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Abstract

:

This study documents the compositional variations of phenocrysts from a basaltic trachyandesitic sill emplaced in the Valle del Bove at Mt. Etna volcano (Sicily, Italy). The physicochemical conditions driving the crystallization and emplacement of the sill magma have been reconstructed by barometers, oxygen barometers, thermometers and hygrometers based on clinopyroxene, feldspar (plagioclase + K-feldspar) and titanomagnetite. Clinopyroxene is the liquidus phase, recording decompression and cooling paths decreasing from 200 to 0.1 MPa and from 1050 to 940 °C, respectively. Plagioclase and K-feldspar cosaturate the melt in a lower temperature interval of ~1000–870 °C. Cation exchanges in clinopyroxene (Mg-Fe) and feldspar (Ca-Na) indicate that magma ascent is accompanied by progressive H2O exsolution (up to ~2.2 wt. %) under more oxidizing conditions (up to ΔNNO + 0.5). Geospeedometric constraints provided by Ti–Al–Mg cation redistributions in titanomagnetite indicate that the travel time (up to 23 h) and ascent velocity of magma (up to 0.78 m/s) are consistent with those inferred for other eruptions at Mt. Etna. These kinetic effects are ascribed to a degassing-induced undercooling path caused principally by H2O loss at shallow crustal conditions. Rare earth element (REE) modeling based on the lattice strain theory supports the hypothesis that the sill magma formed from primitive basaltic compositions after clinopyroxene (≤41%) and plagioclase (≤12%) fractionation. Early formation of clinopyroxene at depth is the main controlling factor for the REE signature, whereas subsequent degassing at low pressure conditions enlarges the stability field of plagioclase causing trace element enrichments during eruption towards the surface.
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1. Introduction


Mt. Etna volcano (Sicily, Italy; Figure 1a) is the largest volcano in Europe, and one of the most active and most intensely monitored on Earth. The volcanic edifice is 1200 km2 wide and 3.3 km high. The greater part of the stratovolcano was constructed by overlapping products with a Na-alkaline affinity and principally erupted in the last 220 ka (e.g., Reference [1]). Magma dynamics are frequently referred to the pulsatory upward migration of H2O-rich magmas and/or fluxes of abundant volatiles from depth [2,3,4,5,6]. The explosive activity of the volcano mostly involves gas-charged magmas formed at mantle depths with primitive compositions [7,8]. However, distinct magma storage regions at deep, intermediate and shallow levels have been recognized along the vertically-developed plumbing system [9,10,11,12,13,14,15]. The migration of magma towards the surface changes its physicochemical state, thus controlling mineral and melt compositions, degree of crystallization, magma ascent velocity and type of eruption [2,9,10,16,17,18,19,20]. A distinctive feature of the recent activity (post-1971) is the persistent eruption of magmas with K-affinity and buffered to trachybasaltic compositions that sporadically evolve towards basaltic trachyandesites [21]. In contrast, historic (pre-1971) and prehistoric products show a distinctive Na-affinity, ranging from hawaiites to mugearites. The Valle del Bove (Figure 1b) volcanic succession is characterized by a rarity of primitive products and its prehistoric eruptions evolve up to trachyte encompassing high degrees of crystallization (>40%). This remarkable compositional variability has been attributed to crystal fractionation processes at shallow crustal levels mostly controlled by degassing and H2O exsolution phenomena [16,22,23,24,25].



In this study, we present new geochemical data from a sill (~80 m long and ~30 m thick; Figure 1c) at ~1780 m altitude in the southern wall of the Valle del Bove (Figure 1b). The intrusive body is in continuity with the prehistoric lava flows of Trifoglietto (80–60 ka) and Ellittico (60–15 ka) eruptive centers [26]. The sill is in sharp contact with the host lavas and its age is therefore constrained as post flow emplacement. The exposure is 80 m long, but the sill continues buried out of sight. Nine rock samples have been collected at the central portion of the sill using a sampling distance of 1.5 m. Major and trace elements of bulk rocks and single minerals have been analyzed for each rock sample and then discussed in the framework of magma modeling based on P–T–fO2–H2O-lattice strain equations. This approach constrains the crystallization and emplacement conditions of the sill, illustrating that the differentiation of prehistoric magmas started at intermediate (~6 km) depths [27,28,29,30] and proceeded through fractional crystallization, degassing and cooling phenomena at shallow crustal levels or during ascent towards the surface (e.g., References [16,24,25]).




2. Methods


Photomicrographs of the sill samples were collected with the backscattered electron (BSE) mode of a field emission gun-scanning electron microscopy (FE-SEM) Jeol 6500F (JEOL, Ltd., Tokyo, Japan) equipped with an energy-dispersive spectrometer (EDS) detector and installed at the HPHT Laboratory of Experimental Volcanology and Geophysics of the Istituto Nazionale di Geofisica e Vulcanologia (INGV) in Rome, Italy.



Microchemical analyses of minerals were performed at the INGV with a JEOL-JXA8200 electron probe microanalyzer (EPMA, JEOL, Ltd., Tokyo, Japan) equipped with five spectrometers. The crystals were analyzed using 15 kV accelerating voltage and 10 nA beam current, with a beam size of 2 µm and counting time of 20 and 10 s on peaks and background, respectively. The following standards were adopted: Jadeite (Si and Na), labradorite (Al and Ca), forsterite (Mg), andradite (Fe), rutile (Ti), orthoclase (K), barite (Ba), apatite (P) and spessartine (Mn). Sodium and potassium were analyzed first to prevent alkali migration effects. The precision of the microprobe was measured through the analysis of well-characterized synthetic oxides and minerals. Data quality was ensured by analyzing standard materials as unknowns. Based on counting statistics, analytical precision was better than 5% for all cations.



