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ABSTRACT 35 

Field, petrochemical, and stable isotope data from peraluminous microgranite dikes and their 36 

molybdenite-bearing vugs in the Archean Preissac-Lacorne batholith, Québec, provide evidence 37 

for the transport and deposition of molybdenite by an aqueous fluid that exsolved from a felsic 38 

magma. A model is proposed in which the microgranite-forming liquid fractionated from a 39 

magma that was parental to and intruded less evolved muscovite monzogranite. Fluid saturation 40 

is interpreted to have occurred immediately prior to emplacement, allowing sufficient time for 41 

small spherical pockets of fluid to form and rise through the liquid, but insufficient time for them 42 

to leave the system. These fluid pockets scavenged molybdenum and other components during 43 

their migration, but were frozen in situ to form molybdenite-bearing vugs as a result of the 44 

quenching of the magma. We therefore conclude that the vugs are relicts of the exsolved fluid 45 

pockets, and that the molybdenite in them reflects the concentration of molybdenum in the fluid, 46 

estimated from volumetric relationships to have reached ~7800 parts per million (ppm). 47 

 48 

Keywords: Molybdenum mineralization, miarolitic cavity, volatile exsolution, monzogranite, 49 
Québec. 50 

 51 

INTRODUCTION 52 

Geological, mineralogical, and  isotopic studies of granite-related molybdenum deposits 53 

have established that Mo concentrates in the volatile-rich residual melt of a crystallizing magma 54 

before being partitioned into an exsolving fluid from which molybdenite eventually precipitates 55 

(e.g., Westra and Keith, 1981; Carten et al. 1988; Stein, 1988; Hannah et al., 1988; Audétat, 56 

2010; Greany et al., 2018; Chang et al., 2020). Moreover, fluid and melt inclusion studies by 57 
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Cline and Bodnar (1994), Ross et al. (2002), and Audétat and Li (2017 and references therein) 58 

have shown that there is little or no contribution from meteoric waters to the composition of the 59 

aqueous phase. The magmatic fluid is considered to be released during degassing of the magma 60 

as bubbles of supercritical fluid that migrate in buoyant plumes toward a zone of volatile 61 

accumulation or percolation that eventually becomes the focus of fluid pressure-induced 62 

fracturing of the overlying rock and intense alteration and mineralization (Whitney, 1975; 63 

Burnham, 1979; Candela, 1991; Larsen et al., 2004). 64 

Physical evidence for the above processes in granite-related Mo deposits and other types 65 

of intrusion-related metallic mineral deposits is rare. Although miarolitic cavities in granitic 66 

rocks are widely considered to be the products of fluids exsolved from volatile-saturated silicate 67 

melts (Candela, 1997; King and White, 2003; Peretyazhko et al., 2005), they seldom contain 68 

metallic minerals that are economically exploited. Such cavities are known to occur in Mo-69 

mineralized granites, for example in the Allebuoda, Munka and Kåtaberget granites in Sweden 70 

(Öhlander et al., 1989), several granitic complexes in Australia (Candela and Blevin, 1995), the 71 

Treasure Mountain granite in Colorado, the Drammen and Glitrevann granites in Norway 72 

(Lerchbaumer and Audétat, 2013) and the Torres del Paine granites in Chile (Kaufmann et al., 73 

2021). To our knowledge, however, only miarolitic cavities in the Glitrevann and Torres del 74 

Paine granites have been reported to contain molybdenite. In the case of the Glitrevann granite, 75 

there is no published information on the miarolitic cavities other than that they occur in the 76 

aplogranite zone of the intrusion and contain molydenite, pyrite, quartz, and alkali feldspar 77 

(Schonwandt, 1988). At Torres de Paine, the isolated miarolitic cavities range from a few 78 

millimeters up to 1 meter in diameter and are interpreted to represent late stage exsolved 79 
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magmatic hydrothermal fluids that were preserved as “bubbles” in the solidifying magma 80 

(Kaufmann et al. 2021). The contained minerals are therefore considered to have precipitated 81 

from the cavity-forming magmatic-hydrothermal fluid (Kaufmann et al. 2021). One of these 82 

cavities of unmentioned size was reported to contain “free-grown” molybdenite in the “loose 83 

cavity material” that comprises quartz, plagioclase, amphibole, titanite, and epidote (Kaufmann 84 

et al. 2021). 85 

In 1990, one of us (AEW-J) noticed numerous isolated molybdenite-bearing vugs or 86 

miarolitic cavities in previously undescribed muscovite-garnet microgranite dikes in the Preissac 87 

pluton of the Archean Preissac-Lacorne batholith, Québec (Fig. 1A). This pluton hosts the 88 

former Preissac and Cadillac molybdenum mines, which had a combined total reserve of 89 

approximately 6.7 million tons of ore grading 0.2 wt.% Mo (Kirkham et al., 1982), making them 90 

among the largest Mo deposits in Canada. The vugs potentially provide field evidence for Mo 91 

transport by, and deposition from, orthomagmatic fluids that had been released directly from a 92 

silicate liquid and subsequently precipitated primary molybdenite crystals. In this 93 

communication, we use data from the field, petrography, mineral chemistry, whole-rock 94 

composition, and oxygen and sulfur isotopes to explore the origin of the vug-hosted molybdenite 95 

in the Preissac microgranite dikes. Additionally, we use simple numerical modeling to predict 96 

the concentration of the Mo in the fluid and compare this concentration with data from 97 

experiments on the solubility of Mo in hydrothermal fluids. 98 

 99 

GEOLOGY AND PETROLOGY OF THE MICROGRANITE 100 

 The molybdenite-bearing microgranite dikes occur in the center of the Archean Preissac 101 
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pluton (2681–2660 Ma; Ducharme et al., 1997), a monzogranite comprising a narrow marginal 102 

northern biotite facies, an eastern two-mica facies, and a western muscovite facies (Fig. 1B). The 103 

former underground Preissac Mo mine is located approximately 1 km to the northwest of the 104 

microgranite and the exhausted Cadillac open-pit Mo mine about 2 km to the southwest. Ore-105 

bearing quartz veins at both sites occur within muscovite granite at its contact with basaltic rocks 106 

