, Cl), dissolved as molecular and ionic spe-
cies bounded to S-CI-Si-C ligands (i.e., SOz, HCOj, CO3;
HSiO3, CI'; Philippot and Selverstone, 1991; Philippot
et al. 1995; Frezzotti et al., 2011; Sanchez-Valle, 2013;
Frezzotti and Ferrando, 2015) are also observed in natural
and experimental fluids and predicted by recent thermody-
namic models (Huang and Sverjensky, 2019; Guild and
Shock, 2020).

Direct information on deep fluids can only be derived
from fluid inclusions (FIs) trapped during the growth of
high pressure and ultra-high pressure (HP-UHP) minerals
(Philippot et al. 1995; Stockhert et al., 2001; Zhang et al.,
2008; Frezzotti et al., 2011; Frezzotti and Ferrando, 2015;
Vitale Brovarone et al., 2017; Kawamoto et al., 2018;
Frezzotti, 2019; Bodnar and Frezzotti, 2020). Ideally, FIs
trapped during deep subduction should reach ambient
P-T conditions following an isochoric decompression with-
out any post-trapping modifications (Roedder, 1984;
Touret, 2001; Supplementary Fig. 1). Actually, each FI usu-
ally experiences an early near-isothermal decompression
followed by an isochoric decompression (Touret, 2001;
Supplementary Fig. 1). Concerning the ideal isochoric
decompression, this complex path promotes modifications
on density (whose study is out of the scope of this work)
and on the chemistry of the HP-UHP FI. Chemical modi-
fication can be cryptic (i.e., solvent loss by diffusion; not
visible under the microscope) or non-cryptic (i.e., fluid-
host reaction and solvent loss along micro fractures; visible
under the microscope). Being H,O the dominant solvent
component at sub-solidus conditions, diffusion of HT,
OH", H,, or H,O out of the FI through the host-mineral
lattice or along dislocations is a common process (e.g.,
Bakker and Jansen, 1990,1991; Hall and Sterner, 1993;
Mavrogenes and Bodnar, 1994; Viti and Frezzotti, 2000;
Bakker, 2009; Frezzotti et al. 2012a). The subsequent chem-
ical modification of the trapped fluid implies its relative
enrichment in the residual elements without changing their
relative proportions (e.g., the dehydration trend of
Frezzotti et al., 2012a). Non-cryptic modifications are
caused by decrepitation or reaction between the trapped
HP-UHP fluid and the host mineral. Decrepitation can
occur during exhumation if the FI internal pressure
becomes higher than the external confining pressure. This
process will cause a partial loss of fluid from the FI. In
minerals able to chemically interact with the trapped fluid

(e.g., clinopyroxene, garnet, olivine, orthopyroxene;
Andersen et al., 1984; Heinrich and Gottschalk, 1995;
Frezzotti et al., 2012a; Frezzotti and Ferrando, 2015;
Carvalho et al., 2020), “step-daughter minerals” (Svensen
et al., 1999) could be produced by fluid-host reactions,
and they must be distinguished from proper “daughter min-
erals” (i.e., precipitated from the trapped fluid).

An indirect approach to the study of metamorphic fluids
is thermodynamic modelling. At HP-UHP conditions, the
transfer of rock-forming elements from the rock matrix to
the fluid mainly occurs via mineral dissolution (e.g.,
Ferrando et al., 2017, 2019), and this process cannot be
modelled with classical molecular fluid models. Currently,
the Helgeson-Kirkham-Flowers EOS for aqueous species
as adapted in the Deep Earth Water model (DEW-HKF;
Helgeson and Kirkham, 1974a, 1974b, 1976, 1981;
Sverjensky et al., 2014; Connolly and Galvez, 2018) is the
only fluid model capable of accounting for non-volatile
solutes in fluids released during deep subduction. In this
model, the activities of non-volatile elements, dissolved as
molecular and ionic species, are computed relative to the
solute standard state. In contrast, the properties of molecu-
lar volatiles (i.e., CO,, CHy, H,S, etc.) may be computed
relative to either the solvent or solute standard state
(Connolly and Galvez, 2018).

Carbonate lithologies are rarely considered to release
fluids at HP-UHP conditions because of the lack of relevant
decarbonation reactions during subduction. Nevertheless,
the carbonate dissolution by aqueous fluids is an alternative
and less explored mechanism for carbon mobilisation in
subduction fluids (e.g., Frezzotti et al., 2011; Ague and
Nicolescu, 2014; Kelemen and Manning, 2015; Ferrando
et al., 2017; Menzel et al., 2020; Farsang et al., 2021). The
role of both carbonatic and carbonated sediments must
be considered because, although they roughly represent
~10% of the thickness of the average subducted oceanic
lithosphere at the trench, they constitute up to ~ 68% of
the annual influx of C in subduction zones (Kelemen and
Manning, 2015; Clift, 2017; Plank and Manning, 2019;
Bekaert et al., 2020).

In the present work, we studied the FIs occurring in
UHP clinopyroxene (diopside) porphyroblasts from a
chemically simple impure marble (calcite, dolomite,
clinopyroxene, olivine) from Costa Monforte, in the UHP
Brossasco-Isasca Unit of the southern Dora-Maira Massif
(Western Italian Alps). This marble experienced multiple
carbonate dissolution-precipitation events during active
subduction (Ferrando et al., 2017). Because the host
clinopyroxene is a mineral that facilitates post-entrapment
modifications (i.e., fluid-host reactions and H,O loss by dif-
fusion and decrepitation), a thermodynamic evaluation
(through molecular-fluid thermodynamics) of possible
post-entrapment reactions has been performed. Moreover,
electrolytic-fluid thermodynamics has been applied to
model the composition of the UHP fluid in equilibrium
with the mineral assemblages at peak metamorphic condi-
tions. Comparing the fluid compositions reconstructed
from FIs and those modelled through electrolytic-fluid ther-
modynamics allowed: (i) to recognise the extent of the post-
entrapment modifications experienced by the studied FI,
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and (i) to identify the types of the occurred post-
entrapment chemical re-equilibrations. These results high-
light the reliability of both the direct and indirect
approaches to the chemical characterisation of the fluids
released during deep subduction of both oceanic and conti-
nental crust.

2. METHODS
2.1. Cathodoluminescence

Cold cathodoluminescence observations at 2.5x, 4x and
10x magnifications were performed at the Department of
Earth Sciences (University of Turin, Italy) with a micro-
scope equipped with a CITL 8200 mk3 system. Operating
conditions were 13-15 kV and 400 mA. Cathodolumines-
cence observations are essential for observing clinopyrox-
ene zoning due to the very poor chemical zoning barely
visible with BSE imaging (for further details, see
Ferrando et al., 2017).

2.2. Microthermometry

Fluid inclusion microthermometry was carried out with
a Linkam THMS600 heating/freezing stage, equipped with
an Olympus BX60 (with 4x, 10x, 50x, long-distance focal
length 100x magnifications), which operates in a tempera-
ture range between —196 and 600 °C at the University of
Turin. The instrument was calibrated checking H,O triple
point (0.1 °C) in synthetic fluid inclusions (SYN-FLINC),
with an accuracy of & 0.2 °C. The phase transitions within
fluid inclusions were measured with a heating rate varying
from 1 to 5 °C/min. Compositions of analysed fluid inclu-
sions, expressed as NaCl,,, are calculated using the model
of Oakes et al. (1990).

eq»

2.3. SEM-EDS and bulk-rock composition estimate

Whole section X-ray elemental maps were acquired
using a scanning electron microscope (SEM-JEOL JSM-
IT300LV), combined with an energy dispersive spectrome-
try (EDS) Energy 200 system and an SDD X-Act3 detector
(Oxford Inca Energy), installed at the Department of Earth
Sciences (University of Torino, Italy). The system is
equipped with the Microanalysis Suite Oxford AZtecMin-
eral and with the following analytical set up: an accelerating
voltage of 15 kV, a counting time of 50 s, a processing time
of 1 ps, a working distance of 10 mm, magnification set at
50x and an estimated spatial resolution of 2.5 pm/pixel. A
high-resolution mineral modal map was elaborated using
the ArcGIS®-based Quantitative X-ray Map Analyser (Q-
XRMA) of Ortolano et al. (2018). This map was used to
perform mass-balance calculations to obtain the bulk com-
position of the studied sample. Adopted mineral densities
and compositions for mass-balance calculations are from
Deer et al. (2013), and Ferrando et al. (2017), respectively,
and are reported in Supplementary Table 1 and Supplemen-
tary Table 2, respectively.