Major elements of bulk rocks were measured at the Institute of Geochemistry and Petrology of the ETH Zürich, Switzerland. For the chemical analyses, 1.5 g of powdered sample was heated to 950 °C for 2 h in a chamber furnace and then weighed to determine the loss on ignition (LOI). The ignited material was charged in a Pt-Au crucible and fused with a 1:5 lithium–tetraborate mixture using a Claisse M4® fluxer. The fused disk was analyzed for major elements using a wave-length dispersive X-ray fluorescence spectrometer (WD-XRF; Axios PANanalytical, Malvern Panalytical Ltd., Malvern, UK) equipped with five diffraction crystals. Calibration was based on thirty certified international standards of predominantly igneous and metamorphic rocks.



Trace element analyses of both bulk rock disks and minerals (i.e., clinopyroxene and plagioclase) were performed at ETH Zürich through a 193 nm excimer laser coupled with a second generation two-volume constant geometry ablation cell (Resonetics: S-155LR) and a high-sensitivity, sector-field inductively-coupled plasma mass spectrometer (ICP-MS; Thermo: Element XR). Points with a spot size of 30 μm (producing laser depth crater of 15 μm) were set on chemically homogeneous portions of the material and ablated with a pulse rate of 10 Hz and an energy density of 3.5 J/cm3 for 40 s. The isotopes were analyzed relative to an external standard of known composition (i.e., NIST612). A second standard (i.e., GSD-1G) was used as an unknown to check the quality of data during each analytical run. 43Ca was adopted as an internal standard, in order to recover the concentrations of light and heavy rare earth elements (REE divided in LREE and HREE). The 1 sigma errors calculated from variations in replicate analyses were invariably several times larger than the fully integrated 1 sigma errors determined from counting statistics alone. Potential mineral/melt contamination phenomena are excluded following the data reduction method reported in Reference [31]. Concentration calculation of transient laser ablation signals where performed by selecting segments of time corresponding to when the laser was ablating through a homogeneous vertical section of a sample (i.e., the time-resolved signals of all the elements are parallel). Through this criterion the ratios of all elements analyzed are constant with time. In contrast, cross-cutting time-resolved elemental curves indicate a transition into a new material and contamination phenomena. In this case, the laser ablation signal is not considered. In order to further verify the quality of the laser data, some key mineral-melt partition coefficients have been also calculated and compared with those from literature. Similar values have been found, attesting the reliability of the data (see discussion below).




3. Results


3.1. Texture


The most important petrographic features observed for the nine sill samples are summarized in Figure 2. The rock samples are poorly vesicular (<3%) with porphyritic index (PI = the total phenocrysts content) variable from 35 to 40, in agreement with the typical phenocryst content of prehistoric and historic (pre-1971) lava flows [13,23,32]. Phenocrysts, microphenocrysts and microlites are discriminated on the basis of the longest size dimensions >0.3, 0.3–0.1, and <0.1 mm, respectively [33,34]. The phenocryst and microphenocryst assemblage consist of plagioclase (43 vol. %), clinopyroxene (40 vol. %), alkali feldspar (11 vol. %), and titanomagnetite (6 vol. %), in order of abundance. Glomerocrysts of clinopyroxene, plagioclase and titanomagnetite are also frequent [19]. The habit of large clinopyroxene phenocrysts is prismatic with well-formed planar edges that may enclose small, sub-rounded titanomagnetites (Figure 2). In terms of maximum abundance and crystal size, clinopyroxene dominates the mineral association of glomerocrysts, suggesting early crystallization as liquidus phase [35]. Moreover, no evident disequilibrium textures are found, such as dendritic morphologies typical of rapid growth conditions [36]. On the other hand, large titanomagnetites and plagioclase preferentially develop as isolated crystals. The growth of titanomagnetite proceeds through the aggregation and coalescence of smaller and mutually touching microlites, resembling the textural maturation documented during magma undercooling phenomena [37]. In contrast, the crystal habit of feldspars is generally tabular (Figure 2) and a great number of tiny titanomagnetite crystals may be entrapped in the larger plagioclase phenocrysts.




3.2. Mineral Chemistry


Major oxide and trace element analyses of clinopyroxene, plagioclase, alkali feldspar and titanomagnetite from this study are reported in Tables S1–S4 submitted as Supplementary Materials. No clear chemical variations are observed for minerals collected from the uppermost to the lowermost part of the sill.



