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Abstract

Quartz segregations in paragneisses from the Paleozoic basement of the North
Patagonian Andes contain highly saline multiphase fluid inclusions with the rare daughter
mineral ferropyrosmalite detected by Raman analysis, besides halite, sylvite, hematite
and/or magnetite. During heating experiments, L-V homogenization occurs (256-515 °C),
followed by halite dissolution (287-556 °C) and the dissolution of ferropyrosmalite at 550-
581 °C. The latter phase transition triggers the growth of clino-amphibole crystals

according to the following idealized reactions, written for potential end-members:
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4FegSis015[(OH)sCly] + 6Ca?* (aq.) < 3CazFesSisOz2(OH)z + 17Fe’* (aq.) + 16 CF

(aq.) + 120H + 3H>
Ferropyrosmalite « Ferro-actinolite

FesSis015[(OH)sCly] + 2Ca?* (aq.) + Fe*? (aq) + 2AP* (aq.) + Na* (aq.) + H20 <

NaCaz(Fe’* Fe3*)(Al2Sis)02:Clz + 4Fe?* (aq.) + 2CI (aq.) + 4H>
Ferropyrosmalite « Chloro-hastingsite

The amphibole resembles the composition of ferro-actinolite but has also striking
similarities with chloro-hastingsite, as indicated by Raman spectroscopy. During the
heating experiment, hematite (when present) transforms to magnetite by the uptake of H,,
whereas inclusions without Fe-oxides contain traces of H, after the reaction. This mineral
transformation shows that ferropyrosmalite might result from the retrograde reequilibration
of amphibole with the brine, implying the uptake of Fe*", Cl" and H,O, and the enrichment
of Ca®" in the brine. Pervasive fluid flow and fluid-assisted diffusion are recorded by
channelway microstructures, healed microfractures and dissolution-reprecipitation
phenomena, as demonstrated by cathodoluminescence microscopy. These alkali- and
FeCl,-rich brines, derived from magmatic sources and of possible Mesozoic age, were

related to regional metasomatism, coeval with widespread granitoid activity.

Keywords: Ferropyrosmalite, ferro-actinolite, chloro-hastingsite, fluid inclusions, Raman
spectroscopy, fluid-assisted diffusion

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7525. http://www.minsocam.org/

Introduction

Metasomatism is a solid-state metamorphic process that implies changes in the bulk
composition, mineralogy and microstructures of rocks due to fluid-rock interaction
(Zharikov et al. 2007; Harlov and Austrheim 2012). In the continental crust, metasomatic
fluids are commonly derived from magmas and sedimentary brines, though they may have
a metamorphic or mantle origin as well (Yardley and Bodnar 2014). Fluids may not only
act as merely catalysts, but also cause compositional changes, introducing dramatic
modifications to thermodynamic conditions (e.g., Putnis 2009; Putnis and Austrheim 2010;
Putnis and John 2010). In addition, fluid-assisted diffusion can induce reequilibration
through dissolution of parent phases and reprecipitation of products, producing mineral
replacement. Coupled dissolution-reprecipitation is thus the main mechanism for mineral
replacement reactions related to metasomatism (Putnis and Austrheim 2010; Ruiz-Agudo et

al. 2014).

Fluid inclusions represent an irreplaceable tool for monitoring fluid flow associated
with metasomatic processes (e.g., Kwak 1986; Harlov and Austrheim 2012; Raic et al.
2018). In high- to medium-grade metamorphic rocks, metasomatism commonly occurs
during retrograde metamorphism and associated hydrothermal processes, triggering post-
entrapment reequilibration of fluid inclusions that may significantly replace the primary
peak metamorphic assemblage (Vityk and Bodnar 1995; Touret 2001; van den Kerkhof et
al. 2014; Bakker 2017). Such complex histories can only be disentangled by a careful
examination of fluid inclusion microthermometric data in the light of microstructures based
on both petrographic and cathodoluminescence (CL) observations, which can be further

3
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complemented by compositional data obtained by Raman spectroscopy, electron
microprobe (EMP) or laser ablation — inductively coupled plasma — mass spectrometry
(LA-ICP-MS) techniques (e.g., Touret 2001; van den Kerkhof and Hein 2001; Frezzotti et

al. 2012; van den Kerkhof et al. 2014; Wagner et al. 2016).

Ferropyrosmalite, the Fe-rich end-member of the pyrosmalite series
[(Fe,Mn)sSisO;5(OH,Cl);o; Yang et al. 2012], is a relatively rare phyllosilicate that occurs
in different metal-bearing ore deposits and is intimately associated with metasomatic
processes, mostly attributed to the presence of hypersaline hydrothermal fluids (Li and
Naldrett 1993; Pan et al. 1993; Borrok et al. 1998; Tazava et al. 1999; Hanley and Mungall
2003; Cepedal et al. 2003; Kodéra et al. 2003; Wanhainen et al. 2012). Though commonly
associated with actinolite, sulphides, chlorides and iron oxides (Vaughan 1986; Pan et al.
1993; Dong and Pollard 1997; Kodéra et al. 1998; Tazava et al. 1999; Hanley and Mungall
2003), robust constraints on ferropyrosmalite genetic conditions are still scarce. In this
context, Kodéra et al. (2003) proposed a retrograde reaction of clinopyroxene to
ferropyrosmalite in saline fluid inclusions from altered granodiorites associated with a Fe-
skarn deposit. Since the reaction between both minerals occurs at ca. 450 °C, clinopyroxene
might have been originally present as a daughter mineral, but was subsequently replaced by

ferropyrosmalite as part of a low-temperature equilibrium assemblage (Kodéra et al. 2003).