In order to analyse opened fluid inclusions, five chips
containing fluid inclusion-bearing crystals from a thick sec-

tion were frozen in liquid nitrogen, broken, and vertically
mounted on a glass plate, and promptly carbon-coated.
Examination of opened fluid inclusions and semi-
quantitative determination of major elements of included
minerals and globules of precipitated solutes were per-
formed at the following operating conditions: low vacuum
conditions (30 Pa) with an accelerating voltage of 15 kV,
a counting time of 50 s, a processing time of 4 ps, and a
working distance of 10 mm. The data were acquired and
processed using the Microanalysis Suite Issue 12, INCA
Suite version 4.01.

2.4. Raman micro-spectroscopy

Raman spectra were acquired at the Department of
Earth Sciences (University of Torino, Italy) using the con-
focal LABRAM HR800 (Horiba Jobin Yvon Instruments)
of the Interdepartmental Center “G. Scansetti”, equipped
with an Olympus BX41 microscope for transmitted and
reflected light observations. Calibration was performed
using the 521.6 cm ! Si, the 1331.8 cm™! diamond or the
2331.0 em™! N, bands, depending on the spectral window
considered during the analyses. Twenty-nine fluid inclu-
sions in seventeen Cpx porphyroblasts have been selected
and analysed. The identification of fluid and solid phases
was based on the database of reference spectra of
Frezzotti et al. (2012b). Operating conditions for both
solids and fluids were: excitation line at 532 nm (solid-
state Nd laser and 80 mW of emission power), edge filter,
a grating of 600 grooves/mm, a confocal hole of 200 pm,
a slit from 40 to 200 pm. The laser was focused on the sam-
ple using a 100x objective (laser spot of 1 pum) for both
solids and fluid phases. Each spectrum was collected by
2-5 accumulations of 5-60 s. Raman spectra baseline
removal and fitting were performed with Fytik 1.3.1, and
spectra fitting was performed with the built-in function
Pearson7 for solid phases and with the built-in function
PseudoVoight for fluids. Quantitative analyses on gaseous
phases are obtained using the method described by Burke
(2001).

2.5. Thermodynamic modelling

A Schreinemakers projection for the system CMS-H,O-
CO; (Connolly and Trommsdorff 1991) was constructed
for conditions relevant for the BIU P-T path. It was calcu-
lated with the 6.8.9 version of the Perple_X software pack-
age (Connolly, 1990). The system CMS-H,0-CO, was
investigated using the thermodynamic database of
Holland and Powell (2011 version DS6.22). The selected
endmembers are: calcite, aragonite, dolomite, magnesite,
forsterite, diopside, enstatite, quartz, coesite, tremolite,
anthophyllite, lizardite, chrysotile, antigorite, brucite,
A-Phase, clinohumite, chondrodite, and talc. The selected
solution models are the calcite and dolomite model of
Anovitz and Essene (1987) and the binary H,O-CO, fluid
model of Connolly and Trommsdorff (1991). For the
H,O-CO, fluid, the compensated Redlich-Kwong
(CORK) equation of state (EoS) from Holland and
Powell (1991) was applied.
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A P-T isochemical phase diagram was obtained using
the calculated DM 675 S-bearing hydrous bulk-rock compo-
sition (i.e., CFMS-COHS system; see Supplementary calcu-
lation 2.2). The diagram was calculated with the “Lagged
Speciation” algorithm (Connolly and Galvez, 2018) with
condensed phase and molecular volatile species data from
Holland and Powell (2011 version DS6.22) and solute spe-
cies data from the DEW/HKF model of (Sverjensky et al.,
2014, revised 2017). Data from the most recent revision of
the DEW database (Huang and Sverjensky, 2019) was not
employed because they lead to inconsistent results at low
pressure (e.g., Peng et al., 2020; Macris et al., 2020). The
consequence of ignoring the species provided by Huang
and Sverjensky (2019) is that the solute load estimated in
the present work may be underestimated (especially in
Mg). For the calculations, other mineral endmembers (pyr-
ite, graphite, and diamond) and solution models (pyrrho-
tite, Evans et al., 2010; antigorite, Padron-Navarta et al.,
2013) were added to the ones used for the Schreinemakers
projection. The solvent consists of H,O, CO,, CH; and
H,S. The Sterner and Pitzer (1994) EoS was used to
describe pure H,O and CO,. All other pure fluid properties
of the molecular species in the solvent were computed from
the Modified Redlich-Kwong (MRK) of De Santis et al.
(1974). All fluid species have been considered to model
the fluid solute composition and speciation, except for the
related molecular species already accounted for in the sol-
vent (i.e., aqueous CO,, aqueous CH4 and aqueous H»S).
Cl and N,, although relevant components of subduction
fluids, have been excluded from the calculations for multi-
ple reasons. The lack of constraints on the Cl and N, buffer-
ing capacity of chemical system (i.e., impossibility to
reconstruct their contents in the same way as S, see Supple-
mentary Material 2.2) implies that a completely arbitrary
assumption on their content in the system has to be made.
Although both have been detected in the residual fluid of
analysed fluid inclusions, no representative value of their
concentration in the originally trapped fluid can be
retrieved. Moreover, in metamorphic rocks, Cl and N,
are generally contained in phyllosilicates, but appropriate
solution models are lacking, and adding Cl- and
N,-bearing end members to the thermodynamic calcula-
tions would require the use of representative fictive solid
phases due to algorithmic requirements.

3. GEOLOGICAL SETTING

The well-known UHP Brossasco-Isasca Unit (BIU) of
the Southern Dora-Maira Massif (Western Alps) is a conti-
nental Unit mainly composed of a Varisican amphibolite-
facies metamorphic basement (Compagnoni et al., 1995)
intruded by post-collisional Permian granitoids (ca
275 Ma, Gebauer et al., 1997; Compagnoni and Rolfo,
2003 and references therein), both reworked during Alpine
subduction. The granitoids constitute the Monometamor-
phic Complex (Fig. 1a) that is now composed of metagran-
itoids, augen-gneiss, fine-grained orthogneiss, garnet +
jadeite + kyanite + quartz granofels and the coesite-
bearing pyrope whiteschist (Chopin, 1984; Compagnoni
et al., 1995). The Varisican metamorphic basement is

identified as the “Polymetamorphic Complex” (Fig. la)
and comprises paraschists with widespread lenses and bod-
ies of eclogites, marbles, and calc-silicate rocks. The Alpine
P-T-t-d evolution of the BIU has been extensively investi-
gated (e.g., Castelli et al., 2014, Ferrando et al., 2017;
Groppo et al., 2019 and reference therein); in Fig. 1b, only
the prograde and early-retrograde events relevant for this
study are reported. A near-isothermal evolution from
450-570 °C and 1.0-1.8 GPa (1 in Fig. 1b) to 520-540 °C
and 1.6-2.3 GPa (2 in Fig. 1b; Groppo et al., 2019) can
be observed during the early prograde evolution. The devel-
opment of the prograde (now relict) foliation likely
occurred at the HP-UHP transition (at ca. 557 °C and ca.
2.7 GPa; Ferrando et al., 2017; Groppo et al., 2019) at
41-35 Ma (Gebauer et al. 1997; Di Vincenzo et al., 20006;
Gauthiez-Putallaz et al., 2016). The UHP metamorphic
peak at ca. 4.3 GPa and ca. 730 °C (Castelli et al., 2007
and references therein; Ferrando et al., 2009 and references
therein) was reached at 35 Ma (4 in Fig. 1b; Rubatto and
Hermann, 2001). The regional foliation developed during
early exhumation, still at UHP condition (5 in Fig. 1b;
ca. 3.74.0 GPa and ca. 720-740 °C; Ferrando et al.,
2009). In the largest marble lens of Costa Monforte,
Ferrando et al. (2017) found evidence of multiple carbonate
dissolution and reprecipitation events during the prograde
to early-retrograde stages (dashed yellow line in Fig. 1b).
This process occurred in the presence of an aqueous
solute-bearing COH fluid produced by prograde dehydra-
tion, where the CO3~ component was thermodynamically
modelled at 0.03-0.08 mol% of CO, by classical
molecular-fluid thermodynamics. The presence of solutes
in the UHP fluid was inferred from qualitative data on fluid
inclusions in clinopyroxene (Ferrando et al., 2017).

4. PETROGRAPHY AND FLUID INCLUSION DATA
4.1. Sample petrography

The selected polymetamorphic mm-banded marble (sam-
ple DM675; Fig. 2a, b; Ferrando et al., 2017) is an impure
calcitic-dolomitic marble belonging to the chemically simple
C(F)MS-COH system and consisting of calcite (after former
HP/UHP aragonite), dolomite, clinopyroxene (diopside),
olivine (Mg-rich), rare accessory apatite and phlogopite,
and retrograde serpentine (Fig. 2a). Dolomite occurs as
large-grained porphyroblasts, whereas both olivine and
clinopyroxene are present as medium-grained porphyrob-
lasts and fine-grained neoblasts. Medium- to fine-grained
recrystallised calcite constitutes the matrix between and
within Cpx-rich and Cpx + Ol + Dol layers (mineral abbre-
viations from Whitney and Evans, 2010), each of them being
composed of variable modal amounts of the minerals men-
tioned above. Based on cathodoluminescence observations
and mineral-chemical composition, distinct generations are
observed in zoned clinopyroxene (Fig. 2¢, d, g).