The site occupancies, molecular components, and Fe3+/Fe2+ ratios of clinopyroxene have been calculated on the basis of six oxygen atoms following References [38,39]. Crystals are zoned with more magnesian cores (74–84 Mg#, where Mg# is the molar ratio of Mg to Mg + Fetot) relative to mantles and rims (69–83 Mg#). Using the classification scheme of Reference [40], clinopyroxenes cores are diopside, whereas more evolved mantles and rims are diopside-augite (Figure 3a). Major cations incorporated in clinopyroxene vary systematically from core to rim, showing enrichments in TAl (0.04 to 0.21 apfu), Fe3+ (0.01 to 0.16 apfu) and Ti (0.01 to 0.04 apfu), counterbalanced by depletions in Mg (0.91 to 0.75 apfu) and Ca (0.90 to 0.72 apfu). Intriguingly, clinopyroxene phenocrysts are characterized by TAl contents (0.04–0.17 apfu) higher than M1Al concentrations (0.01–0.1 apfu), possibly responding to low pressure crystallization conditions [41,42]. These cation redistributions cause the sum of diopside (Di) plus hedenbergite (Hd) to progressive decreases from core (0.84 mol. % DiHd) to rim (0.76 mol. % DiHd), whereas the tschermakitic components (ΣTs equals to the sum of CaTs and CaFeTs and CaTiTs, where Ts refers to the Tschermak molecule) increase from 0.04 to 0.17 mol. %. The Tschermak-rich crystal portions result from the coupled substitution TAl with Si and M2(Mg, Fe2+) with M1(Al, Fe3+), as well as CaFe- and CaTi-Tschermak molecular increment compensates the decrement of M1Al with Fe3+ [35,43]. The chondrite-normalized pattern [44] of REE (Figure 4a) exhibits sub-parallel trends shifting towards progressive REE enrichments from core to rim. The apparent preferential enrichments for HREE relative to LREE are also consistent with those observed for diopside-augite clinopyroxenes from prehistoric Etnean eruptions at Valle del Bove (cf. [45,46]). The crystal cores show weak negative europium anomalies (0.87–0.99 Eu/Eu*) that are more evident at the crystal rims (0.71–0.87 Eu/Eu*). The LREE/HREE ratio also increases from core (3.22 LaN/YbN) to rim (6.51 LaN/YbN).



Plagioclase exhibits a pronounced normal zoning and its composition shifts from labradorite to andesine in the ternary feldspar diagram (Figure 3b). Grading from core to rim, the amount of anorthite (An) decreases remarkably from 0.67 to 0.56 mol. %, whereas orthoclase (Or) slightly increases from 0.02 to 0.04 mol. % (formula on the basis of 8 oxygens). Major cations gradually change during crystal growth, with Ca (0.13 to 0.09) and Fe (0.011 to 0.003 apfu) depletions associated with Na (0.06 to 0.11 apfu) and K (0.004 to 0.008 apfu) enrichments. The mineral stoichiometry is evidence of Fe increase with increasing An [47,48]. Rationally, a lower number of Si cations leaves larger available T- and M-sites for Fe substitution with increasing An [49,50,51,52,53]. The pattern of REE shows a marked positive europium anomaly (7.21–17.91 Eu/Eu*; Figure 4b) similar to that observed for several Etnean eruptions [54]. Plagioclase is preferentially enriched in LREE with respect to HREE (Figure 4b), and the LREE/HREE ratio increases from core (243 LaN/YbN) to rim (740 LaN/YbN).



The alkali feldspar is characterized by core to rim compositions variable from anorthoclase to sanidine (Figure 3b). Due to its small crystal size, both microphenocryst mantle and rim compositions overlap at the scale of the microprobe analysis. The concentration of An decreases from 0.12 to 0.04 mol. % during crystal growth, whilst substantial Or enrichments are measured from 0.25 to 0.50 mol. %. As for the case of plagioclase, the amount of Fe (0.004–0.007 apfu) in alkali feldspar scales with the concentration of An. From core to rim, the proportion of K increases remarkably from 0.05 to 0.12 apfu, at the expense of Na content.



Titanomagnetite is the only opaque mineral present in the sill samples. The stoichiometry and composition of magnetite (Mt)-ulvospinel (Usp) solid solution has been recalculated following Reference [55]. The TiO2-FeO-1/2Fe2O3 ternary diagram shows that the Usp content of titanomagnetite decreases from 0.60 to 0.38 mol. % (Figure 3c). When the crystal is depleted in Ti, higher Fe3+/Fe2+ ratios (0.47 to 95) are determined on the basis of stoichiometric and charge balance criteria. Enrichments in Al (0.08 to 0.17 apfu) and Mg (0.06 to 0.15 apfu) are also evident, resembling those observed during magma undercooling and cooling rate conditions [37,56].




3.3. Bulk Rock Geochemistry


Major oxide and trace element analyses of bulk rocks from this study are reported in Table S5 submitted as Supplementary Materials. In the TAS (total alkali vs. silica; [57] diagram (Figure 5a), the sill bulk rocks are classified as basaltic trachyandesites (i.e., mugearites), with compositions intermediate between those of trachybasalts and trachyandesites characterizing the Etnean products at Valle del Bove depression [22,23,25,26,58]. In terms of SiO2 and Mg#, the chemical analyses slightly shift from ~54 to ~55 wt. % and ~40 to ~49 wt. %, respectively, perhaps responding to minor changes in the mineral proportions. The chondrite-normalized patterns [44] of REE are markedly homogeneous, exhibiting sub-parallel trends with LREE enrichments relative to HREE (Figure 5b). REE concentrations generally increase with increasing SiO2, reproducing patterns typical of Etnean alkaline suites [23,24,32]. Bulk rocks are also characterized by weak negative Eu anomalies (0.83–0.96 Eu/Eu*; Figure 5b) and relatively high LREE/HREE ratios (20–29 LaN/YbN).