The aim of this paper is thus to evaluate post-metamorphic metasomatic processes
recorded by the Late Paleozoic metamorphic basement exposed in northwestern Patagonia,
providing new insights into ferropyrosmalite genesis and equilibrium conditions. For this
purpose, a detailed study was carried out in fluid inclusions from metamorphic quartz

segregations of high- to medium-grade metasedimentary rocks, combining fluid inclusion
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petrography, cathodoluminescence, microthermometry and Raman spectroscopy. Results
are finally discussed in the context of regional tectonometamorphic and magmatic

Processces.

Geological setting

The North Patagonian Andes south of the Nahuel Huapi lake include basement
rocks that comprise paragneisses and schists with subordinate intercalations of
amphibolites, metarhyolites, felsic orthogneisses and foliated intrusions (Fig. 1; Dalla Salda
et al. 1991; Garcia-Sansegundo et al. 2011; Oriolo et al. 2019). Though classically
attributed to the Colohuincul Complex (Dalla Salda et al. 1991), these rocks were recently
redefined as part of the Bariloche Complex (Oriolo et al. 2019), mostly due to differences
in the age of the protolith deposition and the timing and characteristics of metamorphism
and deformation. Devonian to Carboniferous metamorphism and deformation are
constrained by monazite EPMA Th-U-Pb ages of 391.7 + 4.0 and 350.4 + 5.8 Ma for
migmatitic paragneisses near the Brazo Tronador (Martinez et al. 2012), and monazite
EPMA Th-U-Pb ages of 299 = 8 and 302 = 16 Ma for garnet-bearing schists of the

Challhuaco hill (Oriolo et al. 2019).

Jurassic granitoids intruding the basement yield zircon U-Pb SHRIMP
crystallization ages of ca. 176-160 Ma (Castro et al. 2011a). Coeval low-grade
metamorphism and deformation of the basement was indicated by Oriolo et al. (2019)
based on monazite EPMA Th-U-Pb ages of 171 £ 9 and 170 £ 7 Ma. In addition, scarce

Late Jurassic volcano-sedimentary rocks are also exposed (Giacosa et al. 2001). Cretaceous
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granitoids may be present as well, as suggested by K-Ar and Rb-Sr ages of ca. 120-80 Ma
(Gonzalez Diaz 1982 and references therein). Despite the fact that monazite EPMA Th-U-
Pb ages of 110 £ 10 and 80 + 20 Ma recorded by basement rocks suggest the presence of
Cretaceous magmatism and associated hydrothermal processes, the interpretation of these
ages is still unclear (Oriolo et al. 2019). Finally, Cenozoic volcano-sedimentary sequences
and granites are exposed as well (Gonzéalez Diaz 1982; Rapela et al. 1988; Giacosa et al.

2001; Bechis et al. 2014).

Materials and methods

Sampling and microstructural characterization

Samples of quartz segregations were collected from paragneisses of the Bariloche
Complex for fluid inclusion analysis. Quartz segregations are parallel to the ubiquitous S,
metamorphic foliation, which represents the axial plane foliation of tight to isoclinal F,
folds (Fig. 2a; Garcia-Sansegundo et al. 2009; Oriolo et al. 2019). Rootless hinges of F,
folds are commonly defined by folded quartz segregations (Fig. 2b; Oriolo et al. 2019).
Samples were collected from paragneisses exposed at the western margin of the Jakob lake
(sample BA 6-18; 41°11°03.1°’S, 71°34°20.8°’W) and the Lopez hill (sample BA 28-18;

41°06°09.7°’S, 71°33°40.8°W) (Fig. 1).

Due to the presence of relicts of folded S; in the microlithons of S,, the latter is
observed as a crenulation schistosity, comprising mica domains and microlithons of quartz
and plagioclase (Oriolo et al. 2019). Plagioclase and garnet porphyroblasts are occasionally

present as well. Lepidoblastic muscovite and biotite exhibit shape-preferred orientation
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parallel to S; and S, planes, whereas quartz shows granoblastic microstructures. Fine-
grained chlorite £ white mica = opaque minerals are typical retrograde minerals that
commonly exhibit shape-preferred orientation parallel to S, planes (Fig. 2c), which is
locally affected by crenulation and F3; microkinking (Oriolo et al. 2019). In addition, S, is
cross-cut by fine-grained aggregates of epidote, chlorite, white mica, titanite, apatite and
opaque phases (pyrite, chalcopyrite, magnetite and hematite), which overprint all
aforementioned microstructural features. In few cases, decussate actinolite is present as

well (Fig. 2d).

Methodology

Cathodoluminescence studies were carried out using a hot cathode HC3-LM-Simon-
Neuser CL microscope (Neuser et al. 1995) equipped with a Kappa DX 40C Peltier-cooled
camera. The operating conditions were 14 kV acceleration voltage and a beam current of <

1 mA, corresponding to 20-40 pA/mm? beam current density.

