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 33 

Abstract 34 

The multi-pulse shoshonitic Predazzo Intrusive Complex represents an ideal igneous laboratory 35 

for investigating the chemical and physical conditions of magma emplacement in a crustal 36 

context, since numerical models can be constrained by field evidence. It constitutes the most 37 

intriguing remnant of the Middle Triassic magmatic systems of the Dolomitic Area (Southern 38 

Alps), preserved by the Alpine tectonics. Predazzo Intrusive Complex comprises silica 39 

saturated (pyroxenites/gabbros to syenites), silica undersaturated (gabbros to syenites) and 40 

silica oversaturated (granites and syenogranites) rock suites. In this paper we modelled its 41 

emplacement and evolution with a multiple thermo-/oxy-barometric, hygrometric and EC-AFC 42 

approach. At odds with what proposed in literature but according to the field evidence, the 43 

emplacement of the Predazzo Intrusive Complex occurred at shallow depth (< 6 km). In this 44 

context, the different pulses differed slightly in bulk water content, but shared a common 45 

thermal regime, with temperatures between 1000-1100°C and ~600°C at low to moderate 46 

oxydizing conditions (-0.1 to +0.7 ΔFMQ). The interaction between the intrusion and the 47 

shallow crustal rocks was minimal, with Sr and Nd isotopic compositions indicating an average 48 

of 5-6% assimilation of crust. A thermo- and oxy-barometric comparison with the nearby Mt. 49 

Monzoni enabled also to speculate about the solidification time of the intrusion, which we infer 50 

took place over about 700 ka.  51 

 52 

Keywords 53 
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 56 

1. Introduction 57 

The Middle Triassic magmatic event in the Southern Alps is expressed in volcano-plutonic 58 

sequences outcropping from the Brescian Alps, Alto Vicentino, Dolomites and Carnia areas 59 

(Italy) to the Karavanken region (Austria). Most of the igneous products are volcanic and 60 

volcanoclastic rocks, with subordinated dyke swarms. Intrusive bodies are instead rare, and 61 

mainly located in the Dolomites (Predazzo-Mt. Monzoni-Cima Pape) and Karavanken areas 62 

(Gasparotto and Simboli 1991; Gianolla 1992; Bonadiman et al. 1994; Visonà and Zanferrari 63 

2000; Brack et al. 2005; Cassinis et al. 2008; Bellieni et al. 2010; Casetta et al. 2017). These 64 

intrusions represent snapshots of magmatic plumbing systems, emplaced during and/or 65 

immediately after the eruption of the overlying volcanic products. There are several outstanding 66 

geological problems regarding the nature of these complexes, mainly related to their 67 

emplacement conditions, and to the relationships between tectonics and magmatism. The 68 

Predazzo Intrusive Complex (PIC) represents the ideal “petrologic laboratory” for investigating 69 

and reconstructing the features of the Middle Triassic feeding systems, since it offers the 70 

possibility to constrain the theoretical and experimental modeling by means of field evidence.  71 

As in the case of the nearby Mt. Monzoni, the contact aureole between PIC and the surrounding 72 

sedimentary rocks enabled many authors to speculate about the geometry of the intrusive body 73 

and its field relationships to the shallow crust (Princivalle et al. 1999; Ferry et al. 2002; Povoden 74 

et al. 2002; Gallien et al. 2007). On the basis of petrological and field evidence, Casetta et al. 75 

(2017) identified three different magma batches constituting the PIC, interpreted as a multi-76 

pulse body of shoshonitic affinity with variable alkalies and H2O-content which led to 77 

differentiation from mafic to amphibole and biotite-bearing end-members. However, several 78 

issues are still unsolved, such as the (possible) interaction between PIC magmas and crust, and 79 

their chemical/physical conditions of emplacement. The latter resulting in a current uncertainty 80 

about the depth of the intrusion.  81 
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Few thermobarometric and oxybarometric data are reported in literature for the Middle Triassic 82 

magmatic systems of the Dolomitic Area. According to Bonadiman et al. (1994), the oxygen 83 

fugacity of the nearby Mt. Monzoni system was around the NNO buffer and the crystallization 84 

temperature range was between 1044 and 589°C. Despite the clear evidence of a predominant 85 

role of water during crystallization, as testified by the wide presence of hydrous phases in the 86 

intrusive rocks, no estimates of the H2O contents and P-T conditions of these Middle Triassic 87 

plumbing systems have been performed so far. Taking into account the Altot content of 88 

amphiboles, Menegazzo Vitturi et al. (1995) hypothesized a depth of 10-17 km for PIC 89 

emplacement, but their values appeared in stark contrast with both the field evidence and the 90 

data reported by Visonà and Zanferrari (2000) for the similar and coheval Karawanken pluton 91 

(5-9 km).  92 

Therefore, in this paper we made new geochemical and isotopic (87Sr/86Sr-143Nd/144Nd) 93 

measurements on new samples from PIC that are representative of its main portions. A multiple 94 

thermobarometric and hygrometric approach, based on the interaction between distinct single 95 

mineral, mineral pairs and mineral-melt equations, corroborated by appropriate simulations by 96 

means of Rhyolite-MELTS software (Gualda et al. 2012), enabled us to: (i) provide for the first 97 

time P-T-fO2 estimates and H2O evaluation of PIC system over its entire evolution; (ii) verify 98 

if the depth of the intrusion obtained by the previous petrologic approaches well fit the field 99 

evidence. The resulting P-T-fO2 and H2O values, together with the isotopic signatures of PIC 100 

rocks were then used as input to (iii) quantify the role of assimilation and fractional 101 

crystallization processes in the generation of the main PIC magmatic suites. 102 

 103 

2. Middle Triassic magmatism in the Southern Alps 104 

2.1. Geodynamic framework 105 

The Middle Triassic magmatic sequences of the Dolomitic Area are mainly composed of 106 

volcanites and volcanoclastites with subordinated and scattered intrusive bodies over an area of 107 
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about 2,000 km2 (Vardabasso 1929, 1930; Castellarin et al. 1980, 1982; Lucchini et al. 1982; 108 

Sloman 1989; Bonadiman et al. 1994; Coltorti et al. 1996; Gianolla et al. 2010; Casetta et al. 109 

2017). The Middle Triassic geodynamic framework of Dolomitic Area and the whole Southern 110 

Alps domain is still matter of debate, fostered by justaposition between the calc-111 

alkaline/shoshonitic orogenic affinity of the magmatic products and evidence for a concomitant 112 

extensional-transtensional tectonic regime (Doglioni 1987; Stampfli and Borel 2002, 2004; 113 

Doglioni 2007). Several geodynamic models were thus proposed, invoking the presence of: (i) 114 

an aborted rift in a passive margin (Bernoulli and Lemoine 1980); (ii) a compression at the NW 115 

limb of the Paleo-Tethys (Castellarin et al. 1980); (iii) an “active” mantle upwelling (Stahle et 116 

al. 2001); (iv) a transition to back-arc conditions lasting since Carboniferous-Permian, triggered 117 

by the northward subduction of the Paleotethys remnants (Ziegler and Stampfli 2001; Stampfli 118 

and Borel 2002; 2004; Cassinis et al. 2008; Schmid et al. 2008 Zanetti et al. 2013); (v) an 119 

anorogenic rifting concomitant with arc-like magmatism, whose signature was inherited by a 120 

mantle source previously metasomatised by subduction-related components during the 121 

Hercynian orogenic cycle (Bonadiman et al. 1994). This last hypothesis was supported by the 122 

similar Sr-Nd isotope signatures of the Middle Triassic magmas in the Southern Alps and the 123 

Permian igneous products (260-290 Ma), whose expression were found along the Western and 124 

in the Eastern Alps sectors (Barth et al. 1993; Rottura et al. 1998; Monjoie et al. 2007; 125 

Schaltegger and Brack 2007; Marocchi et al. 2008; Quick et al. 2009; Willcock et al. 2015; Dal 126 

Piaz et al. 2015; Sinigoi et al. 2016; Manzotti et al. 2017). This kind of analogy led to speculate 127 

that similar mantle sources, and/or similar melting conditions, could have generated the Middle 128 

Triassic and the Permian magmatic episodes. In the Dolomitic Area, thick sequences of basaltic 129 

andesitic to rhyolitic ignimbrites associated to the Permian Atesina Volcanic District are also 130 

the main constituent of the crustal basement of the Dolomitic Area where magmas intruded 131 

during Middle Triassic. 132 

 133 
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2.2. The Southern Alps intrusive bodies: geochemical and petrographic overview  134 

In contrast to the large amount of basaltic/latitic volcanic rocks erupted in the Southern Alps 135 

during the Ladinian-Carnian, the intrusive bodies are more limited in volume. They are Cima 136 

Pape (< 3 km2), Mt. Monzoni (4.6 km2), Predazzo Intrusive Complex (25 km2, see below) in 137 

the Dolomitic Area (Italy) and Karawanken (about 50 km2) in Carinthia (Austria). 138 

The Cima Pape sill and the ca. 230 Ma Mt. Monzoni body (Borsi and Ferrara 1968) are 139 

composed of biotite and amphibole-bearing gabbroic to syenitic rocks with shoshonitic affinity, 140 

generated mainly by fractional crystallization from parental basaltic to trachybasaltic magmas 141 

(Gasparotto and Simboli 1991; Bonadiman et al. 1994; Della Lucia 1997). The emplacement 142 

of Mt. Monzoni body is thought to be controlled by a syn-genetic ESE-WNW trascurrent 143 

tectonics, which created the conditions for a shallow level intrusion and the subsequent magma 144 

differentiation. A shallow depth is also suggested for the Cima Pape sill, where a gradual 145 

textural transition to the overlying lavas, locally organized in columnar structures (Sarti and 146 

Ardizzoni 1984) is observable on field. 147 

The Karawanken pluton (ca. 230 Ma, Lippoldt and Pidgeon 1974) comprises biotite and 148 

amphibole-bearing diorites/monzonites to granites/syenites, with rare aplites and pegmatites, 149 

showing an overall high-K calc-alkaline to shoshonitic affinity. To explain the production of 150 

Karawanken magmas, Visonà and Zanferrari (2000) invoked the occurrence of combined 151 

assimilation + fractional crystallization processes from a parental basaltic melt in a shallow 152 

magma chamber (5-9 km). The geochemical differences (i.e. La/Nb and Ba/Nb ratios) between 153 

the Karawanken pluton and the intrusions of the Dolomitic Area led the authors to suggest the 154 

origin of Karawanken magmas from an enriched mantle source not previously affected by 155 

subductive components, as proposed by Bonadiman et al. (1994) for the Mt. Monzoni body. 156 

Irrespective of the volumetric differences, common features of these intrusions are the high-K 157 

calc-alkaline to shoshonitic affinity, the modal occurrence of hydrated phases (biotite and 158 

amphibole) in the intercumulus assemblages and the shallow depth of emplacement. 159 
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 160 

2.3. The Predazzo Intrusive Complex 161 

The Predazzo Intrusive Complex (PIC, Fig. 1) is a ring-like shaped multi-pulse intrusion with 162 

an overall volume of about 4.5 km3 cropping out in Trentino Alto Adige (NE Italy). Dated at 163 

237.3 ± 1.0 Ma (U/Pb on zircon from granites, Mundil et al., 1996), it intruded the Permian 164 

Atesina Volcanic District rhyolitic ignimbrites, the Permo-Triassic sedimentary formations and 165 

the overlying volcanic sequences (Brack et al. 1996, 1997, 2005; Mietto et al. 2012), forming 166 

well-defined metamorphic aureoles (Princivalle et al. 1999; Ferry et al. 2002; Povoden et al. 167 

2002; Gallien et al. 2007). The intrusion and its related volcanic products were almost 168 

completely preserved from the action of the Alpine tectonic event, and kept in their original 169 

position with respect to the surrounding rocks. According to Casetta et al. (2017), PIC rocks 170 

are grouped in three main units with different geochemical features (Fig. 1), named (in relative 171 

order of emplacement) Shoshonitic Silica Saturated (SS, 3.1 km3), Granitic Unit (GU, 1.1 km3) 172 

and Shoshonitic Silica Undersaturated (SU, 0.3 km3). The SS and SU suites are composed of 173 

pyroxenites/gabbros to syenites (Fig. 2), respectively quartz- and nepheline-bearing, formed as 174 

result of fractional crystallization (FC) processes in an almost closed system from two distinct 175 

starting monzogabbroic-like magmas (Petersen et al. 1980; Visonà 1997; Marrocchino et al. 176 

2002; Casetta et al. 2017). The Granitic Unit is instead constituted by quartz and biotite-bearing 177 

granites/syenogranites (Fig. 2), and apparently seems to represent a different magma batch 178 

and/or the result of genetic processes independent from those that generated the SS and SU 179 

rocks (Menegazzo Vitturi et al. 1995; Visonà 1997; Casetta et al. 2017). However, the lack of 180 

isotopic studies made it impossible to definitively exclude for the three magma bodies a 181 

significant involvement of assimilated crustal rocks.  182 

On the other side, the field relationships between the intrusive units, their related dykes and the 183 

host rocks suggest a shallow origin of this multi-pulse intrusion, as also testified by the presence 184 

of hypabyssal rocks at the hundred-meter-scale transition between the plutonic and the volcanic 185 
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sequences (Casetta et al. 2017). Nevertheless, the only thermobarometric studies present in 186 

literature, based on the Altot content of amphiboles (Menegazzo Vitturi et al. 1995), proposed a 187 

10-17 km depth for the PIC, giving rise to some uncertiainty about its emplacement and 188 

crystallization conditions due to the discrepancy between the barometric- and field-based 189 

estimates. 190 

 191 

3. Analytical methods 192 

Whole rock major and trace element analyses were carried out at the Department of Physics 193 

and Earth Sciences (University of Ferrara, Italy) using ARL Advant-XP automated X-Ray 194 

fluorescence spectrometer. Full matrix correction procedure and intensities were elaborated 195 

following Traill and Lachance (1966). Accuracy and precision are better than 2-5% for major 196 

elements and 5-10% for trace elements. The detection limits are 0.01 wt% and 1-3 ppm for most 197 

of the major and trace element concentrations, respectively.  198 

Rb, Sr, Y, Zr, Nb, Hf, Ta, Th, U, and Rare earth elements (REE) were analyzed by inductively 199 

coupled plasma-mass spectrometry (ICP-MS) using a Thermo Series X spectrometer with 200 

precision and accuracy better than 10% for all elements, well above the detection limit. 201 

Mineral phases major element compositions were analyzed at the Department of Lithospheric 202 

Research, University of Wien (Austria), by using a CAMECA SX100 electron microprobe 203 

equipped with four WD and one ED spectrometers. The operating conditions were as follows: 204 

15 kV accelerating voltage, 20 nA beam current, 20 s counting time on peak position. Natural 205 

and synthetic standards were used for calibration and PAP corrections were applied to the 206 

intensity data (Pouchou and Pichoir 1991). 207 

Whole rock 87Sr/86Sr and 143Nd/144Nd isotopic analyses were performed at the Radiogenic 208 

Laboratory of the Scottish Universities Environmental Research Centre (SUERC) of Glasgow 209 

by means of a Sector-54 TIMS instrument. Strontium was loaded onto outgassed single Re 210 

filaments with a Ta-activator solution; Nd was loaded onto the side of a triple Ta-Re-Ta 211 
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filament assembly in H2O and ran as Nd+. The sample preparation procedures for Sr-Nd isotopic 212 

analyses have not been described previously, so we articulate them in full, together with 213 

standards and instrumental analytical performance, in the Supplementary Material_1. 214 

 215 

4. Whole rock geochemistry 216 

4.1. Major and trace element  217 

Shoshonitic Silica Saturated (SS) suite (Fig. 2, Table 1) is mainly constituted by monzogabbros 218 

and monzodiorites, with Mg# (calculated as Mg/[Mg+Fe2+] mol%) of 65-45, and by 219 

subordinated monzonites and syenites (Mg# of 53-26 and 45-20 respectively) randomly 220 

distributed within the unit (Fig. 1). Volumetrically limited pyroxenitic (Mg# 64-47) and 221 

gabbroic (Mg# 65-45) cumulates crop out in the southwestern sector of the intrusion. 222 

Shoshonitic Silica Undersaturated (SU) suite (Fig. 2, Table 1) is on average more evolved than 223 

the SS one, being dominated by the presence of nepheline-normative monzonites (Mg# 40-39) 224 

and syenites (Mg# 36-15), over a minority composed of cumulitic gabbros (Mg# 56-50), 225 

monzogabbros (Mg# 59-47) and monzodiorites (Mg# 55-27). Granitic Unit (GU, Fig. 2) is 226 

composed of highly evolved granites and syenogranites (69-77 SiO2 wt%, Table 1) that, 227 

according to Chappell and White (2001) discriminating criteria, are ascribable to the I-type 228 

granitoids (Al/[Na + K + Ca] < 1.1; low P2O5 wt%; decreasing Zr, Sr and Al2O3 wt% with 229 

increasing SiO2 wt%). Few samples show instead intermediate behaviour between I- and S-type 230 

rocks. 231 

All SS, SU and GU rocks have K-affinity (Fig. 2), and their K2O and SiO2 contents led to 232 

classify them as belonging to shoshonitic (SS and SU) and High-K calc-alkaline (GU) series.  233 

Despite the general similarities, the major and trace element distribution in the SS, SU and GU 234 

rocks made it possible to pinpoint their origin from independent magmatic batches. At 235 

comparable differentiation degrees, main discriminating features between the SS and SU rocks 236 

are the relative enrichment in HFSE (Th, U, Pb), LREE and the higher Na2O/K2O ratio of the 237 
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latters. Such differences are in accordance with the predominant presence of amphibole and 238 

other Na and REE-rich phases in the SU rocks (Casetta et al. 2017). 239 

 240 

4.2. 87Sr/86Sr and 143Nd/144Nd isotopes 241 

Whole rock 87Sr/86Sr and 143Nd/144Nd isotopic ratios were analysed on representative samples 242 

of the SS, SU and GU suites (Table 2). Shoshonitic Silica Saturated samples have initial Sr 243 

isotope composition from 0.7039 to 0.7052, whereas their initial Nd isotope compositions range 244 

from 0.512191 to 0.512247. Shoshonitic Silica Undersaturated rocks are characterized by a 245 

generally higher 143Nd/144Ndi varying from 0.512261 to 0.512289 and by 87Sr/86Sri comparable 246 

with the SS samples (0.7047 to 0.7063). 143Nd/144Ndi range of GU rocks is between 0.512206 247 

and 0.512304, thus comparable to those of both SS and SU suites. High Rb/Sr of the GU rocks 248 

resulted in imprecise initial calculated 87Sr/86Sr preventing any correlation between the GU and 249 

the SS/SU bodies. 250 

 251 

5. Crystallization sequences and mineral chemistry 252 

To better focus on the P-T-fO2 conditions and on the H2O contents of the PIC system, some 253 

remarks on the mineral phase compositions and crystallization sequences of the various units 254 

is hereafter summarized. A more detailed description of the petrographic and mineral chemistry 255 

features of these rocks was reported by Casetta et al. (2017). The new mineral phases analyses 256 

are reported in the Supplementary Material_2. 257 

Shoshonitic Silica Saturated rocks are dominated by the presence of clinopyroxene and 258 

plagioclase as cumulus phases; minor olivine and orthopyroxene can be found in gabbros and 259 

monzogabbros. The intercumulus assemblage is characterized by the ubiquitous presence of 260 

plagioclase and biotite, followed by the appearance of amphibole in gabbros to monzodiorites 261 

(Fig. 3). Magnetite and Ti-magnetite are often reported in association with biotite, whereas K-262 

feldspar and accessory phases (quartz, apatite, ilmenite, sphene, zircon) modally increase in 263 
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more evolved rocks. The main alteration features of the SS rocks consist of sericite formation 264 

at the expenses of feldspars, chlorite growth over clinopyroxene, amphibole and biotite, as well 265 

as epidote formation at the expenses of clinopyroxene and plagioclase. The following 266 

crystallization sequence can be deduced for SS rocks: olivine → clinopyroxene 267 

(±orthopyroxene) → Ti-magnetite/magnetite → plagioclase → biotite → amphibole → K-268 

feldspar → quartz (±accessories). 269 

The crystallization sequence of the SU magmatic suite mirrors its silica undersaturation and 270 

higher Na2O content. Orthopyroxene and quartz are in fact absent, and an earlier appearence of 271 

amphibole at the expenses of biotite characterises the intercumulus assemblage of the SU rocks 272 

(Fig. 3). Other Na-rich minerals like ferrosalitic clinopyroxene, abitic plagioclase and nepheline 273 

(Visonà 1997) are variably present. Accessory phases are ugrandite group garnets, epidote, 274 

apatite and titanite. As already highlighted by Visonà (1997), many portions of the SU body are 275 

hydrothermalized, showing the formation of kaoline, sericite and scapolite. Where this 276 

secondary assemblage does not occur, the primary differences between the SU and SS 277 

magmatic suites are evident. The likely crystallization sequence of the SU rocks is: olivine → 278 

clinopyroxene → Ti-magnetite/magnetite → plagioclase → amphibole → biotite → K-feldspar 279 

→ nepheline (±accessories). 280 

Syenogranites and granites of the GU are quite homogeneous in composition, being constituted 281 

by K-feldspar, plagioclase and quartz, locally associated to several other minerals, among 282 

which Fe-rich biotite is the most common. Accessory phases are tourmaline, fluorite, sphene, 283 

magnetite, apatite, ilmenite and zircon. Muscovite and chlorite are rare and always grow at the 284 

expenses of biotite and amphibole in late hydrothermal stages, whereas the sericitization of 285 

feldspars is pervasive. Less common phases are ematite, allanite, scheelite, xenotime, gummite, 286 

thorite, uranium micas, molibdenite and other sulphides, irregularly disseminated and generated 287 

in the later pneumatolitic and hydrothermal stages (Marzocchi 1987; Visonà 1997). The main 288 
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GU paragenesis is composed of: K-feldspar + plagioclase + quartz + fluorite + biotite (chlorite 289 

and/or muscovite) ± amphibole + accessories. 290 

In the less altered samples, at comparable whole rock differentiation degree, the composition 291 

of the most representative minerals clearly discriminate between the SS and SU magmatic 292 

suites. For instance, biotites and amphiboles are Al- and Na-enriched in the SU rocks with 293 

respect to the SS ones. Amphibole in fact varies from the hornblendic and actinolitic 294 

composition in the SS rocks (Na2O < 1.5 wt%; Al2O3 < 8 wt%) to the hastingsitic/pargasitic 295 

composition (rare actinolitic hornblende, Leake et al. 1997) in the SU ones (Na2O up to ~2.5 296 

wt%; Al2O3 up to ~18 wt%). Even the Na content of plagioclase differs between the two 297 

magmatic suites: it ranges from An84 to An34 in SS samples, and from An50 to An<23 in SU 298 

rocks. Another discriminating feature is represented by the clinopyroxene composition, 299 

augitic/salitic (En43-33) in the SS and salitic/ferrosalitic (En37-24) in the SU rocks (Morimoto, 300 

1988). Furthermore, the manganese content of several phases is quite higher in the SU rocks: 301 