(Watt, 1967; Taner et al., 1998), and consist of molybdenite rosettes intergrown with coarse-107 

grained muscovite and pink K-feldspar.  Samples of ore collected from the muck piles in the 108 

Preissac mine show that muscovite granite possesses textural and mineralogical features similar 109 

to those of the main body of the muscovite monzogranite. The microgranite dikes are up to four-110 

meters wide, occur within the muscovite monzogranite, and cut quartz ± molybdenite veins and 111 

barren granitic pegmatite pods (Fig. 1C). These spatial relationships indicate that the Mo-bearing 112 

quartz veins likely originated from fluids released by the magma that crystallized the host 113 

muscovite monzogranite. This fluid is also interpreted to have formed the Preissac quartz vein 114 

Mo deposit. The microgranite dikes appear to be vertical and strike randomly, although the larger 115 

bodies trend NE-SW and E-W. The contact between the microgranite and the muscovite 116 

monzogranite is sharp, and there is no evidence of chilled margins. Microscopically, the contact 117 

is marked by epitaxial intergrowths of the feldspars and interlocking of crystals. Mulja et al. 118 

(1995a) estimated that the Preissac pluton was emplaced at a depth of about 8-9 km (or about 3.5 119 

kbar) and crystallized at temperatures between 650 and 750 C. 120 

 The petrology and geochemistry of the microgranite were discussed briefly in Mulja et al. 121 

(1995a, b), and are elaborated on in this paper. Here we also present previously unpublished data 122 

on the compositions of the silicate minerals in the microgranite, the vugs, and the former Mo-123 
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bearing vein ore. A CAMECA electron microprobe at McGill University was used to determine 124 

the compositions of the minerals under the following operating conditions: 15‒20 Kv 125 

acceleration voltage, 8‒20 nA current beam, focus to a 30µm beam diameter, and a 25‒75 126 

second counting time. Mineral standards were used for calibration. These were: albite  (Na), 127 

orthoclase (Al, K, Si), diopside (Ca, Mg), magnetite (Fe), spessartine (Mn, Si, Al in garnet 128 

analyses), fluorite (F), molybdenite (Mo), pure metal (U), and synthetic MnTi (Mn, Ti), pyrrhotite 129 

(S, Fe), and columbite-tantalite (MnNb2O6 and Ta2O5 for Mn,                          130 

Nb and Ta). The data reduction was accomplished with the full PAP correction procedures of 131 

Pouchou and Pichoir (1985). Two pulverized samples of microgranite adjacent to the 132 

molybdenite-bearing vugs were analyzed by X-ray diffraction (powder method) with a Rigaku 133 

XRD instrument at McGill University; the conditions were: a 40 mA current, a 160 kV voltage, a 134 

2°to 60°Ɵ scan interval, a step width and time of 0.05° and 0.3 seconds, respectively and a 10° 135 

per minute scan speed. The diffractograms were evaluated using JADE software. Mulja et al. 136 

(1995b) reported the major and trace element concentrations of the microgranite, which were 137 

determined with X-ray fluorescence spectrometric analyses at McGill University; the rare-earth 138 

element concentrations were determined by instrumental neutron activation analyses at the 139 

Université de Montréal and by inductively coupled plasma mass spectrometry (ICP-MS) at 140 

Memorial University of Newfoundland. 141 

 The microgranite is fine-grained (~ 1 mm diameter crystals), and consists mainly of 142 

interlocking crystals of quartz (31%), K-feldspar (29%) and plagioclase (32%), and minor 143 

muscovite (4%) and garnet (3%) (Fig. 2). Subhedral to euhedral plagioclase crystals up to 1.5 144 

mm in diameter display polysynthetic albite twinning and are unzoned to weakly zoned. They 145 
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have a composition from An2 to An5 and a median composition of An3 (Table 1). Potassium 146 

feldspar crystals are generally smaller than the plagioclase crystals (1 mm in diameter on 147 

average), exhibit tartan twinning, and are microperthitic. However, some K-feldspar and quartz 148 

crystals are larger (1.5–2mm) than those of plagioclase, imparting a subtle porphyritic 149 

appearance to the rock. Regardless of its mode of occurrence, the composition of K-feldspar 150 

varies from Or94 to Or98 with a median composition of Or96, and the exsolved plagioclase is albitic 151 

(An0-2). Approximately 10% of the feldspar grains is turbid and encloses minute sericite; a 152 

feature that signals incipient alteration. 153 

 Muscovite occurs as euhedral to subhedral flakes (1 mm), many of which are similar in 154 

size to those of other primary silicate minerals (Fig. 2). This size similarity and the morphology 155 

of the muscovite suggest strongly that muscovite crystallized contemporaneously with the other 156 

silicate minerals. The muscovite is aluminous with ΣAl values averaging 5.1 (4.98‒5.36) a.p.f.u 157 

