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FLUID AND MELT INCLUSIONS STUDY RELATED
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Abstract. The study presents introductory data, based upon fluid and melt inclusion petrography,
microthermometry and preliminary Raman spectra from a specific veinlet association formed by
K-feldspar — biotite — quartz — anhydrite — apatite — albite — (Fe-Ti) oxides — sulfides, sampled in two
sites from two drill holes from the central part of the complex porphyry — Cu-Au (Mo), HS- and
LS- epithermal mineralizations from Voia prospect in the Metaliferi Mountains (Romania). Glassy
and silicate melt inclusion showed Th between 800-950°C, sometimes more than 1000°C. Brine inclusion
microthermometry showed Tm halite between 323°-594°C and Ws = 40—72 wt% NaCl eq., respectively.
Minimum trapping temperature ranged between 436° and 973°C by vapor homogenization and between
429° and 594°C by halite homogenization, suggesting a continuous brine (salt melt) separation from
silicate melt by immiscibility and successive boiling episodes, vapor-rich counterparts being always
present. Calculated pressure suggested a mediated depth of brine inclusion entrapment around 3 km.

Keywords: fluid and melt inclusions, anhydrite, apatite, quartz, microthermometry, VVoia porphyry Cu-Au (Mo).

Résumé. Cette étude présente des dates introductives obtenus par la pétrographie, la microthermométrie
et par les spectres Raman préliminaires sur une association minéralogique spécifique de feldspath-K —
biotite — quartz — anhydrite — apatite — albite — oxydes de Fe-Ti — sulfures, mesurées sur des échantillons
de deux forages situées dans la partie centrale du complexe des minéralisations porphyriques de
Cu-Au(Mo) et minéralisations épithermales de type HS et LS du projet miniére de Voia, dans les
Montaignes Métalliféeres en Roumanie. Les inclusions vitreuses et magmatiques montrent une
Th entre 800°—950°C, d’ailleurs presque de 1000°C. La microthermométrie des inclusions hydrosalines
montre la dissolution de I’halite entre 323°-595°C et une salinité de 40—72 wt% NaCl eq. La temperature
minimale de piégeage mesurée varie entre 436° et 973°C, d’aprés I’homogénéisation de phase
vapeur et entre 429°C et 594°C, d’aprés I’homogénéisation de I’halite, en suggérant la continuité de
séparation d’une fondue hydrosaline de la liquide siliceux/silicaté par immiscibilité et ébullition
successives, les vapeurs €quivalents étaient toujours présents. La pression calculée suggere le
piégeage des inclusions hydrosalines a une profondeur d’environ de 3 km.

Mots-clés: inclusions fluides, inclusions magmatiques, anhydrite, apatite, la microthermométrie, minéralisation
porphyre Cu-Au(Mo) de Voia, Romania.
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1. INTRODUCTION

The Voia porphyry Cu-Au(Mo) prospect is situated in the central-southern part of the Golden
Quadrilateral in Metaliferi Mountains of the South Apuseni Mountains unit in western Romania. The
area is situated at 4 km N from Hondol and 7 km NW from Sacaramb old mining centers (Fig. 1). The
interested exploratory prospect was documented on a surface area of about 10 km? based upon intense
exploration works in the last decades (Berbeleac et al., 1985, 2014, 2015, and references therein; Fig. 2).
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Fig. 1. Geological map of the Voia region (modified after Berbeleac et al., 2015). Legend: 1) Hb, Bi, Qtz + Px andesite

(Cetras type); 2) Lava flows of Hb, Bi, Qtz + Px andesite (Cetras type); 3) Hb, Qtz + Bi, Px andesite (Momeasa type);

4) Lava flows of Hb, Qtz + Bi, Px andesite (Momeasa type); 5) Qtz, Hb = Bi andesite (surface subvolcanic body);

6) Dyke of Hb, Qtz andesite; 7) Badenian pyroclastic andesite; 8) Gold vuggy breccia; 9) Py hydrothermal breccia;

10) Intercalation of hybrid rocks with Badenian pyroclastic andesite; 11) Badenian-Sarmatian volcano-sedimentary

rocks; 12) Upper Cretaceous-Paleogene Fata Baii Formation;13) Fault; 14) Contour of intense argillic alteration.
Abbreviations: Hb= hornblende, Bi= biotite, Qtz= quartz, Px= pyroxene, Py= pyrite.

There are several polystadial mineralization phases, including an iron-rich porphyry Cu-Au
(Mo), and HS (high-sulfidation) and LS (low-sulfidation) epithermal stages as veins and brecciated
stockworks, overprinting successive andesite-microdiorite intrusions (Fig. 2). Various pyrite-
chalcopyrite Ca-Mg skarn features were mentioned between quartz andesite-quartz microdiorite and
limestone country rocks (Berbeleac, 1998).
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A detailed exploratory program was based upon 18 diamond drilling boreholes (EDD), totalizing
about 15,000 m. A deep structural image was defined by field mapping, geophysical investigations
(Andrei, lonescu, 1973), laboratory studies, and 29 MTS (magnetotelluric sounding) data
interpretation down to 5,000 m deep (Berbeleac et al., 2012, and Fig. 3).
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Fig. 2. Geological cross-section through the Voia subvolcanic body (after Berbeleac et al., 2015). Legend: 1) Badenian-
Sarmatian quartz andesite and microdiorite (partial mineralized sedimentary rocks); 2) Badenian-Sarmatian
a. Sedimentary rocks, and b. Volcano-sedimentary rocks; 3) Upper Jurassic ophiolites; 4) skarned Upper Jurassic-Lower
Cretaceous limestones; 5) Sarmatian porphyry mineralization in predominantly microdiorite rocks; 6) Approximated
lower limit of intense argillic alteration; 7) Upper limit of Sarmatian volcano-sedimentary formation; 8) Sarmatian
porphyry intrusions of quartz andesite-microdiorite as sheeted dykes, with mineralization; 9. Fault.