Ti-magnetite (0.2-1.9 wt% SU; 0.1-0.4 wt% SS), biotite (0.1- 0.7 wt% SU; 0-0.4 wt% SS), 302 

amphibole (~0.7 wt% SU; ~0.5 wt% SS) and clinopyroxene (0.5-1.5 wt% SU; 0.2-0.8 wt% SS).  303 

 304 

6. P, T and H2O estimates: thermobarometric evolution of the intrusion 305 

6.1. Recover the initial equilibrium conditions 306 

In this section, we apply several methods for estimating the P, T and H2O contents of PIC rocks, 307 

taking into account the coexistence of minerals used as thermometers, barometers and/or 308 

hygrometers in both the SS and SU crystallization sequences. Apart from the Holland and 309 

Blundy (1994), Anderson and Smith (1995), Anderson (1996) and Henry et al. (2005) methods 310 

(see below) applied to amphibole-plagioclase pairs and biotite, and specific for intrusive rocks, 311 

the other equations used in this study are designed for volcanic samples. As often happens in 312 

intrusive contexts, the identification of the parental “melt” from which crystals formed is 313 

challenging (e.g. Skaergaard Intrusion; Nielsen 2004; Namur and Humphreys 2018). Intrusive 314 
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rocks, in fact, rarely correspond to bulk melt composition, representing a variable mixture of 315 

cumulus and intercumulus minerals, removed by the crystallizing melts at various stages of 316 

fractionation, thus in equilibrium with different melts in different moments. Casetta et al. (2017) 317 

suggested that the cumulitic gabbros and pyroxenites, as well as most of the intermediately 318 

evolved rocks of the complex, were generated by various extent of fractional crystallization 319 

from a starting trachybasaltic magma in an almost closed system. 320 

It is modelled that the mineral assemblages constituing the PIC rocks (e.g. clinopyroxenes of 321 

SS gabbro) showed partial equilibrium with a more evolved melt (e.g. SS trachybasalt), from 322 

which then segregated to form the cumulates. The cumulitic nature of a rock itself incorporates 323 

the concept that its composition (e.g. Mg# of clinopyroxene) represents an independent phisico-324 

chemical system with respect to the deriving melt. Consequently, if we try to consider the 325 

intrusive (cumulitic) rock of PIC as a bulk representative of a melt (e.g. in terms of Mg# or 326 

CaO/Al2O3), it is reasonable to find that its mineral constituents (e.g. clinopyroxene or 327 

plagioclase), are in evident disequilibrium with the bulk composition (Figg. 4 and 5). They are 328 

instead compositionally coherent with a segregation process from a more evolved melt. On the 329 

other side, by taking into account more evolved rocks (e.g. monzogabbros to syenites), the 330 

amount of crystal disequilibrium progressively decreases (Figg. 4 and 5). This because the 331 

ultimate products of the SS/SU fractional crystallization processes, syenitic in composition, 332 

progressively approach the eutectic of the system and likely resemble a melt composition: this 333 

condition has been also proposed by Morse and Brady (2017) for the syenites of the 1300 Ma 334 

old Kiglapait Intrusion (Labrador). 335 

Evidences of the reliablity of this genetic model are the observed textural and mineral 336 

homogeneities of the SS/SU rocks: any kind of significant zoned texture would result from the 337 

introduction of additional magma chamber processes (i.e. mixing) during the formation of the 338 

PIC lithotypes, invalidating our assumptions. The unzoned texture, coupled with the crystal size 339 

of PIC rocks (e.g. clinopyroxenes up to 6-7 mm in pyroxenites and gabbros) and with the small 340 
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volume of the intrusive body (4.5 km3), speaks also against a considerable effect of syn- to post-341 

crystallization diffusion processes, which can be a rate-limiting process for thermobarometric 342 

estimates. On the other side, thermometers involving clinopyroxene in upper crustal context, 343 

commencing cooling from relatively low T, hold the potential to record the peak temperature 344 

conditions, especially in large-sized grains (Müller et al. 2013). If we couple the euhedral 345 

unzoned texture of PIC clinopyroxenes with the diffusion rates proposed by several authors 346 

(e.g. at about 1000°C logD(Ca) = -21 m2/s; logD(Ti) = -22 m2/s; logD(Fe) = -21 m2/s, where D 347 

indicates the diffusion coefficient; see Brady and McCallister 1983; Dimanov et al. 1996; 348 

Cherniak and Lyiang 2012; Müller et al. 2013 and references therein), we can argue that the 349 

crystal compositions were nearly unmodified by significant diffusion processes. Similar 350 

remarks can be made for plagioclase, whose crystallization in plutonic rocks at relatively low 351 

T limit the efficiency of CaAl-NaSi diffusion to submicron length scales (Grove et al. 1984). 352 

The mineral compositions were therefore considered as representative of the various stages of 353 

fractional crystallization of the magmas inside PIC, and were used to constrain the physical 354 

parameters of the magma chamber. 355 

On the basis of these assumptions, we matched each mineral (e.g. clinopyroxene of SS 356 

cumulates) with an estimated “melt” following the crystal/melt equilibrium partitioning (e.g. 357 

Cpx–LiqKdFe–Mg, see below), to trace the P-T path of an hypothetical differentiation trend (e.g. SS 358 

suite, see Casetta et al. 2017). This operation enabled us to compute the “melt” composition, to 359 

skip the appearent disequilibrium between minerals and cumulitic rocks as a bulk and thus to 360 

constrain the P, T and H2O parameters of the less evolved melts in the PIC feeding system. 361 

Afterwards, the application of the “traditional” thermobarometric equations for intrusive 362 

contexts (i.e. to amphibole-plagioclase pairs and biotite, see below) enabled us to verify the 363 

convergence between the various results as well as to unravel the T-P-H2O conditions in the 364 

later stages of crystallization. A complete list of the applied equations, results, and 365 

corresponding errors is reported in Table 4 and discussed in detail in the following sections. 366 
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 367 

6.2. Clinopyroxene-melt thermobarometer and water content of primary magmas 368 

Clinopyroxene is the dominant and ubiquitous phase in the SS and SU rocks, thus 369 

clinopyroxene-melt thermobarometry was considered as a valuable starting point to estimate 370 

the T-P intensive variables and H2O content of PIC magmatic system since early stage of 371 

fractionation. Crystal-melt equilibrium conditions were tested by taking into account the 372 

experimentally determine range of Cpx–LiqKdFe–Mg = 0.24-0.30 at T > 1050°C by Putirka et al. 373 

(2003). First tests highlighted that all clinopyroxene crystals in the SS and SU units have Cpx–374 

LiqKdFe–Mg = 0.36-0.68 (hereinafter the superscript “Liq” indicates the composition of the bulk 375 

rock), indicating a disequilibrium towards composition more evolved than their host rock (Fig. 376 

4). The amount of disequilibrium, as said before, decreases with increasing the differentiation 377 

degree of the rock (Fig. 4). Such a decrease could be explained by the fact that more evolved 378 

lithotypes better approach the eutectic of the system and more likely simulate melt 379 

compositions. 380 

Following the FC model of Casetta et al. (2017), clinopyroxenes of each lithotype were thus 381 

related to a calculated “melt” composition having the same chemical affinity of their host rock 382 

and a more evolved nature (Table 3), by which crystals retrieved their equilibrium conditions. 383 

As shown in the flow chart of Fig. 6a, once chosen the clinopyroxene-melt couple of the SS 384 

suite, T-P pairs were estrapolated by means of the Putirka (2008) equations, assuming variable 385 

H2O wt% contents of the melt. The water-dependant equations 32b and 33 (Putirka 2008), 386 

derived from the P-independent thermometer and the T-dependent barometer of Putirka (1996), 387 

were firstly applied to constrain the crystallization conditions of clinopyroxene from the melt, 388 

obtaining several T-P-H2O triplets. Since these triplets are strongly dependant on the chosen 389 

melt and on the inferred H2O content, they were checked, together with the melt composition, 390 

by means of the Rhyolite-MELTS calibration (Gualda et al. 2012). Iterated procedures (Fig. 6a) 391 

were developed until a clinopyroxene composition analogous to the starting one was reproduced 392 
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by Rhyolite-MELTS. In this way, the two independent approaches reinforce one to another, 393 

giving a more robust framework for the thermobarometric and water results. Since the only left 394 

starting parameter required by Rhyolite-MELTS was oxygen fugacity, we chose fO2 = NNO as 395 

proposed by Bonadiman et al. (1994) for the Mt. Monzoni intrusion. 396 

However, by increasing the differentiation degree of SS rocks, and/or considering the more 397 

alkaline SU magmas, the reliability of Rhyolite-MELTS decreases, as a function of the alkali-398 

enrichment of the system and the related crystallization of amphibole and biotite, for whom 399 

thermodynamic parameters are not well constrained (Gualda et al. 2012). Therefore, the use of 400 

Masotta et al. (2013) thermobarometer was preferred for the SU suite and for the more evolved 401 

SS rocks, and was cross-checked with Putirka (2008) equations (Fig. 6b). As for SS rocks, once 402 

assessed the equilibrium between clinopyroxene and melt, T-P pairs at variable H2O contents 403 

of the melt were extrapolated by means of the Putirka (2008) method. The resulting T-P-H2O 404 

triplets were then inputed in Masotta et al. (2013) equation until the resulting T and P were 405 

comparable to those obtained by Putirka (2008) method at similar water contents.  406 

Some issues for handling this combination of modeling tools should be remarked: (i) since 407 

Rhyolite-MELTS is not suitable for amphibole and biotite-dominated rocks, it was only used 408 

to simulate the composition of clinopyroxene in equilibrium with the least evolved SS magmas, 409 

at the P, T and H2O conditions determined by the previous calculations; (ii) the alkaline nature 410 

of PIC (especially SU) differentiated rocks implies that clinopyroxene-melt behavior during 411 

crystallization and cooling depends not only on Fe and Mg, but also on Ca, Na and Al, so 412 

Masotta et al. (2013) equations became progressively more reliable; (iii) iterated and cross-413 

checked calculations using Putirka (2008), Rhyolite-MELTS and Masotta et al. (2013) methods 414 

(Fig. 6a-b) were proposed to unravel P-T-H2O crystallization conditions avoiding circular 415 

relationships between the equations. 416 

The errors proposed for the thermobarometers, oxybarometers and hygrometers are reported in 417 

Table 4: while temperatures could be defined within a narrow error range (±10 to ±20°C) with 418 
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both Putirka et al. (2008) and Masotta et al. (2013) equations, the P estimates were affected by 419 

high uncertainties, varying from ±1.2 (Masotta et al. 2013) to ±2.6 kbar (Putirka et al. 2008).  420 

 421 

6.2.1. Clinopyroxene crystallization conditions of Shoshonitic Silica Saturated rocks 422 

The most magnesian clinopyroxene in SS rocks were found within pyroxenites (Mg#Cpx 76-78), 423 

whereas the less magnesian compositions (Mg#Cpx 63-71) were in the monzodiorites and 424 

monzonites. The early T-P-H2O crystallization conditions were likely represented by the 425 

former, which attained equilibrium with a trachybasaltic melt (Mg# 51; Fig. 4a, Table 3), further 426 

confirming the first FC step identified by Casetta et al. (2017). Clinopyroxene-melt 427 

thermobarometers indicated a P-T range of 1.6-2.3 kbar and 1070-1050°C, for water contents 428 

of 2.0-2.5 wt% (Table 4). The best fitting data in by Rhyolite-MELTS simulations were 429 

obtained at pressure of 1.5 kbar, temperature of 1060°C and 2.5 H2O wt%. Consequently, 2.0-430 

2.5 H2O wt% could be assumed as the water contents of the first SS magmas intruding the PIC. 431 

Clinopyroxenes in the cumulitic gabbros were slightly less homogeneous and less magnesian 432 

(Mg#Cpx 69-71 cores; 65-66 rims), and resulted in equilibrium with melts varying in Mg# from 433 

43 to 40 (cores) to about Mg# 36 (rims), as shown in Fig. 4a and Table 3. Pressure-temperature 434 

paths indicated that cores attained equilibrium in a P range of 0.5-1.9 kbar and T of 910-980°C, 435 

while rims formed at 0.3-1.2 kbar and 900-920°C, considering H2O contents of 3.0-4.0 wt%. 436 

Clinopyroxenes in monzogabbros and monzodiorites were nearly unzoned although 437 

compositionally comparable to those in gabbros, showing Mg#Cpx of 68-72. As for gabbroic 438 

rocks, equilibrium was reached with intermediately evolved magmas (Mg# 40, Fig. 4a, Table 439 

3), by which thermobarometric equations indicated a T range of 940-990°C at P of 1.4-1.6 kbar, 440 

for a H2O contents in the melt of 3.0-4.0 wt%. All results are reported in Table 4 and Fig. 7a.  441 

 442 

6.2.2. Clinopyroxene crystallization conditions of Shoshonitic Silica Undersaturated rocks 443 
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Clinopyroxenes from the SU suite are more alkaline than those of the SS rocks, ranging from 444 

salitic-aegirinaugitic to ferrosalitic compositions. The most magnesian compositions in gabbros 445 

and monzogabbros (Mg#Cpx 67-63) were in equilibrium with Mg# 36 melts (Fig. 4b, Table 3). 446 

Pressure-temperature paths indicate a P range of 0.2-1.6 kbar and T of 920-940°C at water 447 

contents of about 1.0-1.5 wt%. Clinopyroxenes in syenites (Mg#Cpx 60-48) show composition 448 

close to the equilibrium with the whole rock (Fig. 4b, Table 3), which represent a theoretical 449 

slightly evolved trachytic melt. Thermobarometers yielded a P of 0.2-1.6 kbar at T of 810-450 

860°C at water contents between 4.0 and 5.0 wt%. Results are reported in Table 4 and shown 451 

in Fig. 7a. 452 

 453 

6.3. Amphibole and amphibole-plagioclase thermobarometer and hygrometer 454 

Pressure, temperature and H2O conditions for amphibole crystallization were estimated using 455 

amphibole-plagioclase Al-exchange thermobarometers (Holland and Blundy 1994; Anderson 456 

and Smith 1995; Anderson 1996) and a single amphibole thermobarometers (Ridolfi et al. 2010; 457 

Ridolfi and Renzulli 2012). Amphibole-plagioclase equations were used for mineral pairs in 458 

both SS and SU suites, whereas the single amphibole thermobarometers were applied to all 459 

amphibole compositions in the SS rocks, but only for amphibole in gabbros in the SU suite. 460 

This because of the higher alkali content of SU differentiated magmas, well above the 461 

compositional ranges admitted for the calibtation of the empirical geothermometers of Ridolfi 462 

et al. (2010) and Ridolfi and Renzulli (2012). For the SS and SU amphiboles, the single 463 

amphibole equations enabled also the calculation of the water content of the melt from which 464 

they crystallized. Contrary to the clinopyroxene-melt equations, the error range for the 465 

barometric estimates based on amphibole-plagioclase and single amphibole was lower, ranging 466 

between ±0.03 and ±0.6 kbar, whereas errors on T estimates were slightly higher (±23 to ±40°C, 467 

Table 4).  468 

 469 
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6.3.1. Amphibole crystallization conditions of Shoshonitic Silica Saturated and Shoshonitic 470 

Silica Undersaturated rocks 471 

Pressure-temperature paths obtained from amphibole-plagioclase thermobarometers yielded a 472 

T-P range of 750-845°C and 0.1-1.2 kbar in SS gabbros to monzodiorites (Fig. 7a, Table 4). 473 

Single amphibole calculations for the same lithotypes confirmed these values, indicating P = 474 

0.7-1.4 kbar and T = 720-810°C. The estimated H2O contents of melts in equilibrium with 475 

amphiboles of SS gabbros to monzodiorites was between 4.8 and 6.0 wt% (Fig. 7b, Table 4). 476 

Amphibole-plagioclase estimates for the SU suite yelded similar P intervals (0.4-1.0 kbar) but 477 

at lower T (620-660°C) for gabbros, and P-T ranges of 1.6-1.9 kbar and 870-880°C taking into 478 

account the mineral pairs in the monzogabbroic rocks (Fig. 7a, Table 4). The single amphibole 479 

method, applied only to the actinolitic hornblendes in SU gabbros, provided comparable 480 

pressures (0.5-0.6 kbar) and temperatures (700-720°C) with respect to the SS rocks (Fig. 7a, 481 

Table 4). The calculated water contents of the melts were similar to those obtained for the SS 482 

suite (5.1-5.7 wt%, Fig. 7b, Table 4).  483 

As expected, the water contents calculated by these models were higher than those obtained 484 

from the clinopyroxene-melt calculations. Amphibole crystallization, in fact, occurred later 485 

than clinopyroxene, thus the melt from which amphibole precipitated should have undergone 486 

differentiation in some extent, and its water content should have increased. If we consider the 487 

water enrichment linked to the fractional crystallization of the SS/SU magmas, together with 488 

the concomitant precipitation of volatile-bearing phases, the H2O contents resulted from the 489 

single amphibole equations appear in line with the calculations proposed by the FC model of 490 

Casetta et al. (2017). 491 

 492 

6.4. Biotite thermometer 493 

Biotite is a ubiquitous phase occurring in the late inter-cumulus mineral assemblages of almost 494 

all SS, SU and GU rocks. Its presence enabled us to provide some estimates on the temperatures 495 
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of these assemblages, by using of the empirical single-mineral thermometer of Henry et al. 496 

(2005), based on the Ti content of biotite. 497 

 498 

6.4.1. Biotite crystallization conditions of Shoshonitic Silica Saturated, Shoshonitic Silica 499 

Undersaturated and Granitic Unit rocks 500 

Temperature of biotite crystallization in SS pyroxenitic cumulates resulted between 690 and 501 

740°C, whereas a T interval of 600-660°C was considered representative of SS gabbros to 502 

monzodiorites. Biotites from more differentiated SS monzonites yielded a T of about 540-503 

580°C (Fig. 7a, Table 4). Biotite in SU gabbros and monzogabbros indicated comparable 504 

temperatures, ranging between 640 and 660°C (Fig. 7a, Table 4).  505 

The thermometer was also applied to GU syenogranites, resulting in a T range of 420-570°C: 506 

the biotites in GU rocks are however iron-rich, with Mg/(Mg+Fetot) < 0.275, just out of the 507 

compositional field for which the thermometer was calibrated. Consequently, the resulting 508 

temperatures were not used for futher modeling purposes. 509 

 510 

6.5. Plagioclase-melt thermobarometer and hygrometer  511 

Plagioclase appears in almost all PIC rocks, from the cumulitic pyroxenites, where it is part of 512 

the intercumulus assemblages, to the syenitic rocks, where, together with K-feldspar, dominates 513 

the paragenesis. Its ubiquitous presence made it an additional tool for investigating the T and 514 

H2O content of PIC magmas along the entire SS and SU differentiation trends by means of 515 

Putirka (2008) and Lange et al. (2009) equations. Plagioclase from GU granites and 516 

syenogranites are compositionally close to the pure albitic end-member, probably because of 517 

hydrothermal/alteration processes. This made them unsuitable for the hygrometer application, 518 

being its calibration limited to An37 plagioclase (Lange et al. 2009). 519 

As for clinopyroxene, plagioclase equilibrium with its host rock was constrained by means of 520 

the experimentally determined values of Pl-LiqKdAn-Ab = 0.10±0.05 at T < 1050 °C and 0.27±0.11 521 
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at T ≥ 1050 °C (Putirka 2008). However, Mollo et al. (2011) demonstrated that Plag-LiqKdAn-Ab 522 

is highly sensitive to the cooling rate of the melts, being thus variable between 0.2±0.02 523 

(cooling rate of 0.5°C/min) and 0.35±0.03 (cooling rate of 15°C/min). Thus, all plagioclase-524 

melt equilibria (even at T < 1050°C) were considered following a Plag-LiqKdAn-Ab in the range of 525 

0.27±0.11 (Putirka 2008), whose interval is also in accordance with the results obtained by 526 

Mollo et al. (2011). Cooling rate is in fact an essential factor for the crystallization dynamics of 527 

intrusive bodies, as testified by the plagioclase morphological variations in PIC rocks, where it 528 

appears as both cumulus and intercumulus phase throughout the entire SS/SU fractionation 529 

trends. According to crystallization sequences, plagioclase appeared after clinopyroxene and 530 

Fe-Ti oxides, just before or even contemporary to biotite and amphibole in the intercumulus 531 

assemblages. Consequentely, we considered the thermobarometric values obtained by 532 

clinopyroxene, amphibole and biotite calculations for each magmatic suite (see above) to 533 

identify the P-T-H2O interval in which plagioclase crystallized from the melt. As for 534 

clinopyroxene, plagioclase often appeared in disequilibrium with its whole rock composition 535 

(Fig. 5), and the amount of disequilibrium gradually decreases with increasing the 536 

differentiation degree of the corresponding whole rock. Plagioclase in monzodiorites were in 537 

fact closer to the equilibrium with respect to those of pyroxenites and gabbros, whereas most 538 

of the plagioclase from monzonites and syenites were in equilibrium with their host rock (Fig. 539 

5). As previously mentioned for clinopyroxene, such a trend could be justified by considering 540 

that the more evolved rocks likely resemble melt compositions, being close to the eutectic of 541 

the system. Thus, plagioclase compositions were related to estimated melt compositions, 542 

according to the differentiation trends proposed by Casetta et al. (2017), to retrieve the 543 

equilibrium conditions. Once equilibrated, plagioclase and melt compositions were used as 544 

input for the Lange et al. (2009) hygrometer to calculate the amount of H2O dissolved in the 545 

melt (see flow chart of Fig. 6). For each sample, input T and P required in Lange et al. (2009) 546 
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equation were chosen in the T-P interval between those estimated by clinopyroxene-melt 547 

calculations and those resulted from amphibole and biotite. 548 

Pressure, temperature and H2O were calculated by iterating Lange et al. (2009) method and 549 

equation 24a of Putirka (2008) until a matching T was found. In any case, small variations of P 550 

scarcely affect the results of the hygrometers: ±1 kbar corresponds to ±0.1 wt% H2O calculated 551 

in the melt (Giacomoni et al. 2014). Since the P interval obtained by the previous 552 

(clinopyroxene and amphibole) barometers was roughly between 0.2 and 1.9 kbar for all PIC 553 

rocks, the H2O estimates were almost entirely constrained by temperature changes. As a 554 

consequence, the match between T obtained with Lange et al. (2009) and equation 24a of 555 

Putirka (2008) was considered a reliable cross-check and a robust constraint on our geothermal 556 

modelling (Fig. 6). 557 

 558 

6.5.1. Plagioclase crystallization conditions of Shoshonitic Silica Saturated rocks 559 

Data from clinopyroxene-melt simulations on pyroxenites indicated that SS primary magmas 560 

began crystallizing at about 1.5 kbar, 1060°C and 2.5 H2O wt%. The more anorthitic plagioclase 561 

(An84-73) were analyzed in the pyroxenites intercumulus assemblage, following clinopyroxene 562 

and preceding biotite, thus the T range of plagioclase crystallization is constrained by the 563 

temperatures of crystallization of these two phases. Since pressure does not sensitively affect 564 

the calculations, a pressure of 1.5 kbar was used according to the results from clinopyroxene-565 

melt calculations (Fig. 6 and 7). Results indicated that the most anorthitic plagioclase (An84-73) 566 

crystallized in equilibrium with a trachybasaltic melt (Mg# 51; Fig. 5, Table 3): at P = 1.5 kbar, 567 