(atom per formula unit) and has relatively low concentrations of M2+ ions (0.54‒0.84 a.p.f.u) 158 

(Table 1). The analyzed muscovite crystals are located at varying distances from the vugs but do 159 

not abut them. On the ternary ΣAl-Si-M2+ diagram of Monier and Robert (1986), the average 160 

composition of muscovite from the microgranite plots near the muscovite end member and is 161 

within the 500° and 550° C isotherms (Fig. 3). This temperature range is lower than that for the 162 

muscovite monzogranite (see above). Garnet, which comprises between 1 and 2 vol. % of the 163 

rock, is mostly euhedral and disseminated throughout the microgranite. Its composition is 164 

dominated by the spessartine (Sp55-62, averaging Sp59) and almandine (Alm37-42, averaging 165 

Alm38) components, with much lesser proportions of the andradite (< 2 mol.%) and pyrope (< 166 

1.5 mol.%) components (Table 1). Individual garnet crystals are unzoned and their compositions 167 
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do not vary with distance from the vugs. The ubiquity, euhedral habit and consistent composition 168 

of the garnet point to an igneous origin as is the case for similar garnet in other leucogranites (see 169 

Villaros et al., 2009 and references therein). Thus, we conclude that the garnet formed early 170 

during the crystallization of the microgranite. The accessory phases comprise ferrocolumbite 171 

(Fe0.5Mn0.5Nb1.9Ta0.1O5), zircon, uraninite, sphalerite, and pyrite (Mulja et al.,1995a). 172 

 Geochemically, the microgranite is highly siliceous, moderately peraluminous (A/CNK = 173 

1.2), and sodic (Na/K = 1.2) (Table 2). Its Ba, Sr, Zr and Th contents are lower than those of the 174 

muscovite monzogranite which it intruded, whereas its Rb, Nb, Y and Cs contents are higher. 175 

The Mo content of the microgranite (devoid of molybdenite) is 0.35 ppm, and is lower than that 176 

of typical granite, which varies from 0.9 to 2.7 ppm and averages 1.8 ppm (Wedepohl, 1969) and 177 

that of the upper continental crust, which ranges from 0.78 to 1.5 ppm and averages 1.1 ppm 178 

(Wedepohl, 1995; Rudnick and Gao, 2003). Nonetheless, it is within the range of Mo contents of 179 

some leucogranites (0.26 to 0.84 ppm, Greaney et al., 2018); others, notably, highly evolved 180 

peraluminous molybdenite-bearing granitic plutons have been reported to contain up to 300 ppm 181 

Mo (Saleh, 2007). The sum of the rare-earth element contents is 17.2 ppm, and the chondrite-182 

normalized REE profile shows a strong depletion in LREE, a large Eu negative anomaly and a 183 

slight HREE enrichment (Fig. 4A). These trace and rare earth element distributions, as pointed 184 

out by Mulja et al. (1995b), represent the end stage of fractional crystallization of a granitic 185 

magma that produced the monzogranite variants, i.e., the microgranite is the most evolved 186 

monzogranitic phase, not only in the Preissac pluton, but in the entire Preissac-Lacorne batholith 187 

(Fig. 4B), in which each pluton shows a similar mineralogical variation. Indeed, on the basis of 188 

LREE geochemistry, the microgranite is even more differentiated than an aplite from the 189 
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Lacorne pluton, or the highly evolved Honey Comb Hills rhyolite in Utah, which is regarded to 190 

be the extrusive equivalent of granitic pegmatite (Congdon and Nash, 1991). Furthermore, 191 

comparative trace element and REE data show that the microgranite is more evolved than other 192 

Mo ore-forming granites of peraluminous to peralkaline affinity (Fig. 5). It is noteworthy, 193 

however, that thorium, a highly incompatible element, that is normally enriched during end-stage 194 

fractional crystallization, is more enriched in the less evolved, mildly peraluminous Mo 195 

associated granites of Central Sweden than in the Preissac microgranite (Fig. 5). The probable 196 

reason for this is that Th was removed from the Presissac magma by the prior fractionation of 197 

Th-bearing monazite during crystallization of the monzogranite, leaving the residual magma 198 

which solidified as the microgranite depleted in Th 199 

NATURE OF THE MOLYBDENITE-BEARING VUGS IN THE MICROGRANITE DIKES 200 

 The molybdenite-bearing vugs occur in randomly distributed clusters, each of which 201 

contains up to ten vugs and covers an area of approximately four-square meters.  These vugs are 202 

commonly spherical, measuring 0.75- to 1.5-cm across (Fig. 6A-B). Some vugs are shallower 203 

than others, indicating either that they have a different shape or that most of their upper part has 204 

been eroded. The microgranite in contact with the vugs is finer-grained than that distal from it, 205 

suggesting local rapid cooling relating to aqueous phase separation from the magma. Analyses of 206 

plagioclase, as well as of muscovite and K-feldspar, yielded no evidence of significant 207 

compositional variation with distance from the vugs or molybdenite disseminations (Table 1). 208 