Phase transitions in fluid inclusions in quartz were investigated by using a
LINKAM THMS 600 heating-freezing stage cooled with liquid nitrogen. The stage was
calibrated by a set of synthetic fluid-inclusion standards. For temperatures around -56.6 °C
(the melting point of CO,) and around 0 °C, the accuracy is better than 0.5 °C, whereas for
temperatures between 200 and 600 °C, the accuracy is better than 5 °C. Salinities of the
brines were calculated from ice melting temperatures using the equations of Bodnar (2003),
whereas the total salinities for oversaturated salt-bearing inclusions were estimated from

the model of Steele-Maclnnis et al. (2011).
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Raman analyses were accomplished in selected fluid inclusions using a Horiba-
Jobin-Yvon HR-Raman spectrometer equipped with a 488 nm (blue) laser, attached to an
Olympus BX41 microscope. For quantitative measurements, spectra were acquired using a
100x objective between 100 cm™ and 4000 cm™, integrating 3 cycles of 30s for each
measurement. Measurements were mostly carried out in unpolarized mode, though
polarized mode was also used in some cases, in order to check the effect of crystallographic
orientation. Gas components were detected based on the Raman vibration bands for CO,
(ca. 1388, 1285 cm™), N, (ca. 2930 cm™), H,S (ca. 2611 cm™) and H, (ca. 4156 cm™),
whereas gas ratios were determined with respect to the wavelength-dependent relative

Raman scattering cross-sections for a 488 nm laser unit (Burke 2001).

Results
Cathodoluminescence of quartz

CL microscopy is a highly sensitive method for demonstrating or semi-quantifying
rock alteration and paleo-porosity (e.g., Behr and Frentzel-Beyme 1987; Van den Kerkhof
and Hein 2001). Under CL, the quartz in the microlithons shows initial bright blue colors,
almost immediately changing to violet and red as a response to electron beam irradiation. A
number of microstructures visible only under CL are indicative of fluid-rock interaction,
including secondary zoning, grain boundary alteration, and channelway and cataclastic
healed microstructures (Fig. 3). In the studied samples, microstructures associated with

stages of high-temperature and low-temperature alteration were distinguished.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7525. http://www.minsocam.org/

Quartz shows secondary zoning characterized by diffusive compositional variations
within quartz grains. These microstructures are particularly common in the samples from
the Lépez hill, which record higher metamorphic temperatures. The altered quartz shows
typically red CL, whereas the remaining relic patchy quartz shows bluish CL (1 in Fig. 3a).
The microstructures typically show convex forms, indicative of grain boundary diffusion of

trace elements (Van den Kerkhof et al. 2004).

Low-temperature metasomatism is characterized by cataclastic textures (i.e., healed
microfractures and channelway microstructures) and grain boundary diffusion showing
initial dark CL, changing to bright brown and red during the measurements. Quartz grains
typically show reduced CL intensity along the boundaries (2 in Figs. 3a, b), suggesting
trace element depletion along the rims during pervasive fluid flow. Cross-cutting
relationships show that the oldest fluid pathways show blue CL, whereas younger
microstructures show brown CL (3 and 4 in Fig. 3b). At the Lopez hill, the blue CL in the
channelways suggests the interaction with hot circulating fluids, whereas the latter
microstructures are associated with alteration minerals like chlorite, epidote and apatite in

veins and nests.

Quartz from the Jakob lake locality shows a dominance of low-temperature features.
Quartz with extensive cataclastic microstructures exhibits unstable blue CL (5 in Fig. 3c),
which grade to final bright red CL during electron beam irradiation. More complex
microstructures (bright red CL) are related to subgrains, which are indicative of local

recrystallization (6 in Fig. 3c).
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Fluid inclusions

Fluid inclusions from the Lépez hill location were studied in the mirrored fluid
plates of the CL sections, whereas those from the Jakob lake location were poorly
preserved and could not be measured by microthermometry. Based on fluid phase
petrography, early secondary multiphase inclusions and late secondary two-phase

inclusions were identified (Table 1).

Abundant multiphase highly saline fluid inclusions occur in clusters or are isolated,
and can be classified as early secondary, i.e., inclusions trapped during metasomatic
overprint and linked with the earliest fluid pathways in CL. They typically contain liquid
and vapor with a wide range of water volume fractions (0.10-0.65) together with several
solid phases. The latter may take up to 70 vol. % of the inclusions (Table 1). Halite and
sylvite are common daughter phases together with a number of Raman-active crystals.
Sylvite crystals, sometimes absent, are always smaller than halite. Rare early secondary
two-phase inclusions also occur, showing lower water volume fractions of 0.30-0.40 and
sometimes salt crystals (halite or halite + sylvite). The Raman-active minerals could be
identified as ferropyrosmalite and hematite (Fig. 4), or sometimes magnetite. The unusual
mineral ferropyrosmalite was optically observed as a transparent, colorless crystal with
occasional hexagonal morphology, which is in accordance with its trigonal symmetry (Fig.
4a). The bubble normally contains no detectable gas, but occasionally traces of CO, occur,
as revealed by Raman analysis. Eutectic melting was normally observed between -58 and -
54 °C, indicating the presence of significant Ca®" (+ Fe*', Mg2+) concentrations in the brine.
After subsequent heating, the melting of ice between -46 and -28 °C, followed by the

melting of hydrohalite between -20 and -12 °C, was typically observed. During heating
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experiments, LV-homogenization of the early secondary multiphase inclusions took place
between 256 and 515 °C (Fig. 5a). Sylvite, if present, always dissolves before halite at ca.
190 °C. However, NaCl must be dominant over KCI, since hydrohalite can be clearly
identified. Halite dissolves always after L-V homogenization between 287 and 556 °C and
shortly after ferropyrosmalite dissolves. It is immediately followed by the simultaneous
growth of a new greenish mineral between 550 and 581 °C (Fig. 5b). In a temperature
range of ca. 10-20 °C, both ferropyrosmalite and the new mineral coexist in the fluid
inclusion. The new mineral often growths from the inclusion wall inwards and sometimes
more than one crystal of the same species crystallizes within the same inclusion. This
mineral was identified by Raman analysis as clino-amphibole (Fig. 4c). As a result of
heating, several inclusions, notably those without an opaque phase, contain detectable
amounts of Hy, as revealed by the appearance of a Raman peak at 4156 cm™ (Burke 2001).