Prograde-to-peak primary (i.e., trapped during host
growth; Roedder, 1984) FIs occur only in clinopyroxene
belonging to the clinopyroxene-rich layer (Fig. 2a, b), and
not in other prograde-to peak minerals. Therefore,
cathodoluminescence observations and minero-chemical
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Fig. 1. (a) Simplified geologic map of the Brossasco-Isasca Unit modified from Ferrando et al. (2017). The inset shows the position of the
Southern Dora-Maira Massif within a simplified tectonic map of the Western Alps. Helvetic-Dauphinois domain: MB = Mont Blanc-
Aiguilles-Rouges. Penninic domain: SB = Grand St. Bernard Zone; MR = Monte Rosa; GP = Gran Paradiso; DM = Dora-Maira;
V = Valosio; PZ = Piemonte zone of calcschists with meta-ophiolites. Austroalpine Domain: DB = Dent Blanche nappe; ME = Monte
Emilius klippe; SZ = Sesia-Lanzo zone; SA = Southern Alps; EU = Embrunais-Ubaye flysch nappe; PF = Penninic thrust front;
CL = Canavese line. (b) Alpine P-T-t-d path of the Brossasco-Isasca Unit inferred from previous studies (prograde path: Groppo et al., 2019;
peak and retrograde path: from Ferrando et al., 2017 and references therein). The dashed yellow line indicates the P-T interval in which
Ferrando et al. (2017) inferred the occurrence of carbonate dissolution and reprecipitation. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

data are reported only for clinopyroxene (for a more com-
plete petrographic and minero-chemical description of the
sample DM675 see Ferrando et al., 2017). Clinopyroxene
is nearly pure diopside and occurs both as large subhedral
to euhedral porphyroblasts, roughly defining the early-
retrograde regional foliation, and as small euhedral neo-
blasts (Fig. 2a, b, d). Cathodoluminescence observations
reveal an irregular but sharp zoning (corroded and lobate)
characterising both porphyroblasts and neoblasts. This
cathodoluminescence (CL) zoning is related to a less evi-
dent major-element chemical zoning (Fig. 2d; Fig. 3a, c,
e). Based on data from Ferrando et al. (2017), combined
with new observations (i.e., Cpx VI, presented at the end
of this paragraph), the following six generations of clinopy-
roxene can be recognised (Fig. 2¢, d). Cpx I corresponds to
the rare pre-Alpine core of porphyroblasts, and it is charac-
terised by non-luminescent brown colour, high Mg content
(ca. 0.946 a.p.f.u.), and the highest Fe and Na contents
(0.042 a.p.f.u. and 0.010 a.p.f.u., respectively) among all
the Cpx generations. Cpx II, representing the HP-UHP
prograde generation, shows a dark-yellow colour in CL,

and locally includes irregular reddish Dol or orange-to-
brown Mg-Cal crystals. It has higher Mg (0.987-1.010 a.
p.fu.) and lower Fe, and Na (0.011-0.019 a.p.f.u. and
0.004-0.006 a.p.f.u., respectively) contents than Cpx I.
Cpx I and Cpx II are generally well observable in the
medium-grained porphyroblast, while they tend to be
rather small (and rarer) in the neoblasts. Cpx III represents
the UHP metamorphic peak and shows the brightest yellow
cathodoluminescence colours observable in the sample. It is
pure diopside with the highest Mg (0.987-1.010 a.p.f.u.) the
lowest Fe (0.001-0.008 a.p.f.u.) contents and Na content
below the detection limit. Cpx IV represents the early-
retrograde UHP generation. It has a cathodoluminescence
colour similar to that of Cpx II, but it irregularly grows
after Cpx III (Fig. 2d, e; Fig. 3a). Cpx IV is chemically sim-
ilar to Cpx III (i.e., Mg = 0.991-1.000 a.p.f.u., Fe = 0.006—
0.009 a.p.f.u. and Na = 0.004 a.p.f.u.). In most cases, these
four generations constitute at least 80-90 vol% of each
clinopyroxene crystal. Generally, the euhedral habit of Di
crystals in DM675 is due to the last two thin retrograde
stages of growth. Cpx V and Cpx VI (Fig. 2d, Fig. 3a, c,
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level: Cpx Lvl). (¢) Metamorphic evolution of DM675 (modified from Ferrando et al., 2017). The colours of each mineral and their
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relationships between the different Cpx generations. The bright spots within Cpx II (where present) are fluid inclusions close to the sample
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e) are characterised by an intense blue to light-blue and
dark-yellow luminescence, respectively. In retrograde Cpx,
Mg content is lower (0.990-0.995 a.p.f.u.) than in the
UHP Cpx, Fe is among the highest (0.002-0.011 a.p.f.u.)
and Na content is low (0.002-0.003 a.p.f.u.). Due to the
lack of metamorphic reactions (Supplementary Fig. 4) from
the peak down to the aragonite to calcite transition, Cpx-V-
VI formed during and after this transition occurred,
respectively.

4.2. Fluid and solid inclusion petrography

Detailed petrographic investigation (Figs. 3-4) distin-
guishes four main groups of synchronous inclusions
(Touret, 2001) within zoned porphyroblastic diopside (i.e.,
Type I, II, IIT and IV). The primary Type I fluid inclusions
will be designated as Early Type I, while the secondary
Type II, IIT and IV will be regarded as Late Type. Early
Type I fluid inclusions are present only as primary inclu-
sions within prograde-to-peak clinopyroxene (i.e., Cpx II

and Cpx III). In contrast, Late Type fluid inclusions consti-
tute secondary intragranular trails, grain-boundary to inte-
rior and grain-boundary to grain-boundary depending on
the dimensions of host clinopyroxene, that cut through
Cpx V and VI (Fig. 3c, d, e). This microstructural evidence
constrains their entrapment during the late retrograde
stages. Because the fluid trapped in Late Type fluid inclu-
sions represents the fluid circulating during exhumation,
they are not further considered in this work (for further pet-
rographic details on Late Type fluid inclusions and their
inferred trapping conditions, see Supplementary Material
3).

In contrast, because Early Type I fluid inclusions repre-
sent the fluid circulating at HP-UHP conditions, they have
been further investigated by microthermometry, Raman
micro-spectroscopy and SEM-EDS (Figs. 5-6). Early Type
I (Fig. 3b, Fig. 4) fluid inclusions are variable-sized
(5-25 pm), primary tri-phase multi-solid aqueous inclusions
(different kinds of solids + liquid + vapour), grouped
in clusters at the core of prograde and peak Di
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Fig. 4. (a-m) Stacked photomicrographs (PPL) of Early Type I FI showing their habit, fluid/solid ratios, type of solids and other relevant
microstructures (i.e., offshoots). (e), (h) and (i) are overlaid by sketches (i.e., image overlays drawn by hand) of their fillings; note the 3D

overlapping of mineral phases in (e) (i.e., Dol below Srp and Cal).

(Cpx II — Cpx III) and can be easily spotted due to the
abundance of birefringent crystals within them (Fig. 3f).
Typically, these inclusions have negative-crystal shapes,
but the largest inclusions often present offshoots near the
cleavage of the host clinopyroxene. The volume propor-
tions of the phases in the inclusions, have been estimated
by combining image analysis and Raman data of 29 Early
Type I inclusions (Table 1; see Supplementary calculation
2.1). Early Type I fluid inclusions can be further subdivided
combining: (i) habit and dimension (i.e., negative crystal
shape vs irregular with offshoots, small vs big); (ii) number
and kind of solids within each fluid inclusions; (iii) volumet-
ric proportion filled by solids of each fluid inclusion; (iv)
predominance of liquid vs vapour fluid phase filling the
mineral interstices. Based on these characteristics, four
sub-Type I fluid inclusions can be distinguished (Table 1):

o Type Ia: 3-8 pm sized inclusions (Fig. 4a-c) showing
negative-crystal shape or, locally, irregular contours.
They usually contain a single, large, birefringent crystal
of calcite (up to 83 vol%; Fig. 3f; 4a; 5a), HyOpjq fills

the remaining volume (down to 15 vol%; Fig. 5h) and
H>Ov,p (~<0.5-8 vol%, Fig. 5g) phases. Their solid/
fluid ratio (defined as [solid vol/(solid vol + liquid
vol + vapour vol + empty vol]); Table 1) is highly vari-
able, ranging from 0.16 to 0.81. Rarely, a small opaque
mineral also occurs (Fig. 4c). Raman and SEM-EDS
analyses reveal the presence of chalcopyrite-like and
molybdenite-like sulphide minerals (Fig. 5i-6).