4. Discussion


4.1. Identifying the Equilibrium Mineral Compositions


In natural Etnean products the occurrence of residual melts is extremely rare, due to abundant crystallization of matrix minerals at both syn- and post-eruptive conditions (e.g., Reference [18]). Therefore, it may be difficult to correctly recognize the chemical correspondence between a zoned mineral and the melt from which it crystallized. Under such circumstances, the intensive variables of the system are estimated through the application of petrological models by assuming that the bulk rock analysis corresponds to the original magma composition feeding the crystal growth [17,19,59]. However, this strategy cannot be safely applied when the investigated crystal compositions are not in equilibrium with the host magma. This is especially true for the Etnean plumbing system where the transfer of magma through several compositionally different sub-volcanic environments frequently occurs [12,15]. The activity of Mt. Etna is characterized by a highly dynamic regime with continuous recharge of the volcanic conduit by rapid input of new magma batches. Under such dynamic conditions, the crystal growth is strongly influenced by volatile loss (i.e., degassing) and heat dissipation (i.e., cooling), due to slow to moderate degrees of undercooling experienced by magma [13,19,60,61]. In particular, the occurrence of zoned phenocrysts (Figure 2 and Figure 3) testifies to cation exchange reactions at the crystal-melt interface that are controlled by kinetic pathways in which the crystal composition changes upon the effect of an ever-changing P-T-H2O path bounded between the mineral saturation temperature and the closure temperature for crystal growth [13,62]. The primary effect related to the lack of equilibrium is that thermometers, barometers, and hygrometers based on mineral-melt or mineral-mineral equilibrium are affected by great uncertainties, up to one order of magnitude higher than the calibration errors of the models [35,36,53,63]. To obviate this issue and correctly estimate the crystallization conditions of the sill, the compositions of the clinopyroxene, plagioclase, alkali feldspar and titanomagnetite have been tested for equilibrium with the host magma through the application of some experimentally-derived models from literature.



In order to decipher the equilibrium compositions of clinopyroxene phenocrysts, we have adopted the model of Reference [35] based on the difference (Δ) between DiHd components predicted for clinopyroxene via regression analyses of clinopyroxene-melt pairs in equilibrium conditions, with those measured in the analyzed crystals. ΔDiHd equals to zero only at thermodynamic equilibrium, but values lower than 0.1 may, with caution, attest near-equilibrium crystallization (cf. [64]). For the sill samples, most of the clinopyroxene core-to-rim compositions approach to the one-to-one line of the DiHd measured vs. DiHd predicted plot (Figure 6a), a feature that is not surprising considering that clinopyroxene is the liquidus phase and its early growth is fed by the original magma composition (i.e., the bulk rock analysis). The attainment of equilibrium crystallization is also corroborated by the lattice strain model of Reference [65] for the partitioning of Ti (DTi) between clinopyroxene and melt. This is a thermodynamically-derived equation based on the electrostatic work done by placing a tetravalent cation in a charge-balanced/imbalanced clinopyroxene site, and the electrostatic effect produced by insertion of the same cation in the melt, as described in Reference [66]. Most of the values of DTi predicted by the model of Reference [65] are similar to those measured from this study (Figure 6b), denoting that the growth of clinopyroxene was not affected by kinetically-controlled phenomena or marked degrees of undercooling. During rapid clinopyroxene growth, Al in the tetrahedral site is incorporated at disequilibrium proportions [36,67] and highly charged cations, such as Ti, are preferentially accommodated in the M1 site of clinopyroxene (i.e., DTi deviates from the equilibrium condition) to balance the charge deficiency caused by the increasing concentration of TAl [45,68]. The close correspondence between near-equilibrium ΔDiHd values (Figure 6a) and the partitioning behavior of Ti (Figure 6b) confirms the relationship between the cation exchange [TSi, M2(Mg, Fe2+)] ↔ [TAl, M1(Al, Fe3+)] and the accommodation of Ti in the M1 site of clinopyroxene. Disequilibrium cation incorporations are also excluded by the Fe–Mg exchange, showing values (0.24–0.26) within the equilibrium ranges of 0.27 ± 0.03 and 0.28 ± 0.08 derived by Reference [69] and Reference [59], respectively.



With respect to plagioclase crystallization, the An-based model of Reference [70] suggests equilibrium compositions between An46 and An59, corresponding to the mantle analyses of plagioclase (Figure 6c). Evidently, plagioclase saturation took place after substantial clinopyroxene fractionation, as indicated by the europium anomaly (71–81 Eu/Eu*) measured at clinopyroxene rim. Moreover, the La/Eu ratio in clinopyroxene is ~1–9 at the early stage of crystallization. Conversely, further crystallization from a more differentiated melt leads the La/Eu ratio to increase in plagioclase up to ~19, thus identifying substantial enrichment in LREE during magma evolution. The Ca–Na exchange model of Reference [71] yields equilibrium values between 1.15 and 1.7 (Figure 6d). Despite the An content of plagioclase is positively correlated with H2O and temperature, the Ca–Na exchange is mostly a proxy for the amount of H2O dissolved in the melt, provided that the effects of temperature and pressure are negligible for the equilibrium (cf. [72]). Looking at the experimental data of Reference [73], it is interesting to note that the measured values of Ca–Na exchange translate to a range of 0–2 wt. % H2O [11,13,17,74] typically measured for Etnean degassing magmas (see below).



The feldspar activity model of Reference [59] indicates that plagioclase and alkali feldspar cosaturation refers to the An-rich portions of the crystals aligning along the one-to-one line (Figure 6e). The chemical evolution of sanidine (Figure 2b) requires enrichments in Or component and is driven by alkali-rich melts that develop at the late stage of magma differentiation. The Or–Ab exchange (3.8–1.4) calculated with the model of Reference [20] specific to anorthoclase and sanidine, confirms equilibrium crystallization from more differentiated melts characterized by increasing K2O concentrations.