Phase transition temperatures and fluid properties are summarized in Table 1 and Figure 5.

Salinity calculations for the brine estimated from ice melting temperatures with the
equation of Bodnar (2003) yielded 27-33 wt. % NaCl eq. (Figs. 5c, 6). However, the
eutectic temperatures of -58 to -54 °C, which mark the melting of antarcticite, indicate a
CaCly-dominated brine with additional components, most likely NaCl and KCI, and
probably more salts. As an approximation, brines are considered as ternary mixtures in the
system H,O-CaCl,-NaCl. In that way, total salinity can be estimated from ice, hydrohalite
and halite melting temperatures and the model of Steel-Mclnnes et al. (2011), yielding total
salinity of 27-73 wt. % NaCl eq. (Figs. 5c, 6). The effect of additional KCI on the topology
and isotherms in the ternary system, notably on the hydrohalite melting, is assumed to be

minor, when considering the sum of dissolved alkali chlorides (Assarsson 1950). Ice melts
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between -46 and -28 °C, and hydrohalite between -20 and -12 °C. For the oversaturated
multiphase inclusions, ice melting is often metastable, because halite is still present,
although salt hydrates and ice are the stable phases. However, the hydration reaction halite
to hydrohalite is very sluggish and does not occur here. On the other hand, L-V
homogenization and halite melting can be accurately reproduced in the heated inclusions,

returning the same phase transition temperatures documented before the reaction.

In the early secondary inclusions, the extreme variation in salinity may either result
from the simultaneous entrapment of fluid and halite or from different portions of the
evolving magmatic fluid (Fig. 5b). Because of halite crystallization, this may also explain
the clear trend of brine compositions between high-salinity NaCl-rich and low-salinity
CaCl,-rich compositions (Fig. 6). The much lower solubility of NaCl compared to CaCl,
(“salting out”) results in the formation of halite crystals, which may become isolated in
modified inclusions. The rare and simpler early secondary inclusions without salts show the
same bulk compositions as the brine in the multiphase inclusions, pointing at incidental

fluid retrapping during cooling.

The late secondary inclusions are linked with the altered quartz showing brownish
and reddish CL. These inclusions are aligned along short trails and show variable H,O
volume fractions, which fall in two groups: liquid-rich inclusions with water volume
fractions between 0.70 and 0.87, and vapor-rich inclusions with water volume fractions
between 0.05 and 0.30 (Table 1). The salinities of both inclusion types are generally low ( <
5 wt. % NaCl), as deduced from ice melting temperatures (from -3.2 to 1.5 °C, for
metastable melting). The liquid-rich and vapor-rich inclusions occur in close association

within the same trails and were evidently trapped from immiscible fluids (heterogeneous
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trapping) during cooling. Eutectic melting, if observed, shows temperatures around -21 °C,
pointing at the dominance of NaCl in solution. Raman analysis shows that some V-L
inclusions contain small amounts of CO,, sometimes with traces of N, and/or H,S.
However, the rare observation of CO, or clathrate melting suggests very low density of the
carbonic phase. This was confirmed by the properties of Raman spectra, pointing at
densities <0.4 g/cm’, i.e., always below the critical density of CO, (Fall et al. 2011), as the
difference between the positions of the peaks of the Fermi diad is very small (between
102.4 and 103.5 cm™). Partial homogenization of the carbonic phases to vapor was not
observed. Total homogenization temperatures of the vapor-rich inclusions (to the vapor
phase) fall in a relatively narrow range between 319 and 389 °C. Homogenization
temperatures of the liquid-rich inclusions (to the liquid phase between 254 and 384 °C) fall

in the same range, but are in part lower (Fig. 5a).

Raman analysis of daughter phases

Ferropyrosmalite in multiphase brine inclusions was irrevocably identified by
Raman analysis (Fig. 7a) with characteristic peaks at 614, 1024 cm™, and in the O-H
stretching region at 3550, 3577 and 3626 cm™ (Dong and Pollard 1997; Kodéra et al.

2003). Some smaller peaks at lower wavenumbers were found at 190 and 324 cm™.