Type Ib: 3-6 pm sized fluid-rich inclusions (Fig. 4b, d)
with negative-crystal shape filled by H,Opiq (~69-75
vol%,; Fig. 5d, h), two tiny rounded birefringent crystals
(~22-29 vol%; calcite or Mg-calcite and talc; Fig. 4b, d,
5a-b, d) and a vapour bubble (~2-3 vol%) composed by
a mixture of H>Ov,, = N, & CHy4 (with 97-98 mol% of
N, and 3-2 mol% of CHy; Fig. 5g). Their solid/fluid
ratio ranges in a small interval from 0.16 to 0.22
(Table 1).

Type Ic: 4-15 um sized crystal-rich inclusions (Fig. 4a, e-h)
showing negative-crystal shape or, locally, irregular
contours and offshoots. They are characterised by multi-
ple variable-sized birefringent crystals (~50-90 vol%)
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and a highly variable solid/fluid ratio (0.52-0.91, Table 1).
Calcite and Mg-calcite are the dominant carbonates
(Fig.4a,e-h), while dolomite is always subordinate (Fig. 4-
e-f, h; Fig. 5¢). Among the hydrous silicates, talc is always
present, serpentine is common, and tremolite is rare
(Fig. 4a, e-h; Fig. 5d, e-f). The Raman shape of the OH
bands of serpentine reveal the presence of at least two or
all the three serpentine polymorphs (Fig. 5e; Petriglieri
et al., 2015; Tarling et al., 2018). In most cases, a mixed
talc + serpentine spectrum is obtained from lamellar crys-
tals (Fig. 5e). Small opaque minerals, identified as sul-
phides (see Type Ia fluid inclusions), are locally observed
(Fig. 4h). Raman investigation reveals the presence of

interstitial saline liquid H,Oy;q (~8-48 vol%), whereas
the bubble (~1-30 vol%) consists of H;Ov,p, += N> + CH,4
(Fig. 4a, e-h).

o Type Id: up to 25 pum sized multiphase-solid inclusions
(Fig. 4i-m), with irregular contours and offshoots, filled
by 5-12 crystals of variable size and variable volumetric
proportions. The range of solid/fluid ratio ranges in a
relatively small interval and shows the highest values
(0.86-1.0; Table 1) of all the sub-types. Carbonates
(mainly Mg-calcite, calcite, and dolomite) are dominant.
Tremolite and serpentine are the main hydrous silicate
phases, followed by talc, usually mixed with serpentine.
Notably, serpentine minerals tend to be located on the
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Qualitative EDS chemical analysis of the minerals precipitated by the liquid phase (inset image) and of the hosting clinopyroxene.

inclusion’s walls in contact with host clinopyroxene
(Fig. 4i-m). The rare opaque minerals are sulphides
(see Type Ia and Ic fluid inclusions) and graphite in only
one case (Fig. 51). The interstitial space (<20 vol%) can
be either empty or filled with H,Oyiq or H,Ov,,, or with
a gas mixture (H,Ov,p = N, £ CHy).

Prograde Cpx II and peak Cpx III locally include solid
inclusions of dolomite and Mg-calcite randomly distributed
near Early Type I inclusions (Fig. 3c-e). Their size varies
from 10 to 50 pum, and their shape is from sub-spherical
to ameboid with irregular or smooth contours. Locally, a
graphite flake (confirmed by Raman analysis) occurs at
the contact between the host clinopyroxene and the carbon-
ate inclusion (Fig. 3g).

4.3. Composition of UHP fluid inclusions

Microthermometric measurements on Early Type I fluid
inclusions in which phase transitions are recognisable are
characterised by the first evidence of melting between
—49.9 °C and at —43 °C. Because of the difficulty of observ-
ing because it is difficult to observe the first melting, due to
the high volume of solids, these temperatures likely repre-
sent an extensive melting of antarcticite, indicating the pres-
ence of dissolved CaCl,, possibly in addition to NaCl,
within H,Oyq. The final melting of ice is at —14.5 °C in
one Type Ic Fls, and between —6.7 and —6.3 °C in three
Type Ia FIs. These final melting temperatures correspond
to salinities of 18.1 wt% and 10.3-9.8 wt% in NaCl,
respectively.

SEM-EDS qualitative analyses of opened fluid inclu-
sions (Fig. 6a) confirm the local occurrence of Cl-Na-K pre-

cipitates (Fig. 6a), indicating the presence KCl, in addition
to NaCl and CaCl,, as dissolved chlorides (Fig. 6b).
Finally, a local occurrence of Fe-Cu-S precipitates
(chalcopyrite-like minerals Fig. 6b), coupled with Raman
evidence of sulphide minerals (Fig. 5i), indicates the pres-
ence of S, Fe, Cu and Mo within the trapped fluid.

Fluid inclusion image analysis combined with Raman
data, and microthermometric data, when available, allowed
mass balance calculations of the included minerals and flu-
ids, leading to the reconstruction of the bulk composition
(expressed as mol% of single elements instead of the classi-
cal wt% of oxides, for convenience with the used algorithms
in both mass balance and thermodynamic calculations) of
29 Early Type I fluid inclusions (Table 1; for all the details
regarding the calculations see Supplementary Material 2.1).
The fluid composition reconstructed from Type Ia fluid
inclusions is characterised by variable, but sometimes
remarkably high, H, (9.5-57.0 mol%), C (4.3-24.1 mol%)
and Ca (3.9-22.9 mol%) contents. Where measured, Cl
and S, are minor components, with Cl ranging from 0.3
and 0.6 mol% and S, totalling 0.2 mol% (Table 1). The fluid
chemistry in Type Ib (Table 1) is quite homogeneous and
characterised by the highest H, content (49.3-53.0 mol%)
among all Type I fluid inclusion and by relatively low C,
Ca, Si, and Mg contents (4.3-4.4 mol%; 3.9-4.0 mol%;
1.8-3.6 mol% and 1.4-2.8 mol% respectively). The fluid in
Type Ic is less Hp-rich (12.3-39.9 mol%) and more C-rich
(10.2-18.7 mol%) than Type Ib, while the other non-
volatile elements show higher concentration than in Type
Ib fluid inclusions (Si = 1.9-11.5 mol%; Mg = 1.5-13.5 m
01%; Ca = 9.4-17.1 mol%). When sulphide is detected,
the S, content in the reconstructed fluid reaches 1.2 mol
%. Similarly, where the fluid salinity has been measured,
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Table 1

Table reporting the estimated volume % of each phase recognized in Type I inclusions and the calculated fluid composition (elemental mol%). Data are from image analysis and Raman micro-
spectroscopy (see Method section for further details). The X symbol highlights the FI for which a greater error in the calculated composition is expected.