Titanomagnetites from the sill samples explore important compositional variations. The experimental study of Reference [37] demonstrates that Etnean magmas equilibrate with titanomagnetites showing TiO2/FeOtot ratio between 0.25 and 0.30 (Figure 6f). Within this equilibrium range, the Usp contents of phenocrysts and microphenocrysts from the sill samples are consistent with values commonly measured for magmatic intrusions, lava flows and lava fountains at Mt. Etna volcano [42,75]. Otherwise, the TiO2/FeOtot ratio substantially decreases when Ti is less favorably incorporated into the titanomagnetite crystal lattice upon the effect of increasing undercooling conditions [37,56].




4.2. Retrieving the Crystallization Conditions of Magma


The oxygen fugacity of the sill magma has been estimated through the titanomagnetite-based oxygen barometer (error ±0.5 log unit) of Reference [76], integrating the Fe2+-Fe3+ partitioning between spinel and melt [77] with the Fe3+/Fe2+ ratio and fO2 [78]. Figure 7 shows that titanomagnetite crystals formed under buffering conditions variable from ΔNNO − 0.4 to ΔNNO + 0.4 (where NNO refers to the nickel-nickel oxide equilibrium reaction). This range is comparable to that measured by other independent models applied to a variety of Etnean products [11,13,17,25,42,79]. As a further test, the formulation of Reference [80] has been also adopted to derive the oxygen fugacity of the sill magma. This is a logarithmic relationship (error ±0.1 log unit) relating the redox state of iron in the melt with the anorthite content in plagioclase. The model predicts redox conditions comprised between ΔNNO − 0.1 and ΔNNO + 0.5 (Figure 7), paralleling the fO2 trend of titanomagnetite and possibly indicating feldspar-spinel cosaturation at the time of sill solidification.



The crystallization temperatures and pressures of clinopyroxene phenocrysts have been calculated by the H2O-independent thermometer (error ±28 °C) and barometer (error ±150 MPa) of Reference [39] and Reference [69], recently refined for alkaline magmas by Reference [62]. The estimates, plotted in Figure 8a, show that the saturation surface of clinopyroxene progressively decreases from ~1050 to ~934 °C along a decompression path from ~198 to ~0.1 MPa. The early crystallization temperature of the sill magma agrees with the thermal range of 1050–1080 °C documented by direct measurements of inner lava flow temperatures [81]. The overall thermal path is also similar to the crystallization conditions of 1075–875 °C derived for prehistoric and historic lava flows at Mt. Etna volcano [75]. The relative low pressure range, displayed in Figure 8a, conforms to geophysical observations of magma bodies stored at intermediate (~6 km) depths [27,28,29,30], as well as the preferential incorporation of TAl into clinopyroxene crystal lattice relative to M1Al [41,42]. This cation exchange is generally addressed to magma crystallization under H2O-saturated conditions, as experimentally observed for Etnean compositions by Reference [82]. According to a number of studies [4,14,15,17,46,83], the amount of H2O dissolved in the melt is a key parameter controlling the crystallization behavior and ascent rate of magmas at Mt. Etna. To calculate melt-H2O contents of the sill, the clinopyroxene-based hygrometer (error ±0.5 wt. % H2O) of Reference [84] has been employed in concert with the independent estimates of temperature and pressure reported above. Figure 8b shows that H2O concentration progressively decreases from ~2.1 to 0 wt. % as pressure decreases. Most of the H2O loss occurs at P < 100 MPa, in agreement with melt inclusion data attesting as strong degassing takes place during magma ascent towards very shallow crustal levels [2,85,86]. A decreasing melt-H2O content is also derived by SolEx solubility model [87], yielding a conservative H2O content of ~1 wt. % that is exsolved from the melt only at P < 25 MPa [13,19,60]. Although H2O exsolves with decreasing pressure, ascending magmas at Mt. Etna can retain part of their original volatile content with the result of abundant degassing at post-emplacement conditions [88]. As demonstrated by Reference [17] and Reference [84], the composition of clinopyroxene is a valuable tool to track the degassing path of Etnean magmas, accounting for the dependence of Jd-DiHd and CaTs-DiHd exchange equilibria to the melt-H2O content. There is a positive correlation between the Fe/Mg ratio of clinopyroxene and the amount of H2O dissolved in the melt [89]. Thermodynamic calculations reported in Reference [90] show that H2O reduces the activity of MgO relative to FeO in the melt according to the reaction: Fe(OH)2 + MgO → Mg(OH)2 + FeO. Through the application of the stoichiometric formalism of Reference [38], it is found that Fe2+ in clinopyroxene is positively correlated with the amount of H2O (Figure 8c), thus confirming that hydroxyl groups formed complexes with Mg2+ rather than Fe2+ during ascent and emplacement of the sill magma.



According to the two-feldspar thermometer (error ±30 °C) of Reference [59], the crystallization of plagioclase and alkali feldspar proceed in a temperature interval (~870–1006 °C) lower than that measured for clinopyroxene (Figure 9a). Importantly, the alkali feldspar-based hygrometer (error ±0.7 wt. % H2O) of Reference [20] confirms that the degassing path of the sill magma is comprised between ~2.2 and ~0.3 wt. % H2O (Figure 9a). Using these data and following the same approach adopted by Reference [74], we have constrained the degassing-induced undercooling controlling the sill solidification. H2O loss expands the liquidus surface of the melt and this effect can be parameterized through the polynomial function: ΔT = 40.4 × H2O − 2.9 × H2O2 + 0.77 × H2O3 (see Reference [91] for further details). The use of this expression indicates that the degree of undercooling decreases from ~82 to ~14 °C upon progressive magma decompression and H2O exsolution (Figure 9b), in agreement with data derived in a laboratory by Reference [74] and measured for a suite of natural Etnean products by Reference [75].