Caianului Valley Trestia Valley Voia Valley
w | Paua Hill Macris Hill E
i A h

0 1.5 3 Km

K 2 KR BN ER K k4 ER O ER RN KX 12 3 14 7015 116 s 17

Fig. 3. Geo-tectonic section across South Apuseni Mountains (modified after Stefanescu, 1986). Legend: 1) Miocene
volcanic rocks; 2) Late Miocene sedimentary deposits; 3) Upper Cretaceous-Lower Miocene (Fata Baii Formation)
sedimentary and volcano-sedimentary continental deposits; 4) Upper Cretaceous-Paleogene (Fata Baii Formation)
volcano-sedimentary deposits; 5) Barremian-Aptian sedimentary deposits; 6) Barremian sediments; 7) Late Jurassic-
Early Cretaceous limestone; 8) Middle Jurassic ophiolites — Late Jurassic calc-alkaline island arc volcanic rocks;
9) Late Jurassic-Early Cretaceous sediments + ophiolites-nappe; 10) Paleozoic schist; 11) Muncel-Baia de Aries
nappe (?); 12) Curechi-Stanija Unit (?); 13) Biharia Unit (?); 14) boundary; 15) unconformity; 16) fault; 17) nappe.
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2. MATERIAL AND METHODS

A batch of samples selected from an old drilling program (Berbeleac et al., 1985) designed
inside the Voia exploration district was investigated by fluid and melt inclusion study. One hundred
thin sections, thirteen double-polished sections were prepared from different EDD and different
depths, and used for petrographic observations. Two of them (from drills no. 19 and 9 — see Fig. 1 for
location) were selected for microthermometry and Raman spectroscopy.

2.1. VEINLET MICROTEXTURE FEATURES

There are several types of veinlets separated from the studied drill holes samples, and prepared
for fluid inclusion analysis. They are the followings:

- Type A veins (Fig. 4) containing K-feldspar + biotite + quartz + anhydrite | + apatite +
magnetite + hematite + ilmenorutile + sulfides (pyrrhotite + pyrite | + chalcopyrite);

— Type B; (Fig. 5) composed by quartz — anhydrite I (+ apatite) + rutile (ilmenorutile) + pyrite I
+ chalcopyrite + hematite;

— Type B, formed by quartz - anhydrite I + anhydrite II (+ sulfide and/or sulfosalts + magnetite
+ hematite + albite);

— Type C composed mainly by pyrite II + quartz + anhydrite III + Na and K alunites (Berbeleac,
1970) + gypsum =+ albite.

As a general feature, all of them show a strong, cohesive grained microtexture, especially by
quartz and anhydrite formed by “in situ” recrystallization with the opaque grains stocked within grain
intersection (mostly at 8 = 120°, dihedral wetting angle) and fluid (vapor-rich) wetting locally the
edges of the subgrains, when they are present. Dihedral angle of 6 > 60° is characteristic for type B;
and B, and C is obviously marked by 6 < 60° between quartz grains favoring fluid percolation, which
developed finally to cvasi-parallel fissuration microtexture due to the intense fluid flushing substages.
As it is suggested by the fluid and melt inclusions typology from quartz, anhydrite, and apatite, the
type A veins were recrystallized from a complex hydrous silicate-sulfate melt, rich in chlorides and
sulfur dominated gases (probably SO, and H,S), often showing an equilibrium — microtexture (eutectic
-?- Ducea et al., 1999), formed mainly by quartz and anhydrite + albite, type B mostly by a mixture of
hydrosilicate-sulfate-chloride fluids (heavy fluid -?- e.g. Kotelnikov, Kotelnikova, 2010), where obviously
anhydrite is mostly restitic (breakdown remains) and the new anhydrite (1) makes a specific association
with specularitic hematite and rutile (ilmenorutile). Type C is representative for the late hydrothermal
event of the porphyry stage (vapor expansion stage-?) with delicate pyrite — quartz (+ sulfosalts)
veinlets cross-cutting the former veinlets microtexture and frequently are formed inside the central
part of the type A (rarely) and B (frequently) inducing a characteristic alteration halo around them.
Type A has no alteration halos, and quartz grains (quartz eyes) show very intensely internal zonation
(see Figs. 4 and 5).

There are two types of quartz eyes (Fig. 4) represented by isolated or agglutinated grains,
rounded, with resorption, which probably are the primary quartz phenocrysts of the felsic component
(former dacite or rhyolite before magma mixing or mingling) and the second type of quartz eye
fragmented and randomly distributed inside of the rock groundmass, and frequently remobilized
within the veinlets assemblages. Most probably are restitic fragments from an earlier porphyry stage
being similar in composition and fluid and melt inclusions content as the type A vein does (Fig. 5).
Perhaps the CL/SEM/EDS methods will be very useful in deciphering such a complex quartz internal
microtextural features (Penniston-Dorland, 2001; Rusk, Reed, 2002; Vasyukova, 2011; a.m.o.).