FI Ja Ta Ia Ia Ia Ia Ia Ia Ib Ib Ic Ic Ic Ic Ic Ic Ic Ic Ic Id 1Id Id Id 1Id 1d Id Id Id 1Id
Sub-Type 6 7 8 9 10 27 28 29 1 1 2 14 16 17 12 26 25 13 3 23 5 9 15 20 21 4 22 18 24
Vol estimataion prob. X X X X X X X X X X X X X
Mg-Cal - - - 807- - - - - 159 - - - - 435- - 1.0 553 - 367 684 — 747 398 427 614 51.7 -
Cal 379 722 71.8 - 15.8 65.0 73.8 83.3 16.0 —  54.6 39.5 33.5 36.8 — 582 33.8 343 - 457 - - 335 - - - - - 396
Dol - - - - - - - - - - - 45 - - 84 - 11.5 33 40 - 225 - - .1 39 21 10 52 -
Serp - - - - = = = = = = = = 16.0 109 - - 149 38.1 142 - - - 261 133 228 57 - - 13.2
Tlc - - - - - - - - 62 127- 79 102164 - 7.1 183 142 135 - - 28.1 26.8 109 8.6 151 26.5 14.0 26.2
Tr - - - - - - - - - - 62 - - - - - - - - - 28 - - - - - - - =
Serp + Tlc - - - - - - - = = = = = = = 58- - - - 405180 - - - 228 11.8 5.1 17.1 10.1
Gr e - - - 21 - - - -
Vol% Sulf - - - 051 - - - - - - - - - 31 - - - - - - - - = - 28 12 46 -
Empty - - - - - - = = - - - - = = = = == === - - - - - - 74 -
H,044 552 239 18.0 152 76.4 31.7 219 16.3 74.6 68.2 36.0 48.0 9.6 34.0 21.7 232 19.6 7.8 13.0 9.2 - - - = - - 48 - -
H,O0vqp 69 38 42 36 7.8 33 43 04 31 - - - 308- 74 - - 1.2 - 46 - - - - - 198 - - 10.9
H,Oypp + N +CHy - - - - - - - - — 68232 - - 19 - 116 1.8 - - - - 3.5 13.6 - - - - - =
Tot Sol 37.9 72.2 77.8 81.2 15.8 65.0 73.8 83.3 22.2 28.6 60.8 52.0 59.6 64.1 70.9 65.3 78.5 90.9 87.0 86.2 100.0 96.5 86.4 100.0 100.0 80.2 95.2 92.6 89.1
Tot Liq 55.2 239 18.0 152 76.4 31.7 219 16.3 74.6 68.2 36.0 48.0 9.6 34.0 21.7 232 19.6 7.8 13.0 92 0.0 00 0.0 00 0.0 00 0.0 00 0.0
Tot Vap 69 38 42 36 7.8 33 43 04 31 68232 00 30819 74 11618 12 0.0 46 00 35 13600 00 19.8 48 0.0 109
Solid/Fluid 0.38 0.72 0.78 0.81 0.16 0.65 0.74 0.83 0.22 0.17 0.61 0.52 0.60 0.64 0.71 0.65 0.79 0.91 0.87 0.86 1.00 0.96 0.86 1.00 1.00 0.80 0.95 0.93 0.89
wt%  Salinity - - - = - 10.1 96 97 - - - - - - - - - 188 - - - - - = - - - - =
Si 00 01 01 01 00 01 01 01 1.8 36 19 23 86 67 36 24 81 11565 9.7 109 83 147 58 11.0 99 7.7 84 140
Fe 00 0.0 00 02 00 00 00 00 00 00 00 00 01 01 13 00 01 01 01 01 01 01 02 01 01 15 19 21 0.1
Mg 02 05 05 05 01 05 05 06 14 28 15 26 92 64 57 22 94 13585 9.6 116 80 144 64 13.1 10.6 8.6 82 128
Ca 9.5 18.8 20.3 21.0 3.9 18.9 21.3 229 40 3.9 149 10.7 125 94 11.6 17.1 10.6 10.0 14.5 11.8 145 17.3 10.1 19.9 10.0 132 129 144 11.7
mol % Na 0.0 00 00 00 00 06 04 03 00 00 00 00 00 00 00 00 00 03 00 00 00 00 00 00 00 00 00 00 0.0
Cl 00 00 00 00 00 06 04 03 00 00 00 00 00 00 00 00 00 03 00 00 00 00 00 00 00 0.0 00 00 00
S, 00 00 00 02 00 00 00 00 00 00 00 00 00 00 12 00 00 00 00 00 00 00 00 00 00 14 1.8 20 00
H, 429 19.8 159 13.4 57.0 19.5 134 9.5 53.0 49.3 26.4 339 150 28.1 21.3 19.2 182 12.3 12.7 148 3.0 45 76 32 113 42 79 32 6.1
C 10.4 20.6 22.3 23.0 43 20.7 234 25.1 44 43 159 123 13.7 10.2 139 18.7 13.0 11.3 16.6 12.9 169 19.2 11.0 21.9 14.5 149 150 16.5 12.8
0, 36.8 40.2 40.8 41.5 34.8 39.1 40.3 41.1 354 36.0 39.3 38.2 40.8 39.0 41.4 404 40.4 40.5 41.1 409 42.8 42.5 42.0 42.6 399 442 442 453 423
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the corresponding Cl content is 0.3 mol% (Tablel). The
fluid in Type Id fluid inclusions (Table 1) has the lowest
H, content (3-21.9 mol%) and the highest cation content
among all Type I fluid inclusions (Si = 5.8-14.7 mol%;
Mg = 6.4-14.4 mol%; Ca = 10-19.9 mol%; C = 11.0-21.
9 mol%). S,, where measured, is the highest among all Type
I fluid inclusions, varying from 1.4 to 2.0 mol% (Table 1).

These variations in chemical composition raise the ques-
tion of the typology and the extent of the post-entrapment
chemical modifications experienced by every single inclu-
sion and on the preservation of the chemical composition
of the trapped fluid.

5. THERMODYNAMIC CALCULATIONS
5.1. Petrogenetic grid of the system diopside-molecular fluid

Because HP-UHP fluid inclusions may experience post-
entrapment chemical modifications due to fluid-host inter-
actions, a Schreinemakers projection in the simplified
CMS-H,0-CO, (Ca-Mg-Si-H,O-CO,) system has been
computed to identify the possible reactions involving the
diopside, the FI host of interest, and a binary H,O-CO,
fluid. We use this simplified molecular-fluid model because
it has been shown elsewhere that the solute chemistry of the
fluid has little influence on mineral stability (Galvez et al.,
2015, 2016; compare Supplementary Fig. 3 and Supplemen-
tary Fig. 4).

To reproduce the minerals observed within Early Type I
FI, we focussed on reactions such as:

Di + F + other minerals — Step — daughter minerals ()

where Di represents the host diopside, F is an H,O-CO,
fluid mixture, and “other minerals” qualitatively represent
the related additional components dissolved in the fluid
(i.e., Si, C, Ca, and Mg; see inset in Fig. 7). Since such reac-
tions most likely occurred during exhumation stages, we
consider only univariant equilibria in which Di + F react
with decreasing temperature (thick green lines; Fig. 7).
Equilibria that fulfil these requirements can produce Arg
(Cal), Dol, Mg-Cal, Tlc, Tr, and Atg in various
combinations.

The post-entrapment reactions in the host diopside-
trapped fluid system are characterised by a steep negative
Clapeyron slope that orients them nearly perpendicularly
to the slope of the fluid isochores (Figs. 7, 8). For this rea-
son, the temperature of the system has more impact on the
type of post-trapping reactions than the pressure.

5.2. Thermodynamic modelling of the peak minerals-
electrolytic fluid assemblage

In order to verify that the Early Type I fluid inclusions
preserve the chemical composition of the formerly trapped
fluid, the metamorphic evolution of the fluid phase in equi-
librium with the mineral assemblage of sample DM675
along the prograde BIU PT-path has been modelled by
electrolytic-fluid thermodynamics (Supplementary Fig. 4).
To do this, the S-bearing (due to the presence of sulphides
within Type I FI; see Supplementary Calculation 2.2)

hydrous bulk-rock composition of the sample correspond-
ing to DM675 (i.e., CFMS-COHS system) before prograde
dehydration has occurred was reconstructed as described in
the Supplementary Material (see Supplementary calcula-
tion 2.2 and Supplementary Table 3). The results of the
modelling show that at the UHP peak, the mineral assem-
blage consists of aragonite, olivine, clinopyroxene, fluid,
dolomite, pyrite, diamond and clinohumite (Table 2). Up
to 96.39 mol% of the fluid in equilibrium with this mineral
assemblage consists of a H,O + CO, + CH4 + H,S mix-
ture, while the remaining 3.61 mol% is constituted by neu-
tral and charged species of Si, Ca, Mg, Fe, C and S,
(Table 2).

6. DISCUSSION

6.1. Post-entrapment chemical modifications predicted by
molecular fluid thermodynamics

The reactions capable of producing the minerals
observed within Early Type I fluid inclusions are depicted
in the general petrogenetic grid of Fig. 7 and have been iso-
lated in Fig. 8. In order to better identify the possible post-
entrapment reactions, the fluid isochores (dashed grey lines
in Fig. 8) are also depicted because they represent the most
likely P-T paths followed by the fluid inclusions during
exhumation (e.g., Touret, 2001). The isochore at 1.3 g/
cm? (the orange dashed line in Fig. 8) is the fluid isochore
that crosscuts the P-T conditions of the BIU metamorphic
peak. This isochore represents the maximum density
reached by the fluid during its entrapment (i.e., maximum
trapping isochore; cf. Supplementary Material 1.1) and also
defines the upper limit of the P-T conditions followed by
fluid inclusions during their exhumation path (see more
information regarding the isochoric decompression path
in the Supplementary Material 1.1). Due to the lack of reli-
able constraints on the original salinity and N, content of
the trapped fluid, halogens and N, have been excluded from
the fluid isochore calculation and the thermodynamic mod-
elling of the peak fluid. The expected changes in the slopes
of the isochores resulting from the addition of salts would
not influence the type of post-entrapment reactions. The
reactions (with the corresponding P-T range of occurrence)
have also been summarised in Table 3.

Starting from Type Ia fluid inclusions, the lack of a post-
trapping reaction able to reproduce only a single calcite/
aragonite crystal (i.e., Arg as the only reaction product in
Table 3 and Figs. 7, 8) excludes that it is a step-daughter
mineral. It is not considered a daughter mineral because
of its very high-volume proportion (up to 83.3 vol% of
the fluid inclusion). For these reasons, the single large crys-
tal of calcite typical of these inclusions is interpreted as an
incidentally-trapped mineral. The main implication is that
the UHP fluid was a CaCOs-oversaturated fluid already
precipitating aragonite in the rock matrix during the
entrapment. This also suggests that the bulk composition
of Early Type I fluid inclusions could randomly overesti-
mate the Ca- and C-content.