The opaque phase in the multiphase inclusions appeared to be either hematite (peaks
at 223, 290, 403, 610 and 1305 cm™), or sometimes magnetite (peaks at 537 and 667 cm™).
After heating of the inclusions, only magnetite could be detected when analyzing the

opaque phases, suggesting hematite reduction.
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Heated brine inclusions contain clino-amphibole, as identified by Raman
spectroscopy (Fig. 7b). Strong Raman peaks were found in the 640-665 and 990-1015 cm’™
ranges and relate to the amphibole chain structure (Lafuente et al. 2015). The peaks can be
assigned to the symmetrical and asymmetrical stretching vibrations of Si-O-Si bridges,
respectively. Smaller peaks at 250-400 and 500-550 cm™ are probably associated with the
bending modes of the chains, as discussed by Apopei and Buzgari (2010). The same spectra
could be well-reproduced for ca. 10-15 crystals found in the heated sample. The
comparison with spectra of standard samples from the RRUFF database (Lafuente et al.
2015) shows similarities of the amphibole Raman spectra with ferro-actinolite (R060189)
as well as with hastingsite (R070194). One prismatic crystal of amphibole was measured in

polarized mode, parallel and perpendicular to the crystallographic c-axis (Fig. 7b).

Remarkable is the appearance of a clear Raman band at ca. 751-755 cm’l, which
shows extreme intensity variation depending on the crystallographic orientation. In
polarized light, the intensity is strongest for vibrations perpendicular to the crystallographic
c-axis. The same peak was detected in reference samples of hastingsite (R070194) from the
RRUFF database (Lafuente et al. 2015) and amphiboles with Fe'™>AP" of
andesites/dacites from the Taapaco volcano, Chile (Banaszak 2014). Kod¢ra et al. (2003)
noticed this peak for the new phase formed during heating and suggested the presence of
another unidentified mineral phase. However, the clear correlation with the other peaks
demonstrates that this Raman band must be part of the amphibole spectrum. In accordance
with the hastingsite spectra and findings of Leissner et al. (2015) and Roesche (2018) for

heated and oxidized amphiboles, it is assumed that the 751-755 cm™ peak is associated with
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trivalent iron, formed by the oxidation of divalent iron and resulting in the shift of the

symmetrical stretching mode to higher wavenumbers.

The three peaks assigned to OH™ bonding, as recorded for ferropyrosmalite,
disappeared after heating, or only one single peak in this range remained, which however
does not coincide with any ferropyrosmalite peak. Several OH™ bonding peaks for
amphibole fall in the 3570-3770 cm™ range (Lafuente et al. 2015), but in the heated
inclusions only two peaks, a larger at ca. 3619 cm™ and a smaller one at ca. 3653 cm’,
were detected for the majority of the ca. 10-15 analyzed inclusions. The low wavenumbers
of these vibration modes can be explained by the substitution of Fe in the M(1)O4-M(1)O¢-
M(3)O¢ octahedra triplet sites and suggests a very high Fe/Mg ratio (Leissner et al. 2015;
Roesche 2018). However, OH" vibrational peaks were strongly reduced and, in 3-5 cases,
are even absent. The lack of these vibration modes can be possibly explained by the
substitution of OH™ by CI’, as indicated by Fornero et al. (2008). It has been reported that
Fe-rich amphiboles contain high concentrations of chlorine (e.g., Volfinger et al. 1985;
Rebay et al. 2015), though chlorine incorporation can be also controlled by the substitution
of AI’" for Si*" at tetrahedral sites and K" for Na™ at A sites (Jenkins 2019). As the Raman
spectra of the amphiboles in the fluid inclusions suggest very high Fe-contents, it is thus
expected that chlorine concentration may be relatively high as well. Note that the
amphibole forms in oversaturated brines after the dissolution of halite, often with a sylvite
crystal present. Therefore, the unusual Raman spectra for the newly formed amphibole best
fits compositions rich in iron and in a state of high oxidation, also with a possible

contribution of potassium.
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Finally, the bubbles of most natural, non-heated inclusions do not contain any
Raman-active gas components. Some inclusions, however, contain CO,, sometimes with
subordinated N, and H,S, with composition ca. CO,(83)N,(12)H,S(5) in the gas-rich late
secondary inclusions. In samples which formed amphibole on heating but do not contain

Fe-oxides, small amounts of H, could be detected as well.

Discussion

Ferropyrosmalite genesis and mineral-brine reactions

The association of ferropyrosmalite, halite, sylvite and Fe-oxide in more or less the
same volume ratios is typical for many of the studied fluid inclusions. Therefore, these
minerals are considered as true daughter phases and not as captive minerals. Another
argument is the absence of ferropyrosmalite as “solid inclusions” in quartz and exclusively
found associated with high-salinity brines. At ca. 600 °C (the maximum temperature which
can be reached with the heating stage), the clino-amphibole together with Fe-oxide, and
often also sylvite, persist and could not be dissolved during experiments. This implies that
inclusions must have formed at higher temperature, i.e., above the ferropyrosmalite-
amphibole equilibrium temperature, thus implying that ferropyrosmalite formed from a

retrograde reaction.

To our knowledge, the amphibole-forming reaction from ferropyrosmalite and brine
in the heated fluid inclusions is reported here for the first time. It is assumed that amphibole
must have been present in the inclusions at high temperatures and, consequently,

ferropyrosmalite formed because of retrograde reactions of this mineral with the brine. The

16

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7525. http://www.minsocam.org/

equilibrium temperature documented for the ferropyrosmalite to clino-amphibole reaction
is 550-581 °C, which is more than 100 °C higher than the temperature reported by Kodéra
et al. (2003) for the ferropyrosmalite-hedenbergite reaction. In a similar way to the
ferropyrosmalite—clino-amphibole transformation, the latter implies the uptake of FeCl, and
H,0, and the enrichment of Ca”" in the brine (Kodgra et al., 2003). Considering a pure Fe
end-member for pyrosmalite, a pure ferro-actinolite amphibole, and that all released O,
converts to OH’, the equation for the ferropyrosmalite to amphibole transformation can be

written as follows:

4FesSis015[(OH)sCly] + 6Ca?* (aq.)  3CazFesSisOz2(0H)z + 17Fe?+ (aq.) + 16 CF

(aq.) + 120H + 3H>
D
Ferropyrosmalite « Ferroactinolite

On the other hand, assuming a pure Fe end-member for pyrosmalite and Cl-rich

hastingsite, the following reaction would be plausible:

FesSis015[/(OH)sCly] + 2Ca?* (aq.) + Fe*? (aq.) + 2AP* (aq.) + Na* (aq.) + H20 <
NaCaz(Fe’* Fe3*)(Al:Sis)0:22:Cl2  +  4Fe?*  (aq) + 2CF (aq) + 4H:

2
Ferropyrosmalite > Chloro-hastingsite

As previously exposed, the amphibole shows similarities with ferro-actinolite and
hastingsite, indicating a Fe-rich amphibole, most likely in a high oxidation state. The
presence of Fe’" is problematic for ferro-actinolite, which only contains Fe**, but could be
satisfactorily explained by hastingsite. In that case, Raman evidence suggests a relatively
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large CI/OH ratio, pointing to a possible chloro-hastingsite composition, whereas the
presence of K in A sites substituting K could also indicate potassic-chloro-hastingsite. The

1**

main limitation in the interpretation of hastingsite is the low solubility of AI°", which is

expected together with ferropyrosmalite after the retrograde reaction (2).

At the same time, magnetite probably formed as the result of hematite reduction,

according to the following reaction (Matthews 1976):

3Fe,0; + H, & 2Fe;0, + H,0 3)

The source for the hydrogen for the reaction likely results from the breakdown of

ferropyrosmalite, according to the amphibole-forming reactions (1) and (2).

The reactions take place essentially in a closed system without addition or loss of
any components from the host mineral. The presence of significant amounts of Ca (£Fe,
+Mg) in the associated fluids is based on the recognition of antarcticite (CaCl,-6H,0) in the
inclusions during cooling-heating runs. Antarcticite melting at eutectic temperatures of ca. -
55 °C was observed for the multiphase inclusions and point to NaCl-CaCl,-bearing brines.
Halite and sylvite reprecipitated on cooling and the newly formed phases seem to be stable
at room temperature in most cases. The ferropyrosmalite-amphibole transformation
appeared to be metastable over long periods, as the retrograde hydration-chlorination
reaction to ferropyrosmalite has not been observed so far, not even after six hours of laser
beam irradiation. However, Kodéra et al. (2003) recorded the retrograde change from
pyroxene to ferropyrosmalite, which was possibly stimulated by heating of the laser beam.
Even though the retrograde reaction has not been observed under experimental conditions,

it is assumed that it might have taken place in nature.
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On the other hand, highest temperature conditions of > 581 °C recorded by fluid
inclusions suggest the interaction of metasedimentary rocks with hot circulating fluids
along channelways, presumably induced by post-peak metamorphic heating (e.g., van den
Kerkhof et al. 2004). Such relatively high-temperature conditions are further supported by
environmental conditions reported for the crystallization of Cl-rich amphiboles (e.g.,
Giesting and Filiberto, 2016, and references therein), assumed to be a primary phase in the
studied fluid inclusions, and might be associated with regional low-pressure conditions, as
indicated by geological evidence. The recorded evolution towards lower temperature fluids
thus indicates a retrograde evolution from lower amphibolite to greenschist facies
conditions. On the other hand, high salinity, Ca-Fe-rich fluids associated with
ferropyrosmalite formation commonly have a magmatic source (e.g., Li and Naldrett 1993;
Borrok et al. 1998; Tazava et al. 1999; Hanley and Mungall 2003; Kodéra et al. 2003). The
presence of magmatic sources for the studied fluids, possibly related to Mesozoic
tectonomagmatic events, are further supported by microstructural and geochronological

data of metamorphic rocks of the study area.

The existence of metasomatism coupled with regional retrograde conditions has
deep implications for the study of metamorphic processes. In the first place, it poses a
challenge for P-T thermodynamic modelling and construction of pseudosections, since the
assumption of a closed system and isochemical conditions is not valid, as the protolith
geochemical composition changes after interaction with the brine. On the other hand, no
evidence of metasomatic processes during retrograde metamorphism had been recorded in
the study area so far (Garcia-Sansegundo et al. 2011; Martinez et al. 2012; Oriolo et al.

2019), whereas quartz segregations, which are structurally concordant with peak
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metamorphic basement fabrics (Figs. 2a, b), do not show any macro-/microstructural
evidence of a post-metamorphic overprint. Only the combined use of CL, fluid inclusion
and Raman analyses revealed the complex metasomatic evolution of the system,

emphasizing the role of fluid-assisted dissolution-reprecipation processes.

Regional implications

The Paleozoic basement of the North Patagonian Andes is affected by low-grade
metamorphism and deformation (Oriolo et al. 2019) coeval with the intrusion of Jurassic
granitoids at ca. 176-160 Ma (Castro et al. 2011a). This is indicated by monazite EPMA
Th-U-Pb ages of 171 £ 9 and 170 £ 7 Ma, the latter recorded in the Jakob lake locality
(Oriolo et al. 2019). On the other hand, minor monazite populations yielding ages of 110 +
10 and 80 + 20 Ma were also obtained in the Jakob lake and Challhuaco hill, respectively
(Fig. 1; Oriolo et al. 2019). The presence of Cretaceous granitoids in the region, however, is
only poorly constrained by K-Ar and Rb-Sr ages of ca. 120-80 Ma (Gonzalez Diaz 1982
and references therein).