T of crystallization resulted of 1060-1081°C for a H2O content of 3.0 wt%.  568 

Plagioclase in SS gabbros were in compositional continuity with those of pyroxenites, varying 569 

between An73 and An51 in both the cumulus and intercumulus assemblages. As for plagioclase 570 

inside pyroxenites, the marked disequilibrium (Fig. 5) was probably related to the cumulitic 571 

nature of gabbros and/or a variable cooling rate of the magma. The crystallization sequence and 572 
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the comparison with the T ranges obtained from clinopyroxene, amphibole and biotite 573 

suggested that plagioclase crystallized in a temperature interval of 980 to 740°C. Plagioclase 574 

with An73 reached the equilibrium with a Mg# 49 melt (Fig. 5): at P of 1.5 kbar, T and H2O 575 

content resulted of 1016-1053°C and 3.1 wt% respectively. An63-51 plagioclases were 576 

equilibrated with a basaltic trachyandesitic melt (Fig. 5, Table 3), yielding T of 920-1021°C 577 

and a water content of 3.2-3.4 wt% at pressures of 1.2-1.5 kbar (Fig. 7, Table 4). It is worth 578 

noting that for these temperatures, Putirka (2008) proposed a potential partitioning Plag-Liq KdAn-579 

Ab = 0.05-0.15 to attest equilibrium. However, after several iterations, the modelled P-T-H2O 580 

terns for PIC magmas were attained only within a Plag-Liq KdAn-Ab of 0.27±0.11. Such appearent 581 

discrepances could be explained considering the dependency of An-Ab equilibrium coefficient 582 

with the cooling rate (Mollo et al. 2011). 583 

Plagioclase from monzogabbros to monzonites were in a compositional range from An53 to 584 

An34, resulting in equilibrium with basaltic trachyandesitic to trachyandesitic melts (Fig. 5, 585 

Table 3). At P of 1.2 kbar, T resulted between 917 and 989°C, for water contents of 3.9-4.8 586 

wt%, progressively increasing with the differentiation degree of the samples (Fig. 7, Table 4). 587 

 588 

6.5.2. Plagioclase crystallization conditions of Shoshonitic Silica Undersaturated rocks 589 

Plagioclase in SU rocks range from An50-43 in gabbros to An38-23 in monzogabbros and 590 

monzodiorites, and reach the more albitic compositions in syenites, where anorthite content is 591 

low (An23-An2). Plagioclase in gabbros were equilibrated by an intermediately evolved melt, 592 

trachyandesitic in composition (Fig. 5, Table 3). According to the themobarometric data 593 

obtained by multiple geothermometers (clinopyroxene, amphibole and biotite), the temperature 594 

crystallization interval of plagioclase ranges between 940 and 720°C. Plagioclase-melt 595 

thermometers and hygrometers yielded a T range of 975-990°C at P of 1.5 kbar, for a water 596 

content of 4.1 wt%. 597 
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Apart from the nearly pure albitic compositions (likely effects of secondary processes), 598 

plagioclase in monzogabbros to syenites vary from An38 to An23. They were equilibrated with 599 

an evolved trachytic melt (Fig. 5, Table 3), thought to be the final product of the SU 600 

differentiation trend (Casetta et al. 2017). At T –P space of 920-936°C and 1.2 kbar, the 601 

estimated water contents of melt in equilibrium with An38 plagioclases was about 4.4 wt%, 602 

progressively increasing with the differentiation of the samples (Fig. 7, Table 4). 603 

 604 

6.6. K-Feldspar-melt hygrometer 605 

Except for pyroxenites, K-feldspar is present in all PIC rocks, where it occurs as intercumulus 606 

(gabbros to monzodiorites) and cumulus (monzonites/syenites) phase. Its composition was used 607 

to constrain the amount of H2O dissolved in the co-existing melt by means of the equation 608 

proposed by Mollo et al. (2015). Such method, based on the Or-Ab exchange between K-609 

feldspar and melt is calibrated for alkaline differentiated magmas, thus proper for the SS, SU 610 

and GU rocks compositions. Together with the data obtained by the previous equations, such 611 

estimates enabled to “track” the H2O contents in the progressively differentiating melts. 612 

According to Mollo et al. (2015), this method can be applied only to K-feldspar with Or44-86, 613 

whereas no reliable results were produced for Or>86 as it extended outside the range of calibrated 614 

compositions. K-feldspar and whole rock equilibrium evaluation was attained by minimizing 615 

the difference between predicted and measured K-Feld-LiqKdOr-Ab, following equation 2 of the 616 

Mollo et al. (2015) model. These conditions were satisfied only by considering K-feldspar 617 

compositions in equilibrium with trachyandesitic to trachytic melts (Table 3), further 618 

confirming the correspondence between the crystallization sequence and the progressive 619 

differentiation model proposed by Casetta et al. (2017). 620 

According to the equilibriation temperatures recorded by clinopyroxene, amphibole, biotite and 621 

plagioclase, a T of 900-800°C was used as input for all samples of the SS and SU suites, whereas 622 

lower temperatures (800-700°C) were considered for GU syenogranites. 623 
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 624 

6.6.1. K.Feldspar crystallization conditions of Shoshonitic Silica Saturated, Shoshonitic Silica 625 

Undersaturated and Granitic Unit rocks 626 

Water concentration of melts in equilibrium with K-feldpsar in SS gabbros to monzogabbros 627 

were in the range of 4.4-5.3 wt% and 5.6-6.5 wt% respectively, whereas higher H2O contents 628 

(6.1-7.3 wt%) were recorded in monzodiorites. The highest water values were calculated in SS 629 

syenites, that in turn show a larger variability of values (H2O = 4.6-7.3 wt%; Fig. 7, Table 4).  630 

K-feldspar analysed in SU monzogabbros and monzonites indicated H2O contents of the 631 

crystallizing melts between 5.5-6.3 wt% and 6.7-7.8 wt%, respectively. H2O estimates for GU 632 

syenogranites range between 8 and 11 wt%, being however meaningless in the physical system 633 

compatible with the body emplacement. The solubility of water at P < 2.5 kbar for rhyolitic-634 

trachytic melts in fact do not exceed 7 wt%, as experimentally and theoretically determined in 635 

the T range of 500-1000°C (Di Matteo et al. 2004; Liu et al. 2005). These values were therefore 636 

discharged in the discussion. 637 

 638 

7. Oxygen fugacity 639 

The two main magmatic suites (SS and SU) are formed by the differentiation of melts which 640 

began crystallizing at pressures lower than 2.0 kbar and at similar T ranges (1050-1000°C). 641 

Main differences between the SS and SU suites could be found by taking into account the total 642 

amount of water of the crystallizing melts: SS primitive melts in fact were characterized by an 643 

higher water contents with respect to that of SU ones (2.0-2.5 wt% vs. 1.0-1.5 wt%, 644 

respectively). Classically, it is considered that dissolved molecular H2O reacts with oxygens of 645 

the silicate network producing two OH- groups (e.g. Stolper 1982; Silver and Stolper 1985; 646 

Kohn 2000). The overall reaction reading as H2O + O-2 = 2OH- may thus be considered as the 647 

counterpart of the water solubility in evaluating the redox conditions. 648 
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To effectively quantify such differences, we estimated the fO2 conditions of each portion of PIC 649 

by means of the T-fO2 model of Burkhard (1991), based on the biotite/K-feldspar/magnetite 650 

equilibrium in biotite-bearing intrusive rocks. Burkhard’s (1991) empirical equation 651 

complements that of Kress and Carmichael (1988), enabling to calculate oxygen fugacity and 652 

temperature by two independent formulas. Water fugacity required in Burkhard’s (1991) 653 

equation was calculated at a fixed P of 1.5 kbar following Burnham et al. (1969). Sanidine 654 

activity was considered according to Waldbaum and Thompson (1969), whereas magnetite 655 

activity was approximated at unity (Burkhard 1991). Since this equation required as input the 656 

amount of Fe2+ in biotite, Fe2+/Fe3+ ratios of SS, SU and GU biotites were calculated following 657 

Dymek (1983). Because the compositional spectrum of biotite and sanidine in each rock is 658 

slightly variable, we calculated two T-fO2 pairs for each lithotype (Fig. 8, Table 4), to account 659 

for the possible oxygen fugacity ranges. According to Burkhard (1991), the error on each 660 

calculation was of ±0.3 log units. 661 

As shown in Fig. 8, oxygen fugacity in SS rocks resulted in a range from -14.1 to -10.7 logfO2, 662 

at temperatures comprised between 790 and 1000°C (Table 4). Such values plot between the 663 

FMQ and NNO buffers (+0.2 to +0.7 ΔFMQ, Fig. 8), and are well comparable to the values 664 

chosen as input for the Rhyolite-MELTS model above developed (-9.34 logfO2 at 1060°C), 665 

further confirming the validity of the calculated parameters. Rocks from the SU and GU suites 666 

were characterized by values of -11.9 to -10.2 logfO2 at T of 920-1050°C (-0.1 to +0.3 ΔFMQ, 667 

Fig. 8), and -12.9 to -11.8 logfO2 at T of 850-920°C (around +0.4 ΔFMQ, Fig. 8), respectively 668 

(Table 4). Syenogranites of the GU suite were characterized by a behavior comparable to that 669 

of SS rocks, whereas SU rocks record slightly more reduced conditions.  670 

 671 

8. EC-AFC processes  672 

As shown by the thermobarometric and hygrometric models, the two main magmatic suites (SS 673 

and SU) emplaced and crystallized at comparable pressures and temperatures conditions. The 674 
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only differences can be identified when water content and oxygen fugacity are considered, 675 

being the SU system characterized by lower H2O content and by more reduced conditions. 676 

Anyway, such slight divergences are not able to justify the marked geochemical variations 677 

between SS and SU magmas (see also Casetta et al. 2017). To account for the geochemical 678 

features of the SS and SU batches, we developed several Energy-Constrained Assimilation and 679 

Fractional Crystallization (EC-AFC) models (Bohrson and Spera 2001; Spera and Bohrson 680 

2001), based on 87Sr/86Sr and 143Nd/144Nd. The purpose of this calculation was to discrimminate 681 

between the original (i.e. mantle-derived) signature of SS/SU magmas and the effects of 682 

assimilation (and/or contamination) during the emplacement and differentiation of PIC 683 

magmas. Specifically, the main target of the models were: (i) verifying if the isotopic signature 684 

of SU rocks was generated an interaction between SS magmas and crust; (ii) quantify the 685 

eventual (if any) crustal assimilation during the differentiation of the SS/SU magmatic suites; 686 

(iii) discriminate between assimilation and contamination processes. 687 

A wide spectrum of Permo-Triassic crustal rock isotopic signatures from the literature were 688 

considered in the EC-AFC model as potential assimilants. These are Triassic carbonates (Martin 689 

and Macdougall 1995; Blendiger et al. 2015), Permian intrusives of Mt. Croce (central-eastern 690 

Southern Alps; Rottura et al. 1997) and Serie dei Laghi (southwestern Alps; Sinigoi et al. 2016, 691 

and references therein), Permian rhyolitic ignimbrites of the Atesina Volcanic District (Barth 692 

et al. 1993), and the Kinzigite formation (southwestern Alps; Voshage et al. 1990). 693 

Geothermobarometric and hygrometric results (Table 4) were used to to calculate assimilants 694 

and starting magmas’ specific heat [J/(KgK)], heat of crystallization (J/Kg) and heat of fusion 695 

(J/Kg) according to Spera (2000), Bohrson and Spera (2001) and Spera and Bohrson (2001, 696 

Table 5). Specific heat [J/(KgK)] and liquidus T (°C) of carbonate assimilant (Table 5) were 697 

considered accordingly to Dallai et al. (2011) and Eppelbaum et al. (2014). 698 

The absence of 87Sr/86Sr and 143Nd/144Nd variations with increasing silica content for both SS 699 

and SU suites and the lack of overlap between SS and SU compositional fields suggested that 700 
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the two suites have a different origin. A slight 87Sr/86Sr increase was however noted for both 701 

SS and SU samples while approacching the intrusion borders (Table 2). On the other side, the 702 

143Nd/144Nd of both SS and SU rocks were not sensitive to the distance from intrusion edges, 703 

ruling out the occurrence of contamination processes during magma emplacement. Therefore, 704 

the Nd isotopic enrichment of the SU suite can be considered as a primary feature, directly 705 

function of its mantle source or alternatively derived from assimilation of crustal components. 706 

In this view, the EC-AFC equations were applied to the less contaminated compositions to 707 

better constrain the Sr and (especially) Nd isotopic variations among the magmatic suites. 708 

The EC-AFC model from a starting SS composition (Fig. 9) showed that none of the chosen 709 

crustal components was able to drive the initial SS 87Sr/86Sr and 143Nd/144Nd ratios towards the 710 

SU field. This simulation reinforced the primary nature of the Nd isotopes enrichment of the 711 

SU body, ruling out the genesis of the SU rocks via crustal assimilation by an SS starting 712 

magma. The model was instead able to explain the isotopic variability of the SS samples. 713 

Almost all assimilation models well fitted the isotopic trend of SS rocks, suggesting that small 714 

amounts of crustal components were assimilated during magma storage. As shown in Fig. 9, 715 

the less depleted 143Nd/144Nd end-members were achieved by an interaction between magma 716 

and 2-10% of crust, represented by kinzigites (Voshage et al. 1990), Mt. Croce granodiorites 717 

(Rottura et al. 1997) and/or Atesina Volcanic District rhyolitic ignimbrites (Barth et al. 1993). 718 

A 5% assimilation of carbonates (Martin and Macdougall 1995; Blendiger et al. 2015) and/or 719 

Serie dei Laghi-like granites (Sinigoi et al. 2016) instead reproduced the more depleted 720 

143Nd/144Nd ratios. 721 

A second EC-AFC model was attempted to explain the isotopic variations of SU samples, but 722 

their scattered distribution prevented to retrace the assimilation path.  Nevertheless, this model 723 

was used just to quantify the crustal contribution in the Nd isotopic variations of the SU 724 

samples. As a result, the 143Nd/144Nd range of the SU suite was achieved by a 2-7% assimilation 725 
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of the crustal components (carbonates, Atesina Volcanic District rhyolitic ignimbrites, Mt. 726 

Croce granodiorites, Serie dei Laghi granites and amphibolitic kinzigites). 727 

On the whole, the Nd isotopic ranges of both SS and SU suites could be explained by low 728 

amounts of assimilation, whereas Sr isotopic variability is more likely derived from 729 

contamination processes at the intrusion borders during magma emplacement, where fluid 730 

mobilization and local metamorphic reactions occurred (Ferry et al. 2002; Gallien et al. 2007).  731 

As reported in Table 2, the Sr isotopic signature of PIC rocks appears to be more sensitive to 732 

their distance to the intrusion edges rather than to their degree of differentiation, being thus the 733 

143Nd/144Nd ratio the best proxy to discriminate the two magmatic suites. Given this, the Sr 734 

variations of the SU suite at near constant 143Nd/144Nd could be also affected by i) slight 735 

alteration effects, unavoidable for such a small body and/or ii) the contact halo between PIC 736 

and the wall rocks. 737 

 738 

9. Discussion  739 

9.1. Emplacement of the Shoshonitic Silica Saturated and Shoshonitic Silica Undersaturated 740 

magmas 741 

The SS and SU intrusive bodies formed as result of fractional crystallization of two distinct 742 

trachybasaltic melts, which differentiated along two independent trends over a short time span. 743 

The result of this process was the generation of a large spectrum of intrusive rocks whose 744 

cumulus+intercumulus assemblages progressively vary in composition, reaching the most 745 

evolved nature in the syenitic rocks. The textural/compositional homogeneity of the main 746 

cumulus phases of PIC rocks, together with the scarce efficiency of syn- to post-crystallization 747 

diffusion processes on such large-sized crystals, led us to hypothesize that their composition is 748 

directly function of the physical conditions at which they formed and segregated from the melt. 749 

In this scenario, clinopyroxene and plagioclase were considered as “snapshots” of the fractional 750 
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crystallization processes, able to provide informations on the T-P conditions of the melts from 751 

which they generated.  752 

If we compare the clinopyroxene and plagioclase compositions to that of their host rock, in fact, 753 

the disequilibrium is evident (Figg. 4 and 5). Clinopyroxene of SS gabbros (Mg# 55), for 754 

example, are characterized by Mg# of 65-71, ideally in equilibrium with melt with Mg# < 43, 755 

quite far from the bulk rock composition of the gabbro. The most magnesian ones (Mg#Cpx 76-756 

78), in pyroxenites, are theoretically in equilibrium with a trachybasaltic melt (Mg# 51), further 757 

confirming that the mafic rocks of the complex are cumulates formed during the initial stages 758 

of fractionation of the trachybasaltic melt. On the other hand, the less magnesian clinopyroxene 759 

crystals tracked in syenites were almost in equilibrium with their host rocks, corroborating the 760 

assumption that the more differentiated rocks of the complex resemble the composition of melts 761 

and approach the eutectic of the system. On the basis of the results obtained by the proposed 762 

“equilibration model”, in turn supporting the differentiation model of Casetta et al. (2017), PIC 763 

rocks were formed during progressive stages of fractional crystallization from starting 764 

trachybasaltic melts. 765 

Once evaluated the disequilibrium conditions and reconducted the clinopyroxene/plagioclase 766 

compositions to their ideal equilibrium conditions, thermobarometric and hygrometric 767 

calculations enabled us to retrieve the T-P-H2O parameters of the less evolved melts in the 768 

feeding system. The “classical” thermobarometric approach for intrusive rocks (amphibole-769 

plagioclase and biotite equations) was then used to verify the previous results. These 770 

thermobarometers and hygrometers provided T-P-H2O informations for the later crystallization 771 

stages. 772 

According to our estimates, some differences between the emplacement conditions of SS and 773 

SU magmas can be highlighted. Oxygen fugacities of the PIC plumbing system are between -774 

0.1 and +0.7 ΔFMQ (Fig. 8), confirming the oxidation conditions proposed by Bonadiman et 775 

al. (1994) for Mt. Monzoni intrusion at comparable temperature intervals, further highlighting 776 
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the low to moderate oxydizing components that characterized the magmatic systems of the 777 

Dolomitic Area during Triassic.  778 

On the basis of clinopyroxene-melt thermometric and hygrometric calculations, SS magmas 779 

result slightly water-enriched (H2O = 2.0-2.5 wt%) with respect to SU ones (H2O =1.0- 1.5 780 

wt%), during the first crystallization stages (T ~1000-1100°C, Fig. 7, Table 4). With increasing 781 

differentiation, the water content of PIC rocks increased up to 5-8 wt%, value compatible with 782 

the amount of fractionation (79-94%) proposed by Casetta et al. (2017), by taking into account 783 

the role of amphibole and biotite during differentiation.  784 

The T-P estimates (Fig. 7, Table 4) indicated that both magma batches cooled from a starting T 785 

of ~1000-1100°C (cumulus assemblage) down to ~600°C (intercumulus assemblage), sharing 786 

a common thermal regime. The pressure obtained by applying various mineral-mineral and 787 

mineral-melt equilibria were subsequently used to estimate the emplacement depth of the PIC 788 

plumbing system, and all the pressures were filtered to extrapolate the best-fit from all models, 789 

taking into account the errors of the different methods (Table 4). The resulting pressure values 790 

were between 0.4 and 1.7 kbar for both SS and SU intrusive bodies, yielding a depth of about 791 

1.4-5.6 km considering a ΔP/Δz of 0.29 kbar/km. With respect to the depth (10-17 km) proposed 792 

by Menegazzo Vitturi et al. (1995), our estimates suggested that PIC represents an intrusion in 793 

the shallow crust, with SS and SU magma batches emplaced within the same thermal regime. 794 

Despite the common geothermobarometric evolution and slightly different water contents, SS 795 

and SU bodies can be distinguished in terms of 87Sr/86Sr and 143Nd/144Nd, reinforcing the 796 

preliminary PIC model that, on the basis of mineral and bulk rock elemental geochemistry 797 

(Casetta et al. 2017) suggested that SS and SU series represent two independent magma pulses. 798 

EC-AFC models (Bohrson and Spera 2001; Spera and Bohrson 2001) show that assimilation of 799 

various types of Permo-Triassic crustal components by a starting SS magma could not account 800 

for the higher 143Nd/144Nd of the SU batch, ruling out any possible derivation of the SU suite 801 

from the SS one. Therefore, the Nd isotopic enrichment of the SU suite could be interpreted as 802 
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an original mantle signature or, alternatively, could be ascribed to assimilation processes 803 

occurring within the crust. We prefer the first hypothesis, since the second one would imply the 804 

existence of a common mantle-segregated magma with a 143Nd/144Nd ratio high enough to be 805 

able to “split” in the SS and SU trends by varying the nature of the assimilant, and such a magma 806 

has never been documented in the Dolomitic Area. 807 

The same EC-AFC models demonstrated that both suites assimilated a small proportion of 808 

crustal components (5-6% on average, Fig. 9). That amount of assimilation is, however, able to 809 

explain the 143Nd/144Nd variation throughout SS/SU samples, being that the 87Sr/86Sr was 810 

affected by late contamination that occurred at the intrusion edges. The fit between PIC isotopic 811 

data and the crustal end-members of the Triassic carbonates, the Permian magmatic rocks and 812 

the metamorphic basement of the Ivrea Zone is consistent with a geochemical influence on the 813 

PIC of a basement that could be attributed to the Ivrea Zone. This hypothesis was also suggestd 814 

by Barth et al. (1993) to explain the Atesina Volcanic District-Cima d’Asta magma genesis. 815 

In summary, both SS and SU batches are characterized by a strong contribution of an enriched 816 

mantle component, even if the lack of primitive products cannot directly quantify its role in the 817 

original source. Anyway, if examined in the light of their temporal relationships, the major, 818 

trace element and Sr-Nd isotopic signature of the SS and SU bodies enable to define the 819 

progressive evolution of the PIC magmatic suites. In turn, this geochemical evolution could be 820 

linked to a time-related (slight) variation of the mantle source, even if an accurate dating of the 821 

two single bodies would help in better deciphering the time scale of such process. On the other 822 

side, the magmatic evolution in the shallow crust for both the SS and SU batches was confined 823 

in the same thermal regime. 824 

 825 

9.2. Origin of the Granitic Unit 826 

The GU rocks (granites and syenogranites) differ from the other PIC magmatic suites (SS and 827 

SU), mainly in terms of silica saturation, FeO, MgO, K2O and Rb contents (Casetta et al. 2017). 828 
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Moreover the estimated volume of the GU portion of the complex (1.1 km3) is unrealistically 829 

larger than that of the SS/SU syenites (≤ 0.25 km3) if we consider the already high (> 90%) 830 

fractionation degrees from which these latters generated. This means that, if the GU portion 831 

was the result of ~95% fractionation of a SS/SU magma, ~20 km3 of SS/SU rocks should be 832 

intruded somewhere. This fact is in stark constrast to what is observable on field. 833 