Five representative Type Ib, Ic, and Id fluid inclusions
are reported in Fig. § to illustrate the subsequent steps of
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Fig. 7. Complete mixed-volatile molecular-fluid Schreinemakers projection (Connolly and Trommsdorff 1991) for conditions relevant for the
BIU path and covering the P-T range on interest for the evaluation of chemical interactions between the host clinopyroxene and the molecular
fluid.
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Fig. 8. Selected reactions from the general CMS-H,0O-CO, petrogenetic grid (Fig. 7) calculated to model post-entrapment reactions between
host Di and the included fluid. Only reactions with the structure of reaction (o) are reported. Pink lines are the reactions selected for
reproducing the observed mineral association within Early Type I fluid inclusions. Blue lines are reactions with the structure of reaction (a),
which cannot reproduce the mineral association observed within Early Type I fluid inclusions. Black lines are all the other reactions that are
relevant to understand the grid. The selected FI representative of the Early Type I FI re-equilibration stages are reported in the sketched
photomicrographs on the left part of the figure. Correspondence between step-daughter minerals in the photomicrographs and the producing
reactions is visualised with coloured numbers in diamonds. Dotted lines are isochores calculated for a COH fluid composed by H,-
0O = 99.95 mol%, CO, = 0.05 mol% (see text). The adopted EOS for fluid density calculation are Zhang and Duan (2005), for H,O, and
Sterner and Pitzer (1994) for CO,. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

fluid-host chemical interactions that the inclusions experi-
enced during their isochoric exhumation paths.

Inclusion #1 (Type Ib) in Fig. 8 represents, among all
the fluid inclusions, those still rich in fluid (Table 1) and
with the simplest mineral association (calcite + talc;
Table 1). This mineral association could have been pro-
duced by the isothermal reactions  and y (Table 3). Reac-

tion B intersects the 1.3 g/cm® maximum-trapping isochore
at ~ 380 °C and ~ 2.95 GPa (Table 3; Fig. 8), defining an
upper limit to the P-T conditions at which this reaction
could have affected Type Ib fluid inclusions. Since these
inclusions do not require a post-entrapment reaction
located on a lower isochore than the 1.3 g/m®, we cannot
rule out the possibility that included minerals in Type Ib

Please cite this article in press as: Maffeis A., et al. Thermodynamic analysis of HP-UHP fluid inclusions: The solute load and chemistry
of metamorphic fluids. Geochim. Cosmochim. Acta (2021), https://doi.org/10.1016/j.gca.2021.08.044



https://doi.org/10.1016/j.gca.2021.08.044

A. Maffeis et al./ Geochimica et Cosmochimica Acta xxx (2021) xxx—xxx 15

Table 2

Summary of the modelled peak mineral assemblage and co-existing CFMS-COHS electrolytic solute-bearing fluid (data extrapolated at the

PT condition of the yellow star in Supplementary Fig. 4).

Peak Mineral Assembalge

Peak COHS Fluid composition ~ Peak COHS Fluid Structure

mol% mol% mol%  wt%
Cpx 2.11 Si 0.04 CO, 0.05 0.11
Ol 5.99 Mg 0.32 CH,4 0.02 0.02 Solvent
Fluid 9.95 Fe 1.58-10°7 H,S 0.02 0.04
Arg 78.64 Ca 0.83 H,O 96.30  88.50
Dol 2.32 C 1.82
Dia 0.08 H, 63.71 Ca-Si-Mg-Fe-S-C- bearing 3.70 11.34 Solutes
Py 0.19 (0)3 33.13 neutral and charged species
Chu 0.73 S, 0.14 Tot 100 100
Tot 100 Tot 100

FI (i.e., Tlc + Cal) can either be daughter or step-daughter
minerals.

Inclusion #2 and #3 in Fig. 8 belong to Type Ic fluid
inclusions, i.e., fluid inclusions with an intermediate fluid/-
solid ratio. The observed mineral association is heteroge-
neous among the inclusions (see Table 1), and this can be
explained with more than one evolutionary path (Fig. 8).
Inclusion #2 is representative of the simplest Type Ic fluid
inclusion (Fig. 8). The mineral association consists of large
calcite and tremolite (Table 1). Although the large dimen-
sion of the calcite points to its incidental entrapment, at
least part of the crystal could be overgrown during the reac-
tion § (Table 3). Inclusion #3 contains the most complex
mineralogy (Cal + Tlc + Dol + Srp + Py; Table 1) and
the lowest H>Oy;q vol% observed in Type Ic fluid inclusions
(Fig. 8). To reproduce the observed mineral association,
multiple consecutive fluid-host reactions must be crossed
along an isochoric path, possibly associated with incidental
entrapment of CaCO;. Calcite, talc, dolomite, and antig-
orite, requires that at least one, or more, of reactions f,
v, & G, M, 0, 1, k and A has been active. Among the hydrous
silicates, antigorite is usually present in intergrowth aggre-
gates with Tlc (Fig. 5e) but never associated with carbon-
ates. So, the overall predominance of talc over antigorite
supports the occurrence of Tlc-producing reactions, instead
of reactions producing antigorite + carbonates only (g, 1, 6
and 1). Among Tlc-producing reactions, reaction ( is
responsible for the presence of dolomite and reactions
or v produced talc and aragonite (see Type Ib fluid inclu-
sions). In addition, reactions A and k are considered respon-
sible for the observed intergrowth of talc and antigorite.
Notably, dolomite on the reactant side of reaction A does
not necessarily represent dissolved elements in the fluids.
It could also represent a step-daughter mineral, previously
produced by reaction (, that participates in a subsequent
reaction.

Inclusions #4 and #5 in Fig. 8 represent the multiphase-
solid inclusions (Type Id fluid inclusions), i.e., those with
the lowest vol% of fluid and the most complex mineral asso-
ciation (Table 1). Because inclusion #4 has the same min-
eral association as inclusion #3 (plus pyrite), it must have
experienced the same post entrapment reactions { + B/y +
k + A. However, the volume of the free fluid phase in inclu-
sion #4 is lower than in #3. The presence of a prominent

offshoot suggests that inclusion #4 experienced further
post-trapping modifications (see below). Inclusion #5 is
filled only by crystals (Fig. 8 and Table 1). The occurrence
of tremolite, dolomite, talc, antigorite and calcite require
that at least one, or more, of reactions p, n, v, 1, k, 6 and
& has been active. Reactions m, v and v can be excluded
for the same argument used above. Dolomite and talc are
due to reactions p and x, with the latter also producing
aragonite. Tremolite is due to reactions 6 and &, which also
produce further aragonite. Reaction o is also responsible
for the talc-antigorite intergrowths.

Regarding graphite and sulphides within Type Ic and
Type 1d FIs, their stability is unconstrained by this simpli-
fied chemical model. They are only rarely observed, but
their presence could be overlooked because masked by
the larger minerals. Thus, they could represent either inci-
dentally trapped minerals or daughter minerals.

In conclusion, the CaCOs; incidentally trapped or
formed during fluid-host interactions in all Early Type I
fluid inclusions was aragonite. Moreover, the solid inclu-
sions of calcite and dolomite (Fig. 3g) are likely derived
from accidental trapping within the growing Cpx II. The
calcite now observed in the inclusions derives from the
Arg-Cal transition, and Mg-calcite could also be formed
at similar P-T conditions through reaction &. The observed
coexistence of all three serpentine minerals in the same min-
eral aggregates (i.e., Atg, Ctl and Lz) is explained by incom-
plete retrogression during the final stages of the rock
exhumation history. Collectively, the reactions investigated
here indicate that calcite/Mg-calcite (converted from arago-
nite), dolomite, talc, serpentine minerals and tremolite are
step-daughter minerals. However, it is not possible to
exclude that part of the trapped minerals is derived from
direct precipitation from the trapped fluid (i.e. daughter
minerals). This is especially true for those fluid inclusions
whose composition still lies on the peak fluid-DMG675 tie
line (Fig. 10; see below) and for Type Ib FI since there
are no post-entrapment reactions that unambiguously con-
strain an isochore interval that does not include the maxi-
mum trapping isochore of 1.3 g/cm®: they could be
considered unmodified FI. These fluid inclusions will fall
within the upper part of the high fluid density light blue iso-
choric interval (i.e., they will follow a high-density isochoric
decompressional path) in Fig. 8. On the other hand, all the
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Type Ic and Id FI that record some chemical interaction
S with the host clinopyroxene, without Tr-production, should
have reached the LT part of the high-density isochoric
interval (light blue field in Fig. §). On the contrary, Type
Ic and Id fluid inclusions that contain Tr require post-
KR XK A entrapment reactions located at lower pressure: these fluid
inclusions followed the lower density isochoric decompres-
sional path (green field in Fig. 8).