Reddish-brown stains and boxwork-like relicts from oxidized pyrite are present in almost all the 209 

vugs and surround the disseminated molybdenite (Fig. 6B-C). Powder X-ray diffraction analyses 210 

did not indicate the presence of clay minerals, such as kaolinite orillite in and around the vugs. 211 
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The oxidation is thus attributed to weathering, as no other evidence of post-magmatic 212 

hydrothermal alteration was detected elsewhere in the dikes. 213 

 A typical vug may contain several rosettes of molybdenite (2-5 mm across) that occupy 214 

approximately 1 volume % of the vug and are tapered at the vug bottom (Fig. 6B). These 215 

molybdenite crystals are intergrown with muscovite, which constitutes part of the vug 216 

mineralogy (Fig. 6D). Euhedral crystals of pyrite (1 mm) generally occur in and near the vugs. In 217 

addition to the molybdenite in the vugs, molybdenite crystals in the same size range are sparsely 218 

disseminated in the microgranite. The chemical composition of the molybdenite and pyrite is 219 

stoichiometric. Muscovite intergrown with molybdenite in the vugs is compositionally similar to 220 

that around the host microgranite, and this composition overlaps that of muscovite away from the 221 

vugs (Table 1, Fig. 3). Moreover, compared to muscovite crystals from ore samples and along 222 

vein selvages, which clearly had a post-magmatic hydrothermal origin, muscovite in the vugs 223 

and microgranite is more aluminous and contains a smaller proportion of the celadonite 224 

component (Xcel: 0.15 versus 0.25). These comparisons support a conclusion that the vug 225 

muscovite is of magmatic origin. 226 

 227 
 OXYGEN AND SULFUR ISOTOPE ANALYSES 228 

 229 
 The oxygen isotopic composition of two microgranite samples was analyzed at the 230 

Université de Montréal with the BrF5 method of extraction of Clayton and Mayeda (1963). 231 

Details of the analytical methods are given in Hoy (1993). The values of δ18O are reported 232 

relative to Vienna SMOW (Standard Mean Ocean Water). Molybdenite separates for sulfur 233 

isotope analyses were hand-picked from two vugs and were cleaned in an ultrasonic bath for 25 234 
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minutes. Sulfur isotope analyses were conducted at the Isotope Laboratory of the University of 235 

Saskatchewan and the values of δ34S reported relative to the Vienna Canyon Diablo troilite. The 236 

measured whole-rock δ18O values of the microgranite are 8.7 and 8.9‰, and the δ34S values of 237 

the molybdenite samples are −0.3 and −1.1‰. 238 

 239 
DISCUSSION 240 

Interpretation of field relations and petrochemical data  241 

 The microgranite dikes are enclosed within unaltered muscovite monzogranite and cut 242 

small quartz veins in the muscovite monzogranite, i.e., they were emplaced after cessation of 243 

local veining. The epitaxial relationships of the major silicate minerals along the contact between 244 

the microgranite and muscovite monzogranite point to their formation within incompletely 245 

crystallized felsic liquids (see Hibbard 1980; Hibbard and Watters, 1985). Additionally, the 246 

microperthititic texture of the K-feldspar of the microgranite is more likely a consequence of 247 

thermal adjustment than a widespread fluid-rock interaction that would have produced braided or 248 

coarse lamellae (Brown and Parson, 1989). Furthermore, sericitization of some of the feldspar 249 

crystals was probably a local phenomenon, and the absence of clay minerals in and around the 250 

vugs points to limited low-temperature fluid-rock interaction. This interpretation is supported by 251 

the whole rock δ18O compositions of the microgranite dikes (8.7 and 8.8‰), which are similar to 252 

those of the muscovite monzogranite in the Preissac pluton (8.2 − 8.8‰; Mulja et al. 1995b), and 253 

have been interpreted to indicate that the rocks did not undergo significant interaction with 254 

meteoric water. Finally, the δ34S values of the molybdenite samples, −0.3 and −1.1‰, are well 255 

within the range of −3 to +3‰ determined for granitic melts and of −3 to +7‰ estimated for 256 

magmatic hydrothermal fluids (see Ohmoto and Rye, 1979). These observations provide strong 257 
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evidence that magmatic processes dominated the development of the microgranite dikes and 258 

related molybdenum mineralization, and that post-magmatic hydrothermal alteration was 259 

negligible. 260 

 The magmatic processes mentioned above thus largely controlled the distribution of the 261 

REE in the microgranite (Fig. 4A). Mulja et al. (1995b) reported the presence of monazite and 262 

calcic plagioclase in the two-mica and muscovite monzogranites of the Preissac pluton.  263 

However, these minerals are absent from the microgranite, which explains its depleted LREE 264 

contents and strong negative Eu anomaly. By contrast, the garnet abundance is significantly 265 

higher than in the two-mica monzogranite, which may explain the enrichment in HREE. The 266 

progressive changes in REEN and trace elements from the muscovite monzogranite to the 267 

microgranite (Fig. 4A) suggest that these intrusions are related by fractional crystallization. We 268 

propose that this process must also have been responsible for the formation of the microgranite-269 

hosted vugs and the minerals contained therein. This proposal follows from the fact that 270 

fractional crystallization of relatively hydrous melts typically leads to the development of 271 

residual liquids that are rich in cavity-forming fluids (as shown by the presence of primary 272 

muscovite in the Preissac microgranite; also see Chakraborty and Upadhyay, 2020). Indeed, the 273 

upward growth of the molybdenite rosettes in the microgranite vugs resembles that of many 274 

minerals inside miarolitic cavities in granitic pegmatites and granites, which have been 275 

interpreted to be of magmatic origin and to have formed from fluids exsolved from water-276 

saturated magmas (Taylor et al., 1979; Stern et al., 1986; Candela, 1997). Moreover, as 277 

demonstrated previously, the muscovite interleaved with the molybdenite is compositionally 278 

indistinguishable from liquidus muscovite in the host microgranite. 279 
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 Although the oxidation state of the monzogranitic magma cannot be directly determined, 280 

it can be constrained as follows. At a crystallization temperature of 650°-500° C (Mulja et al., 281 