The GU magmas evolved at redox states comparable to SS/SU ones (about +0.4 ΔFMQ) and 834 

record temperatures down to 800-850°C (Fig. 8). Put this all together, it is reasonable to 835 

hypothesize that the GU granites/syenogranites were generated by magmatic differentiation 836 

from a calc-alkaline parental melt, the primitive/intermediate products of which are not exposed 837 

in the PIC area. It should be emphasized that GU rocks are similar to the Middle Triassic calc-838 

alkaline/high-K calc-alkaline rhyolites found in Carnia (Tarvisio area, Julian Alps; Gianolla 839 

1992) and Alto Vicentino regions (Recoaro-Schio area, Southern Alps; De Vecchi et al. 1974; 840 

Barbieri et al. 1982). In these latters, the entire high-K calc-alkaline trend is documented, further 841 

highlighting the existence of a similar differentiation suite during the Triassic magmatic event. 842 

In such a context, GU rocks could represent the corresponding intrusives of the rhyolites of 843 

these areas, even if further studies are needed to better investigate this comparison. 844 

 845 

9.3 Solidification time of PIC 846 

According to Bonadiman et al. (1994) the solidification time of Mt. Monzoni intrusion, 847 

emplaced at P-T-z conditions similar to those of PIC, was about 300 ka. The thermobarometric 848 

results obtained for PIC magmas and their subsequent application to the Spera (2000), Bohrson 849 

and Spera (2001) and Spera and Bohrson (2001) equations, enabled to model the cooling time 850 

of PIC, expected to be slightly higher than that of Mt. Monzoni, due to its larger volume (4.5 851 

km3 vs. 1.0-1.5 km3). 852 

In order to make an accurate comparison with Bonadiman et al. (1994), Spera (1980) equation 853 

was applied to PIC by assuming the thermal estimates already used for the EC-AFC calculations 854 
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and/or derived from Ryolite-MELTS modelling (see Table 5). By taking into account the whole 855 

volume of PIC, the solidification time resulted about 700 ka. Even if this time value was 856 

obtained without discriminating the single volumes of the SS, SU and GU bodies, it was 857 

considered reliable taking into account the similar thermal regimes calculated for the SS, SU 858 

and GU suites and the limited re-heating effects provided by the subsequent magma pulses. 859 

 860 

10. Conclusions 861 

A coupled thermobarometric and isotopic study of the main magmatic suites of the Predazzo 862 

Intrusive Complex enabled us to set out some remarkable points on the emplacement conditions 863 

of the Middle Triassic magmas in the Dolomitic Area. They can be summarized as: 864 

1. Predazzo Intrusive Complex emplacement occurred at a depth of 1.4-5.6 km (0.40-1.65 kbar), 865 

consistent with the field relationships suggesting consanguinity with the overlying effusive 866 

rocks. Its solidification time was about 700 ka, slightly higher but comparable to that proposed 867 

by Bonadiman et al. (1994) for the near Mt. Monzoni intrusion.  868 

2. Despite similar T-P of magma emplacement of the three unites, H2O and fO2 data indicated 869 

that SU primary magmas were characterized by lower water contents and oxidizing conditions 870 

than the SS ones (1.0-1.5 vs. 2.0-2.5 H2O wt%; -0.1/+0.33 vs. +0.2/+0.7 ΔFMQ, respectively). 871 

Plagioclase-melt, amphibole and K-feldspar-melt hygrometers indicated highly hydrated 872 

conditions of magmas and progressive H2O enrichment during differentiation. 873 

3. The 87Sr/86Sr and 143Nd/144Nd of PIC magmas plot in the enriched mantle source field. This 874 

feature speaks in favour of the presence of a subduction-signature in the mantle beneath 875 

Southern Alps during Triassic, as already proposed by Bonadiman et al. (1994) and Zanetti et 876 

al. (2013). Even if the absence of primary products in the Dolomitic Area prevents to exactly 877 

quantify the role of the enriched mantle component in the magma genesis, its contribution was 878 

undoubtedly high. 879 
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4. The EC-AFC models cannot account for the genesis of SU rocks via crustal assimilation 880 

starting from a SS magma, thus indicating two distinct geochemical signatures for SS and SU 881 

magmas. In turn, this difference could be ascribed to a time-related change in the mantle source, 882 

slightly moving towards a more 143Nd/144Nd enriched component. 883 

5. A low degree of crustal assimilation (5-6%) was able to explain the Nd isotopic variability 884 

of both SS and SU magmas, whereas the Sr isotopic variations were more likely the results of 885 

contamination processes at PIC edges. Fractional crystallization was the major (and almost 886 

only) process acting during the differentiation of SS and SU magmas, confirming what 887 

hypothesized by Petersen et al. (1980) and Casetta et al. (2017). The signature of the Triassic 888 

magmas is consistent with an Ivrea-like basement beneath the Dolomitic Area. 889 

6. Despite petrography, whole-rock and mineral chemistry suggested an I-type affinity for GU 890 

granites/syenogranites, the wide range and the uncertainty on their isotopic signature leaves the 891 

question on the origin of GU suite still unsolved. However, the geochemical and petrographic 892 

similarities with the coheval calc-alkaline/high-K calc-alkaline rhyolites found in Carnia 893 

(Gianolla 1992) and Alto Vicentino (De Vecchi et al. 1974; Barbieri et al. 1982; Bellieni et al. 894 

2010) suggest the presence of a high-K calc-alkaline series also in the Dolomitic Area.  895 
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 1217 

Figure Captions 1218 

Fig. 1 (colour online) 1219 

Simplified geological map of the Predazzo Intrusive Complex (PIC). On the left bottom corner, 1220 

the study area location with respect to the NE sector of Italy is shown 1221 

 1222 

Fig. 2 (colour online) 1223 

(a) Total Alkali vs. Silica and (b) K2O vs. Na2O diagrams for Predazzo Intrusive Complex rocks 1224 

(Le Maitre 2002). SS = Shoshonitic Silica Saturated; SU = Shoshonitic Silica Undersaturated; 1225 

GU = Granitic Unit 1226 

 1227 

Fig. 3 (colour online) 1228 

Textural sketches of Predazzo Intrusive Complex rocks and corresponding photomicrographs 1229 

showing the crystallization relationships between biotite and amphibole in the intercumulus 1230 

assemblage of (a, b) Shoshonitic Silica Saturated monzodiorites and (c, d) Shoshonitic Silica 1231 

Undersaturated monzogabbros. Each labelled mineral phase in the right photomicrographs is 1232 

contraddistinct by a different colour in the left sketches. Amph = amphibole; Ap = apatite; Bt 1233 
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= biotite; Cpx = clinopyroxene; K-Feld = K-feldspar; Ox = Fe-Ti oxide; Plag = plagioclase; Qz 1234 

= quartz; Ser = sericite 1235 

 1236 

Fig. 4 (colour online) 1237 

Mg# vs. Cpx-LiqKdFe-Mg of clinopyroxene from the (a) Shoshonitic Silica Saturated and (b) 1238 

Shoshonitic Silica Undersaturated rocks. The white symbols represent the disequilibrium 1239 

between crystals and their host rock composition, whose whole rock Mg# (wr Mg#) is also 1240 

reported. The filled symbols represent the attained equilibrium conditions after the calculation 1241 

of melt composition in equilibrium. “Liq” indicates both the composition of the crystals host 1242 

rocks (white symbols, prior to equilibration process) and that of the calculated “melt” (filled 1243 

symbols, after equilibration process). The length of the dashed arrows is directly function of 1244 

the amount of disequilibrium between the crystals and their host rock. The equilibrium range 1245 

of Cpx-LiqKdFe-Mg = 0.24-0.30 (black lines) is from Putirka et al. (2003) 1246 

 1247 

Fig. 5 (colour online) 1248 

Anorthite (XAn) vs. Plag-LiqKdAn-Ab of plagioclase from the (a) Shoshonitic Silica Saturated and 1249 

(b) Shoshonitic Silica Undersaturated rocks. As in Fig. 4, white symbols represent the 1250 

disequilibrium between crystals and their host rock composition (whose Mg# is reported as “wr 1251 

Mg#”), whereas filled symbols represent the attained equilibrium conditions after the 1252 

equilibration processes. “Liq” indicates both the composition of the crystals host rocks (white 1253 

symbols, prior to equilibration process) and that of the calculated “melt” (filled symbols, after 1254 

equilibration process). The length of the dashed arrows is directly function of the amount of 1255 

disequilibrium between the crystals and their host rock. The chosen equilibrium range of Plag-1256 

LiqKdAn-Ab = 0.27±0.11 (black lines) is from Putirka (2008) 1257 

 1258 

Fig. 6 (colour online) 1259 
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Flow chart representing the rationality of our models for clinopyroxene (Cpx) and plagioclase 1260 

(Plag) thermobarometry and hygrometry, from the starting mineral compositions (black 1261 

squares) to the final P-T-H2O triplets. (a) Model for clinopyroxenes in the less differentiated 1262 

Shoshonitic Silica Saturated rocks; (b) Model for clinopyroxenes in the evolved Shoshonitic 1263 

Silica Saturated and in the Shoshonitic Silica Undersaturated rocks; (c) Model for plagioclases 1264 

in both Shoshonitic Silica Saturated and Shoshonitic Silica Undersaturated rocks 1265 

 1266 

Fig. 7 (colour online) 1267 

(a) Temperature vs. pressure and (b) temperature vs. water content diagrams for Predazzo 1268 

Intrusive Complex rocks. SS = Shoshonitic Silica Saturated; SU = Shoshonitic Silica 1269 

Undersaturated. The reported values were obtained from the several thermobarometric 1270 

approaches explained in text. Cpx = clinopyroxene; Amph = amphibole; Plag = plagioclase; K-1271 

Feld = K-feldspar. Dashed interval in (a) represent the best-fit pressure range between the 1272 

various estimates, whereas the shaded field represents the temperature interval resulted from 1273 

biotite thermometry. Depth was calculated by considering a ΔP/Δz of 0.29 kbar/km 1274 

 1275 

Fig. 8 (colour online) 1276 

Temperature vs. oxygen fugacity (expressed in log fO2) diagram for Predazzo Intrusive 1277 

Complex rocks. SS = Shoshonitic Silica Saturated; SU = Shoshonitic Silica Undersaturated. 1278 

FMQ and NNO buffers are from Myers and Eugster (1983) and Huebner and Sato (1970), 1279 

respectively. Up on the right, insert with the same oxygen fugacity data expressed in terms of 1280 

ΔFMQ to facilitate the comparison between the various magmatic suites 1281 

 1282 

Fig. 9 (Colour online) 1283 

Diagrams showing the 87Sr/86Sr vs. 143Nd/144Nd isotopic ratios of Predazzo Intrusive Complex 1284 

rocks compared to those of Permo-Triassic crustal components (all values corrected to 234 Ma). 1285 
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SS = Shoshonitic Silica Saturated; SU = Shoshonitic Silica Undersaturated. Triassic carbonates 1286 

field from Martin and Macdougall (1995) and Blendiger et al. (2015); Permian intrusives (Mt. 1287 

Croce and Serie dei Laghi) field from Rottura et al. (1997) and Sinigoi et al. (2016, and 1288 

references therein); Athesina Volcanic District (AVD) Permian ignimbrites field from Barth et 1289 

al. (1993); Val Sesia Permian mafic rocks field from Voshage et al. (1990), Pin and Sills (1996) 1290 

and Sinigoi et al. (2016); Kinzigite formation field from Voshage et al. (1990). (a) Sr-Nd 1291 

isotopic ratios of Predazzo Intrusive Complex rocks plotted against those of the Permo-Triassic 1292 

crustal components, the enriched 1 (EMI), high-μ (HIMU, where μ = 238U/204Pb) and depleted 1293 

(DMM) mantle end-members (Zindler and Hart 1986); the insert corresponds to the area 1294 

reported in diagram (b). (b) EC-AFC trends (Bohrson and Spera 2001; Spera and Bohrson 2001) 1295 

for the Shoshonitic Silica Saturated suite by considering variable crustal assimilants. 1 = 1296 

assimilation of Triassic carbonates; 2 = assimilation of AVD ignimbrites; 3 = assimilation of 1297 

Mt. Croce granodiorites; 4 = assimilation of Serie dei Laghi granites; 5 = assimilation of 1298 

Kinzigite formation amphibolites  1299 
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Intrusion of shoshonitic magmas at shallow crustal depth: T-P path, H2O estimates and 30 

AFC modelling of the Middle Triassic Predazzo Intrusive Complex (Southern Alps, 31 

Italy) 32 

 33 

Abstract 34 

The multi-pulse shoshonitic Predazzo Intrusive Complex represents an ideal igneous laboratory 35 

for investigating the chemical and physical conditions of magma emplacement in a crustal 36 

context, since numerical models can be constrained by field evidence. It constitutes the most 37 

intriguing remnant of the Middle Triassic magmatic systems of the Dolomitic Area (Southern 38 

Alps), preserved by the Alpine tectonics. Predazzo Intrusive Complex comprises silica 39 

saturated (pyroxenites/gabbros to syenites), silica undersaturated (gabbros to syenites) and 40 

silica oversaturated (granites and syenogranites) rock suites. In this paper we modelled its 41 

emplacement and evolution with a multiple thermo-/oxy-barometric, hygrometric and EC-AFC 42 

approach. At odds with what proposed in literature but according to the field evidence, the 43 

emplacement of the Predazzo Intrusive Complex occurred at shallow depth (< 6 km). In this 44 

context, the different pulses differed slightly in bulk water content, but shared a common 45 

thermal regime, with temperatures between 1000-1100°C and ~600°C at low to moderate 46 

oxydizing conditions (-0.1 to +0.7 ΔFMQ). The interaction between the intrusion and the 47 

shallow crustal rocks was minimal, with Sr and Nd isotopic compositions indicating an average 48 

of 5-6% assimilation of crust. A thermo- and oxy-barometric comparison with the nearby Mt. 49 

Monzoni enabled also to speculate about the solidification time of the intrusion, which we infer 50 

took place over about 700 ka.  51 

 52 

Keywords 53 

Predazzo Intrusive Complex; Sr and Nd isotopes; P-T estimates and magma water content; 54 

Crustal assimilation; Solidification time; Shoshonitic intrusion. 55 
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 56 

1. Introduction 57 

The Middle Triassic magmatic event in the Southern Alps is expressed in volcano-plutonic 58 

sequences outcropping from the Brescian Alps, Alto Vicentino, Dolomites and Carnia areas 59 

(Italy) to the Karavanken region (Austria). Most of the igneous products are volcanic and 60 

volcanoclastic rocks, with subordinated dyke swarms. Intrusive bodies are instead rare, and 61 

mainly located in the Dolomites (Predazzo-Mt. Monzoni-Cima Pape) and Karavanken areas 62 

(Gasparotto and Simboli 1991; Gianolla 1992; Bonadiman et al. 1994; Visonà and Zanferrari 63 

2000; Brack et al. 2005; Cassinis et al. 2008; Bellieni et al. 2010; Casetta et al. 2017). These 64 

intrusions represent snapshots of magmatic plumbing systems, emplaced during and/or 65 

immediately after the eruption of the overlying volcanic products. There are several outstanding 66 

geological problems regarding the nature of these complexes, mainly related to their 67 

emplacement conditions, and to the relationships between tectonics and magmatism. The 68 

Predazzo Intrusive Complex (PIC) represents the ideal “petrologic laboratory” for investigating 69 

and reconstructing the features of the Middle Triassic feeding systems, since it offers the 70 

possibility to constrain the theoretical and experimental modeling by means of field evidence.  71 

As in the case of the nearby Mt. Monzoni, the contact aureole between PIC and the surrounding 72 

sedimentary rocks enabled many authors to speculate about the geometry of the intrusive body 73 

and its field relationships to the shallow crust (Princivalle et al. 1999; Ferry et al. 2002; Povoden 74 

et al. 2002; Gallien et al. 2007). On the basis of petrological and field evidence, Casetta et al. 75 

(2017) identified three different magma batches constituting the PIC, interpreted as a multi-76 

pulse body of shoshonitic affinity with variable alkalies and H2O-content which led to 77 

differentiation from mafic to amphibole and biotite-bearing end-members. However, several 78 

issues are still unsolved, such as the (possible) interaction between PIC magmas and crust, and 79 

their chemical/physical conditions of emplacement. The latter resulting in a current uncertainty 80 

about the depth of the intrusion.  81 
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Few thermobarometric and oxybarometric data are reported in literature for the Middle Triassic 82 

magmatic systems of the Dolomitic Area. According to Bonadiman et al. (1994), the oxygen 83 

fugacity of the nearby Mt. Monzoni system was around the NNO buffer and the crystallization 84 

temperature range was between 1044 and 589°C. Despite the clear evidence of a predominant 85 

role of water during crystallization, as testified by the wide presence of hydrous phases in the 86 

intrusive rocks, no estimates of the H2O contents and P-T conditions of these Middle Triassic 87 

plumbing systems have been performed so far. Taking into account the Altot content of 88 

amphiboles, Menegazzo Vitturi et al. (1995) hypothesized a depth of 10-17 km for PIC 89 

emplacement, but their values appeared in stark contrast with both the field evidence and the 90 

data reported by Visonà and Zanferrari (2000) for the similar and coheval Karawanken pluton 91 

(5-9 km).  92 

Therefore, in this paper we made new geochemical and isotopic (87Sr/86Sr-143Nd/144Nd) 93 

measurements on new samples from PIC that are representative of its main portions. A multiple 94 

thermobarometric and hygrometric approach, based on the interaction between distinct single 95 

mineral, mineral pairs and mineral-melt equations, corroborated by appropriate simulations by 96 

means of Rhyolite-MELTS software (Gualda et al. 2012), enabled us to: (i) provide for the first 97 

time P-T-fO2 estimates and H2O evaluation of PIC system over its entire evolution; (ii) verify 98 

if the depth of the intrusion obtained by the previous petrologic approaches well fit the field 99 

evidence. The resulting P-T-fO2 and H2O values, together with the isotopic signatures of PIC 100 

rocks were then used as input to (iii) quantify the role of assimilation and fractional 101 

crystallization processes in the generation of the main PIC magmatic suites. 102 

 103 

2. Middle Triassic magmatism in the Southern Alps 104 

2.1. Geodynamic framework 105 

The Middle Triassic magmatic sequences of the Dolomitic Area are mainly composed of 106 

volcanites and volcanoclastites with subordinated and scattered intrusive bodies over an area of 107 
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about 2,000 km2 (Vardabasso 1929, 1930; Castellarin et al. 1980, 1982; Lucchini et al. 1982; 108 

Sloman 1989; Bonadiman et al. 1994; Coltorti et al. 1996; Gianolla et al. 2010; Casetta et al. 109 

2017). The Middle Triassic geodynamic framework of Dolomitic Area and the whole Southern 110 

Alps domain is still matter of debate, fostered by justaposition between the calc-111 

alkaline/shoshonitic orogenic affinity of the magmatic products and evidence for a concomitant 112 

extensional-transtensional tectonic regime (Doglioni 1987; Stampfli and Borel 2002, 2004; 113 

Doglioni 2007). Several geodynamic models were thus proposed, invoking the presence of: (i) 114 

an aborted rift in a passive margin (Bernoulli and Lemoine 1980); (ii) a compression at the NW 115 

limb of the Paleo-Tethys (Castellarin et al. 1980); (iii) an “active” mantle upwelling (Stahle et 116 

al. 2001); (iv) a transition to back-arc conditions lasting since Carboniferous-Permian, triggered 117 

by the northward subduction of the Paleotethys remnants (Ziegler and Stampfli 2001; Stampfli 118 

and Borel 2002; 2004; Cassinis et al. 2008; Schmid et al. 2008 Zanetti et al. 2013); (v) an 119 

anorogenic rifting concomitant with arc-like magmatism, whose signature was inherited by a 120 

mantle source previously metasomatised by subduction-related components during the 121 

Hercynian orogenic cycle (Bonadiman et al. 1994). This last hypothesis was supported by the 122 

similar Sr-Nd isotope signatures of the Middle Triassic magmas in the Southern Alps and the 123 

Permian igneous products (260-290 Ma), whose expression were found along the Western and 124 

in the Eastern Alps sectors (Barth et al. 1993; Rottura et al. 1998; Monjoie et al. 2007; 125 

Schaltegger and Brack 2007; Marocchi et al. 2008; Quick et al. 2009; Willcock et al. 2015; Dal 126 

Piaz et al. 2015; Sinigoi et al. 2016; Manzotti et al. 2017). This kind of analogy led to speculate 127 

that similar mantle sources, and/or similar melting conditions, could have generated the Middle 128 

Triassic and the Permian magmatic episodes. In the Dolomitic Area, thick sequences of basaltic 129 

andesitic to rhyolitic ignimbrites associated to the Permian Atesina Volcanic District are also 130 

the main constituent of the crustal basement of the Dolomitic Area where magmas intruded 131 

during Middle Triassic. 132 

 133 
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2.2. The Southern Alps intrusive bodies: geochemical and petrographic overview  134 

In contrast to the large amount of basaltic/latitic volcanic rocks erupted in the Southern Alps 135 

during the Ladinian-Carnian, the intrusive bodies are more limited in volume. They are Cima 136 

Pape (< 3 km2), Mt. Monzoni (4.6 km2), Predazzo Intrusive Complex (25 km2, see below) in 137 

the Dolomitic Area (Italy) and Karawanken (about 50 km2) in Carinthia (Austria). 138 

The Cima Pape sill and the ca. 230 Ma Mt. Monzoni body (Borsi and Ferrara 1968) are 139 

composed of biotite and amphibole-bearing gabbroic to syenitic rocks with shoshonitic affinity, 140 

generated mainly by fractional crystallization from parental basaltic to trachybasaltic magmas 141 

(Gasparotto and Simboli 1991; Bonadiman et al. 1994; Della Lucia 1997). The emplacement 142 

of Mt. Monzoni body is thought to be controlled by a syn-genetic ESE-WNW trascurrent 143 

tectonics, which created the conditions for a shallow level intrusion and the subsequent magma 144 

differentiation. A shallow depth is also suggested for the Cima Pape sill, where a gradual 145 

textural transition to the overlying lavas, locally organized in columnar structures (Sarti and 146 

Ardizzoni 1984) is observable on field. 147 

The Karawanken pluton (ca. 230 Ma, Lippoldt and Pidgeon 1974) comprises biotite and 148 

amphibole-bearing diorites/monzonites to granites/syenites, with rare aplites and pegmatites, 149 

showing an overall high-K calc-alkaline to shoshonitic affinity. To explain the production of 150 

Karawanken magmas, Visonà and Zanferrari (2000) invoked the occurrence of combined 151 

assimilation + fractional crystallization processes from a parental basaltic melt in a shallow 152 

magma chamber (5-9 km). The geochemical differences (i.e. La/Nb and Ba/Nb ratios) between 153 

the Karawanken pluton and the intrusions of the Dolomitic Area led the authors to suggest the 154 

origin of Karawanken magmas from an enriched mantle source not previously affected by 155 

subductive components, as proposed by Bonadiman et al. (1994) for the Mt. Monzoni body. 156 

Irrespective of the volumetric differences, common features of these intrusions are the high-K 157 

calc-alkaline to shoshonitic affinity, the modal occurrence of hydrated phases (biotite and 158 

amphibole) in the intercumulus assemblages and the shallow depth of emplacement. 159 
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 160 