6.2. HP-UHP rock-fluid evolution predicted by electrolytic-
fluid thermodynamics

T 9 oo The modelled prograde metamorphic evolution of both
s h 2 ~ 9 ? 0 o rock and associated fluid is summarised below (Fig. 9; Sup-
R 99 3 plementary Fig. 4).
T T an L At HP conditions (1.8-2.95 GPa), most of the fluid is
i? L2 ﬁo_\- 27 ¢ released by the discontinuous (Brc-out) and continuous
: 9 S (Atg-out; see continuously decreasing Atg abundance in
Fig. 9b) dehydration reactions (Fig. 9; mineral abbreviation
g g g g after Whitney and Evans, 2010):
LaLa ii§§§ Atg + Brc + Po + Arg + Gr + Cpx
% é ?zf Sz‘r % §2 iir QZ‘ 82‘ — Ol + Fluids; copg Fe,c.S—bearing
272722%7%7% Atg + Arg 4+ Po — Ol + Cpx + Dol + Gr + Py
R + Fluids; ca g Fe,C,5—bearing
The fluid is predicted to be an aqueous fluid
80 s s with > 99 mol% of H,O and with minor amounts of both
o 60 5o M% < L= R volatile molecular species (CO,, CH4 and H,S; Fig. 9d)
ExsstrR++ and non-volatile solutes (molality < 0.38 mol/kg
rr LR SR %” and < 1 mol%; Fig. 9¢, d) originated by partial dissolution
S st to S+ o+ of the mineral assemblage. At this stage, the Cpx is likely
S5 &8 produced as the Cpx II (Ferrando et al., 2017) that traps
the coexisting fluid, carbonates and graphite (Fig. 3c, e, g).
At UHP conditions (>2.95 GPa), the amount of fluid
present in the system is nearly constant and only marginally
rrrrrrrea affected by the two continuous hydration reactions (Brc-in
_ and Brc — Chu, respectively, in Fig. 9):
:h — = = ‘:”; Fluidg; co Mg Fe.c Sbearing + Ol + Arg — Dol + Brc + Cpx
EB ;ﬁ (‘_‘)i 8 - 8 ;‘3 . 8 Fluids; cq g pe,c Shearing + Brc + Arg + Ol — Chu + Cpx + Dol
b oh o o
JuJ E“ = E, §’ %) Eﬁ %’J These reactions, as well the change (i.e., increase) in the
g E 9 g % o) g % U P-T gradient, boost the whole-rock dissolution processes,
i + E E %" _: T %‘J % as recorded by the constant increase in the concentrations
56+ 1 Ry A of non-volatile solute species and fluid molality (Fig. 9¢c-d
= = g ° p= and Table 2) up to the metamorphic peak (4.3 GPa and
S S 730 °C) from 1 mol% to 3.61 mol% and from 0.5 mol/kg

to 2.0 mol/kg. The peak fluid has been sampled by Early
Type 1 FI trapped in Cpx III. This Cpx generation contin-
ues to precipitate up to the point at which the P-T path
crosses the dehydration reaction Chu-out (Fig. 9):

Jr
+
Jr
+
+
+
Jr
+
+

Chu + Dia + Dol — A}"g + ol + Fluidg[_Ca_Mg‘pe_C_S;,(,a,.mg

SO SO T T T O S <3 . Lo . .
b4+ 4 This reaction is responsible for the last event of fluid
AARABRARARA release and of rock dissolution (Fig. 9a, b), which bumps

the rock dissolution, especially of carbonates (marked by
a slight jump in the content of C and Ca in the fluid,
Fig. 9¢), increasing the fluid molality to nearly 2.1 mol/kg
(Fig. 9d).
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6.3. Nature of the peak metamorphic fluid

Based on the assumption of a binary H,O-CO, fluid
model, previous studies on the Costa Monforte marble lens
demonstrated the stability of a CO,-poor aqueous fluid at
UHP conditions (Castelli et al., 2007; Ferrando et al.,
2017). Limiting the discussion to dolomitic marbles,
Castelli et al. (2007) calculated that a CO,-poor aqueous
fluid with CO, < 0.12 mol% was stable in a CMAS-H,O-
CO, rock system (Fig. 10a, b). More recently, analysis of
sample DM675 (i.e., the same sample studied in this work)
constrained the CO, content of the UHP fluid in the range
0.03-0.08 mol% (Ferrando et al., 2017; Fig. 10a, b). In the
present work, molecular volatiles other than H,O (i.e.,
CO; + CHy4 + H,S) comprise up to 0.09 mol% of the fluid.
If CO, and H,O of the electrolyticfluid modelled in this
work are normalised to 100 mol%, the resulting composi-
tion is an aqueous fluid with CO, = 0.052 mol%, which is
perfectly in agreement with the estimates of Castelli et al.
(2007) and Ferrando et al. (2017) (Fig. 10b).

The peak electrolytic fluid modelled by thermodynamics
for the sample DM675 is a solute-bearing aqueous fluid
with 11.34 wt% of solutes, ~0.17 wt% of CO, + CH,4 + H,S,
and 88.50 wt% of H,O (Table 2). This solute concentration
is appropriate for brine-like fluids since they are charac-
terised by < 30 wt% of solute content (Frezzotti and
Ferrando, 2015). Regarding the presence of dissolved chlo-
rides, their occurrence is testified by: i) microthermometric
measurements, ii) the presence of Cl-bearing precipitates in
opened fluid inclusions (Fig. 6) and iii) the shape of the
Raman bands of H,Oyiq (Fig. 5h). However, when mass
balanced, a salinity from 9.6 to 18.7 wt% of the residual
fluid indicates very low CI content, especially if compared
to other ions (e.g., S,, Table 1; see below). Thus, we assume
that, in Early Type I fluid inclusions, the Cl-content is so
low that it is thermodynamically irrelevant. Interestingly,
the modelled solute-bearing aqueous COHS fluid can trans-
port an appreciable solute content (11.34 wt% at the UHP
peak) without any Cl helping its solubilisation.

6.4. Validity of modified fluid inclusions as micro-samples of
HP-UHP fluids

The modelling of the fluid-host reactions (Fig. 8) sug-
gests that Type Ib fluid inclusions experienced no (or lim-
ited) chemical interactions between the host clinopyroxene
and the trapped fluid. On the contrary, Type Ic and Id fluid
inclusions strongly interacted with the host clinopyroxene.
To test if other typologies of post-entrapment modifications
occurred in the fluid inclusions and their role in the preser-
vation of the former chemical composition of the fluid, we
compared the peak fluid composition calculated with an
electrolytic-fluid model (Table 2; Fig. 9¢c, d) with the fluid
inclusion bulk compositions reconstructed from each anal-
ysed Type I fluid inclusion (Table 1).

In a closed system, such as that of the Costa Monforte
marble lens (Castelli et al. 2007; Ferrando et al., 2017),
the ratio between the main rock-forming elements (i.e., Si,
Mg, Fe, Ca, C, S) and the coexisting fluid is constant and
given by the dissolution of bulk composition of the dissolv-
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Fig. 9. Mineral and fluid evolution of sample DM675 during
prograde-to-peak BIU P-T path (yellow dashed line in Fig. Ib;
source: isochemical phase diagram in Supplementary Fig. 4). (a, b)
Molar variations of mineral and fluid phases along the studied P-T
path. (c) Molar variations of the elements in the prograde-to-peak
fluid generated by progressive mineral dissolution of the rock-
forming minerals. (d) Molar evolution of the solvent species (H,O,
CO,, CHy, H,S) and of the solute content in the fluid during the
rock HP-UHP evolution. In both (c) and (d), the evolution of the
fluid molality is also reported. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web
version of this article.)
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bulk rock, and the host Di; because this plane contains the measured fluid inclusion compositions, it allows recognising the different types and
extents of post-trapping modifications. (b-c) Ternary plots obtained from the tetrahedron in (a). (b) C-O,-H, face of (a): the inset shows the
comparison between the modelled peak fluid composition and the fluid compositions in the Costa Monforte marble lens calculated by
previous works (i.e., Castelli et al., 2007: C07; Ferrando et al., 2017: F17). (c) Double ternary plot of H, and O, against the other rock-forming
cations and C, showing a coupled depletion trend (compared to the peak modelled fluid) of both H, and O,, suggesting H,O loss from the
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ing lithology. In a C-O,-H,-rock tetrahedron and in its
related projections (Fig. 10a, b, c¢), this ratio is represented
by the dashed black tie-line connecting the modelled fluid
composition and the bulk-rock composition (Table 2; Sup-
plementary Table 3). Type I fluid inclusions plot along
trends (Fig. 10a) that are all co-planar with the composition
of the modelled peak fluid, the bulk rock and the host Di
(light-grey triangle in Fig. 10a). Any shift along and away
from the tie line connecting peak-fluid and bulk-rock com-
position indicates different typologies and extents of post-
trapping modifications occurred within Early Type I fluid
inclusions.