1995a and Fig. 3 above), in the absence of pyrrthotite and the presence of pyrite, the 282 

microgranite magma would have had log fO2 values from −20 to −12.5. These values are higher 283 

than those of many porphyry Mo deposits that range from −23 to −17.5 at 675° to 450° C (see 284 

Fig. 8 in Yang et al., 2014). Thus, the microgranite magma was relatively oxidized, and this 285 

inference is consistent with the conclusion of Blevin and Chappell (1992), Jian et al. (2015), and 286 

Shang et al. (2020) that a relatively oxidized magma is required to generate granite-hosted 287 

hydrothermal Mo deposits. 288 

 289 
Vug formation 290 

 Miarolitic cavities or vugs in granitic rocks, as stated previously, develop as a result of 291 

exsolution of an aqueous phase from a crystallizing magma. This exsolution is most effectively 292 

triggered by decompression relative to crystallization (Whitney, 1989), which was the case for 293 

the Preissac microgranite, since it was emplaced as dikes, i.e., the magma was injected into 294 

fractures in the muscovite monzogranite. Shinohara and Kazahaya (1995) proposed that exsolved 295 

fluid bubbles ascend due to their buoyancy in narrow zones in a stagnant magma, or disseminate 296 

in a convecting magma. An analogy to the former is illustrated in Figure 7, which shows 297 

individual columns of vesicles (gasses or gas mixtures) in basaltic lava flows that terminate in a 298 

vesicle-rich zone parallel to the top of the flow. We speculate that the columns and vesicle-rich 299 

zone correspond, respectively, to the buoyant plumes of bubbles and the critical zone of volatile 300 

percolation envisaged by Candela (1991). In a convecting, volatile-rich magma, bubbles are 301 

dispersed and the paths to the zone of percolation are no longer evident. The molybdenite-302 
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bearing vugs, which form randomly distributed clusters of vugs, could reflect this scenario. If, 303 

however, the vug clusters in the Preissac microgranite represent a slice through a bubble-rich 304 

zone fed by ascending bubble columns, then they could be evidence of the buoyant plume model 305 

of fluid release. The current exposure cannot resolve this issue, which would require a cross-306 

sectional view of the dikes. 307 

Molybdenum speciation in magmatic-hydrothermal systems 308 

 As a high-field strength element with a Z/r (atomic number over radius) value from 7.5 to 309 

11, depending on its oxidation state, Mo is not readily incorporated in early crystallizing 310 

minerals and hence will concentrate in the residual magma during fractional crystallization. This 311 

effect would have been particularly pronounced in the Preissac pluton because the precursor of 312 

the highly evolved microgranite, namely the monzogranite, lacks minerals such as ilmenite, 313 

magnetite, and titanite, which might have acted as sinks for Mo during the above differentiation. 314 

In silicate melts, molybdenum dissolves predominantly as tetrahedral MoሺVIሻOସ
ଶିmoieties, i.e., 315 

Mo is in its most oxidized form for a wide range of fO2 conditions, although in the presence of 316 

H2O or elevated concentrations of halogens, some Mo may occur as octahedrally co-ordinated 317 

MoሺIVሻO଺
଼ି (Farges et al., 2006). Significantly, however, neither H2O nor the halogens form 318 

stable complexes with molybdenum. By contrast, molybdenum forms relatively strong 319 

complexes with sulfur, e.g., species such as MoሺVIሻSଷ
ଶିand MoሺIVሻSଷ

ସି, or at high fugacity of 320 

sulfur, MoሺIVሻSସ
ସି (Farges et al., 2006). 321 

 The Mo content of most peraluminous magmas is relatively low, commonly on the order 322 

of no more than a few ppm (e.g., Noble et al., 1984), despite the solubility of molybdenum in 323 

such magmas being much higher. For example, in a magma containing 1 mole% S (a moderately 324 
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high concentration of sulfur) the solubility of Mo is approximately 2,100 ppm at 750 C and 325 

2,500 ppm at 800 C; above these concentrations, molybdenite will crystallize as a liquidus 326 

mineral (Ryabchikov et al., 1981; Štemprok, 1990). Highly evolved peraluminous granites that 327 

are genetically associated with the formation of aplite or pegmatite-hosted molybdenite deposits 328 

may have elevated molybdenum contents. This is the case for peraluminous plutons in the South 329 

Eastern desert of Egypt, for which Saleh (2007) has reported Mo concentrations of between 100 330 

and 300 ppm. In the Preissac microgranite dikes, the Mo content, as indicated previously, is only 331 

0.35 ppm. Such a low value is most plausibly interpreted to reflect the efficient scavenging of 332 

Mo from the magma by an exsolving hydrothermal fluid consistent with the occurrence of 333 

molybdenite-bearing vugs (Fig. 6). This deduction is supported by the observation of Audétat et 334 

al. (2011) that granitic rocks cogenetic with magmatic-hydrothermal Mo deposits have low Mo 335 

contents and with the related conclusion of Greaney et al. (2018) that, on average, granites are 336 

missing 60% of their expected Mo content. These studies attributed the deficit to the 337 

partitioningof Mo into an aqueous magmatic fluid and its expulsion from the cooling plutons. 338 