2.3. The Predazzo Intrusive Complex 161 

The Predazzo Intrusive Complex (PIC, Fig. 1) is a ring-like shaped multi-pulse intrusion with 162 

an overall volume of about 4.5 km3 cropping out in Trentino Alto Adige (NE Italy). Dated at 163 

237.3 ± 1.0 Ma (U/Pb on zircon from granites, Mundil et al., 1996), it intruded the Permian 164 

Atesina Volcanic District rhyolitic ignimbrites, the Permo-Triassic sedimentary formations and 165 

the overlying volcanic sequences (Brack et al. 1996, 1997, 2005; Mietto et al. 2012), forming 166 

well-defined metamorphic aureoles (Princivalle et al. 1999; Ferry et al. 2002; Povoden et al. 167 

2002; Gallien et al. 2007). The intrusion and its related volcanic products were almost 168 

completely preserved from the action of the Alpine tectonic event, and kept in their original 169 

position with respect to the surrounding rocks. According to Casetta et al. (2017), PIC rocks 170 

are grouped in three main units with different geochemical features (Fig. 1), named (in relative 171 

order of emplacement) Shoshonitic Silica Saturated (SS, 3.1 km3), Granitic Unit (GU, 1.1 km3) 172 

and Shoshonitic Silica Undersaturated (SU, 0.3 km3). The SS and SU suites are composed of 173 

pyroxenites/gabbros to syenites (Fig. 2), respectively quartz- and nepheline-bearing, formed as 174 

result of fractional crystallization (FC) processes in an almost closed system from two distinct 175 

starting monzogabbroic-like magmas (Petersen et al. 1980; Visonà 1997; Marrocchino et al. 176 

2002; Casetta et al. 2017). The Granitic Unit is instead constituted by quartz and biotite-bearing 177 

granites/syenogranites (Fig. 2), and apparently seems to represent a different magma batch 178 

and/or the result of genetic processes independent from those that generated the SS and SU 179 

rocks (Menegazzo Vitturi et al. 1995; Visonà 1997; Casetta et al. 2017). However, the lack of 180 

isotopic studies made it impossible to definitively exclude for the three magma bodies a 181 

significant involvement of assimilated crustal rocks.  182 

On the other side, the field relationships between the intrusive units, their related dykes and the 183 

host rocks suggest a shallow origin of this multi-pulse intrusion, as also testified by the presence 184 

of hypabyssal rocks at the hundred-meter-scale transition between the plutonic and the volcanic 185 
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sequences (Casetta et al. 2017). Nevertheless, the only thermobarometric studies present in 186 

literature, based on the Altot content of amphiboles (Menegazzo Vitturi et al. 1995), proposed a 187 

10-17 km depth for the PIC, giving rise to some uncertiainty about its emplacement and 188 

crystallization conditions due to the discrepancy between the barometric- and field-based 189 

estimates. 190 

 191 

3. Analytical methods 192 

Whole rock major and trace element analyses were carried out at the Department of Physics 193 

and Earth Sciences (University of Ferrara, Italy) using ARL Advant-XP automated X-Ray 194 

fluorescence spectrometer. Full matrix correction procedure and intensities were elaborated 195 

following Traill and Lachance (1966). Accuracy and precision are better than 2-5% for major 196 

elements and 5-10% for trace elements. The detection limits are 0.01 wt% and 1-3 ppm for most 197 

of the major and trace element concentrations, respectively.  198 

Rb, Sr, Y, Zr, Nb, Hf, Ta, Th, U, and Rare earth elements (REE) were analyzed by inductively 199 

coupled plasma-mass spectrometry (ICP-MS) using a Thermo Series X spectrometer with 200 

precision and accuracy better than 10% for all elements, well above the detection limit. 201 

Mineral phases major element compositions were analyzed at the Department of Lithospheric 202 

Research, University of Wien (Austria), by using a CAMECA SX100 electron microprobe 203 

equipped with four WD and one ED spectrometers. The operating conditions were as follows: 204 

15 kV accelerating voltage, 20 nA beam current, 20 s counting time on peak position. Natural 205 

and synthetic standards were used for calibration and PAP corrections were applied to the 206 

intensity data (Pouchou and Pichoir 1991). 207 

Whole rock 87Sr/86Sr and 143Nd/144Nd isotopic analyses were performed at the Radiogenic 208 

Laboratory of the Scottish Universities Environmental Research Centre (SUERC) of Glasgow 209 

by means of a Sector-54 TIMS instrument. Strontium was loaded onto outgassed single Re 210 

filaments with a Ta-activator solution; Nd was loaded onto the side of a triple Ta-Re-Ta 211 
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filament assembly in H2O and ran as Nd+. The sample preparation procedures for Sr-Nd isotopic 212 

analyses have not been described previously, so we articulate them in full, together with 213 

standards and instrumental analytical performance, in the Supplementary Material_1. 214 

 215 

4. Whole rock geochemistry 216 

4.1. Major and trace element  217 

Shoshonitic Silica Saturated (SS) suite (Fig. 2, Table 1) is mainly constituted by monzogabbros 218 

and monzodiorites, with Mg# (calculated as Mg/[Mg+Fe2+] mol%) of 65-45, and by 219 

subordinated monzonites and syenites (Mg# of 53-26 and 45-20 respectively) randomly 220 

distributed within the unit (Fig. 1). Volumetrically limited pyroxenitic (Mg# 64-47) and 221 

gabbroic (Mg# 65-45) cumulates crop out in the southwestern sector of the intrusion. 222 

Shoshonitic Silica Undersaturated (SU) suite (Fig. 2, Table 1) is on average more evolved than 223 

the SS one, being dominated by the presence of nepheline-normative monzonites (Mg# 40-39) 224 

and syenites (Mg# 36-15), over a minority composed of cumulitic gabbros (Mg# 56-50), 225 

monzogabbros (Mg# 59-47) and monzodiorites (Mg# 55-27). Granitic Unit (GU, Fig. 2) is 226 

composed of highly evolved granites and syenogranites (69-77 SiO2 wt%, Table 1) that, 227 

according to Chappell and White (2001) discriminating criteria, are ascribable to the I-type 228 

granitoids (Al/[Na + K + Ca] < 1.1; low P2O5 wt%; decreasing Zr, Sr and Al2O3 wt% with 229 

increasing SiO2 wt%). Few samples show instead intermediate behaviour between I- and S-type 230 

rocks. 231 

All SS, SU and GU rocks have K-affinity (Fig. 2), and their K2O and SiO2 contents led to 232 

classify them as belonging to shoshonitic (SS and SU) and High-K calc-alkaline (GU) series.  233 

Despite the general similarities, the major and trace element distribution in the SS, SU and GU 234 

rocks made it possible to pinpoint their origin from independent magmatic batches. At 235 

comparable differentiation degrees, main discriminating features between the SS and SU rocks 236 

are the relative enrichment in HFSE (Th, U, Pb), LREE and the higher Na2O/K2O ratio of the 237 
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latters. Such differences are in accordance with the predominant presence of amphibole and 238 

other Na and REE-rich phases in the SU rocks (Casetta et al. 2017). 239 

 240 

4.2. 87Sr/86Sr and 143Nd/144Nd isotopes 241 

Whole rock 87Sr/86Sr and 143Nd/144Nd isotopic ratios were analysed on representative samples 242 

of the SS, SU and GU suites (Table 2). Shoshonitic Silica Saturated samples have initial Sr 243 

isotope composition from 0.7039 to 0.7052, whereas their initial Nd isotope compositions range 244 

from 0.512191 to 0.512247. Shoshonitic Silica Undersaturated rocks are characterized by a 245 

generally higher 143Nd/144Ndi varying from 0.512261 to 0.512289 and by 87Sr/86Sri comparable 246 

with the SS samples (0.7047 to 0.7063). 143Nd/144Ndi range of GU rocks is between 0.512206 247 

and 0.512304, thus comparable to those of both SS and SU suites. High Rb/Sr of the GU rocks 248 

resulted in imprecise initial calculated 87Sr/86Sr preventing any correlation between the GU and 249 

the SS/SU bodies. 250 

 251 

5. Crystallization sequences and mineral chemistry 252 

To better focus on the P-T-fO2 conditions and on the H2O contents of the PIC system, some 253 

remarks on the mineral phase compositions and crystallization sequences of the various units 254 

is hereafter summarized. A more detailed description of the petrographic and mineral chemistry 255 

features of these rocks was reported by Casetta et al. (2017). The new mineral phases analyses 256 

are reported in the Supplementary Material_2. 257 

Shoshonitic Silica Saturated rocks are dominated by the presence of clinopyroxene and 258 

plagioclase as cumulus phases; minor olivine and orthopyroxene can be found in gabbros and 259 

monzogabbros. The intercumulus assemblage is characterized by the ubiquitous presence of 260 

plagioclase and biotite, followed by the appearance of amphibole in gabbros to monzodiorites 261 

(Fig. 3). Magnetite and Ti-magnetite are often reported in association with biotite, whereas K-262 

feldspar and accessory phases (quartz, apatite, ilmenite, sphene, zircon) modally increase in 263 
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more evolved rocks. The main alteration features of the SS rocks consist of sericite formation 264 

at the expenses of feldspars, chlorite growth over clinopyroxene, amphibole and biotite, as well 265 

as epidote formation at the expenses of clinopyroxene and plagioclase. The following 266 

crystallization sequence can be deduced for SS rocks: olivine → clinopyroxene 267 

(±orthopyroxene) → Ti-magnetite/magnetite → plagioclase → biotite → amphibole → K-268 

feldspar → quartz (±accessories). 269 

The crystallization sequence of the SU magmatic suite mirrors its silica undersaturation and 270 

higher Na2O content. Orthopyroxene and quartz are in fact absent, and an earlier appearence of 271 

amphibole at the expenses of biotite characterises the intercumulus assemblage of the SU rocks 272 

(Fig. 3). Other Na-rich minerals like ferrosalitic clinopyroxene, abitic plagioclase and nepheline 273 

(Visonà 1997) are variably present. Accessory phases are ugrandite group garnets, epidote, 274 

apatite and titanite. As already highlighted by Visonà (1997), many portions of the SU body are 275 

hydrothermalized, showing the formation of kaoline, sericite and scapolite. Where this 276 

secondary assemblage does not occur, the primary differences between the SU and SS 277 

magmatic suites are evident. The likely crystallization sequence of the SU rocks is: olivine → 278 

clinopyroxene → Ti-magnetite/magnetite → plagioclase → amphibole → biotite → K-feldspar 279 

→ nepheline (±accessories). 280 

Syenogranites and granites of the GU are quite homogeneous in composition, being constituted 281 

by K-feldspar, plagioclase and quartz, locally associated to several other minerals, among 282 

which Fe-rich biotite is the most common. Accessory phases are tourmaline, fluorite, sphene, 283 

magnetite, apatite, ilmenite and zircon. Muscovite and chlorite are rare and always grow at the 284 

expenses of biotite and amphibole in late hydrothermal stages, whereas the sericitization of 285 

feldspars is pervasive. Less common phases are ematite, allanite, scheelite, xenotime, gummite, 286 

thorite, uranium micas, molibdenite and other sulphides, irregularly disseminated and generated 287 

in the later pneumatolitic and hydrothermal stages (Marzocchi 1987; Visonà 1997). The main 288 
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GU paragenesis is composed of: K-feldspar + plagioclase + quartz + fluorite + biotite (chlorite 289 

and/or muscovite) ± amphibole + accessories. 290 

In the less altered samples, at comparable whole rock differentiation degree, the composition 291 

of the most representative minerals clearly discriminate between the SS and SU magmatic 292 

suites. For instance, biotites and amphiboles are Al- and Na-enriched in the SU rocks with 293 

respect to the SS ones. Amphibole in fact varies from the hornblendic and actinolitic 294 

composition in the SS rocks (Na2O < 1.5 wt%; Al2O3 < 8 wt%) to the hastingsitic/pargasitic 295 

composition (rare actinolitic hornblende, Leake et al. 1997) in the SU ones (Na2O up to ~2.5 296 

wt%; Al2O3 up to ~18 wt%). Even the Na content of plagioclase differs between the two 297 

magmatic suites: it ranges from An84 to An34 in SS samples, and from An50 to An<23 in SU 298 

rocks. Another discriminating feature is represented by the clinopyroxene composition, 299 

augitic/salitic (En43-33) in the SS and salitic/ferrosalitic (En37-24) in the SU rocks (Morimoto, 300 

1988). Furthermore, the manganese content of several phases is quite higher in the SU rocks: 301 

Ti-magnetite (0.2-1.9 wt% SU; 0.1-0.4 wt% SS), biotite (0.1- 0.7 wt% SU; 0-0.4 wt% SS), 302 

amphibole (~0.7 wt% SU; ~0.5 wt% SS) and clinopyroxene (0.5-1.5 wt% SU; 0.2-0.8 wt% SS).  303 

 304 

6. P, T and H2O estimates: thermobarometric evolution of the intrusion 305 

6.1. Recover the initial equilibrium conditions 306 

In this section, we apply several methods for estimating the P, T and H2O contents of PIC rocks, 307 

taking into account the coexistence of minerals used as thermometers, barometers and/or 308 

hygrometers in both the SS and SU crystallization sequences. Apart from the Holland and 309 

Blundy (1994), Anderson and Smith (1995), Anderson (1996) and Henry et al. (2005) methods 310 

(see below) applied to amphibole-plagioclase pairs and biotite, and specific for intrusive rocks, 311 

the other equations used in this study are designed for volcanic samples. As often happens in 312 

intrusive contexts, the identification of the parental “melt” from which crystals formed is 313 

challenging (e.g. Skaergaard Intrusion; Nielsen 2004; Namur and Humphreys 2018). Intrusive 314 
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rocks, in fact, rarely correspond to bulk melt composition, representing a variable mixture of 315 

cumulus and intercumulus minerals, removed by the crystallizing melts at various stages of 316 

fractionation, thus in equilibrium with different melts in different moments. Casetta et al. (2017) 317 

suggested that the cumulitic gabbros and pyroxenites, as well as most of the intermediately 318 

evolved rocks of the complex, were generated by various extent of fractional crystallization 319 

from a starting trachybasaltic magma in an almost closed system. 320 

It is modelled that the mineral assemblages constituing the PIC rocks (e.g. clinopyroxenes of 321 

SS gabbro) showed partial equilibrium with a more evolved melt (e.g. SS trachybasalt), from 322 

which then segregated to form the cumulates. The cumulitic nature of a rock itself incorporates 323 

the concept that its composition (e.g. Mg# of clinopyroxene) represents an independent phisico-324 

chemical system with respect to the deriving melt. Consequently, if we try to consider the 325 

intrusive (cumulitic) rock of PIC as a bulk representative of a melt (e.g. in terms of Mg# or 326 

CaO/Al2O3), it is reasonable to find that its mineral constituents (e.g. clinopyroxene or 327 

plagioclase), are in evident disequilibrium with the bulk composition (Figg. 4 and 5). They are 328 

instead compositionally coherent with a segregation process from a more evolved melt. On the 329 

other side, by taking into account more evolved rocks (e.g. monzogabbros to syenites), the 330 

amount of crystal disequilibrium progressively decreases (Figg. 4 and 5). This because the 331 

ultimate products of the SS/SU fractional crystallization processes, syenitic in composition, 332 

progressively approach the eutectic of the system and likely resemble a melt composition: this 333 

condition has been also proposed by Morse and Brady (2017) for the syenites of the 1300 Ma 334 

old Kiglapait Intrusion (Labrador). 335 

Evidences of the reliablity of this genetic model are the observed textural and mineral 336 

homogeneities of the SS/SU rocks: any kind of significant zoned texture would result from the 337 

introduction of additional magma chamber processes (i.e. mixing) during the formation of the 338 

PIC lithotypes, invalidating our assumptions. The unzoned texture, coupled with the crystal size 339 

of PIC rocks (e.g. clinopyroxenes up to 6-7 mm in pyroxenites and gabbros) and with the small 340 
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volume of the intrusive body (4.5 km3), speaks also against a considerable effect of syn- to post-341 

crystallization diffusion processes, which can be a rate-limiting process for thermobarometric 342 

estimates. On the other side, thermometers involving clinopyroxene in upper crustal context, 343 

commencing cooling from relatively low T, hold the potential to record the peak temperature 344 

conditions, especially in large-sized grains (Müller et al. 2013). If we couple the euhedral 345 

unzoned texture of PIC clinopyroxenes with the diffusion rates proposed by several authors 346 

(e.g. at about 1000°C logD(Ca) = -21 m2/s; logD(Ti) = -22 m2/s; logD(Fe) = -21 m2/s, where D 347 

indicates the diffusion coefficient; see Brady and McCallister 1983; Dimanov et al. 1996; 348 

Cherniak and Lyiang 2012; Müller et al. 2013 and references therein), we can argue that the 349 

crystal compositions were nearly unmodified by significant diffusion processes. Similar 350 

remarks can be made for plagioclase, whose crystallization in plutonic rocks at relatively low 351 

T limit the efficiency of CaAl-NaSi diffusion to submicron length scales (Grove et al. 1984). 352 

The mineral compositions were therefore considered as representative of the various stages of 353 

fractional crystallization of the magmas inside PIC, and were used to constrain the physical 354 

parameters of the magma chamber. 355 

On the basis of these assumptions, we matched each mineral (e.g. clinopyroxene of SS 356 

cumulates) with an estimated “melt” following the crystal/melt equilibrium partitioning (e.g. 357 

Cpx–LiqKdFe–Mg, see below), to trace the P-T path of an hypothetical differentiation trend (e.g. SS 358 

suite, see Casetta et al. 2017). This operation enabled us to compute the “melt” composition, to 359 

skip the appearent disequilibrium between minerals and cumulitic rocks as a bulk and thus to 360 

constrain the P, T and H2O parameters of the less evolved melts in the PIC feeding system. 361 

Afterwards, the application of the “traditional” thermobarometric equations for intrusive 362 

contexts (i.e. to amphibole-plagioclase pairs and biotite, see below) enabled us to verify the 363 

convergence between the various results as well as to unravel the T-P-H2O conditions in the 364 

later stages of crystallization. A complete list of the applied equations, results, and 365 

corresponding errors is reported in Table 4 and discussed in detail in the following sections. 366 
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 367 

6.2. Clinopyroxene-melt thermobarometer and water content of primary magmas 368 

Clinopyroxene is the dominant and ubiquitous phase in the SS and SU rocks, thus 369 

clinopyroxene-melt thermobarometry was considered as a valuable starting point to estimate 370 

the T-P intensive variables and H2O content of PIC magmatic system since early stage of 371 

fractionation. Crystal-melt equilibrium conditions were tested by taking into account the 372 

experimentally determine range of Cpx–LiqKdFe–Mg = 0.24-0.30 at T > 1050°C by Putirka et al. 373 

(2003). First tests highlighted that all clinopyroxene crystals in the SS and SU units have Cpx–374 

LiqKdFe–Mg = 0.36-0.68 (hereinafter the superscript “Liq” indicates the composition of the bulk 375 

rock), indicating a disequilibrium towards composition more evolved than their host rock (Fig. 376 

4). The amount of disequilibrium, as said before, decreases with increasing the differentiation 377 

degree of the rock (Fig. 4). Such a decrease could be explained by the fact that more evolved 378 

lithotypes better approach the eutectic of the system and more likely simulate melt 379 

compositions. 380 

Following the FC model of Casetta et al. (2017), clinopyroxenes of each lithotype were thus 381 

related to a calculated “melt” composition having the same chemical affinity of their host rock 382 

and a more evolved nature (Table 3), by which crystals retrieved their equilibrium conditions. 383 

As shown in the flow chart of Fig. 6a, once chosen the clinopyroxene-melt couple of the SS 384 

suite, T-P pairs were estrapolated by means of the Putirka (2008) equations, assuming variable 385 

H2O wt% contents of the melt. The water-dependant equations 32b and 33 (Putirka 2008), 386 

derived from the P-independent thermometer and the T-dependent barometer of Putirka (1996), 387 

were firstly applied to constrain the crystallization conditions of clinopyroxene from the melt, 388 

obtaining several T-P-H2O triplets. Since these triplets are strongly dependant on the chosen 389 

melt and on the inferred H2O content, they were checked, together with the melt composition, 390 

by means of the Rhyolite-MELTS calibration (Gualda et al. 2012). Iterated procedures (Fig. 6a) 391 

were developed until a clinopyroxene composition analogous to the starting one was reproduced 392 
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by Rhyolite-MELTS. In this way, the two independent approaches reinforce one to another, 393 

giving a more robust framework for the thermobarometric and water results. Since the only left 394 

starting parameter required by Rhyolite-MELTS was oxygen fugacity, we chose fO2 = NNO as 395 

proposed by Bonadiman et al. (1994) for the Mt. Monzoni intrusion. 396 

However, by increasing the differentiation degree of SS rocks, and/or considering the more 397 

alkaline SU magmas, the reliability of Rhyolite-MELTS decreases, as a function of the alkali-398 

enrichment of the system and the related crystallization of amphibole and biotite, for whom 399 

thermodynamic parameters are not well constrained (Gualda et al. 2012). Therefore, the use of 400 

Masotta et al. (2013) thermobarometer was preferred for the SU suite and for the more evolved 401 

SS rocks, and was cross-checked with Putirka (2008) equations (Fig. 6b). As for SS rocks, once 402 

assessed the equilibrium between clinopyroxene and melt, T-P pairs at variable H2O contents 403 

of the melt were extrapolated by means of the Putirka (2008) method. The resulting T-P-H2O 404 

triplets were then inputed in Masotta et al. (2013) equation until the resulting T and P were 405 

comparable to those obtained by Putirka (2008) method at similar water contents.  406 

Some issues for handling this combination of modeling tools should be remarked: (i) since 407 

Rhyolite-MELTS is not suitable for amphibole and biotite-dominated rocks, it was only used 408 

to simulate the composition of clinopyroxene in equilibrium with the least evolved SS magmas, 409 

at the P, T and H2O conditions determined by the previous calculations; (ii) the alkaline nature 410 

of PIC (especially SU) differentiated rocks implies that clinopyroxene-melt behavior during 411 

crystallization and cooling depends not only on Fe and Mg, but also on Ca, Na and Al, so 412 

Masotta et al. (2013) equations became progressively more reliable; (iii) iterated and cross-413 

checked calculations using Putirka (2008), Rhyolite-MELTS and Masotta et al. (2013) methods 414 

(Fig. 6a-b) were proposed to unravel P-T-H2O crystallization conditions avoiding circular 415 

relationships between the equations. 416 

The errors proposed for the thermobarometers, oxybarometers and hygrometers are reported in 417 

Table 4: while temperatures could be defined within a narrow error range (±10 to ±20°C) with 418 
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both Putirka et al. (2008) and Masotta et al. (2013) equations, the P estimates were affected by 419 

high uncertainties, varying from ±1.2 (Masotta et al. 2013) to ±2.6 kbar (Putirka et al. 2008).  420 