Fluid and melt inclusions study — Voia porphyry Cu-Au-(Mo) prospect

Fig. 4. Typical quartz host of the fluid and melt inclusions from Voia cutting samples. a. Qe-1 — quartz eye with

embayments nearby a B; veinlet mainly with quartz grain and anhydrite + opaque; b. B; veinlet cross-cutting a relic

of former quartz A vein; c. type-A veinlet with quartz and anhydrite without alteration hallo (near the magmatic stage);
d. zoned quartz grain microcrystal, (Qe-2) from A-type veinlet, Scale bar: 1 mm.

Fig. 5. Cross-cutting relations between B; and B, veinlets in microdiorite from Voia (a, b, and c); d.- Vapor-rich

inclusion in apatite from anhydrite (second generation, probably crystallized from the magmatic vapor phase,

suggested by the presence of the rhombohedral pyramids and triangular etches in anhydrite — e.g. Jakubowski
etal., 2002). Ap — apatite, an — anhydrite, VV — vapor, Q — quartz.
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2.2. FLUID AND MELT INCLUSION TYPES

Based upon the nature and number of the phases present at room-temperature condition, there
are several distinctive types of fluid and melt inclusions trapped in quartz, anhydrite and apatite,
representative for several magmatic-hydrothermal stages (mainly two with multiple pulses) distributed
as primary, pseudo-secondary, and secondary assemblages.

I. Glass inclusions, which are frequently monophasic (often could be confused with solid
microcrystal inclusion) composed of a vitreous shiny-luster body of glass and/or containing one or
more vapor bubble, solid triangular microphases (chalcopyrite or nantokite — Pintea, 2009; Fig. 5),
opaque ilmeno-rutile etc. showing bi- and multiphasic assemblages. The inclusions are randomly distributed
or agglutinated, frequently showing a large size distribution from several microns to hundreds of
micrometers. Frequently are rounded even perfect spherical objects suggesting their initial molten
state. Often contain immiscible salty phases (chloride and/or sulphate) segregated as tiny rounded
globules, now formed by solid, liquid and vapor phases. Mentioned also in others porphyry copper
mineralizations from Metaliferi Mountains (e.g. Pintea, 1993a, 1996, 2009, 2014a, 2016) they are still
problematic kind of silicate or complex silicate-sulfate melt among silicate melt type inclusion in
porphyry copper (e.g. Eastoe, 1978; Pintea, 1993a, 2009).

I1. Silicate melt inclusions, recrystallized after trapping, containing vapor bubble (10-30 vol %)
and solid silicate-, sulfate-, chloride-, oxide-, and sulfide phases, representative for homogeneous or
heterogeneous melt droplets trapped as inclusions mainly in quartz grains and rarely in anhydrite and
apatite. They are primary, isolated or randomly distributed but could also be secondary and
pseudosecondary trails assemblages decorating successive microfissure planes.

At room temperature conditions are frequently opaque, but during heating, under the
microscope, the trapped phases become visible as temperature increase (Student, Bodnar, 2004).

I11. Brine inclusions. Representative for multiphase inclusions formed by multiple solid
daughter minerals as transparent phases (halite, anhydrite, salt-hydrates, feldspar, mica, etc.) besides
opaque oxides (hematite, magnetite, rutile, ilmenorutile) and sulfides (chalcopyrite, pyrite, pyrrhotite,
and sulfosalts) together with vapor and liquid phases. Three subtypes are envisaged:

Illa. Homogeneous, with vapor bubble around 40 vol %, halite, anhydrite, hematite, sulfide,
homogenizing by ultimate vapor bubble disappearance;

I11b. Heterogeneous, with almost the same composition but the vapor bubble occupies less than
20 vol % from the cavities, homogenizing by ultimate halite dissolution frequently in the presence of
anhydrite, alunites-?, hematite, and others;

Illc. Vapor-rich, formed by a dominant vapor bubble (around 80 vol %) and halite, anhydrite,
and silicatic daughter phases typical for fumaroles (e.g. Pintea, 2014b).

Generally, these inclusions show immiscibility as exsolved phases from the silicate melt (salt
globules) or separated by successive boiling episodes associated with vapor-rich inclusion counterparts. It
could be primary, when they decorated growth mineral zones and randomly distributed in a cluster or
isolated cavities. Pseudosecondary and secondary inclusions decorating multiple microfissure planes
are specifically for each grain but rarely cross-cutting two or more grains in the same direction
(characteristic planes for the late stages of fluid evolution). Obviously, they are very small, frequently
below 1-5 microns, but there are also cavities between 10-15 microns that could be used for
microthermometry purposes (Fig. 6). Sometimes these inclusions show cloudy distribution suggesting
a spraying process inside the former silicate matrix, now trapped in recrystallized quartz. All together
are representative for high salinity and high-temperature brine, responsible for transport and
deposition of the ore element in potassic and sericitic (anhydrite) zones via fluid phase separation by
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boiling (immiscibility) vapor contraction, condensation and expansion (e.g. Heinrich et al., 2004,
Henley, Berger, 2011). In the earlier phases (purely magmatic) they were separated directly from the
melt as the crystallization of the magma chamber proceed. Moreover, the vapor-rich fluid phase (V)
would be understood as an unconventional fluid type (e.g. fl — bubble in Fig. 7), i.e. hydrosilicate
vapor — “melt” inclusion as it was emphasized recently in the porphyry copper system by Wilkinson et
al. (2015).