The plumbing system at Mt. Etna is governed by frequent inputs from mantle depths of primitive, volatile-rich magmas into shallower crustal reservoirs [9,13,18]. This continuous magma supply involves different magma batches that retain subtle differences in their P-T paths of ascent, with important repercussions for the role played by magma degassing on the crystallization and equilibration of different Etnean minerals [17]. For example, at P > 400 MPa and T > 1150 °C, the primitive and deep-seated Etnean magmas migrate very slowly towards the surface [17], because most of the volatiles are retained into the abundant melt phase. Due to (1) slow ascent rates at depth, (2) high H2O contents and (3) low degrees of crystallization, the primitive magmas tend to preserve their original basaltic to trachybasaltic compositions. Fractional crystallization modeling [18], thermodynamic calculations [13] and phase equilibria experiments [61] have illustrated that the segregation of 10–20% of phenocrysts at depth is the maximum admissible value to explain the persistent eruption of mafic alkaline products. In this context, thermodynamic data reported by Reference [20] indicate that primitive olivine and clinopyroxene phenocrysts equilibrate with magmas (58–68 Mg#) residing at high pressures and temperatures. In contrast, at shallower crustal levels, Etnean magmas are more differentiated (47–57 Mg#), because they undergo strong degassing and crystallization [16,22,23,24,25], especially during transit through the conduit to the surface [2,85,86]. For example, the continuous change in oxygen fugacity (Figure 7) is a proxy for the abundant degassing phenomena where H2O-saturated magmas become more oxidized with increasing H2O in excess [92,93]. Additionally, degassing magmas undergo significant hydrogen loss at subaerial conditions [73,94] or exposure to atmospheric oxygen [88,95]. Melt inclusion data indicate that volatile-rich magmas at Mt. Etna are rapidly decompressed from 400 to 100 MPa, experiencing extensive CO2 loss, but still retaining a relatively high H2O content [2,85,86]. Similarly, S (~0.3 wt. %), Cl (~0.3 wt. %), and F (~0.15 wt. %) start to exsolve only at low pressures of ≤140 MPa, <100 MPa, and ≤10 MPa. Degassing-driven crystallization controls the final crystal growth when most of the H2O dissolved in the melt is rapidly exsolved [13], in concert with the upward acceleration of magma in the shallower parts of the plumbing system [17,75,84]. Under such circumstances, the near-equilibrium crystal growth at depth shifts towards a rapid (i.e., disequilibrium) crystal growth regime at syn-eruptive conditions. This is particularly evident for titanomagnetite microphenocrysts from the sill samples, recording kinetic effects caused by magma undercooling (Figure 6f). Under such circumstances, Ti is less favorably accommodated into the titanomagnetite crystal lattice, whereas Al and Mg are incorporated at non-equilibrium proportions. Through these Ti–Al–Mg cation substitutions, Reference [37] proposed a geospeedometer to estimate the cooling rate of the Etnean eruptions, providing a time-dependent temperature change up to 1.3 °C/min for the sill magma (Figure 9c). The complementary experimental data of Reference [83], Reference [74] and Reference [61] point out that most of the plagioclase and titanomagnetite microphenocryst contents (30–40%) in Etnean products form under cooling rates and ascent times of several hours. Travel times in the range of ~2–23 h are calculated by dividing the thermal path of the sill magma (Figure 9a) by the variable cooling rate (Figure 9c). Assuming an initial crystallization pressure of 200 MPa (Figure 8a) and a lithostatic pressure gradient of ~0.3 MPa/m [96], the travel times of the sill magma translate to ascent velocities of 0.07–0.78 m/s. Importantly, these estimates are consistent with the range of 0.01–0.63 m/s estimated for several eruptions at Mt. Etna [15,75,97], and documented for the eruptive activity of other open-conduit degassing volcanoes around the world [98,99,100,101].




4.3. Modeling the Geochemical Evolution of Magma


Microprobe data indicate that clinopyroxene and plagioclase phenocrysts from the sill samples are normally zoned with core-to-rim compositions varying from 0.84 to 0.76 mol. % DiHd and 0.67 to 0.56 mol. % An, respectively (Figure 2a,b). Coherently with major oxide analyses, REE concentrations in the crystals progressively increase, responding to cation incorporation mechanisms that were the subject of a great number of studies from literature (see references below). Adopting La and Yb as a proxy for LREE and HREE changes, respectively, Figure 10a shows that their concentrations in clinopyroxene increase with increasing TAl [102,103,104,105,106,107,108,109,110,111]. This positive correlation reflects an increased ease of locally balancing the excess charge at the M2 site as the number of surrounding tetrahedral Al atoms increases [66,112,113,114,115,116,117,118]. Since clinopyroxene can accommodate REE by adjusting its Al/Si ratio [45,66], the entry of REE into the M2 octahedral site is facilitated as the average charge on this site increases according to cation exchanges in which M1(Al, Fe3+) substitute for M2(Mg, Fe2+) coupled with replacement of TAl with Si [43,119]. This implies that the probability of achieving charge-neutral local configurations increases by increasing the CaTs in clinopyroxene at the expense of Di component [68,112,120]. For the case of plagioclase, REE enters the M site by a charge balance mechanism where Na replaces Ca [121]. The substitution REE + Na → 2Ca in plagioclase occurs concurrently with the major cation substitution Ca + Al → Na + Si [122]. As a consequence, Figure 10b shows that the concentration of REE decreases with the increase of An, also responding to the smaller size of the anorthite octahedral site relative to that of albite [121,123,124,125,126,127,128,129,130]. Noteworthy, the dependence of REE on An incorporates also some important cross correlation effects related to the thermal path of the system (i.e., more calcic plagioclases equilibrate at a higher temperature [121,124,127,130]).