 421 

6.2.1. Clinopyroxene crystallization conditions of Shoshonitic Silica Saturated rocks 422 

The most magnesian clinopyroxene in SS rocks were found within pyroxenites (Mg#Cpx 76-78), 423 

whereas the less magnesian compositions (Mg#Cpx 63-71) were in the monzodiorites and 424 

monzonites. The early T-P-H2O crystallization conditions were likely represented by the 425 

former, which attained equilibrium with a trachybasaltic melt (Mg# 51; Fig. 4a, Table 3), further 426 

confirming the first FC step identified by Casetta et al. (2017). Clinopyroxene-melt 427 

thermobarometers indicated a P-T range of 1.6-2.3 kbar and 1070-1050°C, for water contents 428 

of 2.0-2.5 wt% (Table 4). The best fitting data in by Rhyolite-MELTS simulations were 429 

obtained at pressure of 1.5 kbar, temperature of 1060°C and 2.5 H2O wt%. Consequently, 2.0-430 

2.5 H2O wt% could be assumed as the water contents of the first SS magmas intruding the PIC. 431 

Clinopyroxenes in the cumulitic gabbros were slightly less homogeneous and less magnesian 432 

(Mg#Cpx 69-71 cores; 65-66 rims), and resulted in equilibrium with melts varying in Mg# from 433 

43 to 40 (cores) to about Mg# 36 (rims), as shown in Fig. 4a and Table 3. Pressure-temperature 434 

paths indicated that cores attained equilibrium in a P range of 0.5-1.9 kbar and T of 910-980°C, 435 

while rims formed at 0.3-1.2 kbar and 900-920°C, considering H2O contents of 3.0-4.0 wt%. 436 

Clinopyroxenes in monzogabbros and monzodiorites were nearly unzoned although 437 

compositionally comparable to those in gabbros, showing Mg#Cpx of 68-72. As for gabbroic 438 

rocks, equilibrium was reached with intermediately evolved magmas (Mg# 40, Fig. 4a, Table 439 

3), by which thermobarometric equations indicated a T range of 940-990°C at P of 1.4-1.6 kbar, 440 

for a H2O contents in the melt of 3.0-4.0 wt%. All results are reported in Table 4 and Fig. 7a.  441 

 442 

6.2.2. Clinopyroxene crystallization conditions of Shoshonitic Silica Undersaturated rocks 443 
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Clinopyroxenes from the SU suite are more alkaline than those of the SS rocks, ranging from 444 

salitic-aegirinaugitic to ferrosalitic compositions. The most magnesian compositions in gabbros 445 

and monzogabbros (Mg#Cpx 67-63) were in equilibrium with Mg# 36 melts (Fig. 4b, Table 3). 446 

Pressure-temperature paths indicate a P range of 0.2-1.6 kbar and T of 920-940°C at water 447 

contents of about 1.0-1.5 wt%. Clinopyroxenes in syenites (Mg#Cpx 60-48) show composition 448 

close to the equilibrium with the whole rock (Fig. 4b, Table 3), which represent a theoretical 449 

slightly evolved trachytic melt. Thermobarometers yielded a P of 0.2-1.6 kbar at T of 810-450 

860°C at water contents between 4.0 and 5.0 wt%. Results are reported in Table 4 and shown 451 

in Fig. 7a. 452 

 453 

6.3. Amphibole and amphibole-plagioclase thermobarometer and hygrometer 454 

Pressure, temperature and H2O conditions for amphibole crystallization were estimated using 455 

amphibole-plagioclase Al-exchange thermobarometers (Holland and Blundy 1994; Anderson 456 

and Smith 1995; Anderson 1996) and a single amphibole thermobarometers (Ridolfi et al. 2010; 457 

Ridolfi and Renzulli 2012). Amphibole-plagioclase equations were used for mineral pairs in 458 

both SS and SU suites, whereas the single amphibole thermobarometers were applied to all 459 

amphibole compositions in the SS rocks, but only for amphibole in gabbros in the SU suite. 460 

This because of the higher alkali content of SU differentiated magmas, well above the 461 

compositional ranges admitted for the calibtation of the empirical geothermometers of Ridolfi 462 

et al. (2010) and Ridolfi and Renzulli (2012). For the SS and SU amphiboles, the single 463 

amphibole equations enabled also the calculation of the water content of the melt from which 464 

they crystallized. Contrary to the clinopyroxene-melt equations, the error range for the 465 

barometric estimates based on amphibole-plagioclase and single amphibole was lower, ranging 466 

between ±0.03 and ±0.6 kbar, whereas errors on T estimates were slightly higher (±23 to ±40°C, 467 

Table 4).  468 

 469 
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6.3.1. Amphibole crystallization conditions of Shoshonitic Silica Saturated and Shoshonitic 470 

Silica Undersaturated rocks 471 

Pressure-temperature paths obtained from amphibole-plagioclase thermobarometers yielded a 472 

T-P range of 750-845°C and 0.1-1.2 kbar in SS gabbros to monzodiorites (Fig. 7a, Table 4). 473 

Single amphibole calculations for the same lithotypes confirmed these values, indicating P = 474 

0.7-1.4 kbar and T = 720-810°C. The estimated H2O contents of melts in equilibrium with 475 

amphiboles of SS gabbros to monzodiorites was between 4.8 and 6.0 wt% (Fig. 7b, Table 4). 476 

Amphibole-plagioclase estimates for the SU suite yelded similar P intervals (0.4-1.0 kbar) but 477 

at lower T (620-660°C) for gabbros, and P-T ranges of 1.6-1.9 kbar and 870-880°C taking into 478 

account the mineral pairs in the monzogabbroic rocks (Fig. 7a, Table 4). The single amphibole 479 

method, applied only to the actinolitic hornblendes in SU gabbros, provided comparable 480 

pressures (0.5-0.6 kbar) and temperatures (700-720°C) with respect to the SS rocks (Fig. 7a, 481 

Table 4). The calculated water contents of the melts were similar to those obtained for the SS 482 

suite (5.1-5.7 wt%, Fig. 7b, Table 4).  483 

As expected, the water contents calculated by these models were higher than those obtained 484 

from the clinopyroxene-melt calculations. Amphibole crystallization, in fact, occurred later 485 

than clinopyroxene, thus the melt from which amphibole precipitated should have undergone 486 

differentiation in some extent, and its water content should have increased. If we consider the 487 

water enrichment linked to the fractional crystallization of the SS/SU magmas, together with 488 

the concomitant precipitation of volatile-bearing phases, the H2O contents resulted from the 489 

single amphibole equations appear in line with the calculations proposed by the FC model of 490 

Casetta et al. (2017). 491 

 492 

6.4. Biotite thermometer 493 

Biotite is a ubiquitous phase occurring in the late inter-cumulus mineral assemblages of almost 494 

all SS, SU and GU rocks. Its presence enabled us to provide some estimates on the temperatures 495 
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of these assemblages, by using of the empirical single-mineral thermometer of Henry et al. 496 

(2005), based on the Ti content of biotite. 497 

 498 

6.4.1. Biotite crystallization conditions of Shoshonitic Silica Saturated, Shoshonitic Silica 499 

Undersaturated and Granitic Unit rocks 500 

Temperature of biotite crystallization in SS pyroxenitic cumulates resulted between 690 and 501 

740°C, whereas a T interval of 600-660°C was considered representative of SS gabbros to 502 

monzodiorites. Biotites from more differentiated SS monzonites yielded a T of about 540-503 

580°C (Fig. 7a, Table 4). Biotite in SU gabbros and monzogabbros indicated comparable 504 

temperatures, ranging between 640 and 660°C (Fig. 7a, Table 4).  505 

The thermometer was also applied to GU syenogranites, resulting in a T range of 420-570°C: 506 

the biotites in GU rocks are however iron-rich, with Mg/(Mg+Fetot) < 0.275, just out of the 507 

compositional field for which the thermometer was calibrated. Consequently, the resulting 508 

temperatures were not used for futher modeling purposes. 509 

 510 

6.5. Plagioclase-melt thermobarometer and hygrometer  511 

Plagioclase appears in almost all PIC rocks, from the cumulitic pyroxenites, where it is part of 512 

the intercumulus assemblages, to the syenitic rocks, where, together with K-feldspar, dominates 513 

the paragenesis. Its ubiquitous presence made it an additional tool for investigating the T and 514 

H2O content of PIC magmas along the entire SS and SU differentiation trends by means of 515 

Putirka (2008) and Lange et al. (2009) equations. Plagioclase from GU granites and 516 

syenogranites are compositionally close to the pure albitic end-member, probably because of 517 

hydrothermal/alteration processes. This made them unsuitable for the hygrometer application, 518 

being its calibration limited to An37 plagioclase (Lange et al. 2009). 519 

As for clinopyroxene, plagioclase equilibrium with its host rock was constrained by means of 520 

the experimentally determined values of Pl-LiqKdAn-Ab = 0.10±0.05 at T < 1050 °C and 0.27±0.11 521 
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at T ≥ 1050 °C (Putirka 2008). However, Mollo et al. (2011) demonstrated that Plag-LiqKdAn-Ab 522 

is highly sensitive to the cooling rate of the melts, being thus variable between 0.2±0.02 523 

(cooling rate of 0.5°C/min) and 0.35±0.03 (cooling rate of 15°C/min). Thus, all plagioclase-524 

melt equilibria (even at T < 1050°C) were considered following a Plag-LiqKdAn-Ab in the range of 525 

0.27±0.11 (Putirka 2008), whose interval is also in accordance with the results obtained by 526 

Mollo et al. (2011). Cooling rate is in fact an essential factor for the crystallization dynamics of 527 

intrusive bodies, as testified by the plagioclase morphological variations in PIC rocks, where it 528 

appears as both cumulus and intercumulus phase throughout the entire SS/SU fractionation 529 

trends. According to crystallization sequences, plagioclase appeared after clinopyroxene and 530 

Fe-Ti oxides, just before or even contemporary to biotite and amphibole in the intercumulus 531 

assemblages. Consequentely, we considered the thermobarometric values obtained by 532 

clinopyroxene, amphibole and biotite calculations for each magmatic suite (see above) to 533 

identify the P-T-H2O interval in which plagioclase crystallized from the melt. As for 534 

clinopyroxene, plagioclase often appeared in disequilibrium with its whole rock composition 535 

(Fig. 5), and the amount of disequilibrium gradually decreases with increasing the 536 

differentiation degree of the corresponding whole rock. Plagioclase in monzodiorites were in 537 

fact closer to the equilibrium with respect to those of pyroxenites and gabbros, whereas most 538 

of the plagioclase from monzonites and syenites were in equilibrium with their host rock (Fig. 539 

5). As previously mentioned for clinopyroxene, such a trend could be justified by considering 540 

that the more evolved rocks likely resemble melt compositions, being close to the eutectic of 541 

the system. Thus, plagioclase compositions were related to estimated melt compositions, 542 

according to the differentiation trends proposed by Casetta et al. (2017), to retrieve the 543 

equilibrium conditions. Once equilibrated, plagioclase and melt compositions were used as 544 

input for the Lange et al. (2009) hygrometer to calculate the amount of H2O dissolved in the 545 

melt (see flow chart of Fig. 6). For each sample, input T and P required in Lange et al. (2009) 546 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



22 
 

equation were chosen in the T-P interval between those estimated by clinopyroxene-melt 547 

calculations and those resulted from amphibole and biotite. 548 

Pressure, temperature and H2O were calculated by iterating Lange et al. (2009) method and 549 

equation 24a of Putirka (2008) until a matching T was found. In any case, small variations of P 550 

scarcely affect the results of the hygrometers: ±1 kbar corresponds to ±0.1 wt% H2O calculated 551 

in the melt (Giacomoni et al. 2014). Since the P interval obtained by the previous 552 

(clinopyroxene and amphibole) barometers was roughly between 0.2 and 1.9 kbar for all PIC 553 

rocks, the H2O estimates were almost entirely constrained by temperature changes. As a 554 

consequence, the match between T obtained with Lange et al. (2009) and equation 24a of 555 

Putirka (2008) was considered a reliable cross-check and a robust constraint on our geothermal 556 

modelling (Fig. 6). 557 

 558 

6.5.1. Plagioclase crystallization conditions of Shoshonitic Silica Saturated rocks 559 

Data from clinopyroxene-melt simulations on pyroxenites indicated that SS primary magmas 560 

began crystallizing at about 1.5 kbar, 1060°C and 2.5 H2O wt%. The more anorthitic plagioclase 561 

(An84-73) were analyzed in the pyroxenites intercumulus assemblage, following clinopyroxene 562 

and preceding biotite, thus the T range of plagioclase crystallization is constrained by the 563 

temperatures of crystallization of these two phases. Since pressure does not sensitively affect 564 

the calculations, a pressure of 1.5 kbar was used according to the results from clinopyroxene-565 

melt calculations (Fig. 6 and 7). Results indicated that the most anorthitic plagioclase (An84-73) 566 

crystallized in equilibrium with a trachybasaltic melt (Mg# 51; Fig. 5, Table 3): at P = 1.5 kbar, 567 

T of crystallization resulted of 1060-1081°C for a H2O content of 3.0 wt%.  568 

Plagioclase in SS gabbros were in compositional continuity with those of pyroxenites, varying 569 

between An73 and An51 in both the cumulus and intercumulus assemblages. As for plagioclase 570 

inside pyroxenites, the marked disequilibrium (Fig. 5) was probably related to the cumulitic 571 

nature of gabbros and/or a variable cooling rate of the magma. The crystallization sequence and 572 
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the comparison with the T ranges obtained from clinopyroxene, amphibole and biotite 573 

suggested that plagioclase crystallized in a temperature interval of 980 to 740°C. Plagioclase 574 

with An73 reached the equilibrium with a Mg# 49 melt (Fig. 5): at P of 1.5 kbar, T and H2O 575 

content resulted of 1016-1053°C and 3.1 wt% respectively. An63-51 plagioclases were 576 

equilibrated with a basaltic trachyandesitic melt (Fig. 5, Table 3), yielding T of 920-1021°C 577 

and a water content of 3.2-3.4 wt% at pressures of 1.2-1.5 kbar (Fig. 7, Table 4). It is worth 578 

noting that for these temperatures, Putirka (2008) proposed a potential partitioning Plag-Liq KdAn-579 

Ab = 0.05-0.15 to attest equilibrium. However, after several iterations, the modelled P-T-H2O 580 

terns for PIC magmas were attained only within a Plag-Liq KdAn-Ab of 0.27±0.11. Such appearent 581 

discrepances could be explained considering the dependency of An-Ab equilibrium coefficient 582 

with the cooling rate (Mollo et al. 2011). 583 

Plagioclase from monzogabbros to monzonites were in a compositional range from An53 to 584 

An34, resulting in equilibrium with basaltic trachyandesitic to trachyandesitic melts (Fig. 5, 585 

Table 3). At P of 1.2 kbar, T resulted between 917 and 989°C, for water contents of 3.9-4.8 586 

wt%, progressively increasing with the differentiation degree of the samples (Fig. 7, Table 4). 587 

 588 

6.5.2. Plagioclase crystallization conditions of Shoshonitic Silica Undersaturated rocks 589 

Plagioclase in SU rocks range from An50-43 in gabbros to An38-23 in monzogabbros and 590 

monzodiorites, and reach the more albitic compositions in syenites, where anorthite content is 591 

low (An23-An2). Plagioclase in gabbros were equilibrated by an intermediately evolved melt, 592 

trachyandesitic in composition (Fig. 5, Table 3). According to the themobarometric data 593 

obtained by multiple geothermometers (clinopyroxene, amphibole and biotite), the temperature 594 

crystallization interval of plagioclase ranges between 940 and 720°C. Plagioclase-melt 595 

thermometers and hygrometers yielded a T range of 975-990°C at P of 1.5 kbar, for a water 596 

content of 4.1 wt%. 597 
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Apart from the nearly pure albitic compositions (likely effects of secondary processes), 598 

plagioclase in monzogabbros to syenites vary from An38 to An23. They were equilibrated with 599 

an evolved trachytic melt (Fig. 5, Table 3), thought to be the final product of the SU 600 

differentiation trend (Casetta et al. 2017). At T –P space of 920-936°C and 1.2 kbar, the 601 

estimated water contents of melt in equilibrium with An38 plagioclases was about 4.4 wt%, 602 

progressively increasing with the differentiation of the samples (Fig. 7, Table 4). 603 

 604 

6.6. K-Feldspar-melt hygrometer 605 

Except for pyroxenites, K-feldspar is present in all PIC rocks, where it occurs as intercumulus 606 

(gabbros to monzodiorites) and cumulus (monzonites/syenites) phase. Its composition was used 607 

to constrain the amount of H2O dissolved in the co-existing melt by means of the equation 608 

proposed by Mollo et al. (2015). Such method, based on the Or-Ab exchange between K-609 

feldspar and melt is calibrated for alkaline differentiated magmas, thus proper for the SS, SU 610 

and GU rocks compositions. Together with the data obtained by the previous equations, such 611 

estimates enabled to “track” the H2O contents in the progressively differentiating melts. 612 

According to Mollo et al. (2015), this method can be applied only to K-feldspar with Or44-86, 613 

whereas no reliable results were produced for Or>86 as it extended outside the range of calibrated 614 

compositions. K-feldspar and whole rock equilibrium evaluation was attained by minimizing 615 

the difference between predicted and measured K-Feld-LiqKdOr-Ab, following equation 2 of the 616 

Mollo et al. (2015) model. These conditions were satisfied only by considering K-feldspar 617 

compositions in equilibrium with trachyandesitic to trachytic melts (Table 3), further 618 

confirming the correspondence between the crystallization sequence and the progressive 619 

differentiation model proposed by Casetta et al. (2017). 620 

According to the equilibriation temperatures recorded by clinopyroxene, amphibole, biotite and 621 

plagioclase, a T of 900-800°C was used as input for all samples of the SS and SU suites, whereas 622 

lower temperatures (800-700°C) were considered for GU syenogranites. 623 
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 624 

6.6.1. K.Feldspar crystallization conditions of Shoshonitic Silica Saturated, Shoshonitic Silica 625 

Undersaturated and Granitic Unit rocks 626 

Water concentration of melts in equilibrium with K-feldpsar in SS gabbros to monzogabbros 627 

were in the range of 4.4-5.3 wt% and 5.6-6.5 wt% respectively, whereas higher H2O contents 628 

(6.1-7.3 wt%) were recorded in monzodiorites. The highest water values were calculated in SS 629 

syenites, that in turn show a larger variability of values (H2O = 4.6-7.3 wt%; Fig. 7, Table 4).  630 

K-feldspar analysed in SU monzogabbros and monzonites indicated H2O contents of the 631 

crystallizing melts between 5.5-6.3 wt% and 6.7-7.8 wt%, respectively. H2O estimates for GU 632 

syenogranites range between 8 and 11 wt%, being however meaningless in the physical system 633 

compatible with the body emplacement. The solubility of water at P < 2.5 kbar for rhyolitic-634 

trachytic melts in fact do not exceed 7 wt%, as experimentally and theoretically determined in 635 

the T range of 500-1000°C (Di Matteo et al. 2004; Liu et al. 2005). These values were therefore 636 

discharged in the discussion. 637 

 638 

7. Oxygen fugacity 639 

The two main magmatic suites (SS and SU) are formed by the differentiation of melts which 640 

began crystallizing at pressures lower than 2.0 kbar and at similar T ranges (1050-1000°C). 641 

Main differences between the SS and SU suites could be found by taking into account the total 642 

amount of water of the crystallizing melts: SS primitive melts in fact were characterized by an 643 

higher water contents with respect to that of SU ones (2.0-2.5 wt% vs. 1.0-1.5 wt%, 644 

respectively). Classically, it is considered that dissolved molecular H2O reacts with oxygens of 645 

the silicate network producing two OH- groups (e.g. Stolper 1982; Silver and Stolper 1985; 646 

Kohn 2000). The overall reaction reading as H2O + O-2 = 2OH- may thus be considered as the 647 

counterpart of the water solubility in evaluating the redox conditions. 648 
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To effectively quantify such differences, we estimated the fO2 conditions of each portion of PIC 649 

by means of the T-fO2 model of Burkhard (1991), based on the biotite/K-feldspar/magnetite 650 

equilibrium in biotite-bearing intrusive rocks. Burkhard’s (1991) empirical equation 651 

complements that of Kress and Carmichael (1988), enabling to calculate oxygen fugacity and 652 

temperature by two independent formulas. Water fugacity required in Burkhard’s (1991) 653 

equation was calculated at a fixed P of 1.5 kbar following Burnham et al. (1969). Sanidine 654 

activity was considered according to Waldbaum and Thompson (1969), whereas magnetite 655 

activity was approximated at unity (Burkhard 1991). Since this equation required as input the 656 

amount of Fe2+ in biotite, Fe2+/Fe3+ ratios of SS, SU and GU biotites were calculated following 657 

Dymek (1983). Because the compositional spectrum of biotite and sanidine in each rock is 658 

slightly variable, we calculated two T-fO2 pairs for each lithotype (Fig. 8, Table 4), to account 659 

for the possible oxygen fugacity ranges. According to Burkhard (1991), the error on each 660 

calculation was of ±0.3 log units. 661 

As shown in Fig. 8, oxygen fugacity in SS rocks resulted in a range from -14.1 to -10.7 logfO2, 662 

at temperatures comprised between 790 and 1000°C (Table 4). Such values plot between the 663 

FMQ and NNO buffers (+0.2 to +0.7 ΔFMQ, Fig. 8), and are well comparable to the values 664 

chosen as input for the Rhyolite-MELTS model above developed (-9.34 logfO2 at 1060°C), 665 

further confirming the validity of the calculated parameters. Rocks from the SU and GU suites 666 

were characterized by values of -11.9 to -10.2 logfO2 at T of 920-1050°C (-0.1 to +0.3 ΔFMQ, 667 

Fig. 8), and -12.9 to -11.8 logfO2 at T of 850-920°C (around +0.4 ΔFMQ, Fig. 8), respectively 668 

(Table 4). Syenogranites of the GU suite were characterized by a behavior comparable to that 669 

of SS rocks, whereas SU rocks record slightly more reduced conditions.  670 

 671 

8. EC-AFC processes  672 

As shown by the thermobarometric and hygrometric models, the two main magmatic suites (SS 673 

and SU) emplaced and crystallized at comparable pressures and temperatures conditions. The 674 
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only differences can be identified when water content and oxygen fugacity are considered, 675 

being the SU system characterized by lower H2O content and by more reduced conditions. 676 

Anyway, such slight divergences are not able to justify the marked geochemical variations 677 

between SS and SU magmas (see also Casetta et al. 2017). To account for the geochemical 678 

features of the SS and SU batches, we developed several Energy-Constrained Assimilation and 679 

Fractional Crystallization (EC-AFC) models (Bohrson and Spera 2001; Spera and Bohrson 680 

2001), based on 87Sr/86Sr and 143Nd/144Nd. The purpose of this calculation was to discrimminate 681 

between the original (i.e. mantle-derived) signature of SS/SU magmas and the effects of 682 

assimilation (and/or contamination) during the emplacement and differentiation of PIC 683 

magmas. Specifically, the main target of the models were: (i) verifying if the isotopic signature 684 

of SU rocks was generated an interaction between SS magmas and crust; (ii) quantify the 685 

eventual (if any) crustal assimilation during the differentiation of the SS/SU magmatic suites; 686 

(iii) discriminate between assimilation and contamination processes. 687 

A wide spectrum of Permo-Triassic crustal rock isotopic signatures from the literature were 688 

considered in the EC-AFC model as potential assimilants. These are Triassic carbonates (Martin 689 

and Macdougall 1995; Blendiger et al. 2015), Permian intrusives of Mt. Croce (central-eastern 690 