IV Aqueous biphasic fluid inclusions with two subtypes:

IVa (L+V), dominated by a low salinity liquid (< 23. 18 wt % NaCl eq.) containing a vapor
bubble of less than 50% in volume;

IVb (V+L), where the vapor phase occupies around 80-90 % of the cavity volume. They are
frequently counterparts of contemporaneous silicate, brine or aqueous inclusions, being composed
mainly of a less dense aqueous vapor phase. Usually, they are primary, in the late stage of quartz and
anhydrite Il (or I11), frequently are distributed as trails (pseudosecondary and secondary) in the quartz
veins overprinting the primary magmatic-hydrothermal stages. Frequently, mainly in the quartz eye
grains, all types of above-described fluid and melt inclusion could be present as separate trails in
various cross-cutting time relations. That is the case for multistage fluid evolution when the former
fluid and melt inclusions are of multiple types and generations.

V. Monophasic fluid inclusion, entirely filled-up by a liquid aqueous phase or a less dense
vapor phase. Many of them could be representative for a supercritical pure H,O fluid forming
characteristic cluster association, frequently bearing sulfide (e.g. triangular chalcopyrite) or
submicronic salt or silica particle, as always were described in the Miocene porphyry copper deposits
from Metaliferi Mountains (Pintea, 2010, 2016).

Fig. 6. Opaque triangular platelets of chalcopyrite (or nantokite) in various types of fluid and melt inclusions
from the Voia porphyry copper deposit. B — brine inclusions, G — glass, cp- chalcopyrite (or nantokite),
sm — silicate melt inclusions, an — anhydrite, ID — intermediate (L+V) density fluid inclusion. Scale bar: 10 pm.
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Fig. 7. Quenching feature in silicate melt and glassy inclusions after heated up to 950—1050°C, during the homogenization
experiments under the microscope. a. former crystallized complex silicate melt inclusion segregated two immiscible phases
at high temperature quenched in two glass types + vapor + a small unknown microcrystal; b., c., f., g., h.,i., J., |, —
superficial melted film around glass inclusions, vapor and microsolid phases appeared at high temperature up to
800°C, suggesting that the solid body of inclusion was partially remelted and released melt and volatile phases;
d. remelted glass inclusions and recrystallized after quenching, separated several solid microcrystal and vapor bubbles; c.
tiny silicate melt inclusions initially completely devitrified were almost homogenized at high temperature, showing now a
vapor bubble inside the silicate glass phase (similar to the sample VIB 9 in Table 1); m., p. immiscibility between
silicate melt (now glass) and salt melt (salt crystal + vapor + liquid); o. two immiscible phases were in equilibrium up
to 993°C between a silicate melt and salt liquid (chloride or sulfate), now represented as initially phase state by the
recrystallized solid phases in the glass matrix; n., g. vapor bubbles and solid microparticles in glass matrix quenched from
around 1000°C to room temperature. Notation: g;, g, — silicate glass inclusions (unknown composition), O — opaque
(mainly as Fe-Ti oxide globules,), kx — unknown solid microcrystal, x — microcrystal or glass inclusion, sm — salt
melt, cp — chalcopyrite, fl — fluid phases, an — anhydrite, G — silicate glass, V — vapor, ? — vapor or opaque. Scale bar: 10um.

V1. Microsolid inclusions described as follows:

Vla. Opaque granular globule, euhedral or mainly rectangular or polyhedral composed of
oxide and sulfide microphases could also be restitic phases (mafic alteration product), especially
formed by agglutinated grains of anhydrite, Fe-Ti oxide and apatite. Very often, they are clustering
abundantly in specific association of globular inclusions in quartz and anhydrite. Probably formed by
Fe-Ti oxide microminerals (rutile, magnetite, hematite, ilmenorutile) and globular sulfide (pyrite,
pyrrhotite or chalcopyrite) in primary and secondary (or pseudosecondary) assemblages. Various in
size, from 10-25 microns to 100 microns or more. Frequently they were trapped accidentally in
silicate, brine and aqueous fluid inclusions, probably being the main cause of inclusion formation.
There are at least 2-3 generations of globular inclusions inside the quartz veinlet formed during the
alteration-mineralization processes. They are vector minerals in porphyry copper exploration and
hydrometallurgical processes for the main elements and by-product recovery in the modern mining
industry (e.g. Williams, Cesbron, 1977; Meinhold, 2010).
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VIb. Transparent micromineral inclusions, formed by euhedral or rectangular grains of
anhydrite, apatite and zircon. Frequently are relict of former minerals showing rounded, elongate
forms distributed in aggregated clusters or parallel to the growth zones or trails in cicatrized
microfissure planes. These restitic phases are good indicators of sulfur degassing of magma during the
final stages of crystallization and porphyry copper formation (e.g. Streck, Dilles, 1998; Dilles et al.,
2015). In the mineralized porphyry copper system from Voia there are also 2—3 generations of apatite
and anhydrite, formed in various magmatic-hydrothermal conditions as suggested by their fluid and
melt inclusion assemblage content.