When a magma saturates with and exsolves an aqueous fluid, the molybdenum generally 339 

partitions preferentially into this fluid in amounts that depend on salinity, fO2, f S2,pressure, 340 

temperature and the composition of the magma. Not surprisingly, therefore, experimental studies 341 

of the partitioning of molybdenum between fluid and granitic melt (𝐷ெ௢
௙/௠) have yielded a wide 342 

range of values, i.e., from 0.07 (Bai and van Groos, 1999) to 135 (Tattitch and Blundy, 2017).  343 

Most of these studies, however, have been for sulfur-free systems and few have considered the 344 

role of pressure in controlling 𝐷ெ௢
௙/௠. An important exception is the study of Fang and Audétat 345 
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(2022). They reported 𝐷ெ௢
௙/௠ values for slightly peraluminous, magnetite–pyrrhotite-pyrite 346 

buffered melts at 750° C that increase from 9 ± 2 at 160 MPa to 11 ± 4 at 200 MPa and 14 ± 2 347 

MPa or 2.5 kbar, i.e., a magma with a composition similar to and oxygen fugacity marginally 348 

below those discussed above for the Preissac microgranite; the XNaCl was 0.07. The only other 349 

study to consider sulfur in their experiments for comparable oxygen fugacity (NNO + 2) were 350 

those of Tattich and Blundy (2017). An expression reported by them for 𝐷ெ௢
௙/௠as a function of 351 

XNaCl and XH2O, based on experiments conducted at 100 and 200 MPa and the same value of 352 

XNaCl as that employed by Fang and Audétat (2022) yielded a 𝐷ெ௢
௙/௠ value of 30.2; the value of 353 

XH2O is that reported for a water-saturated felsic melt at 750° C, fO2 = NNO + 1, and 140 MPa 354 

(Rutherford and Devine, 1988). 355 

 Fang and Audétat (2022) concluded, based on a set of complementary speciation 356 

experiments in sulfur-bearing, iron-free experiments, that Mo was present in their experiments 357 

dominantly as NaHMoO4. Significantly, Shang et al. (2020), reached the same conclusion for 358 

lower temperature, and in experiments at 350 °C with solutions having a NaCl molality of ~ 2 359 

(12 wt %), obtained dissolved Mo concentrations up to 4600 ppm, albeit at low pH. 360 

 361 
Molybdenum concentration in the magmatic fluid 362 

Based on our earlier description of the vugs in the Preissac microgranite and the 363 

consistency in the volumetric proportion of molybdenite from one vug to the next, it seems clear 364 

that the molybdenite presently in the vugs precipitated after the latter had formed as isolated 365 

cavities disconnected from the channels of fluid flow (Fig. 6C). Assuming this to be the case, it 366 

follows that the mass of molybdenite in a vug should provide a direct measure of the 367 
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concentration of molybdenum in the fluid, and a rare opportunity to quantify molybdenum 368 

transport in a natural system at or near magmatic conditions. As a typical vug (spherical) has a 369 

diameter of 1.5 cm and a typical molybdenite rosette (right cylinder) has a radius of 1.5 mm and 370 

a height of 0.5 mm, the volume of fluid would have been 1.77 ml, and the volume of 371 

molybdenite precipitated from this fluid would have been 0.0035 ml.  372 

As shown in Figure 3, the muscovite in the microgranite crystallized at 500–550 C and, 373 

as previously mentioned, the Preissac-Lacorne monzogranites were emplaced at a pressure of 374 

~3.5 kbar. Hence, fluid exsolution from the microgranite magma occurred in or above this 375 

temperature range and the Mo-bearing vugs formed at a temperature of ≥ 550 C. At this 550 C 376 

and a pressure of 3.5 kbar, the molar volume of the fluid is estimated to have been 23.2 ml (from 377 

Table 4 in Anderko and Pitzer, 1993), assuming that the fluid was aqueous and contained 10 378 

wt.% NaCl (a conservative estimate according to Webster, 1997). The mass of the fluid, 379 

therefore, would have been 0.0761 moles or 1.372 gm and the mass of Mo would have been 380 

0.0107 gm. Based on these calculations, the concentration of Mo in the fluid is estimated to have 381 

been ~7,800 ppm. It should be noted that this value does not consider any shrinkage in the size of 382 

the vugs that almost certainly occurred during crystallization of the liquid and the true 383 

concentration could have been lower.  384 

The concentration of Mo estimated for the vug-forming fluids is an order of magnitude 385 

higher than concentrations (up to 760 ppm) reported in the literature for fluid inclusions in 386 

porphyry deposits, for example, by Audétat and Pettke (2003). However, this does not 387 

necessarily mean that the concentration estimated in this study is unrealistic, particularly 388 

considering that the pressures of the porphyry fluids are considerably lower (< 1 kbar) than those 389 
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estimated for the emplacement of the microgranite (3.5 kbar). As mentioned above, Fang and 390 

Audétat (2022) reported a 𝐷ெ௢
௙/௠ value of 14 ± 2 at 250 MPa or 2.5 kbar and 750° C for a melt 391 

with a composition and at conditions similar to that of the microgranite magma. Assuming a 392 