Southern Alps; Rottura et al. 1997) and Serie dei Laghi (southwestern Alps; Sinigoi et al. 2016, 691 

and references therein), Permian rhyolitic ignimbrites of the Atesina Volcanic District (Barth 692 

et al. 1993), and the Kinzigite formation (southwestern Alps; Voshage et al. 1990). 693 

Geothermobarometric and hygrometric results (Table 4) were used to to calculate assimilants 694 

and starting magmas’ specific heat [J/(KgK)], heat of crystallization (J/Kg) and heat of fusion 695 

(J/Kg) according to Spera (2000), Bohrson and Spera (2001) and Spera and Bohrson (2001, 696 

Table 5). Specific heat [J/(KgK)] and liquidus T (°C) of carbonate assimilant (Table 5) were 697 

considered accordingly to Dallai et al. (2011) and Eppelbaum et al. (2014). 698 

The absence of 87Sr/86Sr and 143Nd/144Nd variations with increasing silica content for both SS 699 

and SU suites and the lack of overlap between SS and SU compositional fields suggested that 700 
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the two suites have a different origin. A slight 87Sr/86Sr increase was however noted for both 701 

SS and SU samples while approacching the intrusion borders (Table 2). On the other side, the 702 

143Nd/144Nd of both SS and SU rocks were not sensitive to the distance from intrusion edges, 703 

ruling out the occurrence of contamination processes during magma emplacement. Therefore, 704 

the Nd isotopic enrichment of the SU suite can be considered as a primary feature, directly 705 

function of its mantle source or alternatively derived from assimilation of crustal components. 706 

In this view, the EC-AFC equations were applied to the less contaminated compositions to 707 

better constrain the Sr and (especially) Nd isotopic variations among the magmatic suites. 708 

The EC-AFC model from a starting SS composition (Fig. 9) showed that none of the chosen 709 

crustal components was able to drive the initial SS 87Sr/86Sr and 143Nd/144Nd ratios towards the 710 

SU field. This simulation reinforced the primary nature of the Nd isotopes enrichment of the 711 

SU body, ruling out the genesis of the SU rocks via crustal assimilation by an SS starting 712 

magma. The model was instead able to explain the isotopic variability of the SS samples. 713 

Almost all assimilation models well fitted the isotopic trend of SS rocks, suggesting that small 714 

amounts of crustal components were assimilated during magma storage. As shown in Fig. 9, 715 

the less depleted 143Nd/144Nd end-members were achieved by an interaction between magma 716 

and 2-10% of crust, represented by kinzigites (Voshage et al. 1990), Mt. Croce granodiorites 717 

(Rottura et al. 1997) and/or Atesina Volcanic District rhyolitic ignimbrites (Barth et al. 1993). 718 

A 5% assimilation of carbonates (Martin and Macdougall 1995; Blendiger et al. 2015) and/or 719 

Serie dei Laghi-like granites (Sinigoi et al. 2016) instead reproduced the more depleted 720 

143Nd/144Nd ratios. 721 

A second EC-AFC model was attempted to explain the isotopic variations of SU samples, but 722 

their scattered distribution prevented to retrace the assimilation path.  Nevertheless, this model 723 

was used just to quantify the crustal contribution in the Nd isotopic variations of the SU 724 

samples. As a result, the 143Nd/144Nd range of the SU suite was achieved by a 2-7% assimilation 725 
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of the crustal components (carbonates, Atesina Volcanic District rhyolitic ignimbrites, Mt. 726 

Croce granodiorites, Serie dei Laghi granites and amphibolitic kinzigites). 727 

On the whole, the Nd isotopic ranges of both SS and SU suites could be explained by low 728 

amounts of assimilation, whereas Sr isotopic variability is more likely derived from 729 

contamination processes at the intrusion borders during magma emplacement, where fluid 730 

mobilization and local metamorphic reactions occurred (Ferry et al. 2002; Gallien et al. 2007).  731 

As reported in Table 2, the Sr isotopic signature of PIC rocks appears to be more sensitive to 732 

their distance to the intrusion edges rather than to their degree of differentiation, being thus the 733 

143Nd/144Nd ratio the best proxy to discriminate the two magmatic suites. Given this, the Sr 734 

variations of the SU suite at near constant 143Nd/144Nd could be also affected by i) slight 735 

alteration effects, unavoidable for such a small body and/or ii) the contact halo between PIC 736 

and the wall rocks. 737 

 738 

9. Discussion  739 

9.1. Emplacement of the Shoshonitic Silica Saturated and Shoshonitic Silica Undersaturated 740 

magmas 741 

The SS and SU intrusive bodies formed as result of fractional crystallization of two distinct 742 

trachybasaltic melts, which differentiated along two independent trends over a short time span. 743 

The result of this process was the generation of a large spectrum of intrusive rocks whose 744 

cumulus+intercumulus assemblages progressively vary in composition, reaching the most 745 

evolved nature in the syenitic rocks. The textural/compositional homogeneity of the main 746 

cumulus phases of PIC rocks, together with the scarce efficiency of syn- to post-crystallization 747 

diffusion processes on such large-sized crystals, led us to hypothesize that their composition is 748 

directly function of the physical conditions at which they formed and segregated from the melt. 749 

In this scenario, clinopyroxene and plagioclase were considered as “snapshots” of the fractional 750 
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crystallization processes, able to provide informations on the T-P conditions of the melts from 751 

which they generated.  752 

If we compare the clinopyroxene and plagioclase compositions to that of their host rock, in fact, 753 

the disequilibrium is evident (Figg. 4 and 5). Clinopyroxene of SS gabbros (Mg# 55), for 754 

example, are characterized by Mg# of 65-71, ideally in equilibrium with melt with Mg# < 43, 755 

quite far from the bulk rock composition of the gabbro. The most magnesian ones (Mg#Cpx 76-756 

78), in pyroxenites, are theoretically in equilibrium with a trachybasaltic melt (Mg# 51), further 757 

confirming that the mafic rocks of the complex are cumulates formed during the initial stages 758 

of fractionation of the trachybasaltic melt. On the other hand, the less magnesian clinopyroxene 759 

crystals tracked in syenites were almost in equilibrium with their host rocks, corroborating the 760 

assumption that the more differentiated rocks of the complex resemble the composition of melts 761 

and approach the eutectic of the system. On the basis of the results obtained by the proposed 762 

“equilibration model”, in turn supporting the differentiation model of Casetta et al. (2017), PIC 763 

rocks were formed during progressive stages of fractional crystallization from starting 764 

trachybasaltic melts. 765 

Once evaluated the disequilibrium conditions and reconducted the clinopyroxene/plagioclase 766 

compositions to their ideal equilibrium conditions, thermobarometric and hygrometric 767 

calculations enabled us to retrieve the T-P-H2O parameters of the less evolved melts in the 768 

feeding system. The “classical” thermobarometric approach for intrusive rocks (amphibole-769 

plagioclase and biotite equations) was then used to verify the previous results. These 770 

thermobarometers and hygrometers provided T-P-H2O informations for the later crystallization 771 

stages. 772 

According to our estimates, some differences between the emplacement conditions of SS and 773 

SU magmas can be highlighted. Oxygen fugacities of the PIC plumbing system are between -774 

0.1 and +0.7 ΔFMQ (Fig. 8), confirming the oxidation conditions proposed by Bonadiman et 775 

al. (1994) for Mt. Monzoni intrusion at comparable temperature intervals, further highlighting 776 
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the low to moderate oxydizing components that characterized the magmatic systems of the 777 

Dolomitic Area during Triassic.  778 

On the basis of clinopyroxene-melt thermometric and hygrometric calculations, SS magmas 779 

result slightly water-enriched (H2O = 2.0-2.5 wt%) with respect to SU ones (H2O =1.0- 1.5 780 

wt%), during the first crystallization stages (T ~1000-1100°C, Fig. 7, Table 4). With increasing 781 

differentiation, the water content of PIC rocks increased up to 5-8 wt%, value compatible with 782 

the amount of fractionation (79-94%) proposed by Casetta et al. (2017), by taking into account 783 

the role of amphibole and biotite during differentiation.  784 

The T-P estimates (Fig. 7, Table 4) indicated that both magma batches cooled from a starting T 785 

of ~1000-1100°C (cumulus assemblage) down to ~600°C (intercumulus assemblage), sharing 786 

a common thermal regime. The pressure obtained by applying various mineral-mineral and 787 

mineral-melt equilibria were subsequently used to estimate the emplacement depth of the PIC 788 

plumbing system, and all the pressures were filtered to extrapolate the best-fit from all models, 789 

taking into account the errors of the different methods (Table 4). The resulting pressure values 790 

were between 0.4 and 1.7 kbar for both SS and SU intrusive bodies, yielding a depth of about 791 

1.4-5.6 km considering a ΔP/Δz of 0.29 kbar/km. With respect to the depth (10-17 km) proposed 792 

by Menegazzo Vitturi et al. (1995), our estimates suggested that PIC represents an intrusion in 793 

the shallow crust, with SS and SU magma batches emplaced within the same thermal regime. 794 

Despite the common geothermobarometric evolution and slightly different water contents, SS 795 

and SU bodies can be distinguished in terms of 87Sr/86Sr and 143Nd/144Nd, reinforcing the 796 

preliminary PIC model that, on the basis of mineral and bulk rock elemental geochemistry 797 

(Casetta et al. 2017) suggested that SS and SU series represent two independent magma pulses. 798 

EC-AFC models (Bohrson and Spera 2001; Spera and Bohrson 2001) show that assimilation of 799 

various types of Permo-Triassic crustal components by a starting SS magma could not account 800 

for the higher 143Nd/144Nd of the SU batch, ruling out any possible derivation of the SU suite 801 

from the SS one. Therefore, the Nd isotopic enrichment of the SU suite could be interpreted as 802 
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an original mantle signature or, alternatively, could be ascribed to assimilation processes 803 

occurring within the crust. We prefer the first hypothesis, since the second one would imply the 804 

existence of a common mantle-segregated magma with a 143Nd/144Nd ratio high enough to be 805 

able to “split” in the SS and SU trends by varying the nature of the assimilant, and such a magma 806 

has never been documented in the Dolomitic Area. 807 

The same EC-AFC models demonstrated that both suites assimilated a small proportion of 808 

crustal components (5-6% on average, Fig. 9). That amount of assimilation is, however, able to 809 

explain the 143Nd/144Nd variation throughout SS/SU samples, being that the 87Sr/86Sr was 810 

affected by late contamination that occurred at the intrusion edges. The fit between PIC isotopic 811 

data and the crustal end-members of the Triassic carbonates, the Permian magmatic rocks and 812 

the metamorphic basement of the Ivrea Zone is consistent with a geochemical influence on the 813 

PIC of a basement that could be attributed to the Ivrea Zone. This hypothesis was also suggestd 814 

by Barth et al. (1993) to explain the Atesina Volcanic District-Cima d’Asta magma genesis. 815 

In summary, both SS and SU batches are characterized by a strong contribution of an enriched 816 

mantle component, even if the lack of primitive products cannot directly quantify its role in the 817 

original source. Anyway, if examined in the light of their temporal relationships, the major, 818 

trace element and Sr-Nd isotopic signature of the SS and SU bodies enable to define the 819 

progressive evolution of the PIC magmatic suites. In turn, this geochemical evolution could be 820 

linked to a time-related (slight) variation of the mantle source, even if an accurate dating of the 821 

two single bodies would help in better deciphering the time scale of such process. On the other 822 

side, the magmatic evolution in the shallow crust for both the SS and SU batches was confined 823 

in the same thermal regime. 824 

 825 

9.2. Origin of the Granitic Unit 826 

The GU rocks (granites and syenogranites) differ from the other PIC magmatic suites (SS and 827 

SU), mainly in terms of silica saturation, FeO, MgO, K2O and Rb contents (Casetta et al. 2017). 828 
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Moreover the estimated volume of the GU portion of the complex (1.1 km3) is unrealistically 829 

larger than that of the SS/SU syenites (≤ 0.25 km3) if we consider the already high (> 90%) 830 

fractionation degrees from which these latters generated. This means that, if the GU portion 831 

was the result of ~95% fractionation of a SS/SU magma, ~20 km3 of SS/SU rocks should be 832 

intruded somewhere. This fact is in stark constrast to what is observable on field. 833 

The GU magmas evolved at redox states comparable to SS/SU ones (about +0.4 ΔFMQ) and 834 

record temperatures down to 800-850°C (Fig. 8). Put this all together, it is reasonable to 835 

hypothesize that the GU granites/syenogranites were generated by magmatic differentiation 836 

from a calc-alkaline parental melt, the primitive/intermediate products of which are not exposed 837 

in the PIC area. It should be emphasized that GU rocks are similar to the Middle Triassic calc-838 

alkaline/high-K calc-alkaline rhyolites found in Carnia (Tarvisio area, Julian Alps; Gianolla 839 

1992) and Alto Vicentino regions (Recoaro-Schio area, Southern Alps; De Vecchi et al. 1974; 840 

Barbieri et al. 1982). In these latters, the entire high-K calc-alkaline trend is documented, further 841 

highlighting the existence of a similar differentiation suite during the Triassic magmatic event. 842 

In such a context, GU rocks could represent the corresponding intrusives of the rhyolites of 843 

these areas, even if further studies are needed to better investigate this comparison. 844 

 845 

9.3 Solidification time of PIC 846 

According to Bonadiman et al. (1994) the solidification time of Mt. Monzoni intrusion, 847 

emplaced at P-T-z conditions similar to those of PIC, was about 300 ka. The thermobarometric 848 

results obtained for PIC magmas and their subsequent application to the Spera (2000), Bohrson 849 

and Spera (2001) and Spera and Bohrson (2001) equations, enabled to model the cooling time 850 

of PIC, expected to be slightly higher than that of Mt. Monzoni, due to its larger volume (4.5 851 

km3 vs. 1.0-1.5 km3). 852 

In order to make an accurate comparison with Bonadiman et al. (1994), Spera (1980) equation 853 

was applied to PIC by assuming the thermal estimates already used for the EC-AFC calculations 854 
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and/or derived from Ryolite-MELTS modelling (see Table 5). By taking into account the whole 855 

volume of PIC, the solidification time resulted about 700 ka. Even if this time value was 856 

obtained without discriminating the single volumes of the SS, SU and GU bodies, it was 857 

considered reliable taking into account the similar thermal regimes calculated for the SS, SU 858 

and GU suites and the limited re-heating effects provided by the subsequent magma pulses. 859 

 860 

10. Conclusions 861 

A coupled thermobarometric and isotopic study of the main magmatic suites of the Predazzo 862 

Intrusive Complex enabled us to set out some remarkable points on the emplacement conditions 863 

of the Middle Triassic magmas in the Dolomitic Area. They can be summarized as: 864 

1. Predazzo Intrusive Complex emplacement occurred at a depth of 1.4-5.6 km (0.40-1.65 kbar), 865 

consistent with the field relationships suggesting consanguinity with the overlying effusive 866 

rocks. Its solidification time was about 700 ka, slightly higher but comparable to that proposed 867 

by Bonadiman et al. (1994) for the near Mt. Monzoni intrusion.  868 

2. Despite similar T-P of magma emplacement of the three unites, H2O and fO2 data indicated 869 

that SU primary magmas were characterized by lower water contents and oxidizing conditions 870 

than the SS ones (1.0-1.5 vs. 2.0-2.5 H2O wt%; -0.1/+0.33 vs. +0.2/+0.7 ΔFMQ, respectively). 871 

Plagioclase-melt, amphibole and K-feldspar-melt hygrometers indicated highly hydrated 872 

conditions of magmas and progressive H2O enrichment during differentiation. 873 

3. The 87Sr/86Sr and 143Nd/144Nd of PIC magmas plot in the enriched mantle source field. This 874 

feature speaks in favour of the presence of a subduction-signature in the mantle beneath 875 

Southern Alps during Triassic, as already proposed by Bonadiman et al. (1994) and Zanetti et 876 

al. (2013). Even if the absence of primary products in the Dolomitic Area prevents to exactly 877 

quantify the role of the enriched mantle component in the magma genesis, its contribution was 878 

undoubtedly high. 879 
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4. The EC-AFC models cannot account for the genesis of SU rocks via crustal assimilation 880 

starting from a SS magma, thus indicating two distinct geochemical signatures for SS and SU 881 

magmas. In turn, this difference could be ascribed to a time-related change in the mantle source, 882 

slightly moving towards a more 143Nd/144Nd enriched component. 883 

5. A low degree of crustal assimilation (5-6%) was able to explain the Nd isotopic variability 884 

of both SS and SU magmas, whereas the Sr isotopic variations were more likely the results of 885 

contamination processes at PIC edges. Fractional crystallization was the major (and almost 886 

only) process acting during the differentiation of SS and SU magmas, confirming what 887 

hypothesized by Petersen et al. (1980) and Casetta et al. (2017). The signature of the Triassic 888 

magmas is consistent with an Ivrea-like basement beneath the Dolomitic Area. 889 

6. Despite petrography, whole-rock and mineral chemistry suggested an I-type affinity for GU 890 

granites/syenogranites, the wide range and the uncertainty on their isotopic signature leaves the 891 

question on the origin of GU suite still unsolved. However, the geochemical and petrographic 892 

similarities with the coheval calc-alkaline/high-K calc-alkaline rhyolites found in Carnia 893 

(Gianolla 1992) and Alto Vicentino (De Vecchi et al. 1974; Barbieri et al. 1982; Bellieni et al. 894 

2010) suggest the presence of a high-K calc-alkaline series also in the Dolomitic Area.  895 
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 1217 

Figure Captions 1218 

Fig. 1 (colour online) 1219 

Simplified geological map of the Predazzo Intrusive Complex (PIC). On the left bottom corner, 1220 

the study area location with respect to the NE sector of Italy is shown 1221 

 1222 

Fig. 2 (colour online) 1223 

(a) Total Alkali vs. Silica and (b) K2O vs. Na2O diagrams for Predazzo Intrusive Complex rocks 1224 

(Le Maitre 2002). SS = Shoshonitic Silica Saturated; SU = Shoshonitic Silica Undersaturated; 1225 

GU = Granitic Unit 1226 

 1227 

Fig. 3 (colour online) 1228 

Textural sketches of Predazzo Intrusive Complex rocks and corresponding photomicrographs 1229 

showing the crystallization relationships between biotite and amphibole in the intercumulus 1230 

assemblage of (a, b) Shoshonitic Silica Saturated monzodiorites and (c, d) Shoshonitic Silica 1231 

Undersaturated monzogabbros. Each labelled mineral phase in the right photomicrographs is 1232 

contraddistinct by a different colour in the left sketches. Amph = amphibole; Ap = apatite; Bt 1233 
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= biotite; Cpx = clinopyroxene; K-Feld = K-feldspar; Ox = Fe-Ti oxide; Plag = plagioclase; Qz 1234 

= quartz; Ser = sericite 1235 

 1236 

Fig. 4 (colour online) 1237 

Mg# vs. Cpx-LiqKdFe-Mg of clinopyroxene from the (a) Shoshonitic Silica Saturated and (b) 1238 

Shoshonitic Silica Undersaturated rocks. The white symbols represent the disequilibrium 1239 

between crystals and their host rock composition, whose whole rock Mg# (wr Mg#) is also 1240 

reported. The filled symbols represent the attained equilibrium conditions after the calculation 1241 

of melt composition in equilibrium. “Liq” indicates both the composition of the crystals host 1242 

rocks (white symbols, prior to equilibration process) and that of the calculated “melt” (filled 1243 

symbols, after equilibration process). The length of the dashed arrows is directly function of 1244 

the amount of disequilibrium between the crystals and their host rock. The equilibrium range 1245 

of Cpx-LiqKdFe-Mg = 0.24-0.30 (black lines) is from Putirka et al. (2003) 1246 

 1247 

Fig. 5 (colour online) 1248 

Anorthite (XAn) vs. Plag-LiqKdAn-Ab of plagioclase from the (a) Shoshonitic Silica Saturated and 1249 

(b) Shoshonitic Silica Undersaturated rocks. As in Fig. 4, white symbols represent the 1250 

disequilibrium between crystals and their host rock composition (whose Mg# is reported as “wr 1251 

Mg#”), whereas filled symbols represent the attained equilibrium conditions after the 1252 

equilibration processes. “Liq” indicates both the composition of the crystals host rocks (white 1253 

symbols, prior to equilibration process) and that of the calculated “melt” (filled symbols, after 1254 

equilibration process). The length of the dashed arrows is directly function of the amount of 1255 

disequilibrium between the crystals and their host rock. The chosen equilibrium range of Plag-1256 

LiqKdAn-Ab = 0.27±0.11 (black lines) is from Putirka (2008) 1257 

 1258 

Fig. 6 (colour online) 1259 
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Flow chart representing the rationality of our models for clinopyroxene (Cpx) and plagioclase 1260 

(Plag) thermobarometry and hygrometry, from the starting mineral compositions (black 1261 

squares) to the final P-T-H2O triplets. (a) Model for clinopyroxenes in the less differentiated 1262 

Shoshonitic Silica Saturated rocks; (b) Model for clinopyroxenes in the evolved Shoshonitic 1263 

Silica Saturated and in the Shoshonitic Silica Undersaturated rocks; (c) Model for plagioclases 1264 

in both Shoshonitic Silica Saturated and Shoshonitic Silica Undersaturated rocks 1265 

 1266 

Fig. 7 (colour online) 1267 

(a) Temperature vs. pressure and (b) temperature vs. water content diagrams for Predazzo 1268 

Intrusive Complex rocks. SS = Shoshonitic Silica Saturated; SU = Shoshonitic Silica 1269 

Undersaturated. The reported values were obtained from the several thermobarometric 1270 

approaches explained in text. Cpx = clinopyroxene; Amph = amphibole; Plag = plagioclase; K-1271 

Feld = K-feldspar. Dashed interval in (a) represent the best-fit pressure range between the 1272 

various estimates, whereas the shaded field represents the temperature interval resulted from 1273 

biotite thermometry. Depth was calculated by considering a ΔP/Δz of 0.29 kbar/km 1274 

 1275 

Fig. 8 (colour online) 1276 

Temperature vs. oxygen fugacity (expressed in log fO2) diagram for Predazzo Intrusive 1277 

Complex rocks. SS = Shoshonitic Silica Saturated; SU = Shoshonitic Silica Undersaturated. 1278 

FMQ and NNO buffers are from Myers and Eugster (1983) and Huebner and Sato (1970), 1279 

respectively. Up on the right, insert with the same oxygen fugacity data expressed in terms of 1280 

ΔFMQ to facilitate the comparison between the various magmatic suites 1281 

 1282 

Fig. 9 (Colour online) 1283 

Diagrams showing the 87Sr/86Sr vs. 143Nd/144Nd isotopic ratios of Predazzo Intrusive Complex 1284 

rocks compared to those of Permo-Triassic crustal components (all values corrected to 234 Ma). 1285 
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SS = Shoshonitic Silica Saturated; SU = Shoshonitic Silica Undersaturated. Triassic carbonates 1286 

field from Martin and Macdougall (1995) and Blendiger et al. (2015); Permian intrusives (Mt. 1287 

Croce and Serie dei Laghi) field from Rottura et al. (1997) and Sinigoi et al. (2016, and 1288 

references therein); Athesina Volcanic District (AVD) Permian ignimbrites field from Barth et 1289 

al. (1993); Val Sesia Permian mafic rocks field from Voshage et al. (1990), Pin and Sills (1996) 1290 

and Sinigoi et al. (2016); Kinzigite formation field from Voshage et al. (1990). (a) Sr-Nd 1291 

isotopic ratios of Predazzo Intrusive Complex rocks plotted against those of the Permo-Triassic 1292 

crustal components, the enriched 1 (EMI), high-μ (HIMU, where μ = 238U/204Pb) and depleted 1293 

(DMM) mantle end-members (Zindler and Hart 1986); the insert corresponds to the area 1294 

reported in diagram (b). (b) EC-AFC trends (Bohrson and Spera 2001; Spera and Bohrson 2001) 1295 

for the Shoshonitic Silica Saturated suite by considering variable crustal assimilants. 1 = 1296 

assimilation of Triassic carbonates; 2 = assimilation of AVD ignimbrites; 3 = assimilation of 1297 

Mt. Croce granodiorites; 4 = assimilation of Serie dei Laghi granites; 5 = assimilation of 1298 

Kinzigite formation amphibolites  1299 
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Table 1. Major and trace element whole rock composition of selected Shoshonitic Silica Saturated (SS), Shoshonitic Silica Undersaturated (SU) and 

Granitic Unit (GU) rocks. Px: pyroxenite; Gb: gabbro; Mzgb: monzogabbro; Mzdr: monzodiorite; Mz: monzonite; Sy: syenite; Gr: granite; Sygr: 

syenogranite. Fe2O3 and FeO were calculated by considering a Fe2O3/ FeO ratio of 0.15, in agreement with a fO2 around FMQ buffer (Kress and 

Carmichael, 1991). Mg# = Mg/[Mg Fe2+] mol%; n.d. = not detected. All trace element (ppm) were analysed by ICP-MS except Pb, Zn, Ni, Co, Cr, V, Cu 

and Ba (XRF). 