3. MICROTHERMOMETRY

An experimental evaluation study was made for silicate melt and brine inclusions from two
samples selected from Drill hole no. 19 and no. 9 situated in the central part of the crystallized
porphyry copper stock (Berbeleac et al., 1985). All measurement was made in a “made in house”
device operating at low magnification in the interval of 25° to 1100°C and 25° to 800°C for the high
magnification lens (40x), calibrated with K-dichromate (398°C), a«>f transition in synthetic quartz
(573°C), and pure gold (1064°C). The accuracy of phase change measurement ranged between + 15°C.
Calculated PTX data in Table 1 were based upon Sowat programs (Driesner, Heinrich, 2007).

3.1. GLASSY AND SILICATE
MELT INCLUSION MICROTHERMOMETRY

Because of the small size of the inclusions, only a 40x lens was used, and the final temperature
in the stage was situated around 850—900°C, rarely more because of protective technical reasons. Up
to this higher temperature, final homogenization (minimum trapping temperature) was never achieved
(except one value recorded at >1040°C for a tiny silicate melt inclusion noted in Table 1) due to
several inconveniences such as heterogeneous trapping, anhydrite daughter microcrystals do not
entirely melt in the silicate melt liquid, opaque minerals also remained partially melted, vapor bubble
often disappeared before solid microphase dissolution (Fig. 7). As a preliminary estimation, we estimated
that silicate melt inclusions and also glass inclusions were trapped at min. 800-950°C, most probably
around 1040-1050°C based upon anhydrite coexistence temperature with trachyandesitic and rhyolitic
silicate melt, over the temperature range of 1040-800°C (Carroll, Rutherford, 1987), temperature
stability interval for the andesite host rock (e.g. Pintea, 2014b), and also in agreement with Burnham’s
genetic model for porphyry copper deposits applied to similar porphyry copper deposits in the area
(Pintea, 2014a).

3.2. BRINE INCLUSION MICROTHERMOMETRY

The complex multiphasic brine inclusions showed two homogenization modes as noted in Table 1,
i.e. one by halite dissolution first and then vapor bubble disappeared (e.g. Fig. 8) and secondly the
reversal mode when vapor bubble disappear first and then halite. It is important to note that in both
situations, after homogenization temperature, there are one or more solid phases still undissolved or even
regrowing ones. The system used for PTX- data calculation is H,O-NaCl available for such a large
temperature interval by using the two versions of the Sowat PC program (Driesner, Heinrich, 2007).
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Halite melting temperature, Tm in Table 1, shows quite a homogeneous temperature interval
between > 323°C and 594°C, such as in other Miocene porphyry copper deposits from Metaliferi
Mountains (e.g. Pintea, 1996, 2014a), allowing to calculate salinity between 40 and 72 wt % NaCl eq.
The trapping temperature (T) was recorded between 436 and 973°C by vapor bubble disappearance
and between 429 and 594°C, by halite homogenization, suggesting a continuous brine (salt melt)
separation (fractionation-?) from the silicate melt by immiscibility and successive boiling episodes
(vapor counterparts are always present), and also silicate and/or glass inclusion mentioned above.

Table 1

Microthermometric data for silicate melt and brine inclusions from samples VIB4 (F19 m 805) and VIB9 (F9m1145) from
Voia prospect district. Notations: Tm — halite melting temperature, Th(L-V) — homogenization temperature by vapor bubble
disappearance, T — minimum trapping temperature, red number* — halite homogenization temperature, Ws — salinity, SPS —
single-phase state, VV — vapor, L — liquid, H — halite. Depth estimation data suggested by Audetat et al. (2004) in a similar
porphyry copper deposit containing magmatic anhydrite and calcite as primary phases.

X, Mole . Phase
Sample 10_2’1 Th(DIEV)‘ ;E: P, bar \II\IV:C\:V;% fraction De/Zf:]tg/’ Dek[;:h, state at
g of NaCl g Th
VIB4 505 683 683 768.24 60.6032 0.32 1.0369 19 | V+L
505 704 704 825.198 60.6032 0.32 1.0256 2.2 | V+L
505 760 760 999.541 60.6032 0.32 1.0032 2.8 | SPS
500 973 973 1856.34 69.9042 0.32 0.95865 5.4 | SPS
416 897 897 1783.13 48.9713 0.22 0.85038 5.1 | V+L
457 477 477 308.104 54.0844 0.3 1.1096 09 | L+H
500 442 | 500* 771.419 59.6582 0.32 1.2046 23 | L+H
500 921 921 1644.15 59.9042 0.32 0.96563 4.5 | SPS
436 361 436 970.402 51.2753 0.3 1.1718 25 | L+H
544 631 631 560.09 66.1548 0.325 1.1455 1.7 | L+V
323 891 891 1827.65 39.5465 0.2 0.74255 5.1 | SPS
VIB 9 429 336 | 429* 1263.4 50.3724 0.23 1.1832 3.4 | SPS
- 1048 | 1048 - — — — — melt+V
588 495 | 588* 1612.04 71.0816 0.45 1.327 45 | L+H
514 622 622 597.638 61.8702 0.3 1.09532 1.7 | SPS
355 639 639 906.995 42.4196 0.18 0.84891 2.6 | V+L
521 413 | 521* 1448.38 62.0718 0.33 1.256 4.2 | SPS
594 505 | 594* 1606.35 71.9056 0.44 1.3333 45 | SPS
517 724 724 849.58 62.2948 0.33 1.0368 2 | V+L
531 781 781 986.056 64.2889 0.35 1.0401 25 | V+L