Based on P-T conditions for the monazite-allanite equilibrium, Oriolo et al. (2019)
suggested the presence of a regional high- to medium-temperature event under low-
pressure conditions (< 6 kbar) to explain Mesozoic monazite ages. Since monazite
(re)growth resulting from fluid-assisted metasomatic processes is well-documented (e.g.,
Budzyn et al. 2011; Harlov et al. 2011; Williams et al. 2011), Mesozoic monazite ages may
thus constrain the timing of metasomatism recorded by fluid inclusions, further supported
by the stability of monazite in the presence of NaCl brines (Budzyn et al. 2011). In
addition, well-documented dissolution-reprecipitation microstructures in monazites of the
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study area (Oriolo et al. 2019) could be explained by circulation of high-Ca-bearing brines,
which promote monazite dissolution (Budzyn et al. 2011).

As further supported by regional evidence (e.g., Paez et al. 2010; Castro et al.
2011a, 2011b; Martinez Dopico et al. 2017; Suarez and Gonzalez 2018), fluid flow and
metasomatism recorded by fluid inclusions were thus likely related to a Jurassic
tectonomagmatic event. However, they might also have been linked, at least partially, to
Cretaceous and/or Cenozoic hydrothermal processes, which were reported for the study
area as well (Giacosa et al. 2001). Though Cenozoic magmatism is well-documented by
geochronological data and field relationships (e.g., Rapela et al. 1988; Bechis et al. 2014),
the existence of Cretaceous magmatism is uncertain due to the lack of high-precision
geochronological data. However, Cretaceous volcanism is exposed immediately northwest
(Aragon et al. 2011) and significant Cretaceous exhumation associated with an early
Andean tectonothermal event has been regionally recognized in the North Patagonian
Andes (Orts et al. 2012; Oriolo et al. 2019; Olaizola et al. 2020).

Basement fabrics played a major role as first-order structural controls in the
evolution of Mesozoic and Cenozoic magmatic and sedimentary processes in northern
Patagonia (Renda et al. 2019). In the particular case of the study area, microstructural
evidence of basement rocks suggests significant reactivation of metamorphic fabrics and
deformation-assisted replacement reactions during retrograde metamorphism (Oriolo et al.
2019). The Paleozoic metamorphic foliation might thus represent an effective pathway
allowing fluid circulation, which in turn promoted retrograde metamorphic reactions and
reequilibration in an otherwise dry and thus less reactive crustal section (e.g., Jamtveit et al.
2000; Altree-Williams et al. 2015). In this context, the possible reactivation of

metamorphic fabrics (Oriolo et al. 2019) might be crucial for generating secondary porosity
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due to generation of open spaces, where fluids could circulate and further increase porosity
by hydraulic fracturing and dissolution-reprecipitation, as supported by healed

microfractures and compositional changes revealed by CL data.

Conclusions

Clino-amphibole experimentally formed after heating in ferropyrosmalite-bearing
fluid inclusions, suggesting that ferropyrosmalite was formed as a retrograde phase in fluid
inclusions in the studied quartz crystals. The reaction implies the uptake of Fe*" and CI,
and the enrichment of Ca®" in the brine. These Cl-rich high salinity brines promoted
metasomatism, fluid-assisted deformation and dissolution-reprecipitation processes, as
documented by channelway microstructures, healed microfractures and compositional
changes in quartz revealed by the cathodoluminescence microscopy. Basement fabrics
probably represented effective pathways for fluid flow, which promoted retrograde mineral
reactions.

Ferropyrosmalite-bearing inclusions represent the fluids originated from post-peak
metamorphic Mesozoic magmatism, most likely of Jurassic age, represented by widespread
granitoids intruding the basement. However, Cretaceous and Cenozoic tectonomagmatic
processes cannot be ruled out as triggers of hydrothermal processes, at least to some extent.
All these fluids were associated with regional metasomatism related to retrograde high- to
medium-temperature and low-pressure tectonothermal events, which largely overprinted

the metamorphic basement of the northern Patagonia.
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Fig. 1. Geological map of the study area (modified after Gonzalez Bonorino 1973; Garcia-
Sansegundo et al. 2009; Bechis et al. 2014; Oriolo et al. 2019). EPMA Th-U-Pb monazite
geochronological data (1: Martinez et al. 2012; 2: Oriolo et al. 2019) are shown.

Fig. 2. a) Quartz segregations parallel to S, metamorphic foliation of paragneisses. b) F»
tight folds showing rootless hinges defined by quartz segregations (arrows). ¢) Retrograde
chlorite, white mica and opaque minerals showing shape-preferred orientation parallel to
subhorizontal S, planes (cross-polarized light). d) Randomly oriented aggregates of
chlorite, actinolite and white mica cross-cutting subhorizontal S, planes (cross-polarized
light). Act: actinolite, Chl: chlorite, Op: opaque minerals, Wmca: white mica.