As anticipated from the preceding discussion, during magma evolution and crystal growth, the REE partition coefficients are not constant (cf. [66,131,132]), but rather change as a function of the physicochemical conditions of the system (Figure 8 and Figure 9), dictating the final compositions of the zoned clinopyroxenes and plagioclases (Figure 10). In this view, the partitioning behavior of La (DLa) and Yb (DYb) has been modeled through the application of the lattice strain equations of Reference [62] and Reference [130] specific to clinopyroxene and plagioclase, respectively. The first model incorporates the effects of P-T [132], melt-H2O content [126] and the electrostatic work involved in dissipating any local charge imbalance [66]. Crystal fractionation does not take place in one single and isolated magma batch, but rather occurs by multiple magma recharge events along with the entire vertically-developed plumbing system. The melt differentiation is extremely low and buffered to the almost constant composition of a trachybasalt [62]. This aspect is, however, deconvoluted in DLa and DYb modeling by considering the control of melt phase on trace element partitioning using the NBO/T parameter, referring to the number of non-bridging oxygens per tetrahedral cations in the melt [62]. The second model consists of a parameterized lattice strain equation accounting for the effects of pressure, temperature, and Ca content in plagioclase, being the only dominant factors controlling the partitioning of trace elements between plagioclase and melt [130]. DLa and DYb from calculations are plotted versus the amounts of CaTs (Figure 11a) and An (Figure 11b) in clinopyroxene and plagioclase, respectively (Table S6 submitted as Supplementary Materials). The partition coefficients monotonically increase along with the geochemical evolution of minerals, evidencing the variable REE affinity for the CaTs-rich clinopyroxene and An-poor plagioclase compositions formed during magma crystallization. DLa and DYb increase about twice during clinopyroxene and plagioclase growth, pointing out the importance of considering the change of trace element partitioning for a better understanding of magmatic differentiation processes. To quantitatively assess the role played by clinopyroxene and plagioclase fractionation on the trace element pattern of the sill magma, the whole ranges of DLa and DYb values calculated through the lattice strain equations have been used as input data for the Rayleigh fractional crystallization (FC) equation: Cl=C0F(D−1) where Cl is the trace element concentration in the residual melt, C0 is the concentration in the starting composition, and F is the fraction of melt remaining. The extent of clinopyroxene (≤41%) and plagioclase (≤12%) fractionation was varied so that the resulting values of Cl reproduced the bulk trace element concentrations of natural products (cf. [133]). It is worth noting that the total amount of solid segregated matches very well with the high phenocryst content (~40%) of products from Valle del Bove, and mass balance and thermodynamic calculations constraining the transition from trachybasalts to trachyandesites [16,22,24,25]. Stepwise calculations were performed assuming early fractionation of clinopyroxene at depth followed by dominant feldspar cosaturation during magma ascent and volatile exsolution (cf. [133]). To perform these calculations, bulk rock trace element compositions of eruptions at Valle del Bove have been recovered from the GEOROC database. Inspection of the analytical dataset shows that, in contrast to major oxide data, only a restricted number of bulk rock trace element compositions have been provided by authors [22,23,25,26,58] and that analytical data are generally incomplete. Despite the concentrations of REE are frequently reported, there is a poor correspondence among the different works, because several elements are randomly missing. Bearing in mind this critical restriction, it is generally verified that LREE and HREE increase (up to ~118 ppm La and ~3 ppm Yb, respectively) with increasing SiO2 (~47–61 wt. %) of the magma. The most primitive basaltic samples contain ~30 ppm La and ~1 ppm Yb (data from Reference [22]), providing fairly good constraints for the C0 starting composition of FC modeling. Results from calculations are plotted in Figure 12, together with the natural compositions of eruptions at Valle del Bove. The primary cpxFC vector is consistent with the development of a fractional crystallization-dominated environment at depth controlled prevalently by the early formation of clinopyroxene at a relatively high temperature [16,17,25]. The non-linear trajectory of the vector testifies to Ce and Y incorporation in the crystal lattice at different proportions and provides an explanation for the incipient variability of the natural dataset. On the other hand, the crystallization of feldspar is restricted to very shallow conditions upon the effect of degassing and cooling [11,13,19,61,74,83]. Indeed, clinopyroxene phenocryst rims record a more evident europium anomaly (Figure 4a), suggesting prevalent plagioclase formation at the final stage of clinopyroxene growth. The complementary plgFC1, plgFC2 and plgFC3 vectors account for low degrees of feldspar fractionation after variable amounts of clinopyroxene segregation (Figure 12). The linear trends depicted by the vectors are caused by the highly incompatible behavior of La and Yb in plagioclase. Overall, the modeled evolutionary trajectories match very well with the bulk rock compositions of the sill and natural magmas at Valle del Bove (Figure 12). The early fractionation of clinopyroxene at depth controls the original REE signature of the basaltic products [16,25], whereas subsequent degassing at low pressure conditions enlarges the stability field of plagioclase via H2O exsolution [23,83,85], thus driving trace element enrichments in basaltic trachyandesites and trachyandesites (Figure 12).