The final homogenization temperature (Fig. 8) was recorded, generally when the vapor bubble
disappeared during the heating procedure in the stage (rarely by halite homogenization). Despite the
fact that almost all bubbles dissolved at the temperature mentioned in Table 1 (T values), the
calculated PTX properties by Sowat program (Driesner, Heinrich, 2007) show some variability around
the phase state of the enclosed fluid/melt at the homogenization temperature. This could be related
firstly to the fact that always the ideal H,O-NaCl system is contaminated by other components in the
solution like sulfate, silicate, and other chloride compounds (such as FeCl,, CaCl, MgCl, etc.).
Moreover, it is suspected that during heating-quenching cycles based upon direct observation, the
main saline brine (i.e. NaCl) seems to interact with the sulfate (perhaps Na,SO,, Ca,SQ,4) to form
some intermediate solid compound as it was predicted from recent experimental work by Newton,
Manning (2005).
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Fig. 8. Two serial microphotographs examples of the microthermometry experiments in the sample VVIB9 (I) and VIB

4 (1) from Voia porphyry copper deposit, both homogenizing by vapor bubble disappearance. 1-a.25°C, b.174°C,

€.259°C, d.465°C, e.573°C, f.345°C, 9.254°C, h.175°C, i.146°C, j.131°C; Tm=355°C, Th=639°C, W=42 wt% NaCl

eq, d= 0.8 g/lcmc; P= 0.9 kbar (aprox. 2.7 km)- present sample location: 1145 m depth); 11-a.96°C, b.274°C, ¢.366°C,

d.399°C, e.461°C, f.481°C, g.25°C; Tmh=457°C; Th= 477°C, W=54 wt% NaCl eq., d =1.1 g/cmc, P= 0.3 kbar

(aprox. 0.9 km) — present sample location: 805m depth). V — vapor, ks — unknown daughter phase, H — halite, O — opaque,
A — anhydrite, cp — chalcopyrite, sm — salt melt, ? — unknown phase. Both inclusions have around 10 um in length.

The second observation is concerned about initial trapping fluid, which in this situation (i.e. Voia
fluids) seems to suggest generally heterogeneous trapping where two or more liquids, gas and solid
particles were trapped together in the cavities. As a general petrographic observation, anhydrite seems
to be distributed pervasively in the veinlet system of the mineralized stock at VVoia (Berbeleac et al.,
1985), and frequently seems to be the main cause of fluid and melt inclusions formation by adhering the
solid microparticles to the surface of the growing host mineral, especially quartz. As a consequence,
we consider that the measured temperature values are the real formation temperature between 429°
and 1048°C, of the fluid and melt inclusions characterizing the main magmatic-hydrothermal regime
from Voia porphyry copper deposit (the sample studied are from two central drill holes situated at
1145 and 805 m depth). Calculated pressure values suggested a mediated depth of brine inclusion
formation around 3 km, which is in good agreement with some other porphyry copper formation depth
condition about 1-4 km in similar volcanic environments (e.g. underlying magma reservoir at
El Teniente porphyry copper deposit, for example, was situated around 4 km — Rabbia et al., 2009).

3.3. PRELIMINARY RAMAN SPECTROSCOPY

Vibrational Raman spectra of brine and solid inclusions (transparent and opaque) from Voia
quartz and anhydrite hosts (Table 2, Fig. 9a—d) were performed at the Geological Institute of Romania,
assisted by res. assist. Oana C. Barbu on a Raman Renishaw spectrometer, equipped with a Leica DM
2700M and 50X objective lens. Excitation was provided by two laser types with 532 nm with
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resolution of 1,200 I/mm to 1800l/mm and 785 nm with a resolution of 1200 I/mm, respectively. Laser
time exposure ranged between 5 to 15 sec and counting time from 1 to 55.

Table 2

Main Raman vibration (cm™) of selected solid (mainly glass and opaques) and brine inclusions (polyphasic) from quartz and
anhydrite of two samples from Voia porphyry copper prospect

No. | Sample no/Laser green wavelength | Host/Inclusion type Raman shifts, cm*
1 VIB9R-2/785nm Quartz host only 127, 206, 464, 590
2 VIB9R-4b/785nm Quartz/solid inclusion 1211, 1316, 1396, 1762
(microcrystal or glass)
3 VIB9R-6/785nm Quartz/brine inclusion 1211, 1316, 1396, 1762
4 10VIB4-R-1/532nm Anhydrite/Glass inclusion 121, 475, 497, 607, 626, 1016, 1456, 1519
5 12V1B4-R-3a/532nm Anhydrite/Glass inclusion 121, 497, 607, 626, 1015
6 15VIB4-R-6/532nm Anhydrite/Opaque inclusion | 183, 287, 414, 1015, 1084, 1728
fa. T I b.
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Fig. 9. Raman spectra in quartz and anhydrite from Voia prospect. a. quartz host, b. polyphasic inclusion (brine) in quartz,

c. glass inclusion in anhydrite and d. opaque inclusion in anhydrite. See text for explanation and also Table 2.