Fig. 3. Microphotographs of quartz segregation thin sections in cathodoluminescence (left)
and transmitted light (crossed polarizers, right). CL microstructures are indicative of high-
temperature (a, b; sample BA 28-18, Lopez hill) and low-temperature alteration (c, sample
BA 6-18, Jakob lake). 1 = secondary zoning; 2 = grain boundary alteration; 3 = channelway
microstructure showing initial blue CL; 4 = polyminerallic channelway showing brown CL;
5 = healed cataclastic microstructures observed for initial (blue) and final (violet and
reddish) CL; 6 = subgrains.

Fig. 4. Microphotographs showing multiphase fluid inclusions from the Lopez hill location.
a) Natural, non-heated inclusion containing halite and a hexagonal crystal of
ferropyrosmalite; b) Natural, non-heated inclusion containing halite, sylvite, hematite, and
ferropyrosmalite; c) Same inclusions as (b) after heating over 570 °C. Dissolution of
ferropyrosmalite and hematite favours crystallization of clino-amphibole and magnetite,
respectively. Note that, after the reaction, two prismatic amphibole crystals formed in the
same inclusion. The Raman spectrum of amphibole is shown in Figure 7b (polarized
spectra, recording OH™ stretching bands); d) Natural, non-heated inclusion containing
halite, magnetite and ferropyrosmalite; €) Same inclusion as (d) after heating. The resulting
clino-amphibole, identified as chloro-hastingsite, lacks in OH  peaks, suggesting
substitution of OH™ by CI (Fig. 7b, unpolarized spectrum). HI: halite, Fp: ferropyrosmalite,
V: vapor, L: liquid, Syl: sylvite, Hem: hematite, Amp: amphibole, Mag: magnetite.

Fig. 5. Microthermometric results of fluid inclusions. a) Liquid-vapor homogenization
temperatures (V: vapor, L: liquid) for early secondary multiphase and late secondary
biphasic inclusions; b) Melting temperatures of daughter crystals in the early secondary
multiphase inclusions (halite and ferropyrosmalite); ¢) Brine salinity and total salinity of
early secondary multiphase inclusions and late secondary (L-V and V-L) inclusions.

Fig. 6. Fluid inclusion compositions in the system H,O-NaCl-CaCl, (modified after Oakes
et al. 1990; Zwart and Touret 1994). AA: antarcticite, Hl: halite, HH: hydrohalite. Red
squares: early secondary multiphase inclusions (total salinity), red circles: early secondary
L+V£S multiphase inclusions (brine salinity without halite crystals), blue area: late
secondary V-L and L-V inclusions.

Fig. 7. Raman spectra of daughter phases in (a) natural, non-heated inclusions showing
spectra for ferropyrosmalite and hematite (inclusion in Fig. 4b), and (b) heated inclusions
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showing spectra for clino-amphibole with OH™ vibration bands in polarized laser light with
orientations parallel and perpendicular to the crystallographic c-axis (inclusion in Fig. 4c)
and Cl-bearing clino-amphibole (unpolarized laser light; inclusion in Fig. 4¢). Raman peaks
for the host quartz are subtracted and not shown here.

Table 1. Overview of fluid inclusion data obtained from microthermometry with indication
of the relative abundance and number of measured fluid inclusions (n). The phase volume
fractions at room temperature are estimated for the liquid (L), solid (S) and vapor (V)
phases. Phase transition temperatures are given for the melting of CO, (T, CO,), the
eutectic temperature (T.), ice melting (T, ice), hydrohalite (T, HH), clathrate melting (Tm
clathrate), liquid-vapor homogenization (T, L-V) into the liquid (L) or vapor phase (V),
sylvite dissolution (T, Syl), halite dissolution (T, HI), and ferropyrosmalite dissolution
(Twm Fp). Salinities were calculated from the microthermometry data and the models of
Steele-MclInnes et al. (2011) and Oakes et al. (1990). Mean values are given in brackets.

30

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



Early secondary inclusions

Late secondary inclusions

H,0O-NaCl-CaCl, + Solids + CO,

HzO-NaCI +CO,+ N, £ H,S

Multiphase L+V (zS) L+V (zS) V+L (15)
Abundant (n=39) Rare (n=3) Abundant (n=33) Abundant (n=17)
L 0.10- 0.65 (0.31) 0.30 - 0.40 0.70 - 0.87 (0.81) 0.05-0.30 (0.14)
Ph]?rfc‘t’i%'r‘]lsme S 0.05 - 0.70 (0.53) 0-0.40 0-0.05 0-0.05
V 0 - 0.65 (0.16) 0.20 - 0.70 0.10 - 0.30 (0.19) 0.75 - 0.95 (0.87)
Tm CO, -57.5--56.9 n.o. n.o. n.o.
Te -56 - -54 ca. -58 -21.4--21.0 n.o.
Tn ice -46.3 - -28.1 (-36.6) ca. -32 3.2-1.5(-0.7) 32-0
Phase T HH 204 --12.0 (-16.5) 159 --15.0 - R
transition T, clathrates n.o. (0.2) n.o. n.o.
temperatures m
(°C) T L-V 256 - 515 L (381) 251 L->350V 254 - 384 L (296) 319-389 V (361)
Tm Syl ca. 190 - - -
T HI 287 - 556 (489) - - -
Tm FP 550 - 581 (560) - - -
Calculated | Total salinity 27-73 27-30 0-5 0-5
salinity NaCl + KClI 4-64 8-11 0-5 0-5
(wt. %) CaCl, 10-26 15-20 - -
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