Suite SS SS SS SS SS SS SU SU SU SU SU SU GU GU 

Lithology Px Gb Mzgb Mzdr Mz Sy Gb Mzgb Mzdr Mz Sy Sy Gr Sygr 

Sample FC31E FC30C FC43D FC37B EM79 EM64 EM15 FC2B EM9 EM6 EM5 EM107 EM90B EM31 

Oxide (wt%) 

SiO2 35.48 45.64 52.56 55.43 61.84 67.91 49.83 52.39 55.48 56.86 60.22 62.44 76.41 70.21 

TiO2 2.07 1.08 0.85 0.80 0.43 0.17 0.93 1.13 0.24 0.58 0.46 0.28 0.04 0.26 

Al2O3 6.20 16.78 18.92 17.30 19.82 16.54 17.91 17.08 23.80 21.71 19.58 18.68 13.79 15.58 

Fe2O3 3.74 1.55 1.03 1.01 0.47 0.22 1.34 1.06 0.37 0.59 0.49 0.21 0.11 0.31 

FeO 24.90 10.34 6.88 6.74 3.11 1.51 8.91 7.05 2.44 3.94 3.31 1.44 0.74 2.07 

MnO 0.25 0.18 0.19 0.20 0.07 0.07 0.18 0.41 0.18 0.19 0.16 0.11 0.02 0.03 

MgO 12.54 6.97 4.03 3.73 1.14 0.22 4.97 4.80 0.51 1.50 0.84 0.45 0.28 0.24 

CaO 13.57 14.16 8.68 6.71 3.34 0.90 9.56 8.28 3.94 4.81 3.80 3.20 1.65 1.01 

Na2O 0.51 1.09 2.79 3.24 3.62 4.27 2.81 4.80 5.29 5.16 5.70 3.54 5.44 3.99 

K2O 0.73 2.16 3.37 4.30 5.96 8.18 2.80 2.62 7.73 4.38 5.25 9.22 1.51 6.29 

P2O5 0.02 0.05 0.68 0.54 0.20 0.00 0.76 0.38 0.02 0.28 0.18 0.43 0.00 0.00 

Tot. 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

LOI 0.00 2.57 1.33 1.09 1.72 0.99 1.21 1.57 4.33 1.13 0.60 1.20 1.53 1.23 

Mg# 47.29 54.56 51.08 49.65 39.48 20.72 49.86 54.81 27.26 40.34 31.01 35.57 40.60 17.33 

Trace element (ppm) 

Pb 14.8 14.2 17.8 27.5 21.0 23.0 13.0 44.1 45.0 37.0 28.0 27.0 n.d. 13.0 

Zn 148 72.3 103 107 51.0 54.0 115 202 147 148 86.0 50.0 8.00 30.0 

Ni 69.3 32.0 5.90 5.90 6.00 5.00 15.0 5.90 11.0 5.00 8.00 6.00 4.00 7.00 

Co 62.9 52.7 27.2 24.4 9.00 6.00 40.0 29.5 4.00 9.00 7.00 3.00 n.d. 2.00 

Cr 61.7 68.6 6.9 11.2 9.00 5.00 23.0 58.9 9.00 3.00 5.00 1.00 5.00 3.00 

V 1600 565 153 144 32.0 15.0 239 165 36.0 80.0 67.0 29.0 13.0 9.00 

Cu 13.0 17.3 85.7 79.4 n.d. n.d. n.d. 35.3 n.d. n.d. n.d. n.d. n.d. n.d. 

Rb 16.2 42.3 52.7 81.4 221 187 42.5 89.1 326 184 97.9 318 112 284 

Ba 178 223 479 546 772 553 782 482 506 1129 498 616 121 190 

Sr 95.4 440 676 556 755 284 849 621 818 1351 254 569 83.4 28.2 

Nb 3.83 3.68 10.5 13.4 18.0 24.0 7.22 44.4 60.0 18.0 35.3 52.0 64.7 48.7 

Zr 47.0 39.0 38.0 34.5 208 323 35.1 359 499 262 206 623 153 211 

Hf 1.60 1.48 1.54 1.67 1.71 5.31 1.51 7.48 4.54 n.d. 5.66 6.95 5.05 5.81 

U 0.22 0.48 0.93 1.59 2.46 3.89 1.08 2.92 11.8 7.39 5.26 11.6 11.0 2.55 

Th 0.66 1.67 3.68 6.56 12.5 27.0 3.60 9.57 46.7 27.8 33.7 112 44.3 14.4 

Y 14.1 11.1 11.9 13.7 21.9 24.5 13.6 23.8 13.7 26.0 14.8 49.9 27.1 5.0 

Ta 0.26 0.30 0.52 0.68 n.d. n.d. 0.51 1.57 n.d. n.d. 1.34 n.d. 1.51 1.06 

La 4.49 7.16 15.9 18.5 26.6 24.3 17.7 95.6 63.9 45.9 38.4 117 2.12 9.75 

Ce 12.4 15.5 37.2 49.6 59.5 56.8 44.5 195 99.5 85.1 125 237 6.44 33.6 

Pr 2.01 2.47 4.34 4.96 7.10 6.96 4.80 13.6 8.99 8.95 8.04 24.9 1.24 2.51 

Nd 10.5 11.9 18.6 20.8 27.2 27.1 20.8 47.3 24.3 30.1 28.9 81.8 7.46 9.21 

Sm 2.92 2.87 3.63 4.11 5.60 5.34 4.11 7.18 3.24 4.94 4.49 12.9 3.46 1.55 

Eu 0.65 0.77 0.89 0.96 1.70 1.07 1.16 1.33 0.89 1.68 0.93 1.75 0.21 0.09 

Gd 2.67 2.50 3.19 3.66 5.20 4.74 3.71 6.86 4.18 5.46 4.03 12.2 3.57 1.44 

Tb 0.46 0.43 0.47 0.55 0.78 0.76 0.54 0.88 0.41 0.60 0.56 1.55 0.82 0.21 

Dy 2.41 2.12 2.17 2.58 4.16 4.35 2.47 3.93 2.24 3.18 2.55 8.67 4.95 1.08 

Ho 0.47 0.42 0.43 0.52 0.89 0.92 0.49 0.80 0.52 0.75 0.54 1.72 1.06 0.23 

Er 1.22 1.08 1.12 1.38 2.25 2.57 1.27 2.22 1.59 2.09 1.53 5.34 3.04 0.73 

Tm 0.18 0.17 0.18 0.22 0.38 0.44 0.20 0.37 0.26 0.35 0.27 0.84 0.52 0.13 

Yb 1.06 0.96 0.95 1.25 2.51 3.08 1.08 2.16 1.78 2.30 1.61 5.78 3.17 0.89 

Lu 0.15 0.14 0.15 0.19 0.35 0.47 0.17 0.34 0.27 0.35 0.25 0.83 0.45 0.14 
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Table 2. Whole rock 87Sr/86Sr and 143Nd/144Nd isotopes of Shoshonitic Silica Saturated (SS), Shoshonitic Silica Undersaturated (SU) and Granitic Unit (GU) rocks. Samples were corrected for 234 Ma (Laurenzi and Visonà 

1996; Mundil et al. 1996) of radiogenic ingrowth using the trace element abundances determined by ICP-MS, the decay rates of Rotenberg et al. (2012) and Lugmair and Marti (1978). Initial ratios (i) and uncertainties (2σ) 

were propagated according to Ickert (2013). 

Sample Lithology Suite Age (Ma) Rb (ppm) Sr (ppm) 87Sr/86Sr 87Rb/86Sr 87Sr/86Sr(i) 2σ Sm (ppm) Nd (ppm) 143Nd/144Nd 147Sm/144Nd 143Nd/144Nd(i) 2σ Distance to edge (m) 

FC31E Pyroxenite SS 234 16.19 95.45 0.706630 0.4907 0.705024 0.000025 2.92 10.46 - 0.1483 - - 170 

FC30C Gabbro SS 234 42.27 440.27 0.706149 0.2777 0.705240 0.000020 2.87 11.86 0.512415 0.1463 0.512191 0.000007 420 

FC43D Monzogabbro SS 234 52.73 675.82 0.705304 0.2257 0.704565 0.000022 3.63 18.60 0.512392 0.1180 0.512211 0.000007 565 

EM79 Monzonite SS 234 220.50 754.80 0.707524 0.8452 0.704757 0.000032 5.60 27.16 0.512389 0.1246 0.512198 - 740 

EM64 Syenite SS 234 186.70 284.10 0.710211 1.9018 0.703985 0.000065 5.34 27.12 0.512429 0.1189 0.512247 0.000006 1000 

EM15 Gabbro SU 234 42.55 849.41 0.705182 0.1449 0.704707 0.000018 4.11 20.83 0.512444 0.1192 0.512261 0.000008 385 

FC2B Monzogabbro SU 234 89.14 620.85 0.707719 0.4154 0.706359 0.000028 7.18 47.25 0.512430 0.0918 0.512289 0.000005 135 

EM107 Syenite SU 234 318.30 569.10 0.710856 1.6187 0.705556 0.000055 12.94 81.78 0.512412 0.0956 0.512266 0.000006 300 

EM5 Syenite SU 234 97.87 253.65 0.709851 1.1166 0.706196 0.000042 4.49 28.87 - 0.0826 - - 158 

EM31 Syenogranite GU 234 324.50 148.19 - - - - 9.69 62.08 0.512350 0.0942 0.512206 0.000007 376 

EM88 Syenogranite GU 234 371.86 15.99 - - - - 8.43 39.41 0.512502 0.1291 0.512304 0.000016 735 
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Table 3. Major element composition of the calculated melts used to retrieve the equilibrium conditions for clinopyroxene and plagioclase thermobarometry and for K-feldspar hygrometry (see text for explanation). SS = 

Shoshonitic Silica Saturated; SU = Shoshonitic Silica Undersaturated; Mg# = Mg/[Mg Fe2+] mol%. 

      Estimated melt composition to attain equilibrium   

Method Suite Crystal host rock SiO2 (wt%) TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Mg#   

Clinopyroxene-melt thermobarometer SS Pyroxenite 50.9 1.2 20.7 1.0 7.0 0.1 4.0 9.3 2.9 2.3 0.6 50.8 Trachybasalt 

  SS Gabbro 54.9 0.6 21.0 0.8 5.4 0.1 2.1 8.2 3.2 3.2 0.4 41.4 Basaltic trachyandesite 

  SS Gabbro 64.1 0.6 17.3 0.7 4.5 0.2 1.5 2.7 3.1 5.2 0.2 36.6 Trachyandesite 

  SS Monzogabbro/monzodiorite 62.6 0.6 17.2 0.6 3.9 0.1 1.5 4.3 3.3 5.6 0.3 40.2 Trachyandesite 

  SU Gabbro/monzogabbro 62.2 0.3 18.5 0.3 1.7 0.1 0.5 3.1 3.9 9.0 0.6 36.4 Trachyandesite 

  SU Syenite 63.5 0.3 19.7 0.3 1.8 0.1 0.4 1.4 5.7 7.0 0.0 28.0 Trachyte 

Plagioclase-melt thermobarometer SS Pyroxenite 50.0 1.1 17.1 1.3 8.8 0.2 5.1 10.9 2.5 2.1 0.7 50.7 Trachybasalt 

  SS Gabbro 53.6 0.8 17.4 1.1 7.6 0.2 4.1 8.4 2.8 3.4 0.5 49.3 Basaltic trachyandesite 

  SS Monzogabbro 57.9 0.6 17.8 0.8 5.1 0.1 2.7 6.6 3.8 4.4 0.1 48.5 Basaltic trachyandesite 

  SS Monzodiorite/monzonite 62.6 0.6 17.2 0.6 3.9 0.1 1.5 4.3 3.3 5.6 0.3 40.2 Trachyandesite 

  SU Gabbro 57.8 0.7 20.2 0.6 4.0 0.2 1.5 4.9 4.7 5.1 0.4 39.3 Trachyandesite 

  SU Monzogabbro to syenite 62.7 0.4 18.4 0.4 2.5 0.1 0.5 3.0 5.3 6.7 0.0 24.1 Trachyte 

K-Feldspar-melt hygrometer SS Gabbro/monzogabbro 62.6 0.6 17.2 0.6 3.9 0.1 1.5 4.3 3.3 5.6 0.3 40.2 Trachyandesite 

  SS  Monzodiorite to syenite 64.3 0.3 19.5 0.3 1.8 0.1 0.3 1.4 5.2 7.1 0.0 20.3 Trachyte 

  SU Monzogabbro/monzodiorite 63.5 0.3 19.7 0.3 1.8 0.1 0.4 1.4 5.7 7.0 0.0 28.0 Trachyte 
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Table 4. Pressure, temperature, fO2 and H2O parameters obtained by mineral pairs, mineral-melt and single mineral calculations on Shoshonitic Silica Saturated (SS), Shoshonitic Silica 

Undersaturated (SU) and Granitic Unit (GU) rocks. For each applied method, the corresponding reference, target and error on the single parameters are reported. Values used as input for each 

calculation are marked with (*); n.r. indicates a parameter that was not required as input by the chosen equation. Cpx = clinopyroxene; Amph = amphibole; Plag = plagioclase; Bt = biotite; K-Feld = 

K-feldspar; Mt = magnetite. 

Suite and sample Method Target Reference T(°C) Error (°C) P (kbar) Error (kbar) H2O (wt%) Error (wt%) logfO2 Error (log fO2) 

SS Pyroxenite Cpx-melt P,T Putirka (2008), eq. 32b, 33 1050-1070 ±10-20 1.6-2.3 ±2.6 2-2.5 (*) - n.r. - 

SS Pyroxenite Cpx-melt Cpx comp.  Rhyolite-MELTS (Gualda et al. 2012)  1060 (*) - 1.5 (*) - 2.5 (*) - -9.3 (*) - 

SS Gabbro Cpx-melt P,T Putirka (2008), eq. 32b, 33 910-930°C ±10-20 1.0-1.9 ±2.6 3-4 (*) - n.r. - 

SS Gabbro Cpx-melt P,T Masotta et al. (2013), eq. Talk and Palk2012 910-980 ±18 0.5-1.4 ±1.2 3-4 (*) - n.r. - 

SS Monzogabbro/monzodiorite Cpx-melt P,T Masotta et al. (2013), eq. Talk and Palk2012 940-990 ±18 1.4-1.6 ±1.2 3-4 (*) - n.r. - 

SU Gabbro/monzogabbro Cpx-melt P,T Putirka (2008), eq. 32b, 33 930-940 ±10-20 0.4-1.6 ±2.6 1-1.5 (*) - n.r. - 

SU Gabbro/monzogabbro Cpx-melt P,T Masotta et al. (2013), eq. Talk and Palk2012 920-940 ±18 0.2-1.4 ±1.2 1.5 (*) - n.r. - 

SU Syenite Cpx-melt P,T Putirka (2008), eq. 32b, 33 810-820 ±10-20 0.2-1.4 ±2.6 4-5 (*) - n.r. - 

SU Syenite Cpx-melt P, T Masotta et al. (2013), eq. Talk and Palk2012 850-860 ±18 1.3-1.6 ±1.2 4-5 (*) - n.r. - 

SS Gabbro to monzodiorite Amph-Plag T Holland and Blundy (1994) 750-845 ±40 n.r. - n.r. - n.r. - 

SS Gabbro to monzodiorite Amph-Plag P Anderson and Smith (1995); Anderson (1996) n.r. - 0.1-1.2 ±0.6 n.r. - n.r. - 

SS Gabbro to monzodiorite Amph P,T,H2O Ridolfi et al. (2010); Ridolfi and Renzulli (2012) 720-810 ±23-24 0.7-1.4 ±0.05-0.15 4.8-6.0 ±0.8 - - 

SU Gabbro/monzogabbro Amph-Plag T Holland and Blundy (1994) 620-880 ±40 n.r. - n.r. - n.r. - 

SU Gabbro/monzogabbro Amph-Plag P Anderson and Smith (1995); Anderson (1996) n.r. - 0.4-1.9 ±0.6 n.r. - n.r. - 

SU Gabbro Amph P,T,H2O Ridolfi et al. (2010); Ridolfi and Renzulli (2012) 700-720 ±23-24 0.5-0.6 ±0.05-0.15 5.1-5.7 ±0.8 - - 

SS Pyroxenite Bt T Henry et al. (2005) 690-740 ±12-24 n.r. - n.r. - n.r. - 

SS Gabbro to monzonite Bt T Henry et al. (2005) 540-660 ±12-24 n.r. - n.r. - n.r. - 

SU Gabbro/monzogabbro Bt T Henry et al. (2005) 640-660 ±12-24 n.r. - n.r. - n.r. - 

SS Pyroxenite Plag-melt H2O Lange et al. (2009) 1060 (*) - 1.5 (*) - 3.0 ±0.7 n.r. - 

SS Pyroxenite Plag-melt P,T Putirka (2008), eq. 24a 1076-1081 ±36 1.5 (*) - 3.0 (*) - n.r. - 

SS Gabbro Plag-melt H2O Lange et al. (2009) 920-1016 (*) - 1.2-1.5 (*) - 3.1-3.4 ±0.7 n.r. - 

SS Gabbro Plag-melt P,T Putirka (2008), eq. 24a 999-1053 ±36 1.2-1.5 (*) - 3.1-3.4 (*) - n.r. - 

SS Monzogabbro/monzodiorite Plag-melt H2O Lange et al. (2009) 920 (*) - 1.2 (*) - 3.9-4.8 ±0.7 n.r. - 

SS Monzogabbro/monzodiorite Plag-melt P,T Putirka (2008), eq. 24a 917-989 ±36 1.2 (*) - 3.9-4.8 (*) - n.r. - 
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Table 3. (continued) 

Suite and sample Method Target Reference T(°C) Error (°C) P (kbar) 
Error 

(kbar) 
H2O (wt%) Error (wt%) logfO2 Error (log fO2) 

SU Gabbro Plag-melt H2O Lange et al. (2009) 990 (*) - 1.5 (*) - 4.1 ±0.7 n.r. - 

SU Gabbro Plag-melt P,T Putirka (2008), eq. 24a 975-990 ±36 1.5 (*) - 4.1 (*) - n.r. - 

SU Monzogabbro Plag-melt H2O Lange et al. (2009) 920 (*) - 1.2 (*) - 4.4 ±1.0 n.r. - 

SU Monzogabbro Plag-melt P,T Putirka (2008), eq. 24a 936 ±36 1.2 (*) - 4.4 (*) - n.r. - 

SS Gabbro to monzogabbro K-Feld-melt H2O Mollo et al. (2015) 800-900 (*) - n.r. - 4.4-6.5 ±0.94 n.r. - 

SS Monzodiorite to syenite K-Feld-melt H2O Mollo et al. (2015) 800-900 (*) - n.r. - 4.6-7.3 ±0.94 n.r. - 

SU Monzogabbro to monzonite K-Feld-melt H2O Mollo et al. (2015) 800-900 (*) - n.r. - 5.5-7.8 ±0.94 n.r. - 

SS Gabbro Bt/K-Feld/Mt fO2 Burkhard (1991) 865-966 ±7 1.5 (*) - n.r. - -11.2/-12.9 ±0.3 

SS Monzogabbro/monzodiorite Bt/K-Feld/Mt fO2 Burkhard (1991) 806-993 ±7 1.5 (*) - n.r. - -10.7-13.8 ±0.3 

SS Monzonite Bt/K-Feld/Mt fO2 Burkhard (1991) 786-881 ±7 1.5 (*) - n.r. - -12.4/-14.1 ±0.3 

SU Gabbro/monzogabbro Bt/K-Feld/Mt fO2 Burkhard (1991) 916-1054 ±7 1.5 (*) - n.r. - -10.2/-11.9 ±0.3 

GU Syenogranite Bt/K-Feld/Mt fO3 Burkhard (1991) 853-922 ±7 1.5 (*) - n.r. - -11.8/-12.9 ±0.3 

 

 

 

 

 



Table 5. Starting Shoshonitic Silica Saturated (SS) and Shoshonitic Silica Undersaturated (SU) magmas, assimilant end-members and input thermodynamic data used in the EC-AFC model. 

Calculated and absolute values are from Bohrson and Spera (2001) and Spera and Bohrson (2001) upper crustal case. Specific heat and liquidus T of carbonate assimilant were calculated 

according to Dallai et al. (2011) and Eppelbaum et al. (2014) respectively. References are also reported for all chosen assimilants compositions.  

Starting magma Liquidus T(°C) Initial T (°C) Solidus T(°C) Specific Heat [J/(KgK)] Heat of Crystallization (J/Kg) Heat of Fusion (J/Kg) 

SS monzogabbro 1212 1100 600 1567 396000 270000 

SU monzogabbro 1251.65 1100 600 1515 396000 270000 

              

Assimilant Liquidus T(°C) Initial T (°C) Specific Heat [J/(KgK)] Reference for isotopic 87Sr/86Sr and 143Nd/144Nd composition 

Carbonate 650 300 1170 Martin and Macdougall (1995); Blendiger et al. (2015) 

Rhyolitic Ignimbrite (AVD) 1077 300 1376 Barth et al. (1993) 

Mt. Croce Granodiorites 1111 300 1398 Rottura et al. (1997) 

Serie dei Laghi Granites 1026 300 1379 Sinigoi et al. (2016) and references therein 

Kinzigite Amphibolite 1196 300 1447 Voshage et al. (1990) 
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