In this analyzed session (Table 2) the quartz host is Raman active with the strongest
characteristic peak at 464 cm™ (Frezzotti et al., 2012) and anhydrite with the highest peak at 1015 cm’

1

(Burke, 1994). Concerning the silicate glass inclusions as a rounded object, colorless and/or brown,
trapped in quartz and anhydrite, only the presence of SO,* could be envisaged in glass at 1016 cm™,
trapped together with an opaque grain supposed to be an Fe-Ti oxide grain by the stretching lower
band in Table 2 (rows no 4, 5, 6). CO, band is specific between 1,316-1,396 cm™ could be assigned in
quartz samples (Table 2 rows no 1 and 2). Silica complexes between 475 cm™ and 626 cm™ peaks
could be assigned too in the glass inclusions in anhydrite. Carbonates (CO3%), especially calcite, have
the highest vibration line at 1085 cm™ and many weak vibration lines for CaCO; (156 and 284 cm™),
CaMg(COs), (176, 299 cm™), and MgCOs (212 and 329 cm™) very close to our data in Table 2 (rows 4, 5),
(Frezzotti et al., 2012).
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4. THE ANHYDRITE ISSUE

The general observation that anhydrite presence encompassed the entire magmatic-hydrothermal
domain at Voia (Berbeleac et al., 1985) strongly suggests the oxidizing character of porphyry copper
deposit formation conditions in the Metaliferi Mountains (Udubasa et al., 2001). The presence of
primary magmatic-hydrothermal anhydrite in the Voia andesitic and microdioritic rock as well in the
central veinlet system of the mineralized porphyry stock revealed that the primary magmatic sulfur
reservoir was recycled in the multistage evolution of this system (Fig. 10). There are three generations
of anhydrite, apatite, and rutile minerals pervasively distributed in the studied representative samples,
as preliminary petrography indicated. They also participated as solid microparticles in the brine and
silicate melt inclusions from quartz, anhydrite, and apatite host minerals. We describe in this study
based upon petrography and microthermometry, the presence of magmatic-hydrothermal anhydrite in
the Voia multistage mineralized subvolcanic structure (these are preliminary data and they must be
completed by other analytical methods!). The suspicious glassy, melt and opaque Fe-Ti oxide minerals
embedded mainly in the late magmatic hydrothermal anhydrite suggested the presence of a volatile
hydrous silicate — sulfate melt exolved to near magmatic temperature regime (Fig. 11). Fluid inclusions
ranging from low to moderate temperature from porphyry copper ore deposits were described at
Moldova Noua (Gheorghita, 1975) and in several Miocene porphyry copper systems from Metaliferi
Mountains (Pintea, 1993b).

Fig. 10. Magmatic — hydrothermal anhydrite in the VVoia porphyry-copper deposit. a to ¢ — magmatic anhydrite

phenocrysts (an) in microdiorite, including apatite (ap) with primary silicate melt inclusions in b; d — anhydrite

relic in quartz grain in B — type veinlet; e, f, g, h — growing features in magmatic-hydrothermal anhydrite

represented by etch pits (E) and pyramids (P); i SEM images displaying the pyramidal surface feature in
Mt Pinatubo anhydrite (Jakubowski et al., 2002) Scale bar in pm.
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The presence of magmatic anhydrite in volcanic and subvolcanic rocks, even in granite pluton,
was reported in many places worldwide (EI Chichon — Luhr et al., 1984; Pinatubo — Fournelle et al.,
1996, Pasteris et al., 1996; Nevado del Ruiz — Fournelle, 1990; Santa Rita — Audetat et al., 2004;
Eagle Mountain — Parat et al., 2002; The Cajon Pass Deep Scientific Drillhole — Barth, Dorais, 2002;
El Teniente — Stern et al., 2007; Yanacocha — Chambefort et al., 2008).

Magmatic anhydrite crystals were found and described together with disseminated sulfide (i.e.
pyrrhotite, pentlandite, and chalcopyrite trapped in anhydrite), olivine, and inclusions in augite (and
vice versa) in the gabbros of the Kharaelakh intrusion from the Siberian Traps flood basalts (Li et al.,
2009). The occurrence of anhydrite in the porphyry copper system is a ubiquitous feature, mainly as a
late hydrothermal alteration product (e.g Eastoe, 1978, 1982; Beane, Titley, 1981; Seedorff et al.,
2005; Johnson, Barton, 2005; and references therein).

Fig. 11. Silicate glass inclusions (monophasic and biphasic) in magmatic-hydrothermal anhydrite from B — type

veinlet with equilibrium recrystallization microtexture in the Voia porphyry copper deposit. a. triangular

intersection (6=120°) between quartz and anhydrite containing a cluster of silicate glass inclusion associated

with opaque (Fe-Ti oxide); primary isolated (c) and clusters of silicate glass inclusions associated with opaque

(b, d) and possible, solid halite inclusions (d); Notations: an — anhydrite, Q — quartz, g — silicate — sulfate glass (?),
O — opaque (Fe-Ti oxides, mainly rutile), H — halite. Scale bar in um.