𝐷ெ௢
௦௙/௠ value of 20 (to account for the higher pressure of emplacement of the microgranite 393 

magma) and an initial concentration of 300 ppm Mo in the magma (similar concentrations have 394 

been reported for highly evolved peraluminous granites by Saleh, 2007), this would correspond 395 

to a concentration in the fluid of 6,000 ppm, which is a little below that estimated for the Preissac 396 

microgranite vug-filling fluid (7,800 ppm). As also mentioned above, an expression reported by 397 

Tattitch and Blundy (2017) yielded a value of 𝐷ெ௢
௙/௠ of 30.2 for conditions similar to those 398 

mentioned above for the 𝐷ெ௢
௦/௠ value assumed from Fang and Audétat (2022). Using this value 399 

(30), the corresponding Mo concentration in the fluid would be 9,000 ppm Mo. The Mo 400 

concentrations estimated using partition coefficient of Fang and Audétat (2022) and Tattitch and 401 

Blundy (2017) therefore bracket the concentration of Mo estimated for the Preissac microgranite 402 

vug-filling fluid (7,800 ppm). Significantly, it is within the range of concentrations measured by 403 

Ulrich and Mavrogenes (2008) for the solubility of Mo in NaCl-bearing fluids (2,400 and 9,600 404 

ppm) at a temperature and pH similar to those that might have prevailed in the Preissac 405 

microgranite (the pressure and fO2 were likely lower); the concentration measured by Shang et 406 

al. (2020) at lower temperature (4,600 ppm) is also in this range. 407 

 408 

IMPLICATIONS 409 

 Integrating data from the current study with the conceptual framework developed for the 410 
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evolutionary path of volatile-rich magmas by Whitney (1975), Shinohara et al. (1995), and 411 

Candela (1997), we propose the following model for the crystallization of the Preissac 412 

microgranite and the formation of the molybdenite-bearing vugs. A body of magma at a depth 413 

equivalent to a pressure of at least 3.5 Kbar fractionated into biotite-muscovite and muscovite 414 

monzogranites, which intruded overlying metavolcanic and sedimentary rocks. This left behind a 415 

small volume of highly evolved residual melt, which eventually was also expelled from the 416 

magma chamber and intruded zones of dilation in the muscovite monzogranite. The resulting 417 

reduction in pressure led to vesiculation or ‘degassing’ of the expelled magma and its consequent 418 

quenching to produce the fine-grained texture of the microgranite (see Jahns and Burnham, 1969; 419 

Webber et al., 1999; Zieg and Marsh, 2002). The expelled aqueous fluid pockets (bubbles) 420 

efficiently scavenged Mo, S and other elements from the magma but eventually were frozen in 421 

situ, probably while they were coalescing or en route to the zone of volatile accumulation. On 422 

subsequent cooling they precipitated molybdenite. The molybdenite-bearing vugs in the Preissac 423 

microgranite dikes therefore provide a rare record of the molybdenum concentration in an 424 

unevolved magmatic aqueous fluid that was deciphered from the volume proportion of 425 

molybdenite in the vugs. 426 
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1. A. A location map forthe Preissac pluton in western Québec. 

B. A geological map of the Preissac pluton showing the location of the microgranite dikes 
with respect to other granitic rocks (Dawson, 1996; Mulja et al. 1995a; this study). Bt 
Mzgr: biotite monzogranite. 

C. The distribution of microgranite dikes in the muscovite monzogranite. Samples 471, 3, 7, 
9 are located near sample 201. 
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2. A cross-polarized photomicrograph of the microgranite showing interlocking crystals of 
quartz (Qzt), potassium feldspar (Ksf), albite (Ab), and muscovite (Mus).  Note that the 
muscovite crystals are similar in size to those of the albite and K-feldspar. Garnet (Grt) 
appears as optically extinct sub-rounded crystals. 
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3. Average compositions of muscovite in various parageneses as atomic proportions of M2+(Fe 
+ Mg + Mn)–Si–ƩAl together with isotherms experimentally determined for 300° to 700° C 
and 2 kbar PH2O showing the corresponding formation temperatures (after Monier and 
Robert, 1986). 
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4. A.  Chondrite-normalized REE (REEN) profiles for the microgranite and associated 
monzogranites in the Preissac pluton, indicating that the microgranite is the most evolved 
of the three granite types (after Mulja et al., 1995b).  The normalizing values are from 
Boynton (1984). 
B. A comparison of thechondrite-normalized REEN profile for the microgranite with 
those forthe Preissac-Lacorne monzogranites and for the REEN profile of the most 
evolved pumice from the Honey Comb rhyolite (number 6), which is considered to be an 
equivalent of eruptive pegmatites (Congdon and Nash, 1991). The data for the Preissac-
Lacorne samples are from Mulja et al. (1995b). 
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5. The trace and rare-earth element concentrations of selected Mo-related granites 
normalized to those of the Preissac microgranite.  Sources of information: 1. Mutschler et 
al. (1981); 2. Central Sweden, samples 7798006 & 0539108, Baker et al. (1987); 3. 
Öhlander et al. (1989). The normalizing composition of the microgranite is from Mulja et 
al. (1995b). 
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6. A.  A molybdenite-bearing vug in the microgranite as seen from above. 
B. The molybenite (Mo) vug in A shown in cross section.  
C. A string of Mo-bearing vugs in a cross-section of a microgranite slab. 
D. Interstitial muscovite between molybdenite blades in a vug. 
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7. Vesicle columns in basaltic lava flows in a roadcut on the Yellowknife – Teslin highway in 
Yukon, Canada (photographed by D. Kontak). The vugs in the monzogranite may represent 
vesicles in columns analogous to those whichit is proposed formed during exsolution of fluid 
from the Preissac microgranite-forming magma.  Note that the height of bubble nucleation varied 
and that some bubbles ceased migrating within the flow (left bottom), whereas others reached the 
top of a flow unit or a fracture plane, spread laterally and probably coalesced to form a zone or 
zones of high volatile concentration. The pen is approximately 13 cm long.  