5. Conclusions


This study presents major and trace element analyses of bulk rocks and minerals from the central part of an Etnean sill outcropping at Valle del Bove depression. Modeling data derived by the application of P-T-H2O-lattice strain equations leads to the following conclusions:

	
The overall decompression and cooling path of magma is constrained by pressure and temperature changes of 0.1–200 MPa and 1050–870 °C, respectively;



	
The ascent of magma is accompanied by H2O exsolution up to ~2.2 wt. %, causing magma acceleration during ascent to the surface and degassing-induced undercooling phenomena;



	
The early formation of clinopyroxene at depth is the main controlling factor for the REE signature of primitive basalts at Valle del Bove;



	
In contrast, late degassing at low pressure conditions favors plagioclase crystallization and trace element enrichments in the more evolved trachyandesitic eruptions.
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Figure 1. Schematic map showing the location of Mt. Etna volcano (a), Valle del Bove depression (b) sill formation (c). 
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Figure 2. Petrographic features observed for the sill samples and evidencing the occurrence of either glomerocrysts (a,b) of clinopyroxene, plagioclase and titanomagnetite or isolated crystals (c,d). Clinopyroxene and plagioclase are normally zoned, whereas large titanomagnetite phenocrysts form by the attachment and agglomeration of smaller crystals. Alkali feldspar occurs only as microphenocryst. Cpx, clinopyroxene. Plg, plagioclase. Afs, alkali feldspar. Timt, titanomagnetite. 
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Figure 3. Classification diagrams used for clinopyroxene (a), feldspar (b) and titanomagnetite (c). The site occupancies, molecular components, and Fe3+/Fe2+ ratios of clinopyroxene have been calculated on the basis of six oxygen atoms following References [38,39], whereas the classification scheme adopted comes from Reference [40]. The stoichiometry and composition of magnetite (Mt)-ulvospinel (Usp) solid solution has been recalculated following Reference [55]. 
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Figure 4. Chondrite-normalized patterns [44] of REE showing the trace element concentrations analyzed in clinopyroxene (a) and plagioclase (b). 
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Figure 5. TAS (total alkali vs. silica; [57] diagram (a) and chondrite-normalized patterns [44] of REE (b) showing the sill bulk rock compositions. 
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Figure 6. Test for equilibrium between the bulk rock analysis (i.e., the original magma composition) and clinopyroxene (a,b), feldspar (c–e) and titanomagnetite (f). The DiHd (diopside + hedenbergite) model comes from Reference [35] with an equilibrium range 0–0.1. The partitioning of Ti (DTi) between clinopyroxene and melt is predicted by the lattice strain equation of Reference [65]. An (anorthite) in plagioclase is predicted by the thermodynamically-derived expression of Reference [70]. The Ca–Na exchange model comes from Reference [71]. The feldspar activity model (i.e., the activity of anorthite in plagioclase and alkali feldspar) has been derived by Reference [59]. The TiO2/FeOtot equilibrium range between 0.25 and 0.30 has been experimentally-measured by Reference [37]. 
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Figure 7. Oxygen fugacity of the sill magma estimated by (1) the titanomagnetite-based oxygen barometer (error ±0.5 log unit) of Reference [76], integrating the Fe2+-Fe3+ partitioning between spinel and melt [77] with the Fe3+/Fe2+ ratio and fO2 [78], and (2) the formalism of Reference [80], relating the redox state of iron in the melt (error ±0.1 log unit) with the anorthite content in plagioclase. 
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Figure 8. Temperatures (a), pressures (a,b) and melt-H2O contents (b,c) in equilibrium with clinopyroxene phenocrysts have been estimated by the H2O-independent thermometer (error ±28 °C) and barometer (error ±150 MPa) of Reference [39], Reference [69], recently refined for alkaline magmas by Reference [62], as well as the hygrometer (error ± 0.5 wt. % H2O) of Reference [84]. The Fe2+ in clinopyroxene has been determined through the application of the stoichiometric formalism of Reference [38]. 
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Figure 9. Temperatures (a) and melt-H2O contents (b) in equilibrium with plagioclase and alkali feldspar have been estimated through the two-feldspar thermometer (error ±30 °C) of Reference [59] and thet alkali feldspar-based hygrometer (error ±0.7 wt. % H2O) of Reference [20]. The degassing path and cooling rate of the sill magma (c) are predicted by the experimentally-derived equations of Reference [91] and Reference [37]. 
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Figure 10. Geochemical evolution of La and Yb concentrations in phenocrysts plotted versus TAl in clinopyroxene (a) and An in plagioclase (b). 
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Figure 11. The partition coefficients of La (DLa) and Yb (DYb) have been modeled as a function of clinopyroxene (a) and plagioclase (b) geochemical evolution along with the decompression and cooling path of the sill magma. CaTs and An refer to Ca-Tschermak and An components. The partitioning data have been modeled through the lattice strain equations of Reference [62] and Reference [130] specific to clinopyroxene and plagioclase, respectively. See Table S6 submitted as Supplementary Materials. 
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Figure 12. La vs. Yb diagram showing the geochemical evolution of the magma sill in the framework of prehistoric eruptions at Valle del Bove. These data have been modeled through the Rayleigh fractional crystallization equation. At the beginning of the modeling, the early fractionation of clinopyroxene at depth has been considered. Stepwise calculations were performed changing DLa and DYb at each step of fractionation as a function of the geochemical evolution of clinopyroxene. Modeled La and Yb concentrations were used to draw the cpxFC vector. Fractional crystallization calculations were further developed accounting for the segregation of plagioclase during magma decompression and degassing at shallow crustal conditions. Modeling results are aligned along different plgFC vectors. 
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