The fluid inclusions contain obviously anhydrite daughter phases besides halite, sylvite and
others in all porphyry copper deposits around the world, mainly Cretaceous and Neogene porphyry
copper belts from North America, Andes, Circumpacific region, Asia, and Europe (John et al., 2010).
Anyhow, it remains problematic why so rarely was described as a magmatic-hydrothermal product in
these common and productive ore deposits (sulfur dominated). For example, it was described as
uncommon solid inclusions (glassy or micromineral inclusions) by Eastoe at Panguna (1978), in
porphyry copper deposits from Romania (Pintea, 1993a, 2009), remaining an unsolved issue regarding
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their presence in the characteristic stockwork environments. In Romania, as an alteration product, it
was described in the majority of the alteration facies in the upper Cretaceous porphyry and skarn
environments (e.g. Gheorghita, 1975) and in Miocene porphyry copper from Metaliferi Mountains
also (Bostinescu, 1984, Berbeleac et al., 1985; Milu et al., 2004 and references therein). This study
presents the first evidence of magmatic anhydrite based upon the presence of primary glass inclusions
highlighted by optical microscopy and characteristic Raman spectra (Fig. 9 ¢,d and Fig. 11).

There are at least two possibilities to crystallize anhydrite in the magmatic evolution stage: one
is magma saturation in sulfate in the late stage of crystallization as immiscible phase (e.g. droplets of
carbonate melt were envisaged as second immiscibility in the complex silicate-salt inclusions at
Vesuvius — e.g. Fulignati et al., 2001). The solubility of calcite and anhydrite in H,O-NaCl solution at
high temperature and pressure are quite similar (Newton, Manning, 2002 and 2005). For anhydrite, the
experimental work of Caroll, Rutherford (1987) demonstrate that anhydrite may coexist with
trachyandesite to rhyolite melt over the temperature range of 800° and 1040 °C, suggesting that this
mineral was crystallized at magmatic condition in the Voia porphyry copper structure as the
microthermometry has shown (Fig. 4 and Table 1).

So, it is quite possible that primary magmatic anhydrite phenocrysts envisaged in the microdiorite or
andesitic host rocks at Voia by microscopy (preliminary!) should be indeed magmatic phenocrysts
crystallized as a separate phase from an anhydrite saturated magma. During the high temperature
autometasomatic thermic regime, anhydrite breakdowns easily forming the hydrosilicate — salt melt
and generating the potassic alteration stage and finally preserved as complex silicate-, brine and vapor
rich inclusions in quartz, anhydrite 11, and apatite in the specific veinlet assemblages. Recrystallization
from the volatile-rich silicate-sulfate melt is suggested by the common growing feature of anhydrite
from experimental high P-T vapor phases (e.g. Jakubowski et al., 2002), these being also emphasized
in this study by optical microscopy in transmitted light (Fig. 6).

The second possibility of anhydrite formation was envisaged a long time ago by Holland,
Malinin, 1979 (cited in Eastoe, 1982) by SO, rich vapor phases according to the reaction:
4SO, + 4H,0 = H,S + 3H,SO,. Recently, Henley et al. (2015), reiterated the importance of SO, deep
magmatic supply during the basic recharging at the bottom of felsic shallow magma chambers. Gas
chemisorption to the surface of feldspar could produce a rich anhydrite layer by the reaction
2CaAl;Si,05 + 35O, — 2CaS0,4 + 3ALSIOs + 3Si0, + H,S. The reaction between vapor and brine
could also be a common mechanism to produce anhydrite and other sulfur components in the
magmatic-to-hydrothermal evolution of the porphyry copper systems (Blundy et al., 2015).

5. CONCLUSIONS

The main conclusions of this study are the followings:

1. The Tertiary porphyry (Fe)-Cu-Au(Mo) Voia prospect from Metaliferi Mountains (W-Romania)
contains multiple apatite — anhydrite magmatic-hydrothermal associations;

2. The potassic sequence of K-feldspar — biotite — quartz — anhydrite — apatite — albite — (Fe-Ti)
oxides + sulfides contains various fluid and melt inclusions assemblages;

3. Glassy and silicate melt inclusions show Th between 800-950°C, sometimes more than
1000°C; Brine inclusion microthermometry shows Tm halite between 323°-594°C and Ws =
40-72 wt% NaCl eq., respectively. Minimum trapping temperature ranged between 436° and
973°C by vapor homogenization, and between 429° and 594°C by halite homogenization,
suggesting a continuous brine (salt melt) separation from silicate melt by immiscibility and
successive boiling episodes, vapor-rich counterparts being always present. Calculated pressure
suggested a mediated depth of brine inclusion entrapment around 3km;
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4. There are at least two generations of anhydrite — apatite association (or parageneses?) formed
in the magmatic-hydrothermal stage at high P-T conditions, most of them deposited from a
hydrous silicate — sulphate — chloride melt exsolved as vapor rich fluid from the silicate
magma. Specifically, anhydrite and apatite contain silicate glass and vapor-rich inclusions
assemblages, which, combined with characteristic microtexture features of the hosts, are
indeed suggestive for their deposition from a vapor-dominated melt. Future elaborated work
would be necessary to be done for deciphering the fluid-melt evolution in the VVoia complex
prospect.
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