 

Table 1. Average compositions of feldspars, muscovite and garnet from the Preissac microgranite, vugs and vein   
Host 1 1 2 2 3 3   1 2 3 4   1 
N 8* 6* 3 2 4 2   11* 5 4 4   21* 
  Plag Ksf Plag Ksf Plag Ksf   Muscovite Garnet 
SiO2 67.8 64.2 68.2 65.4 69.0 64.6 SiO2 45.9 46.6 47.7 47.5 SiO2 36.0 
Al2O3 20.0 18.2 20.1 17.9 19.6 18.4 TiO2 0.18 0.23 0.22 0.69 TiO2 0.13 
Na2O 11.0 0.44 11.2 0.52 11.6 0.66 Al2O3 31.6 30.9 31.2 29.4 Al2O3 19.7 
K2O 0.1 16.9 0.1 16.6 0.11 16.4 FeO 5.28 5.60 4.14 3.78 Fe2O3 1.16 
CaO 0.71 0.02 1.0   0.16   MnO 0.14 0.11 0.06 0.10 FeO 16.4 
Total 99.5 99.8 99.5 99.5 100.5 100.1 MgO 0.42 0.55 1.29 1.54 MnO 25.4 
  Na2O 0.29 0.25 0.32 0.52 MgO 0.19 
Si 2.9728 2.9856 2.9670 3.0141 2.9964 2.9902 K2O 11.2 11.0 11.1 11.5 CaO 0.74 
Al 1.0317 1.0007 1.0287 0.9710 1.0042 1.0029 F     0.8       
Na 0.9369 0.0397 0.9465 0.1646 0.9744 0.0588 Total 95.0 95.2 96.0 95.0 Total 99.8 
K 0.0033 1.0035 0.0042 0.9750 0.0059 0.9686   
Ca 0.0331 0.0003 0.0455 0.0073 Si 6.2893 6.3661 6.5670 6.4978 Si 5.9894 

  Ti 0.0185 0.0238 0.0103 0.0677 Ti 0.0298 
Ab 96.2 3.81 95.0 4.53 98.7 5.72 ivAl 1.7107 1.6339 1.4330 1.5022 ivAl 0.0377 

Or 0.34 96.2 0.43 95.5 0.60 94.3 viAl 3.3910 3.3427 3.3643 3.2212 Fe3+ 0.1411 

An 3.42 0.0 4.57   1.21   ƩAl 5.1017 4.9766 4.7973 4.7234 viAl 3.8432 
*two analyses were published in Mulja (1995a) Fe 0.6060 0.6399 0.3288 0.4218 Fe2+ 2.2999 
Host: 1: Microgranite at various distances from the Mo-bearing 
vugs Mn 0.0161 0.0126 0.0060 0.0139 Mn 3.5806 

2: Around and in the Mo-bearing vugs Mg 0.0850 0.1118 0.3442 0.2902 Mg 0.0713 
3. Monzogranite bordering with the Preissac Mo+Kfs+Mu quartz ƩM2+ 0.7072 0.7643 0.6730 0.7259 Ca 0.1350 
vein (host No. 4) Na 0.0764 0.0661 0.0630 0.0707   
4: Preissac Mo quartz vein ore. K 1.9590 1.9132 1.8870 2.0413 Alm 37.8 
  Prp 0.80 
N: number of analyses Grs 0 
Number of cations is on the basis of 6 (feldspars), 22 (muscovite) and 24 (garnet) atoms. Sps 59.2 
                            Adr 2.18 



 

 

Table 2. Geochemisry of muscovite-garnet microgranite of the Preissac pluton * 
Major elements (wt.%) Trace elements (ppm) Rare-earth element 
  n = 2     n = 1 or 2    n = 1 

SiO2 75.8 Ba 4.62 (1) La 0.64 

TiO2 0.02 Rb 472 (2) Ce 1.67 

Al2O3 14.5 Sr 7.81 (2) Pr 0.23 

Fe2O3(t) 0.43 Zr 16.2 (2) Nd 0.90 
MnO 0.26 Nb 73 (2) Sm 0.88 
MgO 0.06 Y 24.2 2) Eu 0.02 
CaO 0.31 Ta 7.22 (1) Gd 2.08 
Na2O 4.82 Hf 2.97 (1) Tb 0.62 

K2O 3.65 Th 1.36 (1) Dy 4.22 

P2O5 0.04 U 2.39 (1) Ho 0.70 
L.O.I 0.42 Cs 16.8 (1) Er 1.87 
Total 100.3 Sc 2.18 (1) Tm 0.35 
  Cu 6.95 (1) Yb 2.70 
A/CNK: 1.2 Pb 18 (1) Lu 0.36 
  Zn 13.8 (1)   
      Mo 0.35 (1)  ΣREE 17.24 
*Partially published in Mulja et al. (1995b)      
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