In Fig. 10c, the coupled shift of O, and H, indicates
water loss from the fluid inclusions by diffusion of OH™
or H,O and/or FI decrepitation. Moreover, since the O,
and H, molar changes are coupled, this rules out the possi-
bility that the redox state of C and S-bearing solids (car-
bonates vs graphite and sulphates vs sulphide) is imposed
by internal redox changes during post-entrapment modifi-
cation (e.g., Hall and Bodnar, 1990; Hall et al., 1991;
Morgan et al., 1993; Huizenga, 2001). Diffusive loss of
H,O is likely responsible for the higher salinity observed
in Type Ic FI than that of Type Ia FI. Moreover, even after
being concentrated in the residual H,Oy;q, Cl is still less
abundant than S,, when measured, in fluid inclusions show-
ing variable H,O content. For example, comparing FI#13
(Type Ic, where microthermometry has been performed)
and FI#12 (Type Ic), it is possible to observe that FI#12
has 1.2 mol% of S, and 21.7 vol% of residual H>Opjq
(Table 1), while FI#13, in 7.8 vol% of residual H,Oq,
has 0.3 mol% of dissolved Cl. Thus, it can be expected that
the dissolved Cl in FI#12 residual H>Oyq should be even
more diluted. For this reason, the choice to exclude Cl from
the thermodynamic calculation is justified a posteriori since
it occurs in such low concentrations that it is thermody-
namically irrelevant in the studied fluid.

Compositional deviations from the fluid-rock dashed
tie-line point toward the host Di, revealing fluid-host reac-
tions (Fig. 10d). The chemical disequilibrium between the
host Di and the trapped solute-bearing aqueous COHS
fluid triggered the FI re-equilibration during the rock
exhumation. To quantify the contribution of these post-
entrapment processes for each fluid inclusion, the recon-
structed fluid inclusion bulk compositions have been plot-
ted in a triangle whose vertices are the thermodynamically
calculated UHP fluid, the DM675 rock bulk composition,
and the host Di (Fig. 10e; Table 4). Vertical and oblique
lines subdivide the triangle: these lines mark the molar pro-
portion of H,O loss and the molar component of the host
Di contaminating each fluid inclusion, respectively. From
Fig. 10e, it is evident that all Type Ib and Type Id, and most
of Type Ic, fluid inclusions are enclosed within the triangle,
whereas Type la and part of Type Ic fluid inclusions fall
outside and lay along a tie line connecting the peak mod-
elled fluid and the composition of calcium carbonate. This
difference is related to a disproportionate contribution of
the CaCO; component to the fluid inclusion compositions.
Thus, all Early Type I fluid inclusions that fall outside the
triangle (although always within the estimated composi-
tional error) likely contain an incidentally trapped calcite

Table 4

Barycentric coordinates (in percentage) of Type Ib, Ic and Id fluid inclusions in the triangle in Fig. 10e, representing the component proportion within each fluid inclusion. Note that the proportion
of COHS fluid and DM675 rock composition are both indicative of the amount of water loss, while the Di proportion is indicative of the FI contamination by post-trapment reaction between the

host and the trapped fluid. Negative values of Di are for FI outside of the triangle and pointing toward the Cc/Arg composition
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(ex-aragonite) crystal. Fig. 10e also reveals that Type Ib
fluid inclusions have experienced only 2-8 mol % of host
Di contamination (Table 4). This is in line with the small
dimensions of the step-daughter talc and the preservation
of most of the aqueous fluid (76-82 mol%; Table 4).

On the other hand, in Type Ic fluid inclusions, a rele-
vant Di contamination is paired with a considerable
H,O loss (up to 35 mol% of Di component; from 17 to
51 mol% of the original H,O content is still present;
Table 4). As expected, Type Id fluid inclusions are charac-
terised by the lowest amount of preserved H,O (from 0 to
21 mol%), and by the highest Di component contamina-
tion (from 2 to 42 mol%; Table 4). The relevant addition
of diopsidic component (i.e., Ca + Mg + Si) from the host
clinopyroxene allowed the growth of talc, serpentine min-
erals, and if the fluid loss was enough to drastically reduce
the fluid density (i.e., moving the inclusion to a lower den-
sity isochore: from the light blue isochoric field to the light
green one in Fig. 8), tremolite. In addition to silicates,
dolomite and aragonite would also form (and probably
precipitate as H,O is lost from the inclusion). Interest-
ingly, some multiphase-solid inclusions (Type Id fluid
inclusions) record only a minimal Di contamination (from
0 to 5 mol% of Di component), but a nearly complete
H,O loss (residual H,O component ranging from 1 to
8 mol%).

Finally, Fig. 10 shows that even the rare Type Ib fluid
inclusions that could have been regarded as unmodified
by fluid-host reactions record water loss. This process is
recognisable only from the solute concentrations predicted
by the electrolytic-fluid model. At the opposite extreme,
fluid inclusions that are entirely filled by solids (i.e., Type
Id multiphase-solid inclusions) preserve the elemental ratios
of the originally trapped UHP fluid since they lost mainly
H,O and only marginally reacted with the host Di. Thus,
no fluid inclusion seems completely unmodified: all fluid
inclusions record a sum of post-entrapment H,O loss and
chemical interaction with the host mineral. However, not
all fluid inclusions lost their chemical validity because those
that experienced only H,O loss, regardless of the amounts
of minerals included in them, may still bear reliable chem-
ical information.

The geologic significance of the collinearity between
reconstructed fluid inclusion composition and the thermo-
dynamically modelled peak fluid composition confirms the
closed system behaviour of the studied marble lens during
active subduction, as reported by previous works on Costa
Monforte marble lens (Castelli et al., 2007; Ferrando et al.,
2017).

7. CONCLUSIONS

HP-UHP fluid inclusions give chemical and physical
information about deep metamorphic fluids. They are
known to be highly prone to modifications during rock
exhumation. The present multidisciplinary work shows
how even apparently highly modified FIs can preserve the
chemical composition of the formerly trapped HP-UHP
fluid.

In this study, we also demonstrate how, in carbonate
systems, the progressive re-equilibration of fluid inclusions
due to a combination of H,O diffusion and fluid loss and
host-fluid chemical interactions can transform an aqueous
fluid inclusion in a multiphase-solid inclusion (with up to
42 mol% of Di contamination and between 18 mol% to
99 mol% of the original H,O lost). This study also confirms
that the fluid inclusions least affected by post-trapping
modifications are those characterised by small dimensions,
negative crystal shape, the highest volume of preserved
fluid, and the lowest volume of crystals. This confirms
how large fluid inclusions with irregular shapes, the pres-
ence of crystal lattice defects, the chemical propension of
minerals characterised by solid solutions to chemically
interact with trapped fluid are all factors favouring post-
entrapment modifications (Bodnar, 2003). In addition, fluid
inclusions trapped in deep rocks (both metamorphic rocks
equilibrated at HP and UHP conditions and mantle rocks)
also experienced extreme changes in P and T, from their
equilibration conditions to those on the surface, that fur-
ther promote post-entrapment re-equilibration processes
(Andersen et al., 1984; Heinrich and Gottschalk, 1995;
Frezzotti et al.,, 2012a; Frezzotti and Ferrando, 2015;
Carvalho et al., 2020). The identification of chemically pre-
served fluid inclusions is fundamental for further analysis
on the chemistry of UHP fluids (e.g., trace element con-
tent). In turn, the thermodynamic modelling of electrolytic
fluids helps to identify the degree of cryptic and non-cryptic
post-entrapment modifications experienced by each
HP-UHP fluid inclusion.

Conventional wisdom indicates that subducted carbona-
tic sediment layers do not encounter relevant decarbonation
reactions (thus not considering carbonate dissolution) at
sub-arc conditions, releasing little or no CO,. In Costa
Monforte marble lens, C mobilised as molecular CO, (i.
e., modelled as derived from decarbonation reactions)
reaches up to 0.03 mol% in a classical H,O-CO, mixture.
On the other hand, C mobilised by carbonate dissolution
in aqueous fluid, whether internally or externally derived
(e.g., Frezzotti et al., 2011; Connolly and Galvez, 2018;
Frezzotti, 2019; Menzel et al., 2020; van Schrojenstein
Lantman et al., 2021; Farsang et al., 2021) and speciated
as ionic ligands (i.e., HCO3, CO3), organic functional
groups (i.e., CHOO; CH3COO"), neutral carboxylic acids
and hydrocarbons, represents 1.8 mol% of the total
solute-bearing fluid. Although a small absolute value, it is
roughly two orders of magnitude higher than C mobilised
as molecular CO,. Thus, the capability of the electrolytic
modelling to reproduce a UHP fluid composition, that is
in line with what is observed within natural UHP fluid
inclusions in the simple CFMS-COHS chemical system, is
promising for further investigations in more complex
chemical